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Preface

Animal health, disease, and function are based on the fundamentals of anatomy, his-
tology, embryology, and physiology. Therefore, these topics are essential for not only 
veterinary professionals but also animal owners. This book contains literature reviews 
and original research studies on animals ranging from primates to horses and cattle.

The first section, “Anatomy, Embryology and Function,” includes four chapters. 
Chapter 1, “Anatomy of the Rhesus Monkey (Macaca mulatta): The Essentials for 
the Biomedical Researcher”, provides easily accessible anatomical data on the rhesus 
monkey. It explores the muscular, digestive, respiratory, urogenital, and circula-
tory systems in both males and females using incredible images to aid visualization. 
Chapter 2, “Anatomical Guide to the Paranasal Sinuses of Domestic Animals”, is useful 
for anatomists, radiologists, clinicians, researchers, and even veterinary students. It 
examines the paranasal sinuses of production animals such as cattle, buffalo, sheep, 
and goats, in addition to camels, canines (dogs), and equines (horses and donkeys). 
Chapter 3, “Biomechanics of the Canine Elbow Joint”, discusses the complex elbow 
joint of dogs, discussing normal ranges of movement and the techniques used to 
investigate these. It also examines the joint under adaptive changes, such as when 
caused by pain and lameness. Chapter 4, “Pulmonary Vein: Embryology, Anatomy, 
Function and Disease”, focuses on these essential cardiovascular structures from 
development to disease, incorporating physiology and function.

The second section, “Anatomy and Physiology of Disease and Diagnostics,” also 
includes four chapters. Chapter 5, “Evaluation of Current and Future Diagnostic and 
Prognostic Techniques for Traumatic Pericarditis in Cattle”, discusses bovine cardiac 
disease, which often has a poor prognosis. This is a situation complicated by the fact 
that it is often a production animal with economic viability that is affected. This 
chapter discusses the anatomy, physiology, and clinical presentations of traumatic 
pericarditis in terms of prevention, diagnosis, prognosis, and treatment. Chapter 6, 
“Equine Stress: Neuroendocrine Physiology and Pathophysiology”, focuses on horses. 
The stress responses in horses maintain physiological integrity and provide protection. 
This chapter investigates the mechanisms behind these processes under both normal 
and disease states, and explores assessment, prevention, control, and management 
of these diseases and stress. Chapter 7, “‘Marek’s Disease is a Threat for Large Scale 
Poultry Production”, discusses Marek’s disease, which is a widespread infectious 
disease that results in huge economic losses within poultry production, from weight 
loss in birds to increased numbers of deaths. This chapter considers not only the 
causative agents but also details the anatomopathological changes that occur in the 
liver, spleen, and reproductive system because of the disease. It also examines diag-
nostic techniques. Chapter 8, “Application of Noble Metals in the Advances in Animal 
Disease Diagnostics”, discusses how advances in molecular biology and biotechnology 
have greatly increased laboratory-based screening and detection of different animal 
diseases, whether they be caused by bacterial, viral, or fungal pathogens. Increasingly, 



especially in food production, there has been a need for more field-based applications. 
This chapter considers the use of noble metals as diagnostic tools.

The third section, “Molecular and Cellular Structure and Function,” includes two 
chapters relating to anatomy and physiology in the field of veterinary medicine and 
health. Chapter 9, “Bronchus-Associated Lymphoid Tissue (BALT) Histology and 
Its Role in Various Pathologies”, examines the associations between the anatomy and 
histology of the lower respiratory tract and the relationship with infections and immu-
nological response mechanisms. Chapter 10, “Genomic Instability and Cyto-Genotoxic 
Damage in Animal Species”, covers genomic instability and its potential associations with 
carcinogenesis and/or physiological disorders. It discusses exposure of wild, captive, 
and domesticated vertebrates to xenobiotics as well as the links to cytogenotoxicity and 
the resulting disorders. The chapter also presents techniques to assess and interpret 
cytogenotoxicity biomarkers to assist with therapeutic management of related disorders.

The final section of the book, “Pedagogy and Psychology,” includes two chapters. 
Chapter 11, “Virtual Physiology: A Tool for the 21st Century”, is very apt during these 
times of increased remote learning and teaching. This chapter discusses using game-
based learning, virtual experiences and laboratories, as well as other newer techniques to 
help reduce costs and the use of animals. These methods are especially useful when stu-
dents cannot attend classes in person due to such situations as the COVID-19 pandemic. 
The chapter also provides a look back through history and the differing landmarks of 
physiology teaching. Chapter 12, “Taxon-Specific Pair Bonds in Gibbons (Hylobatidae)”, 
investigates three generally accepted indicators of pair-bond strength (mutual grooming, 
behavioral synchronization, and partner distance) and presents a study of the amount 
of partner-directed grooming in each sex. There is no doubt that the mind and body can 
have incredible effects on the anatomy, physiology, and general health of an animal.

The chapter authors are experts in their field from across the world. They have investi-
gated numerous species, using published literature, innovative research, and graphics 
to illustrate their work. The researchers have looked at DNA as well as entire organ 
systems and organisms, exploring contemporary aspects of anatomy and physiology 
and the impacts they have on animal health and the economy. This book discusses 
basic anatomy and physiology aspects as well as pathology and disease detection and 
diagnosis and treatment methods.

Dr. Catrin Sian Rutland 
School of Veterinary Medicine and Science, 

University of Nottingham, 
Nottingham, UK.

Samir A.A. El-Gendy
Professor,

Faculty of Veterinary Medicine, 
Alexandria University,

Alexandria, Egypt
IVXVI
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Chapter 1

Anatomy of the Rhesus Monkey
(Macaca mulatta): The Essentials
for the Biomedical Researcher
Christophe Casteleyn and Jaco Bakker

Abstract

Amongst the non-human primates, the rhesus monkey (Macaca mulatta) is the
most commonly investigated species in biomedical research. Its similarity to humans
regarding the anatomy and physiology has resulted in an increasing number of studies
in which the rhesus monkey serves as a model. This book chapter aims to fulfill the
researcher’s need for easily accessible anatomical data on the rhesus monkey by
presenting the essentials of its various anatomical systems. The cadavers of several
rhesus monkeys of either gender were dissected for gross anatomical study of the
muscular, digestive, respiratory and urogenital systems. The circulatory system was
studied after injection of latex into the blood vessels. Not only did this technique allow
for better visualization of the blood vessels, but it was also valuable during the
description of the peripheral nerves. In addition, methyl methacrylate casts were
prepared to gain insight into the organization of the arterial system. The arthrology of
the rhesus monkey was studied during the maceration of several cadavers, which
ultimately revealed the individual bones that were described. From one such cadaver
the skeleton was mounted. The results of the dissections are textually described and
illustrated by means of numerous figures.

Keywords: Rhesus monkey, Anatomy, Osteology, Arthrology, Myology,
Digestive system, Urogenital system, Angiology, Neurology

1. Introduction

The rhesus monkey (Macaca mulatta) belongs to the class of the mammals
(Mammalia), the order of the primates (Primates), the family of the Old World
monkeys (Cercopithecidae) and the genus Macaca. This animal finds its origin in the
southern parts of Asia but is widespread throughout the world as one of the most
frequently used laboratory animal. This is the result of the many similarities between
the rhesus monkey and humans. Both species have common ancestry with genomes
that are identical for 93.5% [1]. Only great apes present a larger degree of similarity
with humans, but their use in research is very strictly regulated [2].

Rhesus monkeys are commonly used in toxicity studies and play a pivotal role in
unraveling the mechanisms of health and diseases and during the development of

3



vaccines. HIV, SARS and Covid-19 are a few examples of viral diseases that are studied
in the rhesus monkey. In addition to investigations that require that the physiology of
this laboratory animal parallels that of man, studies that demand a comparable anat-
omy are multiple as well. Examples include studies on osteoporosis, osteopenia, lor-
dosis and kyphosis [1].

The aim of this book chapter is to provide the biomedical researcher, who studies
and/or uses the rhesus monkey, with the essentials of its anatomy. Although this
chapter is rather elaborate, not all the details of the rhesus monkey anatomy can be
described. Where appropriate, emphasis is put on those structures that have impor-
tance during manipulations of the animal under investigation, such as the muscles that
allow for intramuscular injection and the veins that can be punctured to draw blood or
inject substances intravenously. Researchers can be referred to two anatomical atlases
for further reading. These include the work by Hartman and Straus Jr. from 1933,
entitled The Anatomy of the Rhesus Monkey (Macaca mulatta) [3] and the work by
Berringer and coworkers from 1968, entitled An Atlas and Dissection Manual of Rhesus
Monkey Anatomy [4]. However, these reference works are outdated as they present
black-and-white photographs and line drawings to visualize the anatomy. In addition,
they make use of human terminology that is often archaic. In the present book
chapter, more than 70 full color photographs are shown. In the figure legends, the
official veterinary anatomical nomenclature is used [5]. In the text, however, English
terms are used to enhance the readability. All materials for this study were obtained
from animals that were euthanized for ethical reasons. No animals were euthanized
for the purpose of this chapter.

2. External appearance

The rhesus monkey exhibits pronounced sex differentiation (Figure 1). Females
measure approximately 47 cm in length (crown-rump length, thus without tail) and
weigh 5–8 kg, whereas males present values of 53 cm and 8–15 kg, respectively [6, 7].
They have a relatively short, nonprehensile tail. As the rhesus monkey is a despotic
species, fights often occur related to their hierarchical rank order system causing

Figure 1.
External appearance of the male (A) and female (B) rhesus monkey. Notice the twins suckling their mother.
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severe tail wounds all resulting in the veterinarian’s decision to amputate the injured
tail.

The hairs on the lateral sides of the animal are gray to brown. The inside of the
arms and legs, and the belly color pale beige to white. Each finger and toe, five on each
hand and foot, possesses a nail (unguis). The palms of the hands and the soles of the
feet are keratinized showing epidermal ridges [7]. The face, including the ears, has
very few hairs and therefore a pinkish appearance. Females possess a pair of pectoral
mammary glands.

The skin covering and surrounding the genitals is also devoid of hairs. In males, the
scrotum is non-pendulous and contains a pair of testes that measure 4 cm in length
[8]. The penis is normally retracted within the preputium (Figure 2), only extracted
during mating.

Menarche occurs at about 3 years of age and the length of the menstrual cycle is
28 days. The gestation length is around 165 days. Rhesus monkeys are seasonal
breeders. Menstrual bleeding (menses) lasts for about 4 days. During the mating
season (autumn-early winter), the skin of the face and genitals of females becomes
characteristically red and/or swollen (Figures 3 and 4) during the period of regular
cycles (sex skin coloration). These periodic changes in sex skin coloration are not valid
indicators of either ovulation or menstruation. The sex skin is a secondary sex char-
acteristic and reflects estrogenic activity. It fluctuates, as a rule, as to presence, extent,
and time of year in a very unpredictable manner. In older females, the sex skin is less
pronounced, and the redness may persist for longer intervals. Moreover, sex color is
maintained during the entire gestational period and for several weeks after parturi-
tion: females who become pregnant during the mating season do not show the signif-
icant sex skin coloration decrease seen in nonpregnant females during the months that
follow the mating season. Environmental cues, perhaps acting on a seasonal biological
clock rather than social factors, are thought to be mainly responsible for the seasonal
fluctuations observed. Sex skin involves the skin of the buttocks, hips, and base of tail,
but the coloration and swelling can even spread in red splotches down the legs and
over the calves to the heel; and there might also be a forward-tapering streak of red
splotches from the symphysis to the umbilicus. Females could use color as a gauge to
monitor other females’ reproductive status or cyclic phase, for competitive purposes,
as hindquarter color can advertise the relative timing of ovulation. The possibility

Figure 2.
External genital organs of the male rhesus monkey with the penis retracted into the preputium.
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Figure 3.
Two examples of sex skin (coloration and swelling) in the face of females.

Figure 4.
Four examples of sex skin coloration and swelling on the buttocks, hips, legs and base of tail in females.
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might not be plausible for facial color, given that the relationship between face color
and cyclic phase is not predictable in rhesus monkeys.

In females, the vulva is pronounced, with a large visible clitoris between the sciatic
protuberances that are covered with keratinized skin patches (callositas ischii/sciatic
protuberances), which is typical for Old World monkeys, both males and females
(Figure 5).

3. Osteology

The general build of the skeleton of the rhesus monkey is illustrated in Figure 6.
The skull is large and heavy compared to the slender body. This contrasts with the
sturdy external appearance of the rhesus monkey, as depicted in Figure 1, which
suggests that this species has a well-developed musculature.

3.1 Skull

The skull including the mandible of an adult male rhesus monkey is depicted in
Figure 7. Some major anatomical landmarks are indicated. The splanchnocranium is
relatively large but presents a reduced length. The very large conical orbits are almost
completely postorbitally closed. The neurocranium is situated caudal to the former. It
contains the cranial cavity that harbors the brains. The mandible and in particular its
body is relatively large. A prominent mandibular angle can be seen. The symphysis
between the left and right mandibles is synostotic.

The hyoid bone of the rhesus monkey (Figure 8) is not directly connected to the
skull. It consists of a body (corpus) and a bilaterally present pair of horns that lie
caudally. The lesser horn (cornu minus) is, however, fused with the greater horn
(cornu majus). The latter horns are joined with the body by means of cartilage.

Figure 5.
(A) Perineum of a female rhesus monkey. This female is presented with a tail stump (1) that is visible just dorsal to
the anal opening (2). The large clitoris (3) is present in between the sciatic protuberances (4). (B) This female has
an intact tail (1) just dorsal to the anal opening (2). The clitoris (3) is less pronounced but still visible in between
the sciatic protuberances (4). The prudential labia (5) can however, more readily be recognized in the female.
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Figure 7.
Left lateral view of the skull of an adult male rhesus monkey. The splanchnocranium and neurocranium are
shaded in red and green, respectively. 1: orbita, 2: canalis lacrimalis, 3: foramen infraorbitale, 4: foramen
zygomaticofaciale, 5: os nasale, 6: os incisivum, 7: maxilla, 8: os frontale, 9: os parietale, 10: arcus zygomaticus,
11: fossa temporalis, 12: porus acusticus externus, 13: processus styloideus, 14: crista nuchae, 15: linea temporalis,
16: planum nuchale, 17: foramen magnum. The mandible is shaded in purple. 18: angulus mandibulae, 19:
processus condylaris, 20: processus coronoideus, 21: foramen mentale.

Figure 6.
Skeleton of a female rhesus monkey. 1: cranium, 2: mandibula, 3: vertebrae cervicales, 4: scapula, 5: clavicula, 6:
humerus, 7: radius, 8: ulna, 9: manus, 10: vertebrae thoracales, 11: sternum, 12: arcus costalis, 13: vertebrae
lumbales, 14: sacrum, 15: pelvis, 16: femur, 17: patella, 18: tibia, 19: fibula, 20: pes, 21: vertebrae caudales.
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3.2 Axial skeleton

The vertebral column consists of 7 cervical vertebrae, 12 thoracic vertebrae, 7
lumbar vertebrae, 3 fused sacral vertebrae and around 19 caudal vertebrae. This
number is variable. The fifth, sixth and seventh caudal vertebrae possess a hemal arch
that encloses the caudal artery and vein. The number of rib pairs equals the number of
thoracic vertebrae, i.e. 12. Consequently, the rhesus monkey presents 24 ribs in total.
These are connected to the sternum, which is composed of 7 sternebrae, by means of
costal cartilages. The manubrium is the first sternebra to which not only the first pair
of ribs is connected, but also the bilaterally present clavicle (Figure 9). This bone

Figure 8.
Dorsal view of the hyoid bone. The large corpus (1) is caudally elongated by the bilateral cornu minus (2) and the
bilateral cornu majus (3) that are fused.

Figure 9.
Dorsal view of the sternum. 1: manubrium sterni, 2: corpus sterni, 3: sternebra, 4: processus xyphoideus, 5: incisura
clavicularis, 6: incisura costalis, 7: clavicula.
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Figure 10.
Lateral view of the right scapula. 1: margo dorsalis, 2: margo caudalis, 3: margo cranialis, 4: angulus cranialis, 5:
angulus caudalis, 6: angulus ventralis, 7: spina scapulae, 8: fossa infraspinata, 9: fossa supraspinata, 10:
acromium, 11: facies articularis clavicularis, 12: collum scapulae, 13: incisura scapulae, 14: cavitas glenoidalis,
15: tuberculum supraglenoidale, 16: tuberculum infraglenoidale, 17: processus coracoideus.

Figure 11.
Cranial (A) and caudal (B) views of the right humerus. 1: epiphysis proximalis or extremitas proximalis, 2:
diaphysis or corpus humeri, 3: epiphysis distalis or extremitas distalis, 4: caput humeri, 5: collum humeri, 6:
tuberculum majus, 7: tuberculum minus, 8: crista tuberculi minoris, 9: crista tuberculi majoris, 10: sulcus
intertubercularis, 11: tuberositas deltoidea, 12: epicondylus lateralis, 13: epicondylus medialis, 14: fossa radialis, 15:
fossa coronoidea, 16: trochlea humeri, 17: capitulum humeri, 18: fossa olecrani, 19: sulcus nervi radialis.
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connects the sternum with the thoracic limb through its junction with the acromion of
the shoulder blade.

3.3 Appendicular skeleton

3.3.1 Thoracic limb

The thoracic limb, which is connected with the thorax by means of the clavicle, is
composed of the shoulder blade or scapula (Figure 10), the humerus (Figure 11), the
medially located radius (Figure 12) and the laterally located ulna (Figure 13) that are
unfused, and the hand (Figure 14). The hand contains five fingers that are each
composed of 3 phalanges, except the first, called the pollex, that lacks the middle
phalanx.

Figure 12.
Cranial (A) and caudal (B) views of the right radius. 1: epiphysis proximalis or extremitas proximalis, 2:
diaphysis or corpus radii, 3: epiphysis distalis or extremitas distalis, 4: caput radii, 5: fovea articularis, 6: collum
radii, 7: tuberositas radii, 8: processus styloideus radii, 9: facies articularis carpalis, 10: tuberositas pronatoria, 11:
incisura ulnaris.
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3.3.2 Pelvic limb

The pelvic limb connects to the body through the pelvis that consists of the fused left
and right pelvic bones (Figures 15 and 16). The symphysis between these bones is
synostotic. The femoral bone or femur presents a distal trochlea for the ovoid patella. Both
femoral condyles, which each support a sesamoid bone on their caudoproximal aspects,
articulate with the tibial plateau (Figure 17). The tibia (Figure 18) lies medial to the
slender fibula (Figure 19). The foot (Figure 20) contains five toes that are each com-
posed of 3 phalanges, except the first, called the hallux, that lacks the middle phalanx.

4. Arthrology

4.1 Head

The various bones of which the skull is composed of are connected by means of
sutures that ossify during puberty. As mentioned earlier, the symphysis mandibulae is

Figure 13.
Cranial (A) and caudal (B) views of the right ulna. 1: epiphysis proximalis or extremitas proximalis, 2: diaphysis
or corpus ulnae, 3: epiphysis distalis or extremitas distalis, 4: olecranon with tuber olecrani, 5: incisura trochlearis
with processus anconeus, 6: processus coronoideus medialis, 7: processus coronoideus lateralis, 8: tuberositas ulnae,
9: crista musculi supinatorii, 10: caput ulnae, 11: facies articularis, 12: processus styloideus ulnae.
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Figure 14.
Dorsal view of the skeleton of the right hand. 1: os carpi radiale (os scaphoideum), 2: os carpi intermedium (os
lunatum), 3: os carpi ulnare (os triquetrum), 4: os carpi accessorium (os pisiforme), 5: os carpi Centrale, 6: os
carpale primum (os trapezium), 7: os carpale secundum (os trapezoideum), 8: os carpale tertium (os capitatum),
9: os carpale quartum (os hamatum), 10: os sesamoideum m. abductoris digiti primi (pollicis), 11: os metacarpale
primum, 12: os metacarpale secundum, 13: os metacarpale tertium, 14: os metacarpale quartum, 15: os
metacarpale quintum, 16: Phalanx proximalis, 17: phalanx media, 18: phalanx distalis.

Figure 15.
Dorsal (A) and ventral (B) views of the pelvis. 1: acetabulum, 2: ossa pubicae, 3: cavum pelvis, 4: foramen
obturatum, 5: ramus cranialis ossis pubis, 6: ramus caudalis ossis pubis, 7: symphysis pubica, 8: tuberculum
pubicum ventrale, 9: crista pubica, 10: pecten ossis pubis, 11: eminentia iliopubica, 12: corpus ossis ischii, 13:
tabula ossis ischii, 14: ramus ossis ischii, 15: symphysis ischiadica, 16: tuber ischiadicum, 17: arcus ischiadicus, 18:
spina ischiadica, 19: incisura ischiadica minor, 20: corpus ossis ilii, 21: ala ossis ilii, 22: facies sacropelvina, 23:
incisura ischiadica major, 24: sacrum; 7+15 = symphysis pelvina.
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Figure 16.
Lateral view of the left os coxae. 1: acetabulum, 2: fossa acetabuli, 3: facies lunata, 4: incisura acetabuli, 5: corpus
ossis pubis, 6: ramus cranialis ossis pubis, 7: ramus caudalis ossis pubis, 8: foramen obturatum, 9: symphysis
pubica, 10: tuberculum pubicum ventrale, 11: pecten ossis pubis, 12: eminentia iliopubica, 13: crista pubica, 14:
corpus ossis ilii, 15: ala ossis ilii, 16: facies sacropelvina, 17: facies glutea, 18: crista iliaca, 19: tuber sacrale or
spina iliaca dorsalis, 20: spina iliaca dorsalis cranialis, 21: spina iliaca dorsalis caudalis, 22: incisura ischiadica
major, 23: tuber coxae or spina iliaca ventralis, 24: spina iliaca ventralis cranialis, 25: spina iliaca ventralis
caudalis.

Figure 17.
Cranial (A) and caudal (B) views of the right femur. 1: epiphysis proximalis or extremitas proximalis, 2: diafysis
or corpus femoris, 3: epiphysis distalis or extremitas distalis, 4: caput ossis femoris, 5: fovea capitis, 6: collum ossis
femoris, 7: trochanter major, 8: fossa trochanterica, 9: trochanter minor, 10: crista intertrochanterica, 11:
epicondylus lateralis, 12: epicondylus medialis, 13: condylus lateralis, 14: condylus medialis, 15: trochlea ossis
femoris, 16: fossa intercondylaris, 17: facies articularis sesamoidea (lateralis et medialis), 18: fossa m. poplitei.
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synostotic. The mandibular joint between the mandible and the skull presents a
cartilaginous disc that eliminates the incongruence between the mandibular fossa and
the condylar process (Figure 21).

4.2 Vertebral column

The atlanto-occipital joint between the occipital condyles of the skull and the
cranial articulating foveae of the atlas (first cervical vertebra) is dorsally covered by
the atlanto-occipital membrane. The bilateral articulations are laterally reinforced by
the lateral ligaments.

The atlanto-axial joint has three important ligaments. The transverse ligament
covers the dens axis. From this dens, the longitudinal dental ligament runs to the
ventral edge of the foramen magnum. The alar ligaments connect the dens with the
lateral edges of the foramen magnum.

Figure 18.
Cranial (A) and caudal (B) views of the right tibia. 1: epiphysis proximalis or extremitas proximalis, 2: diaphysis
or corpus tibiae, 3: epiphysis distalis or extremitas distalis, 4: condylus medialis, 5: condylus lateralis, 6: facies
articularis fibularis, 7: tuberositas tibiae, 8: facies articularis proximalis, 9: eminentia intercondylaris, 10:
tuberculum intercondylare laterale et mediale, 11: crista tibiae, 12: linea muscularis, 13: malleolus medialis, 14:
facies articularis distalis, 15: cochlea tibiae, 16: incisura fibularis.
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The individual vertebrae, from the third cervical vertebra to the sacrum, are joined
together with multiple ligaments and bands (Figure 22). The supraspinal ligament is
the continuation of the nuchal ligament that connects the external occipital protuber-
ance on the skull with the spinal processes of the 3rd tot 7th cervical vertebrae. The
dorsal longitudinal ligament that lies immediately dorsal to the vertebral bodies, up to
the sacrum, is the continuation of the tectorial membrane that covers the several
ligaments of the atlanto-axial joint.

The ribs have three contact points with the thoracic vertebrae. The costal head
articulates with the caudal fovea of the cranial thoracic vertebra (or the 7th cervical
vertebra in the case of the first rib) and the cranial fovea of the caudal thoracic
vertebra. An additional attachment is present between the costal tubercle and the
transverse process of the thoracic vertebra, which number equals that of the rib (e.g.,
thoracic vertebra number 3 bears rib pair number 3). Ribs 11 and 12 lack the typical
articulations as they have no costal tubercle.

Figure 19.
Lateral (A) and medial (B) views of the right fibula. 1: epiphysis proximalis or extremitas proximalis, 2:
diaphysis or corpus fibulae, 3: epiphysis distalis or extremitas distalis, 4: caput fibulae, 5: facies articularis capitis
fibulae, 6: malleolus lateralis, 7: facies articularis malleoli.
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4.3 Limbs

4.3.1 Thoracic limb

The front limb is not only connected to the thorax by means of a synsarcosis
(connecting muscles) but also by means of the collar bone that attaches to the

Figure 20.
Dorsal view of the skeleton of the right foot. 1: talus, 2: calcaneus, 3: os tarsi centrale (os naviculare), 4: os tarsale
primum (os cuneiforme mediale), 5: os tarsale secundum (os cuneiforme intermedium), 6: os tarsale tertium (os
cuneiforme laterale), 7: os tarsale quartum (os cuboideum), 8: os sesamoideum, 9: os metatarsale primum, 10: os
metatarsale secundum, 11: os metatarsale tertium, 12: os metatarsale quartum, 13: os metatarsale quintum, 14:
phalanx proximalis, 15: phalanx media, 16: phalanx distalis.

Figure 21.
Left mandibular joint formed between the cranium (1) and the mandibula (2). More specifically, the articulation
is present between the fossa mandibularis (3), caudally bordered by the processus styloideus (4), and the processus
coronoideus (5). The discus articularis (6), of which a higher magnification is shown in the insert, is located in
between these structures.
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manubrium of the sternum, and the acromion and coracoid process of the shoulder
blade. The coracoclavicular ligament is worth mentioning.

The shoulder joint between the shoulder blade and the humerus is characteristic in
that the glenoid cavity of the scapula is narrower than the humeral head. Therefore, a
glenoid labrum is present at the rims of the glenoid cavity. The coracohumeral liga-
ment has its origin on the coracoid process of the scapula and inserts into the articular
capsule. No collateral ligaments can be observed.

The elbow joint is formed by the humerus, radius and ulna. As such, a
humeroradial and a proximal radioulnar articulation are present. The lateral collateral
band originates at the lateral epicondyle of the humerus and attaches to the ulna
(lateral coronoid process). It is therefore called the ulnar collateral ligament. The
radial collateral ligament can be found between the medial humeral epicondyle and
the radius (radial head) and ulna (medial coronoid process). The radial annular
ligament attaches to both coronoid processes and encloses the radial head. In between
the radius and ulna, the interosseous membrane can be seen. The distal radioulnar
joint has a firm joint capsule that keeps both bones together.

The wrist or carpus/carpal joint is very complex. Numerous ligaments connect the
several bones. These ligaments can be grouped into antebrachiocarpal (radiocarpal and

Figure 22.
Right lateral view of four thoracic vertebrae with their associated ligaments and ribs. The cranial rib has been
removed entirely while the other ribs are cut proximally. 1: discus intervertebralis, 2: ligamentum longitudinale
ventrale, 3: ligamentum supraspinale, 4: ligamenta interspinalia, 5: ligamentum interarcuale, 6: ligamenta
intertransversaria, 7: processus spinosus, 8: processus spinosus, 9: caput costae, 10: tuberculum costae, 11:
ligamentum costotransversarium laterale, 12: ligamentum costotransversarium craniale, 13: ligamenta radiata.
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ulnocarpal), intercarpal and carpometacarpal ligaments. The metacarpal bones are
proximally connected to each other by means of the palmar metacarpal ligaments.

Metacarpophalangeal, proximal interphalangeal and distal interphalangeal joints
are the several articulations that can be found in the fingers. The pollex only shows a
single interphalangeal joint. Lateral and medial collateral bands connect the phalanges
to each other and to the respective metacarpal bones.

4.3.2 Pelvic limb

The hip joint is formed between the acetabulum of the pelvic bone and the femoral
head. The ligament of the femoral head is stretched between these structures. Since the
acetabulum is rather shallow compared to the pronounced femoral head, its rim is
provided by a cartilaginous labrum (Figure 23). No collateral bands are present.

The knee joint is complex. It is composed of the femoropatellar, femorotibial and
tibiofibular articulations. The ovoid patella bears a single straight patellar ligament
that inserts on the tibial tuberosity. The incongruence between the femoral condyles
and the tibial plateau is eliminated by the presence of C-shaped menisci. Both are
cranially and caudally attached to the tibia by means of small meniscal ligaments. A
cranial or lateral and a caudal or medial cruciate ligament can be observed between the
femoral intercondylar fossa and the tibial intercondylar eminence. In addition, a
meniscofemoral ligament or false cruciate ligament inserts on the caudal tip of the
lateral meniscus. The lateral and medial collateral bands find their origins on the
lateral and medial femoral epicondyles, respectively, and insert into the tibial
epicondyle and fibular head, respectively (Figure 24).

The tarsal joint consists of the articulations between the tibia, the fibula, the
several tarsal bones and the metatarsal bones (tarsocrural, proximal intertarsal, distal
intertarsal and tarsometatarsal articulations). Numerous long and short ligaments
connect the several bones. Long ligaments include the collateral ligaments and the
long plantar ligament.

Metatarsophalangeal, proximal interphalangeal and distal interphalangeal joints
are the several articulations that can be found in the toes. The hallux only shows a

Figure 23.
Ventral view of the right hip joint. 1: acetabulum, 2: caput femoris, 3: labrum acetabulare, 4: incisura acetabuli,
5: ligamentum transversum acetabuli, 6: ligamentum capitis ossis femoris, 7: fovea capitis.
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single interphalangeal joint. Lateral and medial collateral bands connect the phalanges
to each other and to the respective metatarsal bones.

5. Myology

5.1 General overview

The superficial muscles that can be observed immediately after skinning the ani-
mal are illustrated in Figures 25 and 26, which are ventral, dorsal and left lateral
views, respectively. Below, the musculature of the rhesus monkey is briefly described
per region with emphasis on the origin and insertion of each muscle. Readers are
referred to anatomical atlases [3, 9] for more details.

5.2 Facial muscles

The facial muscles play a pivotal role in the facial expression and therefore the
communication between animals [10, 11].

• M. platysma: This very thin superficial muscle overlies the neck region and
inserts into the m. caninus, m. orbicularis oris, m. depressor anguli oris, m.
depressor labii inferioris and m. mentalis (Figure 26).

• M. occipitalis: This cutaneous muscle lies superficial to the platysma muscle.

• M. frontalis: This broad, thin muscle covers the forehead and inserts into the m.
orbicularis oculi (Figure 26).

Figure 24.
View on the tibial plateau of the right limb. 1: meniscus medialis, 2: meniscus lateralis, 3: ligamentum
meniscofemorale, 4: ligamentum cruciatum craniale, 5: ligamentum cruciatum caudale, 6: corpus adiposum
infrapatellare, 7: ligamentum collaterale laterale.
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Figure 25.
Superficial musculature. A: Ventral view with 1: m. pectoralis major, 2: m. pectoralis abdominalis, 3: m.
latissimus dorsi, 4: m. obliquus externus abdominis, 5: m. rectus abdominis, 6: m. deltoideus, 7: m. biceps brachii
caput longum, 8: m. biceps brachii caput breve, 9: m. triceps brachii caput mediale, 10: m. triceps brachii caput
longum, 11: m. iliopsoas, 12: m. sartorius, 13: m. pectineus, 14: m. adductor longus, 15: m. gracilis, 16: m.
semimembranosus, 17: m. rectus femoris, 18: m. vastus medialis. B: Dorsal view with 1: m. temporal, 2: m.
masseter, 3a: m. trapezius pars cervicalis, 3b: m. trapezius pars thoracica, 4: m. latissimus dorsi, 5: fascia
thoracodorsalis, 6: m. deltoideus, 7: m. biceps brachii caput longum, 8: m. triceps brachii caput laterale, 9: m.
triceps brachii caput longum, 10: m. gluteus superficialis covered by the fascia glutea, 11: m. tensor fasciae latae,
12: Fascia lata, 13: m. biceps femoris, 14: m. gastrocnemius caput laterale.
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• M. auricularis caudalis: This muscle finds its origin in the dorsal cervical region,
medial to the occipital muscle. It bifurcates to insert bilaterally at the caudal
aspect of the external acoustic meatus (Figure 26).

• M. auricularis dorsalis: This muscle is wider and thinner than the former. It lies
between the ears and inserts at the dorsal aspect of the external acoustic meatus
(Figure 26).

• M. orbitoauricularis: This inconsistent muscle runs from the lateral orbital angle
to the rostral aspect of the external acoustic meatus (Figure 26).

• M. orbicularis oculi: This muscle surrounds the orbit as a sphincter.

• M. zygomaticus: The origin of this band-shaped muscle is the zygomatic arch,
whereas the insertion is the lateral angle of the mouth.

• M. levator labii superioris: It runs from the nasal and maxillary bones to the
dorsal fibers of the orbicularis oris muscle.

• M. levator labii alaeque nasi: This muscle lies medial to the former and presents
fibers that insert into the nasal wings.

• M. depressor anguli oris: This triangular muscle has insertions into the zygomatic
and orbicularis oris muscles.

Figure 26.
Left lateral view of the superficial musculature. 1: m. frontalis, 2: m. orbitoauricularis, 3: m. auricularis dorsalis,
4: m. auricularis caudalis, 5: m. platysma, 6: m. masseter, 7a: m. trapezius pars cervicalis, 7b: m. trapezius pars
thoracica, 8: m. latissimus dorsi, 9: fascia thoracodorsalis, 10: m. serratus ventralis, 11: m. obliquus externus
abdominis, 12: m. obliquus internus abdominis, 13: m. pectoralis abdominalis, 14: Lamina externa vaginae m.
recti abdominis, 15a: m. acromiodeltoideus, 15b: m. spinodeltoideus, 16a: m. triceps brachii caput laterale, 16b:
m. triceps brachii caput longum, 16c: m. triceps brachii caput mediale, 17: m. biceps brachii, 18: fascia
thoracolumbalis, 19: m. tensor fasciae latae, 20: m. gluteus superficialis, 21: fascia lata, 22: m. biceps femoris, 23:
m. semitendinosus, 24: m. semimembranosus, 25: m. gastrocnemius caput laterale.
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• M. caninus: This muscle lies deep to the former. It can be found at the angles of
the mouth that cover the canines.

• M. orbicularis oris: This muscle surrounds the mouth opening as a sphincter.

• M. depressor labii inferioris: This muscle that lies ventromedial to the depressor
anguli oris muscle runs between the ventral aspect of the orbicularis oris muscle
and the skin of the chin.

• M. mentalis. This muscle covers the chin. It has insertions into the ventral aspect
of the orbicularis oris muscle.

5.3 Masticatory muscles

The muscles of mastification were studied after the facial musculature was
removed.

• M. masseter: The masseter originates from the zygomatic arch. It consists of a
larger superficial and a smaller deep part that both insert into the mandible
(Figures 25B, 26, and 27).

• M. temporalis: This muscle fills the temporal fossa. Its fibers converge on the
coronoid process of the mandible (Figures 26 and 27).

Figure 27.
Ventrolateral view of the masticatory muscles and musculature of the ventral cervical region and tongue. 1a: m.
masseter pars superficialis, 1b: m. masseter pars profunda, 2: m. temporalis, 3: m. buccinator, 4: m. pterygoideus,
5: m. digastricus venter caudalis, 6: m. sternomastoideus, 7: m. cleidomastoideus, 8: m. cleidooccipitalis, 9: m.
levator scapulae cranialis, 10: m. trapezius pars cervicalis, 11: m. sternohyoideus, 12: m. sternothyroideus, 13: m.
longus capitis, 14: m. longus colli, 15: m. mylohyoideus, 16: m. hyoglossus, 17: m. thyrohyoideus.
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• M. buccinator: The buccinator is a deep muscle that originates from the rostral
part of the zygomatic arch and the maxilla. It is inserted into the mandible
(Figure 27)

• M. pterygoideus: The larger internal part arises from the pterygoid fossa and
inserts into the mandibular angle. The smaller external part originates laterally on
the pterygoid bone and inserts into the mandible at the level of the mandibular
joint (Figure 27).

• M. digastricus: The rostral and caudal bellies are separated by an
intermediate tendon. The caudal belly attaches to the mastoid process while
the rostral belly inserts into the rostroventral border of the mandible (Figure 27).

5.4 Muscles of the ventral cervical region and tongue

• M. sternocleidomastoideus:

The lateral portion is the m. cleidooccipitalis that arises from the clavicle and
inserts into the nuchal line of the skull (Figure 27).

The medial portion is the m. sternomastoideus that runs from the manubrium
of the sternum to the mastoid process of the skull (Figure 27).

In between both muscles, the m. cleidomastoideus can be seen. It runs from
the medial side of the clavicle to the mastoid process (Figure 27).

• M. omohyoideus: This fusiform muscle originates from the cranial border of the
scapula and inserts into the lateral aspect of the hyoid bone. It runs medial to the
sternocleidomastoid muscle and lateral to the common carotid artery and
vagosympathetic trunk.

• M. sternohyoideus: This muscle finds its origin on the craniodorsal aspect of the
manubrium sterni and inserts into the medial aspect of the hyoid bone. As a
result, it covers the trachea in the ventral midline together with its contralateral
counterpart (Figure 27).

• M. sternothyroideus: This muscle has the same origin as the former but inserts
into the thyroid cartilage. It lies medial to the common carotid artery and
vagosympathetic trunk, and ventral to the trachea (Figure 27).

• M. longus capitis: Both the major part (m. longus capitis major) and the minor
part (m. longus capitis minor) insert into the basiocciput. The former arises from
the ventral sides of the bodies of the 4th to 6th cervical vertebrae, while the latter
has the atlas as its origo (Figure 27).

• M. longus colli: This muscle lies deep against the ventral sides of all cervical and
the first four thoracic vertebrae, dorsal to the trachea. The short muscle fibers
interconnect the subsequent vertebrae (Figure 27).
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• M. mylohyoideus: This muscle originates from the medial surface of the
mandibular body along its entire length and inserts into the median raphe of the
tongue where it meets its counterpart (Figure 27).

• M. hyoglossus: The hyoid bone is the origin of this muscle that inserts into the
tongue (Figure 27).

• M. thyrohyoideus: This muscle has its origin on the thyroid cartilage and inserts
into the hyoid bone.

• M. geniohyoideus: This muscle originates from the mandible at the caudal edge of
the symphysis and travels caudally towards the hyoid bone.

5.5 Muscles of the dorsal and lateral cervical regions

• M. splenius: This muscle is reduced in the rhesus monkey. It originates
dorsally on the first three thoracic vertebrae and runs cranially towards the
occiput.

• M. complexus: This muscle arises from the transverse processes of the 3rd to 5th
thoracic vertebrae and is inserted into the occipital bone below the nuchal crest
near the median plane (Figure 28).

Figure 28.
Musculature of the dorsal thoracocervical region. A: Superficial layer at the left and deeper layer at the right, B:
Superficial layer at the left and deeper layer at the right after removal of the right front limb. 1a: m. trapezius pars
cervicalis, 1b: m. trapezius pars thoracica, 2: m. latissimus dorsi, 3: fascia thoracodorsalis, 4: m. rectus capitis, 5:
m. complexus, 6: m. splenius, 7a: m. rhomboideus cervicis, 7b: m. rhomboideus thoracis, 8: m. supraspinatus, 9: m.
infraspinatus, 10: m. teres major, 11: m. spinalis, 12: m. longissimus dorsi, 13: m. iliocostalis, 14: m. serratus
ventralis, 15: m. obliquus externus abdominis, 16: m. serratus dorsalis.
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• M. rectus capitis: The major part (m. rectus capitis major) and minor part (m.
rectus capitis minor) arise from the crest of the axis and dorsal tubercle of the
atlas, respectively. Both insert into the occipital bone (Figure 28).

• M. obliquus capitis: The cranial part (m. obliquus capitis cranialis) runs from the
wing of the atlas to the occiput. The caudal part (m. obliquus capitis cranialis)
arises from the crest of the axis and inserts into the wing of the atlas.

• M. trachelomastoideus: This muscle arises from the 2nd to 4th thoracic vertebrae
and is inserted into the occipital bone and the mastoid process.

• M. scalenus:

M. scalenus dorsalis (m. scalenus brevis posterior): The origin is laterocaudal
to the ventral scalenus muscle. The insertion is into the transverse processes of
all cervical vertebrae.

M. scalenus medius (m. scalenus longus): The origin is on the 3rd to 5th rib. The
insertion is on the transverse process of the 4th cervical vertebra (Figure 30).

M. scalenus ventralis (m. scalenus brevis anterior): The origo can be found
craniomedially on the first rib. The insertion is the transverse processes of the
3rd to 5th cervical vertebrae.

5.6 Muscles of the spine

• M. erector spinae:

M. iliocostalis: This long muscle originates from the wing of the ilium and
inserts into the transverse processes of the lumbar vertebrae, the ribs and
transverse processes of the last two cervical vertebrae. As such, a lumbar and
thoracic part can be discerned (Figures 28 and 29).

Figure 29.
Left lateral view of the abdominal muscles. A: Superficial musculature with 1: m. latissimus dorsi, 2: fascia
thoracodorsalis, 3: m. serratus ventralis, 4: m. obliquus externus abdominis, 5: m. obliquus internus abdominis, 6:
m. pectoralis abdominalis, 7: lamina externa vaginae m. recti abdominis. B. Deep musculature with 1: m.
intercostalis externus, 2: m. transversus abdominis, 3: m. rectus abdominis, 4: fascia transversalis, 5: m. psoas
minor, 6: m. psoas major, 7: m. quadratus lumborum, 8a: m. iliocostalis lumborum, 8b: m. iliocostalis thoracis 9a:
m. longissimus lumborum, 9b: m. longissimus thoracis.
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M. longissimus dorsi: This long, cylindrical muscle that is covered by the
thoracodorsal fascia lies medial to the formermuscle and runs from the ilium to
themastoid process. Insertions can be found into the lumbar, thoracic and cervical
vertebrae and the ribs (pars lumbalis, thoracis, cervicis and capitis) (Figure 28).

M. spinalis: This is the deepest muscle of this group. The origins and insertions
are the spinal processes (Figures 28 and 29).

• M. transversospinalis:

M. semispinalis (capitis) = m. complexus: This muscle was described earlier
with the muscles of the dorsal and lateral cervical region (Figure 28).

Mm. multifidi et rotatores: These muscles lie very deep against the vertebrae.
With their origins and insertions on the transverse processes and into the
spinal processes, they can rotate the vertebral column.

• M. serratus dorsalis cranialis: The cervicothoracic fascia offers the aponeurotic
origin of this muscle that inserts into the 2nd to 5th ribs. The muscle fibers run in
craniodorsal direction.

• M. serratus dorsalis caudalis: The lumbosacral fascia offers the aponeurotic origin
of this muscle that inserts into the caudal ribs. The muscle fibers run in
caudodorsal direction.

5.7 Tail musculature

The tail of the rhesus monkey is nonprehensile. Themuscles found on the dorsal
aspect of the caudal vertebrae are themm. interspinales caudae, the m. extensor caudae

Figure 30.
Lateral views of the pectoral muscles. A: superficial layer, B: deeper layer, C: deepest layer. 1a: m. pectoralis
superficialis pars sternocapsularis, 1b: m. pectoralis superficialis pars sternalis, 1c: m. pectoral superficialis pars
abdominalis, 2: m. obliquus externus abdominis, 3: m. serratus ventralis, 4: m. serratus dorsalis, 5: m.
subscapularis, 6: m. teres major, 7: m. latissimus dorsi, 8: m. pectoral profundus, 9: m. biceps brachii, 10: m.
subclavius, 11: m. sternocostalis, 12: m. scalenus medius, 13a: m. cleidodeltoideus, 13b: m. acromiodeltoideus, 13c:
m. spinodeltoideus, 14: m. latissimus dorsi.
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medialis, them. extensor caudae lateralis, the m. abductor caudaemedialis/internus and
them. abductor caudae lateralis/externus. The ventral muscles of the tail comprise them.
flexor caudae brevis, m. flexor caudae longus and themm. intertransversarii caudae.

5.8 Abdominal muscles

• M. obliquus abdominis externus: The muscle has tendinous origins on the 4th to
the 12th rib, where it interdigitates with the serratus ventralis muscle. In
addition, muscle fibers originate dorsally from the lumbodorsal fascia in the
lumbar region. The fibers run caudoventrally towards the linea alba onto which it
attaches by means of an aponeurosis (Figures 29, 36, and 37).

• M. obliquus abdominis internus: The fibers of this muscle that lies beneath the
former originate from the thoracolumbar fascia and the iliac spine. The fibers run
in cranioventral direction to become tendinous (aponeurosis) at the level of the
straight abdominal muscle. The aponeurosis blends with that of the external
oblique abdominal muscle and forms the external sheath of the straight
abdominal muscle (Figures 29 and 36). In the male, the cremaster muscle
branches off the internal oblique abdominal muscle (Figure 37).

• M. transversus abdominis: This muscle arises from the costal arch, the
lumbodorsal fascia and the iliac crest. The fibers run in dorsoventral direction to
insert into the linea alba by means of an aponeurosis that forms the internal
sheath of the straight abdominal muscle (Figure 29).

• M. rectus abdominis: This muscle lies between the fused aponeurosis of the external
and internal oblique abdominal muscles on the one hand and the aponeurosis of the
transverse abdominal muscle. Themuscle runs from the sternum to the pubis and
presents several tendinous intersections (Figures 29 and 36).

5.9 Muscles that connect the thoracic limb to the body

• Pectoral muscles:

M. pectoralis superficialis (m. pectoralis major):

a. Pars sternocapsularis: The sternoclavicular joint and the manubrium is
the origo while the insertion is the intertubercular groove of the
humerus (Figure 30).

b. Pars sternalis: This part has the same insertion site as the former but
finds it origin along the entire length of the sternum (Figure 30).

c. Pars abdominalis: The origin is the xiphoid process and the cranial aspect
of the external sheath of the straight abdominal muscle. The muscle
inserts deep to the sternal part into the humerus (Figure 30).

M. pectoralis minor (m. pectoralis profundus): This pectoral muscle lies deep
to the superficial pectoral muscle. It has origin on the cartilages of the 2nd to
6th ribs and is inserted into the greater tuberosity of the humerus (Figure 30).
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M. subclavius: This small fusiform muscle arises from the 1st costal cartilage
and is inserted into the clavicle (Figure 30).

• M. trapezius: Both the cervical and thoracic parts arise from the scapular
spine. The occiput and 10th thoracic vertebra are reached cranially, resp.
caudally by this muscle that meets its counterpart in the dorsal midline
(Figures 25, 26, and 28).

• M. rhomboideus: The cervical part (m. rhomboideus cervicis = m. levator anguli
scapulae) and thoracic part (m. rhomboideus thoracis) arise from the dorsal
border of the scapula and insert into the occiput and nuchal ligament, and the
first 6 thoracic vertebrae, respectively (Figure 28).

• M. serratus ventralis: Muscle strands have attachments on the last four cervical
vertebrae (m. serratus ventralis cervicis = m. levator scapulae) and first nine ribs
(m. serratus ventralis thoracis) and inserts medially on the scapula (Figures 26,
and 28–30).

• M. latissimus dorsi: This muscle originates by means of an aponeurosis at the
dorsal midline at the level of the 6th to 12th thoracic vertebrae and the
lumbodorsal fascia. The insertion site is twofold, i.e. at the teres major tendon
and into the bicipital groove (Figures 25, 26, and 28-30).

5.10 Muscles of the shoulder region

• M. supraspinatus: This muscle fills the supraspinous fossa and has insertion into
the greater humeral tubercle (Figure 31).

Figure 31.
Musculature of the left shoulder. A: lateral view, B: medial view. 1: m. supraspinatus, 2: m. infraspinatus, 3: m. teres
minor, 4: m. teres major, 5: m. triceps brachii caput longum, 6: m. triceps brachii caput laterale, 7: m. brachialis, 8:
m. subscapularis, 9: m. latissimus dorsi, 10a: m. biceps brachii caput longum, 10b: m. biceps brachii caput breve, 11:
m. coracobrachialis, 12: m. triceps brachii caput mediale, 13: m. triceps brachii caput laterale.
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• M. infraspinatus: The origin is the infraspinous fossa. The muscle is covered by
the spinodeltoid muscle. Its tendon inserts into the greater tubercle of the
humerus, in between the tendons of the supraspinous and teres minor muscles
(Figure 31).

• M. deltoideus: The insertion is the deltoid tuberosity on the humerus. The origin
is either the clavicle (M. cleidodeltoideus (M. deltoideus anterior)), the acromion
(M. acromiodeltoideus (M. deltoideus medius)) or the scapular spine (M.
spinodeltoideus (M. deltoideus posterior)) (Figure 30).

• M. teres minor: This muscle has origin at the caudodistal margin of the shoulder
blade and the caudal aspect of the infraspinatus muscle. It inserts into the greater
tubercle of the humerus, just caudal to the insertion of the aforementioned
muscle (Figure 31).

• M. teres major: This muscle originates at the ventral angle and caudal border of
the scapula and inserts medially into the humeral shaft in its proximal third
(Figure 31).

• M. subscapularis: The origin and insertion of this muscle are the subscapular fossa
and the lesser tubercle of the humerus, respectively (Figure 31).

5.11 Muscles of the upper arm

5.11.1 Extensor musculature

• M. triceps brachii: The triceps muscle inserts into the olecranon of the ulna. Its
long head (caput longum), lateral head (caput laterale) and medial head (caput
mediale) originate from the caudal border of the scapula, the greater tuberosity
of the humerus, and the proximo-medial side of the humeral shaft, respectively
(Figures 25, 26, and 31).

• M. anconeus (lateralis): This small muscle arises distally on the humeral shaft and
inserts proximally on the ulna.

• M. dorsoepitrochlearis: arises from the lower margin of the latissimus dorsi
muscle and attaches to the antebrachial fascia and medial epicondyle of the
humerus.

5.11.2 Flexor musculature

• M. biceps brachii: The long head (caput longum) and short head (caput breve)
run from the supraglenoid tubercle and coracoid process of the shoulder blade,
respectively to the radial tuberosity of the radius (Figures 25, 26, 30, and 31).

• M. coracobrachialis: Both the deep part (m. coracobrachialis profundus) and
middle part (m. coracobrachialis medius) arise from the coracoid process on the
shoulder blade. The former part inserts into the humeral neck, while the latter
part attaches more distally at the medial side of the humeral shaft (Figure 31).
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• M. brachialis: The lateroproximal aspect of the humerus is the site of origin of this
muscle, that follows the brachial sulcus of the humerus to insert into the medial
coronoid process of the ulna (Figure 31).

5.12 Muscles of the forearm

5.12.1 Extensor musculature

• M. extensor carpi radialis (longus et brevis): The lateral epicondylar crest of the
humerus forms the origin of this muscle. The insertion is into the base of the 2nd
metacarpal bone (long part) and 3rd metacarpal bone (short part) (Figures 32–34).

• M. extensor carpi ulnaris: This muscle arises from the lateral epicondyle of the
humerus and is inserted into the base of the 5thmetacarpal bone (Figures 32 and 34).

• M. extensor digitorum communis: This muscle arises from the lateral epicondyle
of the humerus and inserts by means of four tendons into the distal phalanges of
digits II to V (Figures 32 and 34).

• M. extensor digiti:

primi longus (m. extensor pollicis longus): The origin is craniolaterally on the
proximal half of the ulna and inserts into the distal phalanx of the pollex
(Figure 34).

Figure 32.
Lateral view of the musculature of the left forearm. A: superficial layer with 1: brachioradialis muscle, 2a: long
part of extensor carpi radialis muscle, 2b: short part of extensor carpi radialis muscle, 3: extensor digitorum
communis muscle, 4: extensor digitorum quarti et quinti muscle, 5: extensor carpi ulnaris muscle, 6: abductor digiti
primi longus muscle. B: deep layer with 6: abductor digiti primi longus muscle, 7: extensor digitorum secundi et
tertii muscle, 8: supinator muscle.
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secundi (m. extensor indicis) et tertii: This muscle arises distal to the former
muscle. At the level of the carpus, the tendon splits into two tendons, one to the
proximal phalanx of the 2nd digit and one for the 3rd digit (Figures 32 and 34).

quarti: From the lateral humeral epicondyle to proximal phalanx of the 4th
digit (Figures 32 and 34).

quinti: From the lateral humeral epicondyle to the middle phalanx of the 5th
digit (Figures 32 and 34).

5.12.2 Flexor musculature

• M. flexor carpi radialis: This muscle arises from the medial humeral condyle and
inserts into the base of the 2nd metacarpal bone (Figures 33 and 35).

• M. flexor carpi ulnaris: This muscle also arises from the medial humeral
epicondyle. It attaches to the pisiform carpal bone (Figures 33 and 35).

• M. palmaris longus: This muscle is situated in between the two aforementioned
muscles. It also originates at the medial humeral epicondyle. It presents a distal

Figure 33.
Medial view of the musculature of the left forearm. A: Superficial layer with 1: m. flexor carpi ulnaris, 2: m.
palmaris longus, 3: m. flexor carpi radialis, 4: m. flexor digitorum profundus, 5: m. pronator teres, 6: m. extensor
carpi radialis longus, 7: m. brachioradialis. B: Deep layer with 4: m. flexor digitorum profundus, 6: m. extensor
carpi radialis longus, 60 : m. extensor carpi radialis brevis, 7: m. brachioradialis, 8: m. flexor digitorum
superficialis.
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aponeurosis (aponeurosis palmaris) which lies superficially at the palmar side of
the hand (Figures 33 and 35).

• M. brachioradialis: This muscle runs from the lateral humeral epicondyle to the
distal aspect of the radius (Figures 32–35).

• M. flexor digitorum superficialis (m. flexor digitorum sublimis): This very thin
muscle originates on the medial epicondyle of the humerus. Its four tendons insert
on the base of the 2nd phalanx of digits I to IV (Figures 33 and 35).

• M. flexor digitorum profundus: This muscle arises from the proximal half of the
ulna (caput ulnare) and the upper two-thirds of the radius (caput radiale). Five

Figure 34.
Dorsal view of the musculature of the left hand. 1: m. extensor digitorum communis, 2: m. abductor digiti primi
longus, 3: m. brachioradialis, 4: m. extensor carpi radialis longus, 5: m. extensor carpi radialis brevis, 6: m.
extensor carpi ulnaris, 7: m. extensor digiti primi (pollicis) longus, 8: m. extensor digiti secundi, 9: m. extensor
digiti tertii, 10: m. extensor digiti quarti, 11: m. extensor digiti quinti, 12: m. adductor digiti primi, 13: m.
interosseous, 14: ligamentum carpi dorsale.
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tendons arise, which are inserted into the palmar sides of the terminal phalanges
of all five digits (Figures 33 and 35).

• M. epitrochleoanconeus: This short muscle runs from the medial humeral
epicondyle to the olecranon.

5.12.3 The pronators and supinators

• M. pronator teres: This pronator muscle of the forearm originates on the medial
humeral epicondyle. It runs obliquely towards the middle third of the radius
(Figure 33).

• M. pronator quadratus: This rectangular muscle can be found at the medial side
of the forearm, running from the proximal ulna to the distal radius.

• M. supinator: The supinator of the forearm originates on the lateral humeral
epicondyle. It runs obliquely towards the proximal half of the radius.

5.13 Muscles of the hand

• M. palmaris brevis: This short muscle, that lies directly subcutaneously,
arises from the palmar aponeurosis and is inserted into the subcutis (Figure 35).

Figure 35.
Palmar view of the musculature of the left hand. A: superficial layer, B: deeper layer, C: deepest layer. 1: m. flexor
carpi ulnaris, 2: m. flexor carpi radialis, 3: m. palmaris longus with cut aponeurosis, 4: m. flexor digitorum
superficialis, 5: m. brachioradialis, 6: m. abductor digiti primi brevis, 7: m. flexor digiti primi brevis superficialis,
8: m. flexor digiti primi brevis profundus, 9: m. adductor digiti primi, 10: m. flexor digiti quinti brevis, 11: m.
abductor digiti quinti, 12: m. palmaris brevis, 13: mm. lumbricales, 14: ligamentum carpi palmare, 15: m. flexor
digitorum profundus with 15a: caput radiale and 15b: caput ulnare, 16: m. opponens digiti quinti, 17: mm.
contrahentes digitorum manus.
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• M. abductor digiti primi (pollicis) longus: This muscle has origin at the
proximolateral aspect of the ulna and the cranial side of the radius. It attaches to
the proximal end of the metacarpal bone of the pollex (Figures 32 and 34).

• M. abductor digiti primi (pollicis) brevis: This muscle arises medially from the
transverse carpal ligament. It is inserted into the base of the proximal phalanx of
the pollex (Figure 35).

• M. flexor digiti primi (pollicis) brevis: This muscle lies just lateral to the former.
It also starts on the transverse carpal ligament and is inserted into the base of the
proximal phalanx of the pollex (Figure 35).

• M. adductor digiti primi (pollicis): This muscle runs from the 2nd and 3rd
metacarpal bones towards the proximal phalanx of the pollex. The proximal and
distal parts of this muscle cannot be discerned (Figures 34 and 35).

• M. opponens digiti primi (pollicis): This muscle lies below the short abductor of the
thumb. It runs from the transverse carpal ligament to the 1st metacarpal bone.

• M. abductor digiti quinti: This muscle has origin on the transverse carpal
ligament and the most lateral carpal bones. Insertion is into the proximal phalanx
of the 5th digit (Figure 35).

• M. flexor digiti quinti brevis: This muscle runs somewhat more medial and
superficial compared to the former. The insertion site is the same (Figure 35).

• M. opponens digiti quinti: This muscle lies deep compared to the abductor and
flexor of the 5th digit. It insert along the entire length of the 5th metacarpal bone
(Figure 35).

• Mm. lumbricales manus: These muscles, which are 4 in number, are very well
developed. They arise from the medial side of the deep flexor tendons to digits II
– V. They are inserted into the base of the proximal phalanx and the
metacarpophalangeal joints (Figure 35).

• Mm. contrahentes digitorum manus: Origins are the proximal epiphyses of the
2nd and 3rd metacarpal bones. Insertion is into the proximal phalanges of the
2nd, 4th and 5th digits (Figure 35).

• Mm. interossei manus: These muscles form pairs of muscles that are present in
each intermetacarpal cleft. They attach to the sides of the metacarpophalangeal
joints (Figure 34).

5.14 Muscles of the hip region

5.14.1 Extensor musculature

• M. gluteus superficialis (m. gluteusmaximus): The superficial gluteusmuscle arises
from the lumbar fascia and the first three caudal vertebrae. The tendon is inserted into
fascia lata and the greater trochanter of the femur (Figures 25, 26 and 36).
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• M. gluteus medius: This deeper part of the gluteus musculature arises from the
lateral surface of the wing of the ilium, the sacro-iliac joint and the first caudal
vertebra. The large muscle is inserted into the greater trochanter of the femur
(Figures 26 and 36).

• M. gluteus profundus (m. gluteus minimus): This deepest gluteus muscle has its
origin on the dorsal aspect of the ilium and inserts into the greater trochanter of
the femur.

5.14.2 Flexor musculature

• M. psoas major: The psoas major muscle arises from the ventral sides of the
lumbar vertebrae. The muscle is inserted into the lesser trochanter of the femur
(Figure 29).

• M. psoas minor: This psoas muscle lies ventromedial to the former. It originates
from the ventral sides of the first four lumbar vertebrae and is inserted cranially
on the pubic bone (tuberculum m. psoas minoris) (Figure 29).

Figure 36.
Lateral view of the left thigh musculature. 1: m. gluteus superficialis, 2: m. gluteus medius, 3: m. tensor fasciae
latae, 4: fascia lata, 5: m. biceps femoris, 6: m. semitendinosus, 7: m. semimembranosus, 8: callositas ischii, 9: m.
gastrocnemius caput laterale, 10: m. obliquus externus abdominis, 11: m. obliquus internus abdominis, 12: m.
rectus abdominis.
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• M. iliacus: The origin of this muscle is the medial aspect of the ilium. It first runs
lateral to the psoas major and finally joins it to form the m. iliopsoas (Figure 37).
This muscle has insertion into the lesser trochanter of the femur (Figure 29).

• M. quadratus lumborum: This muscle finds it origin on the crest and wing of the
ilium. This thin quadrilateral muscle is inserted into the last rib and transverse
processes of the lumbar vertebrae (Figure 29).

5.15 The adductors of the hind limb

• M. sartorius: This long, slender muscle arises from the cranioventral spine of the
ilium. It inserts into the medial side of the proximal third of the tibia (Figures 25,
37, and 39).

• M. gracilis: This broad muscle starts from the pelvic symphysis and attaches to the
craniomedial aspect of the proximal third of the tibia (Figures 25, 37, and 39).

• M. pectineus: This short, fusiform muscle runs from the pecten pubis to the
medioproximal aspect of the femur (Figures 25 and 37).

• M. adductor (Figure 37):

longus: The origin of the long adductor muscle is the pelvic symphysis. It lies
lateral (deep) to the gracilis muscle and inserts medially, halfway the femur
(Figure 25).

Figure 37.
Medial view of the left thigh musculature. 1: m. sartorius, 2: m. gracilis, 3: m. pectineus, 4: m. adductor, 5: m.
rectus femoris, 6: m. vastus intermedius, 7: m. vastus medialis, 8: m. semimembranosus, 9: m. iliopsoas, 10: m.
cremaster, 11: m. obliquus externus abdominis.
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magnus: This muscle is composed of two parts that individually attach to the
proximocaudal part of the femoral diaphysis. Their origins are the pelvic
symphysis and tuber sciatic tuberosity, respectively.

brevis: The small adductor muscle starts just ventral to the foramen obturatum
and attaches to the medioproximal aspect of the femur.

5.16 The supinators of the hind limb

• M. obturatorius externus: This muscle arises from the obturator membrane and
the bone surrounding the obturator foramen, at its dorsal side. The tendon is
inserted into the intertrochanteric fossa.

• M. obturatorius internus: This muscle also arises from the obturator membrane and
the bone surrounding the obturator foramen, albeit at its ventral side. The insertion
is at the medial side of the greater trochanter of the femur.

• Mm. gemelli: The gemelli originate from the ischium. Their tendons are inserted
into the tendon of the m. obturatorius internus.

• M. quadratus femoris: This muscle runs from the sciatic tuberosity to the lesser
femoral trochanter.

5.17 The extensors of the knee

• M. quadriceps: Intramuscular injections can be administered in this muscle that
consists of four parts. All insert into the basis of the patella.

M. rectus femoris: The origin is just dorsal to the acetabulum (Figures 25 and 37).

M. vastus lateralis: This part of the quadriceps muscle arises from the greater
trochanter of the femur.

M. vastus medialis: This muscle arises from lesser trochanter of the femur
(Figure 37).

M. vastus intermedius (formerly described as the m. crureus): This deep
muscle arises from the proximal three-fourths of the shaft of the femur
(Figure 37).

• M. tensor fasciae latae: The origin of this muscle is the ilium and the fascia
overlying the gluteus medius muscle. The muscle is inserted into the fascia lata
(Figures 25, 26, and 36).

5.18 The hamstrings and flexors of the knee

• M. biceps femoris: The biceps femoris muscle arises from the ischial tuberosity.
The muscle forms a thin aponeurosis that is inserted into the fascia cruris
(Figures 25, 26, and 36). This muscle can be used to administer intramuscular
injections.
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• M. semitendinosus: This muscle also arises from the sciatic tuberosity, just caudal
to the biceps femoris muscle. The tendon lies superficial to the semimembranosus
muscle and attaches to the medial surface of the tibial shaft, deep to the tendon of
the gracilis muscle (Figures 26, 36, and 38).

• M. semimembranosus: The semimembranosus muscle consists of the smaller and
more lateral semimembranosus proprius muscle and larger and more medial
semimembranosus accessories muscle. The origins of both is caudal on the sciatic
tuberosity. The semimembranosus proprius muscle is inserted medially on the
tibial tuberosity, while the accessory semimembranosus muscle is broadly
inserted more proximally, at the level of the medial femoral condyle (Figures 25,
26, 36, 37, and 39).

• M. popliteus: This muscle is the only intrinsic flexor muscle of the knee. The fan-
shaped muscle is located at the caudal side of the proximal tibial shaft. Its tendon
inserts into the popliteal fossa of the femur (Figure 39).

5.19 Muscles of the lower leg

5.19.1 The flexors of the tarsal joint and extensors of the digits

• M. tibialis cranialis: This muscle arises from the lateral condyle of the tibia and
from the upper two-thirds of its shaft. Two bellies can be observed. The medial
tendon attaches to the 1st tarsal bone, whereas the lateral tendon is inserted into
the head of the 1st metatarsal bone (Figures 38–40).

• M. extensor digitorum longus: The origins of this muscle are the lateral condyle of
the tibia, and the fibular head. Three tendons arise at the level of the foot that are
inserted into the middle and distal phalanges of the 2nd to 5th digits (Figures 38
and 40).

• M. extensor digiti primi (hallucis) longus: This very thinmuscle that lies deep to the
formermuscle obtains its origin from themedial side of the fibular diaphysis. The
tendon is inserted into the terminal phalanx of the hallux (Figures 38 and 40).

• M. fibularis longus: This muscle has its origin on the fibula and proximal
epiphysis of the fibula. The tendon crosses the lateral malleolus and inserts into
the plantar side of the 1st metatarsal bone, thus crossing the plantar side of the
foot (Figure 38).

• M. fibularis brevis: This muscle arises from the lower two-thirds of the shaft of
the fibula. Insertion is into the metatarsal bone of the 5th digit (Figure 38).

• M. fibularis digiti quinti: This muscle present a similar topography as the former
muscle, but inserts into the distal phalanx of the 5th digit.

5.19.2 The extensors of the tarsal joint and flexors of the digits

• M. gastrocnemius: The lateral and medial heads of the gastrocnemius muscle arise
from the lateral and medial epicondyle of the femur, respectively. A sesamoid
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Figure 38.
Lateral view of the lower leg musculature (left hind limb). A: superficial layer, B: deeper layer, C: deepest layer. 1:
m. biceps femoris, 2: m. semitendinosus, 3: m. gastrocnemius caput laterale, 4: m. tibialis cranialis, 5: m. extensor
digitorum longus, 6: m. fibularis longus, 7: m. fibularis brevis, 8: m. tibialis caudalis, 9: m. plantaris, 10: m.
soleus, 11: m. extensor digiti primi (hallucis) longus.

Figure 39.
Medial view of the lower leg musculature (left hind limb). A: superficial layer, B: deeper layer, C: deep layer, D:
deepest layer. 1: m. sartorius, 2: m. gracilis, 3a: m. gastrocnemius caput mediale, 3b: m. gastrocnemius caput
laterale, 4: m. soleus, 5: m. plantaris, 6: m. flexor digitorum tibialis, 7: m. tibialis cranialis, 8: m. popliteus, 9a: m.
semimembranosus accessorius, 9b: m. semimembranosus proprius, 10: m. tibialis caudalis.
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bone is present in each tendon of origin (ossa sesamoidea m. gastrocnemii or
fabellae). The tendo Achilles attaches to the tuber calcanei (Figures 25, 26, 36,
38, and 39).

• M. soleus: This thin muscle arises from the head of the fibula. Its tendon fuses
with the gastrocnemius muscle (Figures 38 and 39).

• M. plantaris: The thin plantaris muscle has its origin on the lateral condyle of the
femur. Its thin tendon lies on the medial side of the tendo Achilles and is inserted
into the plantar fascia (Figures 38 and 39).

• M. flexor digitorum (longus) tibialis (can be considered as the m. flexor
digitorum superficialis): This muscle arises halfway from the caudal side of the
tibia. The tendon crosses the medial malleolus and splits to attach to the plantar
sides of the distal phalanges of digits II to V (Figure 41).

Figure 40.
Dorsal view of the musculature of the left foot. A: superficial layer, B: deep layer. 1: retinaculum proximalis, 2:
retinaculum distalis, 3: m. tibialis cranialis (two bellies), 4: m. extensor digitorum longus, 5: m. extensor digiti
primi (hallucis) longus, 6: m. adductor digiti primi (hallucis), 7:m. extensor digitorum et digiti primi (hallucis)
brevis, 8: m. abductor digiti quinti, 9: mm. interossei.
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• M. flexor digitorum (longus) fibularis (can be considered as the m. flexor
digitorum profundus): This muscle lies deep to the former. It arises from the
caudomedial aspect of the fibula, the interosseous membrane between the tibia and
fibula, and the distal part of the tibia. The tendon travels along the plantar side of
the tarsal joint, then splits in three tendons, one for digit I, III and IV (Figure 41).

