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Preface 
 

From ancient times there was an appreciation, albeit controversial at the time, that 
mind and brain occupied the same space. Man’s fascination with the human brain 
led to an evolution of thinking as to the origin of what we now call mental disorders. 
The Hippocratic Doctors of Ancient Greece left us with scripts describing the early 
philosophical-scientific thoughts of the nature of the brain and its ailments. In ‘On 
the Sacred Disease’ Hippocrates (400 B.C.) writes: “It ought to be generally known 
that the source of our pleasure, merriment, laughter and amusement, as of our grief, 
pain, anxiety and tears, is none other than the brain. It is specially the organ which 
enables us to think, see and hear, and to distinguish the ugly and the beautiful, the 
bad and the good, pleasant and unpleasant... It is the brain too which is the seat of 
madness and delirium, of the fears and frights which assail us” (Taken from 
Chadwick and Mann’s translation, The medical works of Hippocrates, 1950, Oxford: 
Blackwells, pp. 179-189).  

For all the advances in the medical and life sciences, the brain is perhaps still the least 
understood organ of the human body. This is in no way due to the lack of interest or 
research on the brain but rather due to the complexity of its structure at the 
macroscopic, microscopic and molecular levels. The brain provides clinicians and 
scientists a black box which is slowly being illuminated by the advances in 
understanding through advances in research. For patients suffering from disorders 
and diseases of the brain, the advances in brain research provide hope in the form of 
their own understanding of what is going wrong and in the form of advances in novel 
therapies which help alleviate debilitating symptoms. 

In this book we have experts writing on various neuroscience topics ranging from 
mental illness, syndromes, compulsive disorders, brain cancer and advances in 
therapies and imaging techniques. Although diverse, the topics provide an overview 
of an array of diseases and their underlying causes, as well as advances in the 
treatment of these ailments. This book includes three chapters dedicated to 
neurodegenerative diseases, undoubtedly a group of diseases of huge socio-economic 
importance due to the number of people currently suffering from this type of disease 
but also the prediction of a huge increase in the number of people becoming afflicted. 
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The book also includes a chapter on the molecular and cellular aspects of brain cancer, 
a disease which is still amongst the least treatable of cancers. 
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The Unique Properties of the 
 Prefrontal Cortex and Mental Illness 

Wen-Jun Gao*, Huai-Xing Wang, Melissa A. Snyder and Yan-Chun Li 
Department of Neurobiology and Anatomy, Drexel University College of Medicine, 

Philadelphia, 
 USA 

1. Introduction 
The prefrontal cortex (PFC) is part of the frontal lobes lying just behind the forehead and is 
one of the most important areas in the brain. This brain region is responsible for executive 
functions, which include mediating conflicting thoughts, making choices (between right and 
wrong or good and bad), predicting future events, and governing social and emotional 
control. All of the senses feed information to the PFC, which combines this information to 
form useful judgements. Further, it constantly contains active representation in working 
memory, as well as goals and contexts. The PFC is also the brain center most strongly 
implicated in conscience, human intelligence, and personality. Because of its critical role in 
executive functions, it is often referred to as the “CEO of the brain.” 

Unfortunately, the PFC is also one of the most susceptible regions to injury and 
environmental risk factors. As such, the PFC has been the focus of considerable scientific 
investigation, owing in part to the growing recognition that dysfunction of this region and 
related networks underlies many of the cognitive and behavioral disturbances associated 
with neuropsychiatric disorders such as schizophrenia, attention-deficit/hyperactivity 
disorder (ADHD), drug addiction, autism, and depression. Because all of these diseases are 
mental disorders related to psychiatric concerns, the prefrontal neuron has been called the 
“psychic cell” of the brain by the late neuroscientist Dr. Patricia Goldman-Rakic [1, 2]. She 
famously stated: “Santiago Ramón y Cajal might have envisioned, but likely could not have 
anticipated, the scientific advances that have allowed the functional validation of the 
existence of a "psychic cell" in the PFC and its extension to human cognition at the end of the 
20th century [2].”  

