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Preface

For over a century, there has been a recognition that through careful study and observation
of primates, critical insights into human evolution, psyche, and biology continue to be iden-
tified. At the beginning of the twentieth century, Eugene Marias (My Friends the Baboons)
went as far as to imply that for the very existence and perseverance of humanity, we must
learn from our closest related species, that is, primates. Although this is a broad statement,
Marias argued that the fight against deadly diseases, surgical procedures, and understand-
ing of our own self-awareness and psyche have all been made possible by primate research.
He also recognized the importance of observing primates in their natural habitat as their
adaptability to a multitude of ever-changing environments provides unique clues about hu-
man capabilities. Our understanding of primates is an ongoing process with the complexity
and richness of primate life and interactions demonstrating an intraspecific variability that
mirrors interactions, adaptability, and richness of human cultures and societies.

This book contains 10 chapters that address primate phylogeny, natural observations, primate
ecosystem, and mechanisms to minimize the consequences of human activity on natural habi-
tat, sociocognitive abilities, disease pathophysiology, and biomedical research. The first part
of this book examines the phylogeny of primates as an ongoing process that is evolving as
new genetic- and molecular-based investigations, which propels this field. The second part
examines the natural observations of the Philippine tarsier (one of the least studied primates)
and human-primate interactions in Madagascar. These chapters provide a unique insight into
the labor-intensive naturalistic observations in a tropical setting and an innovative effort to
work with local governments and communities to ensure preservation of habitat. The third
part examines the primate sociocognitive abilities by examining neural-temporal units and
information processing in time budget and self-recognition in primates. The fourth section
involves examining the pathophysiology and origin of gibbon ape leukemia and Chagas dis-
ease. These studies highlight the contribution of primate research to the biomedical field as
well as provide a platform to examine and investigate diseases that have the potential to harm
humans. The 30-plus-year history of using macaques to study the pathophysiology of human
immunodeficiency virus (HIV) and the recent discovery of potential neurodevelopmental im-
pairment as a result of both pre- and postnatal Zika infections are a further testament to the
power and continual need for primate research. Finally, the last section of this book examines
species-specific neuroanatomical characteristics of primate brain through the investigation of
the endocannabinoid system and white matter tracks.

Contributions to this volume originate from distinguished faculty from a multitude of coun-
tries including the United States, Denmark, Australia, Canada, Brazil, Czech Republic,
France, Madagascar, and Switzerland. We are grateful for their thoughtful and stimulating
chapters that will be useful for the graduate students, instructors, and researchers as a
springboard for discussion and generation of research questions.
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Chapter 1

Introductory Chapter: Primates - What the Monkey
Brain Tells the Human Brain

Mark W. Burke and Maurice Ptito

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76482

1. Introduction: The Soul of The Ape

The name Eugene Marais has slowly begun to fade to the annals of time; however, we would
be remiss to begin a book about Primates without first discussing the life and work of the
man who helped lay the foundation for naturalistic primate observation. Born in 1871 out-
side of Pretoria in South Africa, he first started out as a journalist who built a reputation for
upsetting politicians to the point where he was indicted for high treason. After his acquittal,
he moved to London where he not only studied law but also had tried his hand at medicine.
During his time in London, the Boer War had begun and Marais left for Central Africa where
he attempted to help his countrymen. Early in the twentieth century, estimated to be around
1903, Marais retreated to Waterberg, a mountainous region in the north Limpopo Province
of South Africa. The farmers who were originally in that area had largely been displaced as a
result of the Boer War and because of this, the chacma baboons (Papio ursinus) had a tempo-
rary reprieve from human interaction. It was this time in Waterberg that Marais spent 3 years
living with, following, and studying the chacma. He became one of the first to study wild
baboons in their natural environment and consequently wrote “My Friends the Baboons”
and his unfinished work “The Soul of the Ape.” For the most part, Marais was an untrained
scientist, except perhaps a brief medical introduction during his time in London, but this
might have led to the strength of his investigation by not having preconceived notions taint-
ing his observations [1].

In these two works, Marais delved into the psyche or as he termed it, the “soul” as he ques-
tioned phyletic (unconscious/instinctual) versus casual (conscious/learned) memory. Through
time, he was able to make observations within a few yards of the chacma troop. However, as
time passed, farmers along with their guns returned, thus finishing the relationship between
Marais and the troop. Although this work remains unfinished, his insights about the psyche
would not be possible without his keen observations of the chacma:

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIN
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“The phyletic history of the primate soul can clearly be traced in the mental evolution of the human
child. The highest primate, man, is born an instinctive animal...as it grows, the new mentality slowly,
by infinite gradations, emerges...it is here that the wonderful transition occurs, a transition which
the phyletic evolution of the soul of the chacma exemplifies. As the new soul, the soul of the individual
memory slowly emerges, the instinctive soul becomes just as slowly submerged.” [1], pp. 102-103

2. Primates and Intoxication

In addition to the psyche, Marais’ observations and perhaps his own personal experiences,
delved into addiction and depression as he stated:

“Euphoric intoxication is of especial interest in this study because of convincing proof that there exists
in the chacma a state of mind similar to that which induces the use of euphoric in man.” [1], p. 117

This is of special interest to our research group as vervet monkeys (Chlorocebus sabeus) will, in
naturalistic settings, voluntarily consume alcohol [2, 3]. In fact, the St. Kitts vervet will drink
beverage alcohol in both the laboratory and natural settings, with 15% voluntarily consuming
over 5 g of ethanol/kg/day [2]. The range of alcohol consumption in this population is similar
to that seen in the human population that varies from abstinence to those that chose to drink
to the point of comatose with perhaps the largest population being somewhere in the middle.
The consumption of alcohol has its roots in our evolutionary frugivorous history. The pres-
ence of ethanol in fruits coincides with ripeness and sugar content and with a potentially
higher caloric content. As a result, it would have been advantageous to consume ripe fruit that
has started to ferment [4]. Voluntary alcohol intake has been noted in different species includ-
ing birds, baboons, elephants, and the aforementioned vervets [1, 4-6]. It has been hypoth-
esized that the excessive consumption of alcohol is due to an advantageous ancestral trait
that has become disadvantageous due to the abundant access of nutrition [4, 7]. This adaptive
mechanism has been suggested to be related to “exploratory appetitive behavior” involving
neurogenic as opposed to the neurological effects of ethanol [7]. The neurological effects of
ethanol (sedative, tolerance, anxiolytics, and dependence) are important factors in the devel-
opment and sustenance of alcohol abuse; it remains a complex disorder [2], as Marais would
attribute this to both phyletic and casual memory of the species. Although the etiology of
alcoholism is unknown in humans, the likelihood of alcoholism in nonhuman primates shar-
ing some aspects of the same etiology is great. In fact, Marais recognized the overlap of the
psyche between human and nonhuman primates a 100 years ago, stating:

“...the conclusion that the chacma suffers from the same attribute of pain which is such an important
ingredient of human mentality, and that the condition is due to the same cause.” [1], p. 139

With the voluntary and naturalistic drinking pattern exhibited by vervets, we are able to
address vulnerability factors, both genetic and neurochemical, leading to alcohol use and
misuse [2]. We have been able to now further take advantage of the drinking patterns to exam-
ine the short-and long-term effects of prenatal ethanol exposure on the developing brain in a
systematic manner which cannot be done in a clinical setting [3, 8-10].
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3. Validity of Model Systems

Given similarities such as neuroanatomy, physiology, immune, development, behavior, and
anatomy and those outlined by Marais [1], between human and nonhuman primates, it might
be tempting to restrict models of human conditions to monkeys. However, from both a practi-
cal and an ethical point of view, it is appropriate to use lower mammals to test initial hypoth-
esis, while reserving the study of nonhuman primates to final confirmations of hypothesis
already well piloted in lower mammals and to situations in which other model systems do not
provide an adequate degree of complexity. Furthermore, the validity of any animal model,
including nonhuman primates, depends on the question being asked. To evaluate animal
model validity, five criteria consisting of homological (assess species and strain), pathogenic
(disease process similarities), mechanistic (assess proposed mechanisms of action as it relates
to the human condition), face (similarity of observable disease features), and predictive (ability
of model to make predictions on therapeutic interventions) validity should be examined as it
relates to the research question [11-13].

For instance, applying the test of validity to our longitudinal assessment of the functional
reorganization and adaptive neuroplastic responses following early life hemispherecto-
mies provides a demonstration of the strength of nonhuman primate model systems. The
premise of developing this model was due in part to the remarkable recovery of patients
following the cerebral hemicorticectomy surgical procedure as a treatment for intractable
epilepsy [14-16]. The degree of recovery in the clinical setting depends on the age of inter-
vention and the targeted sensory and motor system [15-17]. Following surgical interven-
tion, there appears to be a rapid recovery of sensory and motor systems, which may be a
result of a preexisting functional reorganization due to the dysfunctional hemisphere [18,
19]. The purpose of our nonhuman primate model is to model the functional recovery by
identifying the resultant reorganization and behavioral recovery following infant and adult
hemispherectomy [20].

Infant (aged about 9 weeks) and adult (about 48 months of age) vervets underwent a surgical
procedure to remove the left cerebral hemisphere (Figure 1) and allowed to recover in enriched
environments at the Behavioral Sciences Foundation, St. Kitts. Behavioral assessments were
conducted on a 6-month basis. All surgical and behavioral protocols were approved by the
Animal Care and Use Committee at University of Montreal.

Sensory assessments consisted of visual (perimetry, palpebral reflex, and visual pursuit),
thermal, and nocioceptive tasks, while motor observations were conducted via open field
and horizontal bar crossing (as reviewed in Burke et al. [20]). Infant hemispherectomized
monkeys displayed residual vision in the “blind” hemifield up to 45°, but adult subjects were
unable to detect visual stimuli. Normal-sighted monkeys had a visual perimetry up to 90°
in both hemifields. For both the infant- and adult-lesioned subjects lacked visual palpebral
reflex and visual pursuit in the contralateral visual field. Infant-lesioned subjects retained
nocioceptive and innocuous sensation capabilities on the contralateral side. In the open field,
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Figure 1. Hemispherectomized brain: image here shows the removal of the left hemisphere (adapted from Burke
et al. [20]).

we observed normal ipsilateral upper and lower limb and contralateral lower limb gait.
Upper limb on the contralateral side remained paretic in infant-lesioned subjects. This is in
contrast to adult-lesioned subjects where both upper and lower limbs were paretic. Within
the first 2 years after surgery, infants displayed difficulty traversing the horizontal bar, after
which the infant-lesioned subjects were able to cross by walking upright, but like the open-
field observations, subjects did not attempt to use the upper contralateral limb (Figure 2).
Subjects also displayed ipsiversive and circling behaviors, possibly due to contralateral
hemianopia [20].

Given the neurodevelopmental and homologous brain areas, the nonhuman primate offers a
high degree of homological validity for the study of human development (3, 8, 9, 11, 20-24].
Pathogenic validity, which addresses the disease process, in this case, depends on the ques-
tion. If, for instance, the question in this case were to model reorganization following hemi-
spherectomy as a result of intractable epilepsy, then the model would have to also show a
similar pathogenic process. However, this model is aimed at identifying the ability of the
brain to functionally remodel during early development in a manner that cannot be fully elu-
cidated in the human epileptic condition considering the potential for preexisting reorganiza-
tion [20]. Several lines of evidence from our study demonstrate both mechanistic (addressing
mechanism of action) and face (similarities of observable features) validity for neural remodel-
ing manifested through behavior as well as histological alterations. The residual vision and
pervasive ipsilateral turning seen in our subjects is reminiscent of hemianopia seen in hemi-
spherectomized patients in which a subset has residual responses to visual stimuli on the
hemianopic field, known as Type I blindsight (implicit) or Type II blindsight (explicit) [17].
The ipsilateral turning corresponds to the visual preference reported in the clinical popula-
tion [25]. Anatomically, our subjects have a significant degeneration of foveal retinal ganglion
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Figure 2. Behavioral analysis: The perimetry test (top image) depicts residual vision. Subjects were able to detect visual
stimuli at 45° in the blind field at a 16% success rate (contralateral hemifield) with no responses elicited beyond 45°.
Panels A and B depict the open-field test where normal gait was significantly affected by surgery. The contralateral
upper limb in the infant-lesioned subjects displayed paresis; however, the lower limb showed little residual paresis. In
the adult-lesioned subject, however, both upper and lower limbs showed significant paresis. Panel C shows a subject
1-year post surgery unable to cross the horizontal bar in an upright position, whereas in panel D at 2-year post surgery,
the subject is able to cross in an upright position. Furthermore, in panel C, the young monkey is unable to grasp the bar
with the upper limb and would glide the arm along the bar while attempting to grasp the bar. By 2-3 years’ post surgery,
the subject is able to have more successful latches per attempt, but for most of the trials, the subjects did not attempt
to latch on with the upper limb. Graphical data are shown at a 3-year post-surgical time points for all groups (adapted
from Burke et al. [20]).

cells but remain intact in the peripheral retina [26]. The ipsilateral lateral geniculate also suf-
fers massive neural degeneration; however, it too retains neurons and appropriately placed
projections from the retina despite significant volume loss [27, 28]. Likewise, human hemi-
spherectomy patients regain strength in lower limbs but display significant weakness in the
contralateral upper limb [19, 29]. Residual contralateral tactile sensation remains intact and
activates the ipsilateral somatosensory cortices [30, 31]. Histological data from our monkeys
suggest that the dorsal column nuclei (cuneate and gracilis subdivisions) are unaffected,
providing an anatomical substrate for an intact ipsilateral, non-decussating pathway. The
residual vision and more complete motor recovery in infant, but not adult-lesioned, subjects
further supports clinical data of a profound functional reorganization of neural circuitry
underlying the behavioral observations [20].
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Predictive validity (ability to make predictions) typically examines pharmacological inter-
ventions. However, here, we propose a functional model for neuroanatomical reorganization
in multiple systems. Clinical functional magnetic resonance imaging (fMRI) data suggest
ipsilateral sensory and motor pathways [30-32] potentially through the corticospinal and
medial lemniscus tracts [33-35]. Our model supports several lines of evidence from the visual
pathway that allow us to propose a neuroanatomical substrate for residual vision (Figure 3),

Left Eye Right Eye

Uncrossed Axon
Crossed Axon

Lateral
. Geniculate
Nucleus

'

Su perior
Colliculus

Via Pulvinar

Figure 3. Hemianopia pathway: we have previously proposed an anatomical pathway for visual field recovery depicted
here. Briefly, the residual left temporal retinal ganglia cells send their projections to the appropriate lateral geniculate
nucleus, the function of which is not entirely clear. The retinofugal projections to the left superior colliculus remain intact
with information potentially traversing to the right side through the intertectal commissure (IC), then processed through
the pulvinar, and finally to the right visual cortex. The left pulvinar is severely atrophied and is unlikely to account for
residual vision seen in our subjects (figure is adapted from Burke et al. [20]).
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thereby supporting the predictive validity of this model. The surviving peripheral retinal
ganglion cells provide the first line of residual visual capacity, but given the extent of
volume and neuronal loss in the ipsilateral lateral geniculate nucleus, it is doubtful that
this thalamic nucleus alone could explain vision in the blind field. The superior colliculus
retains functional capacity, as revealed by cytochrome oxidase activity and relative spar-
ing of the neuronal population [36], as well as the neuronal population in the ipsilateral
substantia nigra in these monkeys. The lateral substantia nigra comprises the nigrotectal
pathway, which is an important mediator of saccadic eye movements. Therefore, we have
proposed that the peripheral retinal ganglion cells project to the left superior colliculus
from which the information is then transferred to the right superior colliculus via the inter-
tectal commissure to the right pulvinar and finally to the right extrastriate cortex [20, 28].
Diffusion tensor imaging (DTI) has also suggested such a retinofugal projection to the ipsi-
lateral superior colliculus as the potential substrate for unconscious vision or blindsight in
hemispherectomized patients [17, 37].

Histological data from this model, as well as that from clinical studies, suggest that residual
subcortical and brain stem areas play a significant role in functional remodeling following
early-life hemispherectomy. The culmination of over 20 plus-year experience with this model
has shed new light on the ability of the infant brain to reorganize [20]. The application of valid-
ity criteria further shows the significant contribution to the understanding of human conditions
by studying nonhuman primates. We have also applied these criteria to a nonhuman primate
model of pediatric HIV infection [11]. There are relatively few pediatric simian immunodefi-
ciency virus (SIV) models, but the ones that are available show strengths in each of the five
validity criteria and provide a platform in which to test therapeutic interventions that are aimed
at reducing HIV neurological dysfunction that is prevalent in the pediatric population [11, 38].

4. Conclusions

In this book, we present a series of chapters dedicated to the study of primates that range
from phyletic organization, to observational and conservational efforts, to using nonhuman
primates, to understand our own human condition. In their natural habitat, the interaction
between humans and nonhuman primates may be contentious as monkeys may be seen as
agricultural pests [1, 2, 39], something that we could only speculate Marais would argue
against. Whether or not we are cognizant of his work, Marais [1] helped lay the foundation
for multiple lines of research for the better understanding of our own human psyche, empha-
sized the need to protect and observe primates in their habitat so that we may better under-
stand our own “soul.”
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Abstract

The order Primates, to which humans belong, is one of the best-known mammalian
orders, but there is still much to be learned about its phylogeny and taxonomy. It is clear
by now that there are two suborders, Strepsirrhini and Haplorrhini, but beyond that
there is still a lot of controversy and misunderstanding including how to operationalise
the evolutionary species. The example of the Old World Monkey tribe Cercopithecini is
treated in some detail.

Keywords: primates, taxonomy, phylogeny

1. Introduction

The order Primates, constituting one of about 20 orders of placental mammals, is most closely
related to the orders Scandentia (treeshrews) and Dermoptera (colugos). The order consists
of lemurs, lorises, bushbabies, tarsiers, New World monkeys, Old World monkeys, apes and
humans.

It is hard to diagnose the order Primates, because evolution is an ongoing process, and those
features which characterised the ancestors of any group of organisms may well have changed
in their descendants; as the order Primates originated some 65 million years ago, there has
been ample time for change. This was pointed out in detail by Szalay et al. [1], who suggested
a number of conditions that probably constituted the Primate morphotype (i.e., the ancestral
state of primates); if we select just those features which are diagnostic of modern primates,
we can list the following;:

1. Auditory bulla formed by the petrosal (in other mammals with an ossified auditory bulla,
the bulla is formed from the alisphenoid, or from the tympanic, or from one or more of a
group of special bones, the entotympanic complex).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [(cc) ExgIEN



12

Primates

2. The underside of the ends of the digits has a specialised nerve ending, Meissner’s corpus-
cles (this is convergent on some of the arboreal marsupials).

3. Hallux is divergent from other toes, and is supplied with a flat nail instead of claws (this,
obviously, is modified in humans). This results in a grasping foot, and is, again, convergent
on some arboreal marsupials. In some primates, the hand has specialised grasping abilities
as well, and in most but not all primates all the digits, not just the hallux, have flat nails.

4. Penis hangs free from the body wall (this is convergent on the order Chiroptera, the bats;
in other mammals, it is enclosed within a prepuce).

We, when thinking about primates, automatically tend to think of convergent and frontated
orbits, and of binocular vision, but these are in fact fairly widespread among other mammals,
both in placentals and marsupials.

It is much easier to define the subgroups of Primates, as follows:

1.1. Suborder Strepsirrhini

They are characterised by the possession of a rhinarium (moist nasal tip, continuous, via a
split upper lip, with the gums); by having a tapetum lucidum (reflective layer) behind the
retina in the eye; and by having an epitheliochorial placenta (maternal and foetal vascular
systems well separated, and the embryo/foetus is nourished largely by uterine glands). They
are the lemurs, lorises and galagos (bushbabies).

1.2. Suborder Haplorrhini

They lack a rhinarium; they lack a tapetum, but have a fovea and macula in the retina; they
have a haemochorial placenta (embryonic/foetal tissue invades the maternal bloodstream).
They are the tarsiers, monkeys, apes and humans.

It is not easy to say which of these diagnostic features may be derived, and which of them may
be primitive. Almost certainly, the possession of a rhinarium is a primitive retention, but there
are arguments for each of the others being evolutionarily derived features.

The two suborders separated well back in the Cenozoic, probably in the Palaeocene, although
some estimates place their split even as far back as the Middle Cretaceous (see [2]). The point
to emphasise is that they are clades—that is to say, each is monophyletic. Monophyly (descent
from an exclusive common ancestor) is the essential basis for systematics above the species
level. Some older Primate classifications, widely adopted up until the 1980s and still some-
times seen in textbooks even as late as the early 2000’s, were recognised, as the two suborders,
Prosimii (strepsirrhines plus tarsiers) and Anthropoidea (monkeys, apes and humans); but
this tells us nothing about relationships, which is what systematics is all about, as the group
called Prosimii is defined by nothing except retention of some primitive characters (mostly,
relatively small brains).
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2. The Strepsirrhini

The Strepsirrhini are the lemurs, lorises and galagos. They divide into two monophyletic
clades, which, conveniently, are geographically separated: one in Madagascar, one in main-
land Africa and tropical Asia. These separated from each other in the Palaeocene or Eocene
(the TTOL calculates a median time of separation at 58.5MA). Many classifications place the
Malagasy lemurs into one infraorder, Lemuriformes, and the non-Malagasy lorises and gala-
gos into another, Lorisiformes; but the evidence indicates that the Malagasy group divided
again very early on, one of the clades containing just a single living species, the aye-aye,
Daubentonia madagascariensis, the other containing all the other Madagascar lemurs. The TTOL
gives a median separation time of 54 MA, which is very close to the time of separation of the
Malagasy group as a whole from the Lorisiformes, and so much earlier than the other groups
of Malagasy lemurs started to diversify (see below) that the aye-aye is now generally removed
from the Lemuriformes and placed in a third infraorder, Chiromyiformes. Thus, we split the
Strepsirrhini into three infraorders: Lorisiformes, Lemuriformes and Chiromyiformes.

There is, in fact, some suggestion that Daubentonia may be the sister-group of the Late Eocene
genus Plesiopithecus, which would imply that the Lemuriformes and Chiromyiformes dis-
persed separately to Madagascar from the African mainland [3]. This would actually make a
great deal of sense, because the Lemuriformes started to separate into families in Madagascar
around the Middle-Late Oligocene, at the same time as the families of the other endemic
Malagasy mammals (euplerid carnivores, tenrecs and nesomyine rodents), which might sug-
gest that they had all arrived together in a new, mammal-free island and began to diversify
into vacant niches.

The families of Lemuriformes are Lemuridae, Cheirogaleidae, Indriidae and Lepilemuridae
(Figure 1).

Figure 1. Giant Bamboo Lemur, Prolemur simus.
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Figure 2. Bengal Slow Loris, Nycticebus bengalensis.

There is only one family in the Chiromyiformes: Daubentoniidae. Within the Lorisiformes,
division into two families, Lorisidae and Galagidae, is usual; but the two African genera
ascribed to Lorisidae (Perodicticus and Arctocebus), stubbornly refuse to align with the two
Asian genera (Loris and Nycticebus) (Figure 2) in most molecular studies [3], and there is
probably a case for recognising them as a separate family, Perodicticidae, implying that they
acquired their ‘slow climbing’ adaptations quite independently of each other.

3. The Haplorrhini

The Haplorrhini, like the Strepsirrhini, divide into two clades, classified as infraorders:
Tarsiiformes and Simiiformes. The latter infraorder is more usually called Anthropoidea, a
term which has in the past been used confusingly, so is better avoided (whereas, there are
rules for the nomenclature of species, genera and families, there are none for taxonomic ranks
above the family-group level).

It was the Tarsiiformes which caused all the angst over the Primate suborder question in the
latter half of the twentieth century. From the point of view of that most solipsistic of primates,
Homo sapiens, the Tarsiiformes are irredeemably primitive because they have small brains—
hence, so the argument went, they should be bundled into the Prosimii along with those
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other small brained primates, the lemurs, lorises and galagos. A taxonomic philosophy that
emphasises relatedness, however, puts them into the Haplorrhini, because there is absolutely
no doubt that they share derived conditions with monkeys and apes. Molecular phylogenies
amply confirm that this is where they truly belong [4, 5].

There is only a single family, Tarsiidae, of Tarsiiformes, but this divides into three genera [6].
So far, only the genus Tarsius (the Eastern Tarsiers, from Sulawesi and offshore islands) has
been studied taxonomically, and there turn out to be quite a large number of species; the other
two genera, Cephalopachus (Western Tarsiers, from Borneo, Sumatra and intermediate islands)
and Carlito (Philippine Tarsiers), are assigned a single species each, but this is only because
there have been no detailed taxonomic surveys of them (Figure 3).

The Simiiformes again divide into two clades, Platyrrhini and Catarrhini, alternatively clas-
sified as parvorders or, sometimes, left unranked (there is much dissension about unranked

Figure 3. Maros tarsier, Tarsius fuscus.
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taxonomic systems; in the opinion of most taxonomists, ranks are useful, especially if tied to
some time-depth scheme). The Catarrhini are distinguished in particular by the reduction of
the premolars in both jaws from three to two, and the ‘deflation” of the auditory bulla, with
the tympanic ring extended into a tube. The Platyrrhini retain the primitive three premolars,
inflated bulla and ring-like tympanic, and it has proved difficult to find any derived char-
acter states which they share, although molecular research confirms their monophyly; most
recently, however, it has been shown that contact between parietal and zygomatic (malar)
bones is a truly derived platyrrhine condition [7].

The Platyrrhini are the New World monkeys; all of them occur in South America, some of
them extending north into Central America, even as far as southern Mexico. There are three
families of Platyrrhini: Cebidae (including the marmosets and tamarins, at one time assigned
to their own family), Atelidae and Pitheciidae (Figures 4-6).

The Catarrhini all live in the Old World. There are three families of Catarrhini: Cercopithecidae,
belonging to the superfamily Cercopithecoidea (the Old World monkeys) (Figure 7), and the
Hylobatidae (gibbons, of Southeast Asia) (Figure 8) and Hominidae (great apes and humans)
(Figures 9 and 10), these latter two belonging to the superfamily Hominoidea. Molecular cal-
culations of the separation time of the two families of Hominoidea tend to fall in the late
Early Miocene, well below the criterion laid down by Goodman et al. [8] and Groves [9], that
families should have separated around the Oligocene-Miocene boundary, and it is probable
that the two hominoid families should be reduced to a subfamily rank within a single family,
as indeed proposed by Goodman et al. [8].

Figure 4. Colombian night monkey, Aotus griseimembra, a member of the Cebidae.
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Figure 6. Northern red howler monkey, Alouatta seniculus, a member of the Atelidae.
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Figure 7. A female olive baboon, Papio anubis, from Kenya (a member of the Cercopithecidae), filling her cheek pouches
with food.

Figure 8. Kloss gibbon, Hylobates klossii.
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Figure 10. Western Gorilla, Gorilla gorilla.
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4. The species of primates

There are many more species of lemurs that had previously been appreciated [10], and the
list is still growing. Similarly, the number of species in some platyrrhine genera is growing
(see, for example, [11]), and there are many more species of Asian primates than had previ-
ously been recognised [12]. This is much more that simply recognising supposedly ‘trivial’
differences as diagnostic of species: where we have knowledge of them, all the species have
ecological and/or physiological significance. This brings us to ask the important question:
what actually is a species?

There has been a lot of discussion about ‘the species question’ over the past 20-30 years, and
several surveys have converged on the essence of what we mean by species: they are evolution-
ary lineages [9, 13, 14]. Species thus have a real existence. This settles the ontological status of the
species concept, but it does not necessarily solve the question of how to recognise them; the most
logical way of defining species operationally is by the so-called Phylogenetic Species Concept:
‘A species is the smallest population or aggregation of populations which has fixed heritable
differences from other such populations or aggregations’ [15]. This definition has three strands:

1. Species are populations (or aggregations of populations). They are not, for example, seg-
ments of populations. This can generally be observed in the field, though in the museum
or on the laboratory bench it must be inferred.

2. The differences are heritable. They may thus be differences observable in the genome; or
they may be differences in morphological characters or in behavioural characters, in which
case a heritable (genetic) basis is only inferential, although such a basis tends to be very
strongly implied.

3. The differences are fixed. This is a geneticists’ term meaning that one allele, or even just
one base-pair, occurs in 100% of one population, but in 0% of another. That is to say, the
two populations are absolutely (diagnosably) different.

Many people have found difficulty coming to terms with the evolutionary species itself, let
alone with the phylogenetic/diagnosability species criterion, feeling that a species is not a
‘real” species unless, for example, it does not or cannot interbreed with other species (the
notion which some of us were brought up with, and which unfortunately is still taught in
many schools, even in university courses). The work of Christian Roos and his colleagues
has shown that, in fact, there has been very widespread interbreeding and gene exchange
between different species during their evolution (see, for example, [16]).

5. The case of the Cercopithecini

The strepsirrhines, the tarsiers and the platyrrhines have been subjected to critical taxonomic
revision over the past 15 years or so. What of the catarrhines?
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The Asian catarrhines (gibbons, the orangutan, colobines and the genus Macaca) have in
most cases been carefully examined taxonomically, and work on them continues [12]. The
macaques and langurs, especially, both need further attention. New species of macaques have
been described, and the question of the gene flow between the long-tailed macaque Macaca
fascicularis and the rhesus macaque Macaca mulatta, where their ranges meet (in mainland
Southeast Asia) is an ongoing focus of research.

This leaves the African catarrhines, particularly the Old World Monkeys (superfamily
Cercopithecoidea, family Cercopithecidae). The Cercopithecidae are divided into two subfam-
ilies. The African members of the subfamily Colobinae (the leaf eating monkeys) need further
attention, both genetically and morphologically. Within the other subfamily, Cercopithecinae
(omnivorous monkeys with cheek pouches), the taxonomy of the baboons (Papio), of the tribe
Papionini, is receiving continual attention and has already yielded unexpected insights [17].
The related genera Cercocebus, Lophocebus, Rungwecebus, Theropithecus and Mandrillus (mang-
abeys, geladas and mandrills) remain to be investigated in depth. But, the outstanding case
of a group that requires attention is the genus Cercopithecus and its relatives, which together
form the tribe Cercopithecini.

Traditionally, the Cercopithecini have been divided into four genera, Cercopithecus (the
rain forest living guenons and their relatives), Erythrocebus (the patas monkey), Miopithecus
(the talapoin monkey) and Allenopithecus (the swamp monkey); while over the past quar-
ter century, the further separation of Chlorocebus (savanna monkeys, the vervet group) and
Allochrocebus (terrestrial forest monkeys: the former Cercopithecus lhoesti, preussi and solatus)
has been increasingly recognised. This six-genus scheme is adopted in the latest compendium
[18], and we may summarise them as follows:

1. Cercopithecus. These are colourful, mostly rainforest, monkeys. The C. nictitans/mitis
group, the C. mona/campbelli/pogonias/wolfi group and the C. petaurista/cephus/ascanius
group are widespread from West Africa through central Africa into at least Uganda, with
some ‘subspecies’ of the C. mitis group extending into Ethiopia, and even South Africa
(Figures 11-13). C. diana and its sister species C. roloway are confined to West Africa.
C. neglectus is found in central Africa and extends into Kenya and Ethiopia. C. hamlyni
and its sister species C. lomamiensis are confined to the east of the Democratic Republic of
Congo. The enigmatic C. dryas is found in small areas in the DRC.

2. Allochrocebus. These are terrestrial rain forest monkeys. There are three species: A. lhoesti
from the eastern DRC, A. preussi from Cameroon and A. solatus from south-eastern Gabon.

3. Chlorocebus. Several Savanna woodland species, including C. sabaeus (the Green monkey
of West Africa), C. aethiops (the Grivet monkey of Ethiopia) and C. pygerythrus (the Vervet
monkey of eastern and southern Africa).

4. Erythrocebus. The Patas monkey of the grasslands of mainly West Africa, all belonging to a
single species, E. patas.

5. Miopithecus. Two very small species known as Talapoin monkeys, from West-central Africa
(Cameroon, upon, Congo Republic and Angola). Unlike the previous genera, talapoins
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have periodic sexual swellings in females, a link to the Papionini which also have sexual
swellings.

6. Allenopithecus. The Swamp monkey of the lower Congo River; this also has periodic sexual
swellings, and in other morphological characters it recalls the Papionini.

Until just a few years ago, everybody seems to have settled down with this six-genus
scheme, a few authors suggesting particular links between some of the genera. Groves [19]
noted cranial characters shared between Chlorocebus and Erythrocebus, suggesting that
these two genera form a clade: their similarities could perhaps relate to their general
non-forest adaptations, which might suggest convergence as much as sister-group status.
Within Cercopithecus, sister-group relationship between the C. mona and C. cephus groups
and between C. hamlyni and the C. lhoesti group (the latter now recognised as the genus
Allochrocebus) was postulated by Groves [19], who also drew special attention to the mys-
tery species C. dryas and C. salongo, although it was not recognised at the time that they
are in fact, respectively, the juvenile and adult of one and the same species (interestingly,
the skull of the juvenile type specimen of C. dryas has vervet-like resemblances, whereas
the available adult skulls seem not to). Further complications in the Cercopithecini were
noted by Groves [9].

x [
i

Figure 11. Putty nosed monkey, Cercopithecus nictitans, a member of the C. mitis group.
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Figure 13. Red-tailed monkey, Cercopithecus ascanius.
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Most recently, a remarkable study by Guschanski et al. [20] used museum samples to collect
mtDNA, and incorporated carefully chosen samples from GenBank, including nDNA as well
as mtDNA. This has clarified some relationships, but at the same time added quite unex-
pected complexity to others.

In the phylogeny of Guschanski et al. [20], there are four major ‘speciation event’ time peri-
ods. The initial split within the Cercopithecini is between Miopithecus and the rest, and a sec-
ond split between Allenopithecus and the rest comes very quickly afterwards; both are around
9.5 Ma, and this near-trifurcation constitutes the first speciation event. That these two genera
are the most divergent of the Cercopithecini is certainly not unexpected, although the order
of branching perhaps is.