• M. tibialis caudalis: This muscle arises from the caudal side of the tibia. Its tendon
crosses the medial malleolus and inserts into the plantar sides of the metatarsal
bones of digits II to IV (Figures 38 and 39).

5.20 Muscles of the foot

• M. flexor digitorum brevis: The superficial head has its origin on the tuber
calcanei. This head forms the short flexor of digit II as it inserts into its middle
phalanx. The deep head arises from the flexor digitorum tibialis tendon, at the
level of the medial malleolus. The three tendons are inserted into the base of the
middle phalanx of digits III to V.

• M. abductor digiti primi (hallucis): This muscle starts from the calcaneus
and inserts into the plantar side of the proximal phalanx of the hallux
(Figure 41).

Figure 41.
Plantar view of the musculature of the left foot. A: middle layer, B: deep layer. 1: m. quadratus plantae, 2: m.
flexor digitorum (longus) tibialis, 3: m. flexor digitorum (longus) fibularis (tendon to digit I), 4: m. abductor
digiti primi (hallucis), 5: m. flexor digiti primi (hallucis) brevis, 6: m. adductor digiti primi (hallucis), 7: m.
flexor digiti quinti brevis, 8: mm. lumbricales, 9: mm. contrahentes digitorum pedis, 10: mm. interossei.
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• M. flexor digiti primi (hallucis) brevis: Two heads originate from the plantar side
of the tarsus and insert into the proximal phalanx of the hallux (Figure 41).

• M. extensor digitorum et digiti primi (hallucis) brevis: This dorsally located
muscle starts at the calcaneus and sends four tendons towards distal phalanx of
digits I to IV (Figure 40).

• M. adductor digiti primi (hallucis): This broad muscle has origin at the metatarsal
bones of the 2nd and 3rd digits. The proximal phalanx of the hallux is the
insertion site (Figures 40 and 41).

• M. abductor digiti quinti: This muscle runs from the tuber calcanei towards the
proximal phalanx of the 5th digit (Figure 40).

• M. abductor ossis metatarsi quinti: This inconsistently present muscle runs lateral
from the former muscle and inserts into the metatarsal bone of the 5th digit.

• M. flexor digiti quinti brevis: This muscle has origin at the tendon of the fibularis
longus muscle at the level of the metatarsal bone of the 5th digit. It inserts at the
proximal phalanx of the 5th digit (Figure 41).

• M. quadratus plantae: The origin is on the lateral side of the calcaneus. It splits
into several tendons that insert into the tendons of the flexor digitorum longus
muscles (Figure 41).

• Mm. lumbricales pedis: Four fine muscle strands find their origins deep to the
flexor digitorum brevis muscle. They run medial to the metatarsal bones of the
2nd to 5th digits to insert into their proximal phalanges (Figure 41).

• Mm. contrahentes digitorum pedis: These muscles have a single aponeurosis in
common at the level of the fibularis longus muscle. Three muscular bands
originate from here to insert into the proximal phalanges of the 2nd, 4th and 5th
digit (Figure 41).

• Mm. interossei pedis: These muscles form pairs of muscles that are present in
each intermetatarsal cleft. They attach to the sides of the metatarsophalangeal
joints (Figures 40 and 41).

6. Splanchnology

6.1 Dentition

The rhesus monkey is omnivorous and mainly feeds on fruit, vegetables, insects
and small mammals. Its dentition is very similar to that of humans as it also presents
32 teeth of which two incisors, one canine, two premolars and three molars in each
quadrant. The teeth are of the brachydont type, thus with typical crowns and roots.
The canines are more pronounced in the male compared to the female rhesus monkey.
Furthermore, the premolars and molars are of the bunodont type, thus with typical
cusps. The number of roots is one for the incisors and the canines, two for the
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premolars and molars of the mandible, and three for the premolars and molars of the
maxilla (Figures 42 and 43).

6.2 Oral cavity and tongue

It is worthwhile to mention that the rhesus monkey possesses a pair of cheek
pouches [12]. The tongue plays a pivotal role in digestion and vocalization. The
muscles that are responsible for the lingual movements are discussed in section 5.4.
The dorsal mucosa of the tongue presents several types of papillae. Gustatory papillae

Figure 42.
Ventral view of the upper jaw (A) and dorsal view of the lower jaw (B) with the teeth unilaterally present. I1:
dens incisivus primus, I2: dens incisivus secundus, C: dens caninus, P2: dens premolaris secundus, P3: dens
premolaris tertius, M1: dens molaris primus, M2: dens molaris secundus, M3: dens molaris tertius.

Figure 43.
Dentition of the rhesus monkey. Upper panel: teeth of the right upper jaw after extraction. Lower panel: teeth of the
right lower jaw after extraction. Notice the clear distinction between the crowns and roots, and the number of roots.
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include the fungiform, circumvallate and foliate papillae. The filiform papillae are of
the mechanical type (Figure 44).

6.3 Digestive organs

After a ventral midline incision through the abdominal wall has been made, the
greater omentum (omentum majus) that covers the majority of abdominal organs can
be observed (Figure 45A). It consists of the parietal and visceral sheets that enclose
the virtual omental bursa. The parietal sheet is attached to the greater curvature of the
stomach, while the visceral sheet is attached to the dorsal abdominal wall. The
abdominal organs can only be observed after retraction or excision of the greater
omentum (Figure 45B).

Figure 44.
Dorsal view of the tongue. 1: papillae fungiformes, 2: papillae circumvallatae, 3: papillae foliatae, 4: papillae
filiformes.
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The esophagus presents a cervical, thoracic and abdominal segment. The cervical
segment lies at the left side of the trachea. It bends to the right side of the body when
reaching the thorax and deviates to the left side again to perforate the diaphragm
(hiatus oesophageus). Its muscular layer is composed of an outer layer of longitudi-
nally orientated fibers and an inner layer of circular fibers that enable peristalsis. The
abdominal segment contains smooth muscle cells, while the other two segments
present striated muscle fibers. The esophagus finally enters the stomach a few centi-
meters caudal to the diaphragm. Here, the cardiac sphincter is located. Relaxation of
this sphincter and antiperistalsis in the esophagus allow for vomiting.

The stomach (Figure 46) consists of the fundus, the body, the pyloric canal
and the pyloric antrum. The fundus is large and extends cranially left to the
esophagus. The corpus is continuous with the esophagus and cannot be delineated
from the fundus by any anatomical landmark. The pyloric antrum is continuous
with the corpus. It can be distinguished from the body by its smaller diameter.
The narrow short tube that follows is the pyloric canal that ends at the pyloric
sphincter.

The reddish spleen is tongue-shaped and lies at the left side of the abdomen. It is
connected to the stomach by means of the gastro-splenic ligament (Figure 46). The
spleen is, however, a lymphoid organ.

The isolated intestinal tract of the rhesus monkey is presented in Figure 47. The
small intestine measures approximately 175 cm in length and is composed of the
duodenum, the jejunum and the ileum. The duodenum presents a long descending
part (duodenum pars descendens/duodenum descendens) that is located at the right
side of the abdomen, a short transverse part (duodenum pars transversa/duodenum

Figure 45.
Ventral view of the abdominal cavity after a ventral midline incision was performed. A: The omentum majus is
still present with 1: urinary bladder, 2: parietal sheeth of the omentum majus. B: The omentum majus is excised
with 1: diaphragm, 2: lobus hepatis dexter lateralis, 3: lobus hepatis dexter medialis, 4: lobus hepatis sinister
medialis, 5: ligamentum falciforme, 6: curvatura major of the stomach, 7: cecum, 8: colon transversum, 9: colon
descendens, 10: mesocolon, 11: jejunum.
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transversum) in which the chyme travels from right to left in the caudal half of the
abdominal cavity, and a short ascending part (duodenum pars ascendens/duodenum
ascendens) at the left side of the abdomen. The basis of the mesentery lies in the
middle of the J-shaped duodenum. The common bile duct (ductus choledochus) and
the pancreatic ducts (i.e. ductus pancreaticus and ductus pancreaticus accessorius)
enter the descending part of the duodenum at 1/3 of its length. The accessory pancre-
atic duct enters the duodenum separately on the minor duodenal papilla, whereas the

Figure 46.
Dorsal view of the stomach with the spleen attached. 1: oesophagus, 2: pars cardiaca, 3: fundus ventriculi, 4: corpus
ventriculi, 5: pars pylorica, 6: pars cranialis duodeni, 7: lien.

Figure 47.
Isolated intestinal tract. 1: oesophagus, 2: stomach, 3: duodenum descendens, 4: duodenum transversum, 5:
duodenum ascendens, 6: jejunum, 7: ileum, 8: caecum, 9: colon ascendens, 10: colon transversum, 11: colon
descendens, 12: rectum.
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common bile duct and the principal pancreatic duct join to terminate on the major
duodenal papilla. Within the mesoduodenum descendens, the tail or lobus dexter of
the pancreas is found. This organ measures approximately 12 cm by 2 cm. Its body
(corpus pancreatis) and left lobe (lobus sinister pancreatis) lie within visceral sheet of
the greater omentum against the stomach and in the mesocolon ascendens
(Figure 48). The jejunum presents several loops and continues as the ileum that is
anatomically defined as that segment of the small intestine that is attached to the
cecum by means of the plica ileocecalis. The ileum finally enters the cecum (ostium
ileocecale).

The large intestine measures approximately 63 cm in length ans consists of the
cecum, colon and rectum. The cecum can be found at the junction between the ileum
and colon at the right side of the abdomen (Figure 45B). The cecum (Figure 49) is
relatively large, measures 7 cm in length and lacks an appendix. Ventral and dorsal
teniae that consist of smooth muscle fibers are present. They give origin to the several
sacculations called haustra. The U-shaped colon consists of the ascending part (colon
pars ascendens/colon ascendens), the transverse part (colon pars transversa/colon
transversum) and the descending part (colon pars descendens/colon descendens). Its
total length is approximately 46 cm. It present two teniae that give origin to haustra.
The descending colon travels along the left side of the abdomen and passes insensibly
into the rectum that is approximately 10 cm long and is defined as that segment of the
large intestine that is located within the pelvic cavity.

The liver lies most cranial in the abdomen (Figure 45B). It measures approxi-
mately 15 cm by 10 cm. Its diaphragmatic side is located against the diaphragm while
its visceral side faces the viscera, in particular the stomach. The esophagus runs in a
fissure between the left and the caudate lobes. The lobulation of the liver is presented
in Figure 50. The falciform ligament runs from the umbilicus to the liver, in between
the left and right liver lobes towards the diaphragmatic side. This side is attached to
the diaphragm by means of the left and right triangular ligaments and the coronary
ligament. At the visceral side, the gall bladder is lodged in between the quadrate lobe
and the right medial lobe.

The common bile duct joins the principal pancreatic duct to enter the duodenum
on the major duodenal papilla. The portal vein and hepatic artery enter the liver at the
porta hepatis. Both vessels join at the level of the sinusoids. The blood within the

Figure 48.
Pancreas of the rhesus monkey in situ (A) and ex corpore (B) with 1: corpus ventriculi, 2a: lobus pancreatis
sinister, 2b: lobus pancreatic dexter, 3: omentum majus paries profundus, 4: hepar.
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sinusoidal system flows towards the central veins in the center of the liver lobules.
These finally join to form multiple hepatic veins that ultimately drain into the caudal
vena cava that runs at the dorsal margin of the liver (Figure 51).

Figure 50.
Liver. A: visceral side with 1: lobus hepatis dexter lateralis, 2: lobus hepatis dexter medialis, 3: lobus hepatis
sinister lateralis, 4: lobus hepatis sinister medialis, 5: processus anonimus, 6: processus papillaris of lobus caudatus,
7: processus caudatus of lobus caudatus, 8: vesica biliaris, 9: lobus quadratus. B: diaphragmatic side with 1 – 4
idem as in A, 5: ligamentum falciforme, 6: ligamentum triangulare dextrum, 7: ligamentum coronarium.

Figure 49.
Isolated cecum. 1: ileum, 2: plica ileocecalis, 3: apex ceci, 4: tenia, 5: corpus ceci, 6: colon ascendens.
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6.4 Urinary tract and adrenal glands

The brownish, bean-shaped kidneys measure approximately 5 cm by 3 cm. The
lateral margin is convex while the medial margin is concave (Figure 52B). The cranial
pole of the left kidney lies against the left lobe of the pancreas and lies more caudal
than the right kidney that makes contact with the caudate lobe of the liver. As a result,
this liver lobe presents a renal impression. An adipose capsule surrounds the kidneys
that are overlaid with a fibrous capsule (Figure 52A). At the hilus, the renal artery and
renal vein enter the kidney, while the ureter leaves the kidney. After a longitudinal
section of the kidney has been performed, the red cortex, brown medulla and the pale
pelvis can be observed (Figure 52C).

The ureters lead the urine into the urinary bladder. Like the kidneys, they lie
retroperitoneally. The abdominal part travels dorsal to the a. and v. ovarica or a. and v.
testicularis. The pelvic part is located within the pelvic cavity and crosses the a. and v.

Figure 51.
Vascular corrosion cast of the liver, visceral side. 1: a. hepatica, 2: v. portae, 3: ductus choledochus, 4: vesica
biliaris, 5: liver sinusoids.

Figure 52.
A: Kidney (1) encapsulated by the capsula adiposa (2) and capsula fibrosa (3). B: Left kidney and adrenal gland
ex corpore with 1: margo lateralis, 2: margo medialis, 3: hilus renalis, 4: glandula adrenalis, 5: polus cranialis, 6:
polus caudalis, 7: ureter. C: Longitudinally sectioned kidney of which the blood vessels are filled with white latex
rubber showing the cortex (1), medulla (2) and pelvis renalis (3).
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iliaca externa ventrally. The intramural part travels obliquely within the wall of the
urinary bladder.

The urinary bladder measures approximately 10 cm in length and 7 cm in width
when filled with urine. It is attached to the abdominal wall by means of the median
ligament (ligamentum vesicae medianum) and the left and right lateral ligaments
(ligamenta vesicae lateralia). When the urinary bladder is cut longitudinally from the
cervix, over the corpus to the apex, the mucosa can be studied. In the cervix, a left and
right ostium ureteris is present on the respective columna ureterica. These distally
elongate to form the left and right plica ureterica that distally join at the crista
urethralis. As such, the trigonum vesicae is delineated. At the ostium urethrae
internum, the urethra finds its origin (Figure 53).

The female urethra is rather short as it opens ventrally into the vagina. This
opening, the ostium urethrae externum, forms the border between the actual vagina
and the vestibulum vaginae.

The adrenal glands are located within the adipose capsules of the kidneys, at their
cranial poles (Figure 57B). They have a pink color, are lobulated and measure
approximately 1 cm in length and a few mm in width (Figure 52B). The pink cortex
produces mineralocorticosteroids, glucocorticosteroids and androgens. The brown
medulla produces adrenalin and noradrenalin.

6.5 Female reproductive organs

The oval-shaped ovariesmeasure approximately 8mm in length and 6mm inwidth.At
the margomesovaricus, they are attached to the abdominal wall bymeans of the
mesovarium. Themargo liber is devoid of any ligaments. The ligamentum suspensorium
ovarii connects the ovary with the lateral pelvic wall. The a. and v. ovarica lie within this
ligament. The ligamentum ovarii proprium links the ovary to the uterus.

The coiled fallopian tubes or oviducts lie lateral to the ovaries. They are attached to the
abdominal wall by means of the mesosalpinx. The tapered infundibulum that lies against

Figure 53.
A: Urinary bladder in situ showing the apex vesicae (1), corpus vesicae (2), cervix vesicae (3), ligamentum vesicae
laterale dextrum (4), ligamentum vesicae laterale sinistrum (5). B: Opened urinary bladder with indication of the
ostia ureteria (1), columnae uretericae (2), plicae uretericae (3), crista urethralis (4).
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the ovary presents fimbriae to collect the ovulated ovum. Fertilization takes place within
the wider ampulla. The isthmus is narrower and opens up into the uterus.

The uterus of the rhesus monkey is of the simplex type. The fundus uteri, corpus
uteri and isthmus uteri measure approximately 5 mm, 10 mm and 5 mm in length,
respectively. The isthmus is in continuation with the canalis cervicis uteri that is the
central canal within the cervix. The uterus is connected with the abdominal wall by
means of the mesometrium. Together with the mesosalpinx and the mesovarium, it
forms the broad uterine ligament. The ligamentum teres uteri attaches to the uterine
body and travels through the inguinal canal. Terminal fibers of this ligament disperse
into the vulva lips (Figure 54).

The vagina begins distal to the cervix. The portio vaginalis cervicis is the protru-
sion of the cervix into the vagina. The fornix vaginae is surrounding this structure.
The vaginal mucosa is slightly keratinized and presents irregular folds. The
vestibulum vaginae lies more distal and can be reached through the ostium vaginae.
The border between the vagina and the vestibulum is formed by the urethral opening.
This perineal opening that is located ventral to the anal opening is enclosed by a pair of
vulva lips.

6.6 Male reproductive organs

The primary genital glands of the male rhesus monkey are the testes. These are
located in the scrotum that lies caudoventrally in the perineal region (Figure 2). The
scrotal skin is thin and a has a limited number of hairs. This favors thermoregulation.
The raphe scroti is visible in the midline and is continuous with the internal septum
scroti that divides the scrotum in two separate cavities (cavum vaginale). These
cavities can be reached by incision through the scrotal skin.

After transecting the wall of the vaginal cavity, i.e. the tunica vaginalis, the testis
can be observed. This egg-shaped organ measures approximately 5 cm in length and
3 cm in width. It is encapsulated by the pale tunica albuginea that consist of dense
connective tissue (Figure 55).

The a. testicularis is responsible for the testicular blood supply. It is surrounded by
the venous plexus pampiniformis that cools the arterial blood. The ductus deferens is
closely associated with the testicular blood vessels as they form the funiculus
spermaticus that is enclosed by the tunica vaginalis. The ductus deferens is the con-
tinuation of the ductus epididymidis. This duct is extremely coiled, forming the
epididymis, a solid structure adjacent to the testis. It can be divided into the caput,
corpus and cauda epididymidis. The corpus lies against the medial side of the testis
and is connected with this structure through the ligamentum testis proprium. The
cauda epididymidis is attached to the tunica vaginalis by means of the ligamentum
caudae epididymidis (Figure 56).

The ductus deferens leaves the vaginal cavity through the inguinal canal. After it
has entered the abdominal cavity, it presents a caudal flexion dorsal to the ureter to
flow into the pelvic part of the urethra. Along this urethral segment, three accessory
glands are present. The ellipsoid, lobulated vesicular glands are large, 5–6 cm in
length. They are positioned against the neck of the urinary bladder. Their caudal parts
have contact with the prostate. This gland is spherical with a diameter of approxi-
mately 1 cm. Its body is positioned in between the caudal parts of the vesicular glands,
at the dorsal side of the urethra. Some glandular tissue, however, surrounds the
urethra. The bulbourethral glands are very small. They can be found caudolateral to
the prostate gland (Figure 57).
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Figure 54.
A: The female reproductive tract in situ. 1: rectum, 2: ovarium, 3: tuba uterina, 4: isthmus tubae uterinae, 5:
fundus uteri, 6: corpus uteri, 7: isthmus uteri, 8: ligamentum teres uteri, 9: vesical urinaria, 10: ligamentum latum
uteri, 11: anulus inguinalis profundus. B: Isolated female reproductive tract. 1: margo liber ovaricae, 2: margo
mesovaricus, 3: ovarium, 4: mesosalpinx, 5: tuba uterina, 6: ligamentum ovarii proprium, 7: ligamentum latum
uteri, 8: ligamentum teres uteri, 9: fundus uteri, 10: corpus uteri, 11: isthmus uteri, 12: cervix, 13: vagina. C:
Isolated female reproductive tract with opened uterus. 1: fundus uteri, 2: corpus uteri, 3: isthmus uteri, 4: canalis
cervicis uteri, 5: fornix vaginae, 6: portio vaginalis cervicis, 7: vagina, 8: myometrium, 9: endometrium.
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The penis of the rhesus monkey is of the cavernous type. When the penis is
transected, the paired corpora cavernosa can be recognized by their pale brown color.
Both are divided by the penile septum. The free part of the penis is approximately
5 cm long. It consists of the corpus penis and the glans penis. The urethral opening is

Figure 55.
A: Penis and scrotum of the male rhesus monkey. 1: scrotum, 2: raphe scroti, 3: radix penis, 4: corpus penis, 5: glans
penis, 6: preputium. B: Incision through the scrotal skin showing the testes. 1: scrotal skin, 2: septum scroti, 3: tunica
vaginalis (partially incised), 4: tunica albuginea, 5: cauda epididymidis, 6: raphe scroti.

Figure 56.
Left testis and epididymis of the rhesus monkey. 1: testis, 2: extremitas dorsalis, 3: extremitas ventralis, 4: caput
epididymidis, 5: corpus epididymidis, 6: cauda epididymidis, 7: ductus deferens, 8: plexus pampiniformis.
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located at the ventral side of the glans. The glans is covered by the preputium
(Figure 58).

6.7 Lungs

The major intrathoracic organs are the lungs. The lungs can be examined by
auscultation are medical imaging in the region from the 2nd to the 8th intercostal
space. They consist of the left and right lungs that are separated by the mediastinum.
Both are divided into lung lobes by fissures. The left lung consists of a cranial and
caudal lung lobe that are separated by the interlobar fissure. The left cranial lung lobe
is additionally divided into a cranial part and a caudal part by the cardiac scissure. The
right lung has four lobes. The presence of the cranial and caudal interlobar fissures
allows for the determination of the cranial, middle and caudal lung lobes. In addition,
an accessory lung lobe is present in the right lung (Figure 59).

Each lung lobe is ventilated by a principal bronchus (bronchus principalis sinister
et dexter). These are the terminal bifurcation of the trachea. This structure counts
approximately 27 cartilaginous rings and measures approximately 10 cm in length and
1 cm in diameter. Intrathoracically, the trachea lies ventral to the esophagus and is
crossed by the aortic arch at its left side. From the left and right principal bronchi, two
and three specific bronchi (bronchi lobares) for the several lung lobes branch off,
respectively. The bronchus for the left cranial lung lobe further splits into a bronchus
for the cranial part and one for the caudal part. The bronchus for the accessory lobe of
the right lung is a branch from the caudal lobar bronchus (Figure 60).

Figure 57.
A: Ventral view of the isolated male urogenital tract. 1: ren, 2: glandula adrenalis, 3: ureter, 4: vesical urinaria, 5:
glandula vesicularis, 6: ductus deferens, 7: plexus pampiniformis, 8: testis, 9: epididymis, 10: tunica vaginalis, 11:
penis, 12: prostata, 13: glandula bulbourethralis. B: Larger magnification of the urinary bladder (1) and the
accessory genital glands comprising the glandula vesicularis (2) and the prostata (3).
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Figure 58.
Dorsal view of the penis. 1: radix penis with a. dorsalis penis, 2: preputium, 3: corpus penis, 4: glans penis.

Figure 59.
Lungs. A: Left lateral view of the left lung with 1: trachea, 2a: lobus cranialis, pars cranialis, 2b: lobus cranialis,
pars caudalis 3: lobus caudalis, 4: incisura cardiaca, 5: fissura interlobaris. B: Right lateral view of the right lung
with 1: trachea, 2: lobus cranialis, 3: lobus medius, 4: lobus caudalis, 5: lobus accessorius, 6: fissura interlobaris
cranialis, 7: fissura interlobaris caudalis.
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6.8 Heart

The heart lies in the thoracic cavity in the region from the 2nd to the 4th intercostal
space. It is located between the lungs, in de middle mediastinum, and is enclosed by the
pericardium. This fibrous structure dorsally attaches to the basis of the heart and
ventrally to the sternum by means of the sternopericardiac ligament. After removal of
the left thoracic wall, the blunt apex of the heart, which is formed by the left ventricle,
can be observed in between the left cranial and caudal lung lobes as the longitudinal axis
of the heart presents a deviation of approximately 45° towards the left. As a result, both
the left and right auricle can be observed from the left. The left lateral aspect of the
heart is therefore called the auricular side (facies auricularis). Both atria are visible from
the right side. This side of the heart is the atrial side (facies atrialis). After removal of
the right thoracic wall, it can be observed that the right heart including the right auricle
and ventricle rests on the sternum as a result of the counterclockwise quarter rotation of
the longitudinal cardiac axis (Figure 61).

Figure 60.
Polyurethane cast of the lungs, ventral view. 1: trachea, 2: bifurcatio tracheae, 3a: bronchus principalis sinister, 3b:
bronchus principalis dexter, 3a1: bronchus lobaris for the left cranial lung lobe, 3a2: bronchus lobaris for the left
caudal lung lobe, 3b1: bronchus lobaris for the right cranial lung lobe, 3b2: bronchus lobaris for the right middle lung
lobe, 3b3: bronchus lobaris for the right caudal lung lobe, 4a: pars cranialis lobi cranialis pulmonis sinistri, 4b: pars
caudalis lobi cranialis pulmonis sinistri, 5: lobus caudalis pulmonis sinistri, 6: lobus cranialis pulmonis dextri, 7:
lobus medius pulmonis dextri, 8: lobus caudalis pulmonis dextri, 9: lobus accessorius pulmonis dextri, 10: incisura
cardiaca, 11: fissura interlobaris, 12: fissura interlobaris cranialis, 13: fissura interlobaris caudalis.
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The left atrium, that is enlarged by the presence of the left auricle, receives oxygen-
ated blood from the lungs via the four pulmonary veins. The left atrium is smaller in
volume than the right atrium and has a smoother inner surface. From here, the blood
flows to the left ventricle. The bicuspid left atrio-ventricular valve, i.e. the mitral valve,
separates the left auricle from the left ventricle. It is attached to the papillary muscles in
the wall of the left ventricle by means of the chordae tendineae. The latter presents a
well trabeculated wall (trabeculae carneae) of approximately 6–9 mm in width. A
septomarginal trabecula can be observed. Subsequently, blood flows to the ascending
aorta. The aortic valve contains three valvulae.

The right atrium, with its right auricle, receives the systemic venous blood through
the cranial and caudal vena cava that join at the level of the tuberculum intervenosum.
Its wall is characterized by the mm. pectinati. The right auriculo-ventricular valve
presents three cusps and is therefore known as the tricuspid valve. The wall of the
right ventricle is also trabeculated and measures 1–2 mm in width. The right lumen
contains a septomarginal trabecula. The pulmonary valve has the typical arrangement
with three valvulae (Figures 62 and 63).

The left and right coronary arteries (a. coronaria sinistra et dextra) branch off the
short ascending aorta, which runs craniodorsally, just above the aortic valve. These
can initially be seen in the coronary sulcus. The a. coronaria dextra gives the a.
interventricularis subsinuosus that runs in the sulcus interventricularis subsinuosus. It
ultimately joins the ramus circumflexus of the a. coronaria sinistra. This coronary
artery runs initially in the coronary sulcus, gives the ramus interventricularis
paraconalis that runs in the sulcus interventricularis paraconalis, and continues as the
ramus circumflexus that joins the right coronary artery. The left coronary artery is
more pronounced than the right (Figure 63).

Figure 61.
Right lateral view of the thoracic cavity with 1: lobus cranialis pulmonis dextri, 2: lobus medius pulmonis dextri, 3:
lobus caudalis pulmonis dextri, 4: lobus accessorius pulmonis dextri, 5: heart within the pericardium, 6:
diaphragma, 7: n. phrenicus.
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The aortic arch presents a branching pattern that is dissimilar to that in humans.
Only two branches can be seen, the brachiocephalic trunk and the left subclavian
artery. From the short initial segment of the brachiocephalic trunk, also known as the
truncus communis, branches the left common carotid artery after a few mm to 1 cm.
In humans, the left common carotid artery is a direct branch of the aortic arch. The
right common carotid artery branches off subsequently. The continuation of the
brachiocephalic trunk is the right subclavian artery (Figure 64).

Figure 62.
External anatomical landmarks of the heart. A: Left view, facies auricularis with 1: basis cordis, 2: apex cordis, 3: margo
ventricularis dexter, 4: margo ventricularis sinister, 5: sulcus coronarius, 6: sulcus interventricularis paraconalis, 7:
auricula sinistra, 8: auricula dextra, 9: ventriculus dexter, 10: ventriculus sinister, 11: aorta descendens, 12: truncus
pulmonalis, 13: v. cava cranialis, 14: vv. pulmonales. B: Right view, facies atrialis with 1: basis cordis, 2: apex cordis, 3:
margo ventricularis sinister, 4: margo ventricularis dexter, 5: sulcus coronarius, 6: sulcus interventricularis subsinuosus, 7:
atrium dextrum, 8: sulcus terminalis, 9: ventriculus dexter, 10: atrium sinistrum, 11: ventriculus sinister, 12: aorta
descendens, 13: vv. pulmonales, 14: v. cava cranialis, 15: v. cava caudalis, 16: sinus venarum cavarum.

Figure 63.
Heart and larger vessels. A: Latex injected specimen, B: Vascular corrosion cast. 1: a. coronaria sinistra ramus
interventricularis paraconalis, 2: ventriculus sinister, 3: ventriculus dexter, 4: atrium sinistrum, 5: arcus aortae, 6:
vv. pulmonales, 7: v. cava caudalis, 8: aorta thoracica.
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7. Angiology and neurology

7.1 Head

From the brachiocephalic trunk branches the left and subsequently the right com-
mon carotid artery. These arteries are laterally covered by the sternocleidomastoideus
muscle. The internal jugular vein and vagal nerve are closely associated and lie just
lateral to the artery. The common carotid artery divides into the internal and external
carotid arteries at the mandibular angle. The former artery provides blood to the eye
and the brains, while the latter gives off, amongst others, the linguofacial artery to
continue as the maxillary artery.

The external jugular vein travels along the lateral aspect of the sternocleido-
mastoideus muscle and drains the venous blood from the head. This vein is suited for
venipuncture. The accessory jugular vein lies parallel to the external jugular vein with
which it fuses caudal to the collar bone. The caudal auricular veins, superficial tem-
poral vein and maxillary vein drain into the external jugular vein. The facial vein
drains partly into this vein, but mainly into the internal jugular vein. Both the external
and internal jugular veins drain into the subclavian vein that in turn flow into the
brachiocephalic vein. The cranial cava vein receives the left and right brachiocephalic
veins.

In between the common carotid artery and the internal jugular vein lies the vagal
nerve. It runs separately from the sympathetic trunk that lies deep against the cervical
vertebrae. At the entrance of the thorax, the laryngeus recurrens nerve leaves the
vagal nerve. The left sweeps around the aortic arch whereas the right makes a curva-
ture around the right subclavian artery. The laryngeus recurrens nerve subsequently
returns to the larynx, lateral to the trachea. Some major nerves and blood vessels of
the rhesus monkey head are depicted in Figure 65.

7.2 Thoracic limb

After crossing the 1st rib and giving off several branches to the head, neck, shoul-
der and thorax, the subclavian artery continues as the axillary artery that is accompa-
nied by the axillary vein. The latter artery continues as the brachial artery after the a.
subscapularis and a. circumflexa humeri cranialis have branched off. The brachial

Figure 64.
Branching vessels from the aortic arch. A: Native specimen, B: Vascular corrosion cast. 1: aorta ascendens, 2: arcus
aortae, 3: aorta descendens, 4a: truncus communis, 4b: truncus brachiocephalicus, 5: a. subclavia dextra, 6a: a.
carotis communis sinistra, 6b: a. carotis communis dextra, 7: a. subclavia sinistra.
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artery runs parallel to the n. medianus and gives off the a. profunda brachii as first
branch. Subsequent branches are the collateralis ulnaris arteries that run collateral to
the n. ulnaris. Just proximal to the elbow joint, the brachial artery splits into the radial
and ulnar arteries. The former artery runs at the lateral side of the forearm towards
the carpus where it gives origin to the dorsal and palmar arches. The ulnar artery joins

Figure 65.
A: Right lateral view of the rhesus monkey head of which the right side of the mandible has been removed with 1: n.
lingualis, 2: n. vagus, 3: n. accessorius, 4: n. hypoglossus, 5: ansa cervicalis, 6: a. carotis communis, 7: a. lingualis.
B: Right lateral view of a vascular corrosion cast of the rhesus monkey head with 1: a. facialis, 2: a. submentalis, 3:
a. labialis superior, 4: a. nasalis lateralis, 5: a. angularis oculi, 6: a. temporalis superficialis, 7: vascular network
of the parotid gland, 8: a. mentalis, 9: aa. temporales profundae, 10: v. facialis, 11: v. angularis oculi.
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the palmar arch. These arches supply the hand and fingers. Figures 66 and 68 present
the discussed arteries.

The venous circulation of the thoracic limbs consists of a deep and a superficial
system. The deep system accompanies the arteries (e.g. v. subclavia, v. axillaris, v.
brachialis), while the superficial veins have no arterial counterpart. In the rhesus
monkey, the superficial venous system is poorly developed since the venous drainage
of the hand and forearm is mainly provided by paired vv. comitantes. The cephalic
vein, which is located at the cranial side of the antebrachium, is the major superficial
vein of the forelimb. It forms a common stem with the accessory jugular vein that
drains into the external jugular vein. It can be used for venipuncture, but is not
preferred in the rhesus monkey (Figure 67).

The nerves of the forelimb originate from the brachial plexus (C5 – T2) at the
medial side of the upper arm. The thoracodorsal nerve innervates the latissimus dorsi
muscle. The axillary nerve finds its way from medial to lateral superficially in the
angle between the coracobrachialis and teres major muscles and deeper between the
triceps and teres minor muscles to innervate the flexor muscles of the shoulder
(deltoid, coracobrachialis and both teres muscles). The radial nerve runs from medial
to lateral between the lateral and medial heads of the triceps muscle and perforates the
brachioradialis muscle. Its muscular branches innervate the triceps and anconeus
muscles as well as the extensor musculature of the upper arm, forearm and hand. The
musculocutaneus nerve innervates the flexor muscles of the elbow joint (rami
musculares to the coracobrachialis, biceps brachii and brachialis muscles). The
median nerve runs parallel to the brachial artery in between the biceps brachii and

Figure 66.
Blood vessels and nerves of the thoracic limb. A: Medial view of the left upper arm with 1: a. brachialis, 2: a.
collateralis ulnaris proximalis, 3: a. collateralis ulnaris distalis, 4: a. radialis, 5: n. medianus, 6: n. ulnaris. B:
Medial/palmar view of the right forearm and hand with 1: n. medianus, 2: n. ulnaris, 3: ramus dorsalis (n.
ulnaris), 4: nn. digitales palmares communes, 5: ramus superficialis (n. ulnaris), 6: a. ulnaris, 7: a. radialis, 8:
arcus palmaris.
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brachialis muscle. More distally, it lies deep to the flexor muscles of the forearm,
which it innervates. Its most distal branches are the digital nerves. The ulnar nerve can
be found between the medial and long head of the triceps muscle. It crosses the elbow
region in between the flexor carpi ulnaris and flexor digitorum profundus muscles to
reach the hand. Its dorsal, superficial and deep branches innervate the flexor muscu-
lature of the fingers in addition to the median nerve. The n. cutaneus brachii et
antebrachii medialis runs initially parallel to the ulnar nerve. The brachial and
antebrachial branches innervate the skin at the medial sides of the upper and lower
arm, respectively. The here discussed nerves are depicted in Figures 66–68.

7.3 Body

In this paragraph, some essential data on the ramifications of the abdominal aorta
and caudal vena cava will be shared. As regards the arterial system that is depicted in
Figure 69, it should be noticed that the truncus celiacus is very short and soon divides
into the common hepatic artery, the gastrolienalis artery and the cranial mesenteric
artery. The common hepatic artery branches into the a. hepatica propria that supplies
the liver and arteries for the stomach, pancreas and duodenum. The a. gastrolienalis
subsequently divides into the a. lienalis and a. gastrica sinistra. The a. mesenterica
cranialis ramifies into the jejunal, ileal and colic arteries. Only approximately 1 cm
caudal to the celiac trunk branches the right renal artery off the abdominal aorta. The
left renal artery can be found a few mm more caudal. The caudal mesenteric artery
branches off a few cm caudal to the left renal artery. This artery ramifies into the a.

Figure 67.
Medial (A) and dorsal (B) views of the thoracic limb showing 1: v. brachialis, 2: n. medianus, 3: v. cephalica, 4: n.
cutaneus brachii medialis, 5: n. cutaneus antebrachii medialis.
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colica sinistra, a. sigmoidea and a. rectalis cranialis. Just cranial to the terminal bifur-
cation of the abdominal aorta into the common iliac arteries can the origin of the a.
circumflexa ilium profunda be found.

Regarding the venous system, the reader should be reminded of the fact that the
arterial truncus celiacus has no venous counterpart. The portal vein is described above
(Figure 51). The veins of the caudal segment of the caudal vena cava can be studied by
means of Figure 70.

7.4 Pelvic limb

The abdominal aorta divides into the left and right common iliac arteries within
the pelvic cavity. These arteries subsequently divide into the external and internal iliac
arteries (Figure 69). In the proximal part of the thigh, the external iliac artery
continues as the femoral artery, which is suitable for palpation of the pulse, after the a.
profunda femoris has branched off. This artery gives origin to the lateral circumflex
artery, which branches supply the vasti muscles. The femoral artery then divides into
the saphena artery and the popliteal artery. The latter artery runs deep between both
heads of the gastrocnemius muscle and gives the medial and lateral a. genus distalis as
branches. These branches supply the knee region together with the a. genus
proximalis of the a. saphena. This artery emerges in the angle formed by the sartorius
and gracilis muscles and runs superficially to the medial side of the tibia. She subse-
quently migrates to the cranial aspect of the tarsus to become the a. dorsalis pedis

Figure 68.
Medial views of the nerves and blood vessels of the right forelimb. A: Plexus brachialis at the level of the shoulder
joint with 1: n. thoracodorsalis, 2: n. axillaris, 3: n. radialis, 4: rami musculares, 5: n. musculocutaneus, 6: n.
medianus, 7: n. ulnaris, 8: n. cutaneus brachii et antebrachii medialis, 9: a. axillaris, 10: a. circumflexa humeri
cranialis, 11: a. subscapularis, 12: a. profunda brachii, 13: a. brachialis. B: Blood vessels and nerves at the level of
the elbow joint with 1: n. medianus, 2: n. ulnaris, 3: n. musculocutaneus, 4: n. cutaneus brachii et antebrachii
medialis, 5: Rami musculares, 6: n. cutaneus antebrachii lateralis, 7: n. radialis, 8: a. brachialis, 9: a. radialis, 10:
a. ulnaris.
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(superficialis et profunda). From the popliteal artery branches the a. tibialis cranialis.
She becomes the a. tibialis caudalis at the level of the lower leg. At the level of the foot,
the a. tibialis caudalis divides into the a. plantaris lateralis et medialis. The arterial and
nerve system of the hind limb are visualized in Figures 71 and 73.

In analogy with the thoracic limb, the venous drainage of the pelvic limb is mainly
effectuated by the vv. comitantes. The vv. marginalis medialis et lateralis pedis drain
the dorsal side of the foot. The v. marginalis medialis pedis drains into the superficially
located v. saphena magna that proximately flows into the femoral vein. The v.
marginalis lateralis pedis drains into the v. saphena parva. It is an important vein as it
drains the larger part of the hind leg and is suitable for venipuncture at the caudal
aspect of the calf (Figure 72). In the popliteal fossa, she drains into the popliteal vein.
This vein runs adjacent to the eponymous artery and flows into the femoral vein. This
vein is also suitable for venipuncture. The femoral vein proximally drains into the
external iliac vein that in turn flows into the common iliac vein.

Figure 69.
Corrosion cast of the abdominal arteries, ventral view. 1: aorta abdominalis, 2: a. renalis dextra, 3: a. renalis
sinistra, 4: a. adrenalis, 5: truncus celiacus, 6: a. hepatica communis, 7: a. gastrolienalis, 8: a. gastrica, 9: a.
lienalis, 10: a. mesenterica cranialis, 11: aa. jejunales et ileales, 12: a. mesenterica caudalis, 13: a. circumflexa
ilium profunda, 14: a. iliaca communis sinistra, 15: a. iliaca comunis dextra, 16: a. iliaca externa sinistra, 17: a.
iliaca interna sinistra, 18: a. iliaca interna dextra, 19: a. iliaca externa dextra.
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The nerves of the hind limb originate from the lumbosacral plexus. The femoral
nerve is associated with the eponymous blood vessels. Its muscular branches innervate
the extensor muscles of the knee. In addition, cranial cutaneous branches innervate
the skin at the craniomedial side of the upper leg and the medial side of the knee. The
distal continuation of the femoral nerve is the n. saphenus that accompanies the a.
saphena and innervates the skin at the craniomedial aspect of the lower leg. The n.
gluteus caudalis, that innervates the m. gluteus superficialis, emerges together with
the sciatic nerve. This nerve divides into the n. fibularis communis and n. tibialis. The
former nerve deviates towards the lateral head of the gastrocnemius muscle. Halfway
the upper leg, the n. cutaneus surae lateralis branches off to innervate the skin at the
caudolateral side of the lower leg. Here, nerve biopsy can be performed. At the level of
the knee, the n. fibularis communis divides into the n. fibularis superficialis et
profundus. The latter travels deep to the fibularis longus and extensor digitorum

Figure 70.
Latex cast of the caudal segment of the caudal cava vein of the male rhesus monkey, ventral view. 1: v. cava
caudalis, 2a: v. renalis dextra, 2b: v. renalis sinistra, 3: v. adrenalis sinistra, 4a: v. testicularis dextra, 4b: v.
testicularis sinistra, 5: v. mesenterica caudalis, 6a: v. circumflexa ilium profunda dextra, 6b: v. circumflexa ilium
profunda sinistra, 7a: v. iliaca communis dextra, 7b: v. iliaca communis sinistra, 8a: v. iliaca externa dextra, 8b:
v. iliaca externa sinistra, 9a: v. profunda femoris dextra, 9b: v. profunda femoris sinistra, 10a: v. circumflexa
femoris lateralis dextra, 10b: v. circumflexa femoris lateralis sinistra, 11a: v. femoralis dextra, 11b: v. femoralis
sinistra, 12a: v. iliaca interna dextra, 12b: v. iliaca interna sinistra, 13a + 14a: v. gluteus cranialis superficialis
dextra, 13b + 14b: v. gluteus cranialis superficialis sinistra, 15a + 15b: Continuation of v. iliaca interna dextra et
sinistra, 16a: v. obturatoria dextra, 16b: v. obturatoria sinistra.

66

Updates on Veterinary Anatomy and Physiology



longus muscles to innervate the flexors of the tarsal joint and the extensors of the toes.
The former gives off ramifications to the fibularis muscles and branches into the skin
at the dorsolateral side of the foot. The tibial nerve presents several ramifications at
the level of the knee. The majority migrate between the heads of the gastrocnemius

Figure 71.
Vasculature and nerves of the pelvic limb. A: Dorsomedial view of the right upper leg with 1: a. femoralis, 2: a.
circumflexa femoris lateralis, 3: a. profunda femoris, 4: n. femoralis, 5: rami cutanei craniales, 6: n. saphenus. B:
Medial view of the thigh and knee of the left leg with 1: a. femoralis, 2: a. genus proximalis, 3: a. saphena: 4: a.
dorsalis pedis profunda: 5: a. dorsalis pedis superficialis, 6: n. saphenus. C: Caudal view of the popliteal region of
the left leg with 1: a. poplitea, 2: a. tibialis cranialis, 3: a. tibialis caudalis, 4: n. tibialis.

Figure 72.
Superficial veins of the pelvic limb. A: Subcutaneous localization of the v. saphena parva. B: Catheterization of the
v. saphena parva.
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muscle to innervate the popliteus muscle, the extensors of the tarsal joint and the
flexor musculature of the toes. A specific branch, the n. cutaneus surae caudalis,
innervates the skin at the caudal side of the lower leg. More distally, it runs more
laterally and is then called the n. suralis. Just proximal to the medial ankle, the tibial
nerve divides into the medial and lateral plantar nerves. The n. flexoris femoris runs
adjacent to the proximal part of the tibial nerve and branches into the hamstrings.
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Figure 73.
Nerves and blood vessels of the right pelvic limb. Laterocaudal view of the right knee with 1: n. tibialis, 2: n.
cutaneus surae medialis, 3: rami musculares, 4: n. fibularis communis, 5: n. cutaneus surae lateralis. B:
Laterocaudal, superficial view of the lower leg with 1: n. fibularis profundus, 2: n. fibularis superficialis, 3: n.
cutaneus pedis dorsalis medialis, 4: n. cutaneus pedis dorsalis intermedius. C: Laterocaudal, deep view of the lower
leg with 1: n. tibialis, 2: n. cutaneus surae medialis, 3: n. suralis, 4: n. fibularis communis, 5: a. et v. poplitea, 6: v.
saphena parva.
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Chapter 2

Anatomical Guide to the Paranasal 
Sinuses of Domestic Animals
Mohamed A.M. Alsafy, Samir A.A. El-Gendy  
and Catrin Sian Rutland

Abstract

Paranasal sinuses are paired cavities within the skull, which develop by evagina-
tion into the spongy bone between the external and internal plates of the cranial and 
facial bones. Thus, each sinus is lined by respiratory epithelium and has direct or 
indirect communication to the nasal cavity. The purpose of this chapter is to present 
an anatomical reference guide of the paranasal sinuses in domestic animals, including 
large and small ruminants (cattle, buffalo, sheep, and goats), camels, canines (dog) 
and equines (horse and donkey), appropriate for use by anatomists, radiologists, 
clinicians, and veterinary students. Topographic descriptions and the relationships 
between the various air cavities and paranasal sinuses have been visualized using 
computed tomography and cadaver sections images. The anatomical features (includ-
ing head bones, muscles, and soft tissues) have been compared using both dissected 
heads and skulls and computed tomography images. This chapter will therefore be 
useful as a normal reference guide for clinical applications.

Keywords: paranasal sinuses, morphology, computed tomography, domestic animals

1. Introduction

The paranasal sinuses develop via evagination into the spongy bone between the 
external and internal plates of the cranial and facial bones [1]. Therefore, the lining of 
each sinus comprises of respiratory epithelium. With the exception of the lacrimal and 
palatine sinuses which are diverticula of the maxillary sinus, each sinus has a direct open-
ing into the nasal cavity. One of the largest problems with sinuses is inflammation, which 
can be caused by numerous problems including infection and structural abnormalities, 
and in itself can cause pain and increased infections. Unfortunately, when inflammation 
occurs, the mucous membrane swells and closes the aperture, this blocks normal sinus 
drainage [1]. This condition may require surgical drainage. The extensive sinus system 
possesses considerable clinical interest, especially as it is susceptible to infection that may 
spread from the nose or from an alveolar abscess [2, 3]. The paranasal sinuses of sheep 
include the frontal, maxillary, ethmoidal, lacrimal and palatine sinuses. Ovine sinuses 
differ slightly to cattle, including buffalo, which have frontal, maxillary, sphenoidal, eth-
moidal, lacrimal and palatine sinuses [3–5]. Camels are somewhat similar to cattle with 
frontal, maxillary, sphenoidal, ethmoidal, and lacrimal sinuses [6] with an additional 
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palatine sinus [7–9]. However, in equids, three paranasal sinuses have been recorded: 
the frontal, maxillary and sphenopalatine [10–12]. Computed tomography of equine, 
ruminant and camel heads has enabled production of detailed cross-sectional images of 
structures and cavities such as the brain case, paranasal sinuses and nasal cavity whilst 
ensuring that other anatomical structures are not superimposed [4, 6, 11, 12].

2. The paranasal sinuses

2.1 The frontal sinus

The frontal sinus is an air-filled space which occupies the two cortical layers of the 
frontal bone, the dorsal part of the skull, medial and dorsal to the orbital cavity. It 
superimposes both the cranial and nasal cavities. The sinus divides into left and right 
sinuses using a complete median bony interfrontal septum.

Figure 1. 
Topography of frontal and maxillary sinuses in the donkey skull. 1. Nasoincisive notch. 2. Medial angle of 
the eye. 3. Supraorbital foramen. 4. Caudal border of supraorbital process. 5. Zygomatic arch. 6. Midline of 
skull. 7. Facial crest. 8. The end of facial crest. 9. Frontal bone. 10. Nasal bone. 11. Orbit. 12. Frontal sinus. 
13. Frontal septum between right and left frontal sinuses. 14. Lateral compartment of caudal maxillary 
sinus. 15. Frontomaxillary opening. 16. Rostral maxillary sinus. 17. Medial compartment of caudal maxillary 
sinus. 18. Maxillary septum between rostral and caudal maxillary sinuses. 19. Infraorbital foramen. 20. 
Infraorbital canal. 21. Nasomaxillary opening. 22. Conchomaxillary opening. 23. Maxillary bone. 24. Dotted 
line indicated the caudal approach line of conchofrontal sinus. 25. Dotted line indicated the rostral approach 
line of conchofrontal sinus. 26. 2nd maxillary molar tooth. 27. 3rd maxillary molar tooth. 28. Site of approach 
of caudal maxillary sinus. 29. Site of approach of rostral maxillary sinus. 30. Dorsal Conchal sinus. 31. The 
lateral segment connected the lateral extent of the caudal and rostral lines. 32. Bulla of ventral nasal Conchal 
sinus (opened). 33. Bony plate. A, B) 5 year old donkeys, C&D) 12 year old donkeys. Reproduced with 
permission [13] journal of veterinary anatomy.
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In the horse and donkey (Figures 1-3), the frontal sinus lies close to the dorsal 
nasal concha that forms the conchofrontal sinus in horse and donkey (Figure 1). 
The interior of the sinus cavity is incompletely divided by several bony spicules [11]. 
There is a convexity which exists on the floor of the frontal sinus due to the presence 
of the underlying ethmoidal labyrinth (Figures 1 and 3). It communicates directly 
with the caudal maxillary sinus by a large oval frontomaxillary opening, there is no 
frontomaxillary opening in any other domestic animal except in equines [1]. This 
opening is at the level of the caudal third of second molar tooth and extends caudally 
by 2–3 cm to the last molar tooth on the lateral floor of the conchofrontal sinus 
(Figure 1, see label 15) [11, 13].

In cattle and buffalo, the frontal sinus extends rostrally to the level of the middle 
of the third molar tooth at the level of rostral half of orbital rim, which is represented 
by the nasofrontal suture in the macerated skull. The caudal boundary of the sinus is 
the nuchal line of occipital bone. The sinus extends laterally to the medial boundary 
of the orbital rim and temporal line. In turn the cranial cavity bulges into the central 

Figure 2. 
Sagittal sections of the donkey head. 1. Frontal sinus. 2. Dorsal Conchal sinus. 3. Ventral Conchal sinus. 4. Middle 
Conchal sinus. 5. Sphenopalatine sinus. 6. Ethmoidal turbinate. 7. Bulla of the dorsal nasal concha. 8. Bulla 
of the ventral nasal concha. 9. Septum of ventral nasal concha. 10. Septum of dorsal nasal concha. 11. Straight 
fold. 12. Alar fold. 13. Basal fold. 14. Dorsal nasal meatus. 15. Middle nasal meatus. 16. Ventral nasal meatus. 
17. Hard palate. 18. Soft palate. 19. Frontal bone. 20. Nasal bone. 21. Pharynx. 22. Frontomaxillary opening. 
23. Infraorbital nerve. 24. Maxillary bone. 25. Bulla of ventral nasal Conchal sinus. 26. Conchomaxillary 
opening. 27. Nasomaxillary opening. 28. Lateral part of caudal maxillary sinus. 28′. Medial part of caudal 
maxillary sinus. 29. Rostral maxillary sinus. 30. Maxillary septum. 31. Infraorbital canal. 32. Nasolacrimal 
duct. 33. Sphenopalatine opening. 34. Frontal septum. 35. Opening of middle nasal Conchal sinus into caudal 
maxillary sinus. 36.1st maxillary premolar tooth; 37. Second maxillary premolar. 38. 3rd maxillary premolar. 
39. 1st maxillary molar tooth. 40. 2nd maxillary molar tooth. 41. 3rd maxillary molar tooth. 42. Facial crest. 
Reproduced with permission [13] journal of veterinary anatomy.
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part of the frontal sinus. The sinus cavity is subdivided into several compartments; 
these vary in size and differ in position between differing animals and also from left 
and right sinus [4]. The frontal sinus cavity is divided by an oblique transverse septum 
creating the rostral and caudal sinuses. The rostral sinus is subdivided into several small 
lateral, medial and intermediate compartments by the presence of two irregular oblique 
longitudinal and transverse septa. The rostral sinus compartments all communicate 
separately with the ethmoidal meatus and rostrally with the dorsal nasal sinus via a 
nasofrontal opening [4]. One part of the dorsal nasal concha projects caudally between 
the medial and intermediate rostral sinuses, in addition the lateral rostral sinus is 
separated by a thin septum from the lacrimal sinus. The caudal sinus is subdivided into 
the large caudolateral and small rostromedial sinuses by an incomplete oblique trans-
verse septum, the two latter are also able to communicate with each other. An oblique 
frontal transverse septum divides the caudolateral sinus into two sub-compartments, 
of which the caudolateral part is separated from nuchal diverticulum by an oblique 
transverse septum. The caudolateral sinus cavity has three diverticula: the nuchal, 
cornual and postorbital diverticula. The nuchal diverticulum is more extensive due to 
the well-developed parietal bone, and is itself subdivided into four sub-compartments. 
The cornual diverticulum extends into the cornual process of the frontal bone, and is 
subdivided by a septum [2]. The postorbital diverticulum is located medially, caudal to 
the orbital cavity, and dorsal to the cranial cavity, and occupies the space between the 
orbital cavity and rostral frontal small compartments. The relatively short supraorbital 
canal passes through the lateral border of the caudal frontal sinus through an apparently 
bony septum. The caudal frontal sinus opens up in the ethmoidal meatus (Figures 4-6).

In the camel, each frontal sinus is subdivided by bony plates into six large 
compartments; two caudal, two lateral and two rostral, surrounding eight small 
compartments that communicate with the nasal fundus through small openings. 
The supraorbital canal is traverse to the large caudolateral compartment where the 
supraorbital foramen is present (Figure 7) [6].

In sheep and goats, each frontal sinus is subdivided into interconnected lateral and 
medial chambers, differing in size, by many bony plates. The medial chamber has only 
one elongated chamber, which contains no bony plates, communicating only with the 
middle part of the lateral chamber. Meanwhile the lateral chamber has three portions 
rostral, middle and caudal, and three diverticula nuchal, cornual and orbital [14]. The 

Figure 3. 
Sinus anatomy in the donkey. (A) Lateral CT scan shows the levels of the section and paranasal sinus. (B) CT 
at the level of the second cheek tooth maxillary sinus and frontal sinus. (C) Cross section at head) showing the 
frontal sinus (F). Maxillary sinus (M). Sphenopalatine sinus (SP). Adapted with permission [11].
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dorsal part of the lateral chamber communicates with the dorsal conchal sinus, the mid-
dle part communicates with the medial chamber and its caudal part communicates with 
the three frontal diverticula. The cornual diverticulum is the largest diverticula and is 
itself divided into a small dorsal part and a large ventral part by an oblique transverse 
septum [14]. The orbital diverticulum is surrounded by the orbital cavity dorsally and 
caudally, however, the nuchal diverticulum is the smallest one. The supraorbital canal 
meanwhile is a short canal, located at the longitudinal interfrontal septum between the 
lateral chamber and orbital diverticulum of each frontal sinus (Figure 5).

In the dog and cat, the paired frontal sinuses have open communication with the 
nasal cavity. The rostral frontal sinus lies between the median osseous septum of the 
frontal sinus and the orbit. The lateral frontal sinus is the largest of the frontal sinuses 
and extends into the zygomatic process of the frontal bone. The medial frontal sinus 
is very small and lies between the other two, occasionally it is absent.

Figure 4. 
Topography of the frontal and maxillary sinuses of the buffalo head (a& B). 1. Supraorbital foramen. 2. 
Medial angle of the eye. 3. Cornual process. 4. Infraorbital foramen. A. Medial limit of frontal sinus (Medline 
of the head). B. Lateral limit of frontal sinus. C. Rostral limit of frontal sinus. D. Caudal limit of frontal sinus. 
E. Rostral limit of maxillary sinus. F. Dorsal limit of maxillary sinus. G. Ventral limit of maxillary sinus. H. 
Caudal limit of maxillary sinus.

Figure 5. 
Frontal surface of sheep (a) and buffalo (B) skulls showing the frontal sinuses. 1. Median interfrontal septum. 
2. Parietal bone. 3. Nasal bone. 4. Cornual process of the frontal bone. 5. Postorbital diverticulum of the frontal 
sinus. 6. Cornual diverticulum of the frontal sinus. 7. Nuchal diverticulum of the frontal sinus. 8. Cornual 
septum. 9. Orbital cavity.
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2.2 The maxillary sinus

In the horse and donkey, the maxillary sinus divides into rostral and caudal com-
partments via a thin incomplete bony septum in the donkey or a complete septum in 
horse. The dorsal part of the septum was designed by the bulla of the ventral conchal 

Figure 7. 
Frontal surface of the camel skull showing the frontal sinuses.

Figure 6. 
Lateral CT scan shows the levels of the section and paranasal sinus in the buffalo. F. frontal sinus. C.D. Cornual 
diverticulum of frontal sinus. P. Palatine sinus. M. Maxillary sinus. L. Lacrimal sinus.
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sinus. This septum angles obliquely caudally and its rostral aspect is varied in with 
regards to location; it usually crosses the roots of the second and third molar teeth, 
approximately 4–5 cm caudal to the rostral end of the facial crest. Most specimens have 
a septum measuring around 1.5 cm high, whilst the sinus can be 4–5 cm deep with bony 
spicules [11]. The caudal maxillary sinus is incompletely divided by the infraorbital 
canal into lateral and medial compartments. The canal also facilitates free communica-
tion between the two parts. Only the third maxillary molar tooth root embeds in the 
caudal maxillary sinus. The rostral and caudal maxillary sinuses connect with the 
middle nasal meatus via a slit-like nasomaxillary opening. The capacious caudal maxil-
lary sinus appears larger than the smaller rostral maxillary sinus. The rostral maxillary 
sinus communicates with the ventral conchal sinus via the wide conchomaxillary 
opening dorsal to the infraorbital canal. The opening of which located at the level of 
the rostral part of the first molar tooth until the caudal part of the second molar tooth. 
The rostral maxillary sinus is around 4–5 cm long and 0.3–0.4 cm wide (Figures 1–3) 
[11, 13]. When CT imaged, the maxillary sinus is low in density but has high-density 
structures; the infraorbital canal, maxillary septum and bony spicules.

In cattle and buffalo, the maxillary sinus excavates into the maxillary and lacrimal 
bones. The sinus cavity is triangular in shape as the base is located caudally with a cranial 
apex behind the infraorbital foramen. The cavity extends rostrally towards the facial 
tuberosity at the level of the caudal border of the second premolar tooth. Around 2-3 cm 
ventral to the orbit and caudal to third molar tooth, the sinus continues caudally into the 
lacrimal bulla which has thinner walls and the zygomatic bone [4]. The dorsal limit of 
the cavity is determined by a line extending from the infraorbital foramen to the medial 
canthus of eye, while the ventral limit is around 1–2 cm above the alveolar border. Under 
computed tomography imaging, the more dense infraorbital canal and bony spicules of 
the maxillary sinus are observed. The maxillary sinus communicates with the caudal part 
of middle nasal meatus in common with the palatine sinuses through the nasomaxillary 
opening. This opening is positioned on the medial wall just ventral to the nasolacrimal 
canal, over the infraorbital canal and at around the midpoint between the orbit and 
facial tuber at a level from the first molar to third molar teeth. The maxillary and palatine 
sinuses communicate through an oval maxillopalatine opening, located above the infra-
orbital opening at a level from second premolar to the second molar teeth [4]. Caudally, 
it also communicates with the lacrimal sinus through maxillolacrimal opening. There is a 
rostral crest within the maxillary sinus (Figure 4).

In camels, the maxillary sinus is in an excavation of a small part of the maxillary bone 
and the rostral part of the zygomatic bone. The maxillary sinus extends towards the level 
of the rostral border of the third upper cheek tooth. The medial boundary is formed by 
the osseous nasolacrimal canal and it communicates dorsally with the lacrimal sinus and 
with the caudal part of the middle nasal meatus via the nasomaxillary opening which in 
turn is partly covered by the lateral part of the dorsal conchal sinus [6].

In sheep and goats, the maxillary sinus is located in a triangular excavation of the 
maxillary bone and rostral part of the zygomatic bone. The sinus extends to the level 
of the rostral border of the third upper cheek tooth and rostral to the facial tuberosity. 
The sinus is incompletely separated by the infraorbital canal, therefore presenting as 
a smaller dorsomedial part and a larger ventrolateral part, [14]. Caudally, the sinus 
become larger and extends by the lacrimal bulla. This lacrimal bulla presents as dorsal 
and ventral orbital diverticula inside the orbital cavity. The sinus communicates dor-
sally with the lacrimal sinus by the maxillolacrimal opening, whilst the caudal section 
of the sinus communicates with the palatine sinus via the maxillopalatine opening on 
the medial side of the infraorbital canal. In addition, the sinus communicates with 
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the caudal part of the middle nasal meatus via the nasomaxillary opening which is 
partially covered by the lateral part of the dorsal nasal conchal sinus at the level of the 
fourth cheek tooth (Figure 5) [14].

In the dog and cat, in contrast to the other domestic mammals, the canine maxilla 
has no paranasal sinus, but rather a laterally directed outpouching, the maxillary recess.

2.3 The sphenoidal sinus

In the horse and donkey, the sphenoidal and palatine sinuses communicate with 
each other. The sphenopalatine sinuses are excavated into the palatine and sphenoid 
bones ventromedial to the orbit and ventral to forebrain [11]. There is a septum sepa-
rating the left and right sphenoidal sinuses, however, it is not frequently in the midline. 
The dorsal and lateral walls of the sphenopalatine sinus are thin. The sinus commu-
nicates with the caudal maxillary sinus via the sphenopalatinal opening, which is the 
most caudal opening of the maxillary sinus. The opening itself appears sagittal oblique 
and is located between the caudal origin of the infraorbital canal and the pterygopala-
tine fossa, caudal to the last molar tooth roots (Figure 2 structures 5 and 33 [13]).

In cattle and buffalo, the sphenoid sinus is shallow and excavated in the body and 
wing of the sphenoid bone [4]. The right and left sinuses are divided by a septum 
forming unequal small parts, the rostral canal and caudal cavity. It opens into the 
ethmoidal meatus via the nasosphenoidal opening.

In camels, the sphenoidal sinus is in a cavity within the body and wing of the sphe-
noidal bone. The sinus contains bony plates which subdivide it into small compart-
ments, which alongside the frontal sinus compartments encircle the cranial cavity [6]. 
The sphenoidal sinus opens directly into the nasal fundus through the nasosphenoidal 
opening [6].

In the dog and cat, in some cases a sphenoidal sinus develops but not always.

2.4 The ethmoidal sinus

In cattle and buffalo, the ethmoidal cells are small cavities in the medial wall of 
the orbit [4]. The ethmoid bone forms the medial wall whereas their lateral walls are 
formed by the frontal, palatine and the wing of presphenoid bones. The ethmoidal 
cells open into the ethmoidal meatus.

In camels, the ethmoidal sinus is apparent in the ethmoid labyrinths. It communi-
cates directly with the ethmoidal meatus into the nasal fundus [6].

In sheep and goats, the ethmoidal sinus is located at the nasal fundus part of the 
nasal cavity [14]. The ethmoidal sinus is apparent in the five triangular projections of 
the ethmoidal labyrinths. It communicates directly with the ethmoidal meatus into 
the nasal fundus.

2.5 The lacrimal sinus

In cattle and buffalo, the lacrimal sinus is a small excavation in the lacrimal and 
frontal bones rostromedial to the orbit. The lacrimal bones forms the lateral wall and 
the lateral mass of the ethmoidal bone forms the medial wall. The sinus cavity is not 
divided by osseous plates and the nasolacrimal canal traverses its lateral wall. It com-
municates with the maxillary sinus via maxillolacrimal opening (Figures 5 and 6).

In camels, the lacrimal sinus is occupies a small cavity in the lacrimal bone rostro-
medial to the orbit. The lacrimal bone forms the lateral wall, while the lateral mass of 
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the ethmoidal bone forms the medial wall. The lacrimal sinus is separated rostrally 
from the maxillary sinus by the nasolacrimal canal and it communicates with the 
maxillary sinus via the maxillolacrimal opening, just anterior to the orbital cavity at 
the level of third cheek tooth [6].

In sheep and goats, the lacrimal sinus is occupies a small cavity in the lacrimal 
bone rostromedial to the orbit. The lateral wall is formed by the lacrimal bone, while 
the medial wall is formed by the lateral border of the dorsal lamellae of the ventral 
nasal conchae [14]. It is separated rostrally from the maxillary sinus by the nasolacri-
mal canal and communicates with the maxillary sinus via the maxillolacrimal open-
ing just anterior to the orbital cavity at the level of the third cheek tooth (Figure 5).

2.6 The palatine sinus

In cattle and buffalo, the palatine sinus appears larger than the maxillary sinus 
and is located within the horizontal part of the palatine bone and the palatine process 
of maxillary bone. The right and left palatine sinuses are separated by a median 
interpalatine septum, which is undulant caudally. The sinus extends from the caudal 
border of the palatine bone and rostral border of the orbit roughly 2 cm caudal to the 
third molar tooth to around 3–4 cm rostral to the first premolar teeth [4]. The sinus 
cavity contains an incomplete transverse bony crest which arises from the floor of 
sinus and subdivides the sinus into two unequal compartments. The caudal part of 
the sinus is traversed obliquely by the infraorbital canal that divides it into medial and 
lateral compartments. The palatine sinus communicates with the maxillary sinus via a 
maxillopalatine opening over the infraorbital canal (Figure 6).

In sheep and goats, the palatine sinuses are located within the horizontal part of the 
palatine bone and the palatine process of the maxillary bone, and it is the smallest sinus. 
The right and left palatine sinuses are separated by a median inter-palatine septum [14]. 
The sinus extends from the caudal border of the palatine bone and rostral border of the 
orbit caudal to the third molar tooth. The palatine sinus communicates with the maxil-
lary sinus by the maxillopalatine opening over the infraorbital canal (Table 1) [3].
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Horse and donkey Cattle/buffalo Sheep and goat Camel Dog

Maxillary + + + + Recess

Frontal + + + + +

Lacrimal — + + + —

Palatine — + + + —

Sphenoid — + — — —

Sphenopalatine + — — — —

+ Present. -Absent.

Table 1. 
The paranasal sinuses in a range of mammals.
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Chapter 3

Biomechanics of the Canine  
Elbow Joint
Thomas Rohwedder

Abstract

The canine elbow joint is a complex joint, whose musculoskeletal anatomy is 
well investigated. During the last 30 years kinematic analysis has gained importance 
in veterinary research and kinematics of the healthy and medial coronoid disease 
affected canine elbow joint are progressively investigated. Video-kinematographic 
analysis represents the most commonly used technique and multiple studies have 
investigated the range of motion, angular velocity, duration of swing and stance 
phase, stride length and other kinematic parameters, mostly in the sagittal plane 
only. However, this technique is more error-prone and data gained by video-
kinematography represent the kinematics of the whole limb including the soft tissue 
envelope. A more precise evaluation of the in vivo bone and joint movement can only 
been achieved using fluoroscopic kinematography. Based on recent studies significant 
differences in the motion pattern between healthy joints and elbows with medial 
coronoid disease could be detected. Thereby not only adaptive changes, caused by 
pain and lameness, could be described, but primary changes in the micromotion of 
the joint forming bones could be found, which potentially represent new factors in 
the pathogenesis of medial coronoid disease. This chapter gives a review of current 
literature on elbow joint kinematics, with particular focus onto pathologic biome-
chanics in dysplastic canine elbows.