Scientific research on the PFC has been booming and great progress has been achieved since 
the late 1970s, especially after the “Decade of the Brain” began in 1990. As Dr. Goldman-
Rakic stated: “This achievement rests not only on the shoulders of giants but on many small 
steps in the development of primate cognition, single and multiple unit recording in 
behaving monkeys, light and electron microscopic analysis of cortical circuitry no less than 
on the evolution of concepts about memory systems and parallel processing networks, 
                                                 
* Corresponding Author 
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among other advance.” Indeed, compared to other neocortical regions, recent studies have 
reported that PFC has several distinct features that make this brain region special for its 
functions and associated diseases. First, the PFC is widely connected with many other brain 
regions, particularly those in the limbic system. A recent approach to PFC anatomy defines 
it on the basis of a combination of cortical types, topology and connectivity. Second, unlike 
primary sensory cortical regions, such as primary visual cortex (V1), primary auditory 
cortex (A1) and somatosensory cortex (S1), the PFC lacks direct sensory thalamocortical 
inputs. However, all of the salient sensory information is indirectly sent to the PFC through 
other associative cortical regions, such as the parietal cortex and temporal cortex. These 
characteristic connections make direct testing of PFC function in animals difficult and thus 
research is much delayed compared to other primary cortical areas. Third, the PFC is 
densely innervated by monoamine systems, especially the dopaminergic system. This can 
explain why many of the PFC functions are associated with the functions of dopamine 
system. Fourth, the PFC has special local circuitry designated for unique functions such as 
persistent activity for working memory. Fifth, because of these properties, the PFC is mainly 
associated with psychiatric disorders that are closely related to higher cognitive processes 
and emotions. The last and the most important is that the executive functions of the PFC 
develop to their full capabilities throughout the juvenile and adolescent period in humans. 
This higher brain region, unlike other primary cortical areas, exhibits delayed cortical 
development until young adulthood. During postnatal development, it gradually takes on 
its adult form as prefrontal neuron synapses are pruned to the adult level. Further, 
numerous data show that juvenile and adolescence are time periods of great vulnerability, 
with special sensitivity to environmental factors in humans, and eruption of 
neuropsychiatric disorders.  

In this chapter, we will focus on the unique properties of PFC circuitry and development. 
Provide an overview of how during windows of vulnerability the maturation of this specific 
brain region and environmental factors initiate a series of events that render the PFC 
exceptionally susceptible to the development of neuropsychiatric disorders such as 
schizophrenia. Understanding the neurobiological basis is important in the development of 
more effective intervention strategies to treat or prevent these disorders.  

2. The functions of the PFC are defined by its extensive connections with 
limbic system  
The limbic system of the brain consists of many brain structures such as the hippocampal 
formation, amygdaloid complex, and nucleus accumbens. Limbic system structures are 
involved in emotions and motivations, particularly those related to survival such as fear, 
anger, pleasure, and sexual behavior. It is almost impossible to identify specific roles to 
definite structures, since psychological functions performed are not by single formations but 
by complexes of the interacting system. Overall, the limbic brain appears to be organized 
less in terms of precise physiological functions than in terms of elaboration and coordination 
of varied complexes of behavior [3, 4].  

Recent findings in rodents and non-human primates suggest that divergent cognitive 
processes are carried out by anatomically distinct subregions of the PFC [5-7], although the 
extent to which these processes can be considered functionally homologous in different 
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species remains controversial [8]. As part of the limbic system, the PFC is widely connected 
with many brain structures, particularly those in the Papez circuit. These wide connections 
make the PFC extremely responsive to stimulation such as emotion, stress, motivation, and 
learning and memory processes [6, 9-11].  

2.1 PFC connections in the rat brain 

The rat PFC is divided into the prelimbic, infralimbic, anterior cingulate, agranular insular 
cortices, and orbitofrontal areas [12-14]. Each of these subregions of the PFC appears to 
make individual contributions to emotional and motivational influences on behavior [15]. 
The PFC has complex functions such as working memory as well as attention, cognition, 
emotion and executive control [16]. The glutamatergic pyramidal neurons in the anterior 
cingulate cortex send descending projections to the nucleus accumbens core, the center for 
reward and emotional processing [13, 17, 18]. Additional descending projections from the 
PFC to nucleus accumbens, amygdala and other limbic brain regions appear to exert 
regulatory control over reward-seeking behavior. Therefore, the PFC is a key component of 
the limbic system with many inputs and outputs, and its heterogeneous cytoarchitectonic 
structure implies a complex functional organization.  