The second speciation event, between about 6.5 and 7.5 Ma, sees four branches separate, and
these separations are most unexpected:

1. Chlorocebus plus Cercopithecus hamlyni. Within the Chlorocebus cluster, in the third-specia-
tion event, three lineages diverge: Allochrocebus solatus, C. sabaeus, and a clade containing
not only the other species of Chlorocebus, but also Cercopithecus dryas. These relationships
were totally unsuspected, and raise several questions: is C. hamlyni not a member of the ge-
nus Cercopithecus after all? Is the genus Allochrocebus non-monophyletic? Is C. dryas likewise
not a member of the genus Cercopithecus, but is it instead a ‘vervet’ that has recolonised a
rainforest niche, and has it somehow undergone hypermorphosis, in that the juvenile skull
reveals its affinities, whereas adult skulls have changed?

2. A clade consisting of the C. mona, C. neglectus and C. diana groups; in this, C. diana and
C. roloway do not cluster together, but are the first and second to separate within the clade.
Is the C. diana group, therefore, non-monophyletic?

3. Erythrocebus. Patas monkeys are uncontroversial.

4. A C. cephus plus Allochrocebus preussi/lhoesti subclade, and the C. nictitans/mitis group as the
other. This raises further questions about the phylogenetic position and the monophyly of
the genus Allochrocebus.

The third-speciation event sees the major branchings within these groups. There is nothing
surprising about these (given the unexpected composition of some of the major clades), but
we can notice that, within clade 2, C. mona and C. campbelli separate strongly (at or before the
third-speciation event) from the C. pogonias cluster; and, within clade 4, the third-speciation
event splits are C. mitis opisthostictus, C. mitis mitis plus C. nictitans, and the rest of C. mitis, i.e.,
the presumed species C. mitis is non-monophyletic.

But, remarkably, there is some noteworthy discrepancy between the new mtDNA data and
the nDNA. Most notably, C. hamlyni associates with Chlorocebus in mtDNA but is part of
Cercopithecus, although the most distinct branch, in nDNA; and it is the A. [hoesti group which
is associated with Chlorocebus in nDNA. Again, Erythrocebus is associated with Chlorocebus in
nDNA but is nested within Cercopithecus in mtDNA. These discrepancies are noted by the
authors who suggest periods of hybridisation with nuclear swamping as a possible explanation.
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How would this work? An example might be as follows. A population of very early Chlorocebus
(proto-vervets) was invaded by males from a population of proto-Cercopithecus. The invad-
ing males were dominant over the indigenous males, and so mated with all the indigenous
(proto-vervet) females. The male hybrids were again dominated by the proto-Cercopithecus
males, which therefore were able to mate with the female hybrids, generating backcrosses
which were 75:25 in nuclear DNA; in the next generation, it happened again. In the end, we
have a population which in essence is proto-Cercopithecus, but retains the (matrilineally inher-
ited) mtDNA of Chlorocebus, which, over the course of time, developed its own characteristic
features and became Cercopithecus hamlyni (presumably also C. lomamiensis), and so on.

And then there is the taxonomy. If we accept the Miocene/Pliocene boundary as the cut-off point
for genera, then (apart from the uncontroversial Erythrocebus, Miopithecus and Allenopithecus)
there are, according to the mtDNA scenario, at least five genera involved: Chlorocebus (includ-
ing C. solatus and C. dryas), one for C. hamlyni, one for clade 2, and one each for the two sub-
clades of clade 4. In addition, the relationships within clade 2 are so unexpected that more
genera might be involved. But the discrepancies noted by the authors, between nDNA and
mtDNA (noted above), dictates caution before we start to revise the taxonomy wholesale.

6. Where to now?

The old taxonomic certainties with which we have been comfortable for so many years have
been shaken to the core. Species that do not interbreed are somewhat of a rarity. Taxonomy,
at least above the species level, is based severely on monophyly. Inter-relationships between
families, between genera, and between species are often not at all as we thought they were.

Taxonomy is a dynamic science. There is no excuse for a conservative attitude: disagreeable
as it may seem, we have to constantly be prepared for new revelations, overturning the old
certainties.
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Abstract

In this paper, I present the first observations on the ontogeny of tarsier infants during
their first and second months and of the mother-offspring bond from birth until separa-
tion. Tarsier mother-infant pairs were observed to be solitary. Maternal care involved a
cache and carry strategy with the infant spending around 66% parked alone whilst the
mother was foraging. I observed the following behaviour: rest, grooming, suckling, play,
being carried, jumping and climbing. Percentage of time spent in each activity was calcu-
lated. Furthermore, play was observed to include locomotor-, social- and object-directed
behaviours. Acoustic communication between mother and infant was very frequent con-
taining four different signals. During the first days after birth, the mother transported
the infants about, but within a week, the infants started climbing branches on their own.
For the first three weeks, the mothers carried infants orally after which they started to
follow the mother over shorter distances, although for longer distances, up to 50 days
of age, the mothers continued to carry them. The inter-birth interval was around 1 year,
but the infants from the previous birth continued to sleep with the mother for up to
10 months.

Keywords: Philippine tarsier, Tarsius syrichta, ontogeny, behaviour, maternal care, play

1. Introduction

Tarsiers are small nocturnal primates from Southeast Asia, restricted to a few islands in the
Sunda Strait (off Indonesia, Malaysia and Brunei) and on some islands of the Philippines.
Only one of the extant species, Philippine tarsier (Tarsius syrichta), lives in the Philippines.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{cc) ExgIN



30 Primates

Despite a recent increase in studies of tarsiers, they remain the least studied primates. This
is unfortunate given the pivotal phylogenetic position of tarsiers between strepsirrhines and
other haplorrhines [1].

Sociality, mating system and group composition vary among tarsier species. Some species
cluster together in small groups. For example, spectral tarsiers (Tarsius spectrum) exhibit sub-
stantial amount of gregariousness and sleep together in small family groups [2—4]. Similarly,
Dian’s tarsier (Tarsius dianae) has been observed sleeping in small family groups involving
either monogamously or polygynously bonded adults [5]. Finally, Lariang tarsiers (Tarsius
lariang) live in small groups that include multiple individuals sleeping together [6, 7]. In
contrast, western tarsier (Tarsius bancanus) [8] and Philippine tarsier [9-11] sleep and forage
alone.

Apart from relatively well-studied spectral tarsier, little is known about the behaviour of
tarsiers. The small size and cryptic nature of tarsiers make field observations, especially
on the development of behaviour, difficult to obtain. In spectral tarsiers, birth is given to
single offspring seasonally, mostly in April-May [12]. Although the data are more limited, a
similar pattern appears to be present in the Philippine tarsier with births occurring between
April and July [11]. At birth infants can weigh up to one-third of the body weight of mothers
[13]. Being strictly insectivorous (or carnivorous) tarsier mother cannot transport the infant
whilst hunting. Instead of being continually transported, infants are parked on a branch
(or in a nest in the case of spectral tarsier) and left alone whilst the mother is foraging [2,
3]. The mothers return to the infants at regular intervals to feed them. In addition, on some
visits the mothers may transfer them to another parking site. Variations on this kind of
parking strategy also occur in several nocturnal strepsirrhines, such as Galago, Microcebus,
Cheirogaleus, Varecia, Lepilemur, Otolemur, Phaner or Arctocebus, Nycticebus and Perodicticus
(reviewed in [14]).

So far, study of infant and maternal behaviour in free-ranging tarsiers has been limited
to the spectral tarsier [3, 4, 12]. In this species, the infant is parked and left alone for 43%
of the time during the first 3 months. However, spectral tarsiers are a social species living
in family groups, with alloparental care (i.e. allocare) provided by other group members,
especially subadult females, for some of the time when the mother was absent. In contrast,
for the solitary Philippine tarsier, preliminary data indicate that parental care is mainly
provided by mother [11]. Little else is known about maternal behaviour and the develop-
ment of behaviour in the young. For example, play behaviour is an important component
of development in nearly all primate, and many non-primate, species [15, 16]. Yet, apart
from a short note on play behaviour, present as a part of allocare in spectral tarsiers [2,
12] and in captive western tarsiers [17], play behaviour has not been described in detail in
tarsiers.

In this paper, I present the preliminary observations on the ontogeny of Philippine tarsier
infants during the first and second months of the age, as well as on the mother-offspring bond
from birth until separation. Furthermore, I provide the first description of play behaviour in
tarsiers.
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2. Methods

2.1. Study site and animals

The observations on the Philippine tarsier (T. syrichta fraterculus) were conducted on Bohol
Island, Philippines, as a part of a broader study. The landscape occupied by the tarsiers was
composed of karst, narrow ravines and steep stony slopes with numerous cracked rocks cov-
ered by secondary forest. Two mother-infant pairs were observed during April and June 2009
at the Philippine Tarsier Sanctuary in Corella, Bohol, Philippines (9°41’ N, 123°57" E) (eleva-
tion 100-200 m). The first infant (infant I) was born to mother I in a semi-captive enclosure
[18] on 17 April 2009 and observed until 6 June 2009. The second infant (infant II) was born
to a free-ranging radio-collared mother (mother II) on 30 April and was observed until 4 June
2009 when it was predated on by an unknown predator [19]. Additionally more limited obser-
vations were made on several other mother-infant pairs in Bilar, Bohol (9°44' N, 124°06' E)
(elevation 220-380 m). One mother-infant pair (infant III and mother III) was observed on
22 May 2010, after they were rescued from poachers. During afternoon, they were kept in a
cage, and in the evening, they were released in Forest Academic Research Area, limiting my
observations to just the day when they were in the cage. Five additional infants (IV, V, VI, VII
and VIII) were observed to be born to the same mother in a forested area at the Habitat Bohol
Conservation Centre. Infant IV was first spotted on 22 May 2013. As it was being transported
by the mother, I estimated its age to be around three weeks (based on behaviour; see below).
They were irregularly checked until 5 March 2014. On 2 April 2014, the mother was found
sleeping alone, suggesting that they had separated. Infant V was first spotted on 3 May 2014
and although very small was able to climb on its own a little on a branch; I estimated its age
to be about 1 week. This infant was checked until 21 January 2015. Given that the mother was
found alone on 20 March 2015 on the sleeping site, again it seems likely they had separated
by this date. Infant VI was first spotted on 11 May 2015 and was still with the mother until 11
November 2015. The mother was spotted alone on 16 January 2016. Infant VII was first spotted
on 26 April 2016 and was still with until 24 February 2017. Unfortunately, due to the lack of
observers available in the field, period leading up to separation in those two infants was not
sampled regularly. On the 11th of May the female was spotted with a newborn infant VIII and
observed only for four days due to lack ofobservers and publication deadline. Observation
periods are summarized in Table 1.

2.2. Data collection and analyses

We started observing infants I and II in the evening of the day when they were born. Both
infants were observed irregularly during the study period by two observers. The mother-
infant pairs were observed during evenings (starting between 16:45 and 18:00), from when
they woke up and then followed until the infant was parked. Thereafter, the infant was
observed on the parking spot until the mother returned, and then, if possible, the pair was
followed again. Due to the difficult terrain and dense vegetation, it was not possible to locate
the infant on every parking spot either when first deposited or during the night. Due to
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Infant Start of observation End of observation/still sleeping with mother =~ Mother-infant separated
I 14th April 2009 6th June 2009 Unknown

I 30th April 2009 4th June 2009 Predated

I 22nd May 2010 22nd May 2010 Unknown

v 22nd May 2013 5th March 2014 2nd April 2014

A% 3rd May 2014 21st January 2015 20th March 2015

VI 11th May 2015 11th November 2015 16th January 2016

vII 26th April 2016 24th January 2017 Unknown

VIII 11th May 2017 14th May 2017

Table 1. Observation periods of eight infants.

the difficulties in relocating infants later in the night, the results obtained during the study
were biased towards the evening and, therefore, have to be considered as preliminary. The
observed behaviour was recorded continuously using voice recorder. Infant carrying and
play behaviour were photographed and video-recorded using a night vision video camera
(SONY HDR-SR11). Vocalizations were recorded using digital recorders with built-in micro-
phones (Olympus LS-10 and LS-11). In total we obtained 8.9 h of observation over 5 days for
infant I and 65.1 h over 23 days for infant II. The length of focal follows was between 13 min
and 12.3 h (the mean was 2 h 38 min). Infant III was observed during daytime from 10:30 and
then for 1 h (18:30-19:30) in the evening after being released into the wild. The vocalizations
from this infant were analysed. Mother-infant pairs IV, V, VI, VII and VIII were observed
irregularly during the daytime and evening. In these pairs we focused mainly on recording
the period when they were still sleeping, during which they were in contact or in close prox-
imity, patterns of association not previously known for this species.

We recorded behaviour of the infants during individual focal follows [20] and developed a
basic ethogram (see Section 3). We also recorded the distance between mother and infant:
contact (physical contact), proximity (<3 m) and alone (>3 m). For further analyses the data
were pooled together for infants I and II. The relative distances, time period and percentage
time spent in each behaviour were calculated.

3. Results

The day before the mother I gave birth, she stayed very high (above 5 m) on the tree in the semi-
captive enclosure. In contrast, the free-ranging mother II stayed no more than 1 m above the
ground. Indeed, a week before giving birth, she was observed on occasion sleeping on the ground.

The mother-infant pairs were observed to be solitary. On two occasions (one each for each
pair) another individual (most likely a male given its size) came within about 5 m of the
mother-infant pair. The intruding individual was immediately chased away by the mother,
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who was vigorously jumping towards the intruder and emitting several loud calls. Another
similar encounter was observed for mother-offspring pair V. In this case, the intruding tarsier
was observed at the top of the tree, more than 5 m from the mother-infant pair. It could not be
ascertained whether the intruder was an unrelated adult male or the older offspring from the
previous year who remained in the area.

3.1. Infant behaviour and time budgets

Tarsiers woke up shortly after our arrival or were already awake. After waking up the mother
and infant spent some time on the sleeping site before they moved to another spot—where
the infant was parked. During our observations the following behaviours were recorded. The
activities and behaviours listed below are mutually exclusive:

Resting: an infant is awake but unmoving whilst sitting on a branch (Figure 1), a stance that
was evident either shortly after waking up in the evening or during the night.

Grooming: an infant being groomed by the mother (only on two occasions was self-grooming
by the infant recorded).

Suckling: an infant being nursed by the mother (Figure 2).

Play: an infant was considered playing when the movement or the body posture was awk-
ward, exaggerated or incomplete; or the speed, aiming or accuracy of the movements was
relaxed (criteria consistent with the definition of play developed by Burghardt [21]). See
below for more details (Video 1).

Figure 1. A tarsier infant (infant II) resting on a branch in contact with its mother (photo by M. Rehakova).
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Figure 2. A tarsier infant (infant VIII) suckling (photo by M. Rehakova).

Carried: an infant being carried by the mother and transported from one location to another
(Figure 3).

Jumping: an infant jumping from one branch to another.

Climbing: an infant climbing up or down a branch.

Furthermore, we reported if the infant was:
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Figure 3. (a—) A tarsier infant (infant I) being transported in its mother’s mouth and holding slightly by its tail around
the mother’s neck (photo by P. Slavik).
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With mother: mother is in contact or in proximity of the infant.

Parked: an infant is left on a parking spot whilst the mother goes for foraging. Also, when parked
if the infant was visible, we recorded any of the above-listed behaviours that could occur.

And we recorded if the infant was:
In contact: in physical contact with the mother.

In proximity: within 3 m to the mother. Three metres was a maximal distance at which I could
reliably identify an individual in the dense vegetation. Moreover, at this distance it is likely
that the infant and mother were either in visual or acoustic contact.

Alone: more than 3 m from mother, only when the infant was parked.

Based on 74 h during which infants I and II were observed, infants spent 66% of time parked,
and when parked, they were alone 99% of the time. When they were with the mother, infants
spent 59% of the time in physical contact with her.

During the time spent with the mother, the infants spent 45% of time resting, 18% being
groomed, 12% climbing, 7% jumping, 7% carried by the mother, 6% playing and 5% suckling.
When parked the tarsier infants were mainly resting (93% of time), with jumping (5%), climb-
ing (1%) and play (1%) occurring occasionally. The duration of behaviours varied: the mean
duration for carries was 1.3 s (standard deviation (SD) =1.7), 2.6 s (SD = 2.5) for climbing, 2.9 s
(SD =3.3) for play, 3.3 s (SD = 3.3) for grooming, 4.2 s (SD = 8.5) for jumping, 9.1 s (SD =9.3)
for suckling and 18.1 s (SD = 43) for resting.

3.2. Play behaviour

I observed locomotor, social and object play by both infants (I and II) during the study period. The
infants started to perform play behaviour at the age of 2 weeks. Locomotor play involved climbing
up and down on a branch and jumping for short distances back and forth, both when in proximity
of the mother and whilst parked. Object play involved manipulating leaves or branches with hands
or mouth. Social play could involve one-sided actions by the infant or in mutual play fighting. One-
sided play occurred when the mother attempted to groom the infant, and it responded by touching
and mouthing her head, back or tail. In addition, in situations when the mother was not engaged
with the infant but was moving about in which case, the infant also touched and mouthed her
tail and back whilst climbing on her. Mutual play fighting was observed later in the ontogeny. In
infant it was first observed at the age of 50 days. The mother was jumping around the canopy and
apparently waited on landing at each new location for the infant, who was following her. Once the
infant reached her, it grasped her back, and she responded leading to a mutual play fight that lasted
for about 5 s. Mother turned back to the infant; both animals were grabbing each other by hands
and mouthing/biting face to face. Then the mother turned away. Infant grabbed her back, but she
did not respond anymore. Following termination of contact, the mother resumed her locomotion
around the canopy. In infant II play fighting was first observed at the age of 34 days. Over a period
of 6 min, I observed four events of play fight each several seconds long. As in the case with infant
I, these play sessions occurred when the mother and infant were moving from the sleeping site to
anew location and involved mutual grabbing and biting (Video 1).
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3.3. Maternal transportation of infants and the mother-offspring bond

Tarsier locomotion involves climbing and vertical jumping, and during the first days after
birth, the mothers transported the infants. The mothers used their teeth to pick up the infants
by the skin on their backs when transporting them. The mother usually held infant by the skin
on the back but also on the side or even belly in one occasion (which was not comfortable so
the mother then changed the position). The infant did not hold on to the mother baby when
being carried, but on several occasions, an infant was observed to wrap its tail around the
mother’s upper back and neck, which may have provided some additional support (Figure 3).
On other occasions the infant’s tail passively hanged downwards. On completion of the
transportation, the infant was left on a parking spot, and the mother went foraging. Parking
lasted from as little as 4 to as much as 235 min (mean = 112 min, SD = 97.6). On her return,
the mother would feed the infant. She would stay with the infant between 6 and 138 min
(mean = 57.6 min, SD =49.7), then transported and parked it again on a different location. On
average infants were parked 162 cm (range: 30400 cm), and during the study, tarsier infants
were parked throughout the female’s home range.

The infants started climbing branches at the age of one week and began to follow the mother
over shorter distances between the third and fourth weeks (infant I at 18, infant II at 23 days).
The mothers appeared to encourage the infants to follow by emitting chirping vocalization [22].
For longer distances (several metres) infants were still transported by the mother. By the age
of 50 days, when observations ceased on infant I, it was no longer being carried by the mother.
Observations on infant Il ended when it was 35 days old, and at this age, it was still being carried.

By the time observations ceased on infants I and II, they were both still sleeping with their
mothers. Infant (juvenile) IV was observed sleeping with his mother up to 10 months, infant V
up to almost 9 months, infant VI at least up to 7 months and infant VII at least for 10 months.
The inter-birth interval for the mother of infants IV-VIII was around 1 year.

3.4. Acoustic communication

Acoustic communication between mother and infant was very frequent and included four
different signals out of eight signals described in Philippine tarsier (see Ref. [22] for detailed
descriptions and spectrograms):

Loud call: a single note vocalization, capable of being carried relatively far, able to be reliably
heard and identified from distance of at least 50 m. The loud call note consists of two distinct
parts: the whistle part with a limited frequency range and the final smack part with a substantial
frequency range. In adults the loud call was recorded mainly around sunset in proximity to the
sleeping site but also during the night. In mother-infant communication, it was apparently used
to gain others” attention during the night or when the mother was returning to the parked infant.

Chirp: a soft call that was heard mainly in proximity to the sleeping site in the evening or in
the morning. Chirp consists of several short, rapid, broadband notes in a descending series. It
was the most frequent call used by both mother and infant, with the mother using it enticing
the infant to follow her. Chirps were also emitted by a mother over several nights after she
had lost her month-old infant [19].
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Cheep: is a single note call, usually emitted repeatedly in a sequence. It was recorded from
both a mother and her offspring (infant III) whilst being rescued from poachers. It was also
recorded in a free-ranging female (mother II). In this case the cheep was interspersed in a
sequence of other call types.

Twitter was recorded during communication between a mother and her offspring (infant III)
during being rescued from poachers. The signal consists of two parts, an initial long cheeping
sound followed by several short, frequency-modulated twittering notes.

4, Discussion

Given the limited time available to collect data on the two main focal infants and the limita-
tions imposed by attempting to make observations in difficult terrain and dense vegetation
for all subjects studied, there are obvious deficiencies in the present study. Nonetheless, given
the paucity in our knowledge of tarsier ecology and behaviour, I believe that the findings
from the present study provide some important clues that show both similarities across spe-
cies of the family and differences that may reflect variation in socioecology.

Births in the current study of Philippine tarsiers occurred between mid-April and mid-May, a
pattern consistent with previous observations on this species [11] and also in spectral tarsiers
[12], although, another study of spectral tarsiers reported two birthing seasons — November/
December and May [2]. Records of births and the available literature on gestation length,
191 for wild spectral tarsier, 178 days for captive western tarsier and Philippine tarsier [17,
23, 24], indicate that the mating season is between October and January. Changes in testicle
volume suggest a mating season between September and November in Philippine tarsier
and from August to January in western tarsier [25]. A pair of captive Philippine tarsiers was
observed mating at the end of October 2015 and beginning of November 2016 at the Tarsius
Project Conservation Centre in Bilar, Bohol. The female then gave birth at the beginning of
May after 188 days, 172 days, respectively (in the latter case, the former mating might be
overseen) [pers. observ.].

Philippine tarsiers neither built nests or seek and use tree holes for giving birth. The obser-
vations in the present study showed that prior to giving birth, females either stayed high in
the trees or remained close to the ground. This difference was most likely an artefact as the
semi-captive female moved up the tree to avoid visitors who entered the enclosure every day
between 9:00 and 17:00.

At birth, the infant Philippine tarsiers were fully furred, and their eyes were open. For the
first month, or so, the infants were transported orally by the mother. The infants did not cling
to her fur, but as apparent from Figure 3, they could help support themselves with their tail
when being carried. Gradually over the first 3 weeks, the infants followed the mother for short
distances whilst still being carried over longer distances. The mothers actively encouraged fol-
lowing by chirping. Of the two main forms of locomotion in tarsiers [9], infants began climbing
up and down branches in the first week and jumping short distances by the second week.
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Comparison of the limited data on Philippine tarsiers with the better studied spectral tarsier
is instructive. The main difference between these two species is in their pattern of sociality
and consequences this has on the care provided to infants. In spectral tarsier, which lives in
extended family units, care of infants is not limited to the mother, but can also be provided
by other members of the family unit [2, 3]. A major contribution to infant care is that mem-
bers of the family unit, other than the mother, can regularly visit infants whilst they are
parked. This babysitting or guarding afforded by other members of the family may enable
mothers to engage in longer periods of unfettered foraging. In contrast, Philippine tarsier
mothers are strictly solitary, and so all infant care is provided solely by them. Indeed, in
only three occasions was an adult, likely males, encroach within 5 m of a mother-infant pair,
and on two occasions the intruding individual was immediately chased away by the mother,
perhaps to prevent infanticide. In one case, in spectral tarsier, a neighbouring male was
observed to kill an infant [26]. Although, in another solitary species, western tarsier, males
were often captured in close proximity to infants suggesting that fathers may provide some
allocare. Even so, whilst male western tarsiers often visit the area around the sleeping site
of young infants, they have never been observed to provide any form of parental care [27],
and in captivity, males of this species have been observed to be aggressive towards other
individuals including infants [17]. Therefore, it remains an unresolved issue as to whether
solitary species like Philippine and western tarsiers have opportunities for fathers to provide
allocare or whether all adult males are a potential risk for infants and so provide a constraint
on how long mothers can leave their young parked and unattended. Infants do seem to
have the opportunity to stay with their mothers for a protracted period. For example, our
observations of mother-offspring pairs IV-VIII indicate that Philippine tarsier offspring can
remain with their mothers until shortly before the offspring from the next year is born. Also
consistent with such prolonged mother-infant association is a study that found that for three
females, the young from the previous year remained even after the young from the next year
were born [28].

In the more gregarious species, spectral tarsier, infants spent between 39% (in the first month)
and 50% (in the third month) of night time alone; otherwise they are in close proximity (less
than 5 m) of the mother or another group member (i.e., an adult male or subadults of both sexes)
[3]. On the contrary, the mainly solitary Philippine tarsier’s infants spent 66% of observed
time parked alone. Also there are differences in the bout lengths of parking, with spectral tar-
sier the mean length of a bout of parking being 27 min (SD = 18.12, range 1-124 min), whereas
my findings on Philippine tarsier indicate that bouts of parking are longer, with a mean of
112 min (SD = 97.6, range 4-235 min). If unrelated adult males pose a threat to infants, then
the greater amount of time Philippine tarsier infants are left alone would place them at greater
risk. Differences in habitat usage between social and solitary species may mitigate these risks,
but such possible socioecological differences remain unknown (Table 2).

Consistent with risks to infants when parked, not only from potentially infanticidal males but
also from predators, when parked the infants mainly remained at rest (93% of time), with little
time spent moving about. In contrast, during the period spent with mother, the infants spent
only 45% of the time resting. When parked alone, infants only spent 7% of their time jumping,
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Tarsius syrichta  Tarsius spectrum Tarsius bancanus
Births April-May May (or November/December)
Gestation length 172-188 191 178
Nest No Tree hole No
Sociality Solitary Family groups Solitary
Care of infants Mother Mother and other family Mother
members
Time spent alone during the first 2-3 months  66% 39-50% of time
Mean length of a bout of parking 112 min 27 min

Table 2. Comparison of data about reproductive behavior of three tarsier species.

climbing and playing, whereas when with the mother, 25% of their time was engaged these
activities. Obviously, when with the mother, there was also the opportunity to engage in
social behaviour (e.g., grooming, being carried and suckling), and these made up the remain-
ing time spent being active.

Other than some preliminary reports on play of spectral and captive western tarsiers [2, 12,
17], there is little detail available on the play in tarsiers. The present study contributes to fill-
ing this void, by providing repeated observations of play in Philippine tarsiers. All three, com-
monly noted types of play—locomotor (solitary), object and social play [21] —were present in
the Philippine tarsiers. The locomotor and the object play began earlier in ontogeny than social
play. Locomotor play involved infants jumping and climbing around surrounding branches,
and object play involved grasping, pulling and chewing leaves and small twigs. Social play,
given that all other tarsiers were excluded from their vicinity, necessarily was restricted to
infants engaging the mother, and this could take one of two forms. There was one-sided play, in
which the infant grasped and mouthed the mother, who did not respond and remained passive
or continued with ongoing behaviour, such as climbing. In play fighting the interactions were
two sided, with both partners grasping, mouthing and grappling with one another. Similarly, in
captive western tarsiers, these grappling bouts were characterized by the infant hopping at the
mothers head and face with hands outstretched and mouth agape, followed by a short tussle in
which mother and infant mutually mouthed and pawed at one another [17]. This pattern con-
trasts in many ways to the more gregarious spectral tarsier. In this species social play appears to
be more frequent and easily observed [pers. observ.], and this may in part be because the infant
has several other group members, not just the mother, as potential play partners. Indeed, moth-
ers do not seem to play with infants, and although adult males do, it is less frequent compared to
that involves the subadults, especially the females [12]. The differences in opportunity for social
play may also account for the apparent species differences in the age of onset of social play:
starting around the third week in spectral tarsiers and between 4 and 6 weeks in Philippine tar-
siers. Similarly, social play reported in spectral tarsiers includes chasing and play fighting ([2],
pers. observ.), whereas in the Philippine tarsiers and western tarsiers [17], it is mostly limited to
short bouts of grappling. More detailed comparisons of the developmental onset, as well as the
frequency and content of social play across a wider range of solitary and gregarious species of
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tarsiers, are needed to fully evaluate the causes of these species differences. Moreover, given that
the social play in some primate species with more complex social systems can vary in marked
ways with small differences in social systems (e.g., [29-32]), the possibility that even the small
differences in degree of gregariousness can lead to significant differences in social play seen in
tarsiers could provide novel insights into the evolution of such play [21].

The present study provides new information on the role of acoustic communication in mother-
infant pairs. Mothers periodically transport infants to new locations, park them and the move
around the neighbouring vicinity to forage. During these periods when the infants are parked
alone, both the mother and infant emit vocalizations. The frequency of such calling appears
to be much higher than in comparable situations when adults are foraging on their own with
having an infant nearby. The most frequently emitted calls were chirps and less often loud
calls. These two calls are also emitted outside the context of a mother-infant pair, suggesting
that these signals may be used in a variety of contexts. Two signals, cheep and twitter, were
only recorded during mother-infant pairs, suggesting that these have a unique role among
such pairs. Cheep was recorded in rescued animals that were kept in a small cage before
being released and may be a kind of distress call. However, it was also recorded in a free-
ranging mother, who emitted this call in sequence along with other call types. The contextual
relevance of all these calls needs further study to understand when they are emitted and why.

This present study also provides valuable information on the life history of Philippine tarsi-
ers. Of the six infants observed, one was predated, representing a mortality rate of 17% during
the first months of age. It is interesting that the predation occurred during the daytime when
the infant was with its mother [19] rather than during night, when parked alone, when it
would be expected that infants would be more vulnerable (see above). Although it may also
be the case that during the daytime the tarsiers are sleeping and so likely less attentive to
the presence of potential predators, unfortunately, data on mortality rates during day versus
night are not available. A female Philippine tarsier can have (and raise) an offspring every
year, as indicated by the five infants produced consecutively in one female during the present
study. The inter-birth interval was around 1 year. The minimum inter-birth interval reported
was 187 days in a captive female [24]; however, this infant did not survive, perhaps indicating
that this may be shorter than the optimum.

In conclusion, the present study provides some preliminary, but important, data about
Philippine tarsier life history and behaviour. These tarsiers can have one offspring per year,
with an 83% chance of survival. Maternal care was documented to follow the cache and carry
strategy with the infant spending around 66% parked alone whilst the mother was foraging.
In this solitary species, infant care was provided solely by the mother. During the first days
and weeks after birth, the mother transported their infants when moving to new locations.
Whereas the infants were observed to start climbing on branches at the age of 1 week, they
were transported orally until 3 weeks of age. Even though they started to follow the mother
over shorter distances from three weeks, for longer distances, they were still transported by
the mother until 50 days of age. Time budget data showed that when with the mother, infants
spent 45% of their time resting, 18% grooming, 12% climbing, 7% jumping, 7% being carried
by the mother, 6% playing and 5% of time suckling. Both infants engaged in locomotor, social
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and object play. Acoustic communication was very frequent between mothers and infants and
included four different signals. Infants were observed sleeping next to mother up to 10 months,
which is consistent with an inter-birth interval of 1 year that seems to be the case from study.
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Abstract

‘Human dimensions of wildlife management’ is a concept that emerged some 50 years ago
and has gained global application. A majority of cases report on human-wildlife conflicts
(HWCs), where wildlife is causing problems to an expanding human population or vice
versa. In Madagascar, lemurs represent a flagship for conservation. Many lemur taxa are
threatened, and conservation is facing increasing challenges due to habitat loss and deg-
radation. The Alaotran gentle lemur (Hapalemur alaotrensis) is the only marshland living
lemur. Its conservation is particularly challenging due to various conflicting interests of
different stakeholder groups. The Alaotra region is the bread basket of Madagascar,
producing a majority of inland fish and rice. Here we present a new venue taken by
conservation, which is based on a transdisciplinary research approach, participatory
modeling, and gaming through role-playing games (RPGs). This holds promise to engage
stakeholders from the onset of conservation planning and management, and it is hoped
that increased participation will spur ownership and thus reduce conflicts among stake-
holders to increase conservation effectiveness to safe Hapalemur alaotrensis from extinction.

Keywords: Hapalemur alaotrensis, human dimensions of wildlife management,
human-wildlife conflict, transdisciplinary research, participatory modeling, role-playing
games, stakeholders

1. Introduction

Human dimensions of wildlife conservation evolved in the 1960s and gained increasing attention
in the past 30 years, both in research and among practitioners. While biological and ecological
paradigms dominated natural resource and wildlife management for long, increasing human-
wildlife conflicts spurred the awareness that people aspects need to be included in management
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decisions as they are critical to conservation success [1, 2]. ‘Human dimensions’ is a broad field
today, which concerns the question how to best manage wildlife, that is, how to ensure species’
survival without compromising people’s needs. It occurs in as diverse settings as agriculture,
hunting, tourism, and leisure realms and entails efforts to understand and affect human behavior
by incorporating insights about people’s attitudes, perceptions, and norms into policy and
management programs [2, 3]. Increasing overlap and interference in landuse caused increasing
incidents of human-wildlife conflicts in the past few centuries. Such conflicts may occur when
elephants raid farmers’ fields, when wolves predate on domestic sheep, or when humans shoot a
lion that is thought to have killed cattle. Newer definitions also incorporate human-human
conflicts evolving from human-wildlife conflict, for example, individuals being negatively
affected by wildlife versus conservation organizations or state authorities [4, 5].