Keywords: elbow, elbow dysplasia, canine, biomechanics, kinematics, joint disease, 
medial coronoid disease, joint contact

1. Introduction

The canine elbow joint is a complex joint, whose musculoskeletal anatomy is well 
investigated. However, the in vivo function of the elbow joint, the individual move-
ment of the humerus, radius and ulna relative to each other and the load distribution 
within the joint is still subject of present and future research. Especially pathophysi-
ological motion of the elbow joint, leading to a mechanical overload of certain joint 
compartments, is not well understood and an interesting field of present veterinary 
research. Canine developmental elbow disease (DED), in particular medial coronoid 
disease (MCD), is one of the most common reasons for forelimb lameness in the dog 
and therefore this topic has not only academic, but also clinical relevance.
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2. Anatomical basics

The canine elbow joint is composed of the humerus proximally and the radius 
and ulna distally, and can be divided into three joint compartments: the humero-
ulnar, humero-radial and proximal radio-ulnar joint [1, 2]. The humero-ulnar joint 
is formed by the humeral trochlea and intercondylar region of the condyle and the 
ulnar trochlear notch, which extends from the anconeal process to the radial incisure, 
and continues to the medial coronoid process of the ulna. The humero-radial joint 
is formed by the capitulum of the humeral condyle and the radial head. The radial 
incisure and the medial aspect of the radial head form the proximal radio-ulnar joint. 
Altogether the elbow joint acts as a hinge joint (ginglymus) with extension and flex-
ion being the main motion pattern and some amount of pronation and supination, 
mainly taken over by the radio-ulnar joint [1].

In healthy canine elbows the radio-ulnar joint shows a congruent shape without 
any step formation between the ulnar and radial joint surface, at least under static 
conditions. However, the humero-ulnar joint is not perfectly congruent even in 
healthy dogs [3–6]. The radii of curvature of the humeral condyle and ulnar troch-
lear notch show different values along their curvilinear course, resulting in reduced 
contact in the central notch region [3–7]. The trochlear notch shows a slightly ellipti-
cal shape, so that the anconeal process and distal aspect of the notch as well as the 
coronoid process are in contact with the humeral condyle. This kind of physiological 
humero-ulnar incongruence was first described in humans and could be detected in 
the canine elbow joint, too [4–6, 8, 9].

The maximum range of motion (ROM) varies between 110 to 150 degrees, with 
breed-specific maximum flexion of 25 to 49 degrees and maximum extension of 155 
to 175 degrees [10–14]. The main extensor muscle of the elbow joint is the triceps bra-
chii muscle [1]. Further this muscle prevents flexion of the elbow during the stance 
phase. The anconeal and tensor fasciae antebrachii muscles are additional extensors 
of the elbow joint. Flexion is performed by the biceps brachii and brachial muscles. 
The extensor carpi radialis muscle contributes to flexor function to some amount. The 
canine antebrachium can be pronated 17 to 50 degrees and supinated 31 to 70 degrees 
[10, 15]. The supinator and brachioradial muscles are responsible for supination of 
the antebrachium. The latter contributes only minimal to supination and is missing in 
some individuals [16]. The pronator teres and pronator quadratus muscles are respon-
sible for pronation and the pronator teres muscle is supposed to contribute to elbow 
joint flexion as well [1, 2].

Four ligaments support the elbow joint: the medial and lateral collateral ligament, 
the annular ligament and interosseous ligament/interosseous membrane [1, 2]. The 
medial and lateral collateral ligaments origin from the medial and lateral humeral 
epicondyle. The medial collateral divides into two crura. The cranial one is weaker 
and attaches at the radius, while the stronger caudal one attaches mainly at the ulna 
and to some amount at the radius. The lateral collateral ligament consists of two crura 
as well. The cranial part attaches to the radius, and the caudal part attaches to the ulna 
and colligates with the annular ligament, which can contain a sesamoid bone [2]. The 
annular ligament runs transversely around the radial head spanning from the lateral 
to the medial aspect of the radial incisure of the ulna. It runs underneath the medial 
and lateral collateral ligaments. The radius and ulna are further attached to each other 
by the interosseous ligament and interosseous membrane, which spans the interosse-
ous space. Distally the radius and ulna are connected to each other by the radioulnar 
ligament.
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3. Elbow joint kinematics

3.1 Kinematic analysis

Kinematics describe the motion of body segments without measuring the forces 
acting onto that segments. Kinematic analysis allows evaluation of the range of 
motion, angular velocities, segmental velocities of each portion of the limb, stride 
frequency and stride length [17]. Depending on the technique used for the kinematic 
analysis, motion of bones and joints can be measured with a submillimeter accuracy 
[18–20].

Generally two forms of kinematic analysis can be differentiated: the video-
kinematography, based on a video motion capture system, and the radiostereometric 
kinematic analysis (RSA), based on a radiographic system, coupled with high speed 
video cameras. Video motion capture kinematic systems use skin markers, attached to 
specific body areas, which are tracked in the generated videos of the moving animal 
and allow for calculation of the aforementioned parameters. Radiostereometric analy-
sis can be marker based or performed without bone markers [21–30]. Furthermore, 
both kinematic analysis systems can be used to evaluate motion in the two or three 
dimensional (2D, 3D) space, depending on the technical setup [17].

The most commonly used technique is a video motion capture system based analy-
sis. This technique is non-invasive and allows for evaluation of overall limb, limb seg-
ment or body segment motion. However, skin mounted markers do not match exactly 
the movement of the underlying bones. Movement of the soft tissues results in skin 
motion artifacts [21, 28, 31–35], with a difference of 0.4 to 1.2 cm between the skin 
marker and respective underlying bony landmark in small animals [33]. Especially in 
the proximal joints of the forelimb skin marker based data differ significantly from 
fluoroscopically gained kinematic data [28]. Comparison of biplanar fluoroscopy 
and video-kinematography in hindlimb kinematics revealed significant differences 
between both techniques, too [21]. Skin marker based data tend to project different 
trajectories and smaller amplitudes compared to fluoroscopic kinematography with 
particularly contradictory results, especially in proximal joints, where increased soft 
tissues can be found [21].

Radiostereometric analysis, also called fluoroscopic kinematography, allows 
for the most accurate kinematic data acquisition [19, 21–24, 28, 30]. One or two 
fluoroscopic units, coupled with high speed video cameras, take x-ray movies of the 
moving object. Based on these x-ray movies bone movement can be calculated and 
transferred onto 3D bone models generated from CT scans of the individual animal. 
Bone motion analysis can be performed using implanted bone markers, which are 
tracked in one (uniplanar, 2D evaluation) or both (biplanar, 3D evaluation) x-ray 
movies and 3D coordinates of each marker are then transferred onto the 3D bone 
models. Alternatively, scientific rotoscoping or autoscoping techniques can be used 
to track bone movement and transfer this in vivo bone motion from the fluoroscopic 
images onto 3D bone models [18, 20, 36]. These techniques do not rely on bone 
markers, rather the shape and edges of each bone are used to project digitally recon-
structed radiographs (DRR), generated from the CT scans of each bone, onto the 
respective bone in the fluoroscopic image. By that the 3D bone model is aligned and 
animated along the x-ray movies. Scientific rotoscoping is performed manually, while 
autoscoping is a completely computerized process. Both techniques can be described 
as morphology based methods of motion analysis. Marker based tacking is the gold 
standard of kinematic analysis with an accuracy of 0.1 mm and 0.1 degrees [20]. 
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However, scientific rotoscoping and autoscoping show a high accuracy as well, with 
values ranging from 0.16 to 0.66 mm in translation and 0.43 to 2.78 degrees rotation 
for scientific rotoscoping and 0.07 to 1.13 mm translation and 0.01 to 3.0 degrees 
rotation for autoscoping [18, 37–42]. Therefore, both techniques result in a highly 
precise evaluation of bone and joint motion with a substantially reduced invasiveness 
compared to a bone marker based analysis.

Multiple studies have investigated elbow joint kinematics in healthy dogs and 
dogs with different joint pathologies. Results have to be interpreted cautiously due to 
varying breeds, different technical setups and varying gaits and gait velocities, e.g. 
the walk or the trot, all of which influencing the kinematic pattern. Table 1 gives an 
overview of previous studies on canine forelimb and elbow joint kinematics.

Study Technique Breed Number of 
dogs

Gait/Speed

DeCamp  
et al. [43]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Greyhound 8 trot, 1.8–2.3 m/s 
(walkway)

Allen et al. 
[44]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Mixed breed 
dogs

14 trot, 1.8–2.3 m/s 
(overground)

Hottinger  
et al. [45]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Different large 
breed dogs

15 walk, 0.9–1.1. m/s 
(overground)

Gillette and 
Zebas [46]

Uniplanar marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Labrador 
Retriever

16 trot, 2.8 m/s

Nielsen et al. 
[47]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 
motion), stance phase  

only

Mixed breed 
dogs

6 walk, 0.8–1.0 m/s 
(overground)

Owen et al. 
[48]

Uniplanar marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Greyhound 11 trot, 2.2–2.4 m/s 
(treadmill)

Clements  
et al. [49]

Uniplanar marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Labrador 
Retriever

10 trot, 2.0 m/s 
(treadmill)

Feeney et al. 
[50]

Uniplanar marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Labrador 
Retriever

10 walk, velocity 
not documented 

(overground)

Burton et al. 
[51]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Different mid 
to large breed 

dogs

7 (unilateral 
elbow disease)

trot, velocity 
not documented 

(treadmill)
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Study Technique Breed Number of 
dogs

Gait/Speed

Holler et al. 
[52]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Different mid 
to large breed 

dogs

8 walk, 0.89–1.1 m/s 
(treadmill, normal, 

uphill, downhill, 
obstacle)

Agostinho  
et al. [53]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Labrador 
Retriever

Rottweiler

20 (10 each) trot, 2.1–2.2. m/s 
(treadmill)

Guillou et al. 
[54]

3D marker based 
fluoroscopic 

kinematography

Fox hound 4 walk & trot, velocity 
not documented

Angle et al. 
[55]

Uniplanar marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Greyhound 7 Movement initiation 
up to 3.52 m/s 
(overground)

Jarvis et al. 
[56]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion), stance phase only

Different 
breeds

40 (24 
healthy, 16 
front limb 
amputee 

dogs)

trot, 2.2–2.6 m/s 
(walkway)

Brady et al. 
[57]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Different 
breeds

16 trot, 1.8 m/s & 
2.5 m/s (walkway)

Miqueleto  
et al. [58]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

German 
Shepherd

20 (10 hip 
dysplasia, 10 
healthy dogs)

trot, 2.1–2.2. m/s 
(treadmill)

Galindo-
Zamora et al. 
[59]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Different mid 
to large breed 

dogs

20 (unilateral 
elbow disease)

walk, 0.65–1.1 m/s 
(treadmill)

Caron et al. 
[60]

3D marker based video-
kinematography, 3D 

evaluation

Labrador 
Retriever

26 (13 healthy, 
13 dogs with 

coronoid 
disease)

walk, 0.7 m/s 
(treadmill)

Fischer & 
Lilje, [61] 

3D marker based 
video- & fluoroscopic 
kinematography, 2D 
evaluation (sagittal 

motion)

32 different 
breeds

327 walk & trot, 
0.54–5.56 m/s 

(treadmill)

Catavitello  
et al. [62]

Uniplanar marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Labrador 
Retriever
Golden 

Retriever

6 (3 each 
breed)

walk, 2 m/s, 
trot, 4 m/s & 

running, 9.5 m/s 
(overground)

Duerr et al. 
[63]

Uniplanar marker based 
video-kinematography, 
2D evaluation (sagittal 
motion) and inertial 
measurements unit

Different mid 
to large breed 

dogs

16 trot, 2.4–2.5 m/s 
(overground)
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3.2 The healthy elbow joint

Most studies on elbow joint kinematics are based on video-kinematographic 
analysis and have investigated the motion of the elbow only in the sagittal plane 
[43–45, 47–53, 55–59, 62, 63, 65, 68, 69]. Caron et al. were the first to describe the 
real 3D kinematics of the canine forelimb of healthy Labrador retrievers and dogs 
with medial coronoid disease using video-kinematographic analysis [60]. Another 
study evaluated the 3D motion of orthopedic healthy canine forelimbs using video-
kinematography and compared that data to fluoroscopically gained motion analysis, 
which was additionally calculated in one of the dogs [28].

One complete gait cycle consists of the swing and the stance phase. The swing 
phase starts when the paw breaks contact with the ground and ends with first ground 

Study Technique Breed Number of 
dogs

Gait/Speed

Andrada  
et al. [28]

3D marker based 
video- & fluoroscopic 

kinematography (scientific 
rotoscoping), 3D 

evaluation

Beagle 5 walk, 0.98 m/s 
& trot, 2.2 m/s 

(treadmill)

Lorke et al. 
[64]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Beagle 10 trot, 1.7–1.8 m/s 
(treadmill)

Rohwedder 
et al. [22]

3D marker based 
fluoroscopic 

kinematography (first 
third of stance phase only)

Different mid 
to large breed 

dogs

11 (5 healthy, 
6 dogs with 

coronoid 
disease)

walk, 0.6–0.9 m/s 
(treadmill)

Kopec et al. 
[65]

Uniplanar marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Different mid 
to large breed 

dogs

8 walk, 1.01–1.45 m/s 
(overground & stair 

exercise)

Rohwedder 
et al. [23]

3D marker based 
fluoroscopic 

kinematography (first 
third of stance phase only)

Different mid 
to large breed 

dogs

11 (5 healthy, 
6 dogs with 

coronoid 
disease)

walk, 0.6–0.9 m/s 
(treadmill)

Rohwedder 
et al. [24]

3D marker based 
fluoroscopic 

kinematography & joint 
contact pattern evaluation

Labrador 
Retriever

1 (before and 
after DPUO*)

walk, 0.6–0.9 m/s 
(treadmill)

Humphries 
et al. [66]

3D marker based 
video-kinematography, 
2D evaluation (sagittal 

motion)

Labrador 
Retriever
German 

Shepherd

24 (12 each 
breed)

trot, 2.19–2.45 m/s 
(walkway)

De Souza  
et al. [67]

3D marker based video-
kinematography, 2D 

evaluation (sagittal motion)

American Pit 
Bull Terrier

11 walk, 1.17 ± 0.17 m/s
trot, 2.04 ± 0.33 m/s 

(overground)
*DPUO: dynamic proximal ulnar osteotomy.

Table 1. 
Summary of studies investigating canine forelimb and/or elbow joint kinematics.
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contact of the paw. The time between initial ground contact and paw lift is defined 
as the stance phase. The ratio between swing and stance phase depends from the 
gait pattern and the dog’s velocity [28, 29, 70, 71]. At the walk the swing phase of the 
forelimb accounts for 39 to 43% of the whole gait cycle [60] and increases to approxi-
mately 50% to two thirds of the whole gait cycle during the trot, depending from the 
trotting speed [28, 43, 45, 58, 62, 64, 66]. During running the swing phase is further 
prolonged and accounts for approximately 75% of the gait cycle [62]. Conversely, 
with increasing speed the stance phase decreases [45, 70, 71].

The sagittal plane range of motion of the elbow joint (flexion-extension) is 
between 48.1 degrees and 70 degrees during one complete gait cycle when the dog is 
moving on a flat surface (Table 2), with the majority of motion occurring during the 
swing phase [28, 43–45, 47–50, 52, 53, 56–61, 63–67]. Range of motion is influenced by 
different parameters like breed, limb and body segment length, gait, velocity, exercise, 
age, contralateral limb amputation and concurrent orthopedic disease. With increas-
ing speed of the gait the range of motion of joints increases [29, 45, 57, 62, 66, 68, 69]. 
Obese dogs show an increased range of motion as well, especially during the stance 
phase [57]. However, increasing age leads to an decrease in total range of motion, even 
in orthopedic healthy dogs [64]. Further, different exercises like descending stairs, 
uphill and downhill walking influence the range of motion, with descending stairs, 
obstacle exercises and uphill walking increasing the range of motion, while downhill 
walking decreases the amount of sagittal motion in the elbow [52, 65].

Study Breed Range of 
motion (°)

Flexion/Extension (°) Gait/Speed

DeCamp  
et al. [43]

Greyhound 53.7 86.8/140.5 trot, 1.8–2.3 m/s (walkway)

Allen et al. 
[44]

Mixed 
breed dogs

55.8 93.7/149.5 trot, 1.8–2.3 m/s 
(overground)

Hottinger 
et al. [45]

Different 
large breed 

dogs

48.1 — walk, 0.9–1.1. m/s 
(walkway)

Gillette and 
Zebas [46]

Labrador 
Retriever

right: 69.1
left: 66.1

— trot, 2.8 m/s

Nielsen  
et al. [47]

Mixed 
breed dogs

— 111.7 ± 12/136.3 ± 10.4 
(stance phase only)

walk, 0.8–1.0 m/s 
(overground)

Owen et al. 
[48]

Greyhound 49.35–49.59 100.98–102.7/150.57–152.05 trot, 2.2–2.4 m/s (treadmill)

Clements  
et al. [49]

Labrador 
Retriever

59.3 (SD 5.5) — trot, 2.0 m/s (treadmill)

Feeney  
et al. [50]

Labrador 
Retriever

54.8 ± 17.9 91.4/146.3 walk, velocity not 
documented(overground)

Holler  
et a. [52]

Different 
mid to 

large breed 
dogs

normal: 
52.9 ± 7.0

uphill: 54.2 ± 7.4
downhill: 
43.1 ± 5.8
obstacle: 
57.0 ± 6.9

— walk, 0.89–1.1 m/s 
(treadmill, normal, uphill, 

downhill, obstacle)
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Study Breed Range of 
motion (°)

Flexion/Extension (°) Gait/Speed

Agostinho 
et al. [53]

Labrador 
Retriever

Rottweiler

63.77 ± 4.83
54.86 ± 5.16

90.52 ± 11.66/154.28 ± 9.64
93.99 ± 10.19/148.85 ± 9.15

trot, 2.1–2.2. m/s 
(treadmill)

Jarvis et al. 
[56]

Different 
breeds

stance phase 
only:

control: 
33.3 ± 8.6
amputee: 

39.7 ± 10.4

control: 123.0 ± 12.9/ 
156.4 ± 12.2

amputee: 119.2 ± 12.8/ 
158.9 ± 12.5

trot, 2.2–2.6 m/s (walkway)

Brady et al. 
[57]

Different 
breeds

lean: 52.5 
(1.8 m/s)

obese: 65.0 
(1.8 m/s)
lean: 54.0 
(2.5 m/s)

obese: 62.0 
(2.5 m/s)

lean: 95 ± 7/147 ± 17
obese: 90 ± 11/155 ± 9

lean: 93 ± 8/147 ± 9
obese: 88 ± 14/150 ± 18

trot, 1.8 m/s & 2.5 m/s 
(walkway)

Miqueleto 
et al. [58]

German 
Shepherd

healthy: 
68.15 ± 7.19

hip dysplasia: 
63.54 ± 13.53

healthy: 61.99/131.77 ± 7.60
hip dysplasia: 

69.09/133.68 ± 11.37

trot, 2.1–2.2. m/s 
(treadmill)

Galindo-
Zamora  
et al. [59]

Different 
mid to 

large breed 
dogs

healthy: 
54.18 ± 8.62

MCD: 
51.45 ± 7.27

healthy: 
82.36 ± 6.02/136.54 ± 9.16

MCD: 
87.1 ± 10.8/138.55 ± 13.03

walk, 0.65–1.1 m/s 
(treadmill)

Duerr et al. 
[63]

Different 
mid to 

large breed 
dogs

63.4 ± 7.7 82.1 ± 8.6/145.5 ± 10.8 trot, 2.4–2.5 m/s 
(overground)

Lorke et al. 
[64]

Beagle young: 
68.8 ± 2.7

old: 62.9 ± 5.1

young: 83.2/152.0 ± 10.5
old: 76.8/139.6 ± 12.4

trot, 1.7–1.8 m/s (treadmill)

Kopec et al. 
[65]

Different 
mid to 

large breed 
dogs

flat: 65.81
desc. Stair: 

80.43
desc. Ramp: 

67.95

66.23/132.03
34.36/114.79
46.0/113.95

walk, 1.01–1.45 m/s 
(overground & stair 

exercise)

Humphries 
et al. [66]

Labrador 
Retriever
German 

Shepherd

left: 70.63
right: 67.13
left: 67.13

right: 67.94

77.21/147.84
77.21/144.34
75.45/142.58
74.37/142.31

trot, 2.19–2.45 m/s 
(walkway)

De Souza 
et al. [67]

American 
Pit Bull 
Terrier

walk: 45.22
trot: 52.39

walk: 111.25/167.65
trot: 110.14/163.00

walk, 1.17 ± 0.17 m/s
trot, 2.04 ± 0.33 m/s 

(overground)

Table 2. 
Summary of the values for range of motion in sagittal plane and flexion and extension angles of the canine elbow 
joint from different kinematic studies. All values are expressed in degrees and were calculated, if necessary, based 
on data of each study to allow comparison between studies. 180 degrees represent maximum extension and 0 
degrees maximum flexion.
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The stance phase is mainly characterized by continuous extension of the elbow 
joint until lifting of the paw from the ground. Some studies have shown flexion of 
the elbow joint just after weight bearing [43, 45, 47, 53, 58, 60, 64], resulting in two 
peaks of extension during the gait cycle. The first peak of extension occurs during 
the late swing phase and the initiation of ground contact and a second peak occurs 
at the end of the stance phase. The amount of this flexion differs between studies by 
several degrees. Further, this movement has not been described using fluoroscopic 
kinematography, what represents the gold standard of kinematic gait analysis [28]. 
This might be due to breed and inter-individual differences in the gait, due to the 
different techniques used for kinematic analysis or due to a soft tissue artifact, which 
occurs with skin mounted markers, and does not represent the in vivo motion of the 
bony cubital joint, but the movement pattern of the complete limb including the soft 
tissues [28, 32, 33]. Maximum extension of the elbow joint is reached at the end of the 
stance phase and is followed by continuous flexion during the swing phase. The peak 
flexion of the elbow joint is reached at approximately the middle of the swing phase 
and is followed by continuous extension of the elbow joint as a preparation for paw 
strike [53, 60, 64].

Besides flexion and extension, which represent the main motion pattern of the 
elbow joint, supination and pronation of the antebrachium and abduction and 
adduction of the humerus and antebrachium occur during the regular locomotion. In 
healthy Labrador retrievers the antebrachium is positioned in mild supination at the 
initial stance phase and shows minimal pronation during the remainder stance phase 
with a mean supination of the antebrachium of 3 ± 9 degrees [60]. In healthy Beagle 
the forelimb is placed onto the ground in mild pronation and is kept in this position 
during two thirds of the stance phase and then externally rotated during the last third 
of stance [28]. During the initial swing phase the antebrachium is supinated and 
maximum supination (mean 19 ± 9 degrees) occurs at the middle of the swing phase, 
together with maximum flexion of the elbow joint, in healthy Labrador retrievers 
[60]. In orthopedic sound Beagle a similar motion pattern is present during the swing 
phase, with supination of the antebrachium occurring during the first third of the 
swing phase [28]. Prior to foot strike rapid pronation of the antebrachium occurs and 
the limb is placed on the ground in a slightly supinated position in Labrador retrievers 
and slight pronation in Beagle [28, 60].

Three dimensional micromotion of the humerus, radius and ulna relative to each 
other was measured in different studies using marker based fluoroscopic kinemato-
graphic analysis [22–24, 54, 72]. Results of these studies show that the bones of the 
antebrachium have a complex motion pattern and radius and ulna cannot be seen as 
one single object. At the walk and the trot an axial movement between radius and ulna 
occurs in healthy and MCD affected elbows [22, 54]. In healthy canine elbow joints 
the radius shows an mean axial movement of 0.7 (SD 0.31) mm to 0.8 mm in relation 
to the ulna. This axial motion was detected in different mid to large breed dogs, like 
Fox hounds, Australian shepherd, Labrador retriever, Eurasian, German shepherd, 
Bernese mountain dog and mixed breeds [22, 54]. After the initiation of ground con-
tact the radius moves proximally and remains in a slightly elevated position relative 
to the ulna, resulting in a dynamic negative radio-ulnar incongruence (RUI) [22, 72]. 
These results correspond with data from an in vitro study, which investigated the 
effects of limb loading and flexion and extension onto the radio-ulnar joint conforma-
tion and intra articular contact areas and which showed, that elbow extension leads 
to a relative lowering of the ulna in relation to the radius [73]. Extension is the main 
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motion of the elbow during the weight bearing phase and therefore the induction of 
a dynamic negative RUI might be seen as a adaption to joint loading [72]. Further, 
internal and external rotation between the radius and ulna occurs during the walk. 
Prior to foot strike the radius is in an externally rotated position relative to the ulna 
und shows internal rotation during the first third of the stance phase. Mean range of 
motion of the in vivo internal-external radial rotation is 11.4 (SD 2.0) degrees during 
the initial weight bearing phase [74]. No data exist investigating the in vivo radio-
ulnar movement during the later stance phase and the swing. Therefore, the in vivo 
motion of the antebrachial bones and the dynamic changes within the radio-ulnar 
joint during the complete gait cycle are still unknown.

The in vivo humero-ulnar micromotion has only been investigated in one study 
so far [23]. Movement between the humerus and the ulna is characterized by flexion 
and extension, but rotational movement of the humerus relative to the ulna takes also 
place during locomotion [23]. At the walk the humerus shows an relative external 
rotation of 2.9 (SD 1.1) degrees during the first third of the stance phase in healthy 
humero-ulnar joints [23, 28]. These data imply that the elbow joint is not completely 
restricted to sagittal motion only. One study, investigating the 3D kinematics of the 
whole canine forelimb showed, that at the moment of ground contact the humerus is 
in an internally rotated position, which is slightly less at the trot compared to the walk 
(mean segment angle, walk: −34 degrees; trot: −25 degrees) [28]. During the walk 
the humerus shows internal and external rotation and only external rotation during 
the trot throughout the complete stance and swing phase, with a net external rota-
tional movement during the stance phase [28]. This external rotational motion of the 
humerus is contrary to the internal rotation (pronation) of the antebrachium, which 
occurs prior to paw strike and is maintained during the stance [28, 60].

3.3 The dysplastic elbow joint

When kinematics of the diseased canine elbow joint are evaluated two different 
types of changes in the kinematic pattern have to be differentiated. First, changes 
attributed to pain and lameness, i.e. altered kinematics as a result of the disease. 
Second, changes in elbow joint kinematics, which represent a causative factor of the 
disease process.

Due to pain, caused by different joint pathologies in the elbow with DED, mul-
tiple adaptive mechanisms occur in the affected forelimb. Decreases in stance time, 
angular displacement and net joint moments can all be seen in the diseased elbow 
joint [51].

A reduced range of motion in the sagittal plane (flexion-extension) is present 
in dogs with MCD [51, 59, 60]. In particular flexion of the joint is decreased and 
the elbow kept in a more extended position during the gait. In Labrador retrievers 
with MCD a faster extension of the cubital joint occurs during late swing phase and 
the elbow is more extended by 9 degrees (mean) during initial ground contact and 
the early stance phase compared to orthopedically healthy elbows [60]. This more 
extended gait is a compensating mechanism and aims to reduce pressure at the medial 
joint compartment [7, 73, 75]. At the end of the stance and beginning of swing phase 
the elbow joint is more rapidly flexed in affected dogs. However, no active push off 
occurs at the end of the stance phase indicating that the affected limb is pulled off the 
ground by the proximal musculature [51]. Reduction in active push off aims to reduce 
the pressure acting on the joint surface. The elbow is held 16 degrees more externally 
rotated during the end of swing and initial stance phase and the antebrachium is 
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in average 2 degrees more abducted throughout the gait cycle and 9 degrees more 
supinated during the paw strike and early stance phase [60]. These changes have to be 
assumed as compensating mechanisms as well. Supination leads to caudal displace-
ment of the peak pressure at the medial ulnar joint surface and by that to a release 
of pressure and potentially pain at the diseased medial coronoid process. Besides 
the Labrador retriever a more extended elbow joint is present in other breeds with 
MCD, e.g. Rottweiler, Staffordshire Bullterrier, Airdale terrier, Golden retriever, 
Polish Lowland sheepdog, German wirehaired pointer, Belgian malinois, Irish setter 
and mixed breed dogs [51, 59, 60]. Therefore, these changes in the kinematic pattern 
represent a general secondary adaption to intra articular pathologies and the corre-
sponding pain in canine elbow joints with MCD.

Primary changes in the kinematics of the radius, ulna and humerus are assumed to 
play an role in the pathogenesis of MCD. Altered kinematics in the proximal radio-
ulnar joint, were suggested by different researchers to be one potential factor influ-
encing the development of MCD [76–90]. One proposed mechanism was an increased 
axial translation of the radius relative to the ulna leading to an dynamic radio-ulnar 
incongruence. Translational movement between the radius and ulna occurs in elbows 
with and without MCD in vivo [22, 54], with no significant difference in the total 
amount of movement between both groups [22]. Therefore, increased axial move-
ment between the radius and ulna and induction of a dynamic RUI under weight 
bearing conditions could be excluded as an primary factor. However, the direction of 
radial motion is different between normal and diseased joints, with a negative RUI 
being induced during the initial stance phase in healthy elbows and no significant 
change in the radio-ulnar joint conformation in MCD affected joints [72]. Based on 
the results of that study dogs with a static RUI are not able to compensate the radio-
ulnar step formation by radio-ulnar translation and dogs with MCD, but without a 
static RUI, do not show the same amount of negative dynamic RUI as measured in 
healthy canine elbow joints [72]. The induction of a negative radio-ulnar step dur-
ing weight bearing might be a protective mechanism in healthy canine elbow joints. 
Lowering of the ulna or elevation of the radius during extension of the elbow joint 
was previously described in vitro and leads to a decrease of intra articular pressure at 
the medial joint compartment [73]. The inability of the diseased canine elbow joint 
to adjust the radio-ulnar joint conformation during loading might be one potential 
biomechanical factor in the pathogenesis of MCD. Especially in dogs without a mea-
surable static incongruence, which account for 40% of all patients with MCD [76], 
the insufficient adaption to intra articular joint loads can lead to mechanical overload 
at one distinct joint compartment. Increased radio-ulnar rotation was proposed as 
another potential cause of mechanical overload along the radial incisure of the medial 
coronoid process and subsequent cartilage and bone damage [82, 87–90]. The only 
study comparing in vivo radio-ulnar rotational movement in healthy joints to joints 
with MCD showed no significant difference in the total amount of radial rotation 
and in the motion pattern of the radius [74]. The radius starts in an externally rotated 
position during the late swing phase just before paw strike and rotates internally in 
relation to the ulna during the early weight bearing phase. At approximately 30 to 
40% of the stance phase the radius shows an external rotation again. Values of total 
rotational movement and internal/external movement of the radius show no signifi-
cant difference between normal and affected elbow (internal radial rotation, healthy: 
5.7 [SD 2.1] degrees; MCD: 5.3 [SD 2.6] degrees; p = 0.1727; external radial rotation, 
healthy: - 5.8 [SD: 1.3] degrees; MCD: - 4.5 [1.7] degrees; p = 0.7705; total rotation, 
healthy: 11.4 [SD: 2.0] degrees; MCD: 9.8 [SD: 3.2]; p = 0.2904) [74]. Absence of 
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increased radio-ulnar rotational motion does not exclude an biomechanical overload 
along the lateral aspect of the medial coronoid process of the ulna caused by interac-
tion with the radial head. An abaxial attachment of the tendon of the biceps brachii 
muscle at the ulna was detected in dogs with MCD [ 90 ]. The pull of the biceps brachii 
muscle on the ulna could potentially lead to increased pressure between the medial 
coronoid and the radial head without altering the kinematics. However, no studies 
have investigated the forces acting between radius and ulna and compared these data 
between healthy and MCD affected dogs. 

 Another significant difference can be seen in the humero-ulnar rotational move-
ment between healthy and MCD affected joints. Increased external rotation of the 
humeral condyle in relation to the ulna occurs at the first third of the stance phase 
in cubital joints with MCD (humeral rotation, healthy: 2.9 [SD 1.1] degrees; MCD: 
5.3 [SD 2.0] degrees; p = 0.0229) [ 23 ]. This rotation of the humeral condyle leads to 
compression of the joint space between the medial coronoid process and the humeral 
trochlea, and might potentially lead to mechanical overload at the coronoid process 
and consequently to cartilage and subchondral bone damage (  Figure 1    ). Therefore, 
increased humero-ulnar rotation has to be considered as one dynamic factor in the 
pathogenesis of MCD. If this increased humero-ulnar rotational movement is caused 
by soft tissue laxity, like in the dysplastic hip joint, altered muscle function or due to 
bony differences altering the joint function has not been investigated so far. The influ-
ence of a static positive radio-ulnar incongruence onto the contact areas and pressure 
distribution within the humero-ulnar joint is known [ 91 – 93 ]. However, the literature 
is lacking kinematic analysis investigating the influence of a static RUI on elbow 
joint motion, particular the humero-radio-ulnar micromotion. In the cited study on 
humero-ulnar kinematics the MCD group consisted of dogs with and without a static 
positive RUI [ 23 ]. Due to the small sample size no correlation could be found between 
the presence of static RUI and the amount of humeral rotational motion. Therefore, 
the influence of this significant bony deformity on the kinematics of the elbow joint 
remains unknown.    

  4. Joint contact areas and force distribution within the elbow joint 

 The mean body weight distribution between fore- and hindlimbs is approximately 
60% : 40% in dogs [ 56 ,  94 ]. A large study investigating 123 different breeds found 

  Figure 1.  
  Image sequence of the in vivo humero-ulnar joint motion during the late swing phase (f0), at the moment of 
weight bearing (f30) and the first third of the stance phase (f60 – f150). (A) Healthy joint; (B) MCD affected 
joint; relative external rotation of the humerus occurs just after ground contact, when the joint gets loaded. 
External rotation of the condyle leads to a craniolateral shift of the trochlea, impinging on the lateral aspect of the 
medial coronoid process [ 23 ].          
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that the grand mean proportion of mass was 60.4% on the forelimbs (range: 47.6 to 
74.4%) [94]. Only sex was shown to be a significant factor altering that ratio, with 
females being below the mean value throughout different breeds [94]. Another study 
comparing kinematic and kinetic data of orthopedic healthy Labrador retrievers 
and German shepherds reported that Labrador retrievers carry a higher percentage 
of the weight on their forelimbs compared to the German shepherd (69% vs. 62%, 
p < 0.001) [66]. If this breed specific mechanical overload plays a role in the patho-
genesis of DED and contributes to the high rate of Labrador retrievers with develop-
mental elbow disease, in particular MCD, is not known.

Within the elbow joint load and forces are not homogenously distributed through-
out the whole joint surface. It was believed that the radial joint surface is the main 
weight bearing surface of the radio-ulnar joint. However, more recent studies have 
shown, that the radius takes 51 to 52% of load [73, 75, 91]. Therefore the ulna plays a 
more important role in weight bearing than previously assumed. Despite an overall 
equal load and force distribution between the radius and the ulna, not every part of 
the joint surface represents an active joint contact area. Within the combined radio-
ulnar joint surface three distinct contact areas can be found: the craniolateral aspect of 
anconeal process, the joint surface of the radial head, and the medial coronoid process 
[7, 24, 73]. There is no particular contact at the medial aspect of the anconeal process 
and the center of the trochlear notch (Figure 2). The latter one might be explained by 
the slight physiological humero-ulnar incongruence leading to a bicentrical contact 

Figure 2. 
Colored animation of the in vivo humero-ulnar joint contact pattern at the ulnar joint surface at the beginning 
of weight bearing in a healthy canine elbow joint (red: Humero-ulnar contact). Joint contact is present along the 
medial coronoid process and the lateral and proximal aspect of the trochlear notch. The radius is not shown in this 
animation.
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pattern [6, 7, 9, 73, 95]. When the elbow joint is loaded the force applied by the 
humeral condyle is distributed along the anconeal process and the coronoid region. 
With increasing load the concave ulnar notch is stretched and these pressure forces 
are partially transformed to traction forces [8, 95–97]. Therefore this physiological 
incongruence leads to a more even stress distribution within the humero-ulnar joint. 
In human elbow joints the proximal and distal contact area confluent when high loads 
are acting onto the ulnar joint surface [98]. This load dependent change in contact 
pattern has not been described in canine elbows so far [7].

The presence of these three contact areas within the elbow joint is further sup-
ported by increased subchondral bone density measurements at these anatomic 
areas [95, 99]. Bone is a dynamic tissue which has the ability to remodel in response 
to mechanical load (Wolff ’s law) [100]. Therefore, increased bone density can be 
found in areas with increased load. Increased subchondral bone densities are present 
at the disto-medial and cranial aspect of the humeral trochlea and in the olecranon 
fossa, the anconeal and medial coronoid processes of the ulna and the cranio-medial 
region of the joint surface of the radius [95]. The same study showed a significant 
age-dependent increase in the subchondral bone density of the joint surfaces of all 
three bones, representing continuous adaption of the bone to mechanical stress with 
increasing age [95].

Though increased loading of the ulnar joint surface does not result in confluence 
of the bicentric contact pattern, other factors can influence the joint contact patterns 
of the humero-ulnar and humero-radial joint surfaces. An in vitro study investigated 
the influence of positive radio-ulnar incongruence (short radius) on joint contact 
patterns. Presence of a positive RUI leads to a shift of the contact area at the medial 
coronoid process towards the cranio-lateral aspect of the coronoid process and reduc-
tion of the anconeal contact area [93]. Other in vitro studies show similar results. After 
induction of a 1.9 mm positive RUI medial compartment contact area decreases sig-
nificantly while the lateral contact area increases. Likewise the mean contact pressure 
and peak contact pressure increase within the medial compartment and decrease in 
the lateral part [91, 92]. Therefore, presence of a static positive RUI has to be assumed 
as an important factor in the disease process of developmental elbow disease and a 
correlation between the severity of cartilage damage and static RUI has been shown 
in affected elbows [76, 77, 101]. In vivo evaluation of the ulnar joint contact pattern 
during the walk in a dog with positive static RUI before and after bi-oblique dynamic 
proximal ulnar osteotomy (DPUO) confirmed the results of different in vitro studies 
[24]. Following DPUO positive static RUI decreased, leading to a significant increase 
of the contact area at the medial coronoid process and to a shift of the contact area 
from the cranio-lateral aspect (tip and radial incisure) towards the medial aspect and 
the base of the medial coronoid process (Figure 3) [24]. This positive effect of dif-
ferent forms of ulnar and humeral osteotomies onto humero-radio-ulnar contact and 
force distribution has previously been shown in vitro [75, 91, 92]. Whether a static RUI 
changes the kinematic pattern of humero-radial, humero-ulnar or radio-ulnar motion 
and by that the intra articular contact areas and pressure distribution or has a purely 
mechanical influence without dynamic changes has not been investigated so far.

Further, joint contact areas change during the regular locomotion. Pronation leads 
to reduction of the contact area in the medial and to a lesser amount in the lateral 
compartment of the radio-ulnar joint surface. The effect of pronation is further 
influenced by the elbow joint angle, with significant reduction of the medial contact 
area by 23% at 135 degree of flexion, what represents the average flexion angle during 
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the stance phase [73]. A reduced contact area will result in increased pressure when 
the same load is applied to the joint. Further, pronation of the antebrachium leads to 
a shift of the peak contact pressure towards the apex of the medial coronoid process. 
Otherwise supination of the antebrachium leads to caudal displacement of the peak 
contact pressure on the medial coronoid process [73, 75]. This might explain that 
dogs with medial coronoid disease show a more supinated stance to release pressure 
from the apex of the medial coronoid [60]. Moreover, flexion and extension, the 
main motion pattern during the normal locomotion, influence the intra articular 
pressure distribution. Flexion increases peak pressure at the medial radio-ulnar joint 
compartment and extension decreases pressure [73]. It is assumed that this change is 
due to dynamic changes within the radio-ulnar joint surface in healthy canine elbows 
[72, 73]. In a cadaveric study extension of the elbow joint induced lowering of the 
radius and ulna, however more pronounced in the ulna (3.8 mm) compared to the 
radius (1.9 mm). This corresponds to findings of the in vivo investigation of the radio-
ulnar joint cup conformation in healthy elbow joints during the walk, where a nega-
tive RUI (short ulna) was induced during weight bearing [72]. This lowering of the 
ulna relative to the radius might protect the medial coronoid process from mechanical 
overload during locomotion in healthy canine elbows. In contrast, altered radio-ulnar 
kinematics preventing elevation of the radius might lead to continuous excessive 
mechanical overload and subsequent joint pathologies.

Considering the changes of intra articular contact areas and pressure distribution 
as a function of limb position might explain the typical clinical signs in dogs with 
developmental elbow disease. Affected dogs stand with the elbow slightly abducted 
and the antebrachium in slight external rotation (supination) [102]. Furthermore, 
the elbow joint is more rapidly extended during the swing phase and kept in a more 
extended position during weight bearing [60]. This motion pattern aims to reduce the 
contact and pressure at the medial coronoid process, where most commonly lesions 
attributed to developmental elbow disease occur [90, 103].

Figure 3. 
Humero-ulnar joint contact pattern at the ulnar joint surface at the beginning of weight bearing in a canine 
elbow joint with MCD (red: Contact area). (A) Contact pattern before bi-oblique DPUO; focal concentration 
of joint contact at the medial coronoid process (MCP) and slight contact at the medial and lateral aspect of the 
anconeal process is present. (B) Contact pattern 12 weeks postoperative; joint contact is more homogenously 
distributed throughout the ulnar joint surface and the craniolateral aspect of the MCP is even not in contact with 
the corresponding humeral trochlea [24].
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5. Conclusion

Canine elbow joint kinematics are more complex than flexion and extension of 
the joint and influenced by multiple factors like breed, limb length, gait, exercise and 
joint pathologies. The precise interaction of the three joint forming bones is essential 
for physiologic joint contact and intra articular force and pressure distribution. Based 
on the current literature an significantly increased humero-ulnar rotational move-
ment as well as an reduced adjustment of the radio-ulnar joint during the regular 
locomotion of the dog seem to be two essential pathological factors influencing the 
development of MCD. This kind of movement is only measurable using laborious 
techniques like 3D fluoroscopic based kinematography. Nevertheless, further studies 
are needed to evaluate the complex kinematics of the healthy and the diseased canine 
elbow joint and to understand the effect of different kinematics onto kinetics.
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Chapter 4

Pulmonary Vein: Embryology, 
Anatomy, Function and Disease
Chan I-Ping and Hsueh Tung

Abstract

Four pulmonary veins come from respective lung lobes drain oxygen-rich blood 
back to the left atrium. Failure of incorporation with the left atrium can lead to a 
condition, called Cor triatriatum sinister, that the left atrium is separated into two 
chambers by an abortive fibrous tissue. The venous system of lung and whole body 
communicate with each other in the earlier time and they will be disconnected in 
the following developmental process. Total or partial anomalous pulmonary venous 
connection refers to that there is/are some degree of the communication exists after 
birth, which can occur in different sites. In the veterinary field, retrospective studies 
and several case reports have been published to describe these rare congenital car-
diovascular diseases in several species. More cases are need for better understanding 
their clinical manifestation, treatment options and outcomes.

Keywords: congenital, development, Cor triatriatum sinister, anomalous pulmonary 
venous connection, outcome

1. Introduction

All the vessels that drain blood out of the heart are called artery, and those that 
drain blood into the heart are called vein. Pulmonary veins, literally, are the vessels 
that transport oxygenated blood from the lungs back to the left atrium. The informa-
tion of those veins is hardly found in veterinary textbooks. First of all, this chapter 
is focus on the development of those veins in fetus. If something wrongs during the 
process, different type of the abnormality leads to different results. The diagnosis, 
treatment and prognosis in human medicines are introduced simply in this chapter. In 
addition, pulmonary venous abnormalities in the veterinary medicines are reported in 
several species. Those case reports will also be briefly reviewed in this chapter.

2. The embryology of pulmonary veins

The development of the cardiovascular system is complicated because it involves the 
process from before the folding of heart tube and extend to the later stage of vascular 
growth. In the vertebrate embryo, most discussion start from the Carnegie stage 12, 
which approximately equals to 28-30 days in human [1] and 2 days in chicken [2]. At this 
moment, the primitive pulmonary vein originates from the venous plexus of splanchnic 



Updates on Veterinary Anatomy and Physiology

108

mesoderm. The staining characteristic of the pulmonary vein orifices in the developing 
heart can prove that the pulmonary vein is not part of the heart tube: it has no atrial 
natriuretic factor and has connexin 40 (a transmembrane protein that responsible for 
electrical coupling mostly found in the nodal tissue) [3]. In addition, an observation 
study of chicken embryo using image analysis and three-dimensional reconstruction 
technique also revealed that the pulmonary vein is developing from the splanchnic 
plexus [4]. The venous plexus of splanchnic mesoderm is a great capillary network that 
spread from the heart to the liver, connecting cardinal and umbilicovitelline veins. In 
other words, the pulmonary vein is communicating with systemic venous system in the 
beginning. In the subsequent developmental process, this communication will degener-
ate, therefore separating the systemic and pulmonary venous systems (Figure 1) [5].

Figure 1. 
The normal pulmonary venous development. A, the lung buds are surrounded the splanchnic plexus that 
communicates umbilical veins and cardinal veins. B, Common pulmonary vein is formed and connected with the 
sinoatrial part of the heart. C, the connection between pulmonary and splanchnic venous plexus is disappearing. 
D, the common pulmonary vein develops to four distinct pulmonary veins that incorporates separately with the 
left atrium. LA, left atrium; LCCV, left common cardinal vein; LLB, left lung bud; RA, right atrium; RCCV, 
right common cardinal vein; RLB, right lung bud; UV, umbilical vein.
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This common pulmonary vein connects the lung buds to the dorsal heart tube, 
where would develop to left atrium after the outgrowth of intertrial septum. At the 
level of left atrium, the common pulmonary vein would usually divide into four 
branches and incorporate with left atrium, forming the smooth part of the left atrium 
wall [6]. In a study using 26 normal human embryos, the initial process of formation 
of the human pulmonary vein is very similar to that seen in animal models; marked 
temporal and morphological difference between the development process of right- 
and left-side pulmonary veins was found: a much longer tributary being formed on 
the left than on the right [7].

Various congenital abnormalities of pulmonary veins can occur if anything is 
wrong during these developmental processes. The cor triatriatum sinister (CTS), a 
condition that left atrium is separated into two chambers by a membranous tissue, is 
thought to be the consequence of the inappropriate incorporation of pulmonary veins 
with the left atrium [7]. In addition, if the atrophy of connection between pulmo-
nary veins and systemic venous system is fail, total or partial anomalous pulmonary 
venous connection (TAPVC or PAPVC) occurs, depending on the degree of remanent 
 communication between systemic and pulmonary venous system [8].

3. The anatomy of the pulmonary veins

The pulmonary veins, in contrast to systemic veins that collect deoxygenated 
blood from all organs except lungs, deliver oxygen-rich blood from the lungs to the 
left atrium. Generally, there are four tributaries of pulmonary vein that would form 
four ostia on the left atrial wall, two from the right cranial and caudal pulmonary 
vein and the other two from the left cranial and caudal pulmonary vein (Figure 2). 

Figure 2. 
Normal anatomy of pulmonary veins. The blue (deoxygenated) marks pulmonary arteries, and the red 
(oxygenated) marks the pulmonary veins.
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The right cranial pulmonary vein collects blood from the right cranial and middle 
lung lobe, and the right caudal pulmonary vein receives blood from the right caudal 
and accessory lung lobe. The rest pulmonary veins serve for the corresponded lung 
lobs that they are named after [9].

In atypical but not rare situations in human, pulmonary veins that both originate 
from right (4%) or left (17.8%) may fuse into a common trunk before entering the 
left atrium [10]. Additional pulmonary veins derive from individual lung lobes can 
also happen. Generally, these variations of the number of pulmonary veins are not 
always problematic, but it may interfere with clinical decisions especially in surgical 
procedures.

4. The physiology and function of pulmonary veins

In the species that have two atriums, two ventricles, and execute oxygen exchange 
via the lungs, the oxygenated blood is pumped from the aorta and sent into tissues. 
The oxygen, nutrients and metabolic products diffuse and exchange in the capillaries 
that converge and form the vein. Vena cava collect all the venous blood and return 
to right atrium, right ventricle and lungs. After oxygenation in the lung, these fresh, 
oxygen-rich blood is returned into left atrium via pulmonary veins, therefore com-
plete the cycle of blood circulation.

Before we go deeper into more understanding of the pulmonary veins, there is 
an important concept that should be explained first. The cardiovascular system 
has several functions that are all indispensable to keep the body works normally. 
Maintaining the systemic arterial pressure is the first priority of the cardiovascular 
system, it means that the systemic arterial pressure is the last one that the decom-
pensation occurs. The second one is to keep the cardiac output at an adequate level 
that can provide enough blood flow to the peripheral tissues. Maintaining the normal 
capillary pressure is the last priority, and therefore it is the reason that the first sign 
of heart failure is commonly those that associate with congestion [11]. In the cases 
of pulmonary vein abnormalities, although the pathophysiological mechanisms are 
different among diagnosis, the loss of normal capillary and venous pressure is often 
the end result of the developmental disorders. Patient is commonly presented to the 
clinic because of signs related to congestion. Therefore, we will discuss the pulmonary 
venous pressure in the next paragraph.

In the fetus, the pressure of the pulmonary system is higher compared to after 
birth because of very high pulmonary vascular resistance and resultant low pul-
monary blood flow (only account for 10 to 15% of right heart stroke volume). The 
pulmonary vascular resistance falls after birth, and the pressure of pulmonary 
system drops to a lower level than the systemic circulation in normal setting [12]. In 
an experiment that studying normal dogs with light sedation, the mean pulmonary 
venous pressure (17.1 ± 6.5 mm Hg) is consistently slightly higher than mean left atrial 
pressure (13.4 ± 6.3 mm Hg), which is almost the same with mean pulmonary wedge 
pressure (13.3 ± 6.2 mm Hg). Considering that the lungs are a large organ that occupy 
the thorax cavity, the pulmonary venous pressure between locations that differ from 
altitude (distance from left atrium) is vary [13]. Generally, the pulmonary veins 
share the similar intravascular pressure with left atrium because there is no valve 
between them.

During ventricular systole and early diastole, the blood in the pulmonary veins 
flow into left atrium, and part of blood in the left atrium would regurgitates back into 
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pulmonary veins when the atrial active pumping that corresponds to the ventricular 
late filling phase. The changes of pulmonary venous profile among different cardiac 
cycle can be record by the echocardiographic Doppler examination [14]. It is therefore 
reasonable that any reason that elevates pressure of the left atrium has the potential to 
increase the pulmonary venous pressure, because of the higher impedance of draining 
blood forward and larger regurgitated volume from the high-pressured left atrium.

Another important characteristic of vessel that we cannot forget when we are dis-
cussing the hemodynamic is the vascular distensibility and compliance. Distensibility 
is an ability of vessel whose volume can increase or decrease for every increase or 
decrease intravascular pressure, and the compliance is equal to distensibility times 
the volume of blood in the given portion of the circulation. Because of the different 
wall constitution between veins and arteries, the distensibility of veins is about eight 
times larger than that of arteries. That is, the venous system can conserve more blood 
and only has slightly elevation of the intravascular pressure [15]. The pulmonary 
veins have similar distensibility to the systemic veins, meaning that the pulmonary 
venous pressure would not exceed the normal range before large amount of blood is 
congested in the pulmonary capillary and veins.

Various congenital and acquired cardiovascular diseases that affecting pulmonary 
veins themselves and the left atrium could lead to the congestion of pulmonary veins. 
They can be simply classified into conditions that cause obstruction or pulmonary 
overcirculation. Occlusions of one or more pulmonary veins, and the divided left 
atrium (like the CTS) are examples that pulmonary venous blood flow has dif-
ficulties to get through obstacles in its normal pathway and therefore causing high 
pressure to the rest part of pulmonary veins. In addition, pulmonary overcirculation 
caused by intra- or extra-cardiac left to right shunting (atrial and ventricular septal 
defects, patent foramen ovale, patent ductus arteriosus, and anomalous pulmonary 
venous connection and so on) also has the potential to causes pulmonary congestion 
because of larger than normal volume that circulates the pulmonary vasculature. 
Among them, CTS, TAPVC and PAPVC are three of the good examples that is closely 
related to the development of pulmonary veins. We will discuss these diseases in the 
 following sections.

5. Cor triatriatum sinister

The CTS is a relatively rare congenital cardiovascular disease that has been first 
reported in 1868 [16]. In an autopsy research, it was accounted for 0.1% to 0.4% in 
human patients with congenital heart disease [17]. In veterinary medicine, the true 
prevalence is hard to know because this abnormality is not always producing heart 
murmur and develops clinical signs that can be observed by the owner and the veteri-
narian at the general practice. By reviewing case reports, naturally-occurred CTS is 
identified more frequently in cats [18–23] than in dogs [24–26].

The embryonic cause of CTS is still controversial, but the theory of pulmonary 
venous abnormality is the most popular. In the development of pulmonary veins, they 
should incorporate with left atrium and form four ostia on the smooth part of the 
dorsal left atrial wall. If certain degree of failure in this process occurs, the left atrium 
could be separated by the remains of the pulmonary veins, most of the time is a fibro-
muscular membrane. The left atrium is therefore divided to a proximal chamber that 
locates between the atriopulmonary junction and the fibromuscular membrane, and 
a distal chamber that extends from the fibromuscular membrane to the mitral valve 
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annulus. The molecular cause of CTS was first reported in experimental mice without 
hyaluronidase 2, which is an enzyme required for the degradation of hyaluronan that 
is the major extracellular matrix component of the heart [27]. Later, the similar result 
was obtained by genetic studies in affected human families and mice [28].

Anatomic variation of the membrane exists and whether or how much of the 
blood flow would be impeded depends on the three-dimensional relative position 
between the membrane and left atrium. This intra-atrial septum can be complete, 
incomplete or fenestrated, and its size, shape, thickness and location can be varied 
among affected patients. Types of diaphragmatic, hourglass and tubular has been 
used to describe the variations [29]. In a retrospective study, the histopathology of 
the membranous tissue was investigated. Elastin fibers were found to be presence 
in the top and bottom side and was absent in the middle layer of the diaphragm. 
Cardiomyocytes with positive staining of cardiac troponin C were located in the 
peripheral region, more on the side that near the diaphragm and atrial septum than 
on the side that near the diaphragm and the atrial free wall. The remanent area was 
mostly made up by the fibrous collagen and other mesenchymal cells. These speci-
mens were collected from human patients that undergo surgical repair of the Cor 
triatriatum sinister, without surgical death in this cohort [30].

Impendence of the blood flow in the left atrium could cause turbulence, but the 
pressure gradient between two chambers may be not large enough for the heart mur-
mur to be heard. Elevated pressure in the proximal chamber of the left atrium could 
raise the intravascular pressure of the pulmonary veins, and signs of left-side conges-
tive heart failure may occur. However, the natural progression of the CTS in human 
patients is generally stable, with more than half patients were diagnosed in adulthood. 
In patients that need surgical correction using cardiopulmonary bypass, the surgery is 
safe and effective [31].

Transthoracic echocardiography is usually helpful in making diagnosis [32]. 
Except for detecting Cor triatriatum sinister, the echocardiography can also identify 
concurrent lesions. High proportion (58%) of affected human patients had associated 
abnormalities, and atrial septal defect and anomalous pulmonary venous connection 
were the most common and should be always keep in mind [30, 31, 33]. Two feline 
cases had been published that one kitten had CTS combined with persistent left cra-
nial vena cava [20], and the other was diagnosed CTS with incomplete atrioventricu-
lar septal defect [21]. Some conditions can mimic the CTS under two-dimensional 
imaging mode, including supramitral ring or pulmonary stenosis [34]. In cases that 
the echocardiographic result alone is controversial or is suspicious of having multiple 
cardiovascular developmental diseases, additional imaging tools should be consid-
ered. A special case that was diagnosed as CTS with TAPVC by echocardiography 
combined with saline contrast technique was report in 2020 [35]. In some conditions 
especially when our target area is located near the heart base, the transesophageal 
echocardiography can provide better image resolution and details than the trans-
thoracic echocardiography. Cardiac catheterization angiography has its advantages 
that it can measure the true intra-lumen pressure, which is always an estimated value 
if only echocardiography is performed. However, its clinical utility is limited in the 
veterinary field because deep sedation to generalized anesthesia is usually required in 
veterinary patients. Other imaging tools like computed tomography angiography and 
magnetic resonance imaging can provide multiplaner image reconstruction and assist 
with the diagnosis process [29].

Early in the 1998, a kitten presented signs of respiratory distress and diagnosed 
with CTS was successfully surgically managed. The membrane was torn by a dilator 
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introduced from an opened left atrium [18]. Procedure that combining thoracotomy 
and cardiac catheter guided cutting balloon was performed in a cat that signs of 
congestive heart failure resolved completely after the hybrid technique [22]. Surgical 
correction under cardiopulmonary bypass was also feasible in feline patient with 
appropriate body size and weight [23]. In canine, the first case was published in 2012, 
and the patient was doing well only by internal medical treatment for the congestive 
heart failure [25]. A poodle case was presented with acute dyspnea and cyanosis, 
and was unfortunately made its definite diagnosis in postmortem examination [26]. 
Recently, Toaldo et al. reported a 6-year-old intact male French bulldog was acciden-
tally diagnosed as CTS [24].

By reviewing veterinary literature, we can find that cats are more frequently 
presented, and their age at diagnosis is generally younger (8 weeks old to 4 years 
old, mostly <1 year old) than dogs (3, 5 and 6 years old). Although most of affected 
cats had congestive heart failure at admission (this result can be biased in veterinary 
patients), the surgery is usually tolerable and the patient can be free of heart failure 
after procedure. Medicine for controlling congestive heart failure is an alternative 
option if surgery is not performed. Weather the surgery is also benefit and recom-
mended in patient without heart failure is not conclusive.

6. Anomalous pulmonary venous connection

Another important developmental abnormality of pulmonary vein is the anoma-
lous pulmonary venous connection. In human medicine, the TAPVC was comprised 
of 1–5% congenital heart diseases cases [36] and 0.6 to 1.2 per 10,000 live births [37]. 
The PAPVC was found 0.4% to 0.7% in the routine autopsies [38, 39]. A retrospec-
tive study that reviewed 290 dogs with cardiovascular malformations from 1953 to 
1965 revealed that only 1 case was diagnosed PAPVC with secundum atrial septal 
defect [40]. For the published case reports, there are only 3 dogs [41–43] and each 1 
of chicken [44] and foal [45] that are diagnosed as TAPVC; only 4 dogs [46–48] and 
2 cats [49, 50] are PAPVC. One canine case reported in 1975 did not describe its detail 
(TAPVC or PAPVC) [51].

As previous discussed, the primitive pulmonary veins from the lung buds develop 
from the splanchnic plexus, which communicates with the systemic venous system, 
and connects to the left atrium. As development proceeds, the connection between 
pulmonary veins and the systemic venous system disappears. If the communication 
between pulmonary veins and the systemic venous system persists, TAPVC or PAPVC 
would be diagnosed depending on the degree of persistent connections [8].

The TAPVC is that all pulmonary veins being abnormally connected to the sys-
temic venous circulation, that is, the right atrium would receive both systemic and 
pulmonary venous return. Researchers had described four types of TAPVC depend-
ing on the connection level (Figure 3). Type I, or supra-cardiac type, is the most 
common type that consist 40–55% of cases. The pulmonary veins empty through 
left innominate vein, superior vena cava or azygos veins. Type II, or cardiac type, is 
the second common type that consist 15–30% of cases. The pulmonary veins drain 
into the right atrium through the coronary sinus or in the posterior wall of the right 
atrium. Type III, or infra-cardiac type, is accounting approximately 15–26% of cases. 
The pulmonary veins run to the portal venous system or inferior vena cava. And type 
IV, or mixed type, is representing 2–10% cases that there are at least two different 
drainage sites [52, 53].
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In the setting of TAPVC, a right-to left shunt via an atrial septal defect (ASD), pat-
ent foramen ovale (PFO) or to a lesser extent of patent ductus arteriosus is required 
for completing circulation and maintaining life [54]. The presence of right (pulmo-
nary) to left (systemic) shunting permits mixture of oxygenated and deoxygenated 
blood to enter the systemic circulation. Signs of dyspnea with exertion, cyanosis and 
exercise intolerance could be observed, and the patient is at risk of developing to 
pulmonary hypertension and congestive heart failure. Three veterinary cases were 
found to have concurrent ASD (secundum type in 1 dog [41] and 1 chicken [44]; 
sinus venous type in another dog [42]) and the case of foal [45] had concurrent PFO. 
A special child case had been recognized recently that all of his pulmonary veins 

Figure 3. 
The classification of TAPVR. Type I, the Supra-cardiac type; Type II, the cardiac type; Type III, the infra-cardiac 
type, and the Type IV, the mixed type. CaVC, caudal vena cava; CrVC, cranial vena cava; PA, pulmonary 
artery; PV, pulmonary vein; RA, right atrium.
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were anatomically connected to the left atrium but the blood inside actually was 
drained into superior vena cava via an innominate vein, therefore corresponded to the 
 definition of supra-cardiac type of anomaly [35].

Thoracic radiography is commonly the first imaging exam, it can be normal or 
some classic changes may exist depending on the types of abnormal connections. A 
snowman sign has been described in patients with supra-cardiac TAPVC. The head 
is formed by superior vena cava, vertical vein (common vein that formed by the 
four anomalous pulmonary veins) and innominate vein, and the body is formed by 
enlarged right atrium. Another famous radiographic characteristic is the scimitar 
signs in the PAPVC. It describes the anomalous pulmonary veins like a sword with a 
curved blade that mostly affect the right-side lung lobes [5, 55].

In addition, the clinical utility of echocardiography in diagnosing abnormalities of 
pulmonary venous connection is somewhat difficult because of limited echo window, 
but it can provide the information of the concurrent congenital cardiac anomalies 
and hemodynamic consequences like the dilated right heart or possible pulmonary 
hypertension. Transesophageal echocardiography has the advantage that it can access 
from the heart base aspect, therefore providing more clear images of the structures 
near the heart base. Right heart catherization can opacify the right heart chambers 
and venous vasculature but is limited that some small accessory and anomalous 
 vessels may be missed.

For obtaining the full picture of abnormal development of pulmonary veins, 
multidetector computed tomography and magnetic resonance imaging both can 
provide good images. The importance of advanced imaging modules in diagnosing 
these complex cardiovascular developmental diseases had been emphasized in these 
years [49, 50]. Both of multidetector computed tomography and magnetic resonance 
imaging are non-invasive, and they can offer multiplanar and three-dimensional 
reconstructive model. Small lesions and details can be further illustrated by contrast 
median. Lack of ionizing radiation is the advantage of magnetic resonance imag-
ing, but this procedure needs longer time and sedation which may be risky in some 
patients [53].

Generally, surgical repair is recommended at the time that TAPVC is diagnosed 
[56]. The surgical outcome is acceptable with the 6.6% of intraoperative and late 
death and 15% of recurrent pulmonary venous obstruction in the survivors. Risk 
factors for both undesired consequences including preoperative pulmonary venous 
obstruction, infra-cardiac type and mixed type [57]. This result emphasizes the 
importance of pre- and intra-operative assessment.

Partial anomalous pulmonary venous connection refers to equal to or more than 1, 
but not all, pulmonary veins being connected to the systemic venous circulation 
rather than the left atrium. Affected animals can exhibit no clinical signs or have 
symptoms associates with congestive heart failure and pulmonary hypertension. 
In the total of 6 veterinary cases, half of them were asymptomatic (2 miniature 
schnauzers [46] and 1 Devon Rex cat [49]) and the other half were presented with 
signs of decompensation (exercise intolerance in 1 Belgian Malinois dog [47], pulmo-
nary edema in 1 toy poodle [48] and 1 American shorthair kitten [50]). The severity 
of symptoms depends on the number of affected pulmonary veins, that is, the degree 
of left-to-right shunt. A ratio of pulmonary to systemic blood flow (Qp:Qs) can be 
used to estimate the magnitude of left-to-right shunt, and the ratio greater than 
1.5 to 2 is generally considered hemodynamic significant because the patient is at 
risk of pulmonary hypertension and heart failure, and surgical treatment is usually 
 recommended in these cases [58].
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According to the affected pulmonary veins, as many as 27 different anatomic 
variations had been proposed [59]. The characteristic of partial APVR in pediatric 
and adult populations varies significantly. In a prospective survey of pediatric 
patients, mostly (90%) were right-sided and in association of sinus venosus atrial 
septal defect [60]. In other two retrospective study that focused on adult (>18 years 
old), abnormal development of pulmonary vein from the left upper lobe was the most 
(ranging from 47–79%), followed by the right upper pulmonary vein (ranging from 
17–38%) [61, 62]. The human patients that were diagnosed in childhood were mostly 
symptomatic, and those that diagnosed until adulthood were usually an incidental 
finding. Related signs including dyspnea, orthopnea, fatigue, chest pain, palpitations, 
tachycardia, and peripheral edema [53].

Surgical repair of the PAPVC with different strategies (intracardiac baffle, pul-
monary vein implantation, or superior vena cava division with reimplantation on the 
right atrial appendage) in children showed excellent outcomes [60]. In a case series 
that only contain adult patients (20 to 66 years old), conservative management with 
close monitoring is recommended in asymptomatic patients, and the surgical out-
comes in symptomatic patients are usually excellent with low complication rate [63]. 
Sinus node dysfunction and postoperative venous stenosis are the possible conse-
quences followed surgery [64]. In a recent canine case, his PAPVC and sinus venosus 
ASD were successfully repaired by single-patch method under cardiopulmonary 
bypass. The patient remained stable and free of clinical signs in the following one 
year, suggesting that this is a valid treatment option for other similar case [48].

We can find that the terms of “connection”, “drainage” and “return” are all used in 
the literature to describe the abnormality. The “connection” indicates an anomalous 
venoatrial connection, whereas the word “drainage” or “return” describe the concept 
of abnormal pulmonary venous return despite normal anatomical connection [65]. 
Appropriate wording should be applied depending on the individual case. By review-
ing veterinary literature, the clinical manifestation of TAPVC or PAPVC can vary 
depending on the individual. Owing to the scarcity of these diseases, we still know 
little about them. Future reports, including studies before and after death, treatment 
options and related outcome, are warrant.

7. Conclusions

In this chapter, we describe the embryology, physiological function and con-
genital diseases associated with pulmonary veins. The developmental process of the 
cardiovascular system is complicated, and every step is crucial. The CTS, TAPVC 
and PAPVC are rare congenital cardiovascular diseases in human and other animals, 
and can be asymptomatic or life-threatening. The improvement of advance imaging 
modules helps in diagnosing these abnormalities, particularly those have multiple 
concurrent developmental diseases. Knowledges regarding to the treatment interven-
tion in the veterinary medicine is much less than the human medicine, further studies 
are welcome to provide more information.
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Abstract

Pericarditis in cattle can be classified as traumatic pericarditis (TP), idiopathic 
haemorrhagic, secondary to neoplasia or septic pericarditis due to haematogenous 
spread of organisms, such as Colibacilli or Pasturella. In cattle, pericardial disease 
most commonly develops from traumatic reticuloperitonitis (TRP). Bovine cardiac 
disease often has a poor prognosis, and this is worsened when clinical manifestations 
of heart failure are present. Euthanasia is the treatment of choice in many cases, but 
for pregnant or high value animals, treatment of disease is often the preferred option 
and an early diagnosis can provide a better prognosis in these cases. This chapter 
looks at the anatomy, physiology and presentation of TP. In addition, a more in depth 
look at cardiac troponin is presented alongside present and future diagnostic and 
prognostic methods, in addition to treatment options surrounding this clinically 
important problem.

Keywords: biochemistry, cardiac abnormality, cardiac troponin, cattle, haematology

1. Introduction

Pericarditis is defined as inflammation of the pericardium resulting in 
 accumulation of fluid or exudate between visceral and parietal pericardium and can 
be classified as traumatic pericarditis (TP), idiopathic haemorrhagic [1], neoplastic 
or septic [2, 3]. Haematogenous spread of organisms, such as Colibacilli or Pasturella 
species which commonly originate from pleuropneumonia, are most commonly 
involved. In cattle, [4] the most common classification of pericarditis is TP, result-
ing from traumatic reticuloperitonitis (TRP), the ingestion of sharp objects which 
migrate through the anterior wall of the reticulum, across the diaphragm and pen-
etrate the pericardium, in some cases extending into the myocardium [3, 4]. This can 
lead to pericarditis; which is defined as inflammation of the pericardium that results 
in accumulation of fluid or exudate between the visceral and parietal pericardium [2].



Updates on Veterinary Anatomy and Physiology

126

TP is one of the most common heart diseases reported in cattle [3]. From 1989 
to 1995, TP was one of the top 10 findings following necropsy examination of 321 
cattle at the University of Glasgow [5]. Clinical signs of the cardiovascular condi-
tion can vary greatly as they depend on the extent of disease progression, location 
of the foreign object, route of migration [6, 7], and potential for other diseases to 
present with similar signs [8]. Cases of TP do not commonly present until the later 
stages of the disease process when subsequent heart failure (HF) is evident [9] (see 
Figure 1). Due to varying clinical signs and late presentation of those signs, diagnosis 
can be difficult and often requires more than a clinical examination. Commonly used 
methods include echocardiogram, pericardiocentesis and blood analysis which help 
to determine the presence and extent of disease [11]. Unfortunately, these diagnos-
tic techniques are frequently not economically viable for clients in farm practice 
where expenses are usually focussed on herd health as opposed to the health of 
 individual stock.