The PFC can also be divided into dorsal and ventral divisions [14] and the attentional and 
emotional mechanisms appear to be segregated into dissociable prefrontal networks in the 
brain [16]. The reciprocal relationship between dorsal and ventral PFC may provide a neural 
substrate for cognitive – emotional interactions, and dysregulation in these systems is 
clearly related to various mental diseases [11]. It has been reported that the PFC is primarily 
connected with the mediodorsal thalamic nucleus with distinctions between the dorsal and 
ventral prefrontal cortices [14]. The dorsal PFC (prelimbic and anterior cingulate cortex) and 
ventral PFC (infralimbic area) appear to be differentiated with distinct afferent terminations. 
The dorsal PFC has connections with sensorimotor and association neocortex, while the 
ventral PFC shows strong connections with the amygdaloid complex and limbic association 
cortices. The ventral PFC projects heavily to the subcortical limbic structures, including the 
hypothalamic areas and septum, and of particular interest, the ventral PFC shows more 
powerful influences on brainstem monoaminergic cells than does the dorsal PFC.  

2.2 Different structural features of the PFC in primate versus rodent 

The PFC shows enormous variation across species in terms of cytoarchitectonics and 
connectivities, especially in the presence or absence of a granular zone and the existence of 
strong reciprocal connections from the mediodorsal nucleus of the thalamus [17, 19, 20]. One 
major problem about the PFC has been the long-standing debate over what constituents 
equivalent regions of the PFC between different species [8, 17, 19, 20]. In addition, unlike 
posterior and temporal regions of neocortex, the PFC receives highly organized indirect inputs 
from the basal ganglia via striatopallidal and striatonigral projections, and subsequently 
pallidothalamic and nigrothalamic neurons that project, in a parallel segregated manner, to 
different areas of the PFC in both rodents and primates [19, 21]. The PFC also receives 
extensive corticocortical inputs, for example, from parietal cortex and sensory cortical areas, as 
well as connections from subcortical structures such as the substantia nigra, ventral tegmental 
area, amygdala, lateral hypothalamus, and hippocampus [19].  
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The distinctive feature of primate PFC is the emergence of dysgranular and granular 
cortices, which are completely absent in the rodent. Some of the subregions in the primate 
PFC do not have a clear-cut homolog in rodents because the rat PFC is entirely agranular 
[4, 20, 22]. The primate PFC is often divided into different subregions, such as 
dorsolateral, ventrolateral, medial, and orbitofrontal. These subregions are extensively 
interconnected, with information to be shared within the PFC circuitries [23]. In addition, 
information from sensory cortices also converges to the PFC in multiple modalities [24]. 
Generally speaking, dorsolateral areas receive input from earlier sensory areas; whereas 
orbitofrontal areas receive inputs from advanced stages of sensory processing from every 
modality, including gustatory and olfactory [23, 25]. Thus, extrinsic and intrinsic 
connections make the PFC a site of multimodal convergence of information about the 
external environment. Furthermore, the PFC receives inputs that could inform it about 
internal mental states, such as motivation and emotion. As discussed above, orbital and 
medial PFC are closely connected with limbic structures such as the amygdala, 
hippocampus, and rhinal cortices [23], as well as the hypothalamus and other subcortical 
targets that are associated with autonomic responses [26]. Finally, outputs from the PFC, 
especially from the dorsolateral PFC, are directed to motor systems, and thus the PFC 
may form or control motor planning. Altogether, the PFC receives inputs that provide 
information about many external and internal variables, including those related to 
emotions and to cognitive functions, providing a potential anatomical substrate for the 
representation of mental states. 