Per definition, human-wildlife conflict (HWC) occurs when “the needs and behavior of wild-
life impact negatively on the goals of humans or when the goals of humans negatively impact
the needs of wildlife” (World Park Congress Recommendation as cited in [4]). Human popu-
lation growth coming along with land reclamation and cultivation in formerly uninhabited
areas is one of the main reasons for increasing human-wildlife conflicts [6]. HWC occurs
globally and concerns a variety of species and sociocultural and socioeconomic contexts,
including mammals, fish, insects, and reptiles globally. The range of human-wildlife conflict
includes lions, monkeys, and elephants in Africa, leopards and tigers in India, or wolves in
Canada, USA, and Europe, to name but the most prominent ones [7].

Regardless of the HWC context, some main characteristics do apply. For example, communi-
ties are not homogeneous entities, but incorporate different stakeholder groups with different
needs and value systems [8]. Incorporating these different views and finding acceptable ‘solu-
tions’ for all parties involved and affected is a complex and complicated task for conservation
management and planning. With increasing recognition about the importance of the human
dimension, stakeholder participation became more important; moreover, research collected
evidence that conservation projects are more likely to be successful if locals are involved in
management decisions and conservation planning [9]. Decker and Chase [3] identified five
main approaches how wildlife managers can seek public participation. They differ in the
degree of influence of wildlife managers and stakeholders on policy and management deci-
sions, beginning with highest influence of the managers and lowest of stakeholders with the
(top-down) authoritative approach. With decreasing own influence, wildlife managers can
increasingly let stakeholders contribute to decision-making with the passive-receptive, inquis-
itive, transactional, and co-managerial or delegation approach (cf. Figure 1 in [3]). Current
literature suggests that management decisions and rules tend to be better accepted when
stakeholders were involved in the decision-making process. One reason for this is that atti-
tudes, aspirations, and norms are better understood and can be incorporated in decision-
making. In order to resolve or alleviate human-wildlife conflict, human dimensions thus
encompass people’s beliefs, values, attitudes, behaviors, and socioeconomic and demographic
characteristics of individual stakeholders or stakeholder groups; it deals with the proximate
level of interaction among and between management decisions, processes, and staff (cf. [10]).
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Primates represent a particular case in the HWC realms. While they are similar to humans and
venerated in some settings, people perceive them as pests in other instances, while the contexts
are ranging from agricultural fields to reserves and tourist camps to towns [11]. Major threats
to primate populations are conversions of natural habitat into areas of human use such as
forestry, plantations, and agricultural fields; trapping for biomedical trade, bushmeat trade,
and transmission of diseases represent further threats [11, 12]. While HWC concerning pri-
mates such as baboons, vervets, and macaques is well covered in the scientific literature (e.g.,
[11, 13-16]), Madagascar’s lemurs are hardly considered even if the majority are endangered
and efficient management measures are needed to halt further population declines.

1.1. Lemur conservation in Madagascar

Madagascar hosts a unique assembly of endemic primates. The lemurs are a monophyletic
group of strepsirhine primates occurring only on Madagascar [17] consisting of five families:
Daubentoniidae (1 species), Indriidae (19 species), Lemuridae (21), Lepilemuridae (26), and
Cheirogalidae (36) [18]. In the last 10-15 years, advances in molecular biology have resulted in
an increase from some 50 to 107 known lemur taxa [19, 20]. Lemurs exist in nearly all of
Madagascar’s forest ecosystems, from the very dry spiny forests of Madagascar’s southwest,
along the dry forests of the west, and along the entire east coast in the subhumid and humid
forests [20, 21]. All lemurs are nationally and internationally protected species. Ordinance No.
60-126 of October 3, 1960, represents the first official national text on the protection and
hunting regulations of wild species, including lemurs (cf. [22]). Madagascar signed the CITES
(Convention on International Trade in Endangered Species of Wild Fauna and Flora, also
known as the Washington Convention) in 1975 and added all lemurs shortly thereafter to
CITES Appendix I (Decree 77-276 of August 26, 1980). To protect its unique wildlife, Mada-
gascar was among the first countries to establish a protected area network of National Parks
with the first created in 1927. In the Durban Vision proclaimed in 2003 during the Fifth World
Parks Congress in South Africa, then President Marc Ravalomanana declared to triple the
terrestrial surface in Madagascar up to some 10% of Madagascar’s land under some sort of
formal protection [23, 24]. Despite all these formal agreements and laws, many lemur species
are threatened by habitat loss and hunting (for both bushmeat and pet trade; [25-28]). The
2012 IUCN Red List evaluation of the threat status of Madagascar’s lemurs shows that 94% of
species are either classified as Vulnerable, Endangered, or Critically Endangered [29]. The
biggest challenge to lemur conservation is the fast pace of deforestation with agricultural
production and infrastructure being two of the main proximate drivers [30], thus leaving many
lemurs in isolated forest fragments [31]. Forest fragments are highly susceptible to anthropo-
genic change and thus some lemur populations and species, even some of the newly discov-
ered species risk disappearing due to their lowered resilience in fragmented or degraded
habitats (e.g., decreasing numbers, loss of genetic diversity, increased disturbance [32]).
Degraded forests are furthering the exposure of primates to humans [33], and their close
phylogenetic relationship puts them more at risk of disease transmissions from humans to
primates [34]. In Madagascar, it has been shown that Avahi laniger, Eulemur rubriventer,
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Hapalemur aureus, Microcebus rufus, Propithecus edwardsi, and Prolemur simus have increased
diarrhea cases due to exposure with human enterobacterium [35]. While bushmeat represents
a major threat for Madagascar’s lemurs, a traditional form of taboos, called fady, protects some
lemur species from hunting and consumption. The fady largely are ancestral rules which are
still respected by a majority of the Malagasy people; however, these taboos differ from region
to region, and with increasing mobility, an increasing number of taboos are weakened by
immigrants from other tribes and regions (for more details, see [36-38] and references therein).
In this context, the abandonment of an old attitude or tradition can cause significant conserva-
tion issues when exploitation suddenly is no longer seen as socially inacceptable. For example,
the fady formerly protecting Indri indri and Propithecus verreauxi from consumption are less
respected today [36]. However, fady can also cause increased hunting pressure. The aye-aye
(Daubentonia madagascariensis), for example, is oftentimes killed when encountered because the
nocturnal lemur is believed being an evil omen bringing disease or death to family members or
even whole villages if encountered and not killed [39].

Opposed to the situation in many other contexts, crop-raiding evidence in Madagascar is
scarce. Still, some species have been reported to raid, for example, Propithecus verreauxi
coquereli, Lemur fulvus, Avahi laniger occidentalis, and Leplilemur mustelinus edwardsi targeting
cashew fruit, mango, and tamarinds [11, 40], but also Daubentonia madagascariensis [41]. In
general, HWC in Madagascar is mainly represented by habitat loss of lemurs, while lemurs
themselves do not directly affect farmers’ subsistence. A key issue to conservation in Mada-
gascar is the increasing competition between humans and wildlife. Human population
growth results in spreading of human activity such as agriculture, precious wood, and
stones into areas which were wildlife habitats before. With the protection of wildlife habitat
(e.g., the establishment of protected areas), local people may be restricted in extending their
fields or activities, or are even forced to relocate, thus encountering opportunity costs due to
land-use restrictions or hunting bans [42-44]. A widely used approach to engage conserva-
tion with local resource users is community-based conservation (CBC). It has been desig-
nated to be the most practical approach to fight biodiversity loss in developing countries
[45]. However, it has also been considered as time-consuming and complicated, and criti-
cized that it does not necessarily provide win-win situations, but that losers may be gener-
ated through the transfer of rights, power, and resources as well [46—47]. The approach is
oftentimes implemented for the promotion of development or livelihood security while
reaching conservation goals as well [48]. The biggest challenge lies in the intrinsic complex-
ity of the conservation and development issue(s), combined with the multitude of different
contexts that makes simple upscaling or transfer to other sites literally impossible. Each case
involves a multitude of different stakeholders and resources, different power relationships,
and management priorities. These complex socioecological issues require the consideration
of multiple perspectives, worldviews, and priorities.

A community-based conservation approach is also being implemented in the Lake Alaotra
region (Figure 1) to preserve the Alaotran gentle lemur (Hapalemur alaotrensis; Figure 2) [49]. In
the remaining of this chapter, we will present the case study of the Alaotra, Madagascar’s rice
granary. We will describe the Alaotran gentle lemur, its conservation challenges and analyze
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Figure 1. Lake Alaotra region. The map shows the lake, with surrounding marshes, rice fields, open landscapes (domi-
nated by grasslands), and forests. Intervention villages are situated around the Alaotra wetland. This map has been
modified from Reibelt et al.’s Figure 1 published in the Journal Madagascar Conservation & Development under a
Creative Commons Attribution 3.0 Unported License.

the human dimensions of the conservation endeavors in the marshes and communities around
Lake Alaotra.

1.2. The Alaotran gentle lemur and its conservation

The Alaotran gentle lemur (Hapalemur alaotrensis) is globally unique, living in and restricted to
the marshlands of Lake Alaotra. It represents one of the five extant species in the genus
Hapalemur. The other four species, namely the southern bamboo lemur (H. meridionalis), north-
ern bamboo lemur (H. occidentalis), lesser bamboo lemur (H. griseus), and golden bamboo
lemur (H. aureus), all are forest dwellers, occupying a variety of forest types across Madagas-
car. Genetically and phenotypically, H. alaotrensis is closely related to H. griseus, and it is
hypothesized that the marshland living one must have originated from the forests before
humans settled in the Alaotra some few hundred years ago [50-52]. H. alaotrensis is a crepus-
cular primate and performs cathemeral activity behavior [53], shows female dominance, a
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Figure 2. A juvenile Hapalemur alaotrensis, with permission from photographer Arnaud De Grave, Le Pictorium Agency.

social behavioral trait common in many lemurs [54], and has a specialized diet based on
marshland vegetation only [53] and it is well adapted to wetland conditions [51]. Hapalemur
alaotrensis is the only primate species in the world that lives exclusively in a wetland habitat.
The species is classified as Critically Endangered [55] due to its very restricted geographic
range. Hapalemur alaotrensis is at high risk of extinction due to rapid and ongoing habitat
destruction for conversion of the marsh to rice fields [56]. The marshland coverage was around
19,000 hectares in the early 2000s and it has decreased to below 14,000 in the mid-2000s; in
2012, there was an extreme fire year affecting more than 50% of the remaining marshes [57].
There are two factors leading to increased marshland burning: lack of law enforcement and
prolonged drought seasons. For example, a single rice field was found within the Park Bandro
at Andreba in 2013, but this increased to five rice fields in 2014. People in Andreba stated that
they will transform the marsh into rice fields if the current delinquents are not punished. A
census of Madagascar Wildlife Conservation (MWC), a Malagasy NGO, revealed that in 2016,
a fourth of the park was covered with illegal rice plantations [58].
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Lemur conservation in the Alaotra is intricately complicated and complex constituting a
typical wicked problem' (sensu [59]) as many conservation problems (see also [60]). As is
typical for wicked problems, there are a multitude of stakeholders involved in the Alaotra
region who are directly or indirectly linked with the wetlands (cf. [61]), each with their own
worldviews, values and knowledge systems, ending up having divergent and sometimes
opposing or even conflicting interests or agendas. There are several different governing
institutions that sometimes share overlapping responsibilities and tasks; there are, for
example, the Ministry of Environment that is responsible for the wetlands and forests and
the Madagascar National Parks that are responsible for protected areas which sometimes
fall on forests or as here on wetlands; there is the Ministry of Fisheries responsible for the
overseeing of lake-wide activities or the Ministry of Agriculture governing all land-based
activities that fall within the agricultural domain and the open landscapes and wetlands.
There is a strong position for lemur and biodiversity conservation in general, since there are
endemic species found in the Alaotra (e.g., Hapalemur alaotrensis and Salanoia durrelli). In
addition, intact marshes have an important role for functioning ecosystem services such as
water retention, filtering, and water quality [62]. On the opposing side, there is a strong
lobby promoting the conversion of marshlands for rice production, since rice is a quality
of life [63] and an important staple food in Madagascar, especially in the Alaotra [64].
Rich people from outside the Alaotra are interested in buying land for turning it into rice
fields [65].

1.3. The human dimension in the Alaotra region

A startling issue among conservation biologists is the fact that conflict management often-
times is tackled by making assumptions about human attitudes and behaviors which are
seldom congruent with reality [5]. Research has shown, however, that conservation projects
benefit by taking into account the needs, attitudes, and aspirations of locals in order to
increase the efficacy of conservation efforts [5]. In the Alaotra, there is an immense anthro-
pogenic pressure on biodiversity and the natural ecosystems. In order to strike a possible
balance of biodiversity values with the growing need for agricultural products and other
ecosystem services, the understanding of livelihood needs, the main resource users’ atti-
tudes toward and perception of life, livelihood, and lemurs become essential to inform
conservation planning. Resource users who work in the marshes would prefer land sparing
to land sharing, that is, having clear demarcation zones for work (e.g., fishing and farming)
and zones for biodiversity conservation such as is the case for the special conservation zone
Park Bandro [66]. People also seem to have a neutral or even positive attitude toward the
lemurs and their conservation as long as they can pursue their livelihood activities [56].
Community members in general view the environment as a social construct or related to

'Wicked problems are characterized by the following attributes: (1) formalizing the problem is not possible, that is, the
construction of a solution space is the core challenge since every problem is a symptom of yet another problem; (2) no
evident stopping rule exists (when is it solved?); (3) there is no true or false solution to it, and rather, there is only a better
or worse one; (4) every decision “will generate waves of consequences over an extended (...) period of time” ([59]: 163)—
tracing all the consequences is impossible, especially when the half-lives of such are long; (5) every solution constitutes a
“one-shot” operation where every implementation is consequential [59].
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human benefits; for example, the introduction of the invasive snakehead fish (Channa
maculate) is seen as positive by local teachers since it delivers additional proteins to people
[67]. Stoudmann and colleagues [63] identified five main livelihood attitudes in the Alaotra
region: (1) ‘Responsibility makes a man’ refers to people who take their situation into their
own hand, and which are involved in improving the state of things. (2) ‘Let us be realistic’
is a rather fatalistic view of things by people who think that one cannot do much about life;
(3) ‘Children are the future,” an attitude shared by mainly women, who are concerned
about changes affecting the next generation, who acknowledge the importance of educa-
tion, and who are worried about teenage pregnancies. (4) ‘Good things come to those who
work hard’ is the attitude shared by people who pursue various agricultural strategies (e.g.,
fertilizer, crop diversification), and who believe that working hard will improve their
standard of living. (5) ‘Be prepared for the unexpected’ is a group of resource users who,
similar to the previous group, invest heavily into diversification and who have an entrepre-
neurial spirit [63].

A majority of Alaotra’s rural population are engaged in some sort of agricultural or fishing
activities [68]. Livelihood conditions are becoming harder. For example, annual fish catches
amounted to 4000 t in the 1960s, making the Alaotra the most important inland fishery region
of the country. Recent numbers have been dropping to below 800 t per annum [69]. The steady
decline of the fish stock is most likely a result of overfishing, acidification of the lake, intro-
duced fish species, and siltation [70-73]. A majority of the marshlands fringing the lake have
already been converted for rice production, with some 100,000 ha outputting ca. 300,000 t per
year [57, 74]. However, changing environmental conditions (e.g., deforestation and clearing of
surrounding hill slopes through slash-and-burn agriculture known as tavy, leading to
increased siltation of affluent rivers) have diminished the lake size to 20% of its former size in
2000. Continued dry spells could soon let wither Lake Alaotra and make it another ‘case of
Lake Baikal; according to Bakoariniaina et al. [75], some 5 km? of lake surface have
disappeared within a period of 30 years. Consequently, rice crop productivity in the Alaotra
basin has dropped to about 40% of its former level [75, 76]. The stakeholders’ livelihood
strategies for meeting their needs and to cope with changing socioeconomic and environmen-
tal conditions are currently resulting in a lose-lose scenario (sensu [77]) in the Alaotra socio-
ecological system. The area is home to almost one million people, thus being the highest
population density in a wetland area in Madagascar [78]. Arable land is becoming increasingly
scarce, forcing many people into the marshes to establish rice fields [57, 66]. Extensification is
still widely common compared to intensification [79]. Recent years experienced extended
drought periods in the region, with some years receiving almost no rain at all. This showed
two main consequences in the socioecological system of the Alaotra. (1) People have been
pushing into the marshes and lake for establishing rice fields or claiming the territory for
future rice production by staking and building so-called hamatra or reed fences. These have
started to even crisscross the entire lake from east to west, thus casting a grim picture of the
future Alaotra as being one big rice field. (2) The reduced water availability in marshes and
lake has negatively affected the lake-wide fish stock. There is less and smaller fish available
[73, 80, 81]. More people than ever are pushing into the marshes and lake to fall back on fishing
as a last resort, sometimes even using mosquito nets in despair.
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2. A transdisciplinary approach for lemur conservation

Current environmental destruction trends do not cast an optimistic future for the survival of
Hapalemur alaotrensis. The unique wetland primate may disappear from the Alaotra and
Madagascar within the coming years if habitat destruction cannot be halted. Concerted
conservation efforts are underway engaging various NGOs working together with the river-
ine communities and the authorities. It is hoped that increased collaboration and the adop-
tion of a transdisciplinary approach will allow pushing back the threats that Hapalemur
alaotrensis and its habitat encounter. Activities and programs include habitat restoration,
marsh patrols, various research projects [49], environmental education [67, 82], and
awareness-raising campaigns including the World Lemur Festival (called Bandro Festival;
based on the vernacular name of Hapalemur alaotrensis). However, these are not enough.
Thus, a new conservation approach for the Alaotra is been unfold in order to slow down
the main threat to the existence of the unique marsh lemur, the habitat destruction for
agricultural production. Habitat restoration is a classic conservation activity and urgently
needed in the Alaotra to link isolated subpopulations [49, 56]. Complex conservation prob-
lems require creative approaches [60]. What is creative about habitat restoration? MWC
accompanies all its conservation efforts with games. The serious gaming approach, which
requires intense exchange and communication with stakeholders, is based on Companion
Modeling (ComMod, cf. [83]). It builds on an inductive process of creating conceptual
models from field evidence and judgments with restitution to knowledge providers in the
form of interactive games. The central tool is a model or game which can, depending on the
conservation issue and needs at stake, be a research means to elicit different potential future
scenarios and stakeholder responses to this, or a communication tool to bring different
stakeholder groups together to exchange and discuss on possible management options. In
such game settings, the resulting outcomes are shaped by the cumulative and sometimes
interacting decisions made by individual players, coupled with all the interacting decisions
by the other players, as well as the rules of the game. The games are strategic situations [84],
thus representing effective tools for exchange and solution seeking in decision-making and
scenario planning contexts (cf. [85]). There is a strong relationship between game behavior
and players’ real life (e.g., [86]) and this tool thus represents a valid alternative to more
classic social science approaches.

This inter- and transdisciplinary research (sensu [87]) aims at understanding farmers' percep-
tions and attitudes and allows farmers to explore the ecological, economic, and sometimes
social outcomes of their individual and cumulative decisions. At the onset of the ComMod
approach are participatory workshops (field work), where stakeholders share their mental
models or mind maps with each other and the researchers, that is, where group discussions
describe and develop a common representation of the socioecological system which all
involved parties can agree upon. The methodology is based on ARDI [88] and represents a
dedicated participatory modeling method. Researchers and stakeholders identify the main
Actors, Resources, Dynamics, and Interaction (ARDI) being relevant to the socio-ecological
system at stake and the agreed-upon issue(s). Then, the identified components are translated
into players, game components, and rules for a role-playing game.
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2.1. The games

2.1.1. A wetland game for research

The wetland game [81] has been developed for research purposes to understand land-cover-
type changes and livelihood strategies of the main resource users living around Lake Alaotra.
The research processes and results are aimed to include the human dimensions into conserva-
tion planning. The developed wetland game is a role-playing game (RPG) consisting of a
market, a landscape, and a bank. Players are farmers and fishers as in real life and can do
fishing and different farming activities (rice, onion, and vegetables) and invest into technology
(compost). They further have the choice to do opportunity activities (logging, mining, and
hunting), invest into housing (three quality levels) or different quality of life parameters,
namely protein, electricity, health, and education (Figure 3). Players track individual decisions
on their personal player sheet and subsequently place their activity tokens on the game board,
the common landscape (Figure 4), which represents the different land types in the Alaotra
region (lake, agricultural zone, hilly grasslands, and forest (see [81] for details on the game
development process)). Consequently, the common landscape shows the cumulative decisions
and impacts of all players. These changes are mostly represented by changes in the original
land cover type, which are induced by land-based activities (e.g., farming in the marshes
transforms them into agricultural zone, which is indicated via color change of the respective
cell(s) [81]. The bank (represented by a ComMod team member with a computer) tracks all the
players’ decisions and calculates and pays the cash output. The agricultural or fishery produc-
tion depends on factors such as how many other resource users are sharing the same space,
how much of the original land type is still intact, or how is the weather (i.e., is there a climatic
event such as drought or cyclone). The researchers are accompanying the gaming phase by
quantifying the activities, thus decisions taken by the players and the impacts on the common
landscape. Moreover, a qualitative phase follows the gaming where experiences during the
game are shared, discussed, and explored. It is during the debriefing [89] where there is room

Figure 3. Wetland research game: players buy activities at the market.
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Figure 4. Wetland research game: players track how their individual decisions accumulate on the common landscape.

for freeing emotions and understanding what happened during the game, in order to then
bridge the virtual game reality with the real world. Important to note here is that game
behavior does not necessarily reflect reality; the game behavior serves as entry point to
compare game activities and real life. It also frees people of the social constraints that are often
accompanying people during an interview or open discussions on topics of potential conflict.
A follow-up monitoring 1 week after the workshop allows researchers and players to exchange
one by one on further details and thoughts concerning the issue at stake. Participants acknowl-
edged the opportunity to openly discuss land-use strategies and decisions and appreciated the
fact that they could also exchange controversial ideas in the workshop setting without entering
in disputes. Several gamers perceived that the game offered them a new, broader perspective
on their surroundings and the ongoing processes in reality. They further described in the
debriefing sessions that game behavior matched real-life behavior from about 50 to 100% and
thought that the gaming experience would help them to make better decisions in the future.

2.1.2. A wetland game for discussion and outreach

“There is no right way to do conservation. There are only choices” [90]. Scales [91] adds that
“To help make these choices, research and policy in Madagascar desperately need more conver-
sations-between biologists, anthropologists, archeologists, economists, environmental historians,
and geographers; between researchers and practitioners; and between ‘experts’ and the individ-
uals, households and communities directly dependent on the island’s natural resources for their
livelihoods.” Exchange is crucial for effective learning and to avoid repeating the same mistakes
over and over again [48]. In order to have a game which can be used for exchange, negotiation,
and outreach, the research game was simplified accordingly.

The discussion game is a follow-up of the wetland research game and was designed to develop,
discuss and explore rules and regulations in the context of marshland conservation and manage-
ment. The discussion and communication tool is a simple representation of the Alaotra
socioecological system, representing the lake with fish, the marshes with biodiversity and the
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agricultural zone with rice fields (Figure 5). The basic rule is that all eight players need one fish
token and two rice tokens at the end of each round to feed their family. Players are free to plant
rice, use compost, and go fishing as they wish. As soon as a resource is depleted, or players do not
have enough production to survive, the game is interrupted to discuss game behavior and
consequences and, foremost, to elaborate on how the situation could be improved when replaying
the game. Players are thus invited to establish game rules (e.g., restrictions on fish catch or
prohibition to transform marsh) and to test the success of their established rules and whether
these are suitable to reaching a sustainable system where everybody can survive (Figure 6).

The game calibration shows the most crucial linkages and interdependences in the Alaotra
system. The marshes are breeding ground for some fish species; thus, reproduction reduces
with shrinking marsh area (i.e., when players burn the marshes to establish rice fields).
Moreover, the marshes play a role in water availability in the system. With each transformed
marsh patch, there is less water available, which has a negative impact on rice output. Finally,
there are less marsh patches than players available; this is a proxy for increasing population
and the fact that there is not enough (marsh-) land available for everyone. The game thus
addresses a common pool resource situation with the fish (and the marshes) and helps explor-
ing the question of what future management scenarios are possible and which could be
embraced by the communities? The game serves as a simple window to the future, helping
the local stakeholders to become aware and understand current trends in the system and
potential consequences of their decisions.

First results suggest that people tend to intensively (over)exploit the system if they have the
opportunity to do so. The players quickly establish new effective game rules, which show high
similarity to already existing conservation rules. The strength of the game is that the partici-
pants can discuss prerequisites, advantages, and disadvantages of different potential rules and
then decide themselves which one to try out. During the testing workshop debriefings, parti-
cipants emphasized the interdisciplinary nature of the game, its suitability for rural resource

Figure 5. Wetland discussion game: prototype representing lake, marsh, and agricultural zone.
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Figure 6. Wetland discussion game: regional authorities implementing a self-developed rule during testing phase.

users but also school children, and judged the game to be realistic, instructional, enjoyable, and
suitable to enter into fruitful discussions. It still remains to be tested whether this game
approach can increase the acceptance of already existing conservation rules in the real Alaotra
socioecological system.

2.2. Concluding remarks and outlook

Over the course of the past 5 years, the conservation community was able to substantially
enhance its understanding of the human dimensions of Hapalemur alaotrensis conservation
around Lake Alaotra. What are conservation management preferences for the subsistence
farmers and fishers? What are their attitudes toward the endemic lemur or the core conserva-
tion zone Park Bandro at Andreba [56, 66]? What are the rural stakeholders’ strategies to cope
with change [63], and how do they take decisions in the agricultural domain [64, 81]? The next
step is now to implement all the gained knowledge and understanding to enhance conserva-
tion actions and continue the dialog of trust with the different stakeholders. It is assumed that
the intense exchanges and workshops enhanced understanding and respect on both sides, and
this will be fundamental in the implementation phase. The deployment of role-playing games
helps conservationists to engage with various stakeholder groups to spur discussions to
increase knowledge and understanding of problems at hand. It helps the stakeholders to elicit
their mental models and to strengthen their adaptive capacity and critical thinking, and fore-
most, it holds promise to strengthen their ownership in resource management and planning.

The recent research efforts highlight that local resource users are not basically against conser-
vation of the marshes and its biodiversity; nevertheless, protected lemur habitat is shrinking
constantly and at faster pace in recent times. Lemur habitat restoration measures are urgently
needed, but these will likely interfere with peoples’ newly established rice fields. Even if the
fields are formally illegal since placed within the New Protected Area, law enforcement is
weak, and people depend on their rice harvest. Restoration actions thus bear a high risk to
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increasing HWC in the sense of human-human conflict, that is, farmers versus conservation-
ists. Here, it is critical to intensely exchange and communicate with the communities involved
and to further integrate the various stakeholder groups in the decision-making process. Cur-
rent plans by Durrell Wildlife Conservation Trust and Madagascar Wildlife Conservation (both
have been active in the region for over 20 and 14 years, respectively) and other collaborating
NGOs are to reconnect the isolated Park Bandro with marsh habitat and further lemur sub-
populations in the south. It is critical where to reforest marshes in order to increase chances
that the newly planted cyperus shoots will not be destroyed immediately by fishers or farmers
who were not part of the decision process. Conservation bodies and researchers will thus
organize planning workshops with the adjacent communities and involve all crucial stake-
holders such as official and traditional village leaders, VOI (responsible entity for natural
resource management), affected fishers and farmers. Based on ecological data, different sce-
narios will be developed and then discussed and assessed with the stakeholders to include the
human dimensions, that is, their attitudes and preferences. The aim is to reconcile both human
needs and biodiversity values.

The understanding obtained in the various meetings, workshops, and gaming sessions will
help with this difficult task. There is seldom one ‘solution” or ‘answer’ to conservation issues or
human-wildlife conflict, but different choices, which are more or less acceptable to different
stakeholders or interest groups [3, 8]. Stakeholder involvement and negotiation processes are
crucial to determine acceptance of proposed management in advance [92]. In Madagascar, a
disconnection of policy decisions and community needs has reduced the effectiveness in the
conservation and development sector in the past 30 years [79]. Especially in poor countries,
people sometimes feel as victims of top-down decisions in conservation, which impact their
lives and livelihoods without giving them the opportunity to take part in the decision-making
process. This can create resistance or opposition toward conservation projects and conserva-
tion organizations. Including local resource users in the conservation planning process creates
feelings of ownership and increases chances of long-term success of conservation projects. This
link may explain why the special conservation zone Park Bandro is still existent and well-
respected by the majority of the adjacent community of Andreba because it was created
together with the community (but see [49] for details).

As in the global conservation movement, initiatives for the protection of Hapalemur alaotrensis
initially focused on habitat protection and ecological insights. However, with growing human
pressures, the human dimension increasingly became more prominent in management decisions
and conservation strategies. In the past century, conservation advocates realized a broad range of
conservation and development projects, reaching from basic reforestation and exploitation regu-
lations, over education and outreach initiatives, to agriculture support and improvement. How-
ever, with ever-increasing human population numbers (both local increase and immigration)
and changing climatic conditions, it is becoming increasingly challenging to convince people of
conservation importance. Weak law enforcement corrodes conservation success in many devel-
oping countries, especially when rural people can increase their little income through illegal
activities [93]. Law enforcement is thus critical in protected area management to ensure long-
term conservation success [94-96]. Though the integration of mutual benefits for human
wellbeing and biodiversity has gained increasingly attention in Madagascar following global
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trends, the challenges of realizing this by community involvement and co-governance in Mada-
gascar remain the same: the management and monitoring of these areas is proving to be difficult
due to a combination of a lack of financial and human resources, as well as weak technical
capacity [97]. This makes the human dimensions even more important; considering local
resource users’ needs and aspirations and including them in the decision-making process has
been proven in many other contexts to increase ownership, support, and long-term conservation
success. The fact that people in the Alaotra region are willing to negotiate conservation zones in
the marshes raises hope that Hapalemur alaotrensis, currently being listed as 1 of the 25 most
endangered primates in the world [98], still has chances of survival.
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Abstract

Information processing plays a key role in the daily activities of human and nonhuman
primates. Information processing in the brain, underlying behavior, is constrained by the
four-dimensional nature of external physical surroundings. In contrast to three geometric
dimensions, there are no known peripheral sensory organs for the perception of time
dimension. However, the representation of time dimension in modular neural networks
is critical for the brain functions that require interval timing or the temporal coupling of
action with perception. Recent experimental and theoretical studies are shedding light on
how the representation of time dimension in neural circuits plays a key role in the diverse
functions of the brain, which also includes motor interactions with environment as well
as social interactions, such as verbal and nonverbal communication. Although different
lines of evidence strongly suggest that rhythmic neural activities represent time dimen-
sion in the brain, how the information represented by rhythmic activities is processed to
time behavioral responses by the brain remains unclear. Theoretical considerations sug-
gest that the rhythmic activities represent a physical aspect of the time dimension rather
than the source of simple additive temporal units for coding time intervals in neural
circuits.

Keywords: time dimension in the brain, mirror neuron, modular network in the brain,
visuomotor synchronization, muscle synergy, interval timing, movement timing

1. Introduction

The manner in which a primate allocates its waking hours to various activities is considered to
represent an important aspect of its ecologic adaptation [1]. Surveys and analyses of time budget
have been applied successfully to many diverse fields, which include mass media contact, service
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sector, urban planning, consumer behavior, the sexual division of labor, the informal economy
and household economics, social accounting, social indicators, quality of life, way of life, social
structure, etc. [2]. In this chapter, we will apply the time-budget analyses to various brain func-
tions at subsecond to seconds range to understand the behavior of human and nonhuman pri-
mates during an interaction with their external surrounding.

Emerging data suggest that online behavior—the active response to changing demands in a cur-
rent task —can be understood in terms of the allocation of various networks to distinct phases
of a working memory function of the brain. Arguably, the human behavior must conform to
the constraints of space-time fabric of surroundings, which makes cognitive time management
an essential human function. Moreover, the importance of time budget is underscored by a
recent meta-analysis, which concludes that common networks support modulation of efforts
during nontemporal cognitive and timing tasks [3]. Defects of allocation of networks during
online behavior may contribute to the development of psychiatric illnesses, such as schizophre-
nia, which characteristically exhibits a pattern of disconnectivity of timing circuits [4].

Time budgeting, the time allocation of various computing resources, available from distrib-
uted circuits in the brain to dynamic networks underlying brain functions, plays an important
role in the online behavior of primates at the level of both individuals and groups. We will
argue how the allocation of the brain’s limited computing resources plays a crucial role in
achieving optimal interaction of brain circuits at the level of both individuals and groups.

2. Dynamic interaction of primates with external space-time fabric
directs the resource allocation to brain networks

Interval timing functions of the brain have played a key role in the survival of the human spe-
cies during most of their existence as humans have been sustained by hunting and foraging
[5]. Various activities, essential for the survival of humans, required interaction with external
physical surrounding, with a spectrum of space-time fabric, which include stationary bodies
of water to cascading streams, plains to mountains, diverse to simple to complex fauna and
flora, presenting complex challenges for the human brain. Meeting diversely complex chal-
lenges requires the temporal coupling of various functions of the brain as well as processing
time intervals on scales that may vary from subsecond range to several seconds.

Physical surroundings with which primate brain interacts is four-dimensional, three-geometric
dimensions and the time dimension. Psychologic time has been a subject of intellectual curios-
ity for most of the known history, but the time dimension was studied as the fourth physical
dimension only recently [6, 7]. Time dimension, unlike other physical qualities, is never per-
ceived as a novelty, but only reported as the flow of time [8], and therefore, it is not easy to
study by observation alone.