Bovine cardiac disease often has a poor prognosis, which is worsened when clinical 
manifestations of HF are present. Euthanasia is the treatment of choice in many cases 
[11]. However, for pregnant or high value animals, treatment of disease is often the 
preferred option and an early diagnosis can provide a better prognosis in these cases 
[11]. With regards to TRP, recognition of pericardial involvement (TP) needs to be 
recognised as early as possible in the disease process to prevent further suffering of 
the animal and economic losses for the farmer. Ideally, a cheap and quick method 
of diagnosing pericarditis in cases of cattle with TRP should be established. In this 

Figure 1. 
Flowchart explanation of three potential outcomes of TP, with clarification of how HF can occur as a result of TP. 
Adapted from [10].
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review, we assess the recent research focusing on concentrations of cardiac biomark-
ers (specifically cardiac troponin 1 (cTnI)) in the serum of TP cattle and evaluate both 
the current and future capabilities of such tests. The advantages and limitations of 
other diagnostic techniques are also explored, with reference to survival rates of TP 
affected cattle.

2. Clinical examination

The main presenting complaints in cases of TP are often vague and non-specific; 
relating to milk drop, anorexia, lethargy, and weight loss [4, 10]. A review study 
demonstrated that in 60 animals diagnosed with fatal traumatic reticulitis (15 of 
which developed TP), the most common presenting sign was a sudden reduction in 
milk yield, which was observed in 68% of the cases.

Early signs of pericarditis, which can be detected through a clinical exam, include 
muffled heart sounds with associated splashing sounds, pericardial friction rubs, 
tachycardia, and pyrexia [10, 12]. Fluctuations in parameters such as rumen turnover, 
faecal output, heart rhythm, lung sounds and demeanour may also be found [12].

Pain is also an important component of TP which may present as bruxism, grunt-
ing, unwillingness to move, abducted elbows or a positive response to the cranial bar 
and withers test [10, 12]. Not all signs are present in every case, and they are also not 
exclusive to TP [12], other pathologies and physiological changes can be associated 
with such signs [11].

The signs mentioned above are also commonly seen in TRP cases irrespective of 
known TP development [7]. Clinical examinations alone have been shown to miss 
instances of TP. In a group of 28 animals which had TP, confirmed by necropsy, 
only 15 were diagnosed with TP using clinical examinations alone [13]. The lack of 
consistency in clinical signs between TP cattle is attributed to individuals present-
ing at different stages of disease with some showing evidence of HF. In addition, 
differences are observed as a result of the location of the foreign object, which 
specific anatomical structures the object has penetrated and the volume of fluid 
present in the pericardium [10]. Pregnancy and parturition have been also high-
lighted as possible contributing factors, due to increased pressure on the reticulum 
[13]. The variable degree of clinical signs and contributing factors associated with 
TP emphasises that only a tentative diagnosis can be made on clinical examination 
alone [4, 12, 14].

Some publications have emphasised that auscultation of the heart is the most 
significant aspect of a clinical exam in identifying pericarditis [3, 9]. Evidence of 
muffled heart sounds or other abnormal sounds such as splashing, tinkling, and rub-
bing are also commonly associated with pericarditis [11]. In a previous study, it was 
shown that muffled heart sounds had a sensitivity of 92% and specificity of 93% to 
pericarditis disease in 39 confirmed cases [6]. It should be noted that the presence of 
muffled heart sounds does not specify the type of pericarditis and the absence of such 
sounds does not necessarily rule out pericarditis [12]. Muffled heart sounds have also 
been demonstrated in other, non-cardiac diseases. One study observed muffled heart 
sounds in all 7 cases of pleurisy and all 5 cases of mediastinal abscesses, compared to 
only 39 of 55 TP cases [15]. This study also found that splashing and tinkling heart 
sounds were only found in the TP cattle, and not those with pleurisy or mediastinal 
abscesses. The presence or absence of tinkling sounds might help to rule in but not 
rule out TP.
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Abnormal heart sounds do not always remain constant within TP cases, their 
presentation can change daily and the severity and time frame of disease progression of 
each animal should also be taken into account [16]. This highlights the need to reas-
sess clinical signs in dubious cases. As well as auscultation, a full cardiac clinical exam 
should include assessment of mucous membrane colour, capillary refill time, a descrip-
tion of heart sound audibility and intensity with appreciation for cardiac rhythm and 
rate. In addition, pulse strength, rate, quality and the rhythm of both jugular and mam-
mary veins, auscultation of lung fields and percussion of the cardiac region to assess 
level of cardiac dullness should be conducted [12, 17]. This comprehensive assessment 
allows for clarification of the clinical status of each cow and indicates whether there is 
potential disruption of the cardiac system. This can help indicate the most likely disease 
responsible, however, further diagnostic approaches are needed to fully determine the 
underlying aetiology and type of pericarditis, if present.

HF is the penultimate stage of all heart disease due to failure of the compensatory 
mechanisms [18, 19] (see Figure 1). Any heart disease seen in cattle can present with or 
without clinical signs of HF, as demonstrated in previous cases of pericarditis [19, 20]. 
Most clinical signs associated with chronic late stage TP relate to congestive right sided 
HF which can present with signs such as jugular distension, submandibular and brisket 
oedema [4].

It should be noted that a lack of any of the aforementioned signs of TP found 
on clinical examination does not mean that TP is not present. A study using clinical 
examination alone identified that 2 of 28 cattle under investigation had TRP with no 
signs of TP. However, on post mortem examination it was discovered that all 28 cases 
had profound signs of TP. This demonstrated that the development of TP in cases of 
TRP cannot be excluded via clinical assessment alone.

TP has been reported as the most common cause of pericardial disease and conges-
tive heart failure (CHF) in cattle [15]. Despite this, other diseases should be consid-
ered when signs of congestive HF are apparent. Differentials include other causes of 

Clinical sign % affected (N) Reference

Tachycardia 85.7 (28) [13]

Decreased rumen turnover 82.1 (28) [13]

Milk drop 78.8 (85) [4, 13]

Weight loss 63.1 (57) [4]

Jugular vein distension 62.4 (85) [4, 13]

Tachypnoea 60.7 (28) [13]

Muffled heart sounds 57.6 (85) [4, 13]

Oedema 51.8 (85) [4, 13]

Anorexia 48.2 (85) [4, 13]

Pain (bruxism, muscle fasciculations or Grunting) 42.9 (28) [13]

Splashing heart sounds 25.0 (28) [13]

Pericardial friction rubs 7.14 (28) [13]

Tachyarrhythmia 3.57 (28) [13]

Table 1. 
Commonly observed clinical signs associated with TP in order of their frequency in scientific studies.
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pericarditis, bacterial endocarditis, primary dilated cardiomyopathy, congenital heart 
disease, cardiac lymphoma, mediastinal abscess and non-cardiac exudative pleurisy 
with much research evident on these other possible diseases too [10].

In conclusion, all differential diagnoses should be taken into careful consideration 
by the veterinarian when considering the presenting signs in suspected cases of TP. 
This is especially important in cases where presenting signs are vague or inconsistent. 
TP cannot always be ruled out by clinical examination alone and TP should always 
be considered when cattle present wit TRP. A full, cardiac clinical exam (Table 1) is 
paramount when reviewing the possibility of cardiac disease, to accurately provide 
diagnostic and prognostic information to the client.

3. Haematology and biochemistry

The most frequent reported haematological finding with TP is reduced clotting 
time indicated by the glutaraldehyde test in 93% of 28 TP cases which had presented 
with a heart rate of more than 100 bpm, distended jugular veins and abnormal heart 
sounds [12]. Other recorded signs include hyperfibrinogenaemia and leucocytosis 
with neutrophilia and lymphocytopenia [12]. Hyperproteinaemia, hypoalbuminae-
mia and hyperglobinaemia have also been consistently found in buffalo TP cases [21].

Haematology and biochemistry results only support findings indicated by clinical 
examination and provide limited additional information on underlying disease pro-
cesses. It has been previously stated that biochemistry and haematology results alone 
were not enough to differentiate between endocarditis, pericarditis and congenital 
heart defects in cattle and it could be argued that farmers’ money would be better 
spent on the use of other diagnostic techniques [6]. However, it could also be said 
that haematology and biochemistry results are necessary in order to rule out disease 
secondary to HF such as liver congestion which is commonly found secondary to HF. 
Haematology and biochemistry also gives an indication to the severity of the HF and 
therefore can be used to determine an accurate prognosis.

4. Radiographic imaging

Radiographic imaging is considered a useful method to identify metallic objects 
within the reticulum and adjacent structures, as well as highlighting findings such 
as cardiomegaly and abnormal cardiac shape [21]. One caveat of using radiography 
in late-stage pericarditis is that often, fibrinous deposits, adhesions, pleural effusion 
and pneumopericardium can be so severe that there is a profound loss in thoracic 
detail making it difficult to identify offending object(s) [6, 10, 22]. A lack of a foreign 
object seen on thoracic radiographs does not rule out TP, and as a result, the sensitiv-
ity of radiography as a diagnostic technique is limited [11, 22]. Additionally, in cases 
of extensive fluid accumulation or concurrent pleural effusion with TP, radiographic 
changes will be indistinguishable from other cardiac pathologies such as pleuritis [10].

5. Echocardiography

Ultrasonography is currently recognized as the preferred diagnostic method for 
investigating cardiac abnormalities, including pericardial effusion in cattle [11]. 
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Echocardiography is non-invasive and can be performed on the standing and compli-
ant animal on site [5]. This does not include evaluation via Doppler due to higher 
expense and problems with accessibility in farm practice. When carrying out an 
echocardiographic assessment it has been recommended that a 3–3.5 MHz transducer 
is used observing caudal long, caudal short and cranial long axis views on the right 
side and caudal long and cranial long axis views on the left side [23, 24].

Common signs noted within the literature relating to thoracic ultrasonography 
and echocardiography in TP cases include displacement of the heart away from the 
thoracic wall, increased echogenicity of the heart, generalized thickening of the 
pericardium and the presence of a hypoechoic fluid exudate between the parietal 
and visceral pericardium, which often contains echogenic fibrin deposits [6, 25]. 
As a result of fluid accumulation in the pericardium, causing a subsequent cardiac 
tamponade, compression of ventricles and reduced ventricular motility can also 
be observed [11, 26–28]. The ultrasonographic findings described provide strong 
evidence for the diagnosis of pericarditis.

Factors to consider when using echocardiogram include the training experience of 
the clinician, the views obtained and the restraint and position of the cow. To ensure 
a full and complete assessment, ultrasound images should also be obtained from the 
lung fields, mediastinum pleural space and abdominal region, extending the scan 
from the 3rd intercostal space to the 12th [15]. It has been suggested that a productive 
and conclusive echocardiogram would take 20 minutes to perform in a farm setting 
[29]. Studies have also highlighted the importance of assessing the reticulum in retro-
spect to the diaphragm in order to interpret signs of abscess formation, adhesions and 
peritonitis, which may occur alongside TP [21]. This subsequently adds additional 
time to the scanning session but is performed at the farmer’s request. In a study of 51 
healthy cattle, it was shown that differences in cattle temperament, body condition 
score and rib width can result in a lack of consistency between thoracic ultrasonogra-
phy assessments [26]. This further emphasises the importance of clinician experience 
when producing echocardiograms in cattle, alongside good anatomical comprehen-
sion to prevent over interpretation.

6. Ultrasound-guided pericardiocentesis

Ultrasonography alone is unable to explicitly determine the type of pericarditis 
which may be causing fluid accumulation in the pericardial sac. Pericardiocentesis 
is needed to characterise the fluid present and is often performed at the left fifth 
intercostal space, 2.5–10 cm dorsal to the olecranon [10]. Samples obtained from cases 
of TP are often malodourous, purulent, have elevated protein content (>3.5 g/dl) and 
on cytology show elevated white blood cells (>2500/μl) (mainly neutrophils) and the 
presence of mostly commensal bacteria [10]. In comparison to TP, idiopathic pericar-
ditis is rare and in these cases pericardiocentesis is often haemorrhagic. Clinical signs 
may also improve with the pericardiocentesis, unlike with TP [1, 28].

Risks with pericardiocentesis may be reduced when it is performed with ultrasound 
guidance rather than blind. However, these risks are still plausible and can include 
pneumothorax, cardiac puncture, pericardial fluid leakage and formation of arrhyth-
mias [13]. Pericardiocentesis has been described as a successful treatment option 
alongside pericardial lavage, pericardiostomy and rib resection in some cases of TP but 
evidence still remains variable [19]. Studies have shown that performing pericardiocen-
tesis can prolong life when an animal has TP and is pregnant, so that it may deliver [30].
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7. Necropsy

A definitive diagnosis of TP can be provided via post-mortem examination and this 
is carried out in most academic studies to allow correlation to other clinical findings 
[6, 11]. On necropsy, a malodourous, fibrinous to purulent pericarditis with extensive 
adhesions is found in TP cases. Other changes are also frequently found within the 
thorax and abdomen; these commonly include a congested liver, hepatomegaly, liver 
abscessation and peritoneal effusion [6, 11]. Sometimes the foreign object is located 
penetrating through the reticulum, diaphragm and pericardium, but not always [4, 11].

8. Serum cardiac troponin

Studies across many species have demonstrated the specificity of cardiac  troponin 
to the heart muscle, and elevated levels of cardiac troponin subunits, especially cTnI, 
which shows a positive correlation with acute myocardial damage [31, 32]. Cardiac 
biomarkers have therefore been studied in farm practice following the need for an 
accessible and cheap method of detecting cardiac damage. Analysis of cardiac bio-
markers in serum samples of TRP affected cattle could provide information on the 
prognosis and has the potential to surpass other diagnostic techniques especially in 
reference to TP [33–35].

There is a significant difference in cTnI levels between healthy cattle and those 
with cardiac disease. A study found that serum cTnI was higher in 4 out of 5 con-
firmed pericarditis cases, compared to 34 healthy control animals [36]. In a different 
study which used a cut off value of 0.08 ng/ml, elevated levels of cTnI was observed 
in 14/18 pericarditis cases, 12/15 endocarditis cases, 5/10 congenital heart defect 
cases, 3/7 mediastinal abscesses, 3/5 caudal vena cava thrombosis cases and in 4/13 
cattle with chronic suppurative pneumonia [33]. All of these conditions were con-
firmed at necropsy. By investigating the concentrations of cTnI in 40 perceptively 
healthy cattle another study concluded that the normal range of cTnI in normal, 
healthy, lactating (Holstein) dairy cattle was 0.00–0.05 ng/ml (using iSTAT- immu-
noassay). Although, serum cTnI concentrations are usually increased with cardiac 
disease in cattle, this parameter cannot be used to differentiate pericarditis from 
other heart diseases (Figure 2), or to differentiate primary cardiac disease from other 

Figure 2. 
Sensitivity and specificity of cTnI as a test for various cardiovascular diseases including two studies on pericarditis. 
Information adapted from Pericarditis A [37], and Pericarditis B, endocarditis, congenital heart defect, 
mediastinal abscess, caudal vena cava thrombosis, chronic suppurative pneumonia [34].
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non-cardiac, intrathoracic diseases [33, 36, 37]. Despite the research conducted to 
date, further studies are also necessary in order to confirm the normal range of cTnI 
in healthy cattle which can then be used to determine specific cut off values for use in 
disease assessment. However, standardization of cTnI assays is difficult due to the use 
of different antibodies in differing assays [38]. Additionally, the assays used in cTnI 
investigations were designed for use in human medicine, cattle specific assays may be 
more appropriate.

Whilst comparison of serum cTnI levels between cardiac diseases has not been 
fully established, an additional complicating factor is non-cardiac disease. Elevated 
cTnI levels have been demonstrated in non-cardiac intrathoracic and non-intratho-
racic diseases in cattle. The concentrations of serum cTnI in cattle with metritis, 
mastitis, left displaced abomasum, downer cow syndrome and other calving and 
post-calving complications determined that in 43 of the 53 diseased cattle cTnI values 
were above the cut off value of 0.02 ng/ml [39]. Cattle with downer cow syndrome 
showed the highest levels of serum cTnI out of these diseases, with a maximum value 
of 27 ng/ml. This illustrates the need to consider secondary myocardial involvement 
as a result of other disease processes [39] and again, it reflects the importance of a 
thorough clinical exam. The research also found that non-surviving diseased cows 
(which died or were euthanized) had significantly higher median cTnI than surviv-
ing cows and that the cTnI in healthy cows was in the undetectable range (<0.02 ng/
ml). However, it was concluded that further standardization studies are necessary to 
confirm such claims.

Using cTnI to detect TP and therefore determine the prognosis for cattle with TRP 
has been investigated [40]. Investigations found that measurement of serum cTnI in 
cattle with TRP could potentially provide an earlier diagnosis of TP. Making an early 
diagnosis of TP could save time and money for the vet and farmer and reduce suffer-
ing for cattle, since treatment, at present, is generally unrewarding and the prognosis 
is poor particularly when diagnoses are made further along the disease process [10].

Concentrations of cTnI have been recorded in cattle with confirmed TRP to try 
and show possible myocardial degeneration [37]. In 55% of confirmed TRP cases, 
significantly elevated levels (>0.3 ng/ml) of cTnI were observed, with the mean cTnI 
recorded at 3.26 ng/ml (standard deviation of 2.1 ng/ml). This compares to 0.052 ng/
ml mean serum cTnI (standard deviation 0.001 ng/ml) recorded in 10 healthy control 
animals that were used in the study.

It should be considered that elevated cTnI levels in the serum of TRP affected 
cattle may not correlate directly with the severity of myocardial damage. No post-
mortem examinations, echocardiograms or thorough clinical examinations were 
described in the report, therefore potential correlations of cTnI concentration and 
the stage/severity of disease could not be established [37]. A positive correlation 
between the magnitude of cTnI increase and the severity of myocardial damage on 
histopathology has been demonstrated in cattle with monesin toxicosis [41] and in 
calves with Foot and Mouth disease [35]. Another study [36] concluded that increased 
serum cTnI might be more likely in acute presentations of TP compared to chronic 
cases, as is seen in human medicine. This emphasizes a need to consider the magni-
tude of the rise in serum cardiac biomarker levels over a significant timeframe.

A more recent study [42] assessed other cardiac biomarkers including heart-type 
fatty acid-binding protein (H-FABP), Pentraxin-3 (PTX-3) and thrombomodulin 
(TM) in cases of TP in cattle. There were significantly elevated H-FABP, TM and 
PTX-3 levels in the 25 Holstein TP positive cattle compared to 10 healthy control 
animals. The elevations in these biomarkers positively correlated with elevations 
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in cTnI. However, it was concluded that there is a need to correlate cTnI levels with 
other cardiac biomarkers not just in TP but also other cardiac diseases. Additionally 
the need to correlate H-FABP, PTX-3 and TM to necropsy and histological findings in 
TP has been highlighted. The use of multiple cardiac biomarkers in such cases could 
help to further confirm thoughts of pericardial involvement when no cardiac signs 
are observed clinically and this could assist with determining prognosis before the 
expense of treatment is pursued [42].

9. Conclusion

In this review, we have identified the need for a gold standard cardiac examination 
to be performed in all ruminant cases where cardiac disease is suspected. We have 
also re-emphasised the ability for echocardiogram and pericardiocentesis to provide a 
diagnosis of TP. These methods are also required to help review and evaluate the use 
of cTnI as a possible indicator of prognosis in TRP with TP. We highlight the need to 
correlate serum cTnI levels and other cardiac biomarkers to the severity of myocardial 
damage present, and the correlation of such values to the stage of TP via findings on 
echocardiogram, necropsy examination and histopathology. There is also a need to 
carry out further research into serum cTnI in larger cohorts of cattle over a significant 
time-frame starting from initial TRP through to severe TP cases, in order to validate 
its use as a commercially viable and dependable parameter. In order to do this, specific 
cut off values for disease level and severity, and a normal cattle cTnI reference range 
still needs to be defined.

However, this review suggests that with further investigation and if proven to be 
reliable, serum cardiac biomarkers such as cTnI have the potential to revolutionise 
diagnosis of traumatic pericarditis in cattle.
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Abstract

This review presents new aspects to understanding the neuroendocrine regulation of 
equine stress responses, and their influences on the physiological, pathophysiological, 
and behavioral processes. Horse management, in essence, is more frequently confirmed 
by external and internal stress factors, than in other domestic animals. Regardless of the 
nature of the stimulus, the equine stress response is an effective and highly conservative 
set of interconnected relationships designed to maintain physiological integrity even in 
the most challenging circumstances (e.g., orthopedic injuries, abdominal pain, trans-
port, competitions, weaning, surgery, and inflammation). The equine stress response is 
commonly a complementary homeostatic mechanism that provides protection (not an 
adaptation) when the body is disturbed or threatened. It activates numerous neural and 
hormonal networks to optimize metabolic, cardiovascular, musculoskeletal, and immu-
nological functions. This review looks into the various mechanisms involved in stress 
responses, stress-related diseases, and assessment, prevention or control, and manage-
ment of these diseases and stress. Stress-related diseases can not only be identified and 
assessed better, given the latest research and techniques but also prevented or controlled.

Keywords: equine stress, physiology, pathophysiology, neuroendocrine regulation

1. Introduction

Despite approximately 100 years of intensive research (and more than 1 million 
citations in PubMed), stress, due to its multidimensional characteristics, remains a 
problematic concept not only in equine but also in human medicine; even today there is 
not a consensus on the question of what is stress? Stress may be defined as a relationship 
between an organism and external or internal factors that act to disrupt homeostasis. 
It has been suggested that “Living beings have evolved various specific and nespecidic 
reactions and pathways to mitigate the detrimental effects of stress to restore homeosta-
sis” [1]. Thus, common acute stress responses can be evaluated as a process of constant 
flow moving around a homeostatic point, which is the optimal state for the existence of 
living beings (including horses). However, this definition also leads to a broader concept 
of stress, since it can include all temporary physiological adaptations to any change in 
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the environment. All living organisms, from the bacterium, to the horse or human, live 
(and lived) in potentially dangerous conditions, and in the process of evolution, they 
have developed specific protection mechanisms to survive before leaving offspring. 
There is not a consensus whether the highly variable stress environment promotes adap-
tation and the process of evolution itself, or only contributes to reflex defense [2]. In any 
case, stress responses in living organisms are constitutional—genetically programmed 
and are constantly modulated by environmental factors in the form of the gene–envi-
ronment interactions [3, 4]. Thus, equine temperament traits (e.g., neophobic and 
neurotic behavior) that are known to be heritable strongly influence the intensity of 
the animal’s stress response [4, 5]. Various specific equine genes influencing behavior 
have been identified [6]. For example, a frustration-related stress behavior in stabled 
horses is linked to an A–G substitution in the DRD4 (dopamine receptor) gene [7]. 
Additionally, it was found that an “A” variation of the G292A version of the DRD4 gene 
contributes to decreased curiosity and increased vigilance, and was more prevalent in 
Thoroughbreds compared with native breeds [8].

In the stress-induced disturbance of hemostasis or a possible threat to it, it is 
commonly noticed that a nonspecific multisystem three-stage body response occurs, 
which the famous Canadian endocrinologist Dr. Hans Selye (1907–1982) first 
termed the General Adaptation Syndrome (GAS) [9]. An alarm is the first stage or 
wave, where animals through a high concentration of catecholamines and activation 
primarily of cardiovascular, respiratory, and locomotory systems, and large energy 
consumption, trying to cope with adverse, threatening situations, or to escape from 
them (“fight-flight-or-freeze” response). In free nature, horses show usual a proac-
tive response—flight (fearful behavior), rather than fight (or aggressive-dominant 
behavior), and this is considered a fundamental natural survival mechanism that 
increases protection in a threat environment. Logically, without this alarm phase 
developing through evolution, the horses would have no chance of escaping predators 
and ensuring their survival and continuation of the species. Occasionally, in “human 
controlled” environments, horses in the alarm phase show a passive response that 
involves behavioral inhibition, with lower locomotion, immobility, or withdrawal, 
but with focused attention. Which reaction horses show depends on the stress factors, 
and the reactivity of the neuroendocrine and sympathetic nervous systems. In this 
first wave of the stress response, within seconds there is an increased release of cat-
echolamines, and it has been noticed that there is also increased secretion of corti-
cotropin-releasing hormone (CRF), prolactin, growth hormone, and glucagon, and a 
decrease in the release of hypothalamic gonadotropin-releasing hormone (GnRH).

If the stressful situation is not resolved, the horse’s body uses its additional energy 
resources and activates other physiological systems to protect or adapt to the stressful 
condition. This is the resistance stage. In this phase or the second wave, an increase 
in the concentration of glucocorticoids is mainly noticed. If the physiological com-
pensatory mechanisms have succeeded in overcoming the stress, the recovery stage 
is entered. In contrast, if the animal body has used up its resources and is unable 
to maintain normal homeostasis that leads to the stage of exhaustion with various 
pathophysiological changes occurring.

2. Equine stress factors

There is wide consensus, that horses, by the nature of their use and manage-
ment, are more likely to be exposed to different stressor factors compared to other 
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domesticated animals. There are numerous equine stress factors, these can roughly 
be divided into internal and external, acute and chronic, physical and psychological, 
but more often horses are exposed to numerous stress factors at the same time. From 
a pathophysiological and clinical point of view, strangulation intestinal obstruction 
causes the strongest equine stress response, as it is accompanied by several stress 
factors at the same time. Firstly, there is severe abdominal pain (through tissue 
damage and intestinal distension) [10]. Secondly, there is the occurrence of intestinal 
dysbacteriosis with the release of LPS, which triggers an increased concentration of 
proinflammatory cytokine and the development of severe endotoxic shock [11]. The 
treatment of such horses in equine clinics and the associated changes in environ-
mental conditions (other stables, unknown people, and other horses) significantly 
enhance the stressful response [12]. If such horses undergo abdominal surgery and 
general anesthesia, this will increase stress exposure placed on the animals [13]. 
Numerous other equine stress factors also exist, for example for used horses in sports 
and competition there are associated transport conditions, the novelty of their 
surroundings, exposure to a noisy public, and physical overload [14, 15]. Physical 
exercise is a stress condition solicited in the organism creating a new dynamic equilib-
rium that requires adaptive responses. Exercise-induced stress is often proportional 
to the horse’s competition level [16]. Water or food deprivation (after intestinal 
surgery), metabolic disorders by various equine diseases (acidosis, hypovolemia, elec-
trolyte imbalance, and hypoglycemia), and inflammation also cause a stress response 
[17, 18]. Temporarily limited but very intensive psychological loads are exposed to 
foals at weaning [19, 20]. The lack of activity, for example constantly staying in a stall, 
stabling, and isolation without social contact with other horses, causes most horses to 
undergo chronic stress responses [21]. It should be taken into account that different 
horses may show stress in specific ways, and some horses respond better to stressful 
situations than others. The adaptive response of each horse to stress is determined by 
a multiplicity of genetic, environmental, and developmental factors. Equine stress 
response in horses is also dependent on the animal’s perception of the situation. It is 
considered in human and equine medicine that the crucial factor that determines if 
a psychological stressor has a negative, neutral, or even positive outcome, is whether 
the central nervous system (CNS) perceives to be in control of the situation or not 
[22]. Certainly, it has an important role has the experience of the horse. Frequently, 
most horses appear to fear novel situations, and these are perceived as being threaten-
ing. In addition to all of the above, nervous riders or veterinary personnel may cause 
a horse to behave more reactively because they present as ambiguous stimuli [23]. 
Undoubtedly, nervous people also transmit their fear to horses, which enhances the 
equine stress response. It is well known that horses recognize angry human faces and 
interpret them as negative [24].

3. Neuroendocrine regulation of equine stress reaction

In contrast to rodents or humans, horses are not as well studied with regards to the 
neuroendocrine regulation of stress response, especially at the acellular and molecu-
lar level in brain structures, therefore rodent and human results will be partially 
extrapolated to horses in this review. For a long time, researchers suggested that the 
sympathetic-adrenal medullary (SAM) and hypothalamic–pituitary–adrenal (HPA) 
axis play the main role in stress responses [25–27]. This theory, up to the present, 
seems to limit or oversimplify the weight aspect of the animal’s stress response. 
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There is almost no tissue or cell in animals (including microbiota) that, directly or 
indirectly, does not play some role in the maintenance of homeostasis during the 
acute or chronic stress response [28]. In a simplified version, the stress systems in 
horses have two essential components—controllers and effectors. The controllers or 
receptors of sensory systems monitor the value of the regulated homeostatic parameter 
which they are customized, compare it to the reference value and generate a neural 
(or hormonal) signal that is proportional to the absolute value of the difference. If the 
sensory signal is interpreted in the CNS as a threat, this will be acted upon through 
various pathways affecting different effectors, which creates physiological reactions 
into or out of the system in order to bring the controlled variable closer to the refer-
ence value [29]. Equine homeostasis is usually maintained through complex, coordi-
nated mechanisms of self-regulation, among which feedback plays an important, but 
not determinative role.

The first step in the stress response is the perception of a stressor through the 
sensory system, which is composed of sensory receptor cells, neural and blood 
pathways, and parts of the brain involved in sensory perception. The brain interprets 
them as either a real or a potential threat, which triggers nonspecific and specific 
stress responses that are commensurate with the nature of the stimulus (Figure 1) 
[30]. Thus, the physical stressors which are well studied, for example, pain and blood 
loss, require an immediate “systemic” reflex reaction. On the other hand, the equine 
brain also responds to non-physical or “psychogenic” stressors (for example transport 
or weaning) based on prior experience [20, 31].

Sensory systems code for four aspects of different stress stimuli—type, intensity, 
location, and duration [32]. There are different receptors monitoring equine homeo-
stasis, and among them, the nociceptors have the most important role in the induc-
tion of the acute stress reaction. As a reaction to physical trauma or another noxious 
stimulus, nociceptors send sensory stimulation primarily through to the preganglionic 
sympathetic neurons in the intermediolateral cell column of the thoracolumbar spinal 
cord, and from there further through the neospinothalamic, paleospinothalamic 
and archispinothalamic tract to different thalamic “relay” neurons [33]. Then, the 
thalamus sends the noxious signal to other brain structures, which initiate, spread, 
memorize, and cessation in an equine stress reaction [34]. As a reaction to homeo-
static imbalance or inflammation, the brainstem is also able to generate rapid stress 
responses via direct projections of neurons in the paraventricular nucleus of the 
hypothalamus (PVN) or to preganglionic autonomic neurons [35]. It is considered 
that information on blood volume or oxygenation is communicated via baro- and 
chemoreceptors to the nucleus of the tractus solitarius (NTS), which then send direct 
noradrenergic projections to the PVN, ensuring a rapid HPA axis response [31]. 
The forebrain limbic regions (which mediate psychogenic stressors) have no direct 
connections with the HPA axis or the SAM, and thus require intervening synapses 
(primarily to the locus coreleus, amygdala, and bed nucleus of the stria terminalis), 
prior to initiating a stress response [35, 36].

Nociceptors, interneurons, and “relay” neurons of the thalamus release a variety 
of excitation (pain) neurotransmitters, primarily, the substance P (SP), neurokinin 
A, Glutamat, calcitonin-gene-related peptide (CGRP), and cholecystokinin [37]. 
Recently, in the equine thalamic reticular neurons (TRN neurons), unique dopaminer-
gic projections to the thalamic relay neurons were found, whereas in primates this input 
arises from a variety of dopaminergic neurons within the classically defined catechol-
aminergic system [38]. This possibly novel, potentially dopaminergic, projection upon 
thalamic relay neurons within the equids may play a modulatory role in the output of 
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thalamic relay neurons to other structures of the brain [38]. It is considered, that these 
neurons have a strong influence on the processing of neural information, potentially 
providing the equid cerebral cortex with neural information that has a lower signal-
to-noise ratio, making the extraction of salient neural information more precise than 
observed in other mammals [39]. The presence of catecholamines in the TRN neurons 
modifies stress behavior and may play a role in the various aspects of sleep observed 
in equids. It is well known that sleep in equids appears to be unusual, as they are short 
sleepers (around 2.9–3.3 hours per day), and have brief sleep cycles of around 15 min, 
with a non-rapid eye movement (REM) phase followed by a brief REM phase (less than 
30 s), mostly while standing [40]. Undoubtedly, this evolutionary trait in horses on a 
daily basis supports a quick and effective alarm response to various acute stress factors.

After receiving a threat sensory information, most researchers argued that two 
areas of the brain have distinctive important roles in the stress reaction—the cat-
echolaminergic neurons in the locus coeruleus (LC-NA system), which are mainly 

Figure 1. 
Schematic representation of the central and peripheral components with regulatory pathways involved 
in the equine stress response caused by colic disease. LC/NE, locus coeruleus/norepinephrine system; SNS, 
sympathetic nervous system; PVN, paraventricular nucleus; BST, bed nucleus of the stria terminalis; POMC, 
proopiomelanocortin; CRH, corticotropin-releasing hormone; VP, vasopressin; GABA, γ-aminobutyric acid; 
ACTH, adrenocorticotropic hormone; NPY, neuropeptide Y; SP, substance P; Ach, acetylcholine; PACAP, 
pituitary adenylate cyclase-activating polypeptide; LPS, lipopolysaccharide; NA, norepinephrine; E, epinephrine; 
DA, dopamine. Activation is represented by green lines, inhibition by red lines and auto regulatory feedback loop 
by red dashed lines.
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responsible for activation of the SAM axis, and the hypothalamus, which is respon-
sible for activation of HPA axis (Figure 1) [41–43]. Furthermore, other brain circuits 
modulate and fine-tune the adaptive or protective stress responses, including the 
amygdala-hippocampus complex, the mesocortical and mesolimbic components of 
the dopaminergic system, the noradrenergic cell group A2/C2 in the solitary nucleus, 
the A1/C1 cell groups in the ventrolateral medulla, the cuneiform nucleus and dorsal 
raphe nucleus, the parabrachial nucleus, and the bed nucleus of the stria terminalis 
[44, 45]. These structures are responsible for releasing various excitatory and inhibi-
tory neurotransmitters, via overlapping brain circuits, in accordance with stressor 
modality or intensity. In addition, an alteration of the parasympathetic nervous sys-
tem (PNS) with attenuation of the “vagal tone” of the heart and lungs occurs to help 
control the duration of activation of the SAM axis. Reconciliation of the PNS response 
to stress is mediated via the nucleus ambiguus and dorsal motor nucleus of the vagus 
nerve, possibly via input from the nucleus of the solitary tract [45].

3.1 LC/NE-sympathetic systems in the equine stress reaction

The locus coeruleus (LC) with noradrenergic neurons have been expressly impli-
cated in the initiation and speed of acute physiological and behavioral stress changes 
in rodents and humans (likely in horses) [41, 42, 46, 47]. Extrapolation of results from 
other species to a horse should be performed with caution, to obtain a remarkable 
difference between equid and other animals because catecholamine metabolites are 
mostly glucuroconjugated and not sulfoconjugated [48]. LC receives inputs, not only 
from the spinal cord and thalamus, but also from the hypothalamus, medial prefrontal 
cortex, nucleus prepositus hypoglossi, and nucleus paragigantocellularis [49]. LPS 
(endotoxin) associated release proinflammatory cytokines (IL-1β, IL-6, and TNF-α) 
also facilitate norepinephrine (NA) release in LC [50]. Likely, this endotoxic activation 
of LC is especially important in horses with strangulation intestinal obstruction. After 
input activation, the noradrenergic neurons in the LC send then excitatory signals to 
different areas of the brain and to the spinal cord that are accompanied primarily by 
the alarm phase of the acute stress response [49]. Amplification of LC activity leads 
to increased signs of alertness in electroencephalographic (EEG) analysis [51]. The 
LC-NA system, through projections to the sympathetic preganglionic neurons in the 
spinal cord with activation of α1-adrenoceptors, increases sympathetic activity and 
reduces parasympathetic activity, via the activation of α2-adrenoceptors on pregangli-
onic parasympathetic neurons [49, 52, 53]. Therefore, activation of the LC-NA system 
within seconds leads to the activation of the equine adrenal medulla (SAM), with a 
distant release of norepinephrine (NA) and other catecholamines—epinephrine (E) 
and dopamine (Figure 1). Consequently, this chain process in the alarm stress phase 
is more correctly denoted as activation of the LC-NA-sympathetic system, instead of 
activation of the SAM. In addition to NA release, the sympathetic nerve fibers also 
secrete adenosine triphosphate (ATP) and the neuropeptide Y (NPY), which enhance 
the systemic action of the catecholamines [54]. Accompanying the LC-NA-sympathetic 
system, the synthesis of E in the adrenal medulla partially stimulates the ACTH, 
cortisol, and pituitary adenylate cyclase-activating polypeptide (PACAP) [55].

3.1.1 Concentrations of equine epinephrine

The concentration of equine E in the blood depends on the tone of the sympathetic 
system, as it is associated with active escape, attack, and fear. In nonstress horses, 
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blood concentrations of E show a circadian rhythm. The mean plasma E concentra-
tions were highest in the morning (~ 30 pg./ml at 8:00 hr), with a significant nadir in 
the sleeping phase at 04:00 hr. (~18 ng/ml) [56]. The concentrations of E increase up 
to 21 times higher during severe acute stress (fear, trauma) and intense physical activ-
ity [57]. The circadian rhythm of NA also exists, at 08:00 in the nonstressed horse, it 
was found to be 70–80 pg./ml, with the nadir observed at night (~50 pg./ml) [56]. In 
equine physical exercise stress, the NA concentration increases approximately 13-fold 
[58]. Thus, the response plasma levels of E and NA during exercise or other forms of 
acute stress in the horse is considerably greater than in people. The difference between 
horses and humans in SAM activity may help explain the superiority of the athletic 
performance of equine athletes compared to that of human athletes [59]. In horses 
during exercise, the increase in plasma NA is almost linearly proportional to exercise 
intensity, being higher after brief maximal exercise than after an endurance ride [58]. 
On the contrary, a marked increase in plasma E only occurs during strenuous exercise, 
especially if it is accompanied by psychogenic stress.

3.1.2 Roles of equine catecholamines

Basically, the equine catecholamines regulate many biochemical processes 
involved in energy metabolism, as well as the physical homeostasis adaptation 
associated with acute and rapid stress responses. Equine catecholamines have a strong 
impact on the bone marrow and spleen to enable the mobilization of additional 
blood. It has long been known that during the resting phase of horses, approximately 
50–60% of blood (i.e., more than 20 L) is kept within reservoirs, in comparison to 
dogs (20–25%) and humans (12%) [60]. Consequently, during the alarm phase of 
the equine stress response, the splenic contraction under adrenergic control, ejects 
reservoir blood into the circulation, following significant increases in the hematocrit 
levels and concentrations of the erythrocytes, leucocytes, thrombocytes, hemoglo-
bin, and plasma protein. The normal human spleen, unlike the horse spleen, does 
not contain many smooth muscle adrenergic receptors; therefore, it cannot strongly 
contract. Thus, the equine splenic contractile response to the various stress factors is 
more sensitive than that of any other species [60].

An increase in catecholamine release within the alarm phase leads to significant 
magnification of equine cardiac function. The cardiovascular system in horses is more 
stress sensitive than that of any other domestic species, as the increase in heart rate 
(HR), stroke volume (SV), cardiac output (CO), and blood pressure (BP) is enormous 
during an acute alarm stress reaction [61]. Independent of stress factors and its inten-
sity, and through catecholamine binding to β1 receptors in adult thoroughbreds (TB) 
horses, it was noticed that increasing the HR to 240 beats per minute (at rest 30–40 
beats per minute), the SV to 1200 ml (at rest 900 ml), the BP to 250/120 mmHg (at rest 
155/110 mmHg), the CO reached 240–340 l/min [62]. In nonstress horses, the CO is 
about 40 l/min, that is, by intense acute stress in horses is possible a 7–8 fold increase 
in cardiac function, in contrast to human athletes at approximately 2-fold [63, 64]. 
Commonly, these changes in cardiovascular parameters by acute stress horses are for a 
short time (5–60 sec), are intensively energy-consuming and straining, and the cat-
echolamine concentrations quickly return to their resting levels [65]. It should also be 
remembered that these equine cardiovascular changes in acute stress are not only related 
to the increasing activities of the SNS and catecholamines but are also controlled by 
other vasoactive hormones, for example through plasma renin activity, atrial natriuretic 
peptide, endothelin-1 and vasopressin in the renin–angiotensin–aldosterone system.
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3.1.3 Physiological changes during equine stress

Horses have a normal resting respiratory rate (RR) of 12–20 breaths per minute. 
During the onset of acute severe stress, in accordance with the body’s need for oxygen, 
the RR rises as high as 180 breaths per minute [66]. In an adult TB horse at rest, the tidal 
volume (TV) is about 4–7 liters, rising to a maximum of about 10 liters during intense 
stress exercise [67]. When breathing at rest the dead space accounts for about 70% of the 
TV and the alveolar volume is around 30%. With exercise stress, there is a large increase 
in alveolar volume and a small increase in dead space. In adult nonstressed horses, the 
amount of air passing in and out of the lungs per minute (MV) is approximately 100 l/
min. At maximal stress exercise, the MV reached 1500 l/min (due to a 7-fold increase in 
RR and a 2-fold increase in TV) [66]. Rate and depth of breathing are controlled in part 
by chemoreceptors in the blood vessels which respond to changes in pH, arterial oxygen, 
and carbon dioxide tension. When in gallop (stress flight) the RR is coupled with stride 
rate and so the mechanics of locomotion override the chemical control of breathing. This 
unique equine phenomenon is known as locomotor-respiratory coupling [68]. When 
exercise ceases, the RR decreases due to the cessation of the locomotor forces that drive 
respiration. These equine physiological and anatomic adaptations allow an extremely 
high maximal rate of use per minute of O2 consumption (VO2 max). By strenuous 
 physical (stress) horse activity the VO2 max reaches up to 200 ml/kg/min [66].

In addition, via stress activation of the LC-NA-sympathetic system, it has been 
noticed in horses (through contraction of the m. iris dilator) mydriasis with the 
appearance of tunnel vision (i.e., loss of peripheral vision) and increased body tem-
perature, following sweating and suppression of secretion of the lacrimal and saliva 
glands can occur. In stressed animals, it was also noticed that decreases in gastrointes-
tinal mobility, blood flow, and secretion could happen [69]. In the alarm phase of the 
stress response through catecholamines (but also through glucocorticoids), the horse’s 
blood clotting function is accelerated to prevent excessive blood loss in the event of 
an injury sustained during the potential “stress fight response” [70, 71]. In the alarm 
phase of the equine stress response, it was noted that different immune functions 
were enhanced, through catecholamines binding to β-2 adrenergic receptors on 
immune cells (primarily on the NK cells), as well as through blood mobilization and 
direct sympathetic innervation of lymphoid organs (Figure 1) [72–74].

3.1.4 Catecholamines during stress responses

Catecholamines in an alarm phase of stress response vie β-2 adrenergic receptors 
induce significant lipolysis with increasing concentrations of blood fatty acids, that 
can be used directly as energy sources primarily by the locomotor system [75]. In 
different animal studies, it has been found that catecholamines, through α-adrenergic 
receptor binding, provoke inhibition of insulin secretion and significantly increased 
concentrations of glucagon (mediated through binding to the β-adrenergic receptor), 
and glucose, as a result of increasing either glycogenolysis or by gluconeogenesis [76, 
77]. Additionally, catecholamine stimulation also releases ACTH, cortisol, and renin 
following the retention of sodium in the bloodstream [78].

Numerous other physiological reactions of catecholamines have also been noticed, 
which lead to the equine body producing additional speed and strength. For example, 
via the binding of alpha-1 adrenergic receptors by NA, it was noted that vasoconstric-
tion of most blood vessels occurred in the skin, digestive tract, and kidneys [78]. 
These receptors are inhibited and counterbalanced by beta-2 adrenergic receptors 



147

Equine Stress: Neuroendocrine Physiology and Pathophysiology
DOI: http://dx.doi.org/10.5772/intechopen.105045

(stimulated by E release from the adrenal glands) in the skeletal muscles, heart, 
lungs, and the brain during a SAM response. At rest, in horses, only about 15% of 
the circulating blood is delivered to the muscles, but this increases to as much as 85% 
during strenuous stress exercise [66]. In other words, in the alarm phase of the stress 
response, through the activation of the LC-NA-sympathetic system, oxygen, and 
nutrient delivery is directed toward the CNS and areas of the body (primarily the car-
diovascular and respiratory systems), where they are most needed to cope and escape 
from threat factors. In contrast, during severe acute stress responses other energy-
consuming functions, such as digestion, reproduction, and growth, are temporally 
suppressed [59, 79, 80]. These changes are conditional and strongly depend on the 
type, intensity, and frequency of the stress factor. Thus, during equine stress exercise, 
a different picture of the hormonal background is observed in horses.

3.2 HPA axis in the equine stress reaction

In the second phase of the stress response (the stage of resistance), it is commonly 
observed that a strong activation of the HPA axis and the renin–angiotensin system 
(RAS) occurs, although a strict distinction between these stress phases is difficult 
to conclusively make as the reactions are dependent on the stress factor [81]. The 
intensity and frequency of the stressor is a major factor in determining the overall tra-
jectory of the HPA axis response, with significantly increasing concentrations of the 
corticotropin-releasing factor (CRF), adrenocorticotropic hormone (ACTH), vaso-
pressin (VP), and cortisol. Stressors of a presumptive “lesser” severity (for example 
the horse having 5 min exposure to a novel open field) produce lower peaks in HPA 
activation, in contrast to severe abdominal pain following, for example, an intestinal 
obstruction. The main goal of strongly activating the HPA axis during a stress reac-
tion is the reinforcement of the homeostatic mechanisms and to provide additional 
energy through enhanced glycogenolysis, gluconeogenesis, and lipolysis [82, 83].

Usually, activation of the HPA axis is slightly slower than the activation of the 
LA-NA–sympathetic system. Commonly, after the onset of stress factor, the con-
centration of CRF rises immediately (as do concentrations of the NA), but the peak 
secretion of pituitary ACTH occurs around 5–15 s later, followed by the peak levels 
of cortisol 15 and 60 min later [84, 85]. There are also differences here, which are 
dependent on the stress factor. Commonly, various inflammatory stimuli cause 
prolonged HPA axis activation (2–3 hours after onset) commensurate with the need 
to limit immune responses [86].

3.2.1 Equine CRF

Equine CRF is a 41-amino acid peptide identical in structure to human and rat 
CRF. CRH is produced primarily by parvocellular neuroendocrine cells within the 
PVN, but this neuropeptide and specific CRH receptors have been identified in 
numerous extra hypothalamic regions of the brain, including the pituitary and adre-
nal glands [81, 87]. In addition to stimulating the secretion of the ACTH, CRH coordi-
nates various physiological and behavioral responses, for example, induced anorectic 
effect, stereotyped behaviors, and enhancing the activity of the SNS [88]. Thus, one 
of the central actions of CRF is to appropriately facilitate “fight or flight” responses 
[89]. Besides this, CRF during stress responses inhibits, particularly, the secretion of 
GnRH, LH, testosterone, and estrogen, and through the stimulation of somatostatin 
secretion, it also inhibits the secretion of GH, TRH, and TSH [81].



Updates on Veterinary Anatomy and Physiology

148

Equine CRF concentrations in pituitary venous blood are lower compared to other 
species. In nonstress horses, the CRF concentration ranges from 0.25 to 0.8 pmol/l, 
but is very changeable day-to-day [90]. The regulation of CRF and VP secretion is 
complex. CRH and VP neurons in the PVN have dense connections with various 
structures in the brain. In the rodent and humans, the LC and other NE-synthesizing 
cell groups belonging to the medulla and pons have reciprocal reverberatory neural 
connections with the CRH neurons in the PVN and stimulate the secretion of each 
other through CRH receptor-1 (CRH-R1) and the α1-noradrenergic receptors, respec-
tively (Figure 1) [91, 92]. It was also found that auto regulatory ultrashort negative 
feedback loops exist in both the PVN CRH and the catecholaminergic neurons of 
the LC, with collateral fibers inhibiting CRH and catecholamine secretion respec-
tively, via inhibition of the corresponding presynaptic CRH- and α2-noradrenergic 
 receptors [93, 94].

In addition, multiple other regulatory central pathways exist, since both CRH and 
the catecholaminergic neurons receive stimulatory (stress-excitatory) innervation 
from different brain structures through various neurotransmitters, among which is 
the especially important pituitary adenylate cyclase-activating polypeptide (PACAP; 
Figure 1). PACAP is a key emergency neuropeptide, mediating central and peripheral 
components of the stress axes [95]. This neurotransmitter is primarily expressed in 
the CNS and also within the sympathetic nervous system including the sympathetic 
preganglionic neurons that innervate the adrenal gland [96]. Thus, PACAP partici-
pates in stimulating the secretion of various hormones and neurotransmitters, includ-
ing ACTH, VP, epinephrine, insulin, melatonin, prolactin, MSH, brain natriuretic 
peptide, follistatin, and the enkephalins [95, 97].

Serotonin, cytokines, and other inflammatory factors (e.g., nitric oxide) also 
participate in CRF secretion in the PVN in horses, as also seen in other mammals [98, 
99]. Interestingly, NPY has multiple regulatory central pathways as it stimulates CRH 
neurons, whereas it inhibits the LC (Figure 1) [100]. On the other hand, SP, as the 
first responder to most noxious/extreme stimuli, has reciprocal actions to those of 
NPY, since it inhibits CRH neurons, whereas it activates the CA-NA system (Figure 1) 
[101, 102].

CRH and AVP neurons have reciprocal reverberatory neural connections to the 
pro-opiomelanocortin (POMC)-containing neurons in the arcuate nucleus (AN) of 
the hypothalamus. POMC-containing neurons primarily secrete β-endorphin [103]. 
Information on horse energy balance appears to access the PVN via projections 
namely, from neurons in the AC, which process circulating signals relevant to meta-
bolic status (for example, glucose and fatty acid blood concentration) [104].

The neurons of the suprachiasmatic nucleus (SCN) of the hypothalamus also have 
several direct projections to the CRH neurons. The SCN is known to be the main (but 
not the only one) coordinator of biological circadian rhythms in mammals, described 
as the “CLOCK system” [105]. It is well known that the SCN neurons, through photo-
reception, have important roles in the basal daily and seasonal variation, not only on 
the equine HPA axis, but also on the hypothalamic–pituitary–gonadal axis, melatonin, 
insulin, grelin and adinopectin secretion, body temperature, and other factors [105, 
106]. Thus, in resting horse conditions, through SCN input the HPA axis activity has 
circadian and ultradian variations. In the stress-free condition, there is a pulsatile 
secretion of equine CRF, VP, ACTH, and glucocorticoids (one per hour), with greater 
amplitudes in the morning (upon waking up) than at night [107, 108]. The circadian 
rhythm secretion of these hormones is disrupted under equine stressful conditions, as 
with other animals [109].
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3.2.2 Equine vasopressin

Equine vasopressin (VP) is a nonapeptide, which is primarily produced in the 
magnocellular neurons of the PVN, its main effect is on the regulation of the blood 
pressure and ACTH secretion. VP is also expressed in other structures of the CNS, 
with functions in behavior, stress analgesia, and the regulation of circadian rhythms 
[110]. Normally, plasma vasopressin concentration in nonstress horses is less than 
15 pg./mL [111]. An increase in equine VP concentrations is correlated with both the 
duration and intensity of the stress factor [112–114]. The basic physiological stimulus 
for a 5–10 fold increase in the secretion of VP is increased osmolality of the plasma, as 
well as the presence of hypotension due to hemorrhage or endotoxemia, for example 
in horses with colic [111]. Although VP has a short half-life (16–24 min), after a 3-day 
event endurance test, equine VP was elevated for 6 h [80].

3.2.3 Equine ACTH

Equine ACTH is a 39-amino acid peptide derived from pro-opiomelanocortin 
(POMC). POMC is the widespread archetypal polypeptide precursor of various 
hormones and neuropeptides with different functions, including several distinct 
melanotropins (β-MSH, α-MSH, γ-MSH), lipotropins, and endorphins (β-endorphin 
and met-enkephalin), corticotropin-like intermediate peptide (CLIP), that are 
contained within the adrenocorticotrophin and β-lipotropin peptides [115]. POMC 
is synthesized not only in corticotroph cells in the anterior pituitary gland, but also 
in the intermediate lobe of the pituitary gland, in neurons within the dorsomedial 
hypothalamus and brainstem, and as mentioned above it is also in the neurons within 
the AC of the hypothalamus. The first 18 amino acids of ACTH have the full biological 
activity of the whole molecule, and the first 24 amino acids are the same in all species 
of animals. Thus, the primary structure of equine ACTH is identical to that of the 
human hormone, as such, it has been suggested that they have the same biological 
activity [90].

CRF and VP act synergistically via specific receptors (CRF1 and V1B receptor, 
respectively) to trigger the release of ACTH from corticotroph cells, into the systemic 
circulation [116]. It has been suggested that CRF and VP mobilize different pools of 
pituitary ACTH. The equine pituitary gland has specific anatomical and functional 
features. The pars intermedia is particularly well developed in horses, and the equine 
pars distalis encloses the pars intermedia in a thin adherent layer as horses lack a clear 
hypophysial cleft [117].

ACTH production and secretion are indirectly influenced, not only by CRF, but 
also by the LC-NA-sympathetic system, PACAP, angiotensin II, vasoactive intestinal 
polypeptide, lipid mediators of inflammation, and cytokines, including TNF, IL-1β, 
and IL-6 [31, 81, 97]. Furthermore, endocannabinoids and endogenous opioid 
peptides appear to negatively regulate basal and stimulated ACTH release at multiple 
levels of the HPA axis (Figure 1) [115, 118].

The gradient in equine ACTH concentrations between pituitary effluent and 
jugular plasma can have an over 30-fold difference, with mean jugular plasma ACTH 
concentrations significantly higher in healthy horses (approximately 41 pmol/L), 
than in ponies [119]. Interestingly, a circadian rhythm in equine ACTH release is often 
undetectable. There is a disassociation between ACTH and corticosteroids during the 
circadian cycle suggesting a diurnal variation in the adrenal sensitivity to ACTH, with 
higher responsiveness during the peak phase of glucocorticoid secretion [120].
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ACTH via binding specific receptors, namely type 2 melanocortin receptors 
(MC2-R) is the key regulator of glucocorticoid secretion (GCc) from the adrenal 
cortex [121, 122]. Currently, the expression of this subtype of melanocortin recep-
tor in the equine adrenal cortex has not been characterized, but it is presumed to be 
similar to that described in humans. It has not been a significant relationship found 
between equine plasma ACTH and cortisol concentrations during exercise stress, and 
the maximum concentration of cortisol had no correlation with maximum ACTH 
concentrations [80].

3.2.4 Equine cortisol

Equine cortisol (EC) is a steroid hormone synthesized from cholesterol. EC is 
released into the circulation under the influence primarily of ACTH, but notably, 
existing evidence shows that cortisol secretion is further regulated by other hormones 
and/or cytokines coming from the adrenal medulla or the systemic circulation, and by 
neuronal signals via the autonomic innervation of the adrenal cortex (for example, as 
discussed above, through neuromediator PACAP) [95].

EC secretion rates are similar to humans and independent of various physiological 
factors, such as race, age, circadian rhythm, seasonality, exercise, and pregnancy [123]. 
Consequently, establishing a reference interval for the basal EC is difficult. In healthy 
adult horses at rest, the plasma EC levels range from 12 to 68 ng/ml or 33–187 nmol/l 
(total cortisol) or 10–23 nmol/l (free cortisol) [123, 124]. Under basal (nonstress) 
conditions, the equine adrenal gland produces cortisol at about 1 mg/kg body weight, 
with a pronounced pulsating rhythm in regular bursts (more as 10 per day) [124]. The 
highest daily value is reached shortly after waking up in the morning, before feeding 
and the minimum levels are observed between 6:00 and 9:00 pm [123]. The circadian 
rhythm of EC can be affected by various factors, such as exercise, mating, feeding, 
training, sleep patterns, individual activities, and especially during acute or chronic 
stress [125]. Plasma EC concentrations during stress responses are directly dependent 
on the stress factors, their duration, and frequency. Based on our unpublished studies, 
the total plasma EC concentration in horses with strangulated intestinal obstruction 
increases rapidly. We found that in colic horses independent of the degree of pain and 
endotoxic shock, upon admission into the clinic and before treatment commenced, 
there was wide individual variation in EC level (between 190 and 625 nmol/L), that is, 
2–5 fold increases in comparison to the concentrations that are usually present in horses 
under resting conditions. We have also noticed that horses with a larger colon volvulus, 
hernia foraminis omentalis and inguinal hernia have, on average, higher EC concen-
trations than horses with right or left dorsal displacement of the large colon. The EC 
concentrations were significantly decreased after an abdominal surgery had been per-
formed and steroid and non-steroidal antiphlogistics had been administered, but levels 
still remain more elevated than normal even when these horses had been discharged 
home (i.e., 10 days post-surgery). These findings are also supported by previous stud-
ies [10, 126, 127]. There is little doubt that EC levels in horses with colic are higher than 
those seen following transport stress [128, 129]. EC levels in transport horses correlate 
positively with transport duration and its conditions, but are also dependent on the 
individuals and their hormonal backgrounds, in this case on the stages of the estrous 
cycle and gestation [130, 131]. EC is frequently used to assess stress levels induced by 
exercise. In stress-induced exercise, a marked increase in EC levels was attributed to 
exercise duration and not to intensity [123]. In addition, the secretion of EC depends 
on the animal’s prior experiences in competitions and the horse’s character.
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3.2.5 Interactions in the HPA axis response during equine stress

It is well known that a depletion of cortisol stores is noticed when animals are 
chronically stressed and thus the EC concentrations in stressed animals vary widely 
within the literature. Therefore, it is considered that cortisol levels are not always 
reliable indicators of chronic stress in horses. On the one hand, high cortisol levels can 
be a sign of positive stress that promotes higher performance; on the other hand, low 
cortisol does not necessarily mean the absence of stress. Usually, peak cortisol levels 
are reached 10–20 min after the onset of acute stress when transporting horses [128]. 
However, the ability of the adrenal glands to produce cortisol was preserved during 
transportation and did not decrease, and the pulsation from the transportation of 
horses after traveling 100–300 km persists [128]. In contrast, an elevation in ACTH 
concentration gradually decreases after transportation at increasing distances, and 
these changes were not directly associated with changes in cortisol levels. Similar 
to this, although an initial rise in EC levels follows a large spike in ACTH levels, if 
prolonged inflammatory stress occurs, ACTH levels return to near basal levels, while 
cortisol levels remain elevated as a result of adrenal hypersensitivity [131].

In plasma, EC binds to approximately 90% of a specific a1-glycoprotein named 
cortisol-binding globulin (CBG) and particularly to albumin. An inverse relationship 
between CBG Bmax and CBG affinity was demonstrated in mammals including the 
equine species [132]. The CBG maximal capacity (Bmax) was 0.22 in horses equiva-
lent to 59% plasma cortisol concentration [123]. Equine CBG content at birth was the 
lowest of any species studied [132]. On the other hand, CBG concentration increased 
with age, whereas in other species it decreases, and the plasma of the newborn foal 
has a binding protein that has not been reported in other species, which binds as much 
cortisol as CBG does [132]. In studies on horses and other species, it has been shown 
that different stressors can influence CBG levels either by increasing or decreasing 
them in response to acute or chronic stress [133].

It is well known, those cortisol receptors are located in the cytoplasm of steroid-
sensitive cells, and only the free portion of circulating cortisol is available to enter 
the cells by diffusion through the plasma membrane and binds to these intracellular 
glucocorticoid receptors (GR) [66, 81]. The steroid-sensitive cells are located in any 
organ and tissue of the equine body, and for this, the EC performs over a hundred 
different functions. This hormone has strong metabolic effects on carbohydrate bal-
ance (promoting glucose production in the liver), lipid metabolism (promoting the 
lipolytic effects of E and NA), protein catabolism (promoting amino acid mobiliza-
tion), electrolyte and fluid balance, cardiovascular and respiratory homeostasis, 
sexual development and reproduction [22, 59, 73, 83, 88]. Thus, EC is critical for 
energy mobilization and distribution, and is needed to assure energy availability 
during, but also in the absence of, stress responses. EC exert their permissive effects 
on catecholamine release and take action in both vascular and cardiac tissue, as 
well as in the lungs. It has been noticed that glucocorticoids enhance cardiovascular 
sensitivity to catecholamines by increasing the binding capacity and affinity of 
β-adrenergic receptors in arterial smooth muscle cells, receptor-G protein coupling, 
and catecholamine-induced cAMP synthesis [134]. In addition, glucocorticoids 
prolong catecholamine actions in neuromuscular junctions by inhibiting catechol-
amine reuptake and decreasing peripheral levels of catechol-O-methyltransferase 
and monoamine oxidase [135]. There is not always such an unambiguous effect of 
cortisol with catecholamines. Sometimes, glucocorticoids can also inhibit a few 
features of sympathetic function and catecholamine release in response to some 
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stressors in rodents [136]. Along with this, glucocorticoids working through negative 
feedback also inhibit stress-induced NA in the PVN (Figure 1) [88]. Nonetheless, in 
acute stress the glucocorticoids facilitate sympathetic interactions, causing changes 
in the dopamine (DA) and noradrenaline (NA) systems, and their overall physiologi-
cal effects are to permissively augment cardiovascular, respiratory, and locomotor 
activation. EC through inhibiting prostaglandin synthesis at basal levels blocks their 
vasodilatory effects. This is without doubt the central pathway by which cortisol 
causes increased blood pressure and the onset of laminitis in equine Cushing’s 
syndrome (PPID) [137].

In general, glucocorticoids are powerful inhibitors of the immune system, primar-
ily through inhibition of leukocyte traffic, secretion of cytokines by macrophages, 
and the production of antibodies (Figure 1) [138]. Due to evidence surrounding 
the immunosuppressive effects of cortisol, it has been proposed that a physiological 
function of strong stress-induced increases in this hormone is used to protect not 
against the source of stress itself, but against the normal defense reactions that are 
activated by stress. Thus, EC accomplishes this function by turning off those defense 
reactions, thus preventing them from overshooting themselves and threatening 
 homeostasis [85].

Any trauma-induced hemorrhage causes a robust stress response in horses, 
along with the enhanced secretion of VP and renin, inducing water retention and 
vasoconstriction. Interestingly, EC through negative feedback inhibits the release 
of VP (by restoring the actions of inotropic and vasoconstrictive hormones), 
increases glomerular filtration rates, and increases the secretion and efficacy of 
atrial natriuretic polypeptide, all of which enhance water excretion [139]. From the 
point of view of homeostasis, the importance of suppression by EC in response to 
hemorrhage is that it prevents the organism from being injured or killed by its own 
defense mechanisms.

Cortisol also raises insulin concentrations in horses, but EC actions generally 
oppose but sometimes synergize with those of insulin [140]. For example, EC and 
insulin have opposite actions on blood glucose levels, as well as on appetite, gluconeo-
genesis, glucose transport, protein synthesis, muscle wastage, lipolysis, lipogenesis, 
and fat deposition in adipose tissue [141, 142]. Suppression of insulin and mainte-
nance of blood glucose concentration has been related to the prevention of the onset 
of the central mechanism of fatigue [80]. EC also stimulates appetite over days in 
horses. In considering the criterion of homeostasis, it has been suggested that it aids 
recovery from the anorectic facet of the stress response caused by CRF. It has long 
been known that EC through negative feedback has indirect inhibitory effects on the 
CRH neuron, pituitary ACTH secretion, and POMC transcription (Figure 1) [43]. 
For energy homeostasis in stress conditions, humoral factors and neural afferents 
from the gastrointestinal tract communicate information to the brain to regulate 
energy intake and expenditure. Integrating these responses is a very important role 
carried out by prolactin-releasing peptide (PrRP), which is synthesized in discrete 
neuronal populations in the hypothalamus and brainstem [81]. Additionally, EC 
has a potentially disruptive effect on the reproductive function of horses through a 
number of mechanisms, for example, it decreases hypothalamic GnRH release and 
basal or GnRH-stimulated release of LH from the pituitary gland, but also through 
direct effects on the equine spermatogenesis and folliculogenesis in the gonads [143]. 
Prolonged activation of the HPA axis leads to decreased synthesis of thyroid-stimulat-
ing hormone (TSH) due to increased concentrations of CRH-induced somatostatin, 
which in turn suppresses both thyroid-releasing hormone (TRH) and TSH.
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3.3 Endogenous opioid system in the equine stress response

It is well known that a prolonged phase of resistance is an energetically “disad-
vantageous” process of the metabolic load and with time the body’s reserve will be 
depleted. Naturally, when the threatening challenge has passed, the equine body will 
try to shut off the stress response through various physiological mechanisms, for 
example, the organism trying to get into the recovery phase (or sanogenesis process). 
Endogenous mechanisms that oppose the stress response can determine the vulner-
ability or resilience of animals to the pathological consequences of stress. Turning 
off the equine stress reaction leads to a return to the baseline concentrations of CRF, 
VP, ACTH, EC, and catecholamines, and this normally happens when the danger has 
passed and/or the infection has been contained.

Numerous neural, endocrine, and paracrine mechanisms of physiological 
processes are involved in attenuating or mimicking stress responses, but one of 
the central roles is played by the endogenous opioids system (EOS). Thus, the EOS 
plays a dominant role in the third stage of GAS, just as catecholamines are the “main 
conductors” in the first stage, and glucocorticoids are essential in the second stage. 
Almost every acute stressor directly or indirectly causes the release of opioid peptides 
within seconds, but their action is commonly later than other stress hormones [144]. 
The EOS and its receptors are widely distributed throughout the CNS, and present 
in various organ systems and glands, such as the pituitary and adrenal glands [145]. 
There are three major endogenous opioid peptide families, preproopiomelanocortin 
(POMC), preproenkephalin, and preprodynorphin, which are cleaved active pep-
tides, primarily endorphins, enkephalins, and dynorphin. These produce their effects 
through actions on μ-, δ and κ- G-protein coupled receptors, respectively [146].

The density reciprocal innervation between POMC-producing opioid peptide 
neurons of the hypothalamic arcuate nucleus and both the CRH/VP-producing 
and LC/NE-noradrenergic neurons is indicated in Figure 1 [92]. Opiate peptides 
(enkephalins, dynorphins) and μ-opiate receptors are highly concentrated directly 
within the LC [49]. Additionally, it has been shown that μ-opiate receptors are 
co-localized with α2-adrenoceptors in the LC, and their activation results in cellular 
inhibition via a shared potassium channel [49]. On the other hand, it has been shown 
that the LC plays an important role in the processes underlying opiate withdrawal 
[147]. Furthermore, endogenous opioid peptides (EOPs) strongly inhibit HPA axis 
activity [145].

In horses, in normal and in stressful conditions, the POMC acts as a precursor 
central endogenous opioid peptide β-endorphin (β-EP) and is primarily produced 
in the pars intermedia of the pituitary gland. Stress system activation also stimulates 
hypothalamus release of POMC-derived peptides, which reciprocally inhibits the 
activity of central stress system components [148]. The EOS performs various physi-
ological functions, for example, it modifies the excitability of the CNS and induces 
control of various functional mechanisms, such as pain control, motor activity, 
lethargic stereotypical behaviors, feeding, immunity, thermoregulation, reproduc-
tion, antioxidation, ACTH secretion, and others [149].

3.3.1 The roles of β-EP and ACTH

Under nonstress conditions, equine plasma β-EP concentrations were recorded as 
5.71–22.4 pmol/l [150, 151]. The daily rhythm of β-EP secretion is similar to that of 
ACTH and EC. The highest values of this opioid were noted in blood samples taken in 
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the morning. The application of an upper lip twitch resulted in a doubling of plasma 
β-EP concentration after 5 min [151]. It was found that the rise of equine β-EP was 
dependent on the type, intensity, and duration of stress physical exercise, modulates 
fatigue catecholamine secretion, and causes impairment of performance [152, 153]. 
During incremental exercise tests, plasma β-EP concentrations were positively 
correlated with exercise speed and intensity [154]. The critical threshold intensity of 
≤60% VO2max for significant increases in β-EP concentrations has been also recorded 
[154]. Prolonged air transportation also resulted in a sustained elevation of plasma 
β-EP concentrations compared to values measured at rest on the ground during the 
same day, but short-term road transport (i.e., for 1 hour) did not alter circulating 
equine plasma β-EP concentrations [151]. Other investigations noticed that concen-
trations of β-EP were raised when compared to the basic level only after a distance of 
100 kilometers. After the ensuing 100 and 200 kilometers, a decrease was observed. 
Simultaneously in these horses, increases in the levels of circulating ACTH were 
observed after traveling distances of 100 and 200 kilometers, and levels of cortisol 
were higher after traversing distances of 100, 200, and 300 kilometers [150]. Horses 
with intestinal strangulation obstruction showed 5–10-fold elevations in plasma β-EP 
concentrations, which may have contributed to endotoxic shock and severe pain [151]. 
In contrast, horses with painful, but chronic lameness, had plasma concentrations 
of β-EP similar to those of normal horses, which may suggest an effect of negative 
feedback signaling or other factors, for example, cellular depletion of this hormone.