2.3 PFC-amygdala connection and interaction  

The amygdala is a structurally and functionally heterogeneous group of nuclei lying in the 
anterior medial portion of the temporal lobe. The amygdala is most often discussed in the 
context of emotional processes; yet it is extensively interconnected with the PFC, especially 
with the orbitofrontal cortex and anterior cingulate cortex, as well as diffusely with other 
parts of the PFC [4, 27]. Sensory information enters the amygdala from visual, auditory, and 
somatosensory cortices, from the olfactory system, and from the perirhinal cortex and the 
parahippocampal gyrus [27]. Output from the amygdala is directed to a wide range of target 
structures, including the PFC, the striatum, sensory cortices, the hippocampus, the 
entorhinal cortex, and the basal forebrain, and to subcortical structures related to autonomic 
responses, hormonal responses, and startle [27]. Overall, the bidirectional communication 
between the amygdala and the PFC provides a potential basis for the integration of 
cognitive, emotional, and physiological processes into a unified representation of mental 
states [3, 15, 28]. 

3. Despite the widespread connections with the mediodorsal nucleus of the 
thalamus, the PFC lacks direct sensory thalamo-cortical connections 
As discussed above, the PFC is mainly defined by projections from the mediodorsal nucleus 
of the thalamus [12, 14, 20]. Specifically, reciprocal and topographically organized 
connections between the medial PFC and various thalamic nuclei are well known [29-34]. A 
ventral to dorsal gradient in the PFC is corresponding to a medial to lateral gradient in the 
dorsal thalamus where the medial prefrontal cortex primarily projects to the midline, 
mediodorsal and intralaminar thalamus [3, 33, 34]. In general, the cortico-thalamic 
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projections are largely reciprocated by thalamo-cortical fibers. The midline thalamic nuclei 
are largely involved in arousal and visceral functions while the intralaminar nuclei subserve 
orienting and attentional aspects of behavior [3, 14]. The limbic thalamus includes the 
anterior thalamus, which is part of the Papez circuit, and the mediodorsal thalamic nucleus. 
The mediodorsal nucleus is a major element within the thalamus of all mammals and 
undergoes a progressive expansion of cytoarchitectonic differentiation in higher animals, 
reaching its greatest development in human beings [35]. Importantly, this development 
parallels the development of the PFC. The mediodorsal thalamic nucleus projects to a large 
area of the frontal cortex in the rat, including the precentral area, anterior cingulate area, 
prelimbic area, orbital areas, and the insular areas [29, 36, 37].  

Despite the widespread connections between the PFC and mediodorsal nucleus of the 
thalamus, unlike other sensory cortices, the PFC lacks direct afferent inputs from sensory 
thalamus. Therefore, research on the PFC is rather delayed compared to the studies on other 
cortical regions owing to the difficulty in making animal models or direct stimulation.  

4. PFC receives rich monoaminergic, especially dopaminergic (DA), and 
cholinergic (ACh) innervations  
Monoamines contribute to stable moods, and an excess or deficiency of monoamines cause 
several mood disorders. The PFC targets the main major forebrain cholinergic and 
monoaminergic systems, including noradrenaline (NA)-containing neurons in the pontine 
locus coeruleus, dopamine (DA)-containing neurons in the ventral tegmental area, serotonin 
(5-HT) neurons in the raphe nuclei and acetylcholine (ACh) neurons in the basal forebrain 
[5, 38, 39]. These systems act in turn to modulate cortical networks by influencing both 
excitatory and inhibitory synaptic transmissions as well as other cortical processing in the 
PFC [9, 38]. Neuromodulatory input to the PFC from these neuromodulatory systems could 
also convey information about internal state [40]. Further, the ascending monoaminergic 
(NA, DA and 5-HT) and ACh systems contribute to different aspects of performance on 
animal behaviors [40].  