During interactions with external surroundings, dynamic networks are formed by synchroniz-
ing the activities of neurons, which results in the temporal coupling of information by distrib-
uted local circuits in the network [9]. Local circuits in networks generate patterns of neuronal
activities in multidimensional domains, which represent information encoding motor response,
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sensory perception, as well as timing the behavior. For example, when someone catches a ball
in flight or a fruit falling from a tree, brain networks produce information encoding the fol-
lowing: a series of muscle activation patterns called muscle synchrony [10, 11], resulting in the
catch, timing muscle contractions and the time estimation of the arrival of the object at a suit-
able height. Activities of neurons, forming networks, produce synchronous neuronal activity
patterns that represent information, which is processed during a successful interaction of the
organism with its environment.

As suggested by the above examples, a successful interaction of the primate brain with four-
dimensional space-time fabric of the external physical world requires interval timing functions
at various time scales. A distributed modular neural clock mechanism is proposed by Gupta
[12] to explain timing functions of the brain during online behavior.

2.1. Modular connections between small cortical information-processing areas establish
dynamic networks that form the basis of timing the behavior

The modular nature of connections of local circuits forming dynamic networks in the cortex
can be understood based on cytoarchitectural and electrophysiologic data. The cortical surface
is divided into tiny computational units of millimeter range size, called the canonical micro-
circuits [13]. The neurons forming the canonical microcircuits have limited but conserved pat-
terns of inputs and outputs [14]. Although the neurons within a canonical microcircuit are
interconnected in a specific manner, the connectivity rates between most neuron pairs in the
cortex are very low, rising only to 10-20% in specific cases when they are co-tuned to the same
stimulus [14]. Since there is a low level of connectivity among neurons, it gives the canonical
microcircuits the flexibility to form multiple configurations of neuronal circuits, and therefore,
the ability to perform a wide variety of computations. This feature is useful for the role of small
areas of the cortex to serve as relatively independent modules in neural networks.

Moreover, when inputs going to the cortex, primarily from the thalamus, are relayed in a topo-
graphically specific manner, there is a very little overlap between the inputs received by canoni-
cal circuits due to the low level of connectivity in the horizontal direction. Thus, this results
in sparsely interconnected small divisions of the cortex, which act as independent circuits or
modules that can be connected by synchronization. Synchronization of local circuits is due to
the oscillating states of excitability and inhibition, which allows neurons to fire during a specific
phase of a long-range oscillation when neurons are excitable: coupling the modules of a neural
network. Periodic excitability of neurons during synchronization, due to the pacing by inhibitory
neurons, produces oscillating extracellular currents that are recorded as neural oscillations [15].

2.2. Distributed modular neural clock mechanisms are responsible for timing behavior
in primates

Modular model of distributed neural clocks is proposed by Gupta [12] for interval timing func-
tions of the brain, such as timed-motor movements, time reproduction and time estimation. As
depicted in the schematic in Figure 1, the proposed neural clock mechanism has three main
modular components [12]: (a) calibration module, which are sensory and motor circuits of the
brain that are involved in feedback interaction with the external four-dimensional surrounding,
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of physical time dimension in the brain

Figure 1. Schematic diagram depicts the modular clock model [12]:

¢ Synchronization (shown by dotted line of ovals) of neural clock mechanism with calibration modules: motor and sen-
sory circuits, processing motor and sensory information during the interaction with space-time fabric of the external

environment.

¢ Information is coded by the patterns of neural activities, which include spikes, spike bursts, logic states of circuits

and slopes of ramping activity neurons.

* Synchronization is due to coherent, but oscillatory increase in the excitability of neurons in the network during spe-

cific phase of neural oscillations.

¢ Synchronization is responsible for the temporally coupling of information, produced by different neural activities,

which encodes timed behavior.

(b) endogenous neural oscillator to represent physical time in neural circuits and (c) a clock

mechanism for timing a behavioral response.

The functional role of the calibration module in the neural clock mechanism is to transfer infor-

mation about physical time into neural circuits. Physical time information is transferred into
neural circuits when motor and sensory information is processed by feedback mechanisms
during an interaction of the brain with the external surroundings. During the feedback inter-
action, circuits associated with the motor and sensory functions produce neuronal activities
that parallel the interactions between effector organs, muscles, sensory organs and the exter-
nal space-time fabric. Moreover, the comparison of the intervals between changes outside the
body and the intervals between corresponding feedback changes in neuronal activities in the
brain would serve as a basis for the calibration of neural clocks.
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An alternate mechanism for the calibration module is the cortico-basal ganglia-thalamocorti-
cal circuit, which, due to reciprocal connections and the consequent feedback process, could
globally calibrate the neural circuits of the brain for the optimized interaction with external
physical surroundings. This calibration mechanism predicts the presence of cortical neurons
that are strongly coupled to population activity, but invariant to the stimulus conditions,
which have been detected in monkey and mouse visual cortex [16].

Endogenous neural oscillator is the second component of the proposed modular neural clock
mechanism. Neural oscillators are the rhythmic neural activities within the brain, such as neu-
ral oscillations, periodic bursts or rhythmic circuits. The idea of neural oscillator to represent
time dimension is very old which is based on the intuitive role of the pendulum in mechani-
cal clocks. Treisman [17] had originally proposed pacemaker-accumulator model. According
to this model, a neural oscillator generates pulses, which are accumulated by a counter to
encode time intervals in neural circuits.

Instead of serving as the source for temporal units for pulse accumulation, as in the Treisman
model, the neural oscillation in the modular clock mechanism represents only a property of
physical time. Thus, note that the periodicity of the endogenous oscillator does not simply
represent a number that is added numerically to process time intervals for neural or psycho-
logic processes. However, as mentioned later, the numerical quantification of time intervals in
neural processes is likely encoded by spike patterns and their temporal relationship. Neural
oscillators, representing physical time, along with calibration module and various task-spe-
cific circuits, synchronously generate information in networks, forming modular clock mech-
anism (Figure 1) to encode timed behavior by the brain.

Task-relevant neural clock is the third module, which is present in various parts of the brain,
depending on the nature of the task. For example, the neural timers for visual time reproduc-
tion tasks in seconds range are present in the right dorsolateral prefrontal cortex [18-20].

At present, it is not clear how neural patterns, representing information, are coded and
decoded to represent behavior, such as timing movements or time estimation. It is likely that
a combination of different patterns such as spike patterns, logic states of circuits and ramping
activity of neurons play various roles in coding and decoding information, leading to timed-
behavioral responses [12].

Quantitative measurements, such as time intervals, are likely represented in neural circuits in
numerical representations [21], such as spike patterns, which can be read as the binary num-
bers [8, 9]. Variable rather than fixed size of the time-bin that contain spikes or spike bursts in
a neuronal activity will play a role in the representation of spike patterns as Shannon infor-
mation [8]. Gallistel [21] has noted that studies suggest that the information about behavior-
ally relevant quantities such as timing behavior is not represented by the rates of spikes but
rather by the intervals between their arrivals at synapses. Although the neurobiological basis
of information processing, underlying the timing of behavior, remains far from clear [21],
some consensus is present, such as neurons encode sensory information using a small number
of active neurons at a particular time point [22]. This view is consistent with the cytoarchitec-
tonic data that show a low level of connectivity among the neurons of the cortex.

71



72

Primates

2.3. Stochastic processes underlie the synchronization of circuits during motor
movements

Motor movements play a key role in the interaction of primates with external physical world. But
how the synchronization of different circuits leads to meaningful motor interactions with physi-
cal environment is not well understood. In a study of spatial visuomotor error during a speeded
reaching movement, it was found that while subjects” objective distributions, task-related repre-
sentation of external surroundings, are unimodal, their internal representations of the external
task are typically mixtures of a small number of distributions [23]. This suggests that the central
nervous system uses many possible neural circuits initially and synchronizes them in a limited
number of combinations, which is the result of the constraints imposed by the external physical
conditions. This is also consistent with the influential uncontrolled manifold theory, which postu-
lates that control of limb movements gives priority to spatial shape of the movement over the tra-
jectories of the individual joints [24, 25]. Current consensus favors that the movement planning by
the human brain is best characterized in external, task-relevant coordinates—external surround-
ings—such as the direction of movement of the hand in reaching a target in external space [25].

Studies in primates have shown that the central nervous system uses flexible combinations of
a limited number of muscle synergies—defined as a relative level of muscle contraction—to
produce a variety of motor behaviors [10, 11]. Since muscle synergies may vary between indi-
viduals [10], it suggests the basis of the individual differences in the cytoarchitecture of the
cortex that accompany possible differences in circuits underlying activation patterns. Muscle
synergies likely result from the synchronization of a limited combination of circuits, reflect-
ing a limited number of limb movements, conforming to the spatial coordinates of the target.

In a study of reaching movement task, joint angle variability peaked mid-way during the
task [26]. Another study showed that reaching movements are characterized by high accu-
racy of end results [27], which indicates that the least variability is present after effector—
the hand —reaches the target. Together, these observations suggest that individual circuits
are synchronized more tightly at the end of reaching task when the hand reaches the target.
Tighter synchronization of a given number of circuits will reduce the variability during the
time-series activation of muscle synergies in the execution of motor tasks.

The mechanistic explanation, wherein a stochastic selection process chooses from an ini-
tially larger number of processing circuits to fine-tune final movements to reach a stationary
external target, can be extended to the movements for catching moving objects. In case of
moving targets, an accurate four-dimensional internal representation will be required for a
successful task. This will require that the activity of multiple circuits, during various stages of
movements, must be optimized to produce an efficient temporal coupling at the endpoint of
reaching movements. This optimization process will also require time budgeting via synchro-
nization to allocate different computing resources of the brain.

2.4. Brain networks undergo dynamic changes in connections during working memory
function

Since working memory function of the brain is the ability to maintain and manipulate infor-
mation over periods of seconds [28], it plays a key role during the online interaction with the
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space-time fabric of external surroundings. The ability to maintain and manipulate informa-
tion in a working memory task is correlated with those patterns of neuronal activities that
persist in the prefrontal cortex after the stimuli that elicited them no longer exist [28-30]. The
limited amount of information, available for the manipulation by working memory [31, 32],
suggests that there can be only a limited number of active networks present at a given time
during a phase of working memory function. Thus, the limited number of connections of
active networks must dynamically change during a working memory task to update the infor-
mation processing to meet new demands.

Studies have shown that the prefrontal cortex and parietal cortex are the important regions for
working memory functions [33, 34]. Furthermore, consistent with the dynamic changes in the
networks for working memory function, reflecting the brain’s interaction with four-dimen-
sional surroundings, a past study reported that the functional connectivity patterns of fronto-
parietal region, across various task states, shifted more than other networks in the brain [35].
Another study demonstrated that the functional connectivity of the frontoparietal networks is
greater in tasks demanding greater cognitive control in normal and schizophrenic groups but
showed an overall deficit in schizophrenia [36]. Given that the parietal cortical areas are the
sites for processing of sensory information, such as visual, spatial and multisensory [37-39],
the above study underscores the importance of the role of working memory networks in the
cognitive control of the interaction with external surroundings.

2.5. Role of the thalamus in regulating the network connections in the brain during
various arousal states

The thalamus plays a key role in regulating the brain oscillations that characterize various arousal
states (Figure 2). A great variety of wave frequencies and patterns is controlled by the thalamus,
which is attributed to the electrophysiologic properties and connectivity patterns of the cortical,
thalamic reticular (RE), corticothalamic neurons (CT) and thalamocortical (TC) neurons [40]. The
RE nucleus is a neuronal sheet made of GABAergic cells that envelops most of the surface of the
thalamus [41, 42]. Unlike specific relay nuclei, neurons of the RE nucleus do not project directly
to the cortex, but they receive collaterals from TC and CT neurons [42]. RE neurons provide both
feedforward and feedback inhibition to excitatory TC relay neurons [41, 43] (Figure 2).

Multiple TC cells provide excitatory projections to each RE cells, and in turn, multiple RE
cells contact each TC cell [43]. The sleep spindles result from strong reciprocal connections
between excitatory TC neurons and inhibitory RE neurons [43]. When RE neuronal terminals
become active, they inhibit TC neurons. The TC neurons exhibit a postinhibition burst of
7-15 Hz frequency called sleep spindles. This postinhibition burst of activity in TC neurons
excites the inhibitory RE neurons, which consequently inhibits TC neurons via reciprocal con-
nections. The inhibition of TC neurons, relaying sensory signals, prevents the cortex from
receiving sensory information during sleep [44].

The slow wave (0.5-1 Hz), which is characteristic of NREM sleep, originates in the frontal
regions and propagates in the anterior to posterior direction with a rapid speed of 1.2-7 m/s.
Since the slow wave synchronizes the entire brain from the thalamus to the cortex, it prevents
independent synchronization of smaller areas of the brain, which as a result interferes with the
ability of the brain to form networks, necessary for the interaction with external environment.
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Figure 2. A schematic of connections between the cortex and thalamic reticular nucleus and specific thalamic nuclei:

¢ Cortical neurons in canonical microcircuits (shown as lettered gray rectangles, letters specify modules and numbers
indicate component microcircuits in a module).

¢ Canonical microcircuits receive inputs from rapid relay thalamocortical neurons (RRN).
¢ Very scant horizontal connections are present between individual canonical microcircuits.

® There are rich divergent, convergent connections between the neurons of the reticular nucleus and thalamocortical
neurons (TCN).

® There are heavy reciprocal and nonreciprocal projections from corticothalamic neurons (CTN) in layer 6 of the cortex.

* Hypothetical networks 1 and 2 result from the synchronization of different cortical areas representing modules.

However, the desynchronization of the slow wave paves the way for independent synchroniza-
tion of smaller networks by neural oscillations during awaken state, covering distinct regions
of the brain, making possible the online interaction with the environment. During an alert state,
the slow wave oscillation is replaced with faster and short range and synchronized oscillations
in the beta (15-30 Hz) and gamma (30-80 Hz) ranges [40, 45].

Note that the function of the thalamus is more than a passive relay center for sensory stimuli or
the regulation of arousal states of the brain. Recent evidence indicates that the thalamus regu-
lates functional connectivity between cortical microcircuits, which determines how cognitive
processes are implemented [46]. TC neurons carry rapid sensory and motor relay information
from specific thalamic nuclei project in a topographic fashion to sparsely interconnected micro-
circuits at the level of layer 4 of the cortex [14]. This enables the processing of relayed sensory
information that occurs in modular neural circuits, comprising canonical microcircuit units.

Evidence suggests that the RE nucleus is an important hub in the communication between the
thalamus and the cortex, which plays a key role in the cognitive processes that are affected
in schizophrenia [47]. The RE nucleus covers the thalamus like an egg shell, and therefore,
all fibers connecting the thalamus and the cortex must pass via the RE nucleus. Moreover,
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the anatomical data [48] argue against a global control of thalamocortical functions by the
RE nucleus. Studies show that the RE nucleus can be subdivided into multiple sectors, each
of which connects with a particular group of thalamic relay nuclei and cortical areas [48] and
also due to a limited divergence from the thalamus to the cortex, the direct global control of
cortical functions by the thalamus is highly improbable. Instead of global control, synchroni-
zation of small cortical areas can occur due to their direct specific connectivity to sectors in the
RE nucleus. Moreover, it is plausible that the control of the function at the level of individual
sectors of the RE nucleus can synchronize relatively distant areas to form dynamic networks
in the cortex.

CT axons, exiting layer 6 [49], are more numerous than TC neurons synapsing in layer 4 [50].
CT axons provide massive inputs to the thalamus that are both reciprocal and nonrecipro-
cal [50], and therefore can dynamically influence the excitability and sensory throughput of
the thalamus [49]. Thus, the thalamus can help in the selection as well as the maintenance of
dynamic networks during various task states of the brain. Moreover, the oscillations synchro-
nizing network, due to the nonreciprocal connections of CT axons, can dynamically influence
the periodicity of other oscillations, affecting timing functions by other circuits.

3. Timing circuits and neural networks during social interactions

3.1. Mirror neurons in sign language and vocalization: communication in humans and
nonhuman primates

The ability to communicate, among individuals who are active in groups, has played a key role
in the evolution of primitive human societies. Speech developed as a method of communica-
tion about 10 millenniums ago when creatures with large cranial capacity first appeared [5]. It
is now believed that manual gestures are directly linked and have preceded the development of
language in the humans as a method of communication [51]. Influential mirror system hypoth-
esis posits that what counts for speaker (signer) must count approximately the same for hearer
(observer) [52]. This parity rule underlies the basis of the development of communication in the
nonhuman and human primates [51].

In an area of the macaque’s ventral premotor cortex, area F5, which is homologous to the
human Broca’s area, the speech area, a new class of neurons called the mirror neurons, was dis-
covered by Rizzolatti and his colleagues (Figure 3) [51, 53, 54]. The mirror neurons fire when
monkeys perform a specific motor act or when they observe another primate, human or non-
human, perform the same act [51, 53, 54]. More recently, Keysers, et al. [55] described a distinct
population of neurons in the ventral premotor cortex of the monkey that discharges when the
animal performs a specific action and it hears or sees the same action performed by an another
individual. In contrast to the mirror neurons, these neurons, called audiovisual neurons, also
fire when monkeys hear specific sounds related to an action. Studies of both classes of neurons
have added considerably to our understanding of how primates read others’” intention and
produce context-related responses [56]. Series of studies of mirror neurons in F5 and the intra-
parietal sulcus, summarized in a review by Rozzi and Coude [56], have shown that depending
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upon the intention of motor act, for example grasping to eat or grasping to put into a container,
the activities of neurons differed. Thus, the mirror neurons provide a mechanism to read motor
intentions of other primates [56]. Imaging studies done in human subjects showed that the
posterior parietal areas and premotor areas become active during action-observation and imi-
tation [57, 58]. Rich reciprocal connections are present between different areas of the posterior
parietal cortex and premotor cortex in monkeys, which serve as the anatomical basis of the
mirror neuron mechanism (Figure 3) [56, 59]. The ability to read others’ intentions would have
played a key role during the human evolution due to the critical importance of this capability
against the savage attacks by rival clans or species.

We note that the mirror and audiovisual neurons have an ability to synchronize parietal frontal
circuits for the mirror system between two individuals. When two individuals are communi-
cating by hand gestures or hear sounds representing the same action, then, the same neurons
would fire in both the individuals: synchronizing the same set of circuits. This could be a basis
of the development of communications among primates as the same sound or gesture may

Dorsal Premotor

Intraparietal
Cortex -

Ventral Premotor ¥

o ioriex

Figure 3. Anatomical basis of mirror neuron system in macaque brain:
* Ventral premotor cortex (areas represented by shades of yellow) contains frontal areas F5 and F4.
¢ Dorsal premotor cortex (areas represented by shades of green) contains frontal areas F7 and F2.
¢ Following parts of the intraparietal sulcus (blue) are depicted:
® Anterior intraparietal area (AIP)
* Medial intraparietal area (MIP)
e Lateral intraparietal area (LIP)

® Ventral intraparietal area (VIP).
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lead to similar perception due to the activation of the same networks by common stimuli. The
synchronization of common circuits by mirror neuron system would serve as a mechanism
for same perception or meaning of a sound or gesture. It is believed that the Broca’s area, the
speech center of the human brain, was developed from the mirror neuron system in monkeys
[51]. Moreover, F5 in the macaque brain, which contains mirror neurons and has a rich recip-
rocal connections with the posterior parietal cortex, is found to be homologous to the Broca’s
area based on the cytoarchitectonic and imaging data [60].

A recent study provides the evidence that the mirror neuron mechanism synchronizes net-
works spanning the ventral premotor cortex and posterior parietal cortex in the monkey brain
(Figure 3) [61]. This study, which measured spiking activity, during a delayed grasping task
by macaque monkeys, from the anterior intraparietal area (AIP) and ventral premotor area
(Figure 3), both of which show strong connectivity [59], found that 18% of variability in reac-
tion time was accounted by the ventral premotor area F5 but only 6% by the AIP. These obser-
vations suggest that there is a tighter coupling of mirror neurons in area F5 to physical time
dimension, which is related to the greater contribution of the activity in F5 motor to the vari-
ability in reaction time. This study shows the presence of functional connectivity between the
ventral motor area, F5, and the posterior parietal area, AIP, during the motor interaction with
the external physical environment via delayed grasping task. This study is also consistent
with the ability of mirror neuron system in F5 to synchronize the activity of the AIP in the
posterior parietal cortex during a motor task.

When same mirror neurons in the brain of different individuals are stimulated by a common
stimulus, then, the activity of those neurons will be locked to the same time point by the stimulus.
This may serve as an important mechanism for the synchronization of perception of the shared
space-time fabric of the surroundings among the individuals in a group. Without a mechanism to
synchronize the perception by two individuals, who are communicating, a situation may develop
analogous to two persons, who are watching the same action movie in two separate rooms, but
the frames of movies being screened are fractions of a second apart. When they meet in a third
room to discuss the last scene they had just watched, they will differ in their exact last version.

4. Representation of time dimension in the brain

4.1. Accurate representation of external physical time in the neural circuits is crucial for
primate’s interaction with the space-time fabric of external surroundings

Representation of time dimension in the brain is important for human and nonhuman pri-
mate’s ability to survive. As we argued before, the representation of time dimension in neural
circuits plays a key role in information processing underlying complex cognitive functions
of the primate brain. Survival in many circumstances depends on the temporal coupling of
actions with the perception of external environment.

Depending upon the demands of a task, the degree of coupling between action and percep-
tion may vary. For example, to dodge a falling rock requires a tighter temporal coupling
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between action and perception in comparison with the tasks to reach for a cup of water. To
temporally couple actions with sensory inputs, an accurate representation of time informa-
tion in neural circuits is required. Without an accurate representation of time dimension in
neural circuits, the ability of the brain to successfully couple actions—motor movements
dodging a falling rock—with the perception of falling rock would not be possible due to a
mismatch with the external physical time scale. Tasks requiring a tighter coupling between
action and perception, such as the ability to dodge a falling rock and to kill animals with
projectiles, are likely to have played a significant role in the survival of humans and would
have significantly guided the evolution of the human brain. Thus, it is interesting to note
that the cerebellum evolved relatively more rapidly than the other parts of the human brain,
including the neocortex [62].

4.2. Neural temporal unit as a measurement unit of time axis in the neural circuits

Representation of time units by regular events is inherent in the definition of regular events,
which repeats itself after the same interval every time. Time units, such as seconds, measured
by swings of pendulum in a mechanical clock, can help in measuring duration by counting
the number of seconds or swings of a pendulum. Using this analogy, a neural temporal unit
is defined as the interval between two adjacent regular spikes, spike bursts and is proposed to
represent time units in neural circuits [12].

According to the pacemaker-accumulator model, when neural temporal units are added by
the accumulator, it processes neural time intervals in a subjective or motor task. According
to this model, if the neural temporal units represented by neural oscillators in the brain’s
timing circuits are smaller on physical-time scale, then subjective time reported in a task
will be greater than the elapsed physical time. This will be the result of greater number of
neural temporal units present within a given external time duration. As predicted by the
pacemaker-accumulator model greater number of neural temporal units within a timed
interval will lead to subjective over-estimation of intervals. This is supported by a study in
which entrainment using visual flickers with faster frequency increased time measurement
in a time-reproduction task [63]. Entrainment by faster flickers increases the frequency of
neural oscillators in the brain, which leads to smaller temporal unit. Another study used
auditory click trains to increase the speed of neural clocks, and studied its effects on pair-
wise duration comparison and verbal time estimation task, and had arrived at similar
conclusions [64]. However, not all entrainment studies agree with these conclusions [65].
Thus, a different role of neural oscillator is suggested within the modular clock model [12].
According to this formulation, the role of rhythmic activity is only to represent a physi-
cal property of the time dimension in neural clock mechanisms. Rhythmic activities are
shown to be important for cognitive functions and various forms of behavior as reviewed
by Herbst and Landau [66], but its precise role is yet to be understood.

4.3. Role of beta oscillations in the representation of time dimension

Accumulating body of evidence suggests that the beta-range neural oscillations represent
physical time information in the brain (Figure 1) [65, 67-71]. A recent study has concluded
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that beta oscillations play an important role in the retention and manipulation of time
information held in working memory [68]. In another study, where monkeys performed a
synchronization-continuation task, after an initial increase in the beta power of local field
potential recording in the striatum, there was a decrease in the beta power during the syn-
chronization phase, which was followed by a rebound during the continuation phase [71].
The synchronization of the neural activity of the striatum by increase in beta oscillations in
this study agrees with the networking of the components of cortico-basal ganglia-cortico-
thalamic circuit in the neural clock mechanism during the continuation phase. Moreover,
the causal relationship, between beta oscillations and the control of movements [72], also
suggests that beta oscillations are responsible for coupling the neural-timer mechanism
with the motor circuits for the control of movements.

4.4. Representation of time dimension in lower motor circuits

Central pattern generators (CPG) are networks of interneurons in the spinal cord forming a
part of the hierarchical control by the central nervous system that plays a role in generating
rhythmic motor activities in animals, such as walking and chewing [73]. The rhythmic activ-
ity of CPG networks, according to the formulations of distributed modular clock mechanism,
represents the time dimension in spinal cord motor circuits that help maintain the temporal
characteristics of locomotion. Although, CPG activity is observed after deafferentation or spi-
nal cord injury, but sensory inputs, especially proprioceptive signals, are crucial for its role
in locomotion [74]. The function of proprioceptive signals is chiefly the calibration of time
dimension represented in rhythmic activity of the CPG during locomotion.

The evidence for the direct role of spinal cord CPG networks in human locomotion is scant
and is mostly indirect [75, 76]. Some beneficial effects are seen in spinal cord injury patients
following locomotor training [77], which can be explained by “learning by spinal cord CPG
networks” about optimal incorporation of physical time-dimension information from sensory,
especially proprioceptive inputs in lower motor circuits, processing movements after spinal
cord injury.

5. Conclusion

There are many challenges that remain in trying to understand how the time dimension is
incorporated in information processing that underlie the timing of behavior in primates. At
present, we do not understand how time dimension represents information within the pat-
terns of spikes or spike bursts. A key challenge is to understand how synchronous neural
activity patterns in distinct local circuits in brain networks represent timed behavior during
interaction with external world.

A better understanding of the answers to above questions will help us improve the manage-
ment of a wide ranging group of illnesses, such as schizophrenia, Parkinson’s disease and
spinal cord injury among others.
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Abstract

Alternative interpretation to the long-standing assertion that mirror self-recognition
entails self-awareness suggests that mirror self-recognition rather refers to the ability to
differentiate its own body from other objects of the environment. From this standpoint,
individuals should be able to interpret the mirror reflection as a symbolic representation
of the self and to map this image to an internal representation of self. The framework of
this chapter is based on the assumption that the cognitive processing underlying self-
recognition might be related to the capacity of processing mirror image as a symbolic
representation of the real object. To support that purpose, the critical developmental and
comparative literature on pictorial competence and self-recognition ability in human
infants and primates are contrasted. Furthermore, relationship between mirror self-
recognition and pictorial abilities are discussed based upon two experiments. We first
observed the behavior of pictorially naive primates, with a realistic picture. We second
assessed whether non-naive chimpanzees, demonstrating or not self-recognition, would
behave with a realistic picture. Finally, I propose a refined postulate that illustrates how
the pictorial competence and self-recognition ability may co-develop. The intent of this
model is to open up new perspectives for further explorations of self-recognition ability
in primates.

Keywords: mirror self-recognition, picture processing, referential stimuli,
developmental abilities, monkeys, great apes

1. Introduction

Once upon a time, in a castle, a queen was talking to her image in the mirror: “Mirror, mirror
on the wall, who is the fairest one of all?” (based on “Snow White”; the Grimm’s fairy tales,
1812). Rather curiously, Snow White’s step-mother, needed the opinion of her magic mirror to
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get an idea about her own reflection, although she could see it by herself. This suggests that the
true nature of someone’s image in the mirror does not always lay in the eyes of the perceiver.
The queen, at least, knew that the reflection in the mirror was hers. Is it the case for non-human
primates (hereafter referred to as primates) when they face a mirror? If they are able to recog-
nize themselves, is this have anything to do with self-awareness? Self-recognition implies “...
that one can become the object of one’s own attention...” and thus possesses the ability “...to
infer correctly the identity of the reflection in the mirror as being one-self” [1]. In spite of exten-
sive empirical investigations for the last five decades, this issue is still hotly debated in the field
of comparative psychology. The first experimental account of mirror self-recognition (from
now MSR) in primates was made by Gallup in the 1970s [2]. The development of an original
methodology, that is, the “mark test”, was based on prior observation that initial exposure of
chimpanzees to a mirror first elicit social responses toward their reflection (e.g. threat or play),
but after a while, this behavior eventually vanishes and switches to self-directed behaviors
(i.e. inspection of some areas of the body that are only visible with a mirror) [3]. Although the
author assumed that self-directed behaviors necessarily imply self-recognition, he attempted
to get more objective measures of self-recognition by marking the face of the chimpanzees
during anesthesia, in such a way that this mark could only be seen when the chimps looked at
their reflection in the mirror. After recovery from anesthesia, some of the chimpanzees used
the mirror as a tool to investigate the mark on their face, which was the first evidence that pri-
mates can recognize themselves in a mirror. From these results, Gallup concluded that MSR
implies not only awareness, but “self-awareness” as these individuals “...are objects of their
own attention and are aware of their own existence...” [4, 5]. According to the same author,
if chimpanzees do possess the cognitive ability of self-awareness, they should also possess
the ability to monitor one’s own mental state and to impute knowledge or emotional states
to other individuals. These cognitive abilities go far beyond self-recognition since they imply
some skills that follow from theory of mind [6]. It must be acknowledged that this theoretical
assumption is exciting as it supposes that primates master high-level social skills that were his-
torically confined to humans such as the attribution of intent, deception, reciprocal altruism,
empathy, reconciliation? However, it is still debated whether MSR involves these “high-level
social and cognitive abilities” related to the theory of mind [7-9] or “lower level cognitive abili-
ties”, such as the capacity to differentiate the body self from other objects of the environment,
and to attend to stimuli that come from that body self [10]. For disentangling between these
two theories, one needs first to precisely define the cognitive capacities that underlie primates’
understanding of the true nature of their image in the mirror.

The present chapter attempts to demonstrate that MSR requires at a minimum that mir-
ror reflections are processed as external representations of the self, and not as the real self.
Therefore, being able of self-recognition might be related to the capacity of processing picture
as a symbolic representation of the real object [11], and not to demanding cognitive abilities
such as “self-awareness”. I will first review the main results provided by the literature on
MSR and on picture processing abilities in primates. I will then describe two experiments,
carried out with my collaborators, which were aimed at testing the hypothesis that MSR
might be based upon the cognitive ability to comprehend symbols. In conclusion, I will dis-
cuss our findings in regard to the literature and subsequently propose a novel postulate on
the co-developmental course of pictorial comprehension and MSR in primates.
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2. Mirror self-recognition in primates: experimental considerations

The pioneering study by Gallup [2] has been at the origin of a now very large literature on
MSR in primates. To sum up, that literature confirms that some primates species can use their
reflection in a mirror for self-exploration (for a review, see [12]), but claims that MSR abilities
strongly depends on the species under consideration. On the one hand, MSR has been demon-
strated in the four species of anthropoid primates: chimpanzees, for example [13], bonobos, for
example [14], orangutans, for example [15]. MSR in gorillas is much more debated. Some studies
indeed showed that gorillas exhibit no mark directed touching [16] nor spontaneous mirror-
guided self-exploration [17], while others suggest that gorillas are capable of self-recognition
[18-21]. Still, results are controversial even with mirror procedure adapted to the behavioral
gorillas” specificity, and aimed at enhancing the gorillas” exploration of the mirror reflection,
for example [22-24]. Overall, even if results on gorillas’ MSR ability are mixed, according to the
studies reporting positive findings, the capacity for self-recognition is at least present in some
individuals.

On the other hand, failures to convincingly demonstrate MSR in non-ape primate species
appear recurrent in the literature (for a review, see [25]). When facing a mirror, most monkeys’
species usually display social responses toward their reflection, treating the image as a conspe-
cific (familiar or not) [26, 27]. Monkeys’ social responses generally do not evolve toward self-
directed responses [28, 29]. In order to enhance monkeys’ self-directed behavior in front of the
mirror, researchers attempted to diversify the experimental procedures. Spontaneous responses
to a mirror versus photographs and real-time videos performed by Cotton Top-Tamarins were
recorded [30]. Subjects showed more attentional responses and frequent non-aggressive looks
when facing the mirror compared to the other conditions. However, they did not consistently
generate self-oriented behaviors in front of the mirror. Capuchin monkeys’ spontaneous behav-
iors were also recorded when they were facing live video images of themselves [31], but again
monkeys did not show any sign of explicit self-recognition. An alternative experimental strat-
egy consists in modifying the nature or the location of the classic dye mark. In an experiment
[32] where the classic mark was replaced by an odorant chocolate paste, the marmoset monkeys,
while facing a mirror, did not demonstrate any mirror-guided exploration. In another study
[33], capuchin monkeys were trained to touch a mark directly visible on various body areas
(forearms, calves, and abdomen) to reinforce their experience of the correspondence between
their body and its image in the mirror. During the test phase, the mark was confined to the
face but monkeys never used their reflection to touch it. Other authors [34, 35] tried to prompt
self-recognition in capuchin monkeys by manipulating the mirror’s characteristics (e.g. size and
number of mirror, angled-mirror, etc.), but also failed to observe any MSR in their subjects.