It may thus be assumed that upon analysis of the levels of β-EP and ACTH, the 
release of the opioid into the blood occurs maximally 1 hr after the appearance of 
the stressor [150]. The authors suggest that β-EP modulates the HPA axis activity. It 
may also be stated that β-EP release from the equine pituitary gland is synchronized 
with the initial phase of the stress reaction and may, in this way, mitigate the negative 
results of catecholamines and cortisol on the organism. Especially high concentra-
tions of β-EP are found in horses with stereotypical behaviors and pituitary pars 
intermedia dysfunction (PPID). According to Millington et al., [155], this concentra-
tion is 60 times higher in the plasma and 120 times higher in the cerebrospinal fluid 
of PIPD affected animals. Equine stereotypical behaviors under chronically stressful 
conditions help horses cope with stressors in the domesticated environment through 
their reputed self-rewarding effect. This behavior is highly likely to be associated with 
the EOS, as the use of opioid antagonists significantly reduces this equine behavioral 
appearance [156].

3.3.2 Stress-induced analgesia and the EOS

It has long been known that with acute stress there exists a phenomenon known 
as stress-induced analgesia (SIA) with a significantly increased pain threshold. From 
an evolutionary perspective, SIA can be viewed as a component of the predator–prey 
interactions, helping the survival of animals in the wild. A painful injury will not 
contribute toward the survival of the animal if there is a threat of further injury or 
death. In the process of SIA, a central role is played by the EOS [119]. SIA is primarily 
mediated through the binding of the μ-opioid receptor, this receptor shows greater 
selectivity for the β-EP, endomorphin, and enkephalins. Pharmacological studies 
have demonstrated that along with EOS, and a large number of other neurotransmit-
ters and neuropeptides involved in the formation of the SIA, for example, GABA, 
serotonin, norepinephrine, dopamine, acetylcholine, glycine, oxytocin, vasopressin 
and neurotensin [92]. SIA is influenced by age, gender, and previous experiences 
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with stressful, painful, or other environmental stimuli. Commonly, the SIA lasts for 
a  certain amount of time. However, when the equine body is no longer in danger, 
increased nociception, which manifests after the stress factor disappears, can be 
beneficial, since normal behavior can exacerbate the trauma.

3.3.3 Other roles of EOPs

EOP (including β-EP) also performs other functions, and one of these is trans-
ferring the body into hypobiosis, or the maximum energy-saving mode. It is char-
acterized by heart and respiration rate decreases, changes in blood pressure, and 
temperature decline [144]. It turns out that hypobiosis is caused not so much by the 
depletion of the other two regulatory systems (SAM and HPA axis), via activation of 
the EOS. The shock (state of exhaustion) is an extreme degree of the stress response, 
in which the EOS has a very important role. Recently, it has been shown that a natural 
mechanism for recovering from abimal shock has “small peptides”, or metabolic 
substances originating from the EOS, for example, the FMRFamide-related peptides 
(FaRPs) [157, 158]. These metabolic substances from endogenous opioids have an 
effect that is the opposite to them (supporting autoregulatory negative feedback). 
The first thing that happens during stress is the depletion of the adrenal apparatus. To 
return to its normal state, it must be activated in some way. FaRPs through binding of 
β-adrenergic receptors perform this function, thus bringing the body out of a state of 
exhaustion. This indicates that self-healing of stress (natural sanogenesis) is particu-
larly associated with this peptide origin from the EOS.

3.3.4 EOS attenuation of stress

Unaccompanied, the EOS is not able to attenuate or shut off the stress response. 
In addition to the EOS, there are other neuromediators and hormones that have been 
proposed which protect against the effects of stress. Undoubtedly, to attenuate the 
equine stress response, it is necessary to activate the parasympathetic nervous system 
(PNS) with an increased tone of the vagus nerve and release of the neurotransmitter 
acetylcholine. Activation of PNS is mediated, among other things, via the neurons 
from the double reticular nucleus and the neurons from the nucleus of the solitary 
pathway of the medulla oblongata [81]. But this is not enough to completely “shut 
off” the animal’s stress reaction. Numerous animal studies have shown that the 
hippocampus inhibits the activation of the CRH neurons in the PVN and LA through 
GABAergic and endocannabinoid neurotransmitters [31]. PVN neurons in the 
hypothalamus produce numerous neuropeptides that may contribute to activation via 
local paracrine actions, either by recurrent collaterals or dendritic release [159]. As 
mentioned above, due to mutual reverberant neural connections a gradually decreas-
ing intensity or autoregulatory negative feedback loops exist between the CRF and the 
noradrenergic neurons, as in the initial stage they stimulate each other [93, 94].

Certainly, a pivotal role in attenuation of the stress response is also played via the 
mechanism of negative glucocorticoid feedback. Glucocorticoids have direct and 
indirect pathways to negative feedback to the limbic system, hypothalamus, and 
pituitary gland. This attenuates or decreases the primary release of CRF and ACTH. 
In the PVN, the binding of glucocorticoids to its receptor causes rapid synthesis and 
release of endocannabinoids. The released endocannabinoids bind to CB1 receptors 
on presynaptic terminals, inhibiting glutamate release and thereby reducing the drive 
to CRH neurons [160]. The effect of negative glucocorticoid feedback on equine VP 
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secretion is less pronounced than that for CRF because VP secreting neurons are less 
sensitive to glucocorticoids. Glucocorticoids may also provide positive feedback in 
some brain structures, particularly under chronic stress conditions [161]. In addition, 
neuropeptides associated with CRF, such as urocortin, also play an important role in 
suppressing (or activating) the function of the HPA axis during the stress response 
[162]. Numerous other hormones directly or indirectly attenuate deleterious effects 
of prolonged activation of the LA-NA-sympathetic and HPA axis in horses, foremost 
in that are the hormones melatonin and insulin, and therefore they are sometimes 
referred to anti-stress hormones [163, 164].

Through all of the physiological processes listed above, gradual decreases in the 
activities of the LA-NA-sympathetic axis and the HPA-axis have commonly been 
noticed. Depending on the stress factors (as well as their intensity and duration) a 
decrease in stress hormone levels in horses does not occur immediately. Commonly, 
it may take several hours or days for stress hormones to drop back to their baseline 
levels. It has also been noticed that in horses, repeated exposure to the same stressor 
(novelty stress) can result in habituation of the HPA axis response, characterized by 
decreasing glucocorticoid responses over time [165, 166]. Habituation appears to be 
mediated, at least in part, by the paraventricular thalamic nucleus [167]. But, it must 
also be noted that not all stressors cause response habituation in horses. Responses to 
more ‘severe’ stressors (e.g., pain) are maintained, therefore here it is possibly not an 
adaptation but only protection that comes into play.

4. Pathophysiology of equine stress

From the outset of stress research, it has been observed that not all stress reactions 
and the consequences are equal (despite the stereotypical neuroendocrine changes), 
and Selye introduced the terms “distress” (pathological) and “eustress” (physiologi-
cal). Physiological stress accompanies long-term positive biological adaptation of the 
animal (for example, physical training, increases in horse muscle mass). The acute 
or chronic stress of severe intensity, which is not resolved by the adaptation of the 
animal, is considered distress. However, the clear contours and boundaries between 
eustress and distress, acute or chronic stress are difficult to define in equine practice, 
support for its existence is ambiguous, and there are still efforts in this area to clearly 
differentiate between normal homeostatic and pathophysiological responses. In other 
words, the chronic stress phenotype is not clearly defined [92]. Further complicating 
toward a clearer understanding is that equine stress responses are context-dependent 
and may reflect differences in the environment, timing (e.g., time of day, season), 
history of previous stressors, and huge among-individual variations [168]. There is 
widespread recognition that the effects of stress on the equine body are associated 
with the characteristics of the stress factor (the strength of the action, its duration, 
and frequency, predictability, controllability, avoidability), the breed and age, as well 
as some features of the stressful experience (previous contact with the same or other 
stress stimuli) [80, 112]. Thus, young horses and foals are much more stress reactive 
with more pathophysiological responses in comparison to adult animals.

The importance of acknowledging the protective, as well as the potentially damaging 
effects of stress reaction, has led to the introduction of different terms, for example, 
allostasis, allostatic load, or allostatic overload [169]. In response to a threat, allostasis 
maintains stability through adaptive dynamic activation of neuroendocrine, autonomic, 
cardiovascular, and immune systems, principally aiming to produce the new optimal 
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level of various physiological parameters. For example, physical exercise in horses leads 
to increased heart rate and blood pressure to provide optimal oxygen concentration to 
the vital organs. By focusing on neuroendocrine responses, allostasis involves a feed-for-
ward mechanism rather than the negative feedback mechanisms used in homeostasis, 
with a continuous re-evaluation of need and continuous readjustment of all parameters 
toward new set points [170]. Using this theory allows us to explain the positive effects 
of stress on the animal body, for example, an increase in resistance to adverse factors 
and survival in extreme conditions. As mentioned above, the allostatic mechanism in 
horses must quickly disconnect once the threat has passed, as it impossible to keep a 
high level for a long time, due to depletion of reserve capabilities. Straining of the body 
supporting homeostasis under frequent or prolonged stress is called allostatic loading. It 
is also defined as the wear and tear associated with chronic hyperactivity or inadequate 
responses [171]. As allostatic load is characterized by an unstable functioning of the 
body, if it lasts for a long time or often, it causes the appearance of pathological changes 
(due to the cumulative effect), which are called allostatic overload.

Usually, under chronic stress, pathological changes are noticed simultaneously in 
many organs and tissues, primarily stress hormones cause the production of reactive oxy-
gen species (ROS) or free radicals. It especially produces catecholamines, which as phe-
nolic compounds easily undergo oxidation via a one-electron pathway involving several 
toxic products, such as semiquinones, quinones, and ROS, independently of the oxida-
tion promotors. Almost any chronic stress through ROS has been shown to be responsible 
for the depletion of several free radical detoxifying enzymes, such as glutathione peroxi-
dase, catalase, and superoxide dismutase [172]. It results in oxidative overloading, which 
has been implicated in the pathogenesis of different stress-associated pathologies, as well 
as in the occurrence of various mutations [173]. It is known that mutations accumulate 
as a result of DNA damage and imperfect DNA repair mechanisms. In animals (includ-
ing horses) the accumulation of mutations is limited in two primary ways: through 
p53-mediated programmed cell death and cellular senescence mediated by telomeres at 
the end of chromosomes [174]. Telomeres shorten at every cell division and cells stop 
dividing once the shortest telomere reaches a critical length [175]. Cellular stress shortens 
the length of telomeres, and therefore it indirectly records the history of stress exposure. 
As a result, as biomarkers of cellular aging, telomere length and telomerase activity, have 
been considered for investigating the effects of chronic stress in human medicine [176]. 
This aspect of stress has not been adequately researched in horses to date.

There are numerous equine pathologies that are directly or indirectly associated 
with stress factors. According to our clinical experience, due to stress exposure, the 
most commonly noticed diseases in horses are—gastric ulcers, proximal enteritis, 
acute colitis, and pleuropneumonia [177–179]. It is important to note that for the 
occurrence of these diseases along with stress, other pathogenomonic factors have 
also had a significant impact. For example, for the occurrence of paralytic ileus or 
colitis, a high concentration of endotoxins in the blood also plays a very important 
role [177, 178]. Noxious gases (e.g., NH, NO, and CO) in the transport environment 
may be partially responsible for transport-related equine pleuropneumonia [179]. It 
is known that equine transport causes strong psychological stress reactions as it often 
combines the effects of neophobia, claustrophobia, social separation, and balancing. 
During equine transport, the physiological and endocrine stress changes prepare the 
horse’s body for the “fight or flight” reaction, however, these actions do not actually 
follow, and therefore the mobilized energy is not used. Without a doubt in horses this 
leads to more often pathophysiological consequences, in comparison to stress physical 
overload, the neuroendocrine changes are accompanied by locomotion thus providing 
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an outlet for the mobilized energy. The reason for this phenomenon is poorly under-
stood. It is possible, that physical activity in horses, as well as in humans, leads to 
the release of higher concentrations of endogenous opioids and other protective 
mediators against the destructive effects of stress hormones. It is also possible that the 
mobilized, but “unused” energy will lead to higher production of ROS.

Interestingly, of the four most common stress pathologies in the clinic in horses, 
three are associated with the gastrointestinal tract. The reasons for this appearance are 
multiple. Primarily, stress has strong adverse effects affecting the normal function of 
the GI tract, for example on the absorption process, mucus and stomach acid secretion, 
functioning of ion channels, and peristalsis [178, 180]. Stress induces increased intesti-
nal permeability, allowing bacterial antigens (including LPS) to cross the epithelial bar-
rier which activates a mucosal immune response, which in turn alters the composition 
of the microbiome and leads to enhanced activation of the neuroendocrine HPA axis. 
In other words, the equine intestinal microbiota also has been implicated in a variety of 
stress-pathophysiological responsiveness, but also in healthy horses, it clearly modulates 
the function of the immune and neuroendocrine systems, as well as various metabolic 
processes. The routes of communication between equine microbiota and CNS are slowly 
being unraveled, and include the microbial metabolites such as short-chain fatty acids, 
the vagus nerve, intestinal hormone signaling, and tryptophan metabolism.

Whether the horse will get sick or die from these and other stress-associated 
diseases depend primarily on immune systems and individual resistance. The 
individual characteristics of equine stress resistance are determined by the type of 
the nervous system, lability, or dominance of the parasympathetic or sympathetic 
nervous systems [168]. Based on our experience, horses with a high parasympathetic 
tone are much less likely to die from the stress-associated disease than animals with 
a high sympathetic tone (neurotic horses). Equine neuroticism is also linked to a low 
pain threshold, indicating such horses were more likely to be stressed by pain [181]. 
The effect of stress is also dependent on the initial level of hormones, which in turn 
depends on various factors, including the phase of the light cycle [92], but to date, 
there has not been a detailed investigation as to which period of the day horses are 
more tolerant toward stress-induced disease.

5. Indicators of equine stress

Information on equine stress levels is important when evaluating many aspects of 
horse management, training, and the treatment of different diseases. It is apparent 
that great effort is being made to improve recognition and quantitative evaluation of 
stress in horses. Various testing techniques are used to measure stress responses in 
horses, which can be roughly divided into visual, clinical and laboratory, or nonin-
vasive and invasive methods [182]. Behavioral indicators of stress responses are very 
different, and very well described [183, 184]. In an attempt to quantify visual changes 
equine stress, the “The Horse Grimace Scale” (HGS) has recently been used, which is 
fine-tuned for detecting equine pain, but no validated grimace scale for detecting fear 
or anxiety exists yet [184].

5.1 Clinical signs of equine stress

Clinical signs of disturbance of the sympathovagal balance can be used to assess 
acute equine stress which primarily includes changes in cardiovascular parameters, 
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for example, increased heart rate (i.e., presence of sinus tachycardia) and heart rate 
variability (i.e., presence of nonrespiratory sinus arrhythmia) [62, 182, 185, 186]. 
According to our recent investigations, sinus tachycardia and sinus arrhythmia are 
the most frequently diagnosed arrhythmia in equine clinic praxis [187]. Other clinical 
signs of acute stress are altered respiratory rate and increased body/eye temperatures 
[66, 182]. For studying the functional state of the brain, to test its bioelectric activ-
ity it is possible to use electroencephalographic (EEG) analysis in horses with or 
without stress conditions. We improved the methods for recording multichannel 
EEG in horses with specific six unipolar leads using overhead electrodes (Ippolitova/
Gauss method) (Figure 2) [188]. Comparative evaluation of electroencephalographic 
patterns in sporting horses with different types of higher nervous activity, as well as 
taking account for the age and training level was recently conducted for the first time. 
It allows the determination of an organism’s potential capabilities, its resistance to 
stress, and thus the expected performance in competitions [188].

Figure 2. 
Equine electroencephalographic recording of brain activity.
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5.2 Blood parameters during equine stress

Various specific blood parameters can be used to assess the degree of stress 
activation. Commonly used were performance analyses of equine blood concentra-
tions of E, NA, ACTH, cortisol, and β-EP [57, 111, 123, 125, 150]. However, E has a 
short half-life of only a few minutes, making this substance an impractical parameter 
for studies under field conditions [56]. Secretion of alpha-amylase from the salivary 
glands is controlled by autonomic nervous signals, and several studies have revealed 
that salivary alpha-amylase is correlated with SNS activity under stress conditions 
[189]. For ease of accessibility reasons equine cortisol is most often measured as a 
biomarker of the stress response, not only in blood but also in saliva, feces, and hair 
[123]. Interestingly cortisol concentration increases are noticed in saliva with a delay 
of approximately 20–30 min before the same observation in blood. However, it is 
becoming clear that relying on glucocorticoids to define stress is incomplete, and 
there is no current consensus that glucocorticoids should serve as the primary bio-
marker for defining the stress phenotype.

5.3 Pathological changes during equine stress

Stress-induced pathological changes also confirm the presence of chronic stress 
in the horse, for example, the occurrence of gastric ulcers. Parameters such as altered 
metabolism or suppressed immune function may have the potential to provide 
information on the long-term effects of stress, especially those which are related to 
blood chemistry (for example plasma or blood lactate levels, prolactin, iodothyro-
nine, estradiol-17β, serum creatine kinase activity, IL-1, TNF). But these biochemical 
parameters are not specific for the measurement of stress in animals. Therefore, to 
date, there have been significant difficulties in measuring stress biomarkers in horses 
and their pathological effects, especially at the genetic, molecular, and cellular levels. 
In recent times in humans, different damage markers (e.g., lipid peroxidation, protein 
oxidation, stress-associated proteins, or oxidative stress mediators, as well length 
of telomeres) have been used to better reflect how people have coped with stress 
 exposure [190].

Finally, it is necessary to take into account all these listed methods in the present 
day, not only in equine, but also in human medicine, and also to highlight that we 
have deficiencies in our abilities to analyze chronic stress before it becomes patho-
logical. Thus far, there is a lack of understanding relating to the stress threshold, in 
analyses of the cumulative impact of multiple stressors over time, as well as the role of 
individual equine variation in reaction to stress and timing (e.g., time of day, season). 
Therefore, equine medicine requires improved contact sensing technology develop-
ment that will allow for long-term, dynamic, noninvasive, multifactorial measure-
ments of sets of stress mediators, as well as improvements in the diagnosis of stress 
damage at the cellular and genetic levels.

6. Conclusions

This review presents new aspects toward understanding neuroendocrine regula-
tion of equine stress, and its influences on the physiological and pathophysiological 
processes. Horse management, in essence, is more frequently confirmed by external 
and internal stress factors, in comparison to other domestic animals.
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In the last few decades, the initial concepts of stress have been revised. New 
studies have expanded the basis of stress responses to signals from various sensory 
receptors, through complex interactions of at least three systems that are activated in 
a time sequence: the locus coeruleus-norepinephrine (LC-NE)-sympathetic system, 
the HPA axis, and the endogenous opioid system. The interconnection of these 
systems provides control of norepinephrine, epinephrine, and cortisol release, but 
also other stress mediators, such as corticotropin-releasing hormone, adrenocortico-
tropin, vasopressin, β-endorphin, dopamine, neuropeptide Y, serotonin, oxytocin, 
cytokines (IL-1β, IL-6), pituitary adenylate cyclase-activating polypeptide, FMRF-
amide-related peptides (FaRPs), prolactin-releasing peptide (PrRP), and others. 
Linked into this interconnection network are other organ systems affected in one 
or several stages of the stress response. Commonly, these reactions in the horse are 
related to short-term stress responses leading to mobilization of the body’s reserves 
in a process of constant flow around the homeostatic point. In situations of allostatic 
overload, a dynamic change from physiological to pathological response can be 
expected in horses, with the induction of primarily stomach ulcers, paralytic ileus, 
colitis, and pleuropneumonia. The change from equine physiological to pathological 
stress response depends not only on whether the stress is acute or chronic but also on 
the physical characteristics of the stress signals (intensity), as well as on the initial 
hormone levels, which in turn depend on various factors, including photoperiod 
sensitivity.

The development of stress-related diseases in horses dictates how long the inter-
action of sanogenesis with pathogenic factors will last. These diseases can often be 
prevented or controlled by keeping risk factors minimal, and by assessing stress levels 
using a variety of testing techniques. Regardless of the nature of the stimulus, the 
equine stress response is an effective and highly conservative set of interconnected 
relationships designed to maintain physiological integrity even in the most challeng-
ing circumstances. It activates numerous neural and hormonal networks to optimize 
metabolic, cardiovascular, respiratory, locomotory, and immunological functions.

Conflict of interest

The authors declare no conflict of interest.



Updates on Veterinary Anatomy and Physiology

162

Author details

Milomir Kovac1*, Tatiana Vladimirovna Ippolitova1, Sergey Pozyabin1, Ruslan Aliev1, 
Viktoria Lobanova1, Nevena Drakul1 and Catrin S. Rutland2

1 Veterinary Clinic “New Century”, Moscow State Academy of Veterinary Medicine 
and Biotechnology, Moscow, Russia

2 School of Veterinary Medicine and Science, University of Nottingham, Nottingham, 
UK

*Address all correspondence to: kovacmilomir@gmail.com

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



163

Equine Stress: Neuroendocrine Physiology and Pathophysiology
DOI: http://dx.doi.org/10.5772/intechopen.105045

[1] Daev EV. About stress, or about Hans 
Selye’s two errors, conquered the world. 
Ecological Genetics. 2019;17(4):103-111. 
DOI: 10.17816/ecogen174103-111

[2] Gabriel W. How stress selects for 
reversible phenotypic plasticity. Journal 
of Evolutionary Biology. 2005;18(4): 
873-883. DOI: 10.1111/j.1420-9101. 
2005.00959.x

[3] Matsui T, Ehrenreich IM. Gene-
environment interactions in stress 
response contribute additively to a 
genotype-environment interaction.  
PLoS Genetics. 2016;12(7):e1006158. 
DOI: 10.1371/journal.pgen.1006158

[4] Hausberger M, Bruderer C, Le 
Scolan N, Pierre J-S. Interplay between 
environmental and genetic factors in 
temperament/personality traits in horses 
(Equus caballus). Journal of Comparative 
Psychology. 2004;118(4):434-446. 
DOI: 10.1037/0735-7036.118.4.434

[5] McBride SD, Mills DS. Psychological 
factors affecting equine performance. 
BMC Veterinary Research. 2012;8(1):180. 
DOI: 10.1186/1746-6148-8-180

[6] Hori Y, Tozaki T, Nambo Y, Sato F, 
Ishimaru M, et al. Evidence for the effect 
of serotonin receptor 1A gene (HTR1A) 
polymorphism on tractability in 
thoroughbred horses. Animal Genetics. 
2016;47(1):62-67. DOI: 10.1111/age.12384

[7] Ninomiya S, Anjiki A, Nishide Y, 
Mori M, Deguchi Y, Satoh T. 
Polymorphisms of the dopamine D4 
receptor gene in stabled horses are related 
to differences in Behavioral response to 
frustration. Animals. 2013;3(3):663-669. 
DOI: 10.3390/ani3030663

[8] Hori Y, Ozaki T, Yamada Y, Tozaki T, 
Kim HS, et al. Breed Differences in 

Dopamine Receptor D4 Gene (DRD4) 
in Horses. Journal of Equine Science. 
2013;24(3):31-36. DOI: 10.1294/jes.24.31

[9] Selye H. Stress and the general 
adaptation syndrome. British Medical 
Journal. 1950;1(4667):1383-1392.  
DOI: 10.1136/bmj.1.4667.1383

[10] Mair TS, Sherlock CE, Boden LA. 
Serum cortisol concentrations in horses 
with colic. Veterinary Journal. 
2014;201(3):370-377. DOI: 10.1016/j.
tvjl.2014.06.005

[11] Espinosa-Oliva AM, de Pablos RM, 
Villaran RF, Argüelles S, Venero JL, et al. 
Stress is critical for LPS-induced 
activation of microglia and damage in the 
rat hippocampus. Neurobiology of 
Aging. 2011;32(1):85-102. DOI: 10.1016/j.
neurobiolaging.2009.01.012

[12] Crowell-Davis SL. Social behaviour 
of the horse and its consequences for 
domestic management. Equine 
Veterinary Education. 1993;5(3):148-150. 
DOI: 10.1111/j.2042-3292.1993.tb01025.x

[13] Talor PM. Equine stress responses 
to anaesthesia. British Journal of 
Anaesthesia. 1989;63(6):702-709. 
DOI: 10.1093/bja/63.6.702

[14] Holbrook TC, McFarlance D, 
Schott HC. Neuroendocrine and non-
neuroendocrine markers of inflammation 
associated with performance in 
endurance horses. Equine Veterinary 
Journal. 2010;42:123-128. DOI: 
10.1111/j.2042-3306.2010.00256.x

[15] Smiet E, Van Dierendonck MC, 
Sleutjens J, Menheere PPCA, van 
Breda E, et al. Effect of different head 
and neck positions on behaviour, heart 
rate variability and cortisol levels in 

References



Updates on Veterinary Anatomy and Physiology

164

lunged Royal Dutch Sport horses. The 
Veterinary Journal. 2014;202(1):26-32. 
DOI: 10.1016/j.tvjl.2014.07.005

[16] Peeters M, Closson C, Beckers J-F, 
Vandenheede M. Rider and horse salivary 
cortisol levels during competition and 
impact on performance. Journal of 
Equine Veterinary Science. 2013;33(3): 
155-160. DOI: 10.1016/j.jevs.2012.05.073

[17] Hines MT. Clinical approach to 
commonly encountered problems.  
Equine Internal Medicine. 2018;7:232-
310. DOI: 10.1016/b978-0-323-44329-6. 
00007-3

[18] Houpt KA, Eggleston A, Kunkle K, 
Houpt TR. Effect of water restriction on 
equine behaviour and physiology. Equine 
Veterinary Journal. 2000;32(4):341-344. 
DOI: 10.2746/042516400777032200

[19] Waran NK, Clarke N, Farnworth M. 
The effects of weaning on the domestic 
horse (Equus caballus). Applied Animal 
Behaviour Science. 2008;110(1-2):42-57. 
DOI: 10.1016/j.applanim.2007.03.024

[20] Erber R, Wulf M, Rose-Meierhöfer S, 
Becker-Birck M, Möstl E, et al. Behavioral 
and physiological responses of young 
horses to different weaning protocols: A 
pilot study. Stress. 2011;15(2):184-194. 
DOI: 10.3109/10253890.2011.606855

[21] Hartmann E, Chritensen JW, 
Keeling LJ. Training young horses to 
social separation: Effect of a companion 
horse on training efficiency. Equine 
Veterinary Journal. 2011;43(5):580-584. 
DOI: 10.1111/j.2042-3306.2010.00326.x

[22] Folkman S. Stress: Appraisal and 
coping. In: Encyclopedia of Behavioral 
Medicine. 2nd Edition. M.D. Gellman. 
New York:Springer; 2013. pp. 1913-1915.  
DOI: 10.1007/978-1-4419-1005-9_215

[23] Gronqvist G, Rogers C, Gee E, 
Bolwell C, Gordon S. The challenges of 

using horses for practical teaching 
purposes in veterinary programmes. 
Animals. 2016;6(11):69. DOI: 10.3390/
ani6110069

[24] Smith AV, Proops L, Grounds K, 
Wathan J, McComb K. Horses give 
functionally relevant responses to human 
facial expressions of emotion: A response 
to Schmoll (2016). Biology Letters. 
2016;12(9):20160549. DOI: 10.1098/
rsbl.2016.0549

[25] McCarty R, Horwatt K, Konarska M. 
Chronic stress and sympathetic-adrenal 
medullary responsiveness. Social Science 
& Medicine. 1988;26(3):333-341.  
DOI: 10.1016/0277-9536(88)90398-x

[26] Schommer NC, Hellhammer DH, 
Kirschbaum C. Dissociation between 
reactivity of the hypothalamus-Pituitary-
adrenal Axis and the sympathetic-
adrenal-medullary system to repeated 
psychosocial stress. Psychosomatic 
Medicine. 2003;65(3):450-460. DOI: 
10.1097/01.psy.0000035721.12441.17

[27] Simic N. Changes in the activity of 
sympathetic-adrenal medullary system 
and hypothalamic-pituitary-adrenal 
system in humans exposed to 
psychogenic stressors and their effects on 
immunoreactivity. Acta Medica Croatica. 
2010;64(4):273-282

[28] Bermudez-Humaran LG, Salinas E, 
Ortiz GG, Ramirez-Jirano LJ, Morales JA, 
Bitzer-Quintero OK. From probiotics to 
Psychobiotics: Live beneficial Bacteria 
which act on the brain-gut Axis. 
Nutrients. 2019;11(4):890. DOI: 10.3390/
nu11040890

[29] Kotas ME, Medzhitov R. 
Homeostasis, inflammation, and disease 
susceptibility. Cell. 2015;160(5):816-827. 
DOI: 10.1016/j.cell.2015.02.010

[30] Dedovic K, Duchesne A, Andrews J, 
Engert V, Pruessner JC. The brain and the 



165

Equine Stress: Neuroendocrine Physiology and Pathophysiology
DOI: http://dx.doi.org/10.5772/intechopen.105045

stress axis: The neural correlates of 
cortisol regulation in response to stress. 
NeuroImage. 2009;47:864-871. DOI: 
10.1016/j.neuroimage.2009.05.074

[31] Herman JP, Figueiredo H, 
Mueller NK, Ulrich-Lai Y, Ostrander MM, 
et al. Central mechanisms of stress 
integration: Hierarchical circuitry 
controlling hypothalamo–pituitary–
adrenocortical responsiveness. Frontiers 
in Neuroendocrinology. 2003;24(3):151-
180. DOI: 10.1016/j.yfrne.2003.07.001

[32] Julius D, Nathans J. Signaling by 
sensory receptors. Cold Spring Harbor 
Perspectives in Biology. 2011;4(1): 
a005991-a005991. DOI: 10.1101/
cshperspect.a005991

[33] Ralston HJ. Pain and the primate 
thalamus. Cortical Function: A View 
from the Thalamus. 2005;149:1-10.  
DOI: 10.1016/s0079-6123(05)49001-9

[34] Kamber N. Neuroanatomy and 
Pathophysiology of Pain Perception. 
Therapeutische Umschau. 2020;77(6): 
239-245. DOI: 10.1024/0040-5930/a001185

[35] Ulrich-Lai YM, Herman JP. Neural 
regulation of endocrine and autonomic 
stress responses. Nature Reviews 
Neuroscience. 2009;10(6):397-409.  
DOI: 10.1038/nrn2647

[36] Benarroch EE. The locus ceruleus 
norepinephrine system: Functional 
organization and potential clinical 
significance. Neurology. 2009;73(20): 
1699-1704. DOI: 10.1212/wnl.0b013 
e3181c2937c

[37] Millan MJ. The induction of pain: 
An integrative review. Progress in 
Neurobiology. 1999;57(1):1-164.  
DOI: 10.1016/s0301-0082(98)00048-3

[38] Chaumeton AS, Gravett N, 
Bhagwandin A, Manger PR. Tyrosine 

hydroxylase containing neurons in the 
thalamic reticular nucleus of male 
equids. Journal of Chemical 
Neuroanatomy. 2020;110:101873.  
DOI: 10.1016/j.jchemneu.2020.101873

[39] Guillery RW, Feig SL, Lozsádi DA. 
Paying attention to the thalamic reticular 
nucleus. Trends in Neurosciences. 
1998;21(1):28-32. DOI: 10.1016/
s0166-2236(97)01157-0

[40] Williams DC, Aleman M, Holliday TA, 
Fletcher DJ, Tharp B, et al. Qualitative 
and quantitative characteristics of the 
electroencephalogram in Normal horses 
during spontaneous drowsiness and sleep. 
Journal of Veterinary Internal Medicine. 
2008;22(3):630-638. DOI: 10.1111/j. 
1939-1676.2008.0096.x

[41] Benarroch EE. Locus coeruleus. Cell 
and Tissue Research. 2017;373(1):221-
232. DOI: 10.1007/s00441-017-2649-1

[42] Ehlers MR, Todd RM. Genesis and 
maintenance of attentional biases: The 
role of the locus Coeruleus-noradrenaline 
system. Neural Plasticity. 2017;2017:1-15. 
DOI: 10.1155/2017/6817349

[43] Nicolaides NC, Kyratzi E, 
Lamprokostopoulou A, Chrousos GP, 
Charmandari E. Stress, the stress system 
and the role of glucocorticoids. 
Neuroimmunomodulation. 2015;22 
(1-2):6-19. DOI: 10.1159/000362736

[44] McEwen BS, Gianaros PJ. Central role 
of the brain in stress and adaptation: Links 
to socioeconomic status, health, and 
disease. Annals of the New York Academy 
of Sciences. 2010;1186(1):190-222. DOI: 
10.1111/j.1749-6632.2009.05331.x

[45] Iversen S, Iversen L, Saper CB. 
Principles of Neural Science. New York: 
Mc-Graw Hill; 2000

[46] Sara SJ, Bouret S. Orienting and 
reorienting: The locus Coeruleus 



Updates on Veterinary Anatomy and Physiology

166

mediates cognition through arousal. 
Neuron. 2012;76(1):130-141.  
DOI: 10.1016/j.neuron.2012.09.011

[47] William TA, Lee WD. Peripheral 
and central effects of circulating 
Catecholamines. Comprehensive 
Physiology. 2014;5:1-15. DOI: 10.1002/
cphy.c140007

[48] Chiu SH, Huskey SW. Species 
differences in N-glucuronidation. 
Drug Metabolism and Disposition. 
1998;26(9):838-847

[49] Samuels E, Szabadi E. Functional 
neuroanatomy of the noradrenergic locus 
Coeruleus: Its roles in the regulation of 
arousal and autonomic function part II: 
Physiological and pharmacological 
manipulations and pathological 
alterations of locus Coeruleus activity in 
humans. Current Neuropharmacology. 
2008;6(3):254-285. DOI: 
10.2174/157015908785777193

[50] Kurosawa N, Shimizu K, Seki K. The 
development of depression-like behavior 
is consolidated by IL-6-induced activation 
of locus coeruleus neurons and IL-1β-
induced elevated leptin levels in mice. 
Psychopharmacology. 2015;233(9):1725-
1737. DOI: 10.1007/s00213-015-4084-x

[51] Berridge C, Foote S. Effects of  
locus coeruleus activation on 
electroencephalographic activity in 
neocortex and hippocampus. Journal of 
Neuroscience. 1991;11(10):3135-3145. 
DOI: 10.1523/jneurosci.11-10-03135.1991

[52] Jones BE, Yang T-Z. The efferent 
projections from the reticular formation 
and the locus coeruleus studied by 
anterograde and retrograde axonal 
transport in the rat. The Journal of 
Comparative Neurology. 1985;242(1): 
56-92. DOI: 10.1002/cne.902420105

[53] Unnerstall JR, Kopajtic TA, Kuhar MJ. 
Distribution of α2 agonist binding sites 

in the rat and human central nervous 
system: Analysis of some functional, 
anatomic correlates of the pharmacologic 
effects of clonidine and related 
adrenergic agents. Brain Research 
Reviews. 1984;7(1):69-101. DOI: 
10.1016/0165-0173(84)90030-4

[54] Macarthur H, Wilken GH, 
Westfall TC, Kolo LL. Neuronal and 
non-neuronal modulation of sympathetic 
neurovascular transmission. Acta 
Physiologica. 2011;203(1):37-45. DOI: 
10.1111/j.1748-1716.2010.02242.x

[55] Watanabe T, Shimamoto N, 
Takahashi A, Fujino M. PACAP 
stimulates catecholamine release from 
adrenal medulla: A novel noncholinergic 
secretagogue. American Journal of 
Physiology. Endocrinology and 
Metabolism. 1995;269(5):E903-E909. 
DOI: 10.1152/ajpendo.1995.269.5.e903

[56] Kurosawa M, Takeda F, Nagata S. 
Circadian variations in plasma adrenaline 
and noradrenaline in the thoroughbred 
horse. Journal of Equine Science. 
1997;8(3):81-88. DOI: 10.1294/jes.8.81

[57] Warren JB, Dalton N, Turner C, 
Clark TJ, Toseland PA. Adrenaline 
secretion during exercise. Journal of 
Clinical Sciences. 1984;66(1):87-90. 
DOI: 10.1042/cs0660087

[58] Nagata S, Takeda F, Kurosawa M, 
Mima K, Hiraga A, Kai M, et al. Plasma 
adrenocorticotropin, cortisol and 
catecholamines response to various 
exercises. Equine Veterinary Journal. 
1999;31(30):570-574. DOI: 10.1111/
j.2042-3306.1999.tb05286.x

[59] Jimenez M, Hinchcliff KW, Farris JW. 
Catecholamine and cortisol responses of 
horses to incremental exertion. 
Veterinary Research Communications. 
1998;22(2):107-118. DOI: 
10.1023/a:1006027429526



167

Equine Stress: Neuroendocrine Physiology and Pathophysiology
DOI: http://dx.doi.org/10.5772/intechopen.105045

[60] Boucher JH. The equine spleen: 
Source of dangerous red blood cells. 
Journal of Equine Veterinary Science. 
1987;7(3):140-142. DOI: 10.1016/
S0737-0806(87)80022-9

[61] Thayer JF, Hahn AW, Pearson MA, 
Sollers JJ 3rd, Johnson PJ, Loch WE. 
Heart rate variability during exercise in 
the horse. Biomedical Sciences 
Instrumentation. 1997;34:246-251

[62] Clayton HM. Conditioning Sport 
Horses. Mason: Sport Horse 
Publication; 1991

[63] von Borell E, Langbein J, Després G, 
Hansen S, Leterrier C. Heart rate 
variability as a measure of autonomic 
regulation of cardiac activity for 
assessing stress and welfare in farm 
animals - a review. Journal of. Physiology 
& Behavior. 2007;92(3):293-316. DOI: 
10.1016/j.physbeh.2007.01.007

[64] Fleisher AL. Heart rate variability as 
an assessment of cardiovascular status. 
Journal of Anesthesia. 1996;10(5):659-
671. DOI: 10.1016/s1053-0770(96) 
80146-7

[65] Malliani A, Montano N. Heart rate 
variability as a clinical tool. Italian Heart 
Journal. 2002;3(8):439-445

[66] Hinchcliff KW, Geor RJ, Kaneps AJ. 
Equine Exercise Physiology. Churchill 
Livingstone: Elsevier; 2008. DOI: 
10.1016/B978-0-7020-2857-1.X5001-X

[67] Butler PJ, Woakes AJ, Smale K, 
Roberts CA, Hillidge CJ, et al. Respiratory 
and cardiovascular adjustments during 
exercise of increasing intensity and 
during recovery in thoroughbred 
racehorses. Journal of Experimental 
Biology. 1993;179:159-180

[68] Lafortuna CL, Reinach E, Saibene F. 
The effects of locomotor-respiratory 

coupling on the pattern of breathing 
in horses. Journal of Physiology. 
1996;492(Pt 2):587-596. DOI: 10.1113/
jphysiol.1996.sp021331

[69] Mittal R, Debs LH, Patel AP, 
Nguyen D, Patel K, et al. 
Neurotransmitters: The Critical 
Modulators Regulating Gut-Brain Axis. 
Journal of Cellular Physiology. 
2017;232(9):2359-2372. DOI: 10.1002/
jcp.25518

[70] DeNotta SL, Brooks MB. Coagulation 
Assessment in the Equine Patient. 
Veterinary Clinics of North America: 
Equine Practice. 2020;36(1):53-71. 
DOI: 10.1016/j.cveq.2019.12.001

[71] Wirtz PH, Ehlert U, Emini L, 
Rüdisüli K. The role of stress hormones in 
the relationship between resting blood 
pressure and coagulation activity. Journal 
of Hypertension. 2006;24(12):2409-2416. 
DOI: 10.1097/HJH.0b013e32801098e5

[72] Cuniberti B, Badino P, Odore R, 
Girardi C, Re G. Effects induced by 
exercise on lymphocyte β-adrenergic 
receptors and plasma catecholamine 
levels in performance horses. Research in 
Veterinary Science. 2012;92(1):116-112. 
DOI: 10.1016/j.rvsc.2010.11.002

[73] Keadle TL. The Effects of Exercise 
Stress on Equine Immune Function. 
Baton Rouge: Diss. Louisiana State 
University; 1992

[74] Horohov DW, Dimock A, 
Guirnalda P, Folsom RW, McKeever KH, 
et al. Effect of exercise on the immune 
response of young and old horses. 
American Journal of Veterinary Research. 
1999;60(5):643-647

[75] Carrington EF, Desautels M, 
Naylor JM. Beta-adrenergic stimulated 
lipolysis in pony adipocytes is exclusively 
via a beta2-subtype and is not affected by 



Updates on Veterinary Anatomy and Physiology

168

lactation. Comparative Biochemistry and 
Physiology Part A. 2003;136(2):311-320. 
DOI: 10.1016/s1095-6433(03)00157-0

[76] Kritchevsky JE, Muir GS, 
Leschke DH, Hodgson JK, Hess EK, 
Bertin FR. Blood glucose and insulin 
concentrations after alpha-2-agonists 
administration in horses with and 
without insulin dysregulation. Journal of 
Veterinary Internal Medicine. 
2020;34(2):902-908. DOI: 10.1111/
jvim.15747

[77] Arnall DA, Marker JC, Conlee RK, 
Winder WW. Effect of infusing 
epinephrine on liver and muscle 
glycogenolysis during exercise in rats. 
American Journal of Physiology. 
1986;250(6 Pt 1):E641-E649.  
DOI: 10.1152/ajpendo.1986.250.6.E641

[78] Tank AW, Lee WD. Peripheral and 
central effects of circulating 
catecholamines. Comprehensive 
Physiology. 2015;5:1-15. DOI: 10.1002/
cphy.c140007

[79] de Graaf-Roelfsema E, Keizer HA, 
van Breda E, Wijnberg ID, van der 
Kolk JH. Hormonal responses to acute 
exercise, training and overtraining. A 
review with emphasis on the horse. 
Veterinary Quarterly. 2007;29(3):82-101. 
DOI: 10.1080/01652176.2007.9695232

[80] Ferlazzo A, Cravana C, Fazio E, 
Medica P. The different hormonal system 
during exercise stress coping in horses. 
Veterinary World. 2020;13(5): 
847-859. DOI: 10.14202/vetworld. 
2020.847-859

[81] Fink G. Stress: Neuroendocrinology 
and Neurobiology. 1st ed. Cambridge: 
Acad. Press; 2017;2:3-15. DOI: 10.1016/
B978-0-12-802175-0.00001-2

[82] Van de Kar LD, Blair ML. Forebrain 
pathways mediating stress-induced 

hormone secretion. Frontiers in 
Neuroendocrinology. 1999;20(1):1-48. 
DOI: 10.1006/frne.1998.0172

[83] Chu B, Marwaha K, Sanvictores T, 
Ayers D. Physiology, stress reaction. In: 
StatPearls [Internet]. Treasure Island 
(FL): StatPearls Publishing; 2021

[84] Solomon MB, Loftspring M, 
de Kloet AD, Ghosal S, Jankord R. 
Neuroendocrine function after 
hypothalamic depletion of glucocorticoid 
receptors in male and female mice. 
Endocrinology. 2015;156(8):2843-2853. 
DOI: 10.1210/en.2015-1276

[85] Sapolsky RM, Romero LM, 
Munck AU. How do glucocorticoids 
influence stress responses? Integrating 
permissive, suppressive, stimulatory, and 
preparative actions. Endocrine Reviews. 
2000;21(1):55-89. DOI: 10.1210/
edrv.21.1.0389

[86] Choi DC, Furay AR, Evanson NK, 
Ostrander MM, Ulrich-Lai YM, 
Herman JP. Bed nucleus of the stria 
terminalis subregions differentially 
regulate hypothalamic-pituitary-adrenal 
axis activity: Implications for the 
integration of limbic inputs. Journal of 
Neuroscience. 2007;27:2025-2034. DOI: 
10.1523/JNEUROSCI.4301-06.2007

[87] Valentino RJ, Page M, van 
Bockstaele E, Aston-Jones G. 
Corticotropin-releasing factor 
innervation of the locus coeruleus region: 
Distribution of fibers and sources of 
input. Journal of Neuroscience. 
1992;48(3):689-705. DOI: 10.1016/ 
0306-4522(92)90412-U

[88] Aguilera G. HPA axis responsiveness 
to stress: Implications for healthy aging. 
Experimental Gerontology. 2011;46 
(2-3):90-95. DOI: 10.1016/j.exger. 
2010.08.023



169

Equine Stress: Neuroendocrine Physiology and Pathophysiology
DOI: http://dx.doi.org/10.5772/intechopen.105045

[89] Bale TL, Vale WW. CRF and CRF 
receptors: Role in stress responsivity and 
other behaviors. Annual Review of 
Pharmacology and Toxicology. 
2004;44:525-557. DOI: 10.1146/annurev.
pharmtox.44.101802.121410

[90] Alexander SL, Irvine CH, Ellis MJ, 
Donald RA. The effect of acute exercise 
on the secretion of corticotropin-
releasing factor, arginine vasopressin, 
and adrenocorticotropin as measured in 
pituitary venous blood from the horse. 
Endocrinology. 1991;128(1):65-72.  
DOI: 10.1210/endo-128-1-65

[91] Borodovitsyna O, Joshi N, 
Chandler D. Persistent stress-induced 
Neuroplastic changes in the locus 
Coeruleus/norepinephrine system. 
Neural Plasticity. 2018;2018:1-14. 
DOI: 10.1155/2018/1892570

[92] Tsigos C, Kyrou I, Kassi E, 
Chrousos GP. Stress: Endocrine 
physiology and pathophysiology. 
Endotext-NCBI Bookshelf (Internet), 
South Dartmouth, MA. 2020

[93] Silverman AJ, Hou-Yu A, Chen WP. 
Corticotropin-releasing factor synapses 
within the paraventricular nucleus of the 
hypothalamus. Neuroendocrinology. 
1989;49:291-299. DOI: 10.1159/ 
000125131

[94] Aghajanian GK, VanderMaelen CP. 
Alpha 2-adrenoceptor-mediated 
hyperpolarization of locus coeruleus 
neurons: Intracellular studies in vivo. 
Journal of Science. 1982;215:1394-1396. 
DOI: 10.1126/science.6278591

[95] Hashimoto H, Shintani N, Tanida M, 
Hayata A, Hashimoto R. PACAP is 
implicated in the stress axes. Current 
Pharmaceutical Design. 2011;17(10):985-
989. DOI: 10.2174/138161211795589382

[96] Solés-Tarrés I, Cabezas-Llobet N, 
Vaudry D, XifróProtective X. Effects of 

Pituitary adenylate cyclase-activating 
polypeptide and vasoactive intestinal 
peptide against cognitive decline in 
neurodegenerative diseases. Frontiers in 
Cellular Neuroscience. 2020;14:221. 
DOI: 10.3389/fncel.2020.00221

[97] Denes V, Geck P, Mester A, Gabriel R, 
Pituitary. Adenylate cyclase-activating 
polypeptide: 30 years in research spotlight 
and 600 million years in service. Journal 
of. Clinical Medicine. 2019;8(9):1488. 
DOI: 10.3390/jcm8091488

[98] Lowry CA. Functional subsets  
of serotonergic neurones: Implications 
for control of the hypothalamic-
pituitary-adrenal axis. Journal of 
Neuroendocrinology. 2002;14:911-923. 
DOI: 10.1046/j.1365-2826.2002.00861.x

[99] Rivest S. How circulating cytokines 
trigger the neural circuits that control the 
hypothalamic-pituitary-adrenal axis. 
Journal of Psychoneuroendocrinology. 
2001;26:761-788. DOI: 10.1016/
s0306-4530(01)00064-6

[100] Thorsell A., Diverse M. H. 
Functions of neuropeptide Y revealed 
using genetically modified animals. 
Neuropeptides. 2002; 36(2-3):182-193. 
DOI: 10.1054/npep.2002.0897.

[101] Ebner K, Singewald N. The role of 
substance P in stress and anxiety 
responses. Journal of Amino Acids. 
2006;31(3):251-272. DOI: 10.1007/
s00726-006-0335-9

[102] Medica P, Giunta RP, Bruschetta G, 
Ferlazzo AM. The influence of training 
and simulated race on horse plasma 
serotonin levels. Journal of Equine 
Veterinary Science. 2020;84:102818. 
DOI: 10.1016/j.jevs.2019.102818

[103] Millington GW. The role of 
proopiomelanocortin (POMC) neurones 
in feeding behavior. Journal of Nutrition 



Updates on Veterinary Anatomy and Physiology

170

and Metabolism. 2007;4:18. DOI: 
10.1186/1743-7075-4-18

[104] Baskin DG, Figlewicz LD, Seeley RJ, 
Woods SC, Porte D Jr, Schwartz MW. 
Insulin and leptin: Dual adiposity signals 
to the brain for the regulation of food 
intake and body weight. Brain Research. 
1999;848:114-123. DOI: 10.1016/
s0006-8993(99)01974-5

[105] Gnocchi D, Bruscalupi G, 
Rhythms C, Homeostasis H. Circadian 
Rhythms and hormonal Homeostasis: 
Pathophysiological implications. Biology. 
2017;6(1):10. DOI: 10.3390/
biology6010010

[106] McKeever KH. Endocrine alterations 
in the equine athlete: An update the 
veterinary clinics of North America. 
Equine Practice. 2011;27(1):197-218. 
DOI: 10.1016/j.cveq.2011.01.001

[107] Murphy BA. Chronobiology and the 
horse: Recent revelations and future 
directions. Veterinary Journal. 
2010;185(2):105-114. DOI: 10.1016/j.
tvjl.2009.04.013

[108] Berger A, Scheibe KM, Eichhorn K, 
Scheibe A, Streich J. Diurnal and 
ultradian rhythms of behaviour in a mare 
group of Przewalski horse (Equus ferus 
przewalskii), measured through one year 
under semi-reserve conditions. Applied 
Animal Behaviour Science. 1999;64(1):1-
17. DOI: 10.1016/S0168-1591(99)00026-X

[109] Bertolucci C, Giannetto C, Fazio F, 
Piccione G. Seasonal variations in daily 
rhythms of activity in athletic horses. 
Animal. 2008;2:1055-1060.  
DOI: 10.1017/S1751731108002267

[110] Frank E, Landgraf R. The 
vasopressin system--from antidiuresis to 
psychopathology. European Journal of 
Pharmacology. 2008;583(2-3):226-242. 
DOI: 10.1016/j.ejphar.2007.11.063

[111] Ludders JW, Palos H-M, Erb HN, 
Lamb SV, Vincent SE, Gleed RD. Plasma 
arginine vasopressin concentration in 
horses undergoing surgery for colic. 
Journal of Veterinary Emergency and 
Critical Care. 2009;19(6):528-535.  
DOI: 10.1111/j.1476-4431.2009.00475.x

[112] McKeever KH. Endocrine alterations 
in the equine athlete: An update. 
Veterinary Clinics: Equine Practice. 
2011;27(1):197-218. DOI: 10.1016/j.
cveq.2011.01.001

[113] Hyyppä S. Endocrinal responses in 
exercising horses. Livestock Production 
Science. 2005;92(2):113-121.  
DOI: 10.1016/j.livprodsci.2004.11.014

[114] Aguilera G, Rabadan-Diehl C. 
Vasopressinergic regulation of the 
hypothalamic-pituitary-adrenal axis: 
Implications for stress adaptation. 
Regulatory Peptides. 2000;96(1-2):23-29. 
DOI: 10.1016/s0167-0115(00)00196-8.117

[115] Harno E, Gali RT, Coll AP, White A. 
POMC: The physiological power of 
hormone processing. Physiological 
Reviews. 2018;98(4):2381-2430. DOI: 
10.1152/physrev.00024.2017

[116] Hauger RL, Dautzenberg FM. 
Regulation of the stress response by 
Corticotropin-releasing factor receptors. 
In: Conn PM, Freeman ME, editors. 
Neuroendocrinology in Physiology and 
Medicine. New Jersey: Humana Press; 
2000. pp. 261-286

[117] van der Kolk JH, Heinrichs M, van 
Amerongen JD, Stooker RCJ, van den 
Ingh TS, et al. Evaluation of pituitary 
gland anatomy and histopathologic 
findings in clinically normal horses and 
horses and ponies with pituitary pars 
intermedia adenoma. American Journal 
of Veterinary Research. 2004;65(12): 
1701-1707. DOI: 10.2460/ajvr.2004. 
65.1701



171

Equine Stress: Neuroendocrine Physiology and Pathophysiology
DOI: http://dx.doi.org/10.5772/intechopen.105045

[118] Hill MN, Tasker JG. Endocannabinoid 
Signaling, glucocorticoid-mediated 
negative feedback and regulation of the 
HPA Axis. Journal of Neuroscience. 
2012;204:5-16. DOI: 10.1016/j.
neuroscience.2011.12.030

[119] Dodman NH, Shuster L, Court MH, 
Dixon R. Investigation into the use of 
narcotic antagonists in the treatment of a 
stereotypic behavior pattern (crib-
biting) in the horse. American Journal of 
Veterinary Research. 1987;48(2):311-319

[120] Couëtil L, Paradis MR, Knoll J. 
Plasma adrenocorticotropin concentration 
in healthy horses and in horses with 
clinical signs of hyperadrenocorticism. 
Journal of Veterinary Internal Medicine. 
1996;10(1):1-6. DOI: 10.1111/j.1939-
1676.1996.tb02016.x

[121] Alexander SL, Irvine CH, Donald RA. 
Dynamics of the regulation of the 
hypothalamo-pituitary-adrenal (HPA) 
axis determined using a nonsurgical 
method for collecting pituitary venous 
blood from horses. Frontiers in 
Neuroendocrinology. 1996;17(1):1-50. 
DOI: 10.1006/frne.1996.0001

[122] Katarzyna AD, Lindsey MJ, 
Kathryn JT, Jillian SM, et al. Multiple 
adrenocortical steroid response to 
administration of exogenous 
adrenocorticotropic hormone to 
hospitalized foals. Journal of Veterinary 
Internal Medicine. 2019;33(4):1766-1774. 
DOI: 10.1111/jvim.15527

[123] Touma C, Bunck M, Glasl L, 
Nussbaumer M, Palme R, Stein H, et al. 
Mice selected for high versus low stress 
reactivity: A new animal model for 
affective disorders. Journal of 
Psychoneuroendocrinology. 
2008;33(6):839-862. DOI: 10.1016/j.
psyneuen.2008.03.013

[124] Ambrojo KS, Corzano MM, 
Poggi JCG. Action mechanisms and 

pathophysiological characteristics of 
cortisol in horses. In: Corticosteroids. 
Rijeka: IntechOpen; 2018. DOI: 10.5772/
intechopen.72721

[125] Bousquet-Melou A, Formentini E, 
Picard-Hagen N, Delage L, Laroute V. 
The Adrenocorticotropin stimulation 
test: Contribution of a physiologically 
based model developed in horse for 
its interpretation in different 
pathophysiological situations 
encountered in man. Endocrinology. 
2006;147(9):4281-4291. DOI: 10.1210/
en.2005-1161

[126] Pell SM, McGreevy PD. A study of 
cortisol and beta-endorphin levels in 
stereotypic and normal thoroughbreds. 
Applied Animal Behaviour Science. 
1999;64:81-90. DOI: 10.1016/
S0168-1591(99)00029-5

[127] Hinchcliff KW, Rush BR, Farris JW. 
Evaluation of plasma catecholamine and 
serum cortisol concentrations in horses 
with colic. Journal of the American 
Veterinary Medical Association. 
2005;227(2):276-280. DOI: 10.2460/
javma.2005.227.276

[128] Edner AH, Nyman GC, 
Essen-Gustavsson B. Metabolism before, 
during and after anaesthesia in colic and 
healthy horses. Acta Veterinaria 
Scandinavica. 2007;49(1):34.  
DOI: 10.1186/1751-0147-49-34

[129] Stull CL, Rodiek AV. Effects of 
cross-tying horses during 24 h of road 
transport. Equine Veterinary Journal. 
2010;34(6):550-555. DOI: 10.2746/ 
042516402776180214

[130] Friend TH. Dehydration, stress, and 
water consumption of horses during 
long-distance commercial transport. 
Journal of Animal Science. 2000;78(10): 
2568. DOI: 10.2527/2000.78102568x



Updates on Veterinary Anatomy and Physiology

172

[131] Pawluski J, Jego P, Henry S, 
Bruchet A, Palme R, et al. Low plasma 
cortisol and fecal cortisol metabolite 
measures as indicators of compromised 
welfare in domestic horses (Equus 
caballus). PLoS One. 2017;12(9): 
e0182257. DOI: 10.1371/journal.
pone.0182257

[132] Fazio E, Medica P, Aronica V, 
Grasso L, Ferlazzo A. Circulating 
β-endorphin, adrenocorticotrophic 
hormone and cortisol levels of stallions 
before and after short road transport: 
Stress effect of different distances. Acta 
Veterinaria Scandinavica. 2008;50(1):6. 
DOI: 10.1186/1751-0147-50-6

[133] Gayarard V, Alvinerie V, Toutain PL. 
Interspecies variations of corticosteroid-
binding globulin parameters. Domestic 
Animal Endocrinology. 1996;13(1):35-45.  
DOI: 10.1016/0739-7240(95)00042-9

[134] Desantis LM, Delehanty B, Weir JT. 
Rudy Boonstra mediating free 
glucocorticoid levels in the blood of 
vertebrates: Are corticosteroid-binding 
proteins always necessary? Functional 
Ecology. 2013;27(1):107-119.  
DOI: 10.1111/1365-2435.12038

[135] Sakaue M, Hoffman BB. 
Glucocorticoids induce transcription and 
expression of the α1B adrenergic receptor 
gene in DTT1 MF-2 smooth muscle cells. 
Journal of Clinical Investigation. 
1991;88(2):385-389. DOI: 10.1172/
JCI115315

[136] Gibson A. The influence of 
endocrine hormones on the autonomic 
nervous system. Journal of Autonomic 
Pharmacology. 1981;1(4):331-358. 
DOI: 10.1111/j.1474-8673.1981.tb00463.x

[137] Kvetnansky R, Fukuhara K, 
Pacak K, Cizza G, Goldstein DS, et al. 
Endogenous glucocorticoids restrain 
catecholamine synthesis and release at 

rest and during immobilization stress in 
rats. Endocrinology. 1993;133(3):1411-
1419. DOI: 10.1210/endo.133.3.8396019

[138] Dianne MF. Equine Pituitary pars 
intermedia dysfunction. Veterinary 
Clinics: Equine Practice. 2011;27(1):93-
113. DOI: 10.1016/j.cveq.2010.12.007

[139] Strehl C, Ehlers L, Gaber T, 
Buttgereit F. Glucocorticoids—All-
Rounders tackling the versatile players of 
the immune system. Frontiers in 
Immunology. 2019;10:1744.  
DOI: 10.3389/fimmu.2019.01744

[140] Hayamizu S, Kanda K, Ohmori S, 
Murata Y, Seo H. Glucocorticoids 
potentiate the action of atrial natriuretic 
polypeptide in adrenalectomized rats. 
Endocrinology. 1994;135(6):2459-2464. 
DOI: 10.1210/endo.135.6.7988432

[141] Borer-Weir KE, Menzies-Gow NJ, 
Bailey SR, Harris PA, Elliott J. Seasonal 
and annual influence on insulin and 
cortisol results from overnight 
dexamethasone suppression tests in 
normal ponies and ponies predisposed to 
laminitis. Equine Veterinary Journal. 
2013;45(6):688-693. DOI: 10.1111/
evj.12053

[142] Harrington MKK. The endocrine 
system and the challenge of exercise. The 
Veterinary Clinics of North America. 
Equine Practice. 2002;18(2):321-353. 
DOI: 10.1016/S0749-0739(02)00005-6

[143] Bartolome E, Cockram MS. Potential 
effects of stress on the performance of 
sport horses. Journal of Equine Veterinary 
Science. 2016;40(5):84-93. DOI: 10.1016/j.
jevs.2016.01.016

[144] AboEl-Maaty AM. Stress and its 
effects on horses reproduction. Veterinary 
Science Development. 2011;1(1):13. 
DOI: 10.4081/vsd.2011.3440



173

Equine Stress: Neuroendocrine Physiology and Pathophysiology
DOI: http://dx.doi.org/10.5772/intechopen.105045

[145] McCarthy L, Wetzel M, Sliker JK, 
Eisenstein TK, Rogers TJ. Opioids, opioid 
receptors, and the immune response. 
Drug and Alcohol Dependence. 
2001;62(2):111-123. DOI: 10.1016/
s0376-8716(00)00181-2

[146] Sakanaka M, Magari S, Shibasaki T, 
Inoue N. Co-localization of 
corticotropin-releasing factor- and 
enkephalin-like immunoreactivities in 
nerve cells of the rat hypothalamus and 
adjacent areas. Brain Research. 
1989;487:357-336. DOI: 10.1016/ 
0006-8993(89)90840-8

[147] Nothacker HP, Reinscheid RK, 
Mansour A, Henningsen RA, Ardati A, 
et al. Primary structure and tissue 
distribution of the orphanin FQ 
precursor. Proceedings of the National 
Academy of Sciences of the United States 
of America. 1996;93:8677. DOI: 10.1073/
pnas.93.16.8677

[148] Koob GF, Maldonado R, Stimus L. 
Neural substrates of opiate withdrawal. 
Trends in Neurosciences. 1992;15:186-
191. DOI: 10.1016/0166-2236(92) 
90171-4

[149] Valentino RJ, Van Bockstaele E. 
Opposing regulation of the locus 
coeruleus by corticotropin-releasing 
factor and opioids. Potential for 
reciprocal interactions between stress and 
opioid sensitivity. Psychopharmacology. 
2001;158(4):331-342. DOI: 10.1007/
s002130000673

[150] Foreman JH, Ferlazzo A. 
Physiological responses to stress in the 
horse. Journal of Pferdeheilkunde. 
1996;12(4):401-404. DOI: 10.21836/
PEM19960405

[151] Golynski M, Krumrych W, Lutnicki1 
K. The role of beta-endorphin in horses: A 
review. Veterinární Medicína. 2011;56(9): 
423-429. DOI: 10.17221/3205-VETMED

[152] Jeffcott LB, Clarke LB, Clark IJ. 
Preliminary studies on the use of plasma 
β-endorphin in horses as an indicator of 
stress and pain. Journal of Equine 
Veterinary Science. 1993;13(4):216-219. 
DOI: 10.21836/PEM20040108

[153] Ferlazzo A, Fazio E, Cravana C, 
Medica P. The role of circulating 
β-endorphin in different stress models in 
equines: A review. Journal of Equine 
Veterinary Science. 2018;71(12):98-104. 
DOI: 10.1016/j.jevs.2018.10.012

[154] Golland LC, Evans DL, Stone GM, 
Tyler-McGowan CM, Hodgson DR, 
Rose RJ. Maximal exercise transiently 
disrupts hormonal secretory patterns in 
Standardbred geldings. Equine 
Veterinary Journal Supplements. 
1999;30(7):581-585. DOI: 10.1111/j.2042-
3306.1999.tb05288.x

[155] Mehl ML, Schott HC 2nd, 
Sarkar DK, Bayly WM. Effects of exercise 
intensity and duration on plasma beta-
endorphin concentrations in horses. 
American Journal of Veterinary Research. 
2000;61(8):969-973. DOI: 10.2460/
ajvr.2000.61.969

[156] Millington WR, Dybdal NO, Dawson 
R Jr, Manzini C, Mueller GP. Equine 
Cushing's disease: Differential regulation 
of beta-endorphin processing in tumors 
of the intermediate pituitary. Journal of 
Endocrinology. 1988;123(3):1598-1604. 
DOI: 10.1210/endo-123-3-1598

[157] Zubieta JK, Smith YR, Bueller JA, 
Xu Y, Kilbourn MR, Jewett DM, et al. 
Regional mu opioid receptor regulation 
of sensory and affective dimensions of 
pain. Journal of Science. 2001;293:311-
315. DOI: 10.1126/science.1060952

[158] Tiniakov RL, Parin SB, 
Bespalova ZD, Krushinskaia IV, 
Sokolova NA. FMRFa and FMRFamide-
like peptides (FaRPs) in the pathogenesis 



Updates on Veterinary Anatomy and Physiology

174

of shock. Uspekhi Fiziologicheskikh 
Nauk. 1998;29(3):56-65

[159] Rőszer T, Bánfalvi G. FMRFamide-
related peptides: anti-opiate transmitters 
acting in apoptosis. Peptides. 
2012;34(1):177-185. DOI: 10.1016/j.
peptides.2011.04.011

[160] Son SJ, Filosa JA, Potapenko ES, 
Biancardi VC, Zheng H, et al. Dendritic 
peptide release mediates interpopulation 
crosstalk between neurosecretory and 
preautonomic networks. Neuron. 
2013;78(6):1036-1049. DOI: 10.1016/j.
neuron.2013.04.025

[161] Hillard CJ. Circulating 
endocannabinoids: From whence do 
they come and where are they going? 
Neuropsychopharmacology. 
2018;4(3):155-172. DOI: 10.1038/
npp.2017.130

[162] Makino S, Gold PW, Schulkin J. 
Corticosterone effects on corticotropin-
releasing hormone mRNA in the central 
nucleus of the amygdala and the 
parvocellular region of the paraventricular 
nucleus of the hypothalamus. Brain 
Research. 1994;640:105-112. DOI: 
10.1016/0006-8993(94)91862-7

[163] Squillacioti C, Pelagalli A, 
Liguori G, Mirabella N. Urocortins in the 
mammalian endocrine system. Acta 
Veterinaria Scandinavica. 2019;61(1):46. 
DOI: 10.1186/s13028-019-0480-2

[164] Murphy BA, Martin AM,  
Furney P, Elliott JA. Absence of a 
serum melatonin rhythm under acutely 
extended darkness in the horse. Journal 
of Circadian Rhythms. 2011;9:3. 
DOI: 10.1186/1740-3391-9

[165] Bertin FR, Ruffin-Taylor D, 
Stewart AJ. Insulin dysregulation in 
horses with systemic inflammatory 
response syndrome. Journal of Veterinary 

Internal Medicine. 2018;32(4):1420-1427. 
DOI: 10.1111/jvim.15138

[166] Christensen JW. Object habituation 
in horses: The effect of voluntary versus 
negatively reinforced approach to 
frightening stimuli. Journal of Equine 
Veterinary Science. 2013;45(3):298-301. 
DOI: 10.1111/j.2042-3306.2012.00629.x

[167] Hada T, Onaka T, Takahashi T, 
Hiraga A, Yagi K. Effects of novelty stress 
on neuroendocrine activities and 
running performance in thoroughbred 
horses. Journal of Neuroendocrinology. 
2003;15(7):638-648. DOI: 
10.1046/j.1365-2826.2003.01042.x

[168] Bhatnagar S, Huber R, Nowak N, 
Trotter P. Lesions of the posterior 
paraventricular thalamus block 
habituation of hypothalamic-pituitary-
adrenal responses to repeated restraint. 
Journal of Neuroendocrinology. 
2002;14:403-410. DOI: 10.1046/j. 
0007-1331.2002.00792.x

[169] Romero ML, Platts SH, Schoech SJ, 
Wada H, Crespi E. Understanding stress 
in the healthy animal – Potential paths 
for progress. The International Journal on 
Biology of Stress. 2015;18(5):491-497. 
DOI: 10.3109/10253890.2015.1073255

[170] Sterling P, Eyer J. Biological basis of 
stress-related mortality. Social Science 
and Medicine. Part E Medical 
Psychology. 1981;15(1):3-42.  
DOI: 10.1016/0271-5384(81)90061-2

[171] Ramsay DS, Woods SC. Clarifying 
the roles of homeostasis and allostasis in 
physiological regulation. Psychological 
Review. 2014;121(2):225-247.  
DOI: 10.1037/a0035942

[172] McEwen BS, Stellar E. Stress and the 
individual. Mechanisms leading to 
disease. Archives of Internal Medicine. 
1993;153(18):2093-2101



175

Equine Stress: Neuroendocrine Physiology and Pathophysiology
DOI: http://dx.doi.org/10.5772/intechopen.105045

[173] Liu Y, Schubert DR. The specificity 
of neuroprotection by antioxidants. 
Journal of Biomedical Science. 
2009;16:98. DOI: 10.1186/1423- 
0127-16-98

[174] Von Zglinicki T, Pilger R, Sitte N. 
Accumulation of single-strand breaks is 
the major cause of telomere shortening in 
human fibroblasts. Free Radical Biology 
and Medicine. 2000;28(1):64-74. DOI: 
10.1016/s0891-5849(99)00207-5

[175] Slijepcevic P, Bryant PE. 
Chromosome healing, telomere capture 
and mechanisms of radiation-induced 
chromosome breakage. International 
Journal of Radiation Biology. 
1998;73(1):1-13. DOI: 10.1080/ 
095530098142653

[176] Slijepcevic P. The role of DNA 
damage response proteins at telomeres--an 
"integrative" model. DNA Repair. 
2006;5(11):1299-1306. DOI: 10.1016/j.
dnarep.2006.05.038

[177] Puterman E, Lin J, Blackburn E, 
O’donovan A, Adler N, Epel E. The 
power of exercise: Buffering the effect of 
chronic stress on telomere length. PLoS 
One. 2010;5:e10837. DOI: 10.1371/journal.
pone.0010837

[178] Kovac M, Huskamp B, 
Scheidemann W, Toth J, Tambur Z. 
Survival and evaluation of clinical and 
laboratory variables as prognostic 
indicators in horses hospitalized with 
acute diarrhea: 342 cases (1995-2015). 
Acta Veterinaria-Beograd. 2017;67:356-
365. DOI: 10.1515/acve-2017-0029

[179] Kovac M, Aliev R, Pozyabin S, 
Drakul N. Current strategies for 
prevention and treatment of equine 
postoperative ileus: A multimodal 
approach. In: Equine Science. Rijeka: 
Intechopen; 2020. DOI: 10.5772/
intechopen.91290

[180] Kovac M, Pogorelov M, Aliev R, 
Ivanatov E. Equine pleuropneumonia 
- etiology, diagnosis and treatment: 18 
cases (2007-2017). Veterinár̆ství. 
2017;4:35-41

[181] Yaribeygi H, Panahi Y, Sahraei H, 
Johnston T, Sahebkar A. The impact of 
stress on body function: A review. EXCLI 
Journal. 2017;16:1057-1072.  
DOI: 10.17179/excli2017-480

[182] Ijichi T, Hasegawa Y, Morishima T, 
Kurihara T. Effect of sprint training: 
Training once daily versus twice every 
second day. European Journal of Sport 
Science. 2015;15(2):143-150. DOI: 
10.1080/17461391.2014.932849

[183] Visser K, von Borstel UK, Hall C. 
Indicators of stress in equitation. Applied 
Animal Behaviour Science. 2017;190:43-
56. DOI: 10.1016/j.applanim.2017.02.018

[184] Rietmann T, Stuart A, Bernasconi P, 
Stauffacher M, Auer J, Weishaupt M. 
Assessment of mental stress in 
warmblood horses: Heart rate variability 
in comparison to heart rate and selected 
behavioural parameters. Applied Animal 
Behaviour Science. 2004;88:121-136. 
DOI: 10.1016/j.applanim.2004.02.016

[185] Lansade L, Bertrand M, 
Bouissou MF. Effects of neonatal 
handling on subsequent manageability, 
reactivity and learning ability of foals. 
Applied Animal Behaviour Science. 
2004;92:143-158

[186] von Borstel UK, McGreevy P. 
Behind the vertical and behind the times. 
Veterinary Journal. 2014;202(3):403-
404. DOI: 10.1016/j.tvjl.2014.10.005

[187] von Borell E, Langbein J, Despres G, 
Hansen S, Leterrier C, et al. Heart rate 
variability as a measure of autonomic 
regulation of cardiac activity for 
assessing stress and welfare in farm 



Updates on Veterinary Anatomy and Physiology

176

animals -- a review. Physiology & 
Behavior. 2007;92(3):293-316.  
DOI: 10.1016/j.physbeh.2007.01.007

[188] Kovac M, Novicki S, Ippolitova TV, 
Aliev R. Equine cardiac arrhythmias: 
Pathogenesis, and prevalence. Veterinary 
Pharmacology. 2021;1:24-27

[189] Viryasova NA, Ippolitova TV. 
Features of EEG in sport horses 
depending on age/veterinary medicine. 
Journal of Animal Science and 
Biotechnology. 2017;4:78-86

[190] Heidinger BJ, Wada H. Introduction 
to the symposium: Stress phenotype: 
Linking molecular, cellular, and 
physiological stress responses to fitness. 
Integrative and Comparative Biology. 
2019;59(2):237-242. DOI: 10.1093/
icb/icz098



177

Chapter 7

Marek’s Disease Is a Threat for 
Large Scale Poultry Production
Wojciech Kozdruń, Jowita Samanta Niczyporuk  
and Natalia Styś-Fijoł

Abstract

Marek’s disease (MD) is one of the widespread infectious diseases that causes 
huge losses in large-scale poultry production. This is due to weight loss, poorer feed 
conversion and an increased number of deaths among infected birds. The etiological 
agent is a Marek’s disease virus (MDV) belonging to the Herpesviridae family. It is 
mainly described in poultry, however, it is also found in geese. There are three MDV 
serotypes, and four patotypes within serotype 1. Currently, Marek’s disease is very 
rare in its classical form. There are non-specific clinical symptoms, and anatomo-
pathological changes are mainly observed in the liver, spleen and the reproductive 
system. This may be due to the evolution in the pathogenicity of MDV field strains 
over the past several decades. The presence of MDV and number of molecular 
diagnostic tests based on the detection of viral nucleic acids and viral proteins is 
already found in birds that have several weeks old. Laboratory diagnostics are based 
mainly on molecular biology (mainly PCR) methods. The only relatively effective 
method instead of biosecurity measures, of preventing MD is prophylactic vaccina-
tion of 1-day-old chickens or in ovo vaccination. Nevertheless, Marek’s disease is still 
recorded in poultry flocks around the world, with estimated losses reaching several 
million dollars.