When considering the functions of the chemical modulatory inputs to the PFC, a general 
principle that has emerged in the past decade is the inverted U-shaped function, which links 
the efficiency of behavioral performance to the level of activity in the DA- and NE-ergic 
systems [40, 41]. The inverted-U dose response has been demonstrated with 
pharmacological agents in both animals [42-44] and humans [45]. A major advance in 
understanding the roles of the neuromodulatory systems is the in vivo measurement of 
ACh, DA, NA and 5-HT release in the PFC during behavioral tests [5, 46, 47]. This powerful 
approach directly links PFC functions with specific changes of individual neurotransmitter 
systems and their interactions in a behavioral task. It is possible that the neuromodulatory 
systems of the PFC are functionally specialized, and that each of them are engaged by 
different feedback circuits required for specific information processing. However, a better 
understanding of the role of each neuromodulator in different cognitive control processes is 
needed. It is also important to explore whether the regulatory signaling is distributed or 
localized within the different parts of the PFC neurons [48]. The PFC has a top-down 
regulatory control over the ascending modulatory systems of the brain, and that in turn, 
powerfully influences the neuromodulatory functions on the PFC [40, 41]. These projections 
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systems and their interactions in a behavioral task. It is possible that the neuromodulatory 
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widely innervate diverse forebrain regions, including the hippocampus, striatum, 
amygdala, and thalamus, as well as the entire neocortex. In turn, these neuromodulatory 
systems likely adjust signal-to-noise ratios in terminal domains to influence information 
processing and their conjoint activity, and consequently, to affect behaviors.  

Among these ascending modulatory systems, the DA system is the most important one that 
plays a critical role in both normal cognitive process and neuropsychiatric pathologies 
associated with the PFC [49]. It has been known for several decades that the frontal lobe 
receives a major dopamine innervation. Furthermore, the PFC receives more DA 
innervations compared with other cortical regions. In contrast, all other ascending 
modulatory innervations are more evenly distributed among cortical regions. Researchers, 
however, have only recently been able to link dopamine afferents to specific cellular targets 
and neuronal circuits [49, 50]. Understanding the details of this linkage in prefrontal circuits 
may be important in resolving the various dilemmas concerning the mechanisms of 
dopamine action or cognitive processes, as well as the validity of the dopamine hypothesis 
of diseases like schizophrenia [51-54].  

Accordingly, there have been considerable efforts by many groups to understand the 
cellular mechanisms of DA modulation in PFC neurons [49, 50, 55-60]. Although the results 
of these efforts sometimes lead to contradictions and controversies, these studies from both 
in vivo and in vitro experiments have provided some principal features and mechanisms of 
DA modulation in the PFC circuitry [49]. One principal feature of DA is that, as a 
neuromodulator, it is neither an excitatory nor an inhibitory neurotransmitter. It becomes 
apparent that DA’s actions in PFC are regulatory and an optimal concentration of DA is 
required for normal operation of the PFC. Either too much or too little DA will result in 
serious mental problems that are associated with prefrontal cognitive functions. For 
example, hyperfunction of the dopaminergic system is believed to be related to several 
psychiatric disorders [50, 61]. Previous studies in both rats and primates indicate that 
excessive dopamine activity is detrimental to cognitive functions mediated by the PFC [62, 
63]. DA’s effects on the PFC depend on a variety of factors, especially activation of different 
dopamine receptors. There are at least five subtypes of dopamine receptors, D1, D2, D3, D4, 
and D5. The D1 and D5 receptors are members of the D1-like family of dopamine receptors, 
whereas the D2, D3 and D4 receptors are members of the D2-like family. The distinct 
inverted-U dose–response profiles of postsynaptic DA responses are contingent on the 
duration of DA receptor stimulation, the bidirectional effects following activation of D1 or 
D2 classes of receptors, the membrane potential state of the prefrontal neurons, and the 
history dependence of subsequent DA actions [49]. Based on these factors, a theory is 
proposed for DA’s action in the PFC which suggests that DA acts to regulate the 
information held in working memory and then modulates the cognitive and executive 
performance of the PFC [49]. 