In macaques, results of MSR ability are more controversial. Macellini and collaborators [36]
have attempted to promote own body recognition in pig-tailed macaques, by locating the
mark on their chest (only visible via a mirror). When facing the mirror, none of the subjects
tried to touch the mark, thus suggesting that they did not relate the mirror reflection to their
body. In another study, researchers recorded the spontaneous behavior of rhesus monkeys
equipped with a head implant (which is a more salient mark) while the animals were fac-
ing a mirror [37]. Macaques performed self-directed behaviors (e.g. active exploration of the
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implant and of the genital areas) only in front of the mirror. The same monkeys, however,
failed to show any sign of self-recognition in a conventional mark test. Altogether, this experi-
mental procedure appears insufficiently controlled to definitely conclude that these macaques
actually demonstrated self-recognition ability (for a comment, see [38]). In a recent challeng-
ing study [39], rhesus monkeys were trained to locate a visual-somatosensory stimulus pro-
jected on their head. Basically, an irritant laser-pointer light dot was directed at the subject’s
forehead, and could be both perceived on the skin as a hot spot and as a colored spot in a mir-
ror. This explicit training regimen not only resulted in macaques passing of the classic mark
test with dyes of various colors but also showed that macaques subsequently explored spon-
taneously some unseen body parts. Although this study raised appreciations, for example
[40], and excited comments by the scientific community “Clever studies like the one of Chang
et al. [39] help expose our preconceptions about ourselves and point the way toward deeper
understanding of the way our brains, and the brains of other animals, construct reality and
our place within it” [41], it also raised some criticisms. Indeed, according to Anderson and
Gallup [42], the trained monkeys might not have really recognized their image in the mirror
but might have simply learned to touch the unpleasant location on their face when seeing
any monkey image. To tackle this critical issue, Chang and collaborators designed a second
experiment [43], replacing the visual-somatosensory stimulus (an irritant spot) by a visual-
proprioceptive training. Macaques were trained to locate a spot projected onto a surface in
their close personal space, which was visible either directly or through the mirror reflection.
In a first phase, macaques were trained to locate the spot when it was both directly visible and
through the mirror. During the test phase, subjects failed to pass the mark test as they did not
touch the spot when it was projected on themselves. However, in a second training phase, the
spot was only visible via the mirror reflection. In the test phase, macaques passed the mark
test. This last experiment strongly suggests that under appropriate experimental approach,
monkeys are able to pass the mark test. It should encourage researchers to adapt training
procedures in order to promote the monkeys’ motivation to use the mirror reflection which
could also enhance their motivation to explore their own faces.

3. Mirror self-recognition in primates: intra- and inter-species
differences

3.1. The mark test: a proper index of self-recognition?

Massive inter-individual differences in MSR abilities have been repeatedly reported in pri-
mates [44]. Even in the chimpanzees, the most proficient species in this test, MSR is only
accessible to a subset of individuals. Many of them fail the task, for example [45, 46]. One
extreme explanation of these inter-individual discrepancies is that non self-recognizer sub-
jects or species actually lack “self-awareness”. Only some chimpanzees, orangutans, and
gorillas have consequently a visual representation of their self [4, 47]. Yet, other factors may
also play a crucial role in the noticeable inter-individual differences. First, among the great
ape species, a clear bias exists toward chimpanzees in terms of numbers of animals tested in
MSR. About 164 chimpanzees (estimation) have been tested, while the number of orangutans
(estimated N = 5), bonobos (N = 10) and gorillas (estimated N = 19) tested is relatively small.
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This actual bias may be at the origin of the common idea that chimpanzees are the most
proficient species in MSR. Second, rearing conditions of animals are extremely heterogeneous
(captive vs. wild-born, different laboratory living conditions) and may probably result either
in enhanced social-cognitive functioning (e.g. in the case of some “enculturated” home-reared
apes) or in impaired social-cognitive functioning (e.g. in the case of social deprivation, or
very small group size). Unfortunately, the precise rearing conditions and previous cognitive
experience of many primates tested in MSR are often unknown or at least not sufficiently
described. Researchers may have underestimate the cognitive consequences of social factors
and previous experimental history in the MSR ability. Third, the standard version of the mark
test is good only for positively proving the existence of self-recognition. Indeed, failures only
sign an absence of self-directed behaviors but not a lack of self-recognition per se (false nega-
tives) (for a review, see [48]). And finally, studies on MSR mostly look for chimpanzees-like
behaviors in front of a mirror, as initially described by Gallup [2]. Species” behavioral reper-
toires may notably make it more difficult for an animal to detect the contingencies between
its body and the mirror image, a sine qua non to adopt self-directed behaviors, and eventually
achieve MSR. On the one hand, as primates initially mistake their own reflection in the mirror
with a conspecific, the exploration of the mirror may substantially vary among species and
thus provide different visual and kinaesthetic information, from a qualitative and quantitative
point of view. Direct gazing in gorillas, for instance, may result in a response of fear from the
subject looked at, or in gaze avoidance to sign appeasement and submission [49]. Macaques
display threat gaze during conflicts and avert gaze during friendly approaches [50], while
chimpanzees avert gaze in case of potential conflict and make eye contact to reconcile [51]. On
the other hand, primates’ spontaneous behaviors in front of a mirror may provide, depending
on the innate characteristics of each species, more or less somato-sensitive information, which
further promote self-directed behaviors. Monkeys, for instance, are usually less engage in
auto-grooming than chimpanzees and thus do not receive direct feedback from their bodies
as frequently as the chimpanzees do [52, 53]. Yet, the same mirror tests have been applied to
a wide range of species, while it might be inappropriate to test some primates’ species under
these conditions given their own social characteristics.

3.2. Symbolic pictorial competence: an index of mirror self-recognition ability?

In the following, I will propose an alternative explanation to inter-species discrepancies in
MSR. Before using the concept of “self-awareness”, I would recommend first to analyze the
perceptual information conveyed by the mirror image in order to infer the cognitive pro-
cesses at work in the MSR task. When the monkeys look at a mirror, they often express social
behaviors, for example [27]. This behavior suggests that they perceive a very realistic pictorial
representation of a monkey, and probably mistake the mirror reflection of themselves with
a real monkey: they process the “picture” as the “real object” itself. This perceptual phe-
nomenon has already been described in the literature and named “confusion mode” of pic-
ture processing [54]. Apes express self-directed behaviors when facing a mirror, for example
[13] thus suggesting that they do not perceive the mirror reflection as another individual but
rather as a representation of themselves. According to Bard and collaborators [11], self-rec-
ognition implies “an understanding that the self can exist and can be represented: the mirror
image is a representation of the self as an iconic symbol”. This ability to understand the image
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as a symbolic representation infers an “equivalence mode” of picture processing [54]. This
“equivalence mode” refers to a situation in which the subject associates the real object with
its picture while being perfectly aware that the picture is different from the real object. In that
sense, the picture, as well as the mirror image, is a referential stimulus: it is an object which rep-
resents another object. Animals must interpret the relation between the picture and its referent
to use this medium as symbols and sources of information about the world. Self-recognition
ability may thus appeal to the capacity of inferring the dual nature of the mirror reflection. An
overview of the comparative literature on picture perception hereafter will highlight the condi-
tions under which the pictures are processed, or not, as an iconic symbol by primates.

4. Picture perception by primates

Three levels of picture processing in monkeys can be outlined [54]: Confusion, Independence and
Equivalence. The confusion mode refers to a situation in which the perceiver simply mistakes the
real object and its depiction. The picture is processed as if it was the real object. The indepen-
dence mode defines a situation in which the animal does not map the picture and the depicted
object. The picture is processed based on its physical characteristics, regardless the meaning
of the depicted object. The equivalence mode refers to a situation in which the animal processes
the picture as a symbolic representation of the real object. The perceiver associates the real
object with its picture while being perfectly aware that the picture is different from the real
object. This equivalence mode is precisely the one, which might be required to interpret the
reflection in the mirror as a representation of self.

4.1. The confusion mode of picture processing

Monkeys often react to pictures the way they would normally do in front of conspecifics:
they express emotions. Macaques exhibit emotional responses (e.g. lip-smacking), when they
observe pictures of faces [55], and express fear gestures in front of pictures of highly emo-
tional objects [56]. Young macaques present signs of disturbance and vocalizations when see-
ing threat pictures [57]. In addition to pictorial stimuli conveying some emotions, pictures
of highly motivating stimuli, that is, realistic food, has also been used to observe monkeys’
reactions. The few studies existing showed that monkeys confused picture of food with real
food and tended to process it, as they would normally do with real food. Bovet and col-
leagues were the first to illustrate this confusion behavior in [58]. Baboons were first trained
to categorize food objects and non-food objects and showed positive transfer to novel objects.
They were then trained with cut-out pictures of both food and non-food objects, and with the
same pictures on a paper background. Categorical transfer occurred for cut-out photographs
but not consistently for the whole ones, suggesting that the more pictures appear realistic, the
more monkeys are deceived. Parron and collaborators [59] designed a simpler procedure in
which pictorially naive baboons had just to select one food picture (banana’s picture) over a
non-food one (pebble’s picture). Results showed that subjects massively selected the realistic
picture of banana and even, in some cases, ate this picture. Altogether, because these behav-
iors are perfectly appropriate in response to the presentation of real objects (i.e. a conspecific
or food) but inappropriate in front of pictures, this suggests that monkeys recognized the
depicted objects but did not process the pictures as some representations. To sum up, studies
in monkeys suggest that naive subjects processed realistic pictures in a confusion mode.
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4.2. The independence mode of picture processing

A close analysis of the results reported in the literature leads to the conclusion that in many
cases primates apply perceptual alternative strategies to perform picture recognition tasks.
Under some specific experimental conditions, the animals process pictures based on a com-
bination of perceptual features and patterns regardless of their representational content. For
categorizing human versus non-human pictures, for example, capuchin monkeys used the
colored features of the pictures, as humans’ photos incidentally contained more red pixels
than the non-human set of photos [60]. Two studies on face perception by baboons also pro-
vide an illustration of the perceptual strategies used by these animals to recognize pictures.
Baboons were able to discriminate pictures of human faces on the sole basis of variations in the
facial contour [61], and used the pixel similarities between training and probe pictures to cat-
egorize human versus baboon faces [62]. Apes, like monkeys, do not always process pictures
as referential stimuli. For example, when tested in a matching to sample task using pictures,
chimpanzees fail to show any transfer between real objects learnt by tactile inspection and
pictures of the same objects [63]. The authors concluded that the “chimpanzees did not realize
that a photograph is a visual stimulus that must be read”. In another study, [64], where apes
were tested to see whether they would be able to use pictures to infer the location of a hidden
reward, results showed that iconic cue might help them to search for the reward but their poor
performances eventually suggested that they did not fully grasp the informative content of
the cue.

4.3. The equivalence mode of picture processing

Given the amount of studies on picture perception, we could expect to find more clear-cut evi-
dence of a referential use of pictures by primates. For example, findings from a study on capuchin
monkeys suggested allegedly positive evidence of an equivalence mode of picture processing
[65]. After training, the subjects were able to discriminate images of in-group and out-group
conspecifics’ faces, and probably based their responses on the experience they have established
with the depicted individuals in their real life. Nevertheless, as it will be detailed in Section 5,
the experience animals had previously developed with tasks involving picture processing may
have change drastically the way they interpreted the pictorial stimulus in this experiment. These
capuchin monkeys received actually prior exposure to pictures of faces in other experiments,
for example [66], which may have facilitated the positive transfer to grayscale images, and
may also explained the absence of monkeys’ social responses to pictures of faces. Comparable
results were reported in crested macaques [67]. The subjects were able to discriminate mem-
bers of their own social group from unfamiliar individuals, and were even better at recognizing
higher ranking familiar individuals. As in [65], authors concluded that macaques applied their
knowledge of their dominance hierarchies to the pictorial representation of their real group
mates. Although this result rules out the independence mode of processing, the small sample
size (three individuals who do not always perform similarly) along the absence of information
on the past experience of these animals with pictures preclude unambiguous conclusions on
picture perception in these monkeys. In [68], capuchin monkeys were able to match objects with
their color photographs (and vice-versa), and even associate real objects with the corresponding
black and white photographs, silhouettes and line drawings. However, the objects used in this
experiment had no explicit representational content for the monkeys (e.g. a small wooden pup-
pet or a cigarette lighter), and were never encountered in capuchins’ real life before.
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The most convincing evidence of an equivalence mode of picture processing comes from the
so-called ape-language studies. Rumbaugh and collaborators [69] were the instigators of a
pioneering project, “the Lana Project”, at the Yerkes Regional Primate Research Center in
Atlanta. This project was aimed at studying the language-like skills of apes, by using a new
device designed to enhance teaching an ape to communicate with humans. So far, behavioral
experiments studying language skills in apes suffered from a lack of experimental controlled
conditions, slowing down the comprehension of apes’ system of communication. Therefore,
they developed an automated computer-controlled system: the chimpanzee was facing a key-
board displaying distinctive lexigrams and was trained to associate a real object or a picture
to a specific symbol. This system actually improved both efficiency (e.g. increased number of
trials per day) and objectivity (e.g. no interaction with a human experimenter and automated
responses’ recording).

This pioneering system was also used to study the ape-language skills by Savage-Rumbaugh
and collaborators [70], at the Language Research Center in Atlanta. This project conducted to
the historical first non-humans communication with humans by using symbolic language.
Basically, some chimpanzees received, since a young age, extensive language training and
first learned to use some lexigrams to name objects, and then to combine these lexigrams to
produce a complex form of communication. With regard to our topic on pictorial competence
in primates, we will consider the case of Sherman and Austin, two trained male chimpanzees,
who were able to associate real food and tool objects to two lexigrams that served to “label”
these categories [71]. Their performance in this “naming task” with real objects effectively
transferred to pictorial depictions of tool and food items. They were able to make categorical
judgments about objects when presented with only symbolic information, in the absence of
the referent. They obviously did not confuse pictorial depictions with real objects. These two
trained-language chimpanzees more likely processed the pictures considering their represen-
tational content, and not their pictorial expression.

Along the same line of research, Matsuzawa ([72] for an historic review), directly inspired
by preceding ape-language studies conducted in Atlanta, developed a new project: “the Ai
project” in 1978 at the Primate Research Institute in Kyoto University. Ai, a female chim-
panzee, was intensively trained in various perceptual and cognitive tasks since her first year
of age, with a computer-controlled apparatus. Over the years, she acquired a multitude of
remarkable cognitive skills, including the use of visual symbols. Similarly to Sherman and
Austin, she was trained to “name” some individuals by using lexigrams. When the same
individuals were then represented on pictures [73], and line drawings [74], she could properly
name them. Again, this result strongly suggests that chimpanzees may process the pictures
considering their representational content, that is, in an equivalence mode. In another experi-
ment, Tanaka [75] tested the ability of Ai, three other adult naive chimpanzees and three
naive juveniles in a picture recognition task. The subjects were first trained to select some
pictures of flowers among pictures of other natural objects. They were then tested with new
pictures of flowers and some increasingly degraded stimuli: colored sketches, color clip art
(cartoon-like pictures) and black and white line drawings of flowers. Ai was the unique adult
chimpanzee to transfer from the flower picture to the non-photographic images of the flower.
Noticeably, Ai is not only a language-trained chimpanzee, but she has also been previously
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exposed to line drawings [74]. The three juveniles, unlike the naive adults, showed positive
transfer of their previous category learning to the degraded stimuli. Their good performance
may be due to their better learning ability, as it is established that young animals show greater
cognitive flexibility, for example [76, 77]. Close and Call [78] used a similar procedure with
sub-adult and adult naive chimpanzees. The subjects were presented with colored, black and
white sketches, and line drawings of the training pictures (tree vs. flower). Adolescent chim-
panzees generally outperformed the adults, particularly in the recognition of the black and
white sketches stimuli. None of the chimpanzees initially showed a positive transfer to the
line drawings stimuli. However, the adolescent chimpanzees finally learned to categorize
line drawings after a moderate period of training. These findings are broadly consistent with
those of Tanaka [75], as after training, juvenile chimpanzees, unlike naive adults, similarly
showed in [75] and in [78] positive transfer of their previous category learning (colored pic-
tures) to the degraded stimuli (black and white pictures or line drawings). Overall, it suggests
that learning abilities may be enhanced by training during a critical period of chimpanzees’
development that further enables adults to achieve various cognitive tasks.

5. The dynamic hypothesis of picture processing

The heterogeneity of the findings reported above suggests that some complex factors concur-
rently shape the perceptual and cognitive processes, and all together, this calls for a revision
of the theoretical assumptions underlying picture perception in primates. Ontogeny, phylog-
eny, as well as the animal’s level of experience with pictures seem to account for the observed
performance variability in primate picture understanding. Actually, training regimen with
pictorial display seems to influence drastically primates’ behavioral responses. Untrained
chimpanzees either failed to match real objects with their pictures when the objects were pre-
viously explored haptically [63] or to match real objects with line drawings of objects [75, 78].
Itis only after training with degraded pictures that an equivalence mode of picture processing
gradually emerged, at least in juveniles in these studies [75, 78]. A similar experiment with
macaques trained to match objects and their pictures, and only when they were visible at the
same time, also resulted in successful objects/pictures matching [79, 80].

The attractiveness of meaningful pictures (i.e. representing some objects of interest for mon-
keys) can be explained by the lack of experience of monkeys with this kind of new display,
but may also vanish as a consequence of repeated exposures, which eventually result in habit-
uation (i.e. decrease of response). When macaques are repeatedly presented with a “meaning-
less” picture (representing an abstract stimulus) and a “meaningful” picture (representing a
real object), their response rate rapidly dropped for the “meaningful” picture, but remained
constant for the “meaningless” picture [81]. In a two-alternative forced choice task, pictorially
naive baboons got rapidly habituated to pictures of -initially very attractive- realistic picture
of bananas [59]. During the first test trial, 100% of the individuals participated but only half of
the group responded three test trials later. In a recognition task using familiar versus unfamil-
iar faces, macaques showed a significant decrease in accuracy after 44 repetitions of the same
stimuli, which suggests that they habituated to the stimuli and lacked interest in the task [67].
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Noticeably, over the last decade, the development of experimental settings using touch screens
to display pictures has significantly increased. Unlike procedure using real pictures, which
not always allows animals to manipulate pictures, the use of touch screens may promote
animal’s understanding to the physical nature of pictures (e.g. flatness and unreachability of
the depicted objects). This repeated experience probably leads animals to rapidly switch from
a confusion mode of processing to an independence or an equivalence mode of processing,
depending on the task demand and on the animals’ cognitive abilities.

The past experience of primates with tasks involving picture understanding lead the same
animals to a certain degree of expertise. It should be reminded that the most proficient indi-
viduals in processing pictures as symbolic representations are the language-trained individu-
als, for example [71-74]. Indeed, Savage-Rumbaugh [70] evidenced that the learning process
of symbols in apes is achieved by association. Indeed, they first needed an explicit training
before they could use symbols referentially.

Based upon the above results of the literature, the animals’ mode of picture processing seems
not to be predetermined by the species but more likely by the subjects’ own experimental
history. Picture processing by primates is likely not limited to only one of the three differ-
ent modes: confusion, independence, and equivalence. These modes evolved and should be
regarded as components of a dynamic system, in which the trajectories between the three
modes are under the influence of the animal’s experience with pictures [82]. On the ground
that pictorially naive monkeys, just like young human infants [83], confuse realistic pictures
with their referent objects [59], one can hypothesize that this confusion mode takes place at an
early stage in the system of picture processing, likely the starting point in the dynamic scheme.
From here, the experience with two-dimensional representation could direct the animals from
the “confusion” starting point toward one of the two possible trajectories of the picture pro-
cessing dynamic system. In the low-level road, experience (for instance, in the case of repeated
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Figure 1. The three different levels of picture processing: confusion, independence, and equivalence and the two possible
trajectories following experience with pictorial representations: the high “referential” road and the low “perceptual”
road.
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exposure and habituation) may push the animals toward the independence mode where the
picture is defined by its physical characteristics and becomes meaningless. Another option is
that experience, as in young human infants [84], drives the animals toward a high-level road
or the road of equivalence mode, that is, the animals would ultimately be able to process
pictures as iconic symbols (see Figure 1) [82]. According to the different cognitive processing
underlying these two roads, from now, they will be referred as the low “perceptual” road and
the high “referential” road. The capacity to take or not the high “referential” road correlates
with other referential skills such as MSR will be assessed in the two studies detailed hereafter.

6. Empirical approach

In our first study, we showed that when pictorially naive baboons and gorillas looked at an
attractive-realistic picture of banana for the first time, they often mistake the picture and the
real object depicted. After smelling, or attempting to spell the depicted banana, they may even
eat the picture. This striking behavior was only observed in baboons and gorillas, but never in
chimpanzees. We thus hypothesized that the pictorial understanding of chimpanzees relying
on an equivalence mode of processing might be at the origin of their MSR ability. They may pro-
cess the mirror reflection as an iconic symbol and interpret it as a representation of their self. By
contrast, the confusion mode of processing displayed by gorillas and baboons is consistent with
their inability to pass the mark test. In order to assess this hypothesis, a second study comparing
the chimpanzees’ ability for MSR and picture understanding was running. We were expecting
that the positive MSR chimpanzees would never mistake the banana picture with a real banana
as they were also able to process their image in the mirror as a representation. By contrast, since
they do not possess a referential ability, the non-self-recognizer chimpanzees would potentially
process the banana picture like baboons and gorillas in our previous experiment.

6.1. Picture processing in monkeys and great apes

The first study reported here assessed the behavioral responses to photographs by pictorially
naive baboons, gorillas and chimpanzees and was published in [59]. It involved 55 baboons
(Papio anubis): 26 males and 29 females (mean age 6.9 years, S.D. = 4.6 years) from the CNRS
Rousset-sur-Arc Primate Center (France), 7 chimpanzees (Pan troglodytes): 3 males and 4
females (mean age 9.75 years, S.D. = 7.3 years) from the Wolfgang Kohler Primate Research
Center of the Leipzig Zoo, and 4 gorillas (Gorilla gorilla): 1 male and 3 females (age 24.5 years,
S.D. = 11.15 years) from the zoos of Leipzig or Nuremberg (Germany). Monkeys and apes,
habitually housed in social group, were either tested in groups or isolated, depending on the
specificity of their living quarters. Their participation was always voluntary. All animals were
selected at purpose because they have no known exposure to videos, still pictures, or draw-
ings, and were thus pictorially naive. We hypothesized that testing monkeys and apes at an
equivalent level of expertise with two-dimensional stimuli would provide cues on the evolu-
tion of picture comprehension within the primate phylum. This research adhered to the legal
requirements of the current French laws and the European directive 2010/63/EU (see Figure 2).
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Figure 2. Illustration of the experimental protocol and summary of the results obtained for the three consecutive test
trials. These results show that baboons, gorillas, and chimpanzees demonstrated a massive preference for the real
banana compared to the picture of banana in test trial 1. When the subjects had to choose between the picture of banana
and any other items in test trial 2 (the real pebble) and in test trial 3 (picture of pebble), baboons and gorillas clearly
exhibited a preference for the picture of banana (*two-tailed binomial tests, p < 0.05 in all the three test conditions).
Because of the small sample of chimpanzees, results preclude from any conclusion about the picture’s preference in this
naive chimpanzees’ group.

6.1.1. Procedure

A two-alternative forced choice task was used to train the subjects to select a real slice of banana
(positive stimulus) over a real pebble (negative stimulus) when these items were presented simul-
taneously on two display panels. Subjects received a food reward when they selected the positive
stimulus. These trials were repeated until a clear preference for the real banana slice emerged.

The test procedure consisted in three successive test trials per participant, using different pic-
tures for each test that always subtended the same size as the real objects. Test trial 1 assessed
the discrimination of a real slice of banana from a picture of a banana slice. Test trial 2 assessed
the attractiveness of the three-dimensional real object in comparison to two-dimensional pic-
ture, by presenting a picture of a banana slice and a real pebble. Test trial 3 assessed whether
preference for the real banana slice learned during training would transfer to the picture of
the banana slice when the two real training objects (banana and pebble) were now presented
as pictures. The participants could freely reached and manipulated the selected stimulus only
in that last test trial.
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6.1.1.1. Coding scheme

We coded the subjects’ spontaneous behavior expressed with the picture during test trial 3;
it was the very first manipulation of a picture, revealing the initial reaction of the naive sub-
jects with such an object. We used a hierarchical coding scheme to characterize the differ-
ent behaviors observed during test 3 and grouped them in four categories. “touch or grasp”;
“smell”; “bring to mouth”; “eat”: in that last case, the animal ate the stimulus either partially
or entirely. Chewing is observed and the animal ingests at least some parts of the stimulus
(see images Figure 3).

6.1.2. Results

In test 1, all the species showed a clear preference for the real banana (vs. the picture of
banana). In test 2, only baboons and gorillas showed a preference for the picture of banana
(vs. the real pebble). In test 3, baboons and gorillas still showed a significant preference
for the picture of banana (vs. the picture of pebble). In contrast, chimpanzees showed no
clear preference for either picture. Figure 4 shows the frequencies of each action obtained
in baboons, gorillas and chimpanzees during the first bout of picture manipulation.
Strikingly, 17 baboons and the 4 gorillas ate the picture of banana as if it was a real piece
of banana. Some individuals even attempted to spell the depicted banana. These animals
clearly did not process the picture of the banana as a representation. Interestingly, not only
the chimpanzees expressed no reliable preference for the banana picture in these tests, but
also never ate that stimulus, leaving open the possibility that the pictorial banana was a
referential stimulus.

Baboon's harm through the mesh
Pebbie’s piciure of the cage while the subject is
colored in grey selncting the barana's picture

Display's panels

Banana's picture
colored in yellow

Baboon selecting the banana’s picture .
s % pidive) Baboon eating the selected picture of banana

Figure 3. [llustration of the behavioral sequence during test trial 3.
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Figure 4. Frequencies of each action observed in baboons, chimpanzees, and gorillas during the first bout of banana
picture manipulation, in test trial 3 where subjects had to choose between a banana picture and a pebble picture
(illustration from [59]). These results show that baboons massively selected the picture of banana in that test (43 out
of the 46 participants). Among them, 16 baboons selected and grasped the picture of banana, 5 smelt it, 5 brought it to
mouth, and 17 ate the picture of banana. Similarly, the four gorillas who selected the banana picture ate it. Finally, the
five chimpanzees who selected the picture of banana grasped, smelt or brought it to mouth but never ate it.

The demonstration that naive baboons confused real food objects and their picture is in agree-
ment with previous observations from picture processing’ experiments in monkeys, for exam-
ple [57, 58]. The fact that baboons, a species known to fail in self-recognition task [85] and that
gorillas, a species less efficient than chimpanzees in MSR, for example [23], both confuse the real
object with its picture is consistent with the hypothesis that pictorial ability may correlate MSR
skill. In addition, chimpanzees, subjects who frequently succeed in the MSR task, for example
[13], showed no confusion in picture processing. Our data might support the hypothesis that
the cognitive foundation supporting the use of pictures as referents is more developed in chim-
panzees than it is in gorillas and monkeys. Unfortunately, because that research provided no
information on MSR of these subjects, it remains unclear whether a relationship actually exists
between MSR abilities and iconic symbol use. The second study (unpublished), conducted in
collaboration with Joél Fagot and William Hopkins, was thus aimed at alleviating that limitation.

6.2. Picture processing and self-recognition in chimpanzees

Under our hypothesis that self-recognition ability might be based upon the cognitive ability
to symbolize, we were expecting that the positive MSR animals would both be able to process
their image in the mirror as a representation, and to map that referential stimulus to their
internal visual representation of their self. By contrast, the negatively tested animals would
be unable to succeed in that mapping process, because the mirror image is processed as a real
object, rather than as a representation.

The participants were 32 chimpanzees (Pan troglodytes): 9 males and 23 females, from 8 to
22-year-old, all housed in social group of 2-3 individuals in indoor/outdoor enclosures at the
Yerkes Regional Primate Research Center. The Yerkes Center is fully accredited by the American
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Association for Accreditation of Laboratory Animal Care. American Psychological Association
guidelines for the ethical treatment of animals were adhered to during all aspects of this study.

The chimpanzees were proposed two tasks. The first one is a test of MSR inspired from Gallup
[2]. The second test is a replica of Parron and collaborators [59] procedure. Conjoint analy-
ses of the findings obtained in these two tests were expected to highlight possible relations
between MSR and picture understanding.

6.2.1. The self-recognition task

A camera (with a 2.7 inches LCD screen) taped subjects’ behavior when they were facing or
not the screen. Each subject received two videotaped sessions, each lasted 3 minutes. The first
session was a control condition with the screen turned away from the subject (mirror away
condition). That session served for baseline measurement for general self-directed actions.
Test session 2 replicated the procedure of session 1, but now with the screen turned toward
the subject displaying an image observed by the subject, and therefore used as a “mirror”
(mirror condition) (see Figure 5).

The coding considered five behavioral categories: “Face-directed actions” defined as manual
actions oriented toward the face, such as touching the cheek or the inside of the mouth; “Facial
expressions” such as opening the mouth to exhibit the teeth; “Contingent body motions”,
such as alternate right/left or forward/backward body movements; “others”: any behavior
different from the previous ones.

When the screen was toward the subjects, a total of 384 actions were recorded for the group,
they were distributed as follows: face directed (22.9%); facial expressions (28.6%); contingent
body motions (25.5%) and others (45.8%) (see Figure 6). Results showed that chimpanzees
displayed more actions when the screen was toward them than when it was turned away
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Figure 5. Schematic illustration of the experimental protocol of the self-recognition task in chimpanzees.
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Figure 6. Mean frequencies of each behavioral category observed in chimpanzees depending on the orientation of the
screen: away from the subject (no mirror condition), toward the subject (mirror condition). (*Tukey tests, p <0.05). These
results globally show that some of the tested chimpanzees displayed some specific behaviors only in front of the mirror,
suggesting that these subjects expressed self-recognition. Indeed, even if they did not exhibit more face-directed actions
in front of the screen, they nevertheless exhibited more facial expression and contingent body motion in the condition
where they could observe themselves: the mirror condition.
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Figure 7. Illustration of the experimental protocol and the frequencies of banana picture choices compared to the
other item for the three tests trials in chimpanzees. (*Two-tailed binomial tests, p < 0.05). These results show a massive
preference for the real banana compared to the picture of banana in test trial 1. When the subjects had to choose between
the picture of banana and the real pebble in test trial 2, they clearly exhibited a preference for the picture of banana while
they preferred the picture of pebble in test trial 3. Altogether, these mixed results preclude from any conclusion about the
picture’s preference in this group of chimpanzees. We can notice that all the 32 chimpanzees participated to the first test
trial while their number decreased for the two following test trials. It suggests that some subjects may have lost interest
in the task when no real food was proposed.



Pictorial Competence in Primates: A Cognitive Correlate of Mirror Self-Recognition?
http://dx.doi.org/10.5772/intechopen.75568

from them (F(1,31) = 4.90; p < 0.05) and realized an increasing number of facial expressions
and contingent body motions (Tukey Honestly Significant Differences test, p < 0.05), but
not face-directed actions, when the screen was toward them. Although there were no reli-
able effects for face-directed actions at the group level, four chimpanzees demonstrated an
increased frequency of face-directed actions (one-tailed binomial tests, p < 0.05) when they
saw the screen and thus will be consider as self-recognizer hereafter.

6.2.2. The picture-understanding task

The 32 chimpanzees were submitted to the picture task following the same procedure as [59],
previously described above.

In test 1, the group had a significant preference for the real banana compared to the banana
picture; (two-tailed binomial test, p < 0.05). In test 2, 5 chimpanzees expressed no choice, but
the rest of the group had a significant preference for the banana picture over the real pebble;
(two-tailed binomial test, p < 0.05). There was by contrast no preference for the picture of
banana at the group level in test 3, and 7 chimpanzees did not choose any item (two-tailed
binomial test p > 0.05) (see Figure 7).

The behavior of the four self-recognizers chimpanzees as determined above was contrasted with
that of the 28 non self-recognizers, and showed no reliable difference between the two groups
of subjects (Chi-square tests all ps < 0.05). As we found no relation between self-recognition
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Figure 8. Percentages of banana picture choices in test trials 1-3 of the picture task, according to the self-recognition
abilities of the chimpanzees. These results show no difference between self-recognizer and non-self-recognizer subjects
as they both selected the banana picture by the same proportion in the three test conditions, independently from their
self-recognition abilities. (Chi-square tests all ps < 0.05).
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Take Smell Bring to mouth Eat
Self-recognizer 1/4 1/4 0 1/4
Non-self-recognizer 5/28 2/28 4/28 3/28

Table 1. Frequencies of actions observed for the self-recognizer and non-self- recognizer chimpanzees who selected the
banana picture in test 3.

and picture processing, it suggests that self-recognizer and non-self-recognizer chimpanzees
behaved indistinctively in the picture task, and that the proportion of banana picture selected
did not differ as a function of MSR ability (see Figure 8).

We also examined the actions performed on the banana picture, once reached in test 3 (see
Table 1), due to our expectation that only the non-self-recognizer chimpanzees would process
the picture as if it was a real object. The number of “take”, “smell” and “bring to mouth” actions
were minimal, precluding firm conclusion at the group level. Altogether, four instances of eat-
ing behaviors were observed, and one of them was expressed by a self-recognizer chimpanzee.
That sole observation invalidates our hypothesis that only non-self-recognizer chimpanzees

would confuse the actual object and its picture.

7. Discussion

The main originality of our research was to test the hypothesis of a correlation between self-
recognition and picture understanding in chimpanzees. Unfortunately, our results did not
provide any evidence in support of our assumption that self-recognizer chimpanzees would
behave differently with pictures than non-self-recognizer ones. However, these findings
should not be taken into account to reject our assumption, as some procedural issues were
probably the source of our negative results. On the first hand, our procedure might have
been inappropriate to reveal MSR ability, as one chimpanzee who failed to demonstrate self-
directed behaviors in our task previously passed the mark test in [13]. It is very likely that
the small surface of our camera screen (2.7 inches) might have limited the exploration of
the subjects as it did not display the entire subject’s reflection. Noticeably, the other stud-
ies, assessing self-recognition in primates, used a larger screen (around 15 inches) to display
video images, for example [31, 86, 87]. Consequently, the proportion of self-recognizer chim-
panzees, particularly small in our study (4/32), might not reflect the reality, regarding the
ratios usually reported in the literature, for example, 8/12 in [13]. On the other hand, our
picture task might have been irrelevant to test pictorial competence of non-naive chimpan-
zees. Overall, chimpanzees, independently of their MSR ability, showed a minimal interest
in pictures, which might be explained by the familiarity of these chimpanzees with iconic
stimuli, for example [88]. As a result, the low frequencies of manipulations precluded any
interpretation of the chimpanzees’ behaviors with the banana picture.