Keywords: Marek’s disease, poultry production, poultry flocks

1. Introduction

One of the greatest threats to large-fledged poultry production besides avian influ-
enza (AI) and infectious bronchitis (IB) is Marek’s disease (MD). All these disease 
entities cause significant economic losses through reduced weight of birds, worse feed 
conversion and an increased number of dead birds. Marek’s disease is a viral lym-
phoproliferative disease in chickens that was first described in 1907 by a Hungarian 
researcher - Dr. Joseph Marek [1]. Then, a year later, other researchers, ie Ellerman 
and Bang, described similar symptoms in hens, marked with nervous symptoms, and 
found lymphoid tumors in internal organs that were leukemic in nature. At that time, 
Marek’s disease was also associated with various names such as: neuritis, paralysis, 
and neurophomatosis gallinarum [2, 3].
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It should be noted that since the initial description of this disease entity, there have 
been many discrepancies as to its name with regards to the visible clinical symp-
toms and anatomopathological changes observed in the internal organs of infected 
chickens.

Authors such as Biggs and Campbell have suggested keeping the name Marek’s 
disease, instead of using avian leukemia. The disease is closely related to the presence 
of nervous symptoms and peripheral nerves lesions in birds [4, 5]. In the following 
years, Marek’s disease was undoubtedly the greatest epizootic threat to birds. Within a 
few years, the percentage of dead birds increased significantly, usually from 10–30%, 
but, for example, in the case of secondary infections, even up to 60% - 80% [2]. Such 
a situation contributed to the undertaking of numerous scientific studies, the main 
aim of which was to characterize the etiological agent, to understand the mechanisms 
of immunity conducting after natural infection, the routes of infection, and the 
mechanisms of the lesions including visceral tumors and formation in internal organs 
and the broadly understood mechanisms of pathogenesis.

After finding that the etiological factor of Marek’s disease is a virus from the 
Herpesviridae family, called Marek’s disease virus (MDV), it was hypothesized that 
Marek’s disease virus strains isolated from field cases may differ in their pathoge-
nicity despite a similar clinical signs [6]. In the course of laboratory studies, it was 
found that the genetic material of MDV is closely related to the genetic material of 
the host (target-associated). The cell-free form of the virus is only found in feather 
follicles. This fact turned out to be useful in research on the pathogenesis of Marek’s 
disease, mainly in terms of the mechanisms of virus spreading among birds and 
between buildings on the farm, but also in developing the principles of proper 
immunoprophylactic vaccinations. In addition, it was also helpful in determining the 
influence and role of antibodies raised in birds after both vaccination and natural 
infection [7].

The first vaccine used in the immunoprophylactic vaccinations of Mareka’s disease 
was a vaccine based on a strain of turkey herpes virus (HVT FC126) belonging to 
serotype 3. It was in the form of a lyophilisate. Then came a vaccine based on the 
serotype 1 strain Rispens CVI 988, which required liquid nitrogen temperature for 
storage [8, 9]. The first studies with these vaccines were carried out to determine the 
efficacy of the vaccine in birds lacking maternal antibodies and in birds with maternal 
antibodies against Marek’s disease. The vaccine used was based on the HVT (FC 
126) strain in both cell-bound and cell-free form. The results of the research showed 
a much lower effectiveness of the vaccine based on the HVT (FC126) strain in the 
cell-free form. Additionally, different vaccination efficacy was found for 2 persons 
simultaneously vaccinating. Thus, the influence of the human factor on the process of 
preparation and vaccination technique on the effectiveness of the vaccination against 
Marek’s disease was proved [10]. In subsequent studies, it was shown that there is a 
large variation in the incidence of Marek’s disease in poultry houses located within 
one farm, but even in individual sectors of a given poultry houses. It has also been 
shown that this state of affairs can be greatly influenced by the presence of predis-
posing factors in the birds and on the farm in the first 8 weeks of bird life, as well as 
strains with different pathogenicity [11].

In 1984, Witter et al. Began research on the possibility of using a vaccine contain-
ing a strain of serotype 1, serotype 2 and serotype 3 in birds. Unfortunately, the 
results of these studies turned out to be unsatisfactory and the reason for this was 
the fact that each was the immune response of the birds. They also observed that the 
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incidence of the occurrence of lymphatic leukemia was significantly more frequent 
in vaccinated/protected birds [12, 13]. Subsequent studies have shown that Marek’s 
disease can be divided into four successive phases: early cytolytic infection, mainly B 
lymphocytes, latent phase/ infection, late cytolytic infection and the phenomenon of 
immunosuppression, and tumor transformation of T lymphocytes [14].

Marek’s disease virus strains with high pathogenicity, described as vv + (very 
virulent plus) strains, were found already in the early 1990s. Even then, these 
strains were responsible for a very high mortality among birds, even those vacci-
nated against Marek’s disease. These studies were based mainly on classical methods 
in the form of a biological assay, but also molecular biology methods, mainly 
reaction of amplification (PCR) have already started to be used [15, 16]. In 1985, 
Venugopal et al. identified several genes of Marek’s disease virus associated with 
oncogenicity/neoplastic transformation, and additionally the gen meq. They found 
the sequence of the latter gene only in strains classified within serotype 1. Currently, 
as seen, the meq gene sequence is perhaps the most frequently used sequence for the 
diagnosis of Marek’s disease and for differentiating Marek’s disease virus virulent 
field strains from vaccine strains [17]. A breakthrough in the research on Marek’s 
disease was the introduction of large-scale methods of molecular biology, partial 
genome sequencing and then whole genome sequencing. It was mentioned that the 
exact sequence of individual genes and, indirectly, the mechanisms of the pathoge-
nicity of Marek’s disease virus strains and the mechanisms of the emerging immu-
nity, both after natural infection and after vaccination, began to be studied. Efforts 
were also made to elucidate the full mechanism of immunosuppression caused by 
Marek’s disease virus [18, 19]. It should also be added that the introduction of Real-
Time PCR made it possible to accurately determine the viral load in 1 dose of the 
vaccine, which was an undoubted  breakthrough in research on the effectiveness of 
the vaccines used [20, 21].

Our own (unpublished data) and other authors’ observations confirm the fact 
that previously and currently used vaccines are not able to fully protect birds not only 
against infection, but mostly against clinical symptoms and pathological changes 
in internal organs of infected birds. In addition, changes in internal organs and 
the skin form in broiler chickens may cause confiscation on the slaughter belt up to 
90% of carcasses. This is undoubtedly influenced by the progressive evolution in 
the pathogenicity of virus strains and the significant intensification of the scale of 
poultry production. That is why it seems so important to intensify research on Marek’s 
disease [22].

It has been shown that the aforementioned meq gene can be a specific milestone by 
the cloning reaction of its sequence into the genome of the turkey herpes virus or the 
genome of the avipox virus.

A further step may be research on the sequence of the virus genome, the so-called 
fragmentation of non-coding RNAs in tumor cells (e.g. RNA telomerase). It is hoped 
that all these studies will lead to a more effective vaccine against Marek’s disease [23, 24].

2. Brief characteristics of the etiological factor of Marek’s disease

The etiological agent of Marek’s disease is the herpesvirus (MDV) associated with 
the host cell (herpes virus-associated cell) of the genus Marbivirus. According to the 
principles of the new taxonomy announced by the International Committee on the 
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Taxonomy of Viruses, the division into 3 MDV serotypes is now as follows: Gallid her-
pesvirus 1 (serotype 1), Gallid herpesvirus 3 (serotype 2) and Meleagrid herpesvirus 1 
(serotype 3) [25]. They were also divided into pathotypes of serotype 1 according to 
the same committee is as follows:

• classic MDV strains with moderate virulence (mMDV-mild MDV)

• virulent strains (vMDV-virulent MDV)

• very virulent strains (vvMDV-very virulent MDV)

• strains with high virulence plus (vv + MDV-very virulent plus MDV) [25].

Test the classification of individual strains into appropriate serotypes based on 
examining with typically specific monoclonal antibodies should be scored. The 
so-called patotyping of strains within serotype 1 was production based on studies 
(pathogenicity test) using vaccinated chickens against Marek’s disease.

As previously identified with the widespread use of molecular biology, the MDV 
genome analysis did not define the classical markers of Marek’s disease virus strains 
with the virulence of each of the patotypes in serotype 1 [5, 10, 26].

The MDV virion has hexagonal symmetry with a diameter of approximately 
150–160 nm [4]. In turn, the nucleocapsid consists of 162 capsomers, and has a diam-
eter of approximately 85–100 nm. The MDV genome density is approximately 1.706 g 
/ ml (in the CsCl gradient) [4]. The differences between sequences of Marek’s disease 
virus strains within serotypes have been presented in Figure 1.

The MDV genome is made of DNA and contains in its composition a unique long 
sequence (UL), a unique short sequence (US), which are limited by terminal repeat 
(TRL) sequence and internal repeat sequences (IRS) [27, 28]. Due to the high density, 
it is extremely difficult to divide the genetic material of the virus from the genetic 
material of the host. Nevertheless, the genes of the HVT FC126 strain are very often 
used as a vector in the production of vaccines intended for poultry, e.g. against avian 
influenza or infectious bursa disease.

Figure 1. 
Genome differences between sequences of Marek’s disease virus strains within serotypes.
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3. Brief characteristics of Marek’s disease virus genes

MDV genes can be divided into three groups:

• genes related to oncogenicity (oncogenes),

• genes encoding glycoproteins,

• other genes.

The best described and characterized gene is the meq gene. It is a protein that is pres-
ent only in serotype 1 strains. It plays an important role in oncogenesis and its sequence 
has been used to develop primers for an amplification reaction in which a single reaction 
can distinguish field strains from the Rispens CVI 988 vaccine strain [29].

Another important oncogenic gene is the pp38 gene. It occurs in both strains 
belonged to serotype 1 and serotype 3, where it shows a high homology [30].

4. Virus replication and the pathogenesis of Marek’s disease

Marek’s disease virus is an infection via the respiratory system. Subsequently, 
lymphocytes B and macrophages which have been found in the lungs are activated. 
The virus then moves to the bird’s main lymphatic organs, Bursa of Fabricius, thymus, 
and spleen [31–33]. After replication in lymphocytes B cells, the virus spreads to T 
cells, mainly CD4 + cells. However, only some of the lymphocytes T are transformed 
and they are then a source of lymphoma formation. They are located within internal 
organs, mainly the kidneys, spleen, liver, ovary or testes, and even in the gizzard. 
They are very rarely found in peripheral nerves, skin and muscles [34]. The virus 
then enters a latent phase in most transformed lymphocytes T cells. Only a very small 
percentage of the neoplastic cells approximately (<0.001%) contain viral particles 
detected by electron microscopy (TEM) [35]. It should also be added that MDV 
occurs with a latency state only in lymphocytes, and not in neurons, as is the case with 
other alphaherpesviruses [36]. In the active phase of infection, the virus particles are 
transferred to the skin cells. Then, along with the exfoliating epithelium, it is spreader 
into the environment and is a direct source of infection for other birds. Of course, 
vertical transmission of MDV has not been confirmed, although there are reports of 
MDV genetic material being found in experimentally infected chicken embryos and 
egg surfaces [37]. On the basis of research using the immunofluorescence method, 
it was found that the so-called follicles play the main role in the process of MDV 
release into the environment of the poultry house. It has been shown that follicles 
can develop complete and mature virus particles which are capable of infecting other 
birds. It was also found that the full infectious particles of MDV in the poultry house 
environment is up to 7–9 months at room temperature, and much longer at lower 
temperatures. This time is significantly extended if the virus in the poultry house is 
“surrounded” by biological material such as dust or chicken droppings. That is why it 
is so important to thoroughly sanitize and disinfect poultry houses, especially before 
introducing 1-day-old chickens [38]. The results of conducted studies characterizing 
viral genes and proteins associated with feather follicles were also performed and 
published. It was confirmed that many viral proteins are expressed at a much higher 
level in feather follicles compared to expression in cells of internal organs [39].



Updates on Veterinary Anatomy and Physiology

182

Some authors believe that the replication of the virus particles in the feather fol-
licles begins as early as 7–10 days after MDV infection. Most likely, the infected cells 
transmit the virus to the epithelial layer of the epidermal, where the virus replication 
and infects the neighboring cells of the skin, including fibroblast cells and melanocyte 
precursors. So far, a marker responsible for virus replication in skin epithelial cells has 
not been described [40]. In infected birds, 2 types of lesions may occur in the skin: 
neoplastic lesions in the form of tumors and lesions other than tumors. Many authors 
suggest that the nature of these changes does not allow them to be called the so-called 
“skin leukemia”. It has also been shown in some studies that tumor cells do not contain 
viral antigens, and the research method used was immunofluorescence. Intensive 
research is underway on this issue [41]. As previously indicated, the genome structure 
of each of the MDV regions is similar, but the existing differences are nevertheless 
crucial. The oncogenicity of serotype 1 of MDV strains is determined primarily by the 
presence of the meq gene, but also the pp38 gene, vIL8 and vTR gene. They influence 
the oncogenic transformation processes and activated T lymphocytes. In turn, the 
dimmer form of the meq gene influences the expression level of cellular apoptotic 
factors and virus transformation [42, 43].

In molecular studies, it was found that all MDV strains represented three serotypes 
reduce the expression level of the Major Histocompatibility Complex (MHC). This 
phenomenon seems to be useful in studies to generate lines of birds resistant to MDV 
infection, and in particular with regard to cellular immunity, both after natural infec-
tion and prophylactic vaccination [44].

There are several unique features in the pathogenesis of Marek’s disease. In the 
early (cytolytic) phase of the infection, lasting approximately 7 to 10 days, the virus 
causes a “massive destruction” of lymphoid cells and macrophages, resulting in the 
phenomenon of immunosuppression [45].

After this time, Marek’s disease virus enters a latent phase, which lasts until the 
end of life in CD4 + and CD8 + T cells. Virtually all genes of Marek’s disease virus are 
expressed at a much lower level. This condition is mainly due to neoplastic conversion 
of CD4 + cells and the formation / development of multiple lymphomas in several 
internal organs in infected birds. It causes mortality among birds starting from 3 to 
4 weeks post infection and which is sometimes not “associated” with Marek’s disease 
by producers /veterinarians. The first nervous symptoms in the form of paralysis may 
already appear, which results from a significant degree of lymphatic infiltration in the 
peripheral nerves [46].

After approximately 10 days, the virus spreads through the bloodstream to the 
skin epithelial cells / feather follicle cells. This is another type of interaction between 
Marek’s disease virus and the host cell [45, 46]. On the basis of its own and many 
other authors’ observations, it causes various symptoms of this disease or even 
syndromes that can be divided into two groups: oncogenic and non-oncogenic. This 
division depends on whether or not the birds have maternal antibodies. It should be 
presumed that most hatched chickens have maternal antibodies which disappear after 
3–4 weeks [unpublished data].

The natural route of infection with Marek’s disease virus is through the respiratory 
system by aspiration of the dust containing cell-free virus particles [47].

The role of lung cells in the pathogenesis, however, is not fully understood 
despite the presence of viral antigen in lung cells. Phagocytes present in lung tissue 
are believed to “capture” the virus and transmit it to the lymphoid organs (bursa of 
Fabricius, thymus and spleen). Infection with the virus affects of epithelial cells in 
internal organs and epithelial cells in blood vessels. There are already primary foci of 
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necrosis and symptoms of inflammation in internal organs. At this stage of the infec-
tion, the viral antigen can be detected by electron microscopy in all infected cells. 
This condition causes transitional immunosuppression [48].

5.  Clinical symptoms and anatomopathological changes in the course  
of Marek’s disease is most common in poultry

Laying hens, broiler chickens, turkeys and quails [47]. Recent years have also con-
firmed that it can also occur in geese. Several cases have already been recorded in Poland, 
both in the flocks of reproductive geese, but also in the flocks of geese intended for 
fattening [49]. In the case of breeding geese, Marek’s disease is found in birds in the 2nd 
and 3rd laying season, while in geese intended for fattening at the age of 6–7 weeks, these 
changes are most often found during post-mortem examination [unpublished data].

A common feature of infections in geese is the fact that previously laying hens 
or broiler chickens have been reased in the same buildings as geese in which clinical 
Marek’s disease was confirmed (unpublished data). Based on our own observations, 
Marek’s disease conducted with rapid course of the disease in flock at the beginning 
of the infection, with a large number of dead birds. The infection then gradually 
“silences” [unpublished data]. In turn, the frequency of Marek’s disease also depends 
on many predisposing factors, including: transport stress, vaccination stress, too high 
density of birds, sex or the content of undesirable substances in feed and water [47]. 
In the course of Marek’s disease, clinical symptoms are closely related to the location 
of neoplastic lesions in the internal organs of the birds [47]. General apathy of the 
birds, stunted growth and even diarrhea are observed (it can be bloody if it becomes 
infected with coccidia). The paralysis and twist of the neck and head in the case 
of neurological disorders in the nervous system. One sided paralysis may be pres-
ent. In the case of changes in the nerves of the eye and inflammation of intraocular 
structures, we may be dealing with blindness or pathological changes in the eye [50]. 
Generally, it can be assumed that the pathological changes can be classified into 
3 groups: changes in internal organs, skin and in peripheral nerves [47].

Pathological changes in internal organs can be nodular, diffuse or both. If the 
lesions are diffuse, then the internal organs are significantly enlarged (rarely of 
normal size) with white or gray discoloration. When the lesions are nodular, the 
lymphomas appear singly or in small clusters of white or gray color [51].

As previously mentioned, skin lesions are associated with feather follicles and are 
best seen in featherless carcasses. The folios are greatly enlarged and in the form of 
diffuse lesions. Changes can also be seen on combs and bells. Red lesions and cavi-
ties on the skin of the thighs are called “Alabama Red Leg” syndrome. Such changes 
were described in Poland in 2005 in a flock of broiler chickens [52]. Peripheral nerve 
enlargement can be called the “golden sign” which we can observe during the anato-
mopathologiocal examinations [53]. Nerve changes can take the form of unilateral or 
bilateral nerves dysfunction. The altered peripheral nerves can be 2–3 times enlarged, 
lose their physiological shine and transverse striations, gray or yellow in color, some-
times swollen or with the presence of streaked hyperaemia [54]. In general, anato-
mopathological changes in Marek’s disease occur most frequently in internal organs 
such as the liver and spleen. There are the changes described above. Of course, some 
changes can also occur in other organs, but much less frequently. The following can be 
mentioned here: the reproductive system (especially the ovary and testicle), kidneys 
(most often manifested significantly enlarged with a marked structure of renal 
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tubules), and glandular stomach (significant thickening of the wall). In addition, 
there may be complete atrophy of the thymus and bursa of Fabricius [47].

In the course of Mare’s disease, in its non-oncogenic form, there are usually three 
forms: lymphodegenerative syndrome, transient paralysis and panophthalmitis (also 
known as “gray eye”) [55]. Lymphodegenerative syndrome is observed only in unvac-
cinated birds against Marek’s disease and in which no maternal antibodies are present. 
On the other hand, lymphatic organs such as the bursa of Fabricius and the thymus 
undergo very quick atrophy, already around 6–8 days after infection, and turn yellow-
green. It has been proven that they are more atrophied after infection with Marek’s 
disease virus of low pathogenicity in case of classical strains. If the birds are subse-
quently infected with highly virulent train expressing higher pathogenicity, atrophy 
does not progress. Additionally, necrotic foci may appear [47]. Transient paralysis is 
most common in birds vaccinated against Marek’s disease, mostly in broiler chickens 
around 40 days of age. It mainly affects the neck muscles in the initial period, and 
then the paralysis gradually progresses in other parts of the muscles [56].

6. Diagnosis of Marek’s disease

When Marek’s disease is suspected and the consequences of the outbreak have 
been confirmed, the differential diagnosis is very important. It is based on finding 
clinical symptoms and pathological changes during the conduction of anatomopatho-
logical examination and comparing them with similar symptoms and macroscopic/
microskopic lesions which can be suspected/visualized in other diseases (Table 1).

1. Lymphoproliferative syndrome in turkeys. In fallen birds, a slight enlargement 
of the liver is visible with the presence of small, gray-white necrotic lesions 
resembling tuberculosis lesions. In turn, the spleen is significantly enlarged and 
resembles a marbled structure [47].

Marek’s disease Other diseases

lymphocytic leukemia

myelogenous leukemia

Lymphoproliferative syndrom

Retikuloendotheliosis

Tuberculosis

Histomonozis

Avian Encephalomyelitis AE

Thiamin, Vitamin B1 deficiency

Vitamin B2 - riboflavin deficiency

Pseudopestis avium, Newcastle Disease, ND

Fowl Pox FP

Coligranulomatosis gallinarum, Hjarre’s disease

Botulismus avium, botulism

Table 1. 
The most important diseases or disease syndromes included in the diagnostic differentiations of Marek’s disease.
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2. Lymphocytic leukemia. The pathological changes occur mainly in the liver in 
the form of single neoplastic tumors or, much less frequently, in the dissemi-
nated form. The changes further affect the spleen. The visible bumps vary in size 
and consistency of a compact (solid) or lard-like consistency. Sometimes, and 
especially in reproductive hens over 19–20 weeks of age, neoplastic tumors may 
completely fill the body cavity. These tumors may be white or cream-white in 
color [57].

3. Myelogenous leukemia. In this case, the neoplastic tumors are most often yellow - 
gray or yellow - white. They are usually diffuse, and very rarely in the form of 
single lesions [58].

4. Reticuloendotheliosis. During the pathological examination, significant enlarge-
ment of the liver and spleen is observed with the presence of necrotic foci of 
various sizes [58].

5. Tuberculosis. There is dejection, significant deterioration of the condition of 
birds and emaciation. Tuberculous lesions are visible in sections in the form of 
large, uniform tumors or scattered small nodules mainly in the gastrointestinal 
tract, liver and spleen. The liver and spleen are significantly enlarged also with 
the presence of necrotic foci [59].

6. Histomonosis. Birds are progressively emaciated. Mortality in young birds can 
be as high as 100%, while in older birds only 10–20%. The pathological examina-
tion reveals a significant enlargement of the liver with the presence of yellow or 
yellow-green necrotic foci of various sizes [60].

7. Avian encephalomyelitis AE. The disease is mainly associated with symptoms 
related to the nervous system. There are locomotor difficulties mainly caused 
by paralysis of the legs. In lying hens, tremors of the neck and head are visible. 
Older birds may have paralytic symptoms similar to Marek’s disease [61].

8. Vitamin B1 deficiency. In this case, growth inhibition, unsteady gait and 
feathering have been observed. In addition, there may be paralysis of the legs, 
wings and neck. Birds assume a sitting position on jumps with the head tilted 
back [62].

9. Vitamin B2 deficiency. Birds are kachetic, even dwarfed, and differenced within 
the flock. Similarly, in this case, the birds sit on their legs and support themselves 
on the wings. In a long-term state of deficiency, birds usually lie down with their 
legs stretched out [69].

10. Newcastle disease. In the case of velogenic and mesogenic strains, apathy, 
swelling of the head and conjunctivitis occur in birds. Birds are depressed, 
appetite and thirst decrease, and over time the birds differentiate in body 
weight [63].

11. Fowl pox. In the cutaneous (chronic) form, tumors are visible in the area of the 
steak and lower abdomen. These changes are largely similar to those found in 
the skin form in broiler chickens [64].
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12. Coligranulomatosis. It is a chronic disease and the incubation period can last up 
to several weeks. Virtually all internal organs of the bird are damaged. Numerous 
cocci are visible in the liver and in the lungs, reproductive system and kidneys [65].

13. Botulism (botulism). Apathy of birds, locomotor difficulties (unsteady gait) and 
paralysis of the neck and wings have been observed. The bird’s posture with the 
head hanging down is a characteristic posture [66].

7. Laboratory diagnosis of Marek’s disease

Generally, the diagnostic methods for Marek’s disease can be divided into the 
following methods: serological, histopathological and virological. In the case of the 
latter, they include methods based on molecular biology.

Live birds (5 to 10 birds per flock) showing symptoms of the disease and an 
additional 20 to 25 blood or preferably serum samples should be provided for viro-
logical examination. We can also examined feathers collected from birds from the 
shoulder glass or the inner thigh surface. These feathers should be protected in such a 
way that does not dry out during the transport of the samples to the laboratory. Sick 
birds delivered to the diagnostic examinations should be euthanized using methods 
compliant with applicable legislation. Then, a thorough anatomopathological changes 
should be performed, describing the visible changes. During the anatomopathological 
examination, samples of the internal organs should be collected (in sterile way) for 
laboratory diagnostic tests, (classical virological and molecular). Most often samples 
of the liver and spleen have been collected, but also samples of other internal organs 
with pathological changes were examined to better understand the virus virulency. 
In turn, for histopathological examinations, apart from liver and spleen sections, also 
bursa of Fabricius, glandular stomach and peripheral nerves (sciatic and brachial 
plexus) have been examined. The possible presence of lesions in peripheral nerves 
is also diagnostic tool for differentiating between Marek’s disease and avian leuke-
mia infections, but also other neoplastic diseases. Homogenates are prepared from 
the collected internal organs, which are used to infect cell cultures: SPF (Specific 
Pathogen Free) chicken embryo fibroblast cultures (CEF) or Chicken embryo kidney 
cultures (CEK) or chicken embryos. The infected cell cultures are incubated at 37.5°C 
and the possibly cytopathic effect (CPE) in the form of clustered fine light refract-
ing cells is observed on a daily basis. The formation of CPE in infected cell cultures 
indicates the presence of Marek’s disease virus [67]. Sometimes, plaque formation is 
found, i.e. places where the connectivity of the cell layer has been interrupted by a 
proliferating Marek’s disease virus strains.The cytopathic effect and plaques created 
by, for example, the vaccine strain HVT FC 126 (serotype 3) usually begins to appear 
as early as 72 hours after infection of the cell culture. In turn, field strains form CPE 
only in the 2nd or even 3rd passage. Under the microscope, starting from the 5th day 
after infection of the culture, a cytopathic effect is visible in the form of clustered 
small cells, strongly refracting light, and it most often appears between 7 and 9 days 
after infection. The final results of incubation are read under the microscope after 
about 12–14 days culture incubation. Clusters of small cells may also be visible, often 
overlapping each other and forming so-called focuses [68].

Marek’s disease virus can also be isolated directly in a sterile culture prepared 
from kidney cells collected from diseased birds in a similar manner as described 
above. Isolation of Marek’s disease virus strains in chicken embryos is used very 
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rarely, mainly due to the time cost consuming nature of this method. Commercial 
Marek’s disease virus antigen and commercial anti-MDV serum are used in serologi-
cal method. Blood is taken from the examined birds in a sterile manner, from which 
the serum is obtained after centrifugation. Feathers, are collected from places where 
there is an intensive replication of complete virus particles (wings, thighs and shoul-
der pathway). The presence of the specific anti-MDV antibodies in the serum samples 
collected from infected birds is determined by the agar gel immunodiffusion method 
(AGID), while the agar gel radial immunodiffusion test (RID) is used to detect the 
presence of the specific antigen of Marek’s disease virus in the feather follicles of 
sick birds.

Among the molecular methods, the most frequently used technique is the poly-
merase Chain Reaction (PCR) is the amplification method with other variations. The 
amplification reaction allows the detection of the genetic material of Marek’s disease 
virus strains and the differentiation of field and vaccine strains.Organ samples, blood, 
feather follicles, as well as dust collected from poultry houses serve as a matrix for 
DNA isolation. Traditional PCR consists in amplifying a fragment of a gene specific 
for MDV. Primers whose nucleotide sequence is complementary to the amplified 
fragment of the MDV genome are most often used for this purpose. The primers used 
are usually complementary to the sequence of genes such as: meq gene, 132 bp repeat 
sequence, pp38 gene or fragment of the SORF1 gene specific for turkey herpesvirus 
FC 126 strain (serotype 3) [69]. The advantage of the PCR method is its high sensitiv-
ity and specificity. The high specificity of the PCR allows the differentiation between 
field strains belonging to serotype 1 and the vaccine strain HVT FC 126 belonging to 
serotype 3 and the vaccine strain Rispens CVI 988 belonging to serotype 1.The results 
of PCR methods have been used to answer the question whether the birds have been 
vaccinated correctly or not, and whether the birds were infected with a virulent, field 
strains of Marek’s disease virus.

Frequently in birds vaccinated with the bivalent vaccine (Rispens CVI 988 and 
HVT FC 126), in the case of infection with the field strain, DNA of the Rispens CVI 
988 strain is absent. This is most often the case in birds over 6 weeks of age. On the 
other hand, these birds have DNA of the vaccine strain HVT FC 126 in practically 
every case. Such a PCR result clearly proves that the examined birds were vaccinated 
against Marek’s disease. It should be remembered that vaccination does not protect 
birds against infection with a field strain, but only against the manifestation of the 
clinical symptoms and the occurrence of pathological changes.

8. Immunoprophylaxis of Marek’s disease

The one effective way of preventing Marek’s disease is prophylactic vaccinations, 
mainly performed in 1-day-old chickens. In ovo vaccination is also used, however, 
due to its high costs, it is used to a very limited extent. At this point, it should be 
recalled once again that vaccination against Marek’s disease does not protect birds 
against infection, but against clinical symptoms and pathological changes in the 
internal organs of the birds. Marek’s disease continues to cause heavy economic 
losses on account of these latter aspects. In 2020 and 2021, a slight upward trend was 
observed in the number of cases of the clinical form of the disease in field conditions. 
Practically from the beginning, when the immunoprophylaxis against Marek’s disease 
was introduced, vaccines based on Marek’s disease virus serotype 1 and serotype 
3 have been used. Marek’s disease virus vaccines based on serotype 3, contain the 
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turkey herpesvirus strain HVT (FC126), which occurs naturally in turkeys and is a 
non-pathogenic strain for these birds. This strain comes in two forms: as a target-
associated virus and as a cell-free virus. Cell-bound virus must be stored at liquid 
nitrogen temperature (−1960°C) and cell-free virus in lyophilisate form at 2–8°C. 
Vaccines based on the serotype 1 (strain Rispens CVI988) are in the form of a liquid 
suspension and absolutely must be stored at liquid nitrogen temperature (−196°C). 
There are also vaccines on the market consisting of two strains: HVT (Fc126) and the 
Rispens CVI988 strain, and here, also, liquid nitrogen temperature is required.

In the United States, a vaccine based on serotype 2 (strain SB1) is additionally 
used. However, this vaccine is not used in Poland, although the results obtained in 
several laboratories indicate that this strain may already be present in poultry flocks 
in Poland [70].

Administration of the vaccine against Marek’s disease in the correct manner causes 
the reduction of the multiplication process in the body of the virulent field strain and 
the spreading of the infection in the flock horizontally (lower level of replication in 
feather follicles). As a result, the formation of pathological changes in internal organs, 
mainly in lymphatic tissues, is limited. The viral load of infected birds is also reduced 
[24, 71]. A very important aspect of vaccination against Marek’s disease is the fact that 
vaccine immunity significantly reduces the risk of immunosuppression. It is impor-
tant due to the possibility of contact of birds on the farm with immunosuppressive 
factors, mainly from the infectious background [72].

There are a few important information’s to keep in mind when prophylactic 
 vaccinations against Marek’s disease have been conducted:

• birds of one age (usually 1 day old) must be vaccinated

• strictly follow the safety rules

• only birds without any disease symptoms should be vaccinated

• vaccination should be carried out by qualified staff and under the supervision of 
a veterinarian.

Most often, the birds are vaccinated on the first day of their life in the hatchery or 
immediately after being placed on the farm.

An important aspect at the time of vaccination is the fact that Marek’s disease 
vaccine should not be combined with other vaccines. The exceptions are, of course, 
the recommendations of the vaccine recommendations.

The information that in the field conditions very different volumes of the vaccine 
are used (not to be confused with the dose of virus in 1 dose of the vaccine) arouse 
much controversy of scientific and field nature (in terms of vaccine effectiveness). 
The recommended volume for a 1 day old chickens is 0.2 ml, which contains approxi-
mately 2000–3000 PFU (focus-forming units in cell cultures).

Research studies indicated that the use of a 0.1 ml volume of vaccine will not 
provide adequate protection for the birds from clinical Marek’s disease. On the other 
hand, a vaccine volume of 0.5 ml is used in areas where Marek’s disease virus may be 
endemic. Neither one solution nor the other can find any justification [unpublished 
data]. According to our own observations, there is a very frequent breakdown of 
post-vaccination (cellular) immunity, and then we are dealing with the classic course 
of Marek’s disease in a given flock. A very important step in the correct vaccination 
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against Marek’s disease is the storage and transport of the vaccine. Recently, vaccines 
based solely on vaccination with HVT (FC 126) strain in the form of lyophilisate have 
been used. Therefore, vaccines based on the Rispens CVI 988 strain or in combina-
tion with HVT (FC 126) must be strictly stored under the conditions recommended 
by the vaccine protocol [73]. In some cases, after removing the vaccine, the entire 
contents of the vaccine remain in the upper part of the ampoule. This clearly proves 
that the contents of such an ampoule were previously thawed and then frozen again. 
This vaccine is no longer usable and should be disposed of. The fall in the titter of 
the vaccine virus is then 100% [73]. Storing the vaccine at a temperature of 40°C or 
over 25°C for more than 1 hour causes a significant decrease in the viral load. After 
24 hours, the decrease in titter is close to 80–90% [73]. The vaccine after removing 
from the container with liquid nitrogen should be dissolved up to 2 minutes, because 
a longer time causes a significant decrease in the titter of the vaccine virus in 1 dose of 
the vaccine. We should not use water over 37°C to defrost the vaccine.

After dissolving the contents of the vaccine in a suitable solvent, use the entire 
contents within 1 hour or a maximum of 2 hours. Research carried out at PIWet-PIB 
in Puławy showed a decrease in the viral load with the duration of vaccination.

Another important aspect of correct vaccination is the number of chickens vac-
cinated subcutaneously or intramuscularly. On this point, veterinarians are much 
divided. It is recommended to vaccinate about 2000–2500 birds within 1 hour. The 
more vaccinated birds per hour, the lower the number of correctly vaccinated birds 
should be presumed. You should also take into account the method of vaccination, 
whether we vaccinate with an automatic syringe or a special vaccination machine. 
Many companies offer suitable dyes that are added to the solvent. In this way, the vac-
cination veterinarian can very easily assess the quality of the vaccination performed. 
It should also be remembered that birds should not be given any antimicrobials or 
substances with immunosuppressive activity (e.g. immunostimulators) with the vac-
cine. In the case of vaccination in breeding flocks and commercial hens it is recom-
mended to use vaccines based on the Rispens CVI 988 strain or vaccines containing 
the Rispens CVI 988 and the HVT (FC 126) strains. In broiler chicken flocks, vaccines 
based on the HVT (FC 126) strain are used, however, due to the presence of Marek’s 
disease virus strains with high pathogenicity, it is recommended to use vaccines based 
on the Rispens CVI 988 strain. For turkey herds, the use of vaccines based on Rispens 
(CVI 988) is recommended. If vaccination is already performed on the farm, it should 
be remembered that all proper sanitary and hygienic conditions are maintained. We 
should apply the very simple but extremely effective “full farm - full empty farm” 
principle. This means that only one-age birds should be existed on the farm. This is 
a barrier protecting young birds against the possibility of transmission of pathogens 
from older birds. Among these pathogens there may be immunosuppressive patho-
gens, which adversely affect the effectiveness of the vaccination against Marek’s 
disease.

After vaccination, it is very important to deal with chickens for the first 2 weeks of 
life, i.e. until immunity is developed. In this period, there should be close cooperation 
between the hatchery, the poultry producer and the veterinarian providing services to 
the poultry producer [74]. The in ovo method is used to inoculate the embryos on the 
17.5-19th day of incubation, most often when the embryos are transferred from the 
incubation chamber to the brood chamber. The site of in ovo vaccination is the amni-
otic, allantoic or yolk sac (extra embryonic - EE), but also the body of the embryo 
(intra embryonic - IE) [75]. The place where the vaccine is administered depends on 
the age of the embryo, the egg placement, the size of the egg and the breed of the 
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parent flock. Within one hour, up to 50,000–60,000 embryos can be vaccinated. 
Properly conducted in ovo vaccination reduces the incidence of vaccine breakdown 
and clinical form/expression of Marek’s disease in the field. In addition, it protects or 
significantly reduces hatched chickens from the possibility of early infection of chick-
ens with virulent, field strain of Marek’s disease virus. Like any vaccination method, 
it has advantages and disadvantages [76]. The advantage of the in ovo vaccination is 
that there is no stress that may occur in vaccinated chickens. There are significantly 
fewer infections associated with the in ovo technique alone compared to the subcuta-
neous or intramuscular vaccination of 1-day-old chickens. It is important to compare 
the effectiveness of in ovo vaccination compared to that of 1-day-old chickens vac-
cination. Our own observations at NVRI show that the effectiveness of both methods 
is probably at a similar level. When in ovo vaccination was used, a lower percentage of 
so-called seizures at the slaughterhouse associated with coetaneous Marek’s disease 
were observed in broiler chickens.

Another controversial issue is the vaccination of chickens already vaccinated on 
1 day of life. Immunization is used even in the first day of life after a few hours’ break 
from the first vaccination. However, it seems that there is no scientific justification 
for this, and moreover, it was not observed in the field that vaccination, e.g. on the 
3rd, 7th or even 10/21 days, had an impact on the possible course of Marek’s disease in 
infected birds.

Recently, there has also been a limited amount of data collected on the field 
(unpublished data) on additional vaccination of birds, especially in breeding flocks 
35–37 weeks of age. Also, such a scheme is a bad scheme and should not be used, 
especially since the vaccination process itself is a great stress for the birds.

9. Conclusion

Despite several decades of immunoprophylactic vaccinations and research on 
bird breeds resistant to infection, it was not possible to fully combat Marek’s disease. 
The slow evolution in the pathogenicity of MDV strains should accelerate the pace 
of research into such bird breeds, but above all into other, more effective vaccines. 
Progress must alsw be made in laboratory diagnostics.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

The advent of molecular biology and biotechnology has given ease and comfort 
for the screening and detection of different animal diseases caused by bacterial, 
viral, and fungal pathogens. Furthermore, detection of antibiotics and its residues 
has advanced in recent years. However, most of the process of animal disease diag-
nostics is still confined in the laboratory. The next step to conduct surveillance and 
prevent the spread of animal infectious diseases is to detect these diseases in the field. 
Through the discovery and continuous development in the field of nanobiotechnol-
ogy, it was found that incorporation of noble metal nanoparticles to biotechnology 
tools such as the loop-mediated isothermal amplification (LAMP), lateral flow assays 
(LFAs) and dipsticks provided a promising start to conduct point-of-care diagnos-
tics. Moreover, the modification and application of nanoparticle noble metals has 
increased the stability, effectiveness, sensitivity and overall efficacy of these diagnos-
tic tools. Thus, recent advances in disease diagnostics used these noble metals such as 
gold, silver and platinum.

Keywords: Animal Diseases, Biotechnology, Nanotechnology, Noble Metals

1. Introduction

The fastest growing and expanding agricultural sectors worldwide are the live-
stock, poultry and aquaculture industries. These industries need to grow and expand 
fast to sustain the needs of the growing population. However, this massive growth 
is in constant threat of outbreak of different infectious and/or zoonotic diseases [1]. 
Furthermore, the globalization of animal trade can further contribute to the spread 
of diseases such as spread of Trypanosoma evansi from the tse tse belt of Africa toward 
the rest of the world [2]. Thus, unforeseen entry of disease in a country or area may 
lead to rapid undetected spread of disease with late diagnosis. To prevent or slow 
down spread of animal diseases, the World Organization for Animal Health (OIE) 
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prescribed the use of rapid, accurate and highly sensitive identification and detection 
of these different infectious agents [1].

The application of molecular tool such as Polymerase Chain Reaction (PCR) has 
become one of the most important routine diagnostic procedure in the laboratory [3]. 
Furthermore, the development of Loop-mediated isothermal amplification (LAMP) 
by Japanese researchers further advanced disease diagnostics with its simplicity and 
cost-effectiveness [4]. However, even with the new PCR or LAMP techniques devel-
oped to detect different animal diseases, still, most of animal diseases are not properly 
diagnosed. Thus, development of methods and techniques that are more sensitive, 
specific, cost-effective, and can be used under field conditions are of paramount 
importance.

Noble metals are metals that have outstanding resistance to corrosion and oxida-
tion at elevated temperature. These metals have a long and rich history and was 
reported to be used as early as the First Egyptian Dynasty. Noble metals include the 
metals of groups VIIb, VIII and 1b of the second and third transition series of the 
periodic table such as rhodium (Rh), ruthenium (Ru), palladium (Pd), silver (Ag), 
osmium (Os), iridium (Ir), platinum (Pt) and gold (Au) [5]. These metals belong to 
a group of elements with wide variety of use and applications in fields of aerospace, 
electronics and most significantly, health [6].

Nanotechnology is an emerging science and is the study of matter with one or 
more dimensions in between 1 to 100 nm. The combination of nanoscience and 
biotechnology has created a new growing field of research in the form of nanobio-
technology with massive opportunities [5] to further improve healthcare, medical 
treatments, therapeutics and biomedical [7] uses such as radiotherapy enhancers 
[8–10], drug and gene delivery vehicles, and highly specific and sensitive diagnostic 
assays [11, 12].

Among all noble metals, gold (Au) and silver (Ag) are the most extensively 
studied due to the well-established synthesis routes, their relatively higher content in 
the earth’s crust and better safety profile. Furthermore, gold and silver nanoparticles 
demonstrated the most fascinating properties for biosensing. Gold nanoparticles 
(AuNPs), commonly known as colloidal gold or gold colloids, are the most stable 
metal nanoparticle. AuNPs present distinctive characteristics like size-related opti-
cal, electronic and magnetic properties, individual particle behavior and specially, 
compatibility with biomolecules [10, 11]. These characteristics of AuNPs attracted 
researchers from the field of human and animal medicine to apply these properties 
in a point-of-care or field diagnosis of various infectious diseases. In 1996, it was 
originally reported the capability of nucleotide functionalized AuNP can detect DNA 
colorimetrically [11, 13]. Moreover, AuNPs had been used for the detection of patho-
genic DNA, single nucleotide polymorphisms and sequence discrimination [11, 14]. 
Researchers used AuNP in the development of numerous disease detection or screen-
ing platforms or techniques. This made gold as the most used noble metal in the field 
of point-of-care or field diagnostics [15].

AuNPs remain the most studied noble metal for disease diagnostics due to its bio-
compatibility and chemical stability [10, 16–18]. However, silver nanoparticles (AgNPs) 
are reported to habitually result in better sensitivity compared to AuNPs [18, 19]. 
Furthermore, Ag has higher thermal and electrical conduciveness, and more efficient to 
transfer electron than gold with shaper extinction band and AgNPs are more stable in 
water and air. Thus, the use of Ag has also attracted researchers to be used in drug deliv-
ery, environmental, electronics, antimicrobial agents and in diagnostics. Furthermore, 
AgNPs have been prominent in the field of biosensor and imaging [15].
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Aside from Au and Ag, platinum (Pt) is another noble metal that has been note-
worthy scientific tool explored by researchers in the field of biotechnology, nano-
medicine and pharmacology [20].

In this book chapter, the different routes of synthesis and application of noble 
metal nanoparticles were discussed in order to give an overview on the recent 
advances and/or point-of-care animal disease diagnostics using these noble metals.

2. Advances in animal disease diagnostics

2.1 Synthesis of Noble metal nanoparticles

Throughout the emergence of nanotechnology, there have been many techniques 
developed on how to synthesize nanoparticles which include physical, chemical, and 
biological approaches. Among the three, synthesis of nanoparticles from physical 
and chemical methods are considered the best methods for they can provide more 
uniform-sized nanoparticles with long-term stability. Biological approach on the 
other hand is also used to lessen the production of toxic by-products from physical 
and mostly from chemical approaches [21].

2.1.1 The Turkevich method

The most common method of synthesis of nanoparticles is probably through the 
Turkevich method used to make spherical gold and silver nanoparticles [22]. This 
method is a chemical approach which makes use of a single phase water-based reduc-
tion where gold or silver salt undergo reduction by citrate (sodium tri-citrate) at boiling 
temperature (100°C). The citrate ions, which serves as both reducing and non-aggrega-
tion agent, stabilize the nanoparticles by providing negatively charged ions which gets 
absorbed onto the surface of each particle (see Figure 1). Individual particles which are 
now stabilized and surrounded by negative charges will tend to repel each other causing 
a more stable nanoparticle dispersion and preventing them from aggregation [23].

Furthermore, the concentration of the citrate ions used in the solution determines 
the average size of the nanoparticles. Higher concentration of citrate ions (citrate 
to gold ratio) produces smaller nanoparticle size (average of 10 nm) due to higher 
stabilization and particle repulsion. On the other hand, reducing the concentration 
of sodium tri-citrate limits the number of citrate ions that will stabilize the particles. 
This causes aggregation and forms bigger particles (>15 nm) [24].

Figure 1. 
Synthesis of AuNP using Turkevich method [23].



Updates on Veterinary Anatomy and Physiology

200

2.1.2 Physical methods of synthesizing nanoparticles

Several ways of producing nanoparticles using physical methods are already 
reported [25, 26]. Generally, some of these methods are using Plasma, Chemical 
Vapor Deposition, Microwave Irradiation, Pulsed Laser, Sonochemical Reduction and 
Gamma Radiation.

2.1.3 Green synthesis of nanoparticles

Green synthesis or biological synthesis are alternative pathways to produce 
nanoparticles in an eco-friendly way. This approach (in comparison with the physical 
and chemical methods) has lower energy consumption, lower cost, and less harmful 
to the environment. This pathway utilizes the use of microorganisms or plants (phy-
tosynthesis) as source of reducing agents [26]. The main limitation of this approach is 
how to control the size and shape of the product. Different phyto-chemical composi-
tions from organic sources have different influences on the particles’ size and shape 
which can be attributed to purity of the extract used as reducing agents [27].

2.2 Characterization of synthesized gold nanoparticles

Synthesis of nanoparticles are verified mainly through their size and shape using 
Scanning Electron or Transmission Electron Microscopes (SEM/TEM). Additional 
characterization methods include spectroscopic analysis (UV–Vis Spectroscopy), 
dynamic light scattering (DLS), Zeta Potential, Inductively-coupled Plasma Mass 
Spectroscopy (ICP-MS), dark field microscopy, and more [28, 29]. Aside from their 
size and shapes, nanoparticles can have other unique properties based on their 
method of synthesis and precursor metals. These characteristics affect how they react 
with light due to surface plasmon resonance [30]. A good example on how to demon-
strate the effect of size of nanoparticle on how they interact with light can be seen in 
Figure 2 [31].

2.3 Advances in animal disease diagnostics using Noble metals

Serological (e.g. Enzyme-linked immunosorbent assay – ELISA) and molecular 
detection (e.g. PCR) of different animal pathogens has been one of the routine 
diagnostic techniques is most animal disease diagnostics. However, this requires 
well-trained laboratory technicians and expensive, sophisticated equipment [3]. 
Thus, the LAMP method developed by Japanese researchers that is claimed to be 
cost-effective without sacrificing sensitivity and specificity became a promising 
point-of-care molecular method [4]. However, this technique still has drawbacks such 
as less versatility compared to PCR, cannot be used in cloning purposes, limitation in 
multiplexing and difficulty in primer designing.

Colorimetric-based nanoparticle DNA detection is an eye-catching method due to 
its rapidity and cost-effectiveness compared to current generation of DNA detection 
or amplification. This method enables a direct or visual detection of amplified DNA 
even without expensive, sophisticated equipment. The incorporation of nanoparticles 
in platforms such as LAMP addresses the issue with regards to false positive results due 
to the addition of intercalating dyes as amplification indicators. Furthermore, hybrid-
izations of nanoparticles with complementary DNA make this method more specific 
and overcoming the weaknesses of test format such as LAMP. Thus, LAMP and other 



201

Application of Noble Metals in the Advances in Animal Disease Diagnostics
DOI: http://dx.doi.org/10.5772/intechopen.99162

point-of-care diagnostic tools coupled with nanoparticle has become a promising, 
sensitive, specific, cost-effective and rapid animal disease diagnosis techniques.

2.3.1 Point-of-care animal disease diagnosis using gold nanoparticles (AuNPs)

AuNPs are the most studied nanoparticle and has a fascinating property for 
biosensing. Furthermore, AuNPs can be synthesized to gold nanoprobes (AuPr) for 
detection of colorimetric detection of different animal diseases.

2.3.1.1 Bacterial diseases

Paratuberculosis or Johne’s Disease, caused by Mycobacterium avium subsp. para-
tuberculosis (MAP), is a chronic gastro-enteric disease of ruminants marked with 
diarrhea and irreversible wasting leading to death [32, 33]. The problem with paratu-
berculosis is that it can exist in the herd for years and remain undetectable. However, 
recent reports reveal that an estimated 200–250 million USD is lost in US Cattle 
industry due to paratuberculosis [11]. Furthermore, sub-clinically infected cattle 
produce 15–16% less milk that amounts to 1300–1500 pound’s loss in every lactation. 
In addition, there is no approved treatment for paratuberculosis and no effective vac-
cine available. Thus, screening and removal of the infected animal from the herd is 
the most effective way of controlling and preventing spread of paratuberculosis [33]. 
Ganareal et al. [11] developed a gold-nanoparticle based probe for the colorimetric 
detection of MAP DNA. The developed nano-probe was specific to detect MAP with 
a detection limit of 103 ng of MAP PCR product per reaction. Furthermore, UV–Vis 
and SEM showed dispersion and aggregation of the AuNPs for the positive and 
 negative results with no observed particle growth.

Figure 2. 
Variations in color of gold nanoparticle suspension as particle size increases. Synthesized gold nanoparticles tend 
to have wine-red color (average size of 10–15 nm) and turns blue to purple as particles aggregate and get bigger.
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2.3.1.2 Viral diseases

Foot-and-Mouth Disease (FMD) is one of the most devastating and highly conta-
gious disease of cloven-hoofed animals (e.g. ruminants and swine) that may threaten 
food security [34]. The causative agent, Foot-and-Mouth Disease virus (FMDV) has 
multiple modes of transmission, fast replication rate and viral excretion that makes 
FMD one of the acute and highly contagious diseases of cloven-hoofed animals 
[34, 35]. Southeast and East Asian countries such as Cambodia, Laos, Thailand, 
Vietnam and China show varying FMD prevalence [34]. Eradication and control 
strategy for FMD is mainly controlled by vaccination. However, discrimination 
between naturally infected versus immunized animals against FMD is a must espe-
cially in the event of mass importation of cloven-hoofed animals. Furthermore, the 
rapidity of development of antibody against FMD and the differentiation of naturally 
infected vs. immunized animals are important in the disease control and prevention 
strategies. Conventionally, serological methods such as FMD structural proteins 
(SPs)-based virus neutralization test (VNT), liquid phase blocking enzyme-linked 
immunosorbent assay (LPB-ELISA) and solid-phase competition ELISA (SPCE) can 
evaluate the antibody level and non-structural proteins (NSPs)-based ELISA can dis-
criminate naturally infected from immunized animals. However, with the advent and 
success of immunochromatographic strip (ICS) in the field due to its high specificity, 
sensitivity, rapidity, low cost and portability for field detection and high sample 
throughput, Yang et al. [34] developed an immunochromatographic gold nanoparticle 
strip that can differentiate FMD type O-naturally infected from immunized animals 
using serum. Both epitopes of FMDVs SPs (T1) and NSPs (T2) were dispensed in 
the nitrocellulose membranes to be the two test lines and as for control line a goat 
anti-pig antibody IgG was used. The result of their experiment shows 95.17% and 
100% specificities for T1 and T2, respectively with the sensitivity comparable to the 
commercial ELISA kits. Furthermore, the coincidence rate of the develop AuNP strip 
is 95.5% and 93.13% for 3ABC monoclonal antibody (Mab)-ELISA and LPB-ELISA, 
respectively. Thus, the developed AuNP strip can provide a point-of-care differentia-
tion test between naturally-infected and immunized FMD animals that is easy-to-use, 
economical, faster without sacrificing sensitivity and specificity of the test.

Nam et al. [36] developed a bio-barcode amplification (BCA) and used to measure 
respective protein and nucleic acid targets of different living organisms. In 2011, 
Ding et al. [35] developed an AuNP improved immuno-PCR for the detection of 
FMDV. The target particles were captured using a polyclonal antibody on a microplate 
followed by the addition of primers with AuNP and FMDV Mab 1D11 to form the 
sandwich complex. Then, immuno-complex will be formed and the signal DNA will 
be released by heating and then characterized by PCR and real time PCR. The devel-
oped FMDV BCA has a detection limit of 10 fg/ml purified FMDV particles and can 
detect clinical samples of FMDV with high sensitivity as compared to the traditional 
ELISA techniques with 100 ng/ml. Thus, FMDV AuNP BCA provided a detection test 
for FMDV with high sensitivity.

Bluetongue disease (BTD) is an arthropod-borne viral disease that affects rumi-
nants worldwide. Bluetongue can cause massive socio-economic effects and is one 
of OIE listed diseases [36, 37]. Diagnosis of BTD includes viral isolation, serology 
and molecular diagnostics. In 2011, Yin et al. [37] developed a BCA BTD VP7 test. 
However, traditional BCA is time-consuming and complex. Thus, Yin et al. [38] 
improved their previous BCA BTD VP7 [36] test by incorporating gold nanoparticle 
probe to make the test easy and more sensitive to detect BTD VP7. Their platform 
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captures the protein VP7 using AuPr coated with the anti-VP7 polyclonal antibodies 
and single-stranded signal DNA. Then, magnetic microplate (MMP) probes coated 
with the anti-VP7 monoclonal antibodies were added to form the sandwich immuno-
complex. Using PCR and real-time fluorescence PCR using Taqman probe, the single-
stranded signal DNA in the immuno-complex can be detected. This technique has a 
detection limit of 10−2 fg/ml which is 8 orders of magnitude (100,000,000x) greater 
than conventional antigen capture ELISAs and 1 order (10x) than conventional BCA. 
The developed AuNP BCA test is a highly sensitive and an easier detection test for VP7 
protein of bluetongue. Furthermore, this technique can be modified to measure the 
presence of other proteins.

Caprine arthritis encephalitis virus (CAEv) is one of the economically important 
diseases of goats that causes mostly polyarthritis in adults and progressive paresis 
(leukoencephalomyelitis) in kids. However, other clinical manifestations include inter-
stitial pneumonia, mastitis and chronic wasting diseases that lead to eventual death 
of the animal. Detection of CAEv infection is mostly done through serological testing 
such as Agar Gel Immunodiffusion (AGID) and Enzyme-linked immunosorbent assay 
(ELISA) [39, 40]. However, application of polymerase chain reaction to detect CAEv 
became a routine assay due to its rapidity and ability to detect CAEv in early stage of 
the disease [41]. Furthermore, Huang et al. [42] and Balbin et al. [41] optimized loop-
mediated isothermal amplification (LAMP) to detect CAEv. Moreover, Balbin et al. 
[43] developed a LAMP test coupled with AuPr that can provide a specific colorometric 
detection CAEv. The specificity of this test was evaluated by subjecting other economi-
cally important small ruminant pathogens such as Leptospira spp., Bovine Leukemia 
Virus (BLV), Trypanosoma evansi, Babesia spp., Anaplasma marginale, and Theileria 
spp. The AuPr was not able to hybridize with the DNA amplification products of 
these pathogens, thus the designed oligonucleotide in the AuPr is only CAEv-specific. 
Furthermore, the result of AuPr colorimetric detection corroborated with the result of 
SYBR green and gel electrophoresis result of CAEv LAMP amplification.

Acute hepatopancreatic necrosis disease (AHPND) is one viral disease that causes 
devastating economic effects due to 100% mortality that occurs at 35 days after 
stocking of shrimp post-larvae in ponds [44–46]. De Guia et al. [12] developed a 
AuPr-based detection pirAvp toxin gene that causes AHPND without PCR amplifica-
tion. The sensitivity of the developed test was as low as 20 fg/μl of extracted genomic 
DNA and positive samples had decreased absorbance value of 0.048 from 0.210 as 
compared to the negative controls with 0.137 absorbance value. Thus, most of the 
AuNPs aggregated due to the presence of pirAvp toxin in the samples. Furthermore, 
the sensitivity of this technique was tested with AHPND uninfected shrimp samples 
and non-vibrio DNA extracts of Staphylococcus haemolyticus isolate 1, Staphylococcus 
haemolyticus isolate 2, Plesiomonas shigelloides, Staphylococcus arlettae, Edwardshiella 
tarda, Bacillus cereus and Citrobacter freundii. The specificity and sensitivity of the test 
was conducted in 5 replications to assure the reliability of the test results. The posi-
tive result of the test will reveal a colorimetric change from pink red to purple, while 
negative will retain the pink red color.

2.3.1.3 Fungal diseases

Epizootic ulcerative syndrome (EUS) also known as mycotic granulomatosis, 
red spot disease or ulcerative mycosis is an economically important disease of wild 
and cultured fresh-water and estuarine finfish species [45]. This disease is caused 
by a fungus, Aphanomyces invadans. The conventional detection method for the 
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disease includes culturing of causative agent, gross observation of clinical signs and 
symptoms and histopathology [45]. Molecular techniques such as PCR and fluores-
cent in-situ hybridization (FISH) have also been used for diagnosis of EUS [47, 48]. 
Furthermore, electrochemical DNA biosensors have been used to detect diseases for 
their relatively lower cost, higher sensitivity and specificity, portability, greater ana-
lyte discrimination, fast result and easy-to-use [49]. Thus, application of noble metal 
nanoparticle on these electrochemical DNA biosensors have been used to further 
improve disease diagnosis [47, 48]. Kuan et al. [49] developed an EUS electrochemical 
genosensors for the detection of 18S rRNA and the internal transcribed spacer (IRS) 
of A. invadans. Kuan et al. research group described their platform as novel applica-
tion for the detection of PCR product from real sample of A. invadans using a premix 
of sandwich hybridization assay. This assay was easier to use and more specific and 
sensitive compared to conventional techniques. The limit of detection of the EUS-
genosensor was 0.5 fM (4.99 zmol) of linear DNA target and 1 fM (10 zmol) of PCR 
product. The developed EUS-genosensor will be highly suitable for surveillance and 
diagnostics of EUS in the aquaculture industry worldwide.

2.3.1.4 Parasitic diseases

Visceral Leishmaniasis, caused by Leishmania infantum that is transmitted by 
sandflies, is a fatal zoonotic diseases of domesticated dogs, wild canids and humans 
[50, 51]. Canine Leishmaniasis (CanL) can be diagnosed through the use of parasito-
logical [52, 53], serological [50] and molecular testing approaches [54–58]. However, 
the limitations of using this test to diagnose CanL are reported to be the need to 
skilled workers/laboratory staff, expensive and the need to send samples to refer-
ence laboratories [50]. Furthermore, a lateral flow assay (LFA) test for the detection 
of CanL, however, the detection limit is the drawback as it cannot detect low level 
of CanL antibody in the blood [59–61]. Molecular tool, PCR, have proven effective 
as it is considered as the confirmatory and gold standard test. However, molecular 
diagnostic tool has its drawbacks like the need of expensive and sophisticated equip-
ment for the precise and repeated heating required for amplification [50]. Thus, de 
la Escosura-Muñiz et al. [50] developed a point-of-care test kit for the detection of 
CanL using primers labeled by AuNPs and magnetic beads (MBs) using isothermally 
amplified DNA products. This test kit successfully discriminated CanL infected 
blood from healthy dog’s blood. Further qualitative studies revealed that less than 1 
Leishamania parasite can be detected per microliter of blood (8 x 10−3 parasites per 
isothermal amplification reaction). The result of study of de la Escosura-Muñiz et al. 
[50] provided a pioneering approach to advance diagnostic testing in animals using 
noble metals as it makes diagnostics faster, economical and easy-to-use.

2.3.1.5 Antibiotics and antibiotic residues

Antimicrobial resistance has emerged as one of the most essential problems in 
public health for the 21st century. This phenomenon is a threat to the effective disease 
prevention and treatment as increasing number of pathogens gain resistance to com-
mon medicines that used to treat them. In recent years, steady increase and intensi-
fication of animal production due to the increasing demand for animal protein has 
also lead to the increase in the use of antimicrobials as growth promoters in addition 
the specific use of antibiotics to treat specific diseases and to prevent the spread of 
particular diseases. This practice has been an essential contributor to the development 
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and spread of resistance. On the other side of the coin, the livestock industry cannot 
support the growing demand for animal protein to the growing population without 
this modern miracle – antibiotics.

Research groups around the world has developed aptamer nanoparticle-based 
detection of antibiotics and its derivatives. Point-of-care detection of antibiotics is 
important in One Health approach as tainted products with antibiotics and its deriva-
tives can be intercepted before penetrating the market and table of consumers.

Oxytetracycline (OTC) is one of the most commonly used tetracyclines (TCs) 
in veterinary medicine. TCs are extensively used as growth promoters that can lead 
to bioaccumulation in livestock products and by-products. This bioaccumulation of 
antibiotics may lead to serious human health issues ranging from allergies to incur-
able disease such as aplastic anemia, however, still the greatest threat is antimicrobial 
resistance. Thus, point-of-care detection for antimicrobials and its derivative is 
important to prevent the development and spread of antimicrobial resistance. 
Kim et al. [62] developed a colorimetric aptasensor using gold nanoparticle for the 
detection of OTC. Using a highly specific ssDNA aptamer to bind to OTC that can 
discriminate to doxycycline (DOX) and tetracycline (TET), aggregation of AuNPs 
was specifically induced via desorption of OTC binding aptamers (OBAs) from the 
surface of AuNPs as a result of aptamer-target interaction, thus a colorimetric change 
from red to purple. Kim et al. [62] aptasensor can detect up to 25 nM of OTC which is 
20-fold lower than the limit of USA-EPA regulations. Thus, this colorimetric apta-
sensor is advantageous over traditional methods with simple signal generation and 
detection with naked eye specially during on-site detection of antimicrobial agents.

Kanamycin is one the frequently used aminoglycoside antibiotics produced by 
Streptomyces kanamyceticus [63, 64]. The increasing use of kanamycin is a threat to 
human health due to is ototoxicity, nephrotoxicity and neurotoxicity due to its residue 
in animal-derived products [65, 66]. The European Commission has set the maximum 
residue limits (MRLs) or kanamycin in milk at 150 μg/kg [64, 67, 68]. Thus, a conve-
nient, fast, economical, accurate and sensitive point-of-care detection test is vital to 
promote healthy and safe animal derived products [69, 70]. Ou et al. [64] developed 
an aptamer-based strip biosensor for visual detection of kanamycin. The strip design 
uses the easy separation of magnetic microspheres (MMS) with target-mediated 
chain displacement of ssDNA and capture of the visible DNA-functionalized AuNP 
probe. The presence of kanamycin will competitively bind to the aptamer and release 
the cDNA to the supernatant. The free cDNA concentration is directly proportional 
to the concentration of kanamycin. The capture of DNA functionalized AuNPs on the 
test zone is through cDNA-induced hybridization that provide visual detection signal 
or the presence of line in the test zone. The limit of detection of the aptamer test 
strip is 50 nM and 4.96 nM for visual detection limit by naked eye and quantitative 
determination, respectively. This lateral flow strip biosensor can detect presence of 
kanamycin in different food samples and has a potential in medicine and for everyday 
use. Furthermore, this is vital as kanamycin side effects from animal derived foods 
has become a serious public health issue on a global scale [68].