5. Unique PFC circuitry for persistent activity – The cellular basis/correlate 
for working memory  
Working memory is the ability to hold an item of information transiently in mind in the 
service of comprehension, thinking, and planning [64-69]. It encompasses information 
retrieval, transient storage, and re-update/recycle processing. Thus working memory serves 
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as a workspace for holding items of information in mind as they are recalled, manipulated, 
and/or associated to other ideas and incoming information. ‘‘Blackboard of the mind’’ has 
been a useful metaphor for the limited capacity and processing dynamics of the working 
memory mechanism [64, 69]. Information such as a rule or goal is held temporarily in 
working memory and used to guide behavior, attention or emotions, dependent on the PFC 
region(s) involved. In addition to the ability to transiently hold the information ‘on-line” for 
working memory, the PFC is also able to represent information that is not currently in the 
environment through persistently activated recurrent networks of pyramidal neurons [70]. 
This process has been referred to as representational knowledge and is thought to be a 
fundamental component of abstract thought [69].  

5.1 Persistent activity in primate studies 

The circuitry underlying working memory or representational knowledge in the PFC has been 
most intensively studied in the past decades. In primates, visuospatial information is 
processed by the parietal association cortices, and fed forward to the dorsolateral PFC, where 
pyramidal cells excite each other to maintain information briefly in memory. A major advance 
in our understanding of PFC and working memory function came in the early 1970s. 
Electrophysiological studies revealed that neurons in the PFC become activated during the 
delay period of a delayed-response trial when a monkey recalled a visual stimulus that had 
been presented at the beginning of a trial [71, 72]. Patricia Goldman-Rakic and her colleagues 
[69] further discovered and elaborated the PFC microcircuitry subserving spatial working 
memory using anatomical tracing techniques and physiological recordings from monkeys 
performing an oculomotor spatial working memory task. They found that the dorsolateral 
PFC is key for spatial working memory, and many neurons in this region exhibit spatially 
tuned, persistent firing during the delay period in a spatial working memory task [73]. 
Goldman-Rakic posited that the delay-related firing arises from pyramidal cells with similar 
spatial characteristics exciting each other to maintain information in working memory. It 
quickly became evident that the persistent activity of these prefrontal neurons could be the 
cellular correlate of a mnemonic event for working memory.  

5.2 Physiological and morphological properties of persistent activity 

Then, what is the neural basis of persistent activity in the prefrontal neural circuitry? Are the 
prefrontal cortical circuitries specialized to generate persistent action potentials needed for 
working memory? What are the microcircuit properties that enable the PFC to subserve 
cognitive functions such as working memory and decision making in contrast to early 
sensory coding and processing in primary sensory areas? Although the mechanism remains 
elusive, a large body of evidence indicates that the PFC is both functionally and structurally 
specialized with unique properties differing from other cortical areas. It has been 
hypothesized that persistent activity is generated by sufficiently strong recurrent excitation 
among prefrontal neurons [69]. Specifically, prefrontal neurons that reside in layer II/III, 
contain extensive horizontal connections that are characteristic of recurrent connections [69]. 
Pyramidal cell networks interconnect on dendritic spines, exciting each other via 
postsynaptic N-Methyl-D-aspartate (NMDA) receptors. NMDA currents are particularly 
evident in the recurrent network of PFC circuitry [74], and seem to be necessary for delay-
related firing in monkeys performing a working memory task [70].  
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retrieval, transient storage, and re-update/recycle processing. Thus working memory serves 

 
The Unique Properties of the Prefrontal Cortex and Mental Illness 

 

9 

as a workspace for holding items of information in mind as they are recalled, manipulated, 
and/or associated to other ideas and incoming information. ‘‘Blackboard of the mind’’ has 
been a useful metaphor for the limited capacity and processing dynamics of the working 
memory mechanism [64, 69]. Information such as a rule or goal is held temporarily in 
working memory and used to guide behavior, attention or emotions, dependent on the PFC 
region(s) involved. In addition to the ability to transiently hold the information ‘on-line” for 
working memory, the PFC is also able to represent information that is not currently in the 
environment through persistently activated recurrent networks of pyramidal neurons [70]. 
This process has been referred to as representational knowledge and is thought to be a 
fundamental component of abstract thought [69].  

5.1 Persistent activity in primate studies 

The circuitry underlying working memory or representational knowledge in the PFC has been 
most intensively studied in the past decades. In primates, visuospatial information is 
processed by the parietal