Overall, besides our two studies, empirical findings on MSR and pictorial competence in pri-
mates are so disparate across species and procedures, that inferring a correlation between
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both competences from that sole approach appears insufficient. Nevertheless, paralleling the
abundant developmental studies in human infants and comparative findings in primates will
help in scaffolding a new postulate.

7.1. Developmental course of picture understanding

In their first 2 years of life, children probably miss the symbolic nature of pictures. It is only
very gradually that pictorial competence develops, for example [89]. Nine-month-old infants
manually explore the pictures as if they were trying to pick-up the depicted objects [83].
They do so even more for realistic pictures compared to non-realistic ones [90]. It is not until
18-24 months of age that children prefer upright to inverted pictures [91] and point at depicted
objects rather than manually explore them [83]. In addition, from 24 to 30 months, children
can follow a request to put a toy at a place specified to them on a picture and can use informa-
tion provided with a picture to find the object in the depicted room [92]. Nevertheless, even at
age 4, children can show confusion about the properties of pictures and depicted objects [93],
and the consequences of actions on pictures and objects [94]. Interestingly, the development of
pictorial competence in children fits with the dynamic hypothesis of picture processing in pri-
mates described in Section 5. Primates, like infants, begin to process the picture as if it was the
real object (confusion mode) and evolves on the high “referential” road of picture processing.
They may then achieve the ultimate level, where pictures are processed as referential stimuli
(the equivalence mode). Altogether, studies in children and primates suggest that being able
to interpret and understand pictures as symbols is a very complex and protracted process.

7.2. Developmental course of mirror self-recognition
7.2.1. The two levels preceding mirror self-recognition

Rochat [95] proposed to divide infants’ self-awareness ability into six different levels (from
0 to 6). As disentangling the cognitive abilities of levels 1 and 2 described in [95] is problem-
atic in primates, these two levels will be grouped in only one: the level 1 of “contingency
learning”. The first two levels of MSR development emerge at the same age in humans and
chimpanzees [96]. At level 0, “LEVEL OF CONFUSION”, the mirror image is confounded with
the reality of the environment it reflects. Indeed, by 4-6 months of age, children treat the mirror
image as if it is another child, and primates (monkeys and great apes) display social behavior
in front of the mirror. At level 1, “LEVEL OF CONTINGENCY LEARNING”, children by
12 months of age begins to search for the image behind the mirror and test contingencies of their
movements. Chimpanzees also explore the physical properties of the mirror and begin to detect
the contingency between their own bodies and the mirror reflection. Macaques, under certain
experimental procedure, are also capable to take their own body as a referential to establish a
correspondence between kinesthetic information and external visual effects. They use the mirror
to direct their manual searches for otherwise invisible targets [97, 98], to locate and grab an object
attached behind their heads [99], or use televised images of their hands to learn to pick-up food
[100]. This kinesthetic-visual matching ability warrants the individuals to grasp the correspon-
dence between what the visual image of the body in the mirror looks like and what the body
movements feel like [101] and may actually play the role of precursor for self-directed behaviors.
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7.2.2. The level of mirror self-recognition

The “LEVEL OF IDENTIFICATION” signifies the emergence of self-directed behaviors.
Children by around 15 months of age start passing the mark test; and almost all succeed by
24 months of age [26, 102]. In spite of massive inter-individual differences in MSR ability,
it is well documented that chimpanzees develop this ability later in life than humans do,
around 6-8 years [46]. Although monkeys systematically fail to pass the mark test, it may
be unrelated to their self-recognition ability. It is very likely that, while being able to match
kinesthetic and visual information under certain conditions, both species specificity (sensory-
motor specializations) and inherent motivation of individuals for interacting with the envi-
ronment influence monkeys’ behaviors displayed in front of a mirror [48]. Indeed, the role of
the motivation may be underestimated when comparing the responses of infants, apes and
monkeys. Intensive maternal interventions maximize the infants” motivation to explore the
mirror and also help to focus their interest in their own face, for example [102]. Somehow,
infants are trained to appreciate the connection between themselves and their mirror image
[103]. Apes are also naturally motivated to look at the mirror reflection since they are usually
more engaged in mutual gaze during social interactions than other primates’ species. In con-
trast, monkeys primarily use the tactile mode to display reciprocal engagement and are more
socially inclined to avert direct gaze [104].

From an evolutionary point of view, is there any meaning for individuals of monkeys’ society
to develop an interest in their own facial features? Chang and collaborators [39, 43] designed
two studies using some pioneering training procedures to promote the monkeys” motiva-
tion to explore their own face. In the first study [39], a visual-somatosensory training helped
macaques to interpret the mirror image as their own reflection. While macaques were facing
a mirror, an irritating red laser spot was projected onto their face, producing a somatosensory
feeling, which encourages them to touch the spot. In order to reinforce the learning process,
they also received food reward after successful trials. Following 12-38 days of training, a non-
irritating laser was used to project a spot on the macaques’ face and food reward was no
longer delivered during the test session and subjects yet passed the mark test. They even
further spontaneously used the mirror to inspect some hidden parts of their bodies. In their
second study [43], Chang and collaborators improved their procedure to exclude criticisms
arguing that the extensive training received by monkeys may have promotes some behaviors
that merely look-like self-recognition. They used a visual-proprioceptive training to motivate
monkeys to locate a spot, visible either directly or through the mirror reflection, projected
onto a surface in their close personal space. Macaques further failed to pass the mark test.
However, in a second phase, the spot was only visible via the mirror reflection, monkeys,
after training, eventually passed the mark test. These pioneering results not only demonstrate
that under certain training conditions promoting the contingency learning, monkeys pass the
mark test but they also highlight the crucial role of motivation as, unless being compelled to
do it, monkeys did not spontaneously use the mirror reflection to touch the projected spot.

7.2.3. Toward a self-concept: the “level of permanence” and the “level of meta-awareness”

Around 3 years of age, infants recognize picture (even taken in the past) and delayed videos
of themselves [105, 106], and reach the “LEVEL OF PERMANENCE” [95]. This level signifies
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that the self is identified beyond the here and now of mirror experience. A permanent self is
expressed as invariant over time and appearance changes.

As well as human infants, primates have also been tested with pictures to evaluate their self-
recognition ability. Monkeys do not recognize pictorial representations of themselves, for
example [27]. By contrast, some studies on chimpanzees or gorillas provide some evidence of
self-recognition from pictures. Viki, a home-raised chimpanzee, recognized pictures depicted
in books and other materials and imitate actions illustrated in films, photographs, and line
drawings. When tested in a categorization task, she was able to sort photographs of chimpan-
zees and humans into two piles, and not that surprisingly, places her own photography on
the human pile [107]. Koko, a sign-language trained gorilla, recognized herself on photograph
and even labeled her name on it [108]. Ai, the language-trained chimpanzee, used symbolic
labels for individuals, transferred the symbols to label pictures of the individuals, including
herself [109]. Remarkably, the sole individuals reported to recognize themselves on pictures,
were all intensively trained to associate pictures and objects (from an abundant exposure or
a language training) and to process them as some representations. That pictorial competence
has probably promoted their ability to recognize themselves on pictures.

Self-recognition can be subdivided into two successive levels: First, the “LEVEL OF
IDENTIFICATION”, already described above, implies the emergence of self-directed behav-
iors meaning that individuals manifest recognition and identify that what is in the mirror is
“Me”. Second, the “LEVEL OF PERMANENCE” refers to a “self-concept”, where the self is
identified beyond the temporal and spatial animal’s experience with a mirror. In that level,
self-recognition can occur in absence of a mirror, from delayed videotapes and photographs.
This process requires higher cognitive ability that emerges later in the development. This
statement is consistent with findings on object permanence in primates. Infant chimpanzees
[110] and gorillas [111] are reported to attain the stage 6 in object permanence: that is, these
animals are able to take into account the invisible displacements of objects to find objects
hidden in successive locations [112]. Monkey species seem to be limited to stage 5 in object
permanence [112]: that is, they can only find hidden objects when the displacements are vis-
ible [110, 111, 113]. “Level of permanence” and “stage 6 in object permanence” imply a men-
tal representation capacity where the object of interest, the self, is conceived as something
permanent in time and space. By contrast, the “level of identification” and “stage 5 in object
permanence” might imply a cognitive capacity less demanding, as the object of interest and
its representation are simultaneously present in time and space.

Based on the classification of Rochat [95], the ultimate level, to achieve “self-conciousness”, is
named the “LEVEL OF META SELF-AWARENESS”. This level implies that the self is recog-
nized not only from a first person perspective, like in the previous level, but also from a third
person’s perspective. In other words, individuals are not only aware of what they are (self-
concept) but also of how they are in the mind of others (self-consciousness).

Developmental literature in humans and primates shows that cognitive abilities arising from
theory of mind actually emerge independently of MSR. In normal children, who pass the mark
test between 15 and 24 months [26], complex cognitive abilities such as intentional deception,
perspective-taking and empathy develops considerably later in life, for example [114]. In spite
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of confusing results, it is now acknowledged that apes can show MSR even without being able
to attribute intent and emotions in others, as these capacities seem to emerge, if they do, in
later phases of their development [115].

Altogether, these results suggest that, through the developmental course of complex cogni-
tive abilities, self-concept may extend far beyond the MSR. Self-recognition demonstrated
by self-directed behavior in front of a mirror corresponds to the level of identification while
self-awareness, not only requires to achieve first the “level of permanence”, but also the
subsequent level of “self-conciousness”. Moreover, it appears that pictorial competence as
implied by an equivalence mode of picture processing may progressively emerge after the
development of self-directed behaviors in front of a mirror. Since, MSR may not require self-
awareness, then monkeys, who reach stage 5 in object permanence, should be able to achieve
the “level of differentiation”, that of MSR.

7.3. Pictorial competence and self-recognition correlation: a refined postulate

Empirical findings and theoretical proposals of the literature have contributed to support and
refine my initial assumption that a dynamic pictorial competence correlates self-recognition
ability. This model of correlation (see Figure 9) is based on the ontogenetic sequence of cognitive
abilities observed in infants, and comparative findings in primates. I acknowledge that estab-
lishing a such correlation across species is somehow problematic as it would require compara-
bility in procedures and in assessment. Nevertheless, I believe that, even if the time scale and
the quantitative nature of cognitive processes may differ from humans to great apes and from
great apes to monkeys, this model may open up new perspectives as it is the first attempt to
correlate symbolic cognitive ability to embodied cognition and to self-recognition competence.

The starting point of this model is the level of “CONFUSION": the animals mistake the two-
dimensional stimulus (pictures or mirror image) with the real object represented (an object
or their self). Then, following a growing experience in “ASSOCIATIVE LEARNING”, animals
learn both visual-visual matching and kinesthetic-visual matching. The former ability allows
the animals to establish an association between the picture and the real object depicted, and
the latter to use the mirror to locate objects that are outside their direct visual field. After
repeated exposure to the stimulus (picture or mirror), if animals habituate to the stimulus,
they may follow the low “perceptual” road of cognitive processing which corresponds to the
level of “INDEPENDENCE”. Pictures are then processed as a combination of physical fea-
tures, regardless of their referential content, and the mirror is perceived as a common object,
with no reflective properties. More likely, the extensive phase of associative learning allows
animals to reach the level of “IDENTIFICATION” which corresponds to the cognitive ability
to identify object from representation. Although animals progress on the high “referential”
road of cognitive processing, they do not yet fully grasp the referential nature of picture. This
level also corresponds to MSR ability, which certainly required contingency learning but not
a complex representational capacity related to self-awareness. With the development of more
complex cognitive abilities, which remain to be determined, animals reach the “LEVEL OF
REPRESENTATION”. By forming a mental representation of the real object, animals are now
capable to compare this mentally held information to the external visual stimulus. Therefore,
they are able to interpret the picture as a representation of a real object (equivalence mode
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Figure 9. A conceptual model of the developmental course of shared cognitive abilities underlying self-recognition and

picture processing in primates.
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of picture processing), and to recognize themselves from more ambiguous medium such as
pictures. Finally, the ultimate “LEVEL OF META-REPRESENTATION” corresponds to the
development of cognitive abilities, which seems to follow from theory of mind. At this stage,
a self-awareness concept is expected to emerge. Regarding the pictorial competence, one can
hypothesize that animals might be able to interpret symbolic medium to understand other’s
minds and to transfer this knowledge to the real world.

7.4. Conclusion

My original hypothesis, that being able of self-recognition might be related to the capacity of
processing picture as a symbolic representation of the real object, is consistent with this model
of cognitive correlation. The following main outcomes may be drawn up. First, the pictorial
competence correlating MSR cognitive stage may be less complex than that corresponding to
the equivalence mode of processing. MSR seems rather co-develops with an extensive expe-
rience in associating picture and object until the grasping of their correspondence. As mon-
keys are reported to possess this associative cognitive ability, they should be able to display
MSR. It therefore suggests that monkeys’ repetitive failures to pass the mark test may be
unrelated to self-recognition ability per se, and more likely due to the procedural constraints
of this test. Second, due to over interpretations of MSR responses, the strong statement that
skills related to self-recognition have evolved until a cognitive gap in the phylogeny has been
spread. This assumption may be partially left unsupported as, according to this model of cog-
nitive correlation (Figure 9), both great apes and monkeys achieve the same level of cognitive
capacities at the MSR stage. This observation should encourage investigations on the origin
of such MSR responses discrepancies in the literature. Third, the traditional interpretation of
MSR as an index of self-awareness [4, 5] raises serious doubts based on the ontogenetic emer-
gence of MSR. Indeed, the development of complex cognitive abilities related to self-aware-
ness occurs much later than MSR ability. Finally, MSR is a quite good illustration of how
inappropriate experimental procedure, may lead to erroneous interpretations on the animals’
cognitive abilities. The fact mirror self-recognition is so automatic and effortless for most of
us that has probably encouraged an anthropocentric bias in the design of experimental proce-
dure. Swartz in [116] already underlined how “a single method of measurement may contain
sources of measurement error that are unique to that method”. Yet, multiplying the methods
of measurement would be unfruitful if the construction of the tests is still anthropocentrically
based and keeps on favoring the human-like species. To conclude, future reflection on the
experimental approach in comparative cognition, which is still heavily anthropocentric, may
help to move away from our preconceptions and would certainly shed new light on animal
cognitive mechanisms that were, until then, confined to humans. Would this perspective help
researchers working on comparative cognition to live happily ever after? To be continued....
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Abstract

Gibbon ape leukaemia virus (GALV) was first isolated in the early 1970s after a number
of gibbons that were housed at the SEATO medical research in Bangkok, Thailand, were
diagnosed with lymphoid tumours including malignant lymphoma. It is a novel gamma
retrovirus that has never been isolated from wild gibbons. It appears that GALV occurred
as a result of a species jump from another as yet unidentified vertebrate host. The full
sequence of GALV suggests that it is related loosely to murine leukaemia viruses and a
number of rodent species from Southeast Asia have been suggested as possible hosts of
the ancestor to GALV. However, no proviral sequence from any Southeast Asian verte-
brate has been so far isolated which could be a candidate virus. More recently, two closely
related viruses have been found in koalas and a native Australian rat, the grassland melo-
mys (Melomys burtoni). These are koala retrovirus (KoRV) and Melomys burtoni retrovirus
(MbRV). A number of theories have been published recently which endeavour to explain
the origins of GALV and its relationship to other viruses including KoRV. Here, the his-
tory of GALV is documented and the strengths and weaknesses of current theories on the
origin of this virus are discussed.

Keywords: gibbon ape leukaemia virus, koala retrovirus, Melomys burtoni retrovirus

1. Introduction

Retroviruses are a unique group of viruses, which have evolved a novel reproductive
strategy. They are single-stranded positive-sense, non-segmented RNA viruses which use
a unique enzyme, reverse transcriptase to turn their RNA back into DNA, hence the name
“retro” virus [1]. Once this is achieved, they use a second enzyme, integrase to insert the
viral cDNA into the infected cells chromosomes [2]. This chromosomal DNA is then tran-
scribed and translated to make new viral RNA and proteins, which are then assembled
into new virions [3] (Figure 1). The viral DNA is referred to as the provirus. Ordinarily,
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this provirus is inserted into chromosomes of somatic cells, often lymphocytes or their
precursors. These viruses are infectious, transmitted horizontally from one individual to
another and are said to be exogenous [4]. Should the provirus become inserted into chro-
mosomes in a germ line cell (sperm or ova) there is the potential for the provirus to be
passed from parent to offspring and be inherited as with other genes. In this specific sce-
nario, the virus is now said to be endogenous and it is transmitted vertically [5, 6]. Almost
all endogenous retroviruses are ancient and considered to be “viral fossils” or the relics of
ancient infections [7, 8]. The proviral DNA in these circumstances has often incurred fatal
mutations over time and is now no longer capable of producing infectious virions. This
proviral DNA is part of the non-coding portion of the host’s chromosomes, sometimes
referred to as “junk” DNA [9, 10].

Currently, there are seven genera of retroviruses based on their genetic organisation.
Alpharetroviruses, betaretroviruses and gammaretroviruses are simple retroviruses for
which the genome encodes three genes, gag, pol/pro and env. Deltaretroviruses, epsilonret-
roviruses, lentiviruses and spumaviruses are more complex retroviruses, with a genome

Retrovirus infection and reverse transcription

()

host cell rBUrOVirus new virion

cell membrane

Figure 1. Following retrovirus infection, reverse transcriptase converts viral RNA into proviral DNA, which, by the
action of integrase, is then integrated (incorporated) into the DNA of the host cell. This integrated proviral DNA is then
transcribed and translated to give new viral RNA and proteins that later give new virions. (From Britannica and King
[11], Encyclopaedia Britannica).
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encoding additional small regulatory proteins. Gamma retroviruses, formally “type C” ret-
roviruses, have a simple genome approximately 8-10,000 bases long [12].

Retroviruses commonly cause disease by one of two mechanisms. They are often oncogenic
and induce cancers by disruption of normal cellular control mechanisms [13, 14]. Many also
induce immunodeficiency leading to opportunistic infections in the host [15, 16].

2. History of gibbon ape leukaemia virus

In the mid 1960s, the SEATO medical research facility, now the Armed Forces Institute
of Medical Sciences (AFRIMS), was established in Bangkok, Thailand. This organisation
conducted medical research on a number of diseases and used a number of different ani-
mal species for their research [17, 18]. A number of SEATO annual progress reports, avail-
able at (http://www.afrims.org/weblib/apr/aprF.shtml), shed light on some of those early
experiments. In 1965, the first white-handed gibbons (Hylobates lar) were acquired and
the colony grew over the following years [19]. These gibbons were used for research on a
range of diseases but a major focus appears to have been malaria and dengue fever virus
(DFV). In1969, it was reported that four gibbons over a 20-month period were diagnosed
with malignant lymphoma [20, 21]. As this seemed to be an unusually high incidence of
an uncommon disease, endeavours were made to look for a viral aetiology. Prior to this
episode, there had been very few reports of lymphoid tumours in gibbons or primates
other than man [22, 23].

Subsequently, a novel gamma retrovirus was isolated and it was given the name gibbon ape
leukaemia virus (GALV) [24]. In the following years, a number of strains of GALV were iso-
lated and the full sequence of their genetic codes has now been published [25]. Gibbon ape
leukaemia virus is an infectious exogenous gammaretrovirus. Currently, there are four strains,
which have been isolated from gibbons. These are GALV-SEATO for the strain detected at
the AFRIMS (SEATO) facility [24], GALV-H from a colony of gibbons kept at Halls Island,
Bermuda [26], GALV-SF from a gibbon housed in San Francisco [27] and GALV-Br isolated
form gibbon brain material [28].

There have also been two isolates derived as a contaminant from cell cultures. These are
GALV-X, found in a HUT-78 cell culture line, which had been infected with HIV [29, 30] and
GALV-Mar, which was detected in a cell culture derived from Marmoset cells (unpublished
sequence GenBank: U20589.1). There is also a related virus, initially named Simian Sarcoma
Associated Virus (SSAV) and now Woolly monkey Virus (WMYV). It was isolated from a pet
Woolly monkey from California that developed fibrosarcomas and had apparently been
housed with a gibbon. Woolly monkey virus is a defective recombinant virus, which has lost
its envelope gene and acquired a cellular oncogene [31].

The discovery of a novel oncogenic retrovirus, which was highly pathogenic and which
infected sub human primates promoted a great deal of research following its initial discovery.
Some researchers believed it might lead to the discovery of a novel human leukaemia virus.
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3. GALV-related viruses

Following the discovery of GALV, one of the lines of query focused on what might be the ori-
gin of this virus. It had never been isolated before that initial [ymphoma outbreak in Bangkok
and there are no reports it has ever been seen in wild gibbons. Initially, the focus for the ori-
gin of the virus was Southeast Asian rodents because GALYV is loosely related to the murine
leukaemia viruses. The lack of evidence for prior gibbon infection and the relationship with
murine leukaemia viruses suggested that GALV represented a novel cross species transmis-
sion event of an unknown virus from a yet to be identified host, possibly a rodent. In the
1970s, several papers were published positing possible candidates for the host of the ancestor
virus. These included the Asian rodents Vandeleuria oleracea, Mus dunni and Mus caroli [32-34].
However, these early papers were based on relatively low specificity technology such as DNA
hybridisation, and there is no published retroviral sequence from these rodents that indicate
they are the host of a GALV variant.

4. Koala retrovirus

An interesting new chapter on this virus was opened in 2000 when Hanger et al. published
the full sequence of a gamma retrovirus isolated from koalas, which was named koala retro-
virus (KoRV) [35]. The search for such a virus was prompted by the clinical observation that
many wild and captive koalas appeared to be suffering from a high incidence of lymphoid
tumours and immunosuppressive like disorders, diseases often associated with retroviral
infection [36]. Koala retrovirus is interesting because it appears to be the only known natu-
rally occurring exogenous virus, which is actively undergoing a process of endogenisation
in its host [37].

When the full sequence of KoRV was published, it became apparent that it was closely related
to GALYV, suggesting that the two viruses almost certainly shared a common ancestor [35].
The obvious question from this observation is by what mechanism is a virus able to infect a
primate on the Southeast Asian mainland and a marsupial in Australia when the host species
are phylogenetically diverse and are separated by thousands of kilometres. It appears there
has been some cross species transmission events which are yet to be determined.

5. Melomys burtoni retrovirus

Another intriguing aspect was uncovered in 2014 with the publishing of four partial proviral
sequences obtained from a native Australian rodent, the grassland melomys, Melomys burtoni.
This was named Melomys burtoni retrovirus (MbRV) and it shares close homology with both
GALV and KoRYV across the published sequences. A total of 2880 bp were sequenced from the
pol and env genes and they had 94, 93, 92 and 90% nucleotide identity with GALV-SEATO and
84, 82, 74 and 79% identity with KoRV, respectively [38]. M. burtoni has a geographic range
which in part overlaps that of koalas. It inhabits dry sclerophyll forest similar to that of koala
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Figure 2. Consensus multi-locus phylogeny showing evolutionary relationships of various gammaretroviruses.
Analyses were performed using the *BEAST Bayesian algorithm, which co-estimates multiple gene trees within a shared
species phylogenetic matrix. Untrimmed pol (3606 bp) and env (2391 bp) genes were included as separate alignments
with unlinked substitution models (HKY + G for pol; GTR +I for env) and evolutionary rates (allowing the sampler to
estimate strict clock rates from a uniform (0-1*e100) prior distribution). The two gene partitions were embedded in a
species tree matrix using a Yule speciation prior. Two MCMC chains were run for 40,000,000 iterations each, sampling
every 2000 iterations (resulting in 30,000 posterior estimates after a 25% burnin). Chains were examined visually to
confirm adequate mixing and ensure that estimated parameter sample sizes were above 200. Colours of branches
represent posterior probabilities of node placement, with warmer reds showing relatively low support and cooler
blues showing high support. GenBank accession numbers for each taxa are as follows: KORVPciMCZ8574 (KF786282);
KORVPcium3435 (KF786286); KORVPciBris (AF151794); KORVPcimaex1738 (KF786281); KORVPci582119 (KF786280);
KORVKV522 (AB721500); KORVPciMCZ12454 (KF786283); KORVPciQM]6480 (KF786284); KORVPciSN265
(KF786285); KORVBr2 (KC779547); WMVWD279 (KX059700); GALVSEATO (KT724048); WMVSSAV (KT724051);
GALVH (KT724050); GALVSF (KT724047); GALVSFUMelb (X13194); GALVX (U60065); GALVBR (KT724049); MbRV
(KF572483-KF572486); MDEV (AF053745) and FELV (NC_001940). (From McKee et al. [40], virus genes).

habitat [39]. Thus, it appears possible that there may have been a direct viral transmission
between koalas and M. burtoni in the past. This would explain the origin of KoRV in koalas.
However, what is intriguing is that while MbRV and KoRYV are clearly closely related, MbRV
and GALV are closer still. If MbRV had been isolated from a gibbon, it would be listed as
another strain of GALV (Figure 2).

6. Current theories on the origin of GALV

Recently, there have been three papers published putting forward different scenarios which
might explain the origin of GALV.
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Brown and Tarlinton suggested that GALV arose iatrogenically by the inoculation of biological
material derived from Southeast Asian rodents housed at the SEATO facility [41]. They cite a
number of SEATO Medical Research Laboratory Annual Progress Reports from the 1960s and
1970s, which give details of those early experiments. These reports shed some light on possible
mechanisms of iatrogenic transmission to gibbons. For example, a colony of the Asian house
mouse, Mus musculus castaneus, was maintained at the SEATO facility and presumably this col-
ony provided the mice used in experiments there [42]. A colony of laboratory rats presumed to
be Wistar rats, which were imported from Malaysia in February 1964, was also maintained [43].

Gibbons were used in many experiments where they were inoculated with biological material
including blood and viruses obtained from a range of sources. One SEATO report indicates
that gibbons were inoculated with material taken directly from rodents. Mice were used to
passage viruses and on one occasion two gibbons were inoculated with “.... a low passage
suckling mouse brain (SMB) suspension ...” [44]. While the origin of these mice is not stated,
it is reasonable to assume that they came from the M. musculus castaneus colony. In addition,
one of the prototype DFV strains (type 2 New Guinea C strain) injected into gibbons was
repeatedly passaged through suckling mice, at least in the early years [45].

Some research gibbons were kept free ranging on Ko Klet Kaeo, an island just off the coast in
the Gulf of Thailand. Rodents known to live on the island were Ratftus rattus and Bandicoota
indicus [46]. Since these gibbons were free ranging, it may have been possible for a close inter-
action allowing a cross-species transmission event. Thus, there were occasions where gibbons
were in close proximity with rodents or were injected with biological material acquired from
rodents, and this may have allowed the transfer of a GALV progenitor to gibbons. However,
there are currently no retroviral sequences from any of the rodent species mentioned above,
which indicate they are the host of the ancestral virus.

Bats are known to harbour a large number of endogenous retroviruses and it has been sug-
gested that retroviruses may have first evolved in bats [47, 48]. Denner published an alterna-
tive hypothesis suggesting that bats may be the host species for the origins of both GALV
and KoRV [49]. Bats, especially fruit bats, unlike most birds and other mammals, freely cross
Wallace’s line and thus may have carried a virus between Southeast Asia and Australia.
Wallace’s line is an imaginary line, which passes between the Indonesian islands of Bali
and Lombok. It divides the fauna of the region into typically Southeast Asian fauna to the
northwest and typically Australasian fauna to the southeast (Figure 3). It is named after the
nineteenth century zoologist and explorer Alfred Russel Wallace [50]. While there have been
some published sequences from bats which are loosely related to GALV, as is the case with
rodents from Thailand, there is currently no published sequence which can be considered a
GALV ancestor. In addition, there is no single species of bat, which is known to have its geo-
graphic distribution extend from Australia to Thailand. Thus, if bats were hosts for a KoRV/
GALYV ancestor, it would require yet more cross transmission events as more than one species
of bat would be needed to account for the spread of a virus between Australia and Thailand.

McKee et al. suggested an alternative theory which provides a possible if unlikely route by
which an ancestor virus might have been iatrogenically transmitted to gibbons [40]. Their
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Figure 3. Divergence of Southeast Asian and Australasian rodents: Southeast Asian rodents diverged from the
Australasian old endemic rodents around 5 million years ago presumably after being isolated by sea level rise. Wallace’s
line marks the geographic discontinuity that separates Asian from Australasian fauna. We propose that this also marked
the co-divergence in murine ERV hosted by each group with Melomys eventually giving host to MbRV. Some Melomys
are semiarboreal raising the possibility of niche overlap and eventual cross-species transmission of MbRV to koalas
(Phascolarctos spp.). This scenario implies that MbRYV is a progenitor murine-like ERV, which stabilised in the Melomys
genome but retained infectivity over a few million years. Of note is that MbRV appears to be a complete RV with intact
OREFs but it remains to be seen whether it is in fact infective. (From McKee et al. [40], virus genes).

theory is that an infectious MbRV/GALV-related virus is present in melomys species in Papua
New Guinea, and further that this virus has been able to infect people or at least was a con-
taminant when samples were collected from human patients and biologic material derived
from these samples later injected into gibbons. They suggest that this happened on at least two
separate occasions. In the first, gibbons were inoculated with a New Guinea strain of DFV [51].
Details on how this virus was obtained are not available, but if a dengue fever patient in PNG
from whom the New Guinea strain was obtained was concurrently infected with MbRV; this
would theoretically have allowed transmission to gibbons. Sometime after this inoculation, the
first strain of GALV appeared. No gibbons had been diagnosed with GALV infection prior to
these experiments.

In 1968, brain material taken from human kuru patients from the Eastern Highlands of Papua New
Guinea was injected into four gibbons at the Gulf South Primate Center, New Iberia, Louisiana,
USA. These animals subsequently died of pneumonia and their brains were frozen for later exper-
iments. When this brain material was added to cell cultures, the GALV-Br strain was isolated. It
is worth noting that the authors stated “...contact of these gibbons with animals bearing known,
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experimentally induced infections with primate type C viruses was not possible” [28]. Thus, two
strains of GALV were detected in gibbons after injection with biological material obtained from
people from Papua New Guinea. An alternative explanation for the appearance of GALV-Br is
that it may have arisen as cell culture contaminant in the same way the GALV-X appeared [41].

All three of the above theories are interesting and have positive and negative aspects. A defi-
ciency in the theories that Southeast Asian rodents or bats are the ancestral host is that currently
there is no retroviral sequence from any of these species with a sufficient high degree of homol-
ogy to be considered the ancestor virus. The partial MbRV sequence does have such similarity.

Proponents of the bat and Asian rodent theories for the appearance of GALV appear to be
suggesting that a GALV variant exists independently in these species. However, it is difficult
to understand how there could be another virus circulating in a host in mainland Southeast
Asia while a very similar virus is present in Melomys. Melomys burtoni occurs in parts of
Australia and Papua New Guinea, and the genus Melomys is restricted to the Australasian
side of Wallace’s line. It does not occur in Thailand [52]. Melomys are termed “old world
endemics.” They came down through the land bridge that was present as part of Sahul when
Australia and Papua New Guinea were connected approximately 5 million years ago during
an adaptive radiation in the Pliocene Epoch [53]. Thus, melomys and mainland Southeast
Asian rodents have been isolated for at least 5 million years, and over such a time period, it
would be expected that their respective genomes would have diverged significantly given the
high mutation rate that exogenous retroviruses undergo [54, 55].

It is possible that bats may have been able to have close interactions with some research gib-
bons, in particular those present on Ko Klet Kaeo, and as noted above, bats do cross Wallace’s
line. However, it would seem that these interactions could occur equally with wild gibbons
and GALV has only been detected in captive animals.

An issue with the Papua New Guinea origin [40] is that there is currently no evidence
that MbRV is infectious. A related virus, designated as Melomys/Woolly monkey virus
(MelWMV), detected in a novel Melomys burtoni subspecies from Wallacea and clearly related
to MbRV is endogenous and has suffered fatal mutations. Thus, it is unlikely to be the origin
of GALV. Only partial sequences of MbRV have been published and it may also be a defec-
tive endogenous virus incapable of infection. In addition, there is currently no evidence for
human infection with an MbRV variant in Papua New Guinea, although it is possible that
such an infection may be present as a sub clinical entity.

7. Conclusions

The origins of GALV remain a mystery a half century after it was first detected and it
remains a fascinating saga in the field of retrovirology. A number of theories have been
proposed which might explain the origins and clearly more research is needed to defini-
tively answer this question. Areas of investigation could include screening of possible ver-
tebrate hosts, such as the Asian rodents that may have had close contact with gibbons at
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the SEATO facility. These include the Mus musculus castaneus and Wistar rat colonies at
the facility, and Rattus rattus and Bandicoota indicus from Ko Klet Kaeo Island. Bats, whose
geographic distribution extends to the region around Bangkok, and melomys species from
Papua New Guinea could also be examined. In addition, it would be interesting to screen
people from Papua New Guinea who live in regions where they may have contact with
melomys. Close contact between Melomys burtoni and humans is also possible in the coastal
regions of northern and eastern Australia where this species occurs, and this again raises
the possibility of human infection with this virus. While there is no evidence that any indi-
vidual working with GALV at the SEATO facility was ever infected, human infection cannot
be completely ruled out and screening of people living in close proximity with Melomys
burtoni would be of interest. In particular, patients suffering from lymphoid tumours could
be tested. Lack of appropriate diagnostic facilities in some regions of Papua New Guinea
may make this difficult. It should be noted that the ancestor virus may never be found. An
infectious exogenous virus circulating in any vertebrate host does not necessarily have a
high prevalence of infection. Thus, it is possible that many specimens from the host species
could be screened and yield negative results.
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Abstract

For decades, non-human primates (NHPs) have been employed as experimental models
to study many aspects of human diseases. They are the closest genetically to humans
of any of the models applied in biomedical research; therefore, many authors have
published scientific work regarding these animals and infectious diseases, including
tuberculosis, AIDS, and tropical diseases. Among these, Chagas disease has caught the
attention of many researchers all over the world. Recent studies have demonstrated great
similarities with the human pathology, including cardiomyopathy and exacerbated pro-
inflammatory response. Besides being genetically close to humans, NHP have a great
probability to be naturally infected by Trypanosoma cruzi, which turns them into more
interesting models to study Chagas disease mechanisms.