2.3.2 Point-of-care animal disease diagnosis using silver nanoparticles (AgNPs)

2.3.2.1 Antibiotics and antibiotic residues

Aminoglycosides (AMG) antibiotics are known for their broad-spectrum activities 
to gram-negative aerobic bacteria [71]. However, the discrepancy of administered 
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AMG and the presence in blood is an important concern [72]. Thus, emergence of 
AMG-resistant bacteria is a pressing concern due to its abuse in animal husbandry 
and agricultural practices [73–75]. One of the important AMG is Streptomycin, an 
effective antibiotic for gram-negative bacterial treatment and is used not only for 
human diseases but also for diseases of veterinary concern [76, 77]. The presence 
of streptomycin residues in animal-derived products is a threat to human health 
due to its nephrotoxicity, ototoxicity and allergic reactions [77, 78]. The European 
Commission has set a MRL for streptomycin of 500 and 200 μg kg −1 for meat and 
milk, respectively [77, 79]. Thus, development of sensitive and selective detection 
of streptomycin residues in animal derived products is vital to ensure food qual-
ity and safety and one health. Ghodake et al. [77] developed a silver nanoparticle 
(AgNP) probe for the colorimetric detection of picomolar-level sensitivity toward 
streptomycin in water, serum and milk samples. A color change of yellow to orange/
red was observed in samples with streptomycin. A detection limit of 36 pmol L−1 
was observed in the developed AgNP probe. The AgNP probe can successfully detect 
streptomycin residues in serum and milk and is a rapid and cost-effective detection of 
low molecular weight analytes. Thus, this method can provide practical application is 
the ultrasensitive detection of AMGs.

2.3.3 Point-of-care animal disease diagnosis using platinum nanoparticles (PtNPs)

2.3.3.1 Bacteria

Salmonella is one primary risk factor for bacterial food poisoning and can be trans-
mitted via contaminated animal-derived foods like meats, eggs milk, etc. Millions 
of people are infected with Salmonella sometimes with severe and fatal results. Most 
highly developed countries have zero tolerance to Salmonella in foods, especially to 
ready to eat food. Thus, ultrasensitive detection is important. However, food test-
ing is complex and usually low concentration of Salmonella is found in ready to eat 
foods [80]. The need for rapid, sensitive and cost-effective point of care Salmonella 
screening test is of great importance. Wang et al. [80] developed a Salmonella bio-
sensor using a platinum nanoparticle loaded manganese dioxide nanoflowers (Pt@
MnO2 NFs) and thin-film pressure detector. The biosensor test starts by separating 
Salmonella from the sample using capture antibodies (CAbs) modified magnetic 
nanobeads (MNB) forming MNB-CAbs-Salmonella complex (magnetic bacteria). 
Then, detection antibodies (DAb) were used for labelling magnetic bacteria to 
form MNB-CAb-Salmonella-DAb-Pt@MnO2 NFs complex (nanoflower bacteria). 
The nanoflower bacteria will be resuspended into H2O2 in a sealed centrifuge tube. 
H2O2 was catalyzed by PtMnO2 to produce O2 that results in increased pressure. This 
increased in pressure is monitored in real-time by piezoresistor-based pressured 
detector and transfer data to smartphone by Bluetooth for analysis and detection of 
Salmonella in the samples. The developed biosensor by Wang et al [80] can quantita-
tively detect Salmonella from 1.5 x 101 to 1.5 x 105 CFU/mL in 1.5 h with low detection 
limit of 13 CFU/mL.

2.3.3.2 Drug residues

β2-adrenergic receptor agonists (β2-agonists) is a drug group which is usually used 
for the treatment of pulmonary diseases in animals [81, 82]. However, they can pro-
mote animal growth and increase feed efficiency by enhancing protein accretion and 
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reducing fat deposition producing “lean meats” [82–84]. The use of this drug group 
in veterinary medicine is illegal since prolonged consumption of residues in animal-
derived products can cause headache, chest tightness, nausea, and more. One of this 
β2-agonists is ractopamine (RAC), however RAC is a derivative of clenbuterol which 
causes high blood pressure and heart disease in human. Thus, the use of RAC is illegal 
in Europe and China but RAC is still used around the world due to its effectiveness 
and low cost [82]. Thus, detection of RAC and its residue using simple and accurate 
method is important. Sun et al [82] developed a colorimetric immunosensor based 
PtNPs immobilized on Power Vision (PV) as signal probes and Fe3O4@β-cyclodextrin 
as capture probes for ractopamine detection in pork. PtNPs-PV double catalyzed 
the chromogenic substrate 3,3′-diaminobenzidine (DAB), which induced changes in 
DAB’s color and chromogenic absorbance. Incubation temperature, pH, and incuba-
tion time were systematically optimized, and under optimum conditions, the mea-
sured absorbance values exhibited a linear relationship with the RAC concentrations 
in the range of 0.03 to 8.1 ng mL−1. The detection limit was 0.01 ng mL−1. The sensor 
exhibited high sensitivity and specificity, which was demonstrated by testing struc-
turally similar organic compounds such as salbutamol (SAL), clenbuterol (CLE), and 
dopamine (DOA). The practicality of the developed colorimetric immunosensor was 
supported by the successful detection of RAC in pork samples with recovery ranging 
from 94.00% to 106.00%.

3. Conclusions

In conclusion, this review has provided the application of noble metals (gold, 
silver and platinum) in the advances in animal disease diagnostics. The versatility of 
these noble metals to be able to detect virtually all types of animal pathogens such 
as bacteria, virus, fungi, parasites to detecting drug and its residues is a promising 
foundation for point-of-care diagnostics/field diagnostics of animal diseases in the 
near future.
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Chapter 9

Bronchus-Associated Lymphoid 
Tissue (BALT) Histology and Its 
Role in Various Pathologies
Tuba Parlak Ak

Abstract

The lower respiratory tract is in direct communication with the external 
environment for gas exchange to occur. Therefore, it is constantly exposed to 
allergens, antigens, bacteria, viruses, and a wide variety of airborne foreign 
bodies. Bronchus-associated lymphoid tissue (BALT), which develops in response 
to these exposures and is one of the most prominent representatives of mucosa-
associated lymphoid tissue (MALT), is important for generating rapid and specific 
bronchopulmonary adaptive immune responses. Therefore, this chapter focuses 
on the lymphoid architecture of BALT, which was first discovered in the bronchial 
wall of rabbits, its inducible form called inducible BALT (iBALT), its immunological 
response mechanisms, and its roles in certain pathologies including infectious and 
autoimmune diseases as well as in allergic and malignant conditions. In conclusion, 
it is hypothesized that BALT plays an important role in maintaining health and 
in the development of lower respiratory tract diseases; thanks to the pulmonary 
immune system in which it functions as a functional lymphoid tissue.

Keywords: Bronchus-associated lymphoid tissue, local immune response, histology, 
inducible bronchus-associated lymphoid tissue, lung diseases

1. Introduction

The respiratory system is anatomically divided into the following two parts: upper 
respiratory tract (organs outside the chest: nose, pharynx, and larynx) and lower 
respiratory tract (organs inside the chest: trachea, bronchi, bronchioles, alveolar 
ducts, and alveoli). This system that performs three basic functions, i.e., air transmis-
sion, air filtration, and gas exchange (respiration), is functionally divided into two 
zones. These are the conductive zones (from the nose to the bronchioles) that act as a 
pathway for the delivery of inhaled gases, and the respiratory zone (from the alveolar 
canal to the alveoli) where gas exchange occurs. The branching pattern of the con-
ducting passages is known as the tracheobronchial tree as it resembles the branching 
of a tree [1].
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The lungs, the main organ of the respiratory system, are divided into two sections 
depending on the functions of their structural parts. These are the tubes that conduct 
air (bronchi and bronchioles) and respiratory tissue (alveolar ducts, alveolar sacs, and 
alveoli). Ventilated by a secondary (lobar) bronchus, each lobe of the lung is divided 
into smaller pyramidal-shaped segments known as the bronchopulmonary segments 
and is ventilated by a tertiary (segmental) bronchus [2].

The bronchi of the lower respiratory tract are vital in terms of respiratory aspects 
because they are responsible for the transmission and filtration of air as well as for key 
immunological functions.

1.1 Bronchial structure

The bronchial wall is microscopically composed of the following five sections: 
mucosa, muscle, submucosa, cartilage, and peribronchial connective tissue (adventitia) 
(Figure 1) [3].

The epithelial and lamina propria layers constitute the bronchial mucosa layer, 
which has the characteristics of the respiratory mucosa. The initial part of the bronchi 
exhibits a similar structure to that of the trachea, which is a pathway responsible for 
the transmission of air taken from the external environment into the lungs. The struc-
ture of the bronchial wall changes histologically at the point where it enters the lungs 
and transforms into intrapulmonary bronchi. In the beginning, the bronchial mucosa 
comprises a layer of respiratory epithelium with the same cellular composition as the 
trachea. The height of the cells of this ciliated layer, also known as the pseudostrati-
fied columnar epithelium, decreases in proportion to the diameter of the bronchus. 

Figure 1. 
Light microscopic view of the bronchial wall, rat lung (H-E). Black star: bronchial lumen, black arrow: 
respiratory epithelium layer, white arrow: lamina propria layer, red arrow: smooth muscle layer, yellow arrow: 
submucosa layer, white star: distinctive lung tissue (LT) showing the many empty spaces of pulmonary alveoli.
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The prominent cell types in the epithelium are ciliated cells, goblet cells, basal cells, 
brush cells, and neuroendocrine cells. The epithelial layer is separated from other 
mucosal layers by a basement membrane [4].

The basement membrane is prominent in the primary bronchi; however, it rapidly 
decreases in thickness and disappears as a separate structure in the secondary bron-
chi. The lamina propria layer is similar to the trachea, but it decreases in proportion to 
the diameter of the bronchi. The lamina propria layer, which appears as a typical loose 
connective tissue with abundant elastic and collagen threads, is rich in cellular struc-
tures. In addition to the cell types such as plasma cells, mast cells, eosinophils, and 
fibroblasts, it comprises a large number of lymphocyte cells. The lymphocytes in this 
layer gather in the form of infiltrates at some places and lymph follicles at some [3].

The muscularis layer, which comprises multiple rows of circular smooth muscle 
cells, is a continuous layer of smooth muscles in the large bronchi. However, in the 
small bronchi, it is weakly and loosely organized because it may appear discontinuous 
due to its spiral route. This layer is responsible for determining the appropriate airway 
diameter for airflow regulation. In the large bronchi, the loose connective tissue sub-
mucosa layer is evident, whereas in the small bronchi, it is only observed as a narrow 
patch. In addition to the venous plexus and lymph follicles, bronchial glands known as 
GI. bronchioles are quite common in this layer. These glands, similar to salivary gland 
tissue, comprise a mixture of serous and mucinous cells and decrease in quantity as 
the diameter of the bronchi decreases (Figure 2) [3, 5].

The cartilage layer is observed as a whole in the trachea, whereas it is irregularly 
present at the beginning of the bronchi in the form of hyaline cartilage. As the diam-
eter of the bronchus decreases, the fragmented cartilage layer becomes smaller and 
appears as elastic cartilage. On the other hand, the peribronchial connective tissue 
(adventitia) layer is dense that limits the bronchi from the alveoli and is rich in nerve 
and elastic fibers in addition to large blood and lymph vessels [3].

Figure 2. 
A higher power light microscopic view of the bronchial wall, rat lung (H-E). Black arrow: respiratory epithelium 
layer, white arrow: lamina propria layer, red arrow: smooth muscle layer.
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2. Bronchi immunology

The lower respiratory tract is constantly exposed to a wide variety of airborne for-
eign bodies because it is in direct communication with the external environment for 
gas exchange [6]. Both the trachea and bronchi function as filters against this expo-
sure due to some of their structural features. The bronchial epithelium has a similar 
histological structure to the trachea and can capture foreign bodies through the smear 
of the mucus film secreted by the goblet cells to the kinocilium at the apical ends of 
the prismatic cells present in its structure. These bodies are captured and removed 
from the lungs by the movement of the kinocilium toward the larynx [7]. Mechanical 
filtering of inhaled air is thus ensured due to this primary defense mechanism.

The lower respiratory tract is constantly exposed to allergens, antigens, bacte-
ria, and viruses during gas exchange. This is a very sensitive area for various types 
of pathogen invasions, such as influenza virus, measles virus, and Mycobacterium 
tuberculosis [8]. Producing rapid and specific adaptive immune responses against 
these factors are important for survival [6]. At the initial stage of an adaptive immune 
response, naive T cells migrate through the endothelial venules of blood vessels to 
secondary lymphoid tissues, where they are stimulated by antigen-bearing cells. 
This is critical for the development of appropriate adaptive immunity. This migra-
tion therefore leads to the generation of antigen-specific effector and memory T and 
B cells released from the secondary lymphoid tissue into the bloodstream. In the 
effector stage of the adaptive immune response, some memory T and B cells migrate 
from blood vessels to non-lymphoid tissues containing cognate antigens or pathogens 
[9, 10]. Bronchial lymphoid tissue and lymphatic nodes, two types of secondary 
lymphoid tissue found in the bronchial mucosa of the lower respiratory tract, are 
important in this regard [11, 12]. These secondary lymphoid tissues play a key role in 
the development of bronchopulmonary immune responses. Therefore, the broncho-
pulmonary adaptive immune system plays an important role in maintaining health as 
well as in the development of lower respiratory tract diseases [6].

The tracheobronchial tree, which is considered as an immunological organ, [13] is 
important for the defense mechanism of microorganisms reaching the lungs through 
inhaled air as well as for hypersensitive reactions that occur through respiration. The 
lymphoid tissue of the tracheobronchial system contains specialized diffuse, clus-
tered, and solitary lymphatic nodules known as bronchus-associated lymphoid tissue 
[14, 15]. This secondary lymphoid tissue is a representative of the mucosal immune 
system in the bronchial wall, which is common in different parts of the body. It forms 
the immunoglobulins as a result of the immune defense reaction, thus forming a 
special protective mechanism of the lower respiratory system.

3. Mucosa-associated lymphoid tissue (MALT)

The immune system can recognize a wide range of unknown antigens and elicit an 
appropriate respond due to the lymphocytes that have a wide variety of antigen recep-
tors [16]. This system has evolved into a system of secondary lymphoid organs such 
as the spleen, lymph nodes, Peyer’s patches, and other MALT, in line with the defense 
targets [17]. Highly organized secondary lymphoid organs contain architectural 
domains that facilitate sequential cellular interactions between antigen-presenting cells 
and lymphocytes and efficiently promote the activation, selection, and differentiation 
of B and T cells [16]. Therefore, the immunological response becomes more effective.
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MALT can function independently of the systemic immune system and therefore 
encompasses the mucosal immune system, which is a crucial part of immunopathol-
ogy [18]. It plays an important role in immunological defense by eliciting immune 
responses against specific antigens encountered along the surfaces of all mucosal 
tissues [19]. Although MALT is anatomically divided into regions, these regions are 
functionally interconnected under the name of the common mucosal immune system. 
In this way, events such as antigen presentation and B-cell activation in a mucosal 
region can trigger the secretion of immunoglobulin A (IgA) in the mucosal regions 
of different organs [18, 20]. Due to MALT, which mainly functions to produce and 
secrete IgA along the mucosal surfaces in antigen-specific, T helper 2-dependent 
reactions, T helper 1 and cytotoxic T-cell-mediated reactions can occur. This may then 
result in immunotolerance [20, 21].

The best-known representatives of MALT, which contains approximately half of the 
lymphocytes of the immune system, [22] are gut-associated lymphoid tissue (GALT), 
nasal-associated lymphoid tissue (NALT), and BALT. However, structures such as 
conjunctival-associated lymphoid tissue (CALT), larynx-associated lymphoid tissue, 
and duct-associated lymphoid tissue (DALT) are other MALT representatives [20, 21].

MALT is divided into the two following functional parts: inducer sites and effector 
sites. Inducer sites include secondary lymphoid tissues, where the clonal expansion of 
B cells and IgA class transition occur in response to antigen-specific T-cell activation 
[19]. GALT, BALT, NALT, and CALT in mice, dogs [23], and baboons [24] and DALT 
in cynomolgus macaques [25] constitute these inducing sites. These sites are known 
as secondary immune tissues where antigen sampling occurs, and immune responses 
are initiated. Although there are many differences between inducing sites in various 
organs, they all contain the same functional segments as follows: lymphoid follicles, 
interfollicular zones, subepithelial dome zones, and follicle-associated epithelium or 
lymphoepithelium containing microfold (M) cells [19].

Effector sites distributed as diffuse lymphoid tissue throughout the lamina 
propria layer on all mucosal surfaces [26] are known as the transport sites of IgA 
along the mucosal epithelium. After activation and IgA class transition, T- and B cells 
migrate from inducing sites to these sites [19]. CD4+ and CD8+ T cells, IgA-, IgG- and 
IgM-plasma cells, B cells, antigen-presenting dendritic cells, and macrophages [19] 
constitute the cellular content of these effector regions where secreted IgA (S-IgA) is 
secreted along the mucosal epithelium [27]. Mast cells and eosinophils can occasion-
ally be seen in the interfollicular area. Thus, all the cell types required to initiate an 
immune response are present here.

4. Bronchus-associated lymphoid tissue (BALT)

BALT, an important part of MALT, is classically used to refer to intrapulmonary 
lymphoid tissue in connection with the pulmonary vessels and adventitia of the 
bronchi [11, 28]. Macklin [29] named this lymphoid tissue in 1955 as ‘sumps’ or ‘pul-
monary tonsils’ in which dust and organisms are retained. Subsequently, Bienenstock 
et al. [28, 30] identified these formations as subepithelial follicular lymphoid aggre-
gates, primarily composed of lymphocytes, organized in the bronchial mucosa in 
contact with the surface epithelium, and coined the term BALT to describe them.

Although BALT, a secondary lymphoid tissue that plays an important role in the 
maintenance and regulation of lung mucosal immune homeostasis [8], was initially 
claimed to resemble Peyer’s patches in the small intestine [11]; it was later revealed 
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that it was quite different from these formations [31]. Compared to GALT where in the 
founder Peyer’s patches are located, it is accepted that BALT is not regularly present 
during fetal life due to embryonic preprogramming; however, it occurs with antigenic 
stimulation during the postnatal period [32, 33]. In other words, it is claimed that 
there is a relatively special lymphoid tissue in the development of BALT. However, 
studies have shown that BALT exhibits great differences between species [34, 35].

BALT, which was first identified in the bronchial wall of rabbits by Bienenstock 
et al. [28], is frequently detected in these animals and has the highest number of 
regions [28, 34]. In terms of the presence and distribution of BALT, rats and guinea 
pigs [34] follow rabbits, whereas germ-free pigs [28, 34], cats, dogs, and Syrian ham-
sters [34, 36] do not have this lymphoid tissue. BALT is frequently present in poultry, 
particularly hens [37]. In mice and humans, the situation with BALT is a little more 
contradictory [19]. Some scientists suggest that BALT is present in germ-free mice 
when antigenic stimulation is absent [12], whereas others report that it is not [38, 39]. 
Besides the differing viewpoints on the presence of BALT in mice, it is assumed that it 
is only observed infrequently after the neonatal period.

Further, it is claimed that BALT is not present in structurally healthy humans [31] 
because the features similar to BALT in mice are also found in humans [8]. BALT, in 
particular, is detectable if it is induced in adults; however, it is only observed in 40% 
healthy children and adolescents. Factors inducing the presence and distribution 
of BALT in these adults include infection, pathogen exposure, chronic pulmonary 
inflammation or autoimmune disease, etc. [32, 33, 40]. Moreover, it is suggested that 
the formation, size, and amount of BALT depend on the type and duration of expo-
sure [41]. Therefore, it is concluded that BALT varies in different species as well as 
indifferent physiological states of the same species [8].

4.1 Inducible BALT (İBALT)

Most of the secondary lymphoid organs found in mice and humans develop 
embryonically in the absence of microbial stimulation or environmental antigens 
[42]. Furthermore, the structure and function of several secondary lymphoid organs, 
particularly those on the mucosal surfaces, are dramatically altered upon exposure 
to foreign antigens and commensal organisms [43]. Peyer’s patches of MALT demon-
strate a striking increase in size and complexity following the colonization of com-
mensals [44, 45]. Similarly, in rodents, NALT is not completely developed until the 
postnatal period; however, microbial exposure accelerates this process [46]. On the 
other hand, the appendix tissue of rabbits has the characteristics of the primary and 
secondary lymphoid tissues in terms of being functionally dependent on microbial 
colonization [47]. However, some lymphoid tissues, known as tertiary lymphoid tis-
sues, develop only after environmental exposure to microbes, pathogens, or inflam-
matory stimulations. Interestingly, although the lungs of mice and humans normally 
lack organized lymphoid tissue, tertiary lymphoid structures are frequently observed 
in lung tissue [38, 48].

BALT is recognized as an inducible tertiary or ectopic lymphoid tissue, unlike 
the related secondary lymphoid organs. BALT develops during the postnatal period 
and at anatomically non-lymphoid sites. In terms of disease states characterized by 
chronic inflammation, infection, or autoimmunity, BALT formation can be induced, 
and these areas are then known as iBALT [32, 38]. iBALT is a classic example of 
tertiary lymphoid tissue because it does not develop on a preprogrammed basis; its 
creation, size, and number in the lungs depend on the type and duration of antigenic 
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exposure [31, 49]. iBALT regions are best characterized in the lungs of rodents and 
humans. They are observed in the lungs of mammals and birds as well as in possibly 
all air-breathing vertebrates [41]. The emerging arguments confirm the role of infec-
tious agents, such as isolated lymphoid follicles in the gut, indicating that iBALT may 
develop in response to microbial exposure [32]. In contrast, BALT is said to have been 
discovered in germ-free rats [28] and mice [50] as well.

Unlike the classical BALT structure, iBALT does not always have an overlying 
lymphoepithelium, is not associated with a continuous airway, and can be located 
adjacent to small pulmonary arteries in the lung parenchyma [32]. However, as both 
BALT and iBALT have the same function, both tissue types are called BALT [48].

4.2 Microscopic structure of BALT

Microscopically, BALT is defined as a densely packed cluster of lymphocytes 
with follicular structures enveloped in a network of reticular stromal cells beneath 
a specialized airway epithelium devoid of cilium. These structures are claimed to be 
located along the main bronchial airways embedded in the airway wall with extensive 
lymphocytic infiltration of the epithelial layer forming a classical dome epithelium 
(Figures 3 and 4) [11].

Further, it is stated that BALT is present in bronchial tree bifurcations to capture 
respiratory antigens. In species, BALT develops in response to various stimulations 
rather than being constitutively present in the lung, whereas iBALT does not always 
have such a defined structure or precise localization in the lung [51].

As a part of the integrated mucosal system including GALT, NALT, and other 
secondary lymphoid tissue representatives, BALT is known to contain cell types that 
are responsible for eliciting an appropriate immune response. BALT is mainly defined 
as an organized structure comprising T- and B-cell domains, dendritic cells (DCs), 
stromal cells, and high endothelial venules (HEVs) in the T-cell region [38, 52–55]. 

Figure 3. 
Light microscopic view of the BALT structure, rat lung (H-E). Red star: BALT formation.
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Furthermore, it is stated that most of its cellular component consists of B cells 
expressing IgMlo IgDhi; however, depending on the nature of the microbe and/or 
antigen to which the cells respond, IgG-, IgA-, and even IgE-positive plasma cells may 
also be present [50, 56–58].

Moreover, in BALT, the most prominent structure is follicular-like lymphocyte 
accumulation, which is the common microscopic appearance of secondary lymphoid 
tissues, forming a classical germinal center (active site) [59, 60]. In this structure, 
surrounded by more mature, small lymphocytes, most of the germinal center com-
prises antigen-presenting macrophages [58, 61]. Lymphocytes leave the blood and 
migrate to BALT in the walls of HEVs, which are present at the periphery of the tissue. 
As there are no afferent lymphatics, these HEVs are thought to be the only entry site 
where lymphocytes migrate to BALT [59, 60]. In addition, the expression of chemo-
kines in HEVs ensures accurate targeting of lymphocytes to lymphoid tissues [62].

However, in the direction of the bronchial epithelium, a dome-like protrusion 
similar to Peyer’s patches toward the bronchial lumen is sometimes clearly observed 
[31]. The B-cell follicle, which is the most noticeable characteristic in classic BALT tis-
sues with dome epithelium, is positioned below the epithelium [11]. CD4+ T cells are 
abundant in B-cell follicles, especially in reactive follicles with germinal centers [63], 
and CD8+ T cells are uncommon. Moreover, BALT is covered by a lymphoepithelium, 
which contains M cells that are similar to the M cells present in the dome epithelium 
of Peyer’s patches in some species [31]. M cells are thought to transport antigens from 
the mucosal lumen to DCs that are in close contact with the dome epithelium [48]. 
Rabbits, the first and important representative of BALT, have fewer ciliated cells, 
few goblet cells, and many lymphocytes between epithelial and M cells. Although 
this basic structure appears to be valid for all species, there are some differences in 
details [31].

Another cell type that makes up the cellular component of BALT is follicular DCs 
(FDCs). These cells depend on the lymphotoxin signaling pathway to differentiate 

Figure 4. 
A higher power light microscopic view of the BALT structure, rat lung (H-E). Red star: BALT formation.
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into conventional lymphoid tissues and BALT [38]. Located at the center of B-cell 
follicles, these cells present antigen to B cells [64] and provide costimulatory signals 
that increase B-cell activation and proliferation in germinal centers [65, 66]. FDCs 
in mice are characterized by their ability to bind to antibodies against CD21/CD35 
[38], FDCM1, or FDCM2 [57] and to sequester their immune complexes [67]. In 
addition, FDCs are responsible for the organization of the follicle and expression of 
CXCL13, which is responsible for the recruitment of B cells and some T cells in the 
B-cell area [68]. DCs located at the highest concentration in the T-cell areas of BALT 
are reportedly capable of preserving the BALT architecture as well as their antigen-
presenting ability [48].

BALT is induced to produce IgA+ cells that secrete polymeric IgA, mainly due to 
its role in immunity. When polymeric IgA is transported into the lumen, it induces 
the formation of S-IgA, which has considerable immunological importance [8]. Thus, 
when BALT is identified as part of the integrated mucosal immune system, the term 
should be restricted to structures tightly associated with an epithelium infiltrated by 
lymphocytes. In the integrated mucosal immune system, specific antigen uptake and 
antigen presentation by M cells occur and immune reactions are initiated, including 
IgA responses [31].

Immunohistological studies in humans show a preferential central localization of 
B cells mixed with some CD4+ lymphocytes and macrophages. CD4+ lymphocytes are 
also present in the area around the HEV, at the edge resembling a crown, and in the 
epithelium. In addition to the few proliferative cells positive for Ki67 observed in the 
follicles, many cells positive for the human leukocyte antigen-DR isotype, which is 
associated with various autoimmune conditions, disease susceptibility, and disease 
resistance, are evenly distributed in the follicle [69]. This basic structural distribution 
of lymphoid and non-lymphoid cells has also been noted in BALT in pathological 
conditions such as rheumatoid arthritis [70], hypersensitivity pneumonia [71], or 
diffuse panbronchiolitis [72]. Therefore, it is reasonable to conclude that BALT plays 
an important role in many respiratory system-related pathologies.

4.3 Role of BALT in various pathologies

BALT plays an important role in pulmonary immunity such as regulating micro-
bial homeostasis [73], inducing immune tolerance [74], inhibiting inflammation 
[75], and supporting immune clearance [76]. Therefore, BALT frequently encounters 
many pathologies associated with infectious disease agents, allergens, environmental 
antigens, air-borne particles, autoimmune disease agents, and factors causing malig-
nancy. As these pathological conditions have a broad spectrum, it is not possible to 
discuss all the roles of BALT; therefore, only a few have been addressed.

4.3.1 Role of BALT in resistance to infectious diseases

The respiratory tract is a typical entry site for viruses. This makes it difficult for 
the immune system to effectively eliminate viruses and virus-infected cells without 
causing much damage and inflammation, which jeopardizes the lung’s structural and 
functional integrity. The balance between eliciting an immune response to effectively 
eliminate viruses and virus-infected cells and to cause less damage and inflammation 
is maintained by a complex network of innate and adaptive immune mechanisms as 
well as immunomodulatory and anti-inflammatory mechanisms. Accordingly, BALT 
could be one of the mechanisms that facilitates viral clearance by eliciting immune 
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responses and decreasing inflammatory responses [48]. BALT reportedly initiates 
pulmonary immune responses that are faster and more protective than those initiated 
at systemic sites. It has been proposed that once generated, BALT could play a key role 
in combating successive rounds of the same infection as well as assisting in establish-
ing local immunity against unrelated viruses or pathogens [51]. For example, it has 
been suggested that Lta_/_ mice without lymph nodes and Peyer’s patches are more 
susceptible to the influenza virus and although they elicit immune responses, both B- 
and T-cell responses are delayed. Based on flow cytometric identification of germinal 
center B cells in the lung to question where immune responses might be initiated, it 
was concluded that both B- and T-cell responses are probably produced in the lungs 
[77]. BALT is suggested to be formed in the lungs of Lta_/_ mice and locally initiates 
immune responses against influenza because the germinal center is present only in 
secondary lymphoid tissues. Another study reported that, in addition to germinal 
centers, plasma cells specific to influenza nucleoprotein were detected in BALT after 
influenza infection [58]. However, B-cell responses to influenza are accelerated 
in mice with pre-existing BALT, and morbidity and mortality rates are markedly 
reduced in response to a variety of viruses, including influenza, severe acute respira-
tory syndrome coronavirus, and mouse pneumovirus [78].

Mycobacterium tuberculosis (Mtb) infection is one of the serious health threats 
worldwide and is typically confined to the lungs. Although local immune mechanisms 
are primarily responsible for keeping Mtb infection under control, once the infec-
tion has settled in the lungs, immune mechanisms alone do not appear to be capable 
of eliminating these bacteria [79]. In humans, Mtb is localized to the granulomas 
comprising a central nucleus surrounded by macrophages, multinucleated giant cells, 
and lymphocytes [80]. The lymphocyte clusters surrounding these granulomas are B 
cells that form structures similar to BALT. These BALT areas associated with granu-
loma have B-cell follicles, and T-cell areas are present at the outer edge of the follicles 
[81]. Similar BALT domains, for example, have been discovered in murine models 
of Mtb infection, where B-cell clusters surrounding the granuloma were observed. 
Well-defined B-cell domains with FDCs are formed as early as day 42 after pulmonary 
infection and are protected from infection until at least day 90 [82]. Considering 
the link between B follicular structures surrounding the granuloma and Mtb uptake, 
another study showed that B-cell follicles formed around Mtb lesions in mice devel-
oped large germinal centers, and the B cells responded to the antigen [83]. Therefore, 
it is indicated that BALT initiates local pulmonary immune responses against Mtb 
infection via B cells.

4.3.2  Role of BALT in pulmonary responses to allergens and environmental antigens

Endotoxin, known as lipopolysaccharide (LPS), is a component of the gram-
negative bacteria [84, 85] that is commonly present in the environment [86, 87]. The 
development or exacerbation of asthma [86, 87], bronchitis, and chronic obstructive 
pulmonary disease [88, 89] is linked to considerable LPS exposure. LPS, a classical 
T-cell-independent B-cell antigen, and mitogen are thought to bind to TLR4 signaling 
pathway [84, 85], triggering B-cell activation, proliferation, and differentiation into 
antibody-secreting cells [90]. TLR4 signaling activates macrophages and DCs, epi-
thelial cells, and even fibroblasts, causing them to produce inflammatory cytokines 
and chemokines [91, 92]. Experimentally, pulmonary exposure of rats to endotoxin 
has been found to cause increases in pre-existing BALT and pulmonary plasma cells, 
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ultimately leading to the formation of germinal centers [93]. Sustained dosing of LPS 
prior to pulmonary inflammation in BALT-deficient mice appeared to result in BALT 
development in the major airways with an accumulation of B cells, T cells, and mac-
rophages in the lungs, and even in BALT-deficient areas [94]. Thus, environmental 
exposures to LPS, often with additional antigenic or inflammatory components, cause 
BALT reactivity and pulmonary physiology alterations [95].

Considering the importance of pulmonary inflammation in asthma, a correlation 
between BALT development and asthma is likely. However, some believe that the 
presence of BALT is not always associated with asthma [96], but that the reactivity of 
BALT in patients with asthma is elevated [97]. Further, there is evidence that specific 
allergens, such as Aspergillus fumigatus, might cause pulmonary allergies that are simi-
lar to asthma. In allergic bronchopulmonary aspergillosis, large BALT regions charac-
terized by diffuse and IgE-stained germinal centers have been found [98]. Thus, it is 
suggested that BALT can potentially contribute to allergic reactions by producing IgE 
locally in response to A. fumigatus.

Hypersensitivity pneumonia is defined as an inflammatory disease of the alveoli 
induced by hypersensitivity to inhaled organic antigens [99]. In contrast to asthma, 
which affects the airways, this condition affects the alveoli [48]. An occupational 
exposure often is the cause of hypersensitivity pneumonia; it can occur particularly 
when farmers are exposed to mold and fungi in barns [100]. Considering that 
hypersensitivity pneumonia results from chronic pulmonary exposure to the antigen, 
the emergence of well-developed BALT areas with vast germinal centers and FDC 
networks is not surprising for researchers [61].

4.3.3 Role of BALT in response to particles

The lungs are exposed to a wide range of particles, many of which are naturally 
inflammatory because they cannot be metabolized and persist in phagocytes or 
because their components bind to specific receptors that trigger an inflammatory 
response. Silicosis, for example, is a chronic diffuse parenchymal lung disease caused 
by prolonged exposure to inhaled crystalline silica particles. Pulmonary silica exposure 
reportedly results in nodules of mononuclear cell infiltration at the location of silica 
deposition, leading to pulmonary fibrosis [101]. It has been proposed that pulmonary 
exposure of rats to silica causes silica-loaded alveolar macrophages to migrate across the 
epithelium and accumulate in BALT [102]. This is analogous to the kinetic observation 
of virus-activated DCs in the airways migrating from the epithelium to BALT [40].

4.3.4 Role of BALT in autoimmune diseases

Rheumatoid arthritis (RA) and Sjögren’s syndrome (SS) are autoimmune disorders 
characterized by the formation of ectopic lymphoid follicles in target tissues. Ectopic 
lymphoid follicles in the joints are common in patients with RA [103]; whereas ectopic 
follicles in the salivary and lacrimal glands are common in those with SS [104]. These 
follicles are hypothesized to contain separate B- and T-cell domains, germinal centers, 
FDCs, and HEVs, and they contribute toautoimmunity by generating high-affinity 
autoreactive B cells and sparing autoreactive effector T cells. BALT areas are observed 
in lung biopsies from a subset of patients with RA and SS who develop lung disease. 
It has been suggested to range from very small isolated lymphoid follicles to large, 
highly organized clusters of B-cell follicles [61].
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4.3.5 Role of BALT in pulmonary malignancy

BALT formation is frequently linked to lung inflammation and exposure to a vari-
ety of inflammatory stimuli. Therefore, it is not surprising that experimental exposure 
to an inflammatory agent via the pulmonary route results in BALT hyperplasia in rats. 
However, it is possible that an inflammatory agent, which has been linked to tumori-
genesis, could also cause pulmonary adenocarcinoma [105]. Therefore, inflammatory 
responses in the lung can promote BALT and neoplasia at the same time. Indeed, 
considering the links between chronic inflammation and cancer development [106], it 
seems probable that BALT formation precedes tumorigenesis in such cases [48].

Local immune responses to pulmonary pathogens and antigens are clearly associated 
with BALT formation; thus, it is predicted that BALT development adjacent to pulmo-
nary malignancies would also be beneficial for antitumor immune responses. A study 
demonstrated tertiary lymphoid tissue neogenesis induced by lymphotoxin: antitumor 
antibody fusion protein with the accumulations of CD4+ and CD8+ T cells, B cells, and 
PNAd-expressing HEVs [107]. Thus, it was hypothesized that the immune response 
necessary for tumor eradication was produced locally in tertiary lymphoid tissues [108]. 
Therefore, it is concluded that local BALT induction surrounding pulmonary metastases 
may be beneficial in inducing antitumor immunity and tumor regression [48].

In addition, it is suggested that the development of a lymphoid environment sur-
rounding tumors may trigger antitumor immunity or immunological tolerance due 
to some unknown factors. Further, some studies indicate that lymphoid-like stromal 
elements surrounding tumors can impair antitumor immunity and lead to tolerance 
[109]. Despite the discrepancies and gaps in the literature, the ability of BALT to be 
spontaneously developed as a clear response to the development of pulmonary tumors 
or metastasis of other tumors to the lung as well as to boost immunity against lung 
tumors is an intriguing and research-worthy topic.

5. Conclusions

BALT covers a large area in the lungs, from small irregular lymphocytes and DC 
clusters to B-cell follicles, germinal centers, FDCs, HEV lymphatics, well-developed 
dome epithelium, and highly organized lymphoid tissues. It has the potential to help 
researchers better understand the mechanisms underlying chronic lung diseases, 
particularly in mammals. The potential contributions of BALT at this point are the 
collection of antigens from the pulmonary airways, priming B- and T-cell responses, 
and aiding in the clearance of pulmonary diseases. BALT becomes a functional tissue 
due to the induction of T cells and the production of deep lymphoid tissue, which 
functions in priming immune responses in the lung, including IgA-secreting plasma 
cells. The development of effective vaccines, particularly in the prevention of viral 
infections, will be aided by lymphoid tissue production.
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Abstract

Genomic instability is a condition that may be associated with carcinogenesis 
and/or physiological disorders when genetic lesions are not repaired. Besides, wild, 
captive, and domesticated vertebrates are exposed to xenobiotics, leading to health 
disorders due to cytogenotoxicity. This chapter provides an overview of tests to assess 
cytogenotoxicity based on micronuclei (MNi) formation. Bone marrow micronuclei 
test (BmMNt), peripheral blood erythrocyte micronuclei test (PBMNt), and lympho-
cyte cytokinesis blocking micronuclei assay (CBMN) are discussed. The most illustra-
tive studies of these techniques applied in different vertebrates of veterinary interest 
are described. The values of spontaneous basal micronuclei in captive, experimental, 
and farm animals (rodents, hamsters, pigs, goats, cattle, horses, fish) are summa-
rized. In addition, a flow cytometry technique is presented to reduce the time taken 
to record MNi and other cellular abnormalities. Flow cytometry is helpful to analyze 
some indicators of genomic instability, such as cell death processes and stages (necro-
sis, apoptosis) and to efficiently evaluate some biomarkers of genotoxicity like MNi 
in BmMNt, PBMNt, and CBMN. The intention is to provide veterinary professionals 
with techniques to assess and interpret cytogenotoxicity biomarkers to anticipate 
therapeutic management in animals at risk of carcinogenesis or other degenerative 
diseases.

Keywords: Genomic instability, Micronuclei, MNi in erythrocytes, CBMN,  
Flow cytometry

1. Introduction

Genetic instability results from alterations induced by agents that severely damage 
DNA. The nature of the damage may be silent when it occurs in non-coding regions 
and therefore does not affect the cellular processes of organisms. Still, when damage 
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occurs in key DNA segments, the biological functionality of cells, tissues, organs, and 
eventually organisms in a population is compromised [1]. In this sense, genotoxic and 
cytotoxic damage are indicators of genomic instability. Genotoxicity involves changes 
in DNA structure such as aneugenic (loss of whole chromosomes) and clastogenic 
effects (loss of chromosome fragments); whereas cytotoxicity involves alterations 
in proliferation and cell cycle rate, as well as the magnitude and type of cell death 
(necrosis and apoptosis) [2, 3].

Various toxicological techniques can assess genotoxicity and cytotoxicity induced 
by physical, chemical, or biological agents. There are numerous models that can 
evaluate genotoxicity and cytotoxicity, ranging from biochemical and spectrophoto-
metric tests. These assays depend on sophisticated equipment and the use of expen-
sive reagents and consumables, compared to the set of techniques presented here, 
which do not require expensive equipment and are accessible to any laboratory with 
an optical microscope and cell staining systems. Above all, these techniques provide 
a deep understanding of the biological and cellular mechanisms involved in each 
model [4].

Assays that record the number of micronuclei (MNi) and other nuclear abnor-
malities are very versatile, inexpensive, and can be used in a wide variety of in vitro 
and in vivo models. Various techniques are based on MNi formation with applicability 
in the veterinary field, starting from the theoretical principle described in mouse 
bone marrow [5, 6]. Different techniques were also developed, such as MNi formation 
in mouse peripheral blood erythrocytes [7, 8] and other mammals (primates, ungu-
lates, felines, and a wide variety of vertebrates, fish, birds, and amphibians) [9–11]. 
Also, MNi in lymphocytes by cytokinesis blockade (CBMN) is widely applicable in 
veterinary medicine because it can be developed both in cell lines and in almost any 
organism (humans, rodents, rabbits, fish, dogs, primates, etc.), whose entire blood 
volume allows extraction of at least 0.5 mL of whole venous blood [4, 12].

Despite these advantages, techniques based on MNi formation require manual 
counting with light or fluorescence microscopy. Therefore, reviewer training is crucial 
due to the time expenditure (2 to 4 hours per slide) and accuracy in distinguishing 
MNi and other cellular abnormalities [13, 14]. Besides, flow cytometry offers an 
alternative to reduce the time spent on the microscope by standardizing observations. 
Initially, this technique required lysing the cytoplasm to release MNi, and thus facili-
tate their identification [15, 16]. However, this prevents the observation of nuclear 
buds (NBUDs) nucleoplasmic bridges (NPBs), which are observed in binucleated 
cells [17]. Subsequently, flow cytometry was improved with image flow cytometry 
(IFC) techniques that efficiently and automatically record mono-, bi-, and polynucle-
ated cells with and without MNi, NBUDs, and NPBs, which is possible by combining 
the image flow cytometry technique with the machine learning approach [18].

2. Basis of the bone marrow micronucleus test (BmMNt)

In 1973, the bone marrow micronucleus test (BmMNt) was reported as being a 
more effective in determining chromosomal damage than the metaphase scoring 
method used at that time. Nevertheless, limitations of this method included the 
use of high concentrations of metaphase cells to quantify significant differences, in 
addition to the animal sacrifice requirement [19]. Then, in 1975 W. Schmid reported 
the principles of BmMNt, describing that MNi result from a malfunction in the cell 
division process, mainly in two different ways [5]:
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Case 1: Acentric or fragment chromosomes do not migrate to the spindle poles in 
anaphase stage of cell division. Then MNi can be seen in the daughter cells.

Case 2: After one or more mitoses of exposed cells to mutagen agents, if the mitotic 
spindle is damaged, the nucleus of daughter cells could contain many MNi of a larger 
size than those produced in case 1.

Schmid manuscript also describes erythrocytes derived from the bone marrow 
as the best cell type to perform the assay since distinguishing between immature 
erythrocytes (polychromatic) and mature (normochromic) erythrocytes is possible, 
considering immature erythrocytes remain in circulation for 24 to 48 hours, while 
mature erythrocytes remain for about 30 days [5].

2.1 Mammalian bone marrow erythrocyte micronucleus test (MEMT)

Chromosomal damage, genome instability, and cancer risk assessment are the 
main objectives of bone marrow erythrocyte micronucleus assay (BmMNt) [20]. 
Its robustness lies in the fact that it determines in a simple and relatively fast way 
the clastogenicity or aneugenicity of chemicals [21]. The mammalian erythrocyte 
micronucleus test (MEMT) has been widely reported and reviewed by different 
research groups and government agencies. However, since its publication, more 
than 30 years of evidence was compiled to standardize the procedure to ensure 
its applicability. In addition, MEMT has been compared with other mutagenicity 
assays, which include the mutation in mouse lymphoma cells L5178Y, Salmonella 
typhimurium, sister chromatid exchanges, and chromosomal aberrations in Chinese 
hamster ovary cells [22].

The number of cells required for an appropriate genotoxicity analysis was defined 
by the statistical analyses of all the techniques used to evaluate MNi formation, 
including the MEMT technique [23, 24]. On the other hand, the preferred species for 
this technique are mice, rats, and Chinese hamsters. Therefore, in vivo testing is usu-
ally performed on rodent’s bone marrow erythrocytes. However, other mammals, in 
which the spleen does not filter efficiently micronucleated erythrocytes, are accepted 
if stain accuracy is evaluated [24–26].

3. Potential uses of peripheral blood micronucleus test (PBMNE)

The peripheral blood erythrocyte micronucleus test (PBMNE) is used for eco-
toxicological studies, monitoring of health effects from anthropogenic contamina-
tion, and genotoxic evaluation of pharmacological therapy administered in patients 
with chronic diseases [1]. Regarding the experimental procedure, mice are the most 
commonly used animals [2]. However, there are more animal models such as the rat 
and hamster [3] and others not as common like primates [4], birds [5], reptiles [6, 7], 
amphibians [8, 9], embryos [10], and fish [11]. Peripheral blood is the most versatile 
tissue for genotoxic and cytotoxic analysis. It is possible to use polychromatic and 
normochromatic erythrocyte conditions to explain the effects of myelosuppression 
and DNA damage [12]. Like all diagnostic tests, it has its limitations, which must be 
considered to avoid false negatives. One of them is that it does not detect substances 
that do not produce fractures or anaphase lags (aberrations that do not imply the 
occurrence of acentric fragments, for example, translocations and inversions); it is 
also not valuable for cells exhibiting a low rate of cell division or when organ-specific 
or species-specific carcinogens are tested [13].
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Therefore, if all industrialization processes have the potential to generate large 
amounts of genotoxic substances, it is necessary to implement new models, such as 
plants or animals, to evaluate whether a particular substance or agent is harmful in 
the short/long term due to its mutagenic, clastogenic or aneuploidogenic, and tera-
togenic properties. Furthermore, to define toxic doses with greater precision, studies 
in several bioindicator models and not only in one must be carried out [14]. For the 
selection of any organism (plant or animal) as a toxic biomonitor, its cost, conve-
nience, sensitivity, and possible extrapolation to other organisms or situations must 
be justified [15].

3.1 Peripheral red blood micronuclei assay

Peripheral blood was selected as a non-invasive sample to perform the MNi assay 
considering the invasive procedure implicated in a bone marrow sample. MNi are char-
acterized by having a round or almond shape, with a diameter that varies from 1/20 to 
1/5 (0.4 to 1.6 μ) of the average erythrocyte size (6 to 8 μ in diameter). William Henry 
Howell and Justin Marie Jolly identified MNi in erythrocyte precursors at the end of 
the 19th century and described them as remnants of the nucleus of circulating eryth-
rocytes. Therefore, they are called Howell-Jolly bodies [16]. Subsequently, Dawson 
described MNi in the bone marrow of patients with several pathologies, including defi-
ciency of cobalamin and folates; thereafter, MNi were described in lymphocytes [17].

Young or polychromatic erythrocytes (EPC) lose ribosomes within 24 hours after 
enucleation but retain MNi; later, they reach maturity and are transformed into nor-
mochromatic erythrocytes (ENC). These are stained blue-gray with the Giemsa stain 
or red with acridine orange, facilitating their identification when they are counted in 
tests of short exposure periods [1, 18]. Under certain circumstances, micronucleated 
erythrocyte (MND) values are often altered. Regardless of the tissue that is used in 
the MNi test, the data obtained are highly informative since it is a diagnostic tool to 
detect the loss of genetic material when these structures are identified in the cyto-
plasm of cellular compartment of the analyzed sample [19, 20].

3.2 Peripheral blood and mononuclear phagocytic system MNi test

The mononuclear phagocytic system (MPS), formerly called the reticuloendo-
thelial system, is responsible for eliminating old or altered red blood cells, including 
micronucleated cells. In addition, the MPS system plays a key role in regulating innate 
immunity and it is constituted by dendritic cells, macrophages, and monocytes. 
The spleen, which is rich in macrophages, is the most sensitive detector for any red 
blood cell abnormality. By filtering the blood, the spleen eliminates foreign particles 
through phagocytic cells and destroys old erythrocytes or their fragments caused by 
structural changes that reduce their flexibility, making it difficult to pass through the 
microcirculation, undergoing cell lysis and splenic clearance [14, 21].

In mammals, two types of spleen are described, “defensive” and “storage.” The 
former is smaller in size, has less muscle, but is abundant in lymphatic tissue and 
sinusoids; the latter, is larger, scarce in sinusoids, rich in the red pulp, and stores a 
more significant amount of blood [21]. Nevertheless, some species have a “defensive” 
spleen, which eliminates the abnormal erythrocytes in their entirety, making it 
impossible to observe MNi in peripheral blood. On the other hand, species with “stor-
age” spleen are deficient in their phagocytic function and allow MNi to be observed at 
any time during the life of the species, as in the case of mice [14].
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The number of MNi in peripheral blood is practically null in humans [22]. 
However, they can be observed in impaired splenic function secondary to pathologies 
that directly affect it, for example, when patients have been splenectomized or were 
born prematurely. Since it is ethically not allowed to carry out biomonitoring pro-
grams in humans, these type of bioassays provide the opportunity to test genotoxic 
agents [14, 17, 22].

The organism’s age influences the variability in the number of MND [23] dem-
onstrated when analyzing their frequency in splenectomized patients since adults 
showed a higher frequency than children [24, 25]. Similar results are described in 
rodent spermatids, where old mice and hamsters have more MNi than young ones, 
probably because genetic damage continually accumulates throughout the organism’s 
life [25, 26]. Some organisms present a higher frequency of MNi in juvenile stages due 
to the immaturity of their nuclear phagocytic system; upon reaching adulthood, their 
system becomes efficient and prevents the visualization of MNi [14, 25].

3.3  Selection of a suitable peripheral red blood micronucleogenicity bioindicator

To properly select a biomonitor for the MNi test in peripheral blood, at least six MNi 
in a total count of 10,000 erythrocytes should be identified [25]. The analyzed tissue 
must meet the following requirements: be in constant division, have abundant quanti-
fied cells, sufficient cytoplasm-nucleus relationship to identify MNi clearly, and a regu-
lar shape of the nucleus without lobes must be present to facilitate their observation 
[27]. This assay has been applied in a broad diversity of organisms to take advantage of 
the available resources in the environment (Table 1). The investigations carried out by 
Dr. Zúñiga’s group concluded that the organisms with the best potential are felines, the 
capuchin monkey, and the atolero parakeet, among others [4, 14, 19, 38, 39].

4. The cytokinesis blocking micronucleus assay (CBMN)

The cytokinesis blocking micronucleus assay in lymphocytes (CBMN) was 
developed by a Ph.D. student more than 30 years ago [40], who anecdotally relates 
that while reviewing a biochemistry textbook [41]. He noticed that cytochalasin-B 
had the ability to block the action of actin in vitro cultures of human lymphocytes 
and thus obtain binucleated cells capable of recording clastogenic or aneugenic events 
resulting from exposure to xenobiotics. This biochemical principle is a fundamental 
aspect, enabling binucleated cells to remain in telophase (Figure 1). CBMN ensures 
that binucleated cell have undergone a single cell duplication in culture 72 hours after 
its initiation (Figure 1), making it possible to record cytotoxic or genotoxic events 
before blocking cytokinesis based on the following biomarkers: micronuclei (MNi), 
nuclear buds (NBUDs), nucleoplasmic bridges (NPBs), as well as mononucleated, 
binucleated, trinucleated and tetranucleated cells, which are used to calculate the cell 
duplication index (NDI); also the number of cells in necrosis and apoptosis can be 
recorded to perform a complete analysis of genomic instability [42–44].

4.1  General procedure for the cytokinesis-block micronucleus (CBMN)  
assay in lymphocytes

The experimental procedure begins by extracting whole venous blood in heparin-
ized tubes. According to the designed experiment, cultures are prepared with 6.3 mL 
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of RPM1–1640 medium supplemented with non-essential amino acids, 0.2 mL of 
phytohemagglutinin, and 0.5 mL of whole venous blood incubated for 44 hours at 
37°C. After this time, between 3 and 6 μg/mL of cytochalasin-B is added to avoid the 
division of the cytoplasm (blocking cytokinesis), and incubation is resumed until 
72 hours are completed (Figure 2).

Once the 72-hour incubation period is finished, cells must be fixed with Clarke’s 
solution and washed 3 to 5 times until a clear cell button is obtained. If necessary, 

Figure 1. 
Human lymphocyte binucleated cells: a) Binucleated normal cell (BNC), b) Binucleated cell with micronucleus 
(MNi), c) Binucleated cell with nucleoplasmic bridge (NPBs), d) Binucleated cell with nuclear bud (NBUDs).

Figure 2. 
The general procedure of the cytokinesis-block micronucleus assay in lymphocytes.
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impurities are removed with a trypsin solution. The cell button is transferred on slides 
and stained with eosin and methylene blue to record nuclear abnormalities (Figure 1) 
in a total of 1000 binucleated cells and count in 500 cells those mononucleated, 
binucleated, trinucleated, and tetranucleated cells to calculate the cell proliferation 
index (NDI) and also record the number of cells in necrosis and apoptosis as  indicated 
in the protocol [45, 46].

4.2  Application of the cytokinesis-block micronucleus (CBMN) assay  
in animal species

CBMN has been used to determine genomic instability in several models. Initially 
developed for human lymphocytes [47], it has been tested in other animal models of 
veterinary interest, such as cow [48–51], goat [52, 53], pig [54–56], rabbit [57, 58], 
horse [54], rodents [59], hamster cell lines [60], and rodent cell lines [61].

Taxonomic 
Group
Order, Family

Species, 
common 

name

n CBPI MNi 
frequency

BN cells 
counted

Ref

Artiodactyla 
Bovidae

Bos primigenius 
Taurus, cow

20 1.45 12.3 ± 4 .1 500 [48]

3 1.57 ± 0.06 39 ± 2.5 1000 [49]

1 1.3 ± 0.03 11.0 ± 3.2 1000 [50]

2 1.28 ± 0.001 13.5 ± 0.71 1000 [51]

Capra, goat 3 ND 5 ± 2 500 [53]

Artiodactyla, 
Suidae

Sus scrofa, pig 5 ND 5.8 1000 [54]

3 8.33 ± 1.528 1000 [58]

Carnívora, 
Canidae

Canis canis, 
dog

? ND 35 ± 4 1000 [62]

20 1.67 ± 0.21 11.0 ± 3.29 1000 [55]

30 ND 4.61 ± 0.88 1000 [56]

Lagomorpha, 
Leporidae

Oryctolagus 
cuniculus, 

rabbit

5 1.55 ± 0.01 6.33 ± 0.94 2000 [57]

3 ND 5.0 ± 2.0 500 [53]

1 ND 6.8 1000 [54]

Perissodactyla, 
Equidae

Equus caballus/
horse

N/A * 1.914 ± 0.002 16.33 ± 0.298 1000 [60]

Rodentia, 
Cricedae

Cricetulus 
barabensis)/

Hamster

N/A ** 1.67 ± 0.016 3 ± 1 2000 [61]

Rodentia, 
Muridae

Mus musculus/
mice

6 ND 51 ± 2.16 1000 [59]

Mus musculus/
mice L-929

N/A ** 1.67 ± 0.016 3 ± 1 2000 [61]

Sample size (n), Cytokinesis proliferation block index (CBPI), Frequency of binucleated cells with micronucleus (MNi 
frequency), Number of binucleated cells counted (BN cells Counted).
*Chinese hamster ovary cells (CHO-K1).
**L-929 murine fibroblast cell line.

Table 2. 
CBMN studies in different vertebrates.
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In most of the published articles presented in Table 2, only the MNi number was 
reported, eight included NDI, and only three took into account other nuclear abnor-
malities, such as NBUDs [50] and NPBs [49, 60]; no articles that considered the count 
of cells in necrosis and apoptosis were found.

CBMN is a valuable model for testing genomic instability effects in veterinary 
pharmacology experiments, such as the one performed in cows to test the mixture 
of an antiparasitic (cypermethrin) and a pesticide (chlorpyrifos), which reported 
16.1 ± 2.3 NBUDs and found no evidence of cytogenotoxicity compared to the gamma 
radiation exposure [50]. The cytotoxic potential of epoxiconazole and fenpropimorph 
was also evaluated in bovine lymphocytes, and findings showed no genotoxic effects, 
however, the cell proliferation index decreased [51]. Moreover, in a trial using the 
antibiotic enrofloxacin [49], authors found that by increasing the dose, the number of 
MNi also increased. Another study with dogs analyzed the effect of oral administration 
of cadmium oxide (10 mg/K), where no significant differences after administration for 
3 and 28 days [56] were observed. Finally, it has been reported that loperamide reduces 
cell proliferation and produces a significant increase in the number of MNi [57].

In general, it has been established that the number of spontaneous MNi in bovines 
is 3 times higher compared to human lymphocytes [48]. On the other hand, CBMN in 
goat estimates a better dosimetry fit for gamma radiation than in humans and rabbits. 
However, pigs and horses also show an excellent dosimetry correlation against X-rays 
and gamma rays [52, 54, 63].

CBMN has shown that dogs as human pets are excellent sentinels of exposure to 
environmental factors [55], partly because canine lymphocytes are three times more 
sensitive than humans to radiation [62].

5. Flow cytometry

Flow cytometry is a technique that started as an immunological technique at the 
beginning; however, currently, it represents a tool to perform fast and multiparamet-
ric analyses in molecular biology, microbiology, virology, toxicology, cancer biology, 
and infectious diseases that can affect any organism [1].

The equipment needed to perform flow cytometry is a cytometer. This is a 
machine capable of analyzing cells or particles mixed in a liquid solution that makes 
them pass one by one into tubes with a unique system of fluids. The positioning of 
cells in a line allows the exposure of every single cell to a laser light, which inter-
rogates each cell individually. Then, the interpretation is performed by a computer 
that analyzes the light as numeric and graphical data in a standardized format (*.fcs), 
which can later be read and analyzed by any flow cytometry software [1, 2].

For the flow cytometry data analysis, the first step involves standardizing the 
studied cell population. Then, the cohort points for the negative and positive phe-
notypic screening molecules should be identified in the selected cell population. To 
reach a better identification of the phenotypic molecules, it is necessary to use a fluo-
rescent positive control that can be a sample of cells from the same population with 
the maximal expression of the molecule; also, a negative control without a fluorescent 
signal should be considered (Figure 3) [2, 4].

To assess cell damage, the measurement of several indicators is available. In this 
context, cell viability is used as an indicator of cytotoxicity and involves the use of 
kits with contrast fluorescent colors (red and green). The viable cells will be the ones 
that have no damage at all, and they will be detected with a green color (495–515 nm); 
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whereas cells with severe damage are discriminated by red brilliant (495–615 nm); the 
positive cells to both of the parameters, are in a process of early death, but still viable 
[64]. To be more specific in the cell death state, it is possible to define the apoptosis 
level using an annexin V/propidium iodide (PI) kit, which discriminates live cells by 
the absence to both fluorescent dyes; whereas the positive cells for only annexin V are 
in early apoptosis, while the positive cells for only PI are in necrosis; and the positive 
cells for both annexin V and PI dyes, are in frank or late apoptosis [65, 66].

5.1 Detection of MNi and other abnormalities by flow cytometry

Cytotoxicity and genotoxicity can be evaluated by flow cytometry. The initial 
approach to estimate genotoxicity by MNi detection is possible by ethidium monoa-
zide bromide (EMA) staining to label the chromatin of necrotic and mid/late-stage 
apoptotic cells. In addition, stripping of cytoplasmic membranes and incubation with 
the pan-nucleic acid dye SYTOX Green plus RNase to provide a suspension of free 
nuclei also allows detection of MNi [67, 68].

Some authors have used cytometric techniques to quantify MNi in normochro-
matic and polychromatic erythrocytes, leading to a significant reduction of the count-
ing time by 100 orders of magnitude and also reducing the number of experimental 
animals needed to perform the studies with the in vivo peripheral blood erythrocyte 
technique [67–69]. Flow cytometry is also used for counting MNi in bone marrow-
derived erythrocytes and peripheral blood erythrocytes through in vivo experiments. 
Still, the most relevant advantage has been the adaptation of three approaches: flow 
cytometry, image recognition, and machine learning to detect both MNi and other 
nuclear abnormalities (NBUDs, NPBs) as well as necrotic and apoptotic cells, which 
opens a new perspective in the CBMN assay with lymphocytes [70–73].

Figure 3. 
Flow cytometry methodology. 1) Labelling of cells or particles with fluorescent molecules. 2) Cell mixture leaves 
the nozzle in droplets, laser beam strikes each cell or particle by the FSC detector, which identifies cell size, and 
the SCC detector, which identifies fluorescence/granularity/complexity. 3) Conversion of luminescent signals 
into numerical and graphical data to select the cell population according to its size and complexity. 4) Detection 
of fluorescent markers in cells by a pseudocolor quadrant density plot: Negative cells without fluorescence (-/-). 
Positive cells to fluorescent marker 1(+/-). Positive cells to fluorescent marker 2 (-/+). Positive cells to both 
fluorescent markers (+/+).
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6. Conclusions

The evolution of techniques that analyze genetic instability as micronuclei (MNi) 
and other cellular abnormalities has opened a new strategy to prevent cytogenotoxic 
effects on captive, farm, pet, and wild animals. On the other hand, these techniques 
contribute to better understand the pharmacology of drugs and the permissible 
environmental exposure levels to xenobiotics in laboratory studies.

BmMNt, PBMNE, and CBMN genomic instability tests have their sphere of 
applicability, advantages, and limitations. While BmMNt is mainly applied for in vivo 
experiments, its biomarkers are the end point, and it is not possible to follow up the 
effect for a long time. On the other hand, PBMNE allows daily monitoring, especially 
in pharmacological, toxicological, and dosimetry experiments. CBMN is one of the 
most comprehensive MNi-based assays. Although it can only be performed in animal 
models, of which, collecting at least half a milliliter of intravenous blood is possible to 
record six biomarkers of genomic instability: MNi, NBUDs, NPBs, NDI, and cellular 
death (necrosis and apoptosis).

Lastly, the flow cytometry improvements based on the synergy between flow 
cytometry, image recognition, and machine learning opens a new clinical scenery in 
micronucleus-based tests to detect genomic instability in all types of species, espe-
cially in those of veterinary interest.
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Chapter 11

Virtual Physiology: A Tool for the 
21st Century
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Isabel Brás, Ana Cristina Mega, Carla Santos, Fernando Esteves, 
Rita Cruz, Ana I. Faustino-Rocha, Paula A. Oliveira, 
João Mesquita and Helena Vala

Abstract

Veterinary physiology is a basic curricular unit for every course within the 
 veterinary field. It is mandatory to understand how the animal body works, and 
what to expect of a healthy body, in order to recognize any misfunction, and to be 
able to treat it. Classic physiology teaching involves wet labs, much equipment, 
many reagents, some animals, and a lot of time. But times are changing. In the 
21st century, it is expected that the teaching and learning process can be more active 
and attractive, motivating students to learn better. It is necessary to understand 
what students like, and to introduce novelties into the school routine. The use of a 
game-based learning, using “new” technologies, creating virtual experiences and 
labs, reducing the costs of reagents, equipment, and especially reducing the use of 
animals, will be the future for physiology teaching.

Keywords: learning, physiology, teaching, game based learning, Z generation

1. Introduction

It was in the 15th century that anatomy (still undistinguished from physiology) 
started to strongly develop. It was part of the core of the European society develop-
ments, upon the development of the Late Middle Ages, the Early Renaissance, and 
the early Modern period, the melting pot for important medical developments, 
announcing the “European miracle” of the following centuries [1]. But for all practi-
cal purposes, physiology was considered to be born in the 17th century, most likely 
upon the publication of William Harvey’s book on the circulation of the blood, in 1628 
(Figure 1A) [2].

It was on Harvey’s work that for the first time traditional (and unquestionable) 
beliefs about the heart and the circulation (dating back to Galen, 1500 years earlier) 
have been dethroned. Harvey declined to consider uncritically what he had been 
taught and insisted on relying on his own scientific observations. This approach is 
considered to be one of the most revolutionary ideas in science in the 17th century, 
and Harvey’s greatest contribution to science [3].



Updates on Veterinary Anatomy and Physiology

264

However, this was not without controversy. Many have initially opposed to the 
concept of physiology however great names such as Marcello Malpighi (Figure 1B) 
and Antoni van Leeuwenhoek have supported the thoughts on human function, join-
ing efforts in developing modern physiology.

Following the initial scientific developments, a halt followed between 1750 and 
1850 throughout Europe with critical thinking of medicine as a science coming to a 
stop and being replaced by an artistic view of medical science, resourcing to texts 
in Latin. This came to such an extent that the microscope was not made available to 
students in Leiden as was auscultation not included in the teaching curricula, albeit 
having been discovered in 1819 [4].

In the middle of the 1800’s German doctors proposed the ‘medicine equals science’ 
concept and pointed towards the reintroduction of science in the curricula, motivated 
by Rudolf Virchow (cellular pathology) and by significant scientific advances at that 
time such as the periodic table (Dmitri Mendelejev) and upon the publication of the 
“Origin of Species” (Charles Darwin). Noteworthy, important technological advance-
ments were also made at that time such as the development of steam locomotives 
and railroads, and the first steel steamship crossing the Atlantic. For the above, ideal 
conditions for the advancing of physiology has also occurred giving rise to physiolo-
gists like Carl F.W. Ludwig in Germany and Claude Bernard in France [5].

Specializations within general physiology also started, namely on gastrointestinal 
physiology (William Beaumont); pathology (Rudolf Virchow) and bacteriology 
(Louis Pasteur, Robert Koch), with scientific journals being written as the basis for 
solidification of these new physiology branches such as the “Archiv für Pathologische 
Anatomie und Physiologie und für klinische Medicin” (Virchow and Reinhardt; today 
called Virchows Archiv) and Pflügers Archiv (today called Pflügers Archiv - European 
Journal of Physiology), laying the basis for modern physiology in the 19th–20th 
century with names such as Pavlov (psychophysiology), Sherrington (neurophysiol-
ogy), Mosso (ergograph, sphygmomanometer), Golgi (nervous system, malaria), and 
Ringer (Ringer’s solution). This great evolution was supported (and recognized) with 
the creation of the Nobel Prize of Physiology or Medicine, first awarded in 1901 [5].

Figure 1. 
A: Title page of William Harvey’s De Motu Cordis (1698) to the left and demonstration of blood flow in the veins 
of the forearm to the right. B: Above; Malpighi’s drawing of the pulmonary capillaries and alveoli: 2 lungs with 
the alveoli on the left and the capillaries on the right. Below; pulmonary capillaries in a diagram of an alveolus 
that has been opened up.
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The rapid changes observed in modern societies have caused higher level educa-
tion providers (i.e. Higher Education) to face a variety of challenges in order to cope 
with today’s demands [6]. This has, in all, lead to the training of more enthusiastic 
students in an array of interdisciplinary fields [7], generating effective pedagogical 
methods and strategies to the point that these are now recognized as one of the most 
important necessities of educational systems [8].

Physiology is today recognized as the bedrock of medical curriculum [9] and, as 
such, the preference for a particular content delivery method has been vastly inves-
tigated by to pass knowledge logically and strategically to students [10]. A greater 
focus has been given now on critical thinking skills in contrast to emphasis on the 
systems-based didactic lectures [11]. This has been done also due to the longstand-
ing recognition of the Physiology Science as a challenging discipline for students to 
grasp, assimilate and employ in clinical sciences. Furthermore, as a core science in 
the disease process, its understanding is of the utmost importance for an integrated 
knowledge [12, 13].

As such, physiology educationists are making great efforts towards focusing on 
ways to obtain vertical and horizontal integration in the discipline of Physiology, 
exceeding the typical periodical assessment of the medical curriculum by further 
stimulating and introducing a myriad of new teaching and learning approaches to 
captivate and augment students’ knowledge acquisition [14].

2. The teaching and learning experience in the 21st century

The 21st century is demanding profound changes in veterinary education. 
Scientific knowledge grew at a dizzying speed, so even for researchers, it is difficult 
to keep up with the literature. The world is completely different and never the expres-
sion “times are changing” heard in the transition from our parents’ generation to ours, 
was applied with as true sense as now. As in all sectors of society, Education systems 
are also changing. Big transformations occurred following the Bologna treaty that 
changed the educational paradigm, advocating greater student autonomy and self-
learning. These changes must now be optimized considering technological evolution, 
that have begun to change how students acquire information [15]. It is imperative to 
occupy the fast fingers of students on smartphones in favor of teaching and science. 
This is a challenge for today’s teachers, according to the idea that “The more complex 
the world becomes, the more creative we need to be to meet its challenges” [15, 16]. 
Another issue is the curricula reforms, that resulted in a reduction of teaching hours. 
In some core disciplines such as physiology, this reduction has resulted in serious 
reviews of the way it is taught [15].

2.1 Who are the 21st century students?

Current higher education students are generally in their late teens and early adult-
hood (although naturally some are older and a small number may be younger), and 
belong to the so-called Generation Z, born between 1995 and 2009. Generation Z fol-
lows members of Generation Y, more commonly known as Millennials, who were born 
between 1975 and 1995. Most of them do not remember life without the internet, and 
have had technology like smartphones, iPads, smartboards and other devices available 
throughout most of their schooling years [17, 18]. They grew up around gaming and 
have great affinity with not just technology platforms, but also with game-like settings 
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that provide, among other components such as continuous challenges, captivating 
storylines, immediate rewards and feedback, and sometimes fun [19].

Students from the so-called Generation Alpha, born between 2010 and 2025, future 
students in the higher education system, are younger than smartphones, the iPad, 3D 
television, Instagram, and music streaming apps like Spotify. This will be the first gen-
eration to be born entirely within the 21st century and likely to live in the 22nd century 
in large numbers. They are also the first generation to experience a pandemic situation 
in their early childhood: the SARS-CoV-19 pandemic (Figure 2) [17, 18].

Interestingly, Generation Alpha started at the same year that Apple launched its 
iPad, Instagram made its debut and the American Dialect Society crowned “app” as 
its word of the year. Surrounded by technology, this generation does not live without 
it, as an extension of itself. Digital tools are omnipresent in their lives, being the 
“most materially endowed and technologically literate generation to ever grace the 
planet!” [18].

This generation has grown up like no other, surrounded by technology from 
childhood, making it, certainly, the fittest generation in terms of digital skills. They 
are immersed in technology, almost as an extension of their way of being. It is widely 
accepted that technology can bring countless benefits. Let’s think about the SARS-
CoV-19 pandemic. Although too early to know exactly the pandemic impact, in 
early 2020, the coronavirus pandemic forced schools and most employers to operate 
remotely, and technology was the one who came to the rescue. This crisis has driven 
unpredictable direct and indirect effects on the entire educational system. Although 
technology can be extremely useful, when it is overkill, it can create some drawbacks, 
such as shorter attention spans and delayed social development [17, 18]. The impact of 
all this crisis is yet to be determined for years and years to come.

At this point we all understand that the entire educational system (including 
higher education), must undergo a phenomenal adaptation to keep up with this 
distinct new generation of students [18]. Past/traditional methods of teaching and 
learning may already make little sense to today’s students who learn and think differ-
ently, and to their future workplace, where change is a constant, and where making 
use of information is now far more valuable than simply knowing things. Schools are 
probably failing to teach students to respond to rapid changes and how to handle new 
information because they are clinging to obsolete methods, namely memorize facts 
for a test when all the information will be fully available at a click [17]. To avoid demo-
tivation, the learning process has been advocating new strategies, including activities 

Figure 2. 
The 21st century students in higher education system in 2021.
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student-centred, to achieve the expected learning outcomes and at the same time, 
to maintain student’s engagement [20, 21]. In order to increase students’ knowledge, 
understanding, and at same time enhancing their motivation and engagement, teach-
ers must create a joy, an excitement, and a love for learning, while inspiring students. 
It is imperative for teachers to demonstrate how to learn, rather than dictating what 
they know [22]. New strategies will lead to success, reducing the frustration of a 
lonely, passive study, reducing despair, depression and poor quality of life.

2.2 How do they learn?

Designing learning interventions requires careful consideration of how informa-
tion is perceived and cognitively processed by students. Perceptual preferences refer to 
the preferred way to receive information and include visual, auditory, and kinesthetic 
learners [23, 24]. It was observed that 73% of students learn effectively if the teacher 
combines visual, auditory, and kinesthetic activities, but the remaining students fail to 
understand the subject matter unless it is presented in their preferred way [25].

Visual students learn by watching, have a keen visual memory and are very 
imaginative. They are targeted by the presence of models and demonstrations, and 
extract detail from the background information, remembering faces rather than 
names. These students usually sit in front of the room and take notes or doodle. They 
understand better if they can see the facial expression and the body language of the 
teacher. Visual students normally prefer a quiet environment to study. Computer 
assisted learning (CAL) is an interesting option for these students, because it allows 
the schematic representations of information, through charts, graphs, diagrams, and 
flow charts [23, 24, 26].

Auditory learners prefer verbal instructional methods, such as lecture, discus-
sion, work in groups, debates, games, and answering questions. They find it hard to 
study from notes and have difficulty with reading and writing tasks. Distinctions that 
are important to them include pitch, time, volume, rhythm, and resonance. These 
students often remember names but not faces, do not take notes in class, humor talk 
to themselves when bored or concentrating, and read aloud. They prefer to study in a 
noisy environment, as sounds can evoke memory of information [23, 24, 26].

Kinesthetic students also called as tactile learners require whole body movement 
and real-life experience to absorb and retain information, appreciating to manipulate 
models and role playing. They learn from external stimuli and movement and are often 
risk takers and disorganized. These students use highlighters and pictures to study. They 
learn best when there is music in the background and snacks are available. Kinesthetic 
learning methods include build, design, visit, interview, and play [23, 24, 26].

Thus, learning interventions need to incorporate the perceptual preferences of 
the students and help them to develop alternative modes of learning [23] through the 
incorporation of multisensory and diverse instructional methods (Figure 3).

2.3 Learning outcomes for 21st century

The competitive workspace of the 21st century requires students to develop exper-
tise across the four domains of knowledge, that includes the ability to think (cognitive 
skills), the capacity to valuing (affective skills), a skilled behavior (psychomotor 
skills), and strive to perform at highest levels (conative skills). However, the acquisi-
tion of expertise across all four domains of learning requires appropriate training 
[23, 27] and assessment [27].
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Cognitive skills include six levels of complexity [28], ranging from lower-order 
skills (remember, understand, and apply) that require less cognitive processing to 
higher-order skills (analyze, evaluate, and create) that require greater degree of 
cognitive processing [29]. These cognitive skills can be contextualized into four 
types of knowledge (factual, conceptual, procedural and metacognitive) that need 
to be achieved in the learning activities [28]. Factual knowledge refers to the acquisi-
tion of basic elements (terminology and discrete facts) that will allow students to 
solve problems. Conceptual knowledge is related to the generalizable principles 
(categories, theories, principles, and models) that transcend the specific contexts 
of a task or procedure and is commonly described as “knowing why”. Procedural 
knowledge refers to the technique, process, or methodology that allow executing a 
task or procedure proficiently and is described as “knowing how”. Finally, metacog-
nition includes self-assessment ability and knowledge of various learning skills and 
techniques [23, 29, 30].

Most instruction in higher education is focused on the cognitive learning skills 
[29, 31], however, the development of the affective and psychomotor domains are 
crucial to the success of health professionals [29]. The affective domain refers to 
emotions and feelings, especially in relationship to a set of values, and is related to the 
way in which we deal with things emotionally. This domain includes five categories 
listed from the simplest behaviors (receiving, responding and valuing a particular 
phenomenon) to the most complex ones, related to organizing and characterizing 
values [23, 27]. The development of affective skills is fundamental in the veterinary 
field. Veterinary health professionals face difficult situations on a daily basis. It is nec-
essary to be empathic with clients, to deliver bad news, to deal with animal cruelty, 
and to see clients struggling to balance financial needs with the needs of their pets. 
It is imperative for these students, future professionals, to develop affective skills, 
to create a culture of wellbeing that will allow to deal with all difficult and stressful 
situations.

The psychomotor domain is related to the mastery of physical skills, including 
reflective movements, fundamental movement, perceptual skills, physical abilities, 
skilled movement, and non-discursive communication [23]. Psychomotor skills 
are important in the veterinary field, since professionals perform delicate/sensitive 

Figure 3. 
Learning preferences (visual, auditory, kinesthetic).



269

Virtual Physiology: A Tool for the 21st Century
DOI: http://dx.doi.org/10.5772/intechopen.99671

physical tasks, handle sensitive medical equipment and frightened animals. The 
exhibition of an appropriate body language is also highly desired to efficiently com-
municate with colleagues/peers and clients.

The conative domain refers to the will, desire, drive, level of effort, mental energy, 
intention, striving, and self-determination to perform at the highest standards pos-
sible [27, 32]. It is important that students understand the importance of physiology 
for their professional career and have the internal desire to understand it, rather than 
memorizing concepts for assessment, which are soon forgotten and do not lead to 
effective learning (Figure 4) [23].

Learning outcomes that cut across the four domains of the knowledge include 
the capacity to access and use information, communicate using multiple media, 
demonstrate understanding, apply rules and procedures, be creative and curious, 
think critically, make sound judgments, solve problems, be committed to life-long 
learning, proactively seek to extend knowledge and exhibit an ethical behavior [27]. 
However, these meta-outcomes must be assessed to guarantee that they are learned, 
since students choose to focus their study efforts on subjects, they know that will be 
tested [27, 33].

3. Teaching-learning approaches

It is not new and has been assumed since the Bologna treaty that the teaching 
and learning processes should be student centered, and a shift from an “instruction 
paradigm” towards a “learning paradigm” should be followed. Therefore, students 
must build their own understanding of concepts, relationships and procedures, and 
teachers can encourage this process by carefully considering the type and organiza-
tion of information, as well as instructional strategies. Specifically, teachers should 
reduce the total amount of factual information students are expected to memorize, 
reduce passive lecture format, and devote much more effort to helping students to 
become active, independent learners and problem solvers. Collaborative learning 

Figure 4. 
Comprehensive learning outcomes for the 21st century college graduates.
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activities, interactive models, educational games, and establishing a culture of 
inquiry/scholarship are critical for achieving these goals [22]. In this context, the 
teacher assumes the role of facilitator of learning experiences, designing structured 
classroom environments to maximize student learning, and promote at the same time 
“classrooms equity” [34, 35].

3.1 Active learning methodologies

Active learning strategies meet perceptual preferences of all types of learners 
[22, 36, 37]. The implementation of evidence-based active learning interventions, 
physiology-specific, particularly in large-enrolment class environments can be a chal-
lenge [35, 38]. However, active learning strategies range in scale from simple, “low 
risk” to more complex, “higher risk” activities.

3.1.1 From “simple” to more “complex” active learning activities

Simple activities require little planning from the instructor and little involvement 
from the students (did not require verbal feedback to the teacher) and are easy to 
implement. They include pause procedure, minute papers, think pair-share activities, 
and classroom assessment techniques. More complex activities require more interac-
tion and commitment of the students and more planning by the teacher. Students can 
work in informal, cooperative learning groups to solve problems, answer inquiry-type 
questions, analyze case studies and discuss articles among themselves and with the 
class. These active learning activities can be interspersed between lecture periods 
(basic active-learning lecture) [39] or replace completely lecturing. In this case, con-
tent can be transmitted before class, asking students to watch videos, or read certain 
material and then lecturing time can be exclusively used for active learning [35].

3.1.2 Game-based learning

The use of games for teaching and learning purposes is not new. Games although 
fun and entertainment provides engaging experiences, interactive learning environ-
ments and collaborative learning activities [40].

Game-based learning (GBL) is an active learning approach that uses different 
types of game with defined learning outcomes [41–43]. It includes the so-called 
serious games, when its main goal is teaching and learning, besides entertainment 
[36, 44]. GBL is useful whether we are addressing basic disciplines or more specific 
ones. Physiology is considered difficult by many students from different courses in 
the area of veterinary health, namely veterinary medicine and nursing. They attribute 
the difficulty to the need to memorize content, an excessive quantity of information, 
difficulty in understanding the relations between the morphology and function of 
organs and systems, and the perception of some topics as being too abstract [45]. GBL 
creates a beneficial learning environment, requiring the interaction of the students 
in questions and answers that assist in retaining information and improving perfor-
mance. In addition to the positive impacts on student learning, the use of educational 
games can increase involvement with activities related to the content of the course, as 
well as promote greater perception of improved learning by the students [45, 46]. On 
the other hand, games bring an element of pleasure and can reduce anxiety; students 
are promoted as participants and share their knowledge and engage in teaching each 
other; and students can combine theory and practice [47, 48].
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3.1.2.1 Digital games/ board games

Games used can be digital games, but it also can be other types of games, like 
board games.

Digital games, also called computer games, are games that use the advance of 
digital technology and offers new and engaging teaching method that allow students 
a most effective learning, once it is active, experiential, situated, problem-based 
oriented and provides immediate feedback [36]. Based in the use of computers 
and internet, this learning and teaching strategy has been increased, conducting 
to the production of several games with educational purposes in the veterinary 
field [49, 50].

Board games are games with rules, a playing surface, and tokens that enable 
interaction between or among players and facilitate face-to-face interactions with 
peers and teachers [51, 52].

When comparing board games with computer games, the first are more effective 
in terms of acquiring knowledge, but computer games yield better results when it 
comes to motivation, self-efficacy, or skill enhancement [42, 52]. When we combine 
motivation and engagement in the learning and teaching process, learning outcomes 
will be successfully achieved.

3.1.3 Gamification

The meaning of gamification varies widely and is often confused with GBL. 
Gamification is an umbrella term, that involves the application of game elements 
such as points, levels, time constraints and awards, and use them as non-game 
settings to other areas of interest [42, 53, 54]. Gamification has been characterized 
as well adapted to the learning style of Z generation [21, 42, 53–55]. Applied to an 
educational context, a gamified learning experience can positively influence student 
engagement by using gamification principles to affect the cognitive, emotional, and 
social aspects of the learning experience [54]. The cognitive aspect is stimulated 
through goal-oriented and learning objectives-based activities that challenge students 
within the gamified environment. The emotional aspect plays an important part in a 
gamified learning platform: curiosity, frustration, joy, pride and optimism are present 
during the experience [42]. Most importantly, the gamified learning experiences give 
feedback and allow repetition, encouraging resilience and reframing of failure, rein-
forcing the idea that repeated failures will eventually lead students to level comple-
tion and achieving learning goals [56]. The social aspect involves the participation 
of students within an environment where they interact with their peers and are part 
of a group. In this learning environment, students can have new identities and roles 
(using avatars and role play), and through branching mechanisms, they are asked to 
make choices and decisions. Also, gamification allows students to publicly identify 
themselves as “masters,” once they reach a higher level of mastery, and gain social 
credibility - for example, via a leaderboard [57] - as well as academic recognition by 
accumulating points [58].

3.1.4 Simulations/virtual laboratories

A virtual laboratory is any online environment that is based on interactive learning 
either individually or in groups, allowing students to explore topics in an asynchro-
nous manner that has no immediate physical reality [59].
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In the last decade, there has been a gradual shift of conventional physical, in-person 
laboratories towards virtual alternatives, motivated by several reasons. Physical 
laboratories are expensive. They need advanced instruments and equipment, space, 
professional personnel, and maintenance. Moreover, the student population is increas-
ing, conducting to higher experimental costs. Virtual laboratories and tools provide 
significant long-term cost savings. Whilst the initial development or purchase costs may 
be large, once developed, the majority do not require the ongoing purchase of consum-
ables, the provision of physical space, laboratory equipment or support staff time [60].

Animal-based laboratories, very useful in the past for physiology teaching and 
learning, can be associated with ethical concerns, while virtual animal model simula-
tions reduce the ethical dilemmas and broadens the types of experiments that can 
be conducted. Moreover, virtual laboratories exhibit higher levels of efficiency and 
safety, enabling students to learn in their own time and pace [61–63]. This is also 
another great advantage when we think of all the students undertaking part-time 
employment to support their studies. For them, the possibility to study at their own 
time and pace, at home or elsewhere, and to access virtual laboratories and experi-
ments that always work, and with consistent data, is unvaluable. With these simula-
tions, experiments are far shorter; students can undertake more experiments in the 
time available increasing their learning. Several studies have already proven that 
virtual laboratory tools were equally effective as traditional laboratories in increasing 
student knowledge and understanding, when evaluated by student performance in 
examinations [62, 64–66].

Nevertheless, virtual laboratories have intrinsic constraints and limitations. They 
do not provide students with the opportunity to develop key practical or technical 
skills (hands-on experience), or how to use specific items of equipment or to promote 
awareness of ethical, health and safety issues. They will always give the characteristic 
and correct data, like a perfect scenario, and we all know that in real life it’s not always 
like that [60, 63].

Although virtual laboratories have become increasingly common as a form of 
teaching aid in different learning situations, creating a virtual laboratory for teach-
ing and learning is, however, overly complex, incorporating skills in diverse areas 
such as interaction design, visualization, and pedagogy. It involves design and 
production of texts, images, 3D environments and interactivity, and the production 
requires programming and animation [63, 67]. There are some virtual labs already 
deposited in open educational resource (OER) repositories (https://libguides.mines.
edu/oer/simulationslabs) that can be easily used and are invaluable strategies for this 
demanding learning/teaching process [63]. When asked whether virtual or traditional 
laboratories should be discontinued, students saw a place for both within the curricu-
lum, recommending that they should be used in parallel [68].

3.2 How we teach?

In this enthusiastic process of teaching and learning physiology, our option is for 
a blended/mixed approach, meaning a process that brings together what we consider 
the best from different approaches: experiments hands-on, virtual experiments, 
digital games/simulations, board games, crosswords and word search games.

This way we intend to avoid boredom, to promote curiosity, motivation, and 
engagement, and to create learning opportunities for all students (visual, auditory 
and kinesthetic students) to go beyond rote memorization of terms and processes, 
and towards developing mental models of physiological phenomena.
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Reflecting the importance of technology in the Z Generation, all students own at 
least one Internet-ready device (e.g., iPad, laptop, tablet, smartphone), enabling the 
use of online resources in this approach.

3.2.1 Crosswords

Crosswords are an easy and fun way to engage students. Crossword puzzles 
have the purpose of encourage students to form words or phrases which lead to the 
answers. It can be used as a means of enhancing general and scientific information, 
assuming a facilitative role for problem-solving skills.

This is an in-house crossword (Figure 5). Starting from physiologic concepts or 
definitions, and using online free tools (https://worksheets.theteacherscorner.net/
make-your-own/crossword/), the puzzle shown in the image is created.

3.2.2 In-house created learning board games

In a combined work of teachers and students, through a Pedagogical project 
financed by Polytechnique Institute of Viseu (IPV), The MacVet Project (Create, 
Simulate and Learn), three in-house learning games were created from classic games: 
Vetpoly, Physiohedbanz and Pictionaryvet (Figure 6).

The traditional Monopoly board game has been converted to VetPoly. The original 
game has been adapted by creating a new board, community box cards and lucky 
cards, so that the game would reflect the veterinary field environment. The commu-
nity box cards have been turned into Quizz timecards. Whenever the player lands on 
a Quizz time house they will have to answer a physiology question. If the player gets 
it right, he will receive a monetary reward; if he makes a mistake, he will be penal-
ized and will have to return the amount indicated on the card to the bank. This game 
adapts to various curriculum units, just by replacing the Quizz time cards.

Figure 5. 
Physio crosswords. (in English, for example n° 1: Across1: TSH target organ. Answer: Thyroid).
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The Hedbanz was converted to Physiohedbanz. Using cards with figures/concepts 
related to physiology, that students must identify without seeing it. The game is based in 
old game of “What am I?” Player has to ask “yes” or “no” questions before time runs out 
(e.g., ADH. The student with the ADH card, must ask if it is a hormone, if it acts in the 
renal tubules, if it inhibits diuresis). In the end wins the player with more scoring badges.

The Pictionaryvet, similar to the classic Pictionary game, requires some draw-
ing skills. Students are invited to draw the concepts/terms/processes, all related to 
physiology. Like Physioheadbanz, there are time restrictions for each team.

3.2.3 Virtual rats

Animals’ experiments, classically used in the learning process of physiology, have 
been gradually replaced by “virtual animals”, with enormous advantages: reduction 
of the live animals used and replacing them by alternatives. The use of “virtual rats” 
is one of the best known alternatives. We use, for several years and with remarkable 
academic success, a “Laboratory exercise using “virtual rats“ to teach endocrine 
physiology” [69] and “Virtual rat: a tool for understanding hormonal regulation 
of gastrointestinal function” [70]. Although may be considered “old” papers, they 
remain actual. Through the description of the experiment and by the analysis of the 
results given, students are invited to actively enhance their understanding of physiol-
ogy and foster logical thinking and problem-solving skills.

3.2.4 Kahoot and online quizzes

Z generation and technology are always holding hands. Most students (in many 
cases all students) not only own smartphones and other gadgets but are also attached 

Figure 6. 
Vetpoly board and game; Physiohedbanz game and rules’ card; Pictionaryvet rules’ card.
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to them (both physically and emotionally), and in some cases are inseparable. 
Smartphones provide convenience, portability, comprehensive learning experiences, 
multi sources and multitasks, and are environmentally friendly. Students use their 
smartphones for a great variety of tasks: to be connected to their friends, to be on top 
of every event, and to access teaching materials or supporting information, normally 
accessible through the Internet. They also use smartphones to interact with teachers 
and group colleagues outside classes.

Students using interactive quizzing in an online setting reported increased engage-
ment whilst learning due to the fun, joyful and attractive environment, and because 
of the interaction that occurs. It has also other advantage: the fact that it promotes 
a healthy competition, conducting to better learning outcomes. A great advantage 
of Kahoot! is that it is equally effective across both face-to-face and online teaching 
sessions (Figure 7).

Other online quizzes available on the internet, like Socrative, are also utilized in 
the process of teaching and learning physiology.

3.2.5 Virtual laboratories

As mentioned, simulations can be a practical and effective alternative to tradi-
tional laboratory experiences, sparing the need to use subjects (e.g., animals) and/or 
expensive equipment. There are some online resources available, but our main experi-
ence is with Labster [71] (https://www.labster.com/), a platform of laboratory virtual 
simulations, aiming to increase the learning outcomes. Upon launch a simulation, 
students are invited to go through a tutorial to know how to navigate in the simulation 
(arrows that will indicate where to look, or where to go, holograms that show were to 

Figure 7. 
Muscular physiology Kahoot! Performed in a face-to-face teaching lesson.
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go or where to place objects, like pipettes, glass slides, beakers…). There is a lab pad, 
available during all the simulations that help the student with four sections: the Home 
page provides instructions and quiz questions, the Theory page gives access to all 
the information needed in order to answer the quiz questions, the Media page stores 
all the images seen during the simulation, and finally the Mission page provides an 
overview of all the simulation steps (Figure 8).

4. Conclusions

The benefits of using active learning strategies, and in understanding the stu-
dent that is in front of us, are tremendous, since the potential of every student can 
be elevated, resulting in better learning outcomes and student satisfaction and 
enjoyment.

Remaining in a traditional and lecture-based method of curriculum delivery has 
been attributed to be one of the causes for school dropout and failure. Z generation 
is technology oriented and its inclination to turn to the digital world must be faced as 
a teaching ally. We also showed that besides technology, there are also other strate-
gies, more economic ones, that can be applied. What matters is to stimulate learners. 
We all know that physiology is a complex science. Our job, as teachers, is to provide 

Figure 8. 
Labster simulation: Hematology. Introduction to blood.
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the correct tools for the students to learn by developing their cognitive skills, their 
reasoning ability and their critical thinking, and to develop affective, psychomotor 
and conative skills. From here, the need for constant learning and the fascination for 
science will be a natural consequence. We cannot forget that in the 21st century, infor-
mation is just a click away. What each one does with this information is what it counts.
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Chapter 12

Taxon-Specific Pair Bonding in 
Gibbons (Hylobatidae)
Thomas Geissmann, Simone Rosenkranz-Weck, 
Judith J.G.M. Van Der Loo and Mathias Orgeldinger

Abstract

This study provides the first statistically significant evidence that the mechanisms 
of how pair bonds are created or maintained differ between gibbon taxa. We examine 
the pair bond in captive pairs of three genera of gibbons (Hylobatidae): siamangs 
(Symphalangus, N = 17 pairs), crested gibbons (Nomascus, N = 7 pairs), and pileated 
gibbons (Hylobates pileatus, N = 9 pairs). In the first part of this study, we determine 
three generally-accepted indicators of pair-bond strength (mutual grooming, behav-
ioral synchronization and partner distance). A pairwise comparison of our samples 
reveals a difference in relative partner distances between siamangs and pileated gib-
bons, suggesting that siamangs may have a stronger pair bond than pileated gibbons. 
No difference among the three taxa was found in other variables believed to indicate 
pair bond strength. In the second part we examine the amount of partner-directed 
grooming in each sex. In siamangs, males invest significantly more into pair bonds 
than females, whereas the opposite is true in crested and pileated gibbons. Our results 
for siamangs correspond to predictions derived from the ‘mate-defense hypothesis’ 
for the evolution of pair bonds, whereas our results for crested gibbons and pileated 
gibbons correspond to predictions derived from the ‘male-services hypothesis’.

Keywords: social structure, pair bond, Symphalangus, Nomascus, Hylobates,  
sex-specific investment, Hylobatidae

1. Introduction

Whereas the genera of great apes are known to differ strongly among each other 
in their social structure, the small apes or gibbons clearly are a more uniform group 
[1–3]. Distributed in Asian rain forests, its members typically live in socially monoga-
mous, unimale unifemale, territorial groups [4, 5], although some flexibility in 
group composition and sexual behavior occurs [6–8]. Non-monogamous (extra-pair) 
matings and groups with multiple adult males and multiple adult females occasionally 
occur in gibbons [7, 9–15].

It has repeatedly been suggested, however, that gibbon taxa may differ in subtle 
details of their social organization [16]:
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Wild family groups of Malayan siamangs (Symphalangus syndactylus) appear to be 
more tightly knit than those of white-handed gibbons (Hylobates lar), with siamang 
intra-group distances being shorter and intra-group communicatory signals being 
fewer or less conspicuous to observers, and paternal infant-carrying only occurring 
in siamangs [17–21]. A greater heterosexual cohesion in pair bonds of siamangs, as 
compared to white-handed gibbons, was also found in a field study in Sumatra [22], 
but differences in paternal investment appear to be less clear-cut. Paternal infant-
carrying appears to be absent in some wild and many captive siamang groups and 
varies dramatically among males of the same population [10, 23–25], while it may 
occasionally occur in other gibbon taxa, at least in captive groups [23, 26].

Several reports suggest that the black-cheeked species of the crested gibbons 
(genus Nomascus) differ from other hylobatids in their social organization by more 
often forming bi-female groups [27–33]. This may not appear to apply to light-
cheeked crested gibbon species [34, 35], but see [36].

Recent studies on gibbon calls documented that the various taxa strongly differ 
in how they present their long and loud morning song bouts [37–40]. In some taxa, 
mated pairs produce duet song bouts but usually no solo songs (genera Hoolock, 
Nomascus and Symphalangus), others produce sex-specific solo songs in addition 
to duets (Hylobates agilis, H. lar, H. muelleri, H. pileatus), and others yet produce 
sex-specific solo song bouts only (H. klossii, H. moloch). In all members of the genus 
Nomascus and most species of the genus Hylobates, for instance, most of the singing is 
produced by males, whereas in H. moloch, males sing rarely and most songs are pro-
duced by females. This pronounced diversity of sex-specific investment in resource 
defense provides indirect evidence for taxon-specific differences in social organiza-
tion, and, possibly, in previously unrecognized factors of ecological adaptation or 
inter-specific competition.

Moreover, duets strongly differ in their complexity among taxa, with the most 
complex ones being uttered by siamangs (S. syndactylus) [41, 42]. These differences 
in song organization also strongly suggest differences in social organization. Because 
duet song bouts are believed to serve, among other things, to strengthen or advertise 
pair bonds, duetting and non-duetting gibbon species should differ either in their 
pair bond strength or in how the pair bond strength is achieved [43, 44].

Although the reports cited above suggest that some gibbon taxa may differ in 
social organization, very little quantitative evidence for such species-specific differ-
ences in the social structure are currently available. Previous comparisons have been 
limited to sample sizes of 2–3 pairs per genus [17, 19, 22, 23], thus precluding statisti-
cal testing. Palombit [3] correctly identified a great need for detailed data on more 
hylobatid pair bonds, so that we may identify consistent social patterns in light of 
intra-specific variation.

Early reviews on monogamy found shared behavioral traits in monogamous 
primates and suggested that the males generally initiate grooming and groom females 
more often than the reverse situation occurs [45]. In socially monogamous pairs, pair 
partners usually maintain close spatial association and often perform spectacular, 
well-coordinated, pair-specific display behavior. This does not necessarily imply, 
however, that the sexes share mutual socioreproductive interests [46]. Shared inter-
ests may be not be required for the evolution of social monogamy, and pair formation 
does not require an absence of sexual conflict, or symmetric costs and benefits for 
males and females.
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Several of the hypotheses explaining the evolution and maintenance of social 
monogamy in mammals make predictions regarding female and male contributions to 
the pair bond [47].

1. According to the ‘resource-defense hypothesis’, both a male and a female benefit 
from pair bonding to defend resources together [48]. In this case, a male and 
a female should be equally interested in maintaining proximity and affiliation 
with a pair mate and defending their territory.

2. According to the ‘mate-defense hypothesis’, a male should bond with a female 
when either the spatial distribution of females or the temporal distribution of 
fertile periods makes it difficult for males to defend access to more than one fe-
male at a time [49]. In this case, a male should be more interested in maintaining 
proximity and affiliation with the partner.

3. According to the ‘male-services hypothesis’, a female benefits from bonding with 
a male when the male provides important services such as territorial or anti-
predator defense, infant care, or protection from infanticide by competing males 
[48, 50–52]. In this case, a female should to be more interested in maintaining 
proximity and affiliation with the partner while the male should provide some 
significant services.

The goal of our study was to answer the following two questions: (1) Do gibbon 
taxa differ in the strength of their pair bonds? (2) Do gibbon taxa differ in the way 
pair bonds are created and maintained?

We present the first comparative and quantitative study on differences of the 
pair bond among multiple gibbon taxa. We have collected observational data on 
several captive groups of siamangs (genus Symphalangus), three species of the 
crested gibbons (genus Nomascus), and the pileated gibbon (Hylobates pileatus) as a 
representative of the dwarf gibbons (genus Hylobates). Our study will focus, there-
fore, on a comparison of these three genera. Photographs of three of the species we 
studied are shown in Figure 1. In addition, a compilation of previously-published 
data also permits us to make a limited comparison with other gibbons of the genus 
Hylobates.

In order to estimate pair bond strength, we quantified the following three generally-
accepted indicators of pair bond strength (behavioral synchronization, relative distance 
between mates, and amount of partner directed grooming)  following [44, 53].

In order to gain insight in the pair bonding mechanism, we examined which sex 
invests more in the pair bond by measuring the amount of grooming directed at the 
respective partner.

Although allogrooming per se may serve hygienic, social, communicatory, stress 
relief or thermal functions [54–59], these functions may be influenced by a species’s 
social organization. For social systems with stable pair structures, allogrooming 
has been proposed to serve a pair-bonding function [45, 60, 61] and to reflect the 
investment into a pair bond [62, 63] and, therefore, the ultimate costs and benefits 
which partners can expect from a relationship [64]. Thus, sex-specific differences in 
partner-directed allogrooming indicate – on a proximate level – ultimate sex-specific 
strategies.
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2. Methods

Our data collection methods have previously been described [44, 53]. Siamang 
(Symphalangus syndactylus) data were collected in a consistent form by one of us 

Figure 1. 
Three of the gibbon species that were observed during this study. (a) Siamang (Symphalangus syndactylus), family 
group, showing from left to right: juvenile, adult male, and adult female carrying an infant. Siamangs are of mostly 
blackish fur coloration. Notice the half-inflated throat sacs, which play a role in siamang territorial vocalizations 
and can be inflated to about the size of the animals’ head. (b) Northern White-cheeked Crested Gibbon (Nomascus 
leucogenys) pair, showing from left to right: adult female, and adult male. Adult male and female differ markedly 
in their fur coloration. Females are mostly yellowish, and males are blackish. (c) Pileated Gibbon (Hylobates 
pileatus) family group, showing from left to right: adult female carrying a neonate infant, adult male, subadult 
male, and juvenile male. Adult male and female of this species also differ markedly in their fur coloration. Females 
are pale grey or fawn-buff with black on crown, cheeks and chest, while males are blackish with white facial 
border, corona, digits, and genital tuft. Photographs by Thomas Geissmann.
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(M.O.) between April 1985 and March 1993. A total of 17 siamang groups were 
observed at the following zoos: Antwerp (An), Belgium, Branféré (Br1, Br2, Br3), 
France, Budapest (Bu), Hungary, Berlin Zoo (Be), Dortmund (Do), Dresden  
(Dr1, Dr2), Duisburg (Du), Frankfurt (Fr), Krefeld (Kr1, Kr2), Munich (Mn), 
Germany, Studen (St), Zurich (Zh), Switzerland and Washington (Wa), U.S.A., 
with group size ranging from two to six animals.

Crested gibbon data were collected in the same way by S.R.-W. between August 
and October 2001. A total of seven crested gibbon groups (Nomascus) were observed 
at the following zoos: Duisburg (Du), Eberswalde (Eb), Osnabrück (Os1, Os2), 
Germany, and Mulhouse (Mu1, Mu2, Mu3), France, with group sizes ranging from 
two to five animals. Three crested gibbon species are represented in our sample, 
including the Northern White-cheeked Crested Gibbon (N. leucogenys): Du, Mu1 and 
Os2; the Southern White-cheeked Crested Gibbon (N. siki): Mu2; and the Southern 
Yellow-cheeked Crested Gibbon (N. gabriellae): Eb, Mu3 and Os1. The gibbon 
 classification used here follows [65].

Data for Pileated Gibbons (Hylobates pileatus) were collected in the same way 
by J.v.d.L. and K.N between February and May 2007. A total of nine groups were 
observed at the following zoos: Phnom Tamao, Cambodia (PT1–7), and Zurich, 
Switzerland (Zu1, Zu2), with group size ranging from two to five animals.

In order to assure comparability of data collected by the observers M.O., S.R., J.v.d.L. 
and K.N., dual observations were carried out on 31 July 2001 and on 13 February 2007, 
respectively, until consistent values of inter-observer concordance were obtained [66].

At each zoo, observation time for each sampling method was distributed evenly 
across the animals’ activity period between 0700 and 1800 h (until 1700 h during 
the winter months, and between 0800 and 1800 h for crested gibbon groups Du, Eb, 
Mu, Os2).

We used focal animal sampling with the continuous recording rule [66–69] to col-
lect information on the frequency and duration of grooming behavior between mates. 
Focal animals were changed every 20 min. Each of 11 siamang pairs was observed for 
80 h, except for pairs Mu (50 h) and Du (90 h), and each crested and pileated gib-
bon pair for 35 h. Grooming occurred in discrete sessions that could be counted. We 
allowed an interval of up to 10 seconds between bouts of grooming before we counted 
them as two sessions, rather than one.

We used scan sampling to record behavioral synchronization of activities between 
mates. We defined 11 behavioral categories: socio-positive behavior (including 
allogrooming, embracing) and infant care, play, agonistic, territorial, sexual, com-
fort-related, feeding and food-related behavior, observe, rest and sleep, excretion, 
and locomotion. Scans were made every 1 min (or every 2 min in siamang groups 
Dr1, Kr1, Kr2, St). Siamang pairs were scanned for synchronization of behavioral 
categories during blocks of 5 or 10 min, separated by intervals of 20 min. Crested and 
pileated gibbon pairs were scanned for synchronization in parallel to the focal animal 
observations of grooming behavior. Each of 13 siamangs pairs was observed for 20 h, 
except pairs Zu (15 h), Be and Fr (30 h), and Du (40 h). Each crested and pileated 
gibbon pair was observed for 35 h. The occurrence of synchronized behavior between 
pair-mates is expressed in % of the total number of scans for a given pair.

We also used scan sampling to record the distance between mates. Distances were 
recorded to an accuracy of 0.5 m. If the individuals were closer to each other than 
0.5 m, we recorded distance according to the following definitions: 0.3 m: short-
est distance without body contact, 0.2 m: body contact through extremities, 0 m: 
body contact through trunk. Siamang pairs were scanned during blocks of 10 min, 
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separated by intervals of at least 10 min. During each scan sampling block, distance 
was recorded every 10 s. Crested and pileated gibbon pairs were scanned for the 
distance between mates every 1 min, and scans were carried out in parallel to the focal 
animal observations of grooming behavior. Each of 17 siamangs pairs was observed 
for 10 h, except pairs BrA, Bu, DrA (20 h), Be, Du, KrA (30 h), and Fr (210 h). Each 
crested and pileated gibbon pair was observed for 35 h.

The size of the enclosure varied between zoos (some gibbon groups were held 
in cages, others on islands). In small cages, the cage walls set outer limits to the 
inter-individual distances. Because small cages may have forced our pairs into closer 
proximity than bigger enclosures, we did not directly use absolute inter-individual 
distances in our comparisons. Instead, we calculated the relative distance (%) 
between mates, i.e. the inter-individual distance relative to the maximal possible 
distance in the pair’s given environment (cage or island). This method was described 
by [44]. In order to test whether cage size had an influence on pair bonding behavior, 
we used the maximal possible distance in the pair’s given environment as an indica-
tor of cage size. In siamangs, our largest sample, this value ranged from 5.7 m in the 
smallest cage to 43.5 m on the largest island. We arbitrarily defined cages with values 
of less than 10 m as “small enclosures”, the others as “large enclosures”.

In addition to determining relative distance, we used scan sampling to estimate the 
time pair partners spent in each of the following distance classes: 1: body contact or 
distance of less than 0.3 m, 2: 0.3–1 m, 3: >1 m–3 m, 4: >3 m.

For comparison of our data on partner-directed behavior with literature data, we 
used male and female proportions of these behavioral variables, where male and female 
proportions complement each other to 100%. Proportions should be independent of 
the observation method and permit comparison of data from different observers.

One-sample sign test tests were used to compare classes of sex-specific grooming 
proportions within genera. For comparison of data among three genera, we used 
Kruskal-Wallis tests with Dunn’s post hoc tests [70]. In order to compare data between 
H. pileatus and H. lar (i.e. after inclusion of data compiled from the literature), we 
used the Mann–Whitney U tests [71]. All tests were two-tailed, and the null hypoth-
esis was rejected at P = 0.05. Statistical were calculated using the software StatView 
5.0.1 and SPSS 17.0 on a Macintosh G4 computer.

3. Results

3.1 Strength of pair bonds

3.1.1 Synchronization of behavioral variables

The average degree of behavioral synchronization across 11 behavioral variables 
is shown in Figure 2. Values range from 15.5% to 63.9% in siamangs, from 8.0% to 
38.7% in crested gibbons, and from 19.2% and 42.7%. As shown in Table 1, however, 
the overall degree of behavioral synchronization does not differ significantly between 
the genera (Kruskal-Wallis test, P = 0.186).

3.1.2 Relative partner-distance

Average relative partner distances and time proportions spent in four distance 
classes for each study group are listed in Table 2. Considerable differences were found 
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among pairs. Time spent in distance class 1, for instance, varies from 0.3% to 49.7% 
in siamangs, from 5.6% to 32.3% in crested gibbons, and from 0.0% to 20.5% in 
pileated gibbons. Similarly, time spent in distance class 4 varies from 1.3% to 61.2% 
in siamangs, from 14.1% to 47.4% in crested gibbons, and from 31.6–84% in pileated 
gibbons. The time gibbon pairs spent in each of the four partner distance classes are 
shown in Figure 3. The three taxa do not differ significantly among each other in the 
time groups spent in any of the four partner distance classes (Kruskal-Wallis tests, 
P > 0.05), except for time spent in distance class 4 (P = 0.014). Dunn post-hoc tests 
revealed that pileated gibbon pairs spent more time in distance class 4 than sia-
mangs (P < 0.02). Moreover, the difference in distance class 2 is close to significance 
(P = 0.051).

Figure 2. 
Comparison of the average degree of behavioral synchronization between siamangs (Symphalangus, N = 13 
pairs), crested gibbons (Nomascus, N = 7 pairs), and pileated gibbons (Hylobates pileatus, N = 9 pairs). Box plots 
show mean values, standard deviations and minimum and maximum values. The difference between the genera is 
not statistically significant (Kruskal-Wallis test, P > 0.05, see text).

Taxon Kruskal-
Wallis

test (p)Symphalangus Nomascus Hylobates
pileatus

Taxon mean 35.02 ± 15.39
(N = 14)

23.73 ± 11.30
(N = 7)

32.69 ± 7.95
(N = 9)

0.186

Table 1. 
Average degree of synchronization [% ± standerd deviation] across 11 behavioral variables for siamangs 
(Symphalangus syndactylus), crested gibbons (Nomascus spp.), and pileated gibbons (Hylobates pileatus). 
Abbreviation: p = error probability.
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 Group Relative distance Distance classes [%]

[%] 1 2 3 4

(a) Siamangs

Antwerp 32.80 11.90 14.00 50.00 24.10

Berlin Zoo 29.80 13.70 10.00 40.80 35.50

Branféré 1 14.50 5.40 19.50 31.20 43.90

Branféré 2 12.10 10.30 29.70 23.90 36.10

Branféré 3 18.30 1.80 17.00 20.00 61.20

Budapest 29.30 10.70 21.10 34.10 34.10

Dortmund 10.10 29.50 34.80 16.60 19.10

Dresden 1 29.00 12.50 18.10 67.50 1.90

Dresden 2 24.00 12.90 31.10 54.70 1.30

Duisburg 29.10 12.30 12.20 48.70 26.80

Frankfurt 40.40 3.30 12.60 62.30 21.80

Krefeld 1 30.90 3.50 15.10 37.60 43.80

Krefeld 2 35.90 0.30 7.40 38.60 53.70

Munich 31.20 24.90 13.80 16.20 45.10

Studen 11.50 49.70 22.40 19.30 8.60

Washington 26.50 20.50 14.90 21.40 43.20

Zurich 36.10 1.30 17.80 62.30 18.60

Mean 25.97 13.21 18.32 37.95 30.52

(b) Crested gibbons

Duisburg 33.68 5.70 39.19 41.04 14.07

Eberswalde 12.12 32.30 17.01 15.68 35.01

Mulhouse 1 30.40 7.65 19.52 25.40 47.42

Mulhouse 2 23.31 23.68 14.33 15.85 46.14

Mulhouse 3 21.12 30.73 14.79 17.03 37.45

Osnabrück 1 21.99 17.80 16.22 24.09 41.89

Osnabrück 2 21.63 5.64 30.05 27.01 37.30

Mean 23.47 17.64 21.59 23.73 37.04

(c) Pileated gibbons

Phnom Tamao 1 28.77 7.30 14.20 28.20 50.30

Phnom Tamao 2 7.28 10.70 17.70 17.70 54.40

Phnom Tamao 3 41.99 0.00 3.90 11.30 84.80

Phnom Tamao 4 23.18 20.50 6.00 28.90 44.60

Phnom Tamao 5 24.58 11.30 16.70 23.60 48.40

Phnom Tamao 6 12.82 13.80 11.20 26.40 48.50

Phnom Tamao 7 23.13 5.50 9.70 53.20 31.60

Zurich 1 18.29 14.90 20.10 24.70 40.40

Zurich 2 34.83 0.90 7.40 17.20 47.50

Mean 23.47 9.43 11.88 25.69 50.06

Table 2. 
Average relative partner distances and time proportions spent in four distance classes: (a) siamangs 
(Symphalangus syndactylus, N = 17 groups), (b) crested gibbons (Nomascus spp., N = 7 groups), (c) pileated 
gibbons (Hylobates pileatus, N = 9 groups).
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The relative distance between pair partners is also shown in Figure 3. The three 
taxa do not differ in this variable (Kruskal-Wallis test, P > 0.05).

3.1.3 Allogrooming

The number of grooming sessions/hour (average of male and female) varies from 
0.0 to 3.9 in siamangs (Symphalangus, N = 12 pairs), from 0.5 to 2.0 in crested gib-
bons (Nomascus, N = 7 pairs), and from 0.0 to 2.1 in pileated gibbons. The difference 
is not statistically significant (Kruskal-Wallis test, P > 0.05). The average duration of 
grooming sessions varies from 0 s to 76.0 s in siamangs, from 50.5 s to 132.1 s in crested 
gibbons, and from 0 s to 101.0 s in pileated gibbons. This difference is not statistically 
significant (Kruskal-Wallis test, P > 0.05). The proportion of time spent grooming 
varies from 0% to 66.9% in siamang pairs, from 9.3% to 28.7% in crested gibbon pairs, 
and from 0% to 57.7% in pileated gibbons. The difference is not statistically significant 
(Kruskal-Wallis test, P > 0.05). As a result, siamang pairs, crested gibbon pairs, and 
pileated gibbon pairs spend similar amounts of time grooming (Figure 4).

3.2 Mechanism of pair bonds

In order to study which sex invested more in maintaining the pair bond, we 
determined the %-proportion of partner-directed grooming for each adult. Because 
male and female proportions in a pair complement each other to 100%, the groom-
ing proportion of one sex will suffice to provide the full information. The results are 
summarized in Figure 5.

In these analyses, one pair of siamangs (Kr2) and one pair of pileated gibbons 
(PT3) had to be excluded because pair partners were not observed to groom each 

Figure 3. 
Time proportion spent in 4 distance classes (left) and of the mean relative partner distances (right) in siamangs 
(Symphalangus, N = 17 pairs), crested gibbons (Nomascus, N = 7 pairs), and pileated gibbons (Hylobates 
pileatus, N = 9 pairs). Box plots show mean values, standard deviations and minimum and maximum values. 
In a comparison between the genera (Kruskal-Wallis tests), only one of the five variables (distance class 4) are 
statistically significant (P < 0.05, see text).
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Figure 5. 
Average male-female proportions of intra-pair grooming frequency per hour, mean duration of grooming sessions, 
and time spent grooming in siamangs (Symphalangus, N = 10 pairs), crested gibbons (Nomascus, N = 7 pairs), 
and pileated gibbons (Hylobates pileatus, N = 8 pairs). Box plots show mean values, standard deviations and 
minimum and maximum values. In a comparison between the genera (Kruskal-Wallis tests), all three variables 
are statistically significant (P < 0.05, see text). Abbreviations: M = males, F = females.

Figure 4. 
Average intra-pair grooming frequency per hour, mean duration of grooming sessions, and proportion of time 
spent grooming in siamangs (Symphalangus, N = 11 pairs), crested gibbons (Nomascus, N = 7 pairs), and pileated 
gibbons (Hylobates pileatus, N = 9 pairs). Box plots show mean values, standard deviations and minimum and 
maximum values. In a comparison between the genera (Kruskal-Wallis tests), none of the three variables are 
statistically significant (P > 0.05, see text).
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other at all and male–female proportions of grooming variables could, therefore, not 
be calculated. Neither Kr2 nor PT3 were newly formed pairs, and the reason why no 
grooming occurred among pair partners is unknown.

Male proportions in the number of grooming sessions per hour varied from 8.5% 
to 78.3% in siamangs, from 2.9% to 62.5% in crested gibbons, and from 0.0% to 
85.4% in pileated gibbons. The difference between the genera is statistically signifi-
cant (Kruskal-Wallis test, P = 0.032). The Dunn post-hoc test revealed no significant 
pair-wise differences, but as a trend, male proportions were higher in siamangs than 
in pileated gibbons (P < 0.1). Male proportions in grooming session duration varied 
from 26.7% to 74.6% in siamangs, from 16.6% to 68.2% in crested gibbons, and, and 
from 0.0% to 48.0% in pileated gibbons. The difference between the genera is statisti-
cally significant (Kruskal-Wallis test, P = 0.043), and the Dunn post-hoc test revealed 
that male proportions were higher in siamangs than in pileated gibbons (P < 0.05). 
Male proportions in the time spent grooming varied from 3.3% to 90.4% in siamangs, 
from 0.9% to 69.1% in crested gibbons, and from 0.0% to 84.3% in pileated gibbons. 
The difference between the genera is statistically significant (Kruskal-Wallis test, 
P = 0.035), and the Dunn post-hoc test revealed that male proportions were higher 
in siamangs than in pileated gibbons (P < 0.05). As a result, siamang males groom 
partners in longer sessions and spend more time grooming them than pileated gibbon 
males. Only as a trend, siamang males also tend to groom their partners during more 
grooming sessions than pileated gibbons.

In addition to the grooming data collected by focal animal sampling, we also 
collected data on male–female grooming proportions for three additional siamang 
groups (An, Be, Zu) during the scan sampling observations. Male grooming propor-
tions in these groups amounted to 95.4%, 85.7% and 100%, respectively.

Finally, we compiled data from the pertinent literature on other gibbon groups. If 
several reports were available on the same group, we used the study with the larger 
data base. These data are summarized in Table 3 and also includes members of the 
dwarf gibbons (Hylobates) and hoolock gibbons (Hoolock) other that the species 
observed by us. The sample size for the hoolocks (Table 3d), however, comprises only 
three groups and is too small for statistical analysis. Pairs that did not exhibit partner-
directed grooming are also excluded from the analysis. Our resulting sample com-
prises 76 pairs. For summary statistics, we split male grooming contribution evenly 
into three classes: (1) 0–33%, (2) >33–66%, (3) >66%. Pairs should be evenly distrib-
uted across these classes if male and female contributions were balanced. As shown in 
Table 3, this is not the case in siamangs (N = 28). Most pairs fall into class 3, suggest-
ing that siamang males, as a rule, provide most of the intra-pair grooming. In crested 
gibbons (N = 22) and dwarf gibbons (N = 26), the situation is exactly reversed. Most 
pairs fall into class 1, indicating that females provide most of the intra-pair grooming 
in Nomascus and Hylobates. The difference from the expected value of 50% is statisti-
cally significant for the genera Nomascus and Symphalangus (One-sample sign test, 
P = 0.002, and P = 0.013), but not for Hylobates (One-sample sign test, P > 0.05). As 
indicated by the species labels in Figure 6c, the distribution appears to differ among 
species of the genus Hylobates. Whereas partner-directed grooming is mainly pro-
vided by females in H. pileatus (N = 11), the distribution appears to be more randomly 
distributed in H. lar (N = 11). Although the difference between the two species is 
statistically significant (Mann–Whitney U test, P = 0.032), the samples are relatively 
small and the result should be regarded with caution. If only H. pileatus is considered, 
the difference from the expected value of 50% is still not significant (One-sample sign 
test, P > 0.05), but the sample is very small in this case (N = 11).
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Group Cap- tive/
wild

Data 
type

Classes of male grooming 
proportion [%]

Source

1 2 3

(a) Siamangs (Symphalangus)

An c f 95.4 ts

Be c f 85.7 ts

Br1 c f 8.5 ts

Br2 c f 78.3 ts

Br3 c f 74.1 ts

Bu c f 29.5 ts

Do c f 60.1 ts

Dr1 c f 69.7 ts

Dr2 c f 51.5 ts

Du c f 49.2 ts

Fr c f — — — ts

Kr1 c f 76.7 ts

Kr2 c f 72.0 ts

Mu c f 8.5 ts

St c f 78.3 ts

Wa c f 74.1 ts

Zh c f 100.0 ts

TS1 w t 60.5 [19]

RS2 w t 73.7 [19]

Milwaukee c f 26.0 [72]

Tulsa c f? 88.8 [73]

Berlin c f — — — [74]

Cheyenne, MH 21 c t 86.3 [75]

Cheyenne, MH 23 c t 7.0 [75]

Melbourne c ? 60.8 [76]

Ketambe, CH-CJ w f ca 
48.0

[10]

Ketambe, PP-PN w f ca 84.0 [10]

Ketambe, Pm-Pn w f ca 
60.0

[10]

Lourosa, pair 1 c t 88.9 [77]

ICGS c t 56.9 [26]

Siamangs, total number of pairs 5 8 15

(b) Crested gibbons (Nomascus)

Du (Nle) c f 4.4 ts
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(b) Crested gibbons (Nomascus)

Eb (Nga) c f 24.7 ts

Mu1 (Nle) c f 62.5 ts

Mu2 (Nsi) c f 20.6 ts

Mu3 (Nga) c f 22.1 ts

Os1 (Nga) c f 38.3 ts

Os2 (Nle) c f 2.9 ts

Twycross (Nco + Nle mixed pair) c t 17.7 [78]

Twycross (Nle) c t 18.0 [78]

Perth, old pair (Nle) c t 36.4 [79]

Perth, new pair (Nle) c t 50.0 [79]

Perth, family gr. (Nle) c t 37.9 [79]

Melbourne (Nle) c f 19.5 [76]

Besançon (Nga) c t 6.0 [80]

Mulhouse, group 1 (Nga) c t 0 [81]

Mulhouse, group 2 (Nle) c t — — — [81]

Mulhouse, group 3 (Nsi) c t 0 [81]

Amsterdam (Nle) c t 16.0 [82]

Beekse Bergen (Nle) c t 22.2 [82]

Hannover (Nle) c t 57.5 [82]

ICGS (Nle) c t 100 [26]

Lincoln Park (Nle) c f 0 [83]

San Antonio (Nle) c ? 1.6 [84, 85]

Nomascus gabriellae, total number 
of pairs

4 1 0

Nomascus leucogenys, total number 
of pairs

8 5 1

Crested gibbons, total number of 
pairs

15 6 1

(c) Dwarf gibbons (Hylobates)

Phnom Tamao 1 (Hpi) `c f 55.7 ts

Phnom Tamao 2 (Hpi) c f 0 ts

Phnom Tamao 3 (Hpi) c f — — — ts

Phnom Tamao 4 (Hpi) c f 8.1 ts

Phnom Tamao 5 (Hpi) c f 0 ts

Phnom Tamao 6 (Hpi) c f 85.4 ts

Phnom Tamao 7 (Hpi) c f 12.5 ts

Zurich 1 (Hpi) c f 38.2 ts

Zurich 2 (Hpi) c f 0 ts
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(c) Dwarf gibbons (Hylobates)

ICGS (Hpi) c t 69.6 [26]

Perth, group 6 (Hpi) c f? 0 [86]

Blackpool (Hpi) c f 0 [87]

Hylobates pileatus, total number of 
pairs

7 2 2

Bronx, New York (Hla) c t 71.3 [88]

Portland, Oregon (Hla) c f 45.0 [89]

Berlin (Hla) c f 25.0 [74]

Besançon (Hla) c t 53.6 [80]

Melbourne (Hla) c f 10.8 [76]

Ketambe, AS-AY (Hla) w f ca 81.0 [10]

Ketambe, GD-GM (Hla) w f 93.0 [10]

Khao Yai, Pair A (Hla) w t 64.3 [13]

Khao Yai, Pair B (Hla) w t 37.5 [13]

Khao Yai, Pair C (Hla) w t 71.4 [13]

Khao Yai, Pair T (Hla) w t 20.0 [90]

Hylobates lar, total number of pairs 3 4 4

Berlin (Hmo) c f — — — [74]

ICGS (Hmo) c t 0 [26]

Munich (Hmo) c f 50.7 Average of 
[91–93]

Perth (Hmo) c t 50.0 [79]

Hylobates moloch, total number of 
pairs

1 2 0

ICGS (Hag) c t 0 [26]

Dwarf gibbons, total number of 
pairs

12 8 6

(d) Hoolock gibbons (Hoolock)

Gibbon Wildlife Sanctuary,  
Assam, 1 (Hho)

w f 25.0 [94]

Gibbon Wildlife Sanctuary,  
Assam, 2 (Hho)

w f 50.0 [94]

Gibbon Wildlife Sanctuary,  
Assam, 3 (Hho)

w f 41.5 [94]

Hoolock gibbons, total number of 
pairs

1 2 0

Table 3. 
Male contributions (%) to intra-pair grooming in gibbons. Classes of male grooming proportion are defined as 
(1) 0–33%, (2) >33–66% and (3) >66%. Abbreviations: Hoolock: Hho = H. hoolock; Hylobates: Hag = H. agilis, 
Hla = H. lar, Hmo = H. moloch, Hpi = H. pileatus. Nomascus: Nco = N. concolor, Nga = N. gabriellae, Nle = N. 
leucogenys, Nsi = N. siki. Captive/wild: c = captive, w = wild. Data type: f = frequency, t = time. Grooming: –  
= no partner-directed grooming observed. Source: ts = this study.
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Especially in siamangs and crested gibbons, the unilateral distribution of male 
grooming proportion is surprisingly consistent. We wondered whether there was 
something about the pairs which do not exhibit consistent results. Of the gibbons we 
observed, only the siamang sample was large enough to test several potential influ-
ences statistically. In the 16 siamang pairs that showed grooming, “Having infants” 
had no influence on the proportion of male grooming (Mann–Whitney U test, 16 
pairs, U = 15.5, P > 0.05). However, “Having a family group” did: Pairs without a 
family showed a smaller proportion of male grooming than pairs with offspring in 
the family (Mann–Whitney U test, 16 pairs, U = 11.0, P = 0.03). We also wondered 
whether there were any differences between pairs kept in smaller cages and pairs 
kept in bigger enclosures. In order to study the effect of cage size on the male pro-
portion of pair-grooming in siamang pairs, we used the maximal possible distance 
in the pair’s given environment as an indicator of cage size. We compared male 
grooming proportion between siamangs kept in small enclosures (N = 9 groups) to 
siamangs kept in large enclosures (N = 7 groups). The difference was not statistically 
significant (Mann–Whitney U test, P > 0.05). The correlation between cage size 
and male grooming proportion was also not significant (Spearman rank correlation, 
Rho = −0.165, P > 0.05).

Results for the dwarf gibbons are less consistent than those for siamangs or crested 
gibbons (Table 3). Could the differences within the first two genera be influenced 
by wild vs. captive gibbons? In siamangs, captive pairs did not differ from wild ones 
(Mann–Whitney U-test, 23 captive pairs vs. 5 wild pairs, U = 51.0, P > 0.05). In 
dwarf gibbons, on the other hand, captive pairs differ significantly from wild ones 

Figure 6. 
Male contributions to intra-pair grooming in gibbons. (a) Siamangs (Symphalangus, N = 28 pairs);  
(b) crested gibbons (Nomascus, N = 18 pairs); (c) dwarf gibbons (Hylobates, N = 23 pairs); (d) hoolock gibbons 
(Hoolock, N = 3 pairs). Abbreviations in (c) identify the following species: a – H. agilis, l – H. lar,  
m – H. moloch, and p – H. pileatus.
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(Mann–Whitney U test, 20 captive pairs vs. 6 wild pairs, U = 24.0, P = 0.027). It 
should be noted, however, that all available data for wild dwarf gibbons stem from 
only one species (H. lar), whereas several other species are represented in the cap-
tive sample of the same genus. If the comparison is restricted to Hylobates lar, the 
difference is not statistically significant (Mann–Whitney U test, 5 captive pairs vs. 6 
wild pairs, U = 8.0, P > 0.05). Therefore, the variability of male grooming proportion 
among dwarf gibbons may be influenced by, and differ among, the species.

The frequency distribution of male grooming proportion is shown in Figure 6. 
These data differ significantly among the genera (Kruskal-Wallis test, df = 2, 
P < 0.0001). As revealed by the Dunn post-hoc tests, the male proportion in partner 
grooming is significantly higher in Symphalangus than in both Nomascus (P < 0.001) 
and Hylobates (P < 0.005), whereas no differences were found between Hylobates and 
Nomascus (P > 0.05).

4. Discussion

Monogamy is common among birds [95], but established in only about 3–9% of 
all mammals and about 15–29% of all primate species [45, 48, 96]. Among hominoid 
apes, only gibbons typically live in social monogamy (in the sense of [46]).

Various hypotheses explaining the proximate and ultimate mechanisms, which led 
to the evolution of social monogamy among gibbons are under debate [48, 97–99]. 
In these discussions, monogamy among gibbons is usually treated as, and implicitly 
assumed to be, a comparable, uniform entity. Cowlishaw [100], for instance, assumes 
that the pair bond is created by the different resource interests of the partners. The 
female is interested in the territory and the food resources in it, whereas the male is 
interested in the female partner.

Although several reports suggested that gibbon taxa might exhibit subtle distinc-
tions in their group coherence or group composition (see Introduction), quantitative 
data for representative numbers of pairs have been lacking. It is generally assumed 
that pair bonds in all gibbon taxa are built up and maintained in the same way, and 
that males are mainly responsible for maintaining the pair bonds [3, 52].

As will be discussed below, this study provides evidence to the contrary. We com-
pared indicators of pair bond strength and sex-specific pair bond investment between 
7 pairs of crested gibbons, 9 pairs of pileated gibbons, and 11–17 pairs of siamangs 
(depending on the variable in question).

4.1 Pair bond strength

We determined three variables to compare pair bond strength between siamangs 
and crested gibbons (synchronization of behavioral variables, relative partner-distance, 
and allogrooming).

1. Synchronization of behavioral variables: The overall degree of behavioral syn-
chronization does not differ significantly among the genera, suggesting that they 
do not differ in the strength of the pair bond as expressed by behavioral synchro-
nization.

2. Relative partner-distance: The three gibbon taxa did not differ in the time spent 
in any of the four partner distance classes, except that siamang pairs spent less 
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time in the largest distance class 4 (>3 m) than pileated gibbon (H. pileatus) 
pairs, suggesting that pair bond strength in siamangs may be more pronounced 
than in pileated gibbons. Similarly, Palombit [22] found that siamang pairs spent 
significantly more time in close proximity to one another than white-handed 
gibbons (H. lar). However, we found no significant differences in the other dis-
tance classes or in the mean relative distance between pair partners.

3. Allogrooming: The three gibbon taxa did not differ in the number of grooming 
sessions/hour (average male and female), the proportion of time spent groom-
ing, and the average duration of grooming sessions. As a result, siamang pairs, 
crested gibbon pairs and pileated gibbon pairs are involved in similar numbers of 
grooming sessions and spend similar amounts of time grooming.

In summary, pileated gibbons appear to spend more time apart by the largest 
distance class than siamangs. Based on this variable alone, their pair bond may be 
weaker than that of siamangs. No consistent differences in pair bond strength were 
found between siamangs and crested gibbons or between crested gibbons and pile-
ated gibbons.

4.2 Pair bond maintenance

We examined which sex invests more in the pair bond by measuring the amount 
of grooming directed at the respective partner. For simplicity, we indicate the male 
proportion only; the female partner’s proportion is its complement to 100%.

Our results show that in pileated and crested gibbon pairs partner-directed groom-
ing is mostly provided by females, whereas males are the main groomers in siamang 
pairs. This result is further supported by additional data we collected from the litera-
ture. In most siamang pairs, males are the main groomers. Furthermore, male propor-
tion in grooming session duration and time spent grooming are higher in siamangs than 
in pileated gibbons, whereas the male proportions in the numbers of grooming sessions 
per hour do not differ between siamangs and pileated gibbons. Siamang males groom 
their partners more often than crested gibbon males do, but time spent grooming and 
male proportion in duration of grooming do not differ between siamangs and crested 
gibbons. Our pairwise comparison revealed statistically significant differences for 
Symphalangus/Nomascus, but not for Symphalangus/Hylobates or Hylobates/Nomascus.

These results suggest that each genus differs in the mechanism of how pair 
bonds are created or maintained. Especially siamangs differ compared to pileated 
and crested gibbons: male-driven in the former, female-driven in the latter two. 
Obviously, the pair bond in gibbons does not appear to be a uniform entity. Date com-
piled in Table 3 also suggest that field and zoo observations are consistent (except 
that only one wild pair exhibits a “Class 1” male grooming proportion of 0–33%).

Our results support vocal and molecular studies suggesting that gibbons are a 
much less homogenous group than generally assumed [39, 101, 102]. It is becoming 
more and more obvious that including one gibbon taxon into comparative studies in 
order to represent “the gibbon” is not useful practice anymore.

In our overall sample of dwarf gibbon pairs (Hylobates, N = 26) as well as in the 
subset of H. pileatus-pairs (N = 11), females provided more partner-grooming than 
males in most pairs. In H. lar-pairs (N = 11), on the other hand, the amount of groom-
ing provided by males and females was very variable (Table 3) and the reason for this 
variability in this sample is not clear.
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Kleiman [45] proposed that males should be the more active groomers in monoga-
mous primates because their dominance situation is reversed as compared to primates 
with polygynous social organizations. Simple dominance relationships, however, do 
not seem the only variables influencing partner-directed allogrooming in gibbons.

If partner-directed allogrooming reflects the investment into a pair bond 
[62, 63], then our results document that the readiness to invest differs among pairs. 
In most (but not necessarily all) pairs, both partners appeared to be interested in 
maintaining the pair pond, and both partners provided at least some allogrooming. 
In addition to individual differences, the interest in a pair partner may vary with 
time. Probably, the benefit of a pair bond is related to the reproductive potential of 
a partner. Observations on wild H. lar and H. moloch suggest that the reproductive 
status of females may play an important role [13, 103, 104]. Males may have a higher 
interest to invest into the pair bond with females when they are receptive, in order to 
guard them more efficiently, copulate more frequently and improve the probability 
of their paternity. If partner-directed grooming is part of a mate-guarding strategy 
with fluctuating relevance to the groomer, it becomes clear why data of relatively 
large numbers of pairs need to be compared in order to discover species-specific 
differences.

How do our findings compare to the predictions of the three hypotheses for the 
evolution of pair bonds presented in the Introduction?

1. The ‘male-services hypothesis’ predicts that a female will invest substantially 
in a social relationship with a male willing to assume the costs of territorial or 
antipredator defense, infant care or protection from infanticidal males. This 
should result in females investing more than males in maintaining the pair bond. 
This prediction is met by our samples of crested gibbons (N = 22 pairs, Table 3), 
pileated gibbons (N = 11 pairs) and the combined sample of all dwarf gibbons 
(N = 26 pairs). In all three samples, females were the main groomers in most 
pairs.

2. The ‘mate-defense hypothesis’ predicts that bonding with a female is beneficial 
for a male when either the spatial distribution of females or the temporal 
distribution of fertile periods makes it difficult for the males to defend access to 
more than one female at a time. This should result in males investing more than 
females in maintaining the pair bond. This prediction is met by our sample of 
siamangs (N = 28 pairs), where males were the main groomers in most pairs.

3. The ‘resource-defense hypothesis’ predicts that both a male and a female benefit 
from pair bonding to defend resources together. This should result in a male and 
a female being equally interested in maintaining proximity and affiliation with a 
pair mate and defending their territory. None of the gibbon samples of this study 
appears to meet this prediction.

Only very limited information on the direction of partner-grooming is available 
for the fourth of the gibbon genera, the hoolocks (genus Hoolock). Ahsan [105], 
who studied three groups of the western hoolock gibbon (H. hoolock) at two sites in 
Bangladesh, reported that grooming was most frequent between adult pairs and that 
it was “mostly performed by the adult male”. Unfortunately, the author did not pub-
lish the quantitative data in support of his statement. Sankaran [94] observed three 
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groups of the same species in the Gibbon Wildlife Sanctuary in Assam. However, none 
of his males provided more than 50% of the partner-grooming (Table 3). Apparently, 
the results of the two studies differ, but the overall sample size is too small to assess 
the directionality of partner grooming in hoolock gibbons with any reliability.

It has also been reported that allogrooming between pair mates is virtually non-
existent in wild Hylobates agilis [21] and H. klossii [106], in contrast to the situation in 
wild H. lar and siamangs [10, 13, 19, 103]. This suggests that the range of variation in 
gibbon pair bonds may be larger than what we covered in our study. Several species of 
dwarf gibbons (Hylobates) are hardly represented or not represented at all in our data, 
including H. agilis and H. klossii.

Within crested gibbons (Nomascus), most of our data are from one species, N. 
leucogenys (N = 14 pairs), whereas few pairs of other light-cheeked species and only 
one male of a black-cheeked species (N. concolor in a mixed pair) are available.

5. Conclusions

1. A comparison of pair bond strength in three gibbon taxa – siamangs (Symphal-
angus), crested gibbons (Nomascus) and pileated gibbons (Hylobates pileatus) 
revealed a difference in relative partner distances between siamangs and pileated 
gibbons, suggesting that siamangs may have a stronger pair bond than pile-
ated gibbons. No difference between the three taxa was found in other variables 
believed to indicate pair bond strength: degree of behavioral synchronization and 
amounts of grooming (both numbers of events and actual grooming time).

2. This study provides the first statistically significant evidence that the mecha-
nisms of how pair bonds are created or maintained, differ between gibbon taxa. 
As indicated by the amount of partner-directed grooming, siamang males invest 
significantly more into the pair bond than females, whereas the opposite is true 
in crested gibbons, pileated gibbons, and an enlarged sample of dwarf gibbons 
(genus Hylobates). Additional species-specific differences may, however, occur 
within the latter group, with partner-grooming investment being highly variable 
in H. lar.

3. Our results for crested gibbons, pileated gibbons, and a combined sample 
of dwarf gibbons correspond to predictions derived from the ‘male-services 
hypothesis’ for the evolution of pair bonds. According to this hypothesis, a female 
will invest substantially in a social relationship with a male willing to assume 
the costs of territorial or antipredator defense, infant care or protection from 
infanticidal males.

4. In contrast, our results for siamangs correspond to predictions derived from the 
‘mate-defense hypothesis’. According to this hypothesis, bonding with a female 
is beneficial for a male when either the spatial distribution of females or the 
temporal distribution of fertile periods makes it difficult for the males to defend 
access to more than one female at a time.

5. Species-specific analyses are recommended for additional species of the genera 
Hylobates, Nomascus (especially the black-cheeked taxa) and Hoolock.
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