Keywords: non-human primates, Chagas disease, T. cruzi, immunology, infectious
diseases

1. Introduction

The haemoflagellate Trypanosoma cruzi causes Chagas disease, one of the most relevant
neglected tropical diseases of humankind. The World Health Organization estimates that
there are 6-7 million people infected over the world [1-3] as shown in Figure 1. Nevertheless,
other mammals are also at risk of becoming infected, such as marsupials, armadillos, syl-
vatic and domestic dogs, racoons and non-human primates (NHPs) [4-8]. The most com-
mon Chagas disease transmission is the vectorial via by several species of triatomine. The
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Figure 1. Descriptive map of infection areas in the world.
vector insect ingests a blood meal containing bloodstream trypomastigotes which later, in
the insect’s gut, the parasite differentiates into epimastigotes and replicates. When the vector

defecates, metacyclic trypomastigote forms are released and invade the host through bro-
ken skin or mucosal membranes. A brief schematic mechanism of T. cruzi infection is shown
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in Figure 2. In addition, the oral and congenital transmissions are other important ways of
becoming infected [6]. Out of these, the oral transmission seems more relevant, especially by
non-human species. The habit of consuming bugs may predispose these animals to ingest
infected triatomines [9]. Amongst the non-human species presented above, non-human pri-
mates are the greatest species comparable to human beings, leading researchers all over the
world to employ NHP in biomedical-related studies. Interestingly, Carlos Chagas was the
first to describe both experimental and natural T. cruzi infections in non-human primates [10].
After that, many others have portrayed the disease in these animals, and studies are still being
produced nowadays. From small college laboratories to huge pharmaceutical industries, the
purpose is the same: to find better options to diagnose and to treat patients. Our group has
been working with NHP for a few years, and so far, our findings are similar to those from
many researchers all over the world. The aim of this work is to explore the most relevant find-
ings regarding T. cruzi-infected NHP.

2. Clinical manifestations of NHP T. cruzi infection

Several studies have demonstrated that NHP develop clinical manifestations highly similar
to what is observed in both acute and chronic human Chagas disease [9, 11-14]. In the acute
phase, several signs and symptoms can be observed, such as inoculation chagoma, patent
parasitemia, T. cruzi-specific IgM and IgG antibodies, and leukocytosis and lymphocytosis.
Histopathological data revealed intense heart parasitism and pronounced inflammatory infil-
trate, along with myocardial fibrosis with collagen deposits [12]. Besides that, cardiac altera-
tions have also been found in these animals, such as abnormal electrocardiogram and heart
muscle cells presenting degrees of damage [13]. Those findings reinforce the results found
by Bonecini-Almeida et al. [11] who described electrocardiographic patterns detected in
T. cruzi-infected rhesus monkeys during the acute phase. The results have evidenced atrio-
ventricular block, right bundle branch block—first-degree His bundle, low voltage QRS com-
plex, and abnormal ventricular repolarization. Interestingly, these alterations disappeared at
the fourth month post infection. Controversially, Bommineni et al. [14] demonstrated that
the acute phase in NHP may be lethal. Despite that, T. cruzi infection usually evolves from an
acute phase to a chronic phase that may manifest itself in a variety of ways.

In contrast to the acute phase, during the chronic stages of the disease, the trypomastigotes in the
peripheral circulation are extremely difficult to detect microscopically. However, more detailed
histopathological studies have shown nests of T. cruzi amastigote forms in host cardiac tissue
from naturally infected baboons. The majority of individuals that progress to the chronic phase
remain clinically asymptomatic for many years, characterizing the indeterminate clinical form
of the disease. Usually the disease confirmation requires the application of several diagnostic
techniques, such as microscopic examination of blood smears, serological assays, xenodiagno-
sis, hemoculture and PCR-based assays for direct detection and quantification of parasite DNA
[15-17]. After long years of infection, individuals may progress to the cardiac and/or digestive
chronic phase, which usually represents the most severe clinical damages [18]. Researchers have
demonstrated numerous alterations in the electrical conduction system, ventricular arrhythmias,
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cardiomegaly, enteromegaly, myocardial fibrosis, and edema, along with other clinical signs of
chronicity [9, 12, 13, 19, 20]. In several cases the infected NHP develop aggressive chronic Chagas
disease and die, usually due to cardiac damages. In this context, a NHP animal model with these
features could contribute significantly to better comprehend the disease outcome as well as to
improve the therapies for Chagas disease.

3. Immunological features of NHP T. cruzi infection

In addition to pathophysiological changes, NHP also manifest alterations in their immuno-
logical system. It is well known that the immune system plays an important role in the patho-
genesis of the disease. When it comes to NHP, it is not different. Recent studies, including
ours, have shown that their immunological response resembles what is observed in human
Chagas disease, as briefly schemed in Figure 3 [1, 6, 18, 21].

IMMUNE MECHANISM INVOLVED IN Trypanossoma cruzi INFECTION

Granzyma .ﬂ.(!; f-" ﬁ.‘?ﬁ_ ."‘ h“'_‘ ::- *1‘.-{1{.‘:'"_: 5Gmpzym¢a

COE T-Cell

Macrophage &
&~ 4

Figure 3. Trypanosoma cruzi naturally infected non-human primate displays, in the peripheral blood, a high activity
of cytotoxic cells (Granzyme A* NK cells and Granzyme A*/Perforin CD8" T cells) and expansion of macrophages and
activated T-cell subsets. Furthermore, the infected animals exhibit an overall mixed pro-inflammatory/regulatory
cytokine milieu, with CD4* T cells, the most important source of IFN-vy, as well as CD4* T cells, CD8" T cells, macrophage/
monocytes and B-cell producers of IL-10.
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Our group has recently published a research on T. cruzi naturally infected cynomolgus
macaques which displayed, in the peripheral blood, a similar immunological profile to that
observed in humans, with high activity of cytotoxic cells and expansion of macrophages and
activated T-cell subsets [21]. The infected animals exhibit higher frequency of NK Granzyme
A" cells. Furthermore, this cell population was able to increase the pro-inflammatory cytokine
secretion afterwards T. cruzi antigen stimulation [22]. These data reinforce the important role
of NK cells as a source of IFN-y to activate macrophages and increase the nitric oxide pro-
duction to inhibit the intracellular parasite growth [23, 24]. Moreover, the NK cells mediate a
relevant cytotoxic mechanism that kill infected host cells or even free parasites throughout a
lytic perforin-independent mechanism [24]. It is important to mention that the higher expres-
sion of inducible nitric oxide synthase by monocytes/macrophage has been correlated with
loss of connexin43 in cardiopathic T. cruzi-infected rhesus monkeys [12]. Connexin43 is the
major protein responsible for the electrical synchrony of cardiomyocytes [25]. In this context,
any injury in this protein may result in arrhythmias and heart failure during the chronic cha-
gasic cardiomyopathy.

It is well known that the adaptive immune response plays a critical role in Chagas disease
progression in humans; however, in NHP its mechanisms remain unclear. Recently, our
group showed that the T. cruzi-infected NHP developed a pattern of activated T lymphocytes
as observed in the human infection. In fact, higher expression of CD54 and HLA-DR by T
cells, especially within the CD8"* subset, along with outstanding expression of Granzyme A
and Perforin, emphasized the enhanced cytotoxicity-linked pattern of CD8" T lymphocytes.
These data reinforce the role of CD8* T lymphocytes in the pathogenesis of Chagas disease.
Additionally, Pisharath et al. [6] while evaluating T. cruzi naturally infected cynomolgus
macaques demonstrated by immunohistochemistry that the inflammatory infiltrate from
cardiac tissue had mild to moderate multifocal areas, composed predominantly by CD8* T
cells and CD68" monocyte/macrophage with fewer CD4" T lymphocytes. In agreement with
these data, Mubiru et al. [20] showed a focal and multifocal collection of lymphocytes and
plasma cells, as well as rare granulocyte infiltration within the myocardium and epicardium.
Moreover, their study revealed a positive correlation between PCR positivity and lympho-
cytic myocarditis in both baboons and cynomolgus macaques infected with T. cruzi, reinforc-
ing the hypothesis of direct parasite-induced damage and T. cruzi-specific immune responses,
in myocardial injury.

It is known that B lymphocytes play a crucial role in protecting against T. cruzi. This is due
to the fact that these cells synthesize anti-T. cruzi antibodies, establish the functional pattern
of T-cell cytokines and still are involved in the maintenance of CD8" memory cells [26, 27]. In
addition, it has been displayed that NHP infected with T. cruzi presents a high frequency of
B-cell population associated with upregulated expression of Fc-yRII (CD32), enhancing the
potential of this biomarkers” high expression, in counterbalancing the CD8" T-cell cytotoxic
activity and influencing the degree of myocardiopathy.

It has been clear that cytokines are integral components of the complex intercellular system
required to mount and control disease morbidity [28, 29]. However, little is known about
the cytokine profile during NHP infection with T. cruzi. In order to further understand the
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mechanisms of T. cruzi infection in NHP, Vitelli-Avelar [22], for the first time, characterized
the ex vivo cytokine pattern of cynomolgus macaques naturally infected with T. cruzi and
observed an overall mixed pro-inflammatory/regulatory cytokine milieu, mediated by IFN-y
from CD4" T cells counterbalanced by IL-10 produced by CD4" T cells and B cells. This micro-
environment resembles that previously described for chronic Chagas disease in humans,
mainly in indeterminate clinical form [24]. It has been proposed that this pro-inflammatory/
regulatory pattern represents a key element to control deleterious antiparasite immune-medi-
ated inflammatory mechanisms [30].

T. cruzi strains are currently classified into six discrete typing units (DTUs) named TcI to
TcVL It is known that these DTUs have different biological and geographical features [31]. In
South American isolates, all of the strains have been characterized from a variety of host spe-
cies. In contrast, isolates from the Central and North America have been characterized only
as Tcl or TcIV [32]. Several researchers have discussed the characteristics of different T. cruzi
genotypes, and it seems like that the strain diversity is associated with the distinct immuno-
logical patterns observed in Chagas disease, which might be associated to disease severity [31,
33-36]. While working with a North American NHP colony, we intended to provide insights
pertinent to the higher prevalence of Tcl natural infection observed amongst these animals
by interpreting the differential impact of Tcl and TcIV antigen priming in vitro on circulat-
ing leukocytes. In this context, our data showed that NHP presents distinct cytokine profile
in the presence of Tcl and TclV antigen. While the TcIV antigen triggered an outstanding
response, characterized by high levels of TNF- and IFN-y-producing CD8" T cells, along with
low levels of IL-10, the TcI antigen elicits a predominant regulatory microenvironment, medi-
ated by IL-10 derived from HLA-DR* monocytes and T cells with low levels of TNF*CD8" T
cells [22]. The prominent pro-inflammatory milieu, mediated by TNF, seems to be relevant
to control the T. cruzi infection NHP. The role of TNF in protective mechanisms has been
already reported, underscoring its ability to activate macrophages and induce nitric oxide
production [37]. Additionally, the enhanced frequency of IFN-y* T cells beside low levels of
IL-10-producing cells may also account as a relevant trypanocidal event favoring the TcIV
clearance. Conversely, the IL-10-mediated microenvironment observed upon Tcl-antigenic
recall in vitro represents a critical event to support the ongoing infection with the Tcl geno-
type. These findings may support, at least in part, the predominance of Tcl infection amongst
cynomolgus macaques in Southern part of the United States. Figures 4 and 5 present a syn-
thesized scheme of our newest cytokine findings and reinforce the distinct cytokine pattern
produced upon T. cruzi Tcl and TcIV antigen recall in vitro [22]. Furthermore, other studies
have confirmed the presence of both Tcl and TclV isolates from Amazonian primates, Tcl
being more predominate strain than TcIV [38—40].

Regardless the relevance of therapeutic intervention to control morbidity and clinical pro-
gression of Chagas disease, currently, there are only two drugs available to treat infected
hosts, benznidazole and nifurtimox. Several studies have demonstrated that the effective-
ness of therapeutic agents against T. cruzi is influenced by the parasite load, genotype as
well as by intrinsic features of the host immune response. Studies focusing on aspects related
to the synergic effect of the immune response and chemotherapeutic agents in humans and
NPH are still scarce. Sathler-Avelar and colleagues [21, 22, 24] have provided insights about
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Figure 4. The cytokine milieu in T. cruzi-infected and non-infected non-human primates upon antigen recall from Tcl and
TcIV T. cruzi strain. The radar charts illustrate the changes on the pro-inflammatory (black background) and regulatory
cytokine microenvironment (gray background) connecting circulating leukocytes of T. cruzi-infected cynomolgus
macaques (CH) and non-infected controls (NI) upon Tcl (A) and TcIV (B) T. cruzi antigenic recall in vitro. Relevant data
comprising biomarkers with frequency of producers above the 50th percentile are underscored by bold/underlined font.

the relevance of a balanced immune response elicited after chemotherapeutic intervention to
mediated parasite killing but minimize tissue damage. There are evidences supporting that a
pro-inflammatory response mediated by IFN-y acts synergistically with the drug treatment
to accomplish effective trypanocidal events [24, 41] and that simultaneous regulatory mecha-
nisms elicited by IL-10 are relevant to control deleterious effects of therapeutic intervention
(21, 22, 24].

The urgent need of novel drugs to treat Chagas disease has stimulated scientific community to
validate appropriate experimental model or in vitro tolls to conducted studies during preclini-
cal trials. These studies that can contribute and elucidate drug mechanisms are still unknown,
in an attempt to find a more effective therapeutic agent. In this context, NHP models have
been considered one of the most appropriate tolls, especially due to the similarities between
the disease aspects and the immune response observed in NPH as compared to humans.
Vitelli-Avelar and colleagues have recently provided data focusing on the immune response
of NPH infected with T. cruzi that can be used to shed light on this issue. Using an in vitro
system of antigen recall to mimicry the endogenous booster of parasite-derived antigens that
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Figure 5. Cytokine network analysis upon T. cruzi antigen (Tcl/TcIV) stimulation in vitro. Correlation matrices for
cytokine producers were constructed to illustrate the distinct cytokine pattern upon (A) Tcl and (B) TcIV antigen
stimulation. Cytokine* cell networks for non-human primate naturally infected with T. cruzi (CH) and control animals
(NI) are shown by clustered distribution of nodes for pro-inflammatory (black) and modulatory (gray) cytokine patterns.

occur throughout chronic infection or upon the extensive antigen release mediated by thera-
peutic intervention, these authors have demonstrated that similarly to what was found in
human Chagas disease patients, NPH-infected host also exhibited a pro-inflammatory/regu-
latory cytokine signature triggered by T. cruzi-antigenic restimulation in vitro, These findings
suggest the ability of these hosts to mount an appropriate immune response with putative
balanced profile that may contribute for parasite killing, by IFN-vy release, modulated by IL-10
to prevent deleterious idiosyncrasy.

4. Final remarks

The urge for an experimental model that resembles all medical disorders observed in humans
is of great importance. Non-human primates are great models to study Chagas disease. It is
clear that these mammals present clinical, immunological, and histopathological resemblances
to humans. All studies conducted so far lead to believe that as shown in humans, primates
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naturally infected with T. cruzi also evolve to chronic phase and that is probably associated to
the extension of the immune response they develop. With an experimental model that devel-
ops clinical and immunological manifestations closely comparable to humans, innovative
therapeutic strategies may be deeper studied and new drugs may be developed. There are still
much more to comprehend; however, the scientific advances and better comprehension of the
mechanisms of T. cruzi infection may contribute to find hope to Chagas disease patients.
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Abstract

The main active compound found in the marijuana plant, tetrahydrocannabinol, is
responsible for its psychotropic effects but also for its numerous beneficial actions such
as appetite stimulation, nausea reduction, analgesia, and muscle spasm suppressor.
Although cannabis consumption leads to some visual disturbances, the exact role of the
endocannabinoid system (ECS) in normal vision is still unknown. Many studies have
looked into the localization of this complex system (receptors, ligands, and enzymes)
throughout the various components of the visual system of different animal models
in order to obtain clues about its role. In fact, the retina, optic nerve, dorsal lateral
geniculate nucleus, and visual cortices all express parts of the ECS. Manipulating this
system pharmacologically or genetically has also an impact on visual function. In this
book chapter, we provide the current understanding of how the ECS is involved in the
functioning of the visual system and special emphasis is put on data obtained in mon-
keys, representing the most relevant animal model for visual neuroscience research.
The mechanisms that control endocannabinoid (eCB) release and activation of canna-
binoid receptors are discussed. We also propose a model highlighting the mechanisms
involved in the regulation of photopic and scotopic vision taking advantage of the spa-
tial specificity of the eCB signaling system and its physiological activation conditions.

Keywords: cannabinoids, retina, CB1 receptors, CB2 receptors, GPR55, vision,
monkeys

1. Introduction

The medicinal use of cannabis can be traced back many thousands of years, but research on
cannabinoids and the endocannabinoid system (ECS) was stimulated only in the mid-1960s
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after the isolation of tetrahydrocannabinol (THC) from the marijuana plant Cannabis sativa
[1]. Later on, in the 1970s, several research groups reported independently that this com-
pound is mostly responsible for the therapeutic and psychotropic effects of cannabis. Until
the late 1980s, it was thought that cannabinoids would act nonspecifically on membranes
and channels, but the discovery of specific receptors that bind to cannabinoids (THC and
cannabidiol specifically) changed the course of events. A first cannabinoid receptor, termed
cannabinoid receptor type 1 (CB1R), was discovered and cloned [2, 3]. Since the endog-
enous receptors do not stand and wait for cannabis consumption in order to get activated,
the existence of endogenous molecules that activate the cannabinoid receptors was sug-
gested. Indeed, the discovery of endogenous molecules that activate these receptors was
made shortly after. Anandamide (AEA) and 2-arachidonoylglycerol (2-AG), the two most
studied eCBs, then led to the discovery of specific enzymes that regulate the eCB levels. It is
now clear that the ECS is present in many places in the organism and plays a neuromodula-
tory role at the cellular level. The eCB AEA and 2-AG bind to CB1R and CB2R with different
affinities. There is also strong evidence that suggests that eCBs can target other receptors,
particularly the putative “CB3” receptor GPR55 and the transient receptor potential vanil-
loid 1 (TRPV1) ion channel. Other eCB targets such as peroxisome proliferator-activated
receptor (PPAR) and also CBIR are localized in the nucleus, where they shuttle from/to the
cytosol in a ligand-dependent manner.

In addition to these receptors, the ECS is composed of various metabolic enzymes. The eCBs
are produced “on demand” from membrane lipid precursors by multiple biosynthetic path-
ways. These bioactive lipid molecules are synthetized when and where needed and have
important roles in physiological and pathophysiological conditions. AEA and 2-AG metabo-
lism occurs through distinct routes that can overlap, of which several have been described
in detail. The well-known view is that AEA is synthesized from membrane phospholipid
precursors mainly by the action of N-acyl-phosphatidylethanolamine-specific phospholipase
D (NAPE-PLD). By contrast, 2-AG is mainly synthesized by 2 diacylglycerol lipase enzymes,
DAGLa and DAGLp. The eCB-mediated effects are terminated by their fast degradation,
mainly through the hydrolysis of AEA by the fatty acid amide hydrolase (FAAH) and of 2-AG
by the monoacylglycerol lipase (MAGL). Besides these hydrolytic routes, AEA and 2-AG can
also be oxidized by cyclooxygenase-2, distinct lipoxygenases, or cytochrome P450, all pres-
ent in most tissues of the body. Interestingly, AEA and 2-AG oxidative by-products can also
produce biological activity that may be mediated by different receptors.

2. Cannabis, the ECS, and the visual system

Besides the scleral vasodilation effect (also known as “red eye”) of marijuana and the reduc-
tion of intraocular pressure [4, 5], the functional effects of cannabinoids on vision are still not
well identified. A case study interviewing eight recent abstinent high-potency heavy cannabis
smokers (approximately 56 g per month according to Ref. [6]) reported several categories of
visual disturbances [7]. These included visual distortions, biased perception of distance, illu-
sions of movement for stationary and moving objects, color intensification of objects, dimmed
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color, dimensional distortion, and blending of patterns and objects [7]. These visual illu-
sions were also experienced by five patients with a history of previous use of marijuana [8].
Interestingly, pupil size, measured with a millimeter rule under constant illumination with
eyes focused on an object at constant distance, is not changed after smoking marijuana [9, 10].
It has been shown that eCBs are present in ocular tissues, including the ciliary body, iris, cho-
roid, as well as trabecular meshwork, but not on the lens [3, 5, 11-13]. Hence, eCBs may play an
important role in eye function (such as regulation of intraocular pressure) under different nor-
mal and pathological conditions [14]. Furthermore, cannabis causes impaired performance in
tests that require fine psychomotor control such as tracking a moving point of light on a screen
[15, 16]. THC increases the time course of glare recovery by several seconds (5-10%) only at low
contrast [16]. Higher doses of THC can produce side effects, including blur vision [17], double
vision, and vision dimness [18]. Numerous reports claim that smoking marijuana improves
dim light vision [19-21]. Acute consumption of marijuana reduces the Vernier and Snellen acu-
ity, alters color discrimination, increases photosensitivity, and decreases dark adaptation [19,
21, 22]. No significant effect has been observed on static visual acuity [15] after consumption of
THC with alcohol, although there was a marked reduction in acuity of moving targets when
coordinated eye movements were required [23]. Binocular depth inversion is reduced in regu-
lar cannabis users while depth perception is not affected [23, 24]. Dronabinol, a synthetic THC,
impaired binocular depth inversion and the top-down processing of visual sensory data [23].
Testing the visual functions by the use of steady-state visual evoked potential and electroen-
cephalography over the occipital lobe suggests a disruption of later-stage visual processing in
regular users [25].

3. Retinal anatomy and function in monkeys

3.1. The vervet monkey (Chlorocebus sabaeus)

The extensive resemblance of the nonhuman primates to Homo sapiens in various aspects,
from genome sequence and molecular pathways to physiology and cognition, makes them
the closest laboratory model to humans that cannot be approximated by any other animal
model. Among the monkeys, old-world monkeys are the closest to the human physiology
and behavior, after the apes. Old-world monkeys show more interspecies brain anatomy
similarity compared with humans and apes [26]. Although the monkey brain is smaller, it has
nonetheless a similar anatomical organization. For example, its visual system also comprises
a retina, geniculostriate system, and the “what” (ventral) and “where” (dorsal) pathways, as
in humans. The vervet monkey, or green African monkey, is an old-world monkey from the
Cercopithecidae family native to Africa that 23 million years ago diverged from the hominoid
family, and its genome is 96% homologous with man [27]. Our laboratories have been using
vervets for many years now to particularly study the expression and function of the ECS in the
retina and visual system. Like all the other old-world monkeys, vervets are medium to large
size, have a tail with prehensile nerve ending, and are omnivorous with preference to plant
matters. The St-Kitts vervet monkeys were imported from Senegambia in the seventeenth
century [28-30]. Vervet monkeys are progressively chosen for biomedical research with a
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second citation record among the nonhuman primates after rhesus macaque [26]. Regarding
the visual system, old-world monkeys have a foveal binocular vision with laminated retina
with a high cone density that decreases with eccentricity and trichromatic color vision. The
organization of the retinal mosaic has an impact on visual functions, the center being largely
involved in visual acuity, color-coding, and photopic sensitivity (cone vision), whereas the
periphery is more concerned with scotopic functions (rod vision) [31, 32]. Vervets also have a
six-layered dorsal lateral geniculate nucleus (dLGN) and a laminar organization of the visual
cortex similar to that seen in other old-world monkeys and humans [33, 34].

3.2. Description of the monkey retina

The fovea is a small central pit present in the surface of the retina in many types of fish, reptiles,
and birds. Among mammals, primates are the only species with a fovea centralis [35]. The struc-
ture of the fovea can be slightly different in some types of animals. In some animals, the inner
cell layers of the fovea may only show a reduced thickness, and in other animals, the fovea may
have a complete absence of the same inner cell layers. In monkeys, cone photoreceptors line the
base of the foveal pit and the other cells are displaced away from the foveal region. The fovea is
at the intersection of retinal and optical axis of the globe and is the area of the most acute vision.
The thickness of the retina is reduced in the fovea because the photoreceptor cell synapses and
the inner retinal neurons are displaced peripherally from the foveal center. Cones are concen-
trated in the fovea; its center is free of rods. Peripherally, the number of rods increases, reaching
a maximum at the perimeter of the fovea [36]. The diameter of the fovea in humans is 1.5 mm,
and the central part, which is free of the retina inner layers, is 0.35 mm across and is called fove-
ola. The tissue between the foveola and foveal rim, wedge-like in cross section, is called the clivus
or foveal slope. The axons or outer fibers of the foveal rod and cone cells are elongated and form
an additional layer, the “fiber layer of Henle,” between the outer nuclear and outer plexiform
layer in the periphery of the foveal area (Figure 1). The foveal photoreceptor cells, including

CBIR

Figure 1. CBIR expression in the monkey fovea centralis. Confocal micrograph of a cross-section retina in the foveal pit
immunolabeled for CB1R. OS, photoreceptor outer segments; ONL, outer nuclear layer; HFL, Henle fiber layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 75 um.
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the Henle fibers, contain the yellow pigments zeaxanthin and lutein [37]. The area surrounding
the fovea has a distinct tint. It is called macula lutea, the yellow spot. The words “macula” and
“fovea” are frequently used as synonyms. Blood is supplied to the neuroretina, excluding pho-
toreceptor cells, via retinal vessels. The large arteries and veins lie within the nerve fiber layer.
Ascending arteries penetrate into the retinal tissue. Two flat beds of capillaries spread between
the perikarya of horizontal cells and amacrine cells, at the outer and inner margins of the internal
nuclear layer. Another network of capillaries supplies the ganglion cell and the nerve fiber layer.

3.3. The retinal endocannabinoid system in monkeys

The retina of many species expresses the ECS, including the tiger salamander, goldfish, mouse,
rat, chick, tree shrew, vervet monkey, macaque monkey, and human. The anatomical organiza-
tion of the retina in these species is obviously different, which makes it difficult to infer what really
takes place in humans. For example, mice have a rod-dominated retina specialized for vision in
nearly complete darkness, referred as scotopic conditions [38]. Additionally, tree shrews have a
cone-dominated retina specialized for vision under well-lit conditions, referred to photopic con-
ditions [39]. Primates, including monkeys, have a duplex retina, a fovea with a high cone den-
sity that decreases with eccentricity. Mouse and tree shrew retinas have no fovea compared to
primates [40], and, compared to rodents, the retina of tree shrews is similar to primates [41, 42].
Comparative studies on the organization of the retina of different animal species led to the con-
clusion that ancestral mammals may have already developed cone photopigments [32]. Many
components of the ECS have been localized in cone photoreceptors, horizontal, amacrine, bipolar,
and retinal ganglion cells in the central and peripheral retina of vervet monkeys (Figure 1; [43]).

Compared to rodents, the retina of primates including monkeys and humans has the unique
characteristic to have a duplex retina with a cone-dominated fovea [44]. As part of the brain,
this highly organized tissue processes visual information in parallel channels. While the input
retina consists of only 2 types of photoreceptors (rods sensitive to 1 wavelength of light and
cones selective to 3 different wavelengths), the output retina contains more than 20 types of
ganglion cells [45, 46]. The primate retina exhibits a strikingly high expression of CBIR, the
main cannabinoid-binding protein responsible for the marijuana psychotropic effects. Cones of
the central retina abundantly expressed CBIR. The vertical glutamate pathway (cone photore-
ceptors-bipolar cells-ganglion cells) also heavily expresses CB1R. While the functional impor-
tance of retinal CB1R is supported by anatomical data in rodents and primates, evidence for a
role of eCBs in synaptic signaling is provided by in vivo ERG experiments on vervet monkeys.
The presence of CB1 receptors in the retina of many species has been reported [47]. The modu-
latory effects of cannabinoids, acting on CB1 receptors, at all stages of retinal processing have
also been described (For review, see [48]). Furthermore, the cannabinoid receptors (Figure 2)
and related enzymes (Figure 3) are expressed in the mouse, tree shrew, vervet monkey, and
macaque monkey retina [49]. More specifically, the ECS is present throughout the monkey
retina, from the foveal pit to the periphery, suggesting that it may play a role in retinal function.

3.4. Electroretinography in monkeys

Electroretinography (ERG) is a noninvasive ocular test that measures the electrical responses of
various cell types in the retina, including rod and cone photoreceptors, horizontal cells, bipolar

149



150 Primates

cells, amacrines cells, ganglion cells, and Miiller cells. This diagnostic tool can objectively evaluate
retinal function in clinical and research settings. It is well-known that the monkey eye anatomy
and physiology are similar to those of humans, making it the preferred nonhuman primate animal
model for testing ocular effects. Given that the technical and procedural aspects of the human

CBIR CB2R GPRSS

INL3

INL]

Figure 2. Mapping of the receptors CBIR, CB2R, and GPR55 in the mouse, tree shrew, and monkey retina. These
receptors are differently expressed in the retina of these mammals. These results are compiled from several published
articles [43, 47-54]. OS, photoreceptor outer segments; IS, photoreceptor inner segments; ONL, outer nuclear layer; ONL,
outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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protocol have been standardized by the International Society for Clinical Electrophysiology of
Vision [58], the ERG can be routinely used to assess toxicity (potential global neurotoxicity induced
by drugs in primates) on retinal function. With this standard method, a tremendous amount of

NAPE-PLD FAAH DAGL MAGL

Mouse
=
=

NI

Tree shrew

INL

Monkey
=]
=

INL

Figure 3. Localization of the cannabinoid-related enzymes in the mouse, tree shrew, and monkey retina. NAPE-
PLD, FAAH, DAGL, and MAGL expressions have some similarities and differences in the retina of these mammals.
These results summarize results published in several articles [43, 49, 50, 55-57]. OS, photoreceptor outer segments; IS,
photoreceptor inner segments; ONL, outer nuclear layer; ONL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer.
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data can be accumulated for eye physiopathology evaluation. This noninvasive, nonpainful, non-
damaging technique does not induce undesirable effects to the eye. Numerous studies of ocular
toxicity in macaque monkeys have produced a standard ERG protocol for the assessment of retinal
function [59]. This method allows independent testing of rod and cone systems. If a low-intensity
flash stimulus is conveyed to the dark-adapted retina, the rod system is stimulated. If a flash stimu-
lus is conveyed to the light-adapted retina, the cone system is targeted. When strong flash stimuli
are elicited, the retina electrical responses will produce an ERG waveform comprising an initial cor-
neal-negative deflection derived from rods and cones, the a-wave, followed by a corneal-positive
deflection derived from the inner retina (predominantly Miiller and ON-bipolar cells), the b-wave.
A standardized experimental protocol was developed in our laboratory and used to study the role
of the ECS on retinal function in vervet monkeys [60]. The mobile experimental setup consisted of
placing ERG-Jet electrodes in both eyes for simultaneous recordings (Figure 4). In dark-adapted
conditions, dim flashes activate the scotopic system (rod pathway) and photopic flashes evoke
a mixed response (rod and cone pathways). In light-adapted conditions, flashes produce only a
photopic system response (cone pathway).

CBI1R, CB2R, and GPR55 play an important role in retinal function. The function of the canna-
binoid receptors in the retina has been highlighted in ERG studies in adult mice [53] and ver-
vet monkeys [61, 62]. Cécyre et al. [53] demonstrated a significant change in the ERG a-wave
of the CB2R knockout dark-adapted mouse but not in CBIR knockouts compared to wild
types. They concluded that CB2R is likely to play a greater role in mouse retinal processing
than CBIR. In monkeys, we have recently reported a significant increase in the b-wave com-
ponent of the scotopic and photopic ERG after a blockade of both CBIR and CB2R with their
specific antagonists [61]. This variation can be due to the different pattern of expression and
specialization of the ECS in the monkey. We also reported that GPR55 may play an instru-
mental role in mediating scotopic vision, because it is exclusively expressed in rods [52] and
it modulates specifically scotopic retinal function [62]. Figure 5 summarizes the ERG effects

Figure 4. Experimental setup for ERG recordings in vervet monkeys. (A) The ganzfeld allows us to illicit full-field
flashes. (B) The ERG machine (UTAS-E3000) is linked to a computer.
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Photopic

Figure 5. The effect of modulating CBIR, CB2R, or GPR55 in the monkey retina. (A) The intravitreal injection of AM251, an
inverse agonist of CB1R, or AM630, an inverse agonist of CB2R, causes an increase of the scotopic and photopic responses
compared to the vehicle, dimethyl sulfoxide (DMSO). (B) The intravitreal injection of lysophosphatidylglucoside (LPG),
an agonist of GPR55, causes an increase of the scotopic response, but not of the photopic response. Conversely, the
intravitreal injection of CID16020046 (CID), an antagonist of GPR55, causes a decrease of the scotopic response, but not
of the photopic response.

obtained in vervet monkeys. This body of evidence (the anecdotal reports, the anatomical
localization of the ECS, and its functional implications) indicates that eCBs are involved in
shaping retinal responses to light and suggests it plays a crucial role in visual processing.

3.5. The eCB signaling pathways in the monkey retina

The presence of CBIR in the neuroretina (in the vertical pathway consisting of photorecep-
tors, bipolar cells, and ganglion cells), of CB2R in the major glial element of the retina (Miiller
cells), and of GPR55 in rod photoreceptors suggest differential retinal function. Furthermore,
localization of the metabolic enzymes suggests that eCBs are synthesized and released in the
synapse surrounding the neurons from which they are released. They therefore act locally on
adjacent retinal cells [63]. This could in turn influence, directly (through CB1R or GPR55) or
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indirectly (through CB2R), the release of glutamate, the main neurotransmitter of the retinal
vertical pathway. After the ligands are produced, many ionic channels such as K* and Ca* are
modulated after activation of the cannabinoid receptors.

The suggested hypothetical function of the ECS in the monkey retina may be as follows. In
photopic conditions, when cones are stimulated by light, the ionic channels are inhibited, a
process known as the “inhibition of the retinal dark currents.” The resulting phototransduction
reduces the glutamate release in the synapse and propagates an evoked potential to bipolar
cells. Given the localization of the metabolic enzymes in monkeys (Figure 3), the same bipolar
cells may be the main source of eCB production that will act in a retrograde manner and acti-
vate CBIR located in cone pedicles, thus regulating glutamate release. This eCB production
will also synthesize 2-AG that will activate CB2R in Miiller cells, thus modulating potassium
spatial buffering throughout the retina. The activation of CB2R coupled to G, will reduce the
levels of cyclic AMP and PKA ([64] for review; [65]). Given that PKA activates K 4.1 channels
in Miiller cells [66], CB2R will play a role by negatively modulating potassium.

In scotopic conditions, the synaptic terminals of rods release a large quantity of glutamate.
This glutamate binds to mGluR6 receptors located on the dendrites of ON rod bipolar cells
[67]. Activation of GPR55 by its endogenous agonist (lysophosphatidylglucoside [LPG]) will
stimulate the G ,,, RhoA, ROCK, and PLC cascade to open Na*/Ca** channels, induce a mem-
brane depolarization, and, finally, modify the scotopic ERG [52, 62].

These proposed mechanisms of action for the photoreceptor-bipolar cell synapse are illus-
trated in Figure 6 and could also take place in other synapses in the primate retina. However,
even though great efforts are deployed to understand the precise function of the retinal ECS,
behavioral studies are crucial to clearly establishing its role in vision.
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Figure 6. Schematic illustration of the hypothetical function of CBIR, CB2R, and GPR55 in the monkey retina. See text
for details.
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4. Beyond the retina, in the visual thalamus and visual cortex

Multiple studies have studied the expression of the ECS in the thalamus of rodents and pri-
mates, but only one has thoroughly examined the expression of CB1R, NAPE-PLD, and FAAH
in the dorsal lateral geniculate nucleus of vervet monkeys [34]. One study has characterized
the physiological effects of CBIR-mediated activity in the visual thalamus of rats [68]. Using
single-unit extracellular recordings at the level of the thalamus, CB1R activation affected two
cell populations: one exhibiting excitatory effects (28%) and the other inhibitory effects (72%)
[68]. When AM251 (inverse agonist of CBIR) was added, these actions were blocked. The
authors concluded that CBIR in the rat thalamus acts as a dynamic modulator of visual infor-
mation. Furthermore, the CB1R system is present in the lateral geniculate nucleus of monkeys
[34]. The presence of CBIR in the dLGN of vervet monkeys could have a higher impact on
visual processing, compared to what is found in rats [68], due to its complex laminar structure
and increased retinal inputs. The results reported by Javadi et al. [34] are in accordance with
these electrophysiological findings and revealed that this neuromodulation of CB1R receptors
may be due to their expression in the dLGN. Even though the expression of CB1R and FAAH
is more abundant in magnocellular layers, they are nonetheless present in the parvocellular
layers of the dLGN. The high expression of CBIR in the magnocellular layers may explain
some of the behavioral effects of cannabis and cannabinoids associated with the integrity of
the dorsal visual pathway (visual-spatial localization and motion perception) [34]. If the ECS
plays any role in color perception, it should be through chromatic properties of parvo cells
and retinal cones. Both of these visual system components express CB1R. Conjointly, one of
the most frequently reported cannabis effects is more intense and brighter colors [7, 69].

The visual cortex is important to the conscious processing of visual information. The exact
localization of the ECS in higher visual structures remains somewhat unclear. Several pub-
lished reports describe the effects of cannabinoids on visual perception (thresholds of light
detection, glare recovery, and color vision). The localization of the ECS within the higher
order visual areas responsible for these changes in perception is starting to be revealed. As
noted above, there has been evidence for central effects of cannabinoid use in vision by bin-
ocular depth inversion technique and EEG recordings of the occipital cortex [24, 25]. Yoneda
and colleagues reported that the expression and localization of CBIR in the visual cortex of
the mouse is regulated during the development and through visual experiences. In mouse,
expression of CBIR in deep layers of V1 decreased after dark rearing from birth to P30.
However, 2 days of monocular deprivation upregulated the localization of CBIR in inhibi-
tory nerve terminal in deep layers [70]. It has also been reported that CP55940, a full agonist
of CB1R and CB2R, decreases the electroencephalogram power, and the local field power and
coherence, in V1 and V2 in macaque monkeys [71].

5. The ECS and visual disorders

The ECS modulates many neurotransmission processes in the central nervous system. In fact,
numerous recent researches raised the impact of metabotropic and ionotropic receptors on

155



156  Primates

neurological diseases. Studying modulator systems like the monoaminergic, purinergic, and
cholinergic systems may reveal the pathophysiology of many disorders. Opioid and nicotinic
receptors were generally analyzed in order to treat drugs of abuse, morphine and nicotine.
Conversely, the study of cannabinoid receptors is not primarily to treat addiction to mari-
juana but has a much broader role. Indeed, CBIR is the most abundant metabotropic receptor
in the CNS [72]. These receptors together with their ligands and related enzymes constitute
a goldmine in the chase of finding therapeutic targets against many visual pathologies. For
instance, blindness and visual impairment are relatively refractory to most of the current
drugs, emphasizing the importance of identifying a novel site of action for pharmacological
treatments. Accordingly, modulation of the cannabinoid system remains potentially a new
therapeutic approach. This could be performed at several levels. For endogenous cannabi-
noids, it would be a modulation of their synthesis, release, cellular uptake, metabolism, or
interactions with cannabinoid receptors. Biochemical imbalances in the ECS in visual struc-
tures may cause or exacerbate pathological disorders, such as glaucoma ([73] for review),
diabetic retinopathy, and age-related macular degeneration [14]. The variation of the content
of eCBs in these diseases suggests that they play a crucial role in ocular homeostasis. Indeed,
patients with glaucoma have a decrease in 2-AG levels in the ciliary body [12]. In age-related
macular degeneration (AMD) patients, 2-AG levels are amplified in the iris and AEA is also
increased in the retina [14]. The same pattern of augmentation of AEA was observed in cho-
roid, ciliary body, and cornea of the AMD patients [14]. Moreover, many recent studies inves-
tigating the role of cannabinoids in visual development have shown that CBIR is transiently
expressed throughout development of the chick and rat retinas. Nevertheless, cannabis and
cannabinoids as therapeutic agents have not yet been unequivocally established. Targeting
preferentially retinal cannabinoid receptors to avoid unwanted psychotropic effects is a new
interesting avenue requiring further investigation.

6. Future research directions

There is now strong evidence that suggests that the ECS plays a significant role in regulating
visual function. However, several important questions remain to be answered. First, there is
a need to define the exact mechanisms by which eCB production in the retina is regulated.
Then, we need to determine if eCB production is influenced by classical calcium-regulating
hormones, cytokines, and mechanical loading. Further research is also necessary to define
the exact signaling pathways used by cannabinoid receptors to regulate retinal cell activity.
There is evidence that CB1R regulates photoreceptors, horizontal cells, bipolar cells, amacrine
cells, and ganglion cell activity through a cAMP-mediated pathway (for review, see [48]), but
little is known on how cannabinoids regulate global retinal activity. There have been major
inconsistencies between different studies with regard to the expression and function of the
ECS in the retina and the brain. These inconsistencies may be due to the nonspecificity of the
available cannabinoid receptor ligands that are thought to be specific for CBIR or CB2R but
can actually bind to GPR55 [74-76]. A further area of research that remains to be explored
is to determine how cannabinoid receptors exert their effects on vision, through a neuronal
or glial mechanism. This is clinically relevant since if the glial effects were predominant, it
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may be possible to develop agonists of these receptors that do not affect neuronal function
but could favorably influence visual function without causing adverse psychotropic neuronal
effects. The outcome of these studies will greatly enhance our understanding of the role of the
ECS in vision and encourage the development of new treatments for visual disorders based
on targeting the ECS.
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Abstract

A well-developed white matter (WM) is one of the characteristics of the primate brain.
WM compartments (“tracts” or “bundles”) are easily discernible by myelin or neuro-
filament stains, anterograde tracer injections in nonhuman primates (NHP), and, more
recently, diffusion MRI. Relatively overlooked is the fact that several corticofugal and
thalamocortical compartments and tracts can be visualized by immunohistochemistry
(IHC) for calcium-binding proteins. Since this technique can be easily carried out on post-
mortem tissues, IHC for calcium-binding proteins is potentially an important bridge for
comparisons between NHP and human tissues. This chapter attempts a brief overview
of three WM tracts visualized by the calcium-binding protein parvalbumin (PV), as well
as a description of the probable origin of the two corticofugal tracts; namely, from PV+
pyramidal cells. Furthermore, the complex, intertwining trajectory of callosal axons is
illustrated by single axon reconstruction of five small groups of parietal cortical axons,
anterogradely labeled by biotinylated dextran amine.

Keywords: axon trajectory, biotinylated dextran amine, calcium-binding proteins,
calbindin-positive pyramidal neurons, corpus callosum, corticopontine tract,
geniculocortical tract, parvalbumin-positive pyramidal neurons, single axon
reconstruction

1. Introduction

The primate brain exhibits abundant species-specific specializations. Among others, it is
gyrencephalic and has an appreciable amount of white matter. These features occur in other
large brain species (for example, elephants, cetaceans, and large carnivores; cf.: http://brain-
maps.org/) and are not in themselves defining features for primate brains. Nevertheless,
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Figure 1. Sagittal sections of the corpus callosum in macaque monkey to illustrate PV+ fibers crossing in the corpus
callosum. Anterior is to the left. (A) Low magnification overview near the mid-sagittal plane. Part of the anteroventral
callosum was trimmed for a separate study, and the section is tilted from the horizontal plane for the sake of formatting.
The density of PV+ fibers increases progressively from anterior to posterior. The zone of peak density corresponds to the
territory of crossing premotor and motor axons (see schematic at lower right). The short arrow marks a distinct fall-off
in density of PV+ fibers, anteriorly, in the vicinity of the rostrum (cut from the section). The histological sections at the
upper left show the mediolateral planes of the fields illustrated in A (from the section at right), and B-D (from the section
at left, which is 3.0 mm lateral to the midline). Asterisks = anterior corpus callosum. (B-D) Three photomicrographs
sampling the anterior (B), middle (C), and posterior (D) regions of the corpus callosum (from the left histological section
in A. Note increasing density of PV+ fibers with posterior progression. v = ventricle and f = fornix (devoid of PV+ fibers).
The arrows in C point to three of the organized fascicles of PV+ fibers evident within the larger bundle. Asterisks in C
and D indicate fields at a higher magnification in F and G. (E-G) Higher magnification from anterior (E), middle (F), and
posterior (G) regions of the corpus callosum, showing increasing density of PV+ fibers. Scale bar in B applies to A, C, and
D. Scale bar in E applies to F, G. Schematic inset in A is reproduced from [12]; Figure 1.
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they do usefully set apart primate brains from the lissencephalic and white matter-poor
brains of rats and mice. Accordingly, this chapter focuses on several aspects of white matter
(WM) organization in macaque monkeys.

The WM in primates has long been known to have suborganization and compartments
(“tracts”) (as reviewed in [1]). These have traditionally been identified on the basis of ori-
gin and target (for example, “corticospinal tract”). WM organization is most frequently
investigated from classical myelin stains [2], diffusion MR imaging, and tractography
(as reviewed in [3]), or, for nonhuman primates (NHP), labeled profiles after injection of
anterograde tracers (as reviewed in [1]). Antibodies against neurofilaments (e.g., SMI32 or
SMI312) can also be used [4]. Often overlooked is the fact that some WM tracts can effec-
tively be visualized by immunohistochemistry (IHC) for calcium-binding proteins (calbin-
din, calretinin, or parvalbumin). These tracts include some callosally projecting axons and
some corticofugal projections, originating from parvalbumin-positive (PV+) pyramidal
neurons in motor and other cortical areas, as well as thalamocortical projections from PV+
thalamic projection neurons.

Importantly, visualization of neural structures by IHC for PV and the other calcium-binding
proteins is a widely applicable technique and, in particular, can be used on immersion-fixed
postmortem tissues. This is a definite advantage for morphofunctional investigations of
human brains and allows (1) for easier extrapolation between human brains and those of the
experimentally more accessible NHPs, (2) for assessment of neural changes between normal
and abnormal conditions, and (3) for at least partial validation of tractography imaging data
by the histological “gold standard.”

This chapter focuses on three PV+ WM compartments (callosal, corticofugal, and thala-
mocortical) and the distribution of their likely cells of origin (see schematic in Figure 1).
In addition, data from tracer injections relevant to the trajectory of callosal axons are
included.

2. Methods

The data presented here are derived from four macaque brains histologically sectioned and
reacted for PV, and two additional macaque brains with injections of the anterograde tracer
biotinylated dextran amine (BDA) in inferior parietal cortex [5, 6]. Experimental protocols
were all approved by the IACUC at the University of lowa or the Animal Care Committee
at RIKEN Institute (Wako-shi, Japan) and carried out in strict conformance with the NIH
Guide for the care and use of laboratory animals (NIH Publication No. 80-23; revised 1996).
Every effort was made to minimize the number of animals used and any pain or discomfort
experienced by them. As a terminal step, animals were deeply anesthetized with ketamine
(11 mg/kg, i.m.) and Nembutal (overdose, 75 mg/kg, i.p.) and were perfused transcardially,
in sequence, with 0.9% saline containing 0.5% sodium nitrite, 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, 4 L over 30 minutes, pH 7.3), and chilled aliquots of 0.1 M PB with 10,
20, and 30% sucrose.
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Brains were removed and, after equilibrating in 30% sucrose buffer, sectioned at 50 um on a
freezing microtome. For PV IHC [7], sections were incubated for 1 h in 0.1 M PB saline (PBS;
pH 7.3) containing 0.5% Triton X-100 and 5% normal goat serum (PBS-TG) at room tempera-
ture and then for 4048 h at 4°C with PBS-TG containing mouse monoclonal anti-PV antibody
(Swant, Bellinzona, Switzerland; 1:50,000). After rinses, the sections were placed in PBS-TG
containing biotinylated goat antimouse IgG (Vector Labs, 1:200) for 1.5 h at room tempera-
ture. Immunoreactivity was visualized by ABC incubation (one drop of reagent per 7 ml in
0.1 M PB; ABC Elite kits; Vector Labs) followed by diaminobenzidine (DAB) histochemistry
with 0.03% nickel ammonium sulfate.

For the two monkeys with injections of the anterograde tracer BDA, surgery was carried out
under sterile conditions after the animals were deeply anesthetized with barbiturate anes-
thesia (25 mg/kg Nembutal, i.v., following a tranquilizing dose of 11 mg/kg ketamine, i.m.).
Parietal cortical areas of interest were localized by direct visualization, subsequent to cra-
niotomy and durotomy, in relation to sulcal landmarks (i.e., the intraparietal and superior
temporal sulci). Injections were made by pressure through a Hamilton syringe (10% BDA in
0.0125 M (PBS, 0.5-2.0 ul per injection); Molecular Probes, Eugene, Oregon).

Animals were allowed to recover and survived 18-29 days after injections. They were then
reanesthetized, given an overdose of Nembutal (75 mg/kg), and perfused as described
above. Brains were cut serially in the coronal plane by frozen microtomy (at 50 um thick-
ness) and processed histologically for BDA, as described in [5, 6]. Tissue was reacted
for 20-24 h in avidin-biotin complex (ABC Elite kits; Vector Laboratories, Burlingame,
California) at room temperature (one drop of reagent per 7 ml of 0.1 M PBS). In the final
step, BDA was demonstrated by DAB histochemistry with the addition of 0.5% nickel-
ammonium sulfate.

Regions of interest (ROIs) were digitized on a Zeiss Axiophot microscope using a 2.5%, 5x, or
higher power objective. These high resolution images were then, if needed, stitched using the
pairwise stitch function in Image J. Low magnification images of tissue sections were obtained
by a high resolution flatbed scanner (Epson Perfection V700 Photo). Figures were assembled
in GIMP or powerpoint and saved as JPEG (300 dpi). Axon reconstruction was carried out by
camera lucida at low (5x objective) and higher magnifications (20x and 40x objectives).

3. Results

3.1. PV+ callosal axons

A subset of callosal axons in NHP is PV+, and this appears not to be the case for rat or mouse
brains (Figures 1-3). The PV+ axons are evident through a large anterior-posterior (AP) extent
of the callosum, but they are absent or sparse in the most anterior and most posterior portions
(Figure 1). This corresponds to axons crossing between parts of prefrontal cortex (anteriorly)
or early visual cortices (posteriorly), which are evidently PV-.
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PV+ callosal fibers were consistently seen in all four brains, although staining in one brain
was both fainter and more restricted in the AP extent, possibly suggesting intersubject
variability in amount of PV expression. Inspection of online material (brainmaps.org for
macaque and see [8] for human brain) confirms the occurrence of PV+ fibers in the WM
and specifically in the callosum, although these seemed somewhat less abundant than in
our material.

In the coronal plane of section, most fibers are cut in segments of short to intermediate
lengths, as would be expected from coronal sectioning of fibers having an overall medial-
lateral orientation and trajectory (Figure 2). At the light microscopic level, diameters vary
from <1.0 to 2.0-4.0 pm. A previous analysis of BDA-labeled callosal fibers reported a range
of 0.6-1.2 um [9]. This study further found that the thickest axons originated from primary
motor, somatosensory, and visual areas and the thinnest from prefrontal and temporal areas.
Consistent with these findings, another investigation reports the majority of callosal axons as
having a diameter of less than 1.0 um [10], and an electron microscopic study of human and
macaque brain also found average values below 1.0 um [11].

Several papers have investigated fiber diameter, length, and trajectory, in part to evaluate
impulse speed and conduction delay of callosal axons, in macaques and humans [10-12].
An early influential paper [13] used electron microscopy and IHC for glia to investigate and
compare features of four cerebral commissures in macaque monkey. The increasing use of
diffusion MR tractography, alone or in combination with stereology [14], offers an important
new tool for WM analysis. The availability of a robust IHC marker, as described here for PV+
fibers, would facilitate comparisons across different age points, different conditions, and dif-
ferent species. Three-dimensional analysis, via serial sections or “clarified” tissue slabs, could
easily reveal whether and how often branching occurs in the callosum and support quantifi-
cation of axon diameters or clustering.

3.2. PV+ corticopontine tract

Other fiber tracts originating from PV+ corticofugal neurons (i.e., corticostriatal, corticorubral,
or corticobulbar) are also identifiable by IHC. Figure 4 documents PV+ corticostriatal and cor-
ticopontine fibers, and any number of images on the web (for human, see [8] and for macaque:
http://brainmaps.org/index.php?action=viewslides&datid=22, see [4]) will show comparable
PV+ tracts. Fibers in the corona radiata, immediately subjacent to motor cortex, contain a
particularly dense PV+ population. Many of these are thick (6.0 um in diameter) and exhibit a
distinctive contorted geometry (Figure 4). Several surveys of fiber diameters have been pub-
lished for corticofugal tracts [15-17].

An interesting question is whether the PV+ callosal connections are collateral branches of any
of these corticofugal projections. In mice and rats, at least some corticostriatal neurons send
collaterals to contralateral cortex [18], and contralateral corticostriatal projections have been
described in [19]. Collateral branches from layer 5 neurons to thalamus and brainstem have
been discussed in the context of links between perception and action (“efference copy”) and
may be another instance of primate specializations [20].
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Figure 2. Coronal sections in macaque monkey to illustrate PV+ fibers crossing in the corpus callosum. Midline is to the
right. (A, C, E) Anterior one-third, middle, and posterior AP levels, where C corresponds to the level of the solid vertical
line in the right schematic hemisphere in F. Arrow in C calls attention to the sharp ventrolateral border of PV+ callosal
fibers. Arrows in E highlight three of the fasciculations within the PV+ tract (see also Figure 1C). (B and D) Higher
magnification from the regions of the asterisks in A and C. Note the scattered large fibers in B (and compare with the
larger and more numerous large fibers in Figure 4). (F) Schematic of a right hemisphere, lateral, and medial surfaces (at the
left and right of the schematic, respectively). The vertical lines indicate the coronal plane of section, with the more anterior,
solid line corresponding to the level in C. The more posterior dashed line corresponds to the fields in Figure 6 (and also the
coronal histology section in Figure 8C). Reproduced from [4]; Figure 6. Scale bar in E applies to A and C.

3.3. PV+ cells of origin

PV is generally associated with subtypes of GABAergic, inhibitory interneurons, mainly bas-
ket and chandelier cells. While some GABAergic neurons have been reported to send axons
through the corpus callosum [21], the numbers are small, much fewer than the number of PV+
callosal axons illustrated here.

A probable origin of the PV+ callosal fibers is the population of glutamatergic excitatory pyra-
midal neurons that co-label with PV (Figures 5 and 6). These include large Betz cells in layer
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Figure 3. Photomicrographs of (A) a coronal section of mouse brain and (B) a coronal section of rat brain, both reacted
for PV. Note the lack of PV+ fibers at the midline of the corpus callosum (“cc” in B). (C) Sagittal section through the
corpus callosum in rat, slightly lateral to the midline. A few, scattered PV+ fibers are apparent (arrow, and at higher
magnification: Inset). a = anterior and p = posterior. Scale bar in C applies to A and B.

Figure 4. Dorsomedial segment of a coronal section (see solid vertical line in Figure 2F) to compare PV+ fibers in the
corpus callosum (cc: at right) and those in the lateral white matter (coronal radiata and dorsal part of the internal
capsule). The latter are subjacent to overlying motor cortex and partly correspond to corticopontine fibers (CP). CP
fibers are thicker and often contorted (see higher magnification inset: upper right).
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Figure 5. (A and B) PV+ Betz cells in motor cortex of macaque (coronal sections). Arrows point to two of the PV+ cells in
each frame. PV+ interneurons and terminations are also evident. Asterisk in A highlights PV+ axons in the underlying
white matter. AP level is slightly anterior to the solid vertical line in Figure 2F. (C) Another example, from the same
brain, of PV+ fibers, putatively originating from the PV+ Betz cells in layer 5 and crossing in the corpus callosum (cc).
Asterisk marks the callosal tract in a dorsolateral position, as it approaches the midline (at left in C). v = ventricle. Scale
bar in B applies to A-C.

5 of motor cortex, large Meynert cells at the border of layers 5 and 6 of primary visual cortex,
and large layer 5 pyramidal neurons in several other cortical areas [7, 22]. In histological
sections of motor cortex, the PV+ pyramidal neurons typically measure 20 x 50, 30 x 40, or
20 x 30 um. In the other areas, they can be as large as in motor cortex (i.e., 20 x 50 pm in
the posterior cingulate) or toward the smaller range (20 x 30 um), as in the parietal area 5
(Figures 5 and 6). These unusually PV+ pyramidal cells often have a more diffuse DAB fill-
ing (i.e., lighter brown) than adjacent PV+ interneurons, perhaps indicative of lower levels
of PV (Figure 6E). The distribution of these neurons closely parallels that of corticospinal
or corticopontine projecting neurons in frontal, premotor, and parietal areas, among others
([23, 24] and Figure 7). Thus, the question arises, as noted above, of whether at least some of
the callosal connections could be collaterals of corticosubcortical projections originating from
PV+ pyramidal cells.

For Betz and Meynert cells, these PV+neurons also express the Kv3.1b potassium channel, which
is usually associated with the fast-firing properties of PV+ interneurons [7, 25]. Physiological
studies report that the PV+ pyramidal neurons in NHP exhibit short duration “thin spikes,” in
contrast to long-duration action potentials, characteristic of neurons in rat motor cortex [26]. The
functional significance of this result has been discussed as relating to the fast-conducting prop-
erty of macaque corticospinal neurons, with the conjecture that fast-conducting corticospinal
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Figure 6. PV+ pyramidal neurons. These are the likely origins of PV+ callosal and/or corticosubcortical fibers. (A) A
cluster of PV+ pyramidal neurons in layer 5, in the upper bank of the intraparietal sulcus. Arrows point to two of these.
Medial is to the right (for A-C). (B) Arrows point to two of several PV+ pyramidal neurons in layer 5 at the depth of the
cingulate sulcus (ci). (C) For comparison, a low magnification view from the same brain of PV+ Betz cells in motor cortex
(approximately at the vertical dark line in Figure 2F). Asterisk marks PV+ fibers in the immediately subjacent white
matter, probably corresponding to a mix of outgoing callosal and corticosubcortical fibers. (D) PV+ pyramidal neuron
(arrow) in parietal area 5. A, B, and D are at approximately the same AP level as the dashed red line in Figure 2F (and
see also coronal section in Figure 8C). (E) Higher magnification image of a PV+ pyramidal neuron (arrow) in a field of
PV+ interneurons within the gray matter of the superior parietal lobule. Note lighter intensity of the PV stain for the
pyramidal neuron. Scale bar in B applies to A and D.

neurons in macaque may make monosynaptic connections with the motoneurons innervating
the most distal muscles controlling the fingers and toes (as discussed in [26]), and thus might
be unique to dexterous primate species. This interpretation, however, does not readily apply to
PV+ pyramidal neurons in areas outside motor cortex proper.

PV+ excitatory pyramidal neurons have been consistently reported in NHP [27] and, recently,
in mice [28]. In PV-Cre transgenic mice, GFP-positive pyramidal neurons were found in layer
5in a broad swath of cortical areas. In this preparation, the greatest number was in somato-
sensory cortex, but there were also PV+ pyramidal neurons in motor and visual areas. PV+
corticostriatal pyramidal neurons have been reported by co-labeling with retrograde tracers
in mice. These were mainly in layer 5 of retrosplenial and somatosensory areas [29].
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Figure 7. Distribution of retrogradely labeled neurons following retrograde tracer injections in the spinal cord at upper
cervical levels (one dot = one neuron). Dorsolateral views of the cerebral hemispheres are shown for two brains (cases 10
and 21) contralateral to the injections. Reproduced from [24]; Figure 15.

3.4. Pyramidal cells positive for calbindin or calretinin

As a side observation, we should note that other CBPs are also expressed in subpopulations
of glutamatergic cortical neurons, although with pronounced area and species differences
[27, 30]. In rodents, there are numerous calbindin + (CB+) pyramidal neurons. CB+ pyramidal
neurons are reported in NHP, mainly in the supragranular layers. In NHP, the density of CB+
pyramidal neurons has been described as an increasing gradient from primary visual cortex
to temporal association areas [31], but, since a subpopulation of hippocampal CA1 pyrami-
dal neurons is CB+ [32], in both rodents and NHPs, it could also be considered a decreasing
density from CA1, through temporal association areas, to early and primary visual areas.
Calretinin + pyramidal cells are reported in layer 5 of anterior cingulate cortex [27] and in
deeper layers of entorhinal cortex in humans [33]. Fine analysis of CB+ or CR+ fiber tracts in
NHP is lacking.

3.5. PV+ thalamocortical tract

The thalamocortical tract, including optic radiations (from the lateral geniculate nucleus to
primary visual cortex), is a compact, well-delineated bundle in primates and can be readily
identified even in classical myelin preparations (e.g., Figure 18-1 in [1]).

In primates, many thalamocortical projections are PV+. An influential distinction has been
drawn between thalamocortical terminations that are PV+and topographically organized vs.
those that are CB+ and more diffuse (“core” and “matrix,” respectively [34]), although this
may hold for only a subdivision of thalamic nuclei. An extensive literature has confirmed that
glutamatergic thalamic projection neurons co-localize with either PV or CB, and that their
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cortical terminations can also be visualized by PV or CB [35, 36]. Relatively under-reported is
the fact that the bundles of thalamocortical axons in their WM transit can also be visualized
by CBP. This is immediately apparent in whole section atlases or histological images (“sste,”
external sagittal stratum or optic radiations) in Figures 7 and 17, and level 72b, 77b as in [8]
and from Figures 16-23 in the horizontal plane as in [4]. Figure 8 illustrates PV+ fibers in the
thalamocortical tract in macaque (including the optic radiations). An obvious extension of
this observation would be double IHC for CB and PV in the same histological preparation.

3.6. Intertwining callosal axons from parietal cortex

Interests in the corpus callosum has burgeoned in this epoch of MRI, and many studies
have investigated the topographic organization and axon diameter distribution within the

Figure 8. PV+ fibers in the thalamocortical tract. (A) Low magnification of the asterisk in C, which shows a coronally
sectioned histological section. Medial (med) is to the left. Obliquely sectioned geniculocortical axon segments in A
are subjacent to primary visual cortex. These have exited from the larger, more lateral thalamocortical tract. (B) PV+
thalamocortical tract is clearly evident in two horizontally sectioned tissue sections (The upper section is more ventral,
and both are below the corpus callosum.) Arrows in B and D identify the PV+ thalamocortical tract. (D and E) Higher
magnification of the asterisk in A, showing detail and different orientation of PV+ fibers. The thalamocortical tract
takes a predominantly AP trajectory, so that the coronal plane of section results in fibers cut almost in cross-section.
v = ventricle, ant = anterior, lat = lateral, post = posterior, and th = thalamus. Scale bar in D applies to E.
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corpus callosum, both by histological [9-11] and imaging [11, 12] approaches. The trajec-
tory of individual axons, as visualized at high resolution, has been relatively unaddressed.
However, serial section analysis (about technique, see [37]) through small segments of
the callosum (1.0-2.0 mm AP) reveals that fibers take a complicated, shifting trajectory.
Figure 9 shows five groups of callosal axons (n = 3-5) anterogradely labeled by an injection
of BDA in parietal areas (areas 5 or 7) in NHP (see coronal sections at right for orientation).
When followed through a reconstructed 3D space (5.4—6.4 mm ML and 2.2-2.8 mm AP),
these can be seen to intertwine and exchange dorsoventral position. The “intertwining”
(hollow arrows) is within a histological section of 50 pm thickness. At some points (solid
arrows), the intertwining is within the same focal plane, compatible with the possibility of
physical axon-axon contact.

The principle conclusion from this result is that individual axons do not maintain a stereo-
typed position but rather shift position within 3D space. An additional conclusion is that
closely adjacent axons do not necessarily travel in a parallel trajectory but can intertwine.
Similar reconstructions are not available for rodent.
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Figure 9. (A and C) Serial section reconstruction of five groups of parietal callosal axons (consisting of 5, 3, and 4 axons in
A and 4 and 5 axons in B, anterogradely labeled by BDA). As shown for each of the five groups, axons were followed for
1.1-2.8 mm AP and 2.3-6.6 mm ML (mediolateral). Case P4 had a tracer injection in area 5, and case 126 had a large tracer
injection in the inferior parietal lobule (area 7). Medial and the cut edge of the corpus callosum are at the left. By color
coding the individual axons, it becomes apparent that the order is shuffled, even over these relatively short distances.
The medialmost and lateralmost positions of the individual axons are summarized in the color boxes, at upper left for
the five axon groups. Small histology sections at the right indicate the AP level of the reconstructions. Intertwinings of
individual axons are indicated by solid arrows or, if the crossings occur in the same focal plane, hollow arrows. (B and
D) Histological images corresponding to one coronal histology section (i.e., one AP level) of the axon reconstructions.
Arrows point to regions depicted at progressively higher magnification in the three photomicrographs in B and D.
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4. Conclusions

The large, gyrencephalic brains of primates are associated with a well-developed white mat-
ter. This has its own organization, in part based on identifiable bundles of axons connecting
specific source and target areas. This is increasingly investigated by diffusion MR, although
the accuracy of relationships between anatomical substrates and imaging data is still being
determined [3, 12, 14]. The white matter also has neurochemically distinct elements. Some
of these—the great transmitter-defined glutamatergic, GABAergic, or neuromodulatory
fiber tracts—persist across species, although probably with quantifiable species-specific
specializations. In primates, as discussed in this chapter, subsystems are characterized by
co-localization with PV and other calcium-binding proteins. Callosal and corticofugal PV+
fibers originate from PV+ cell bodies in motor and other cortical areas. PV+ thalamocortical
fibers originate from PV+ subpopulations of thalamic neurons. The current interpretation,
supported by evidence from the corticospinal tract, is that PV+ excitatory cortical neurons
(which are often coincident with neurons positive for the KV3.1b potassium channel) have
fast firing properties such as might be needed for fine motor dexterity. Since IHC for PV
can be easily carried out in postmortem tissues, this provides a useful morphological label
across primate species.
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Nonhuman primates (referred to here as primates) provide an invaluable source of
information for a multitude of scientific fields including ecology, evolution, biology,
psychology, and biomedicine. This volume addresses various topics related to
primate research that includes phylogeny, natural observations, primate ecosystem,
sociocognitive abilities, disease pathophysiology, and neuroscience. Topics discussed
here provide a platform for which to address human evolution, habitat preservation,
human psyche, and pathophysiology of disease.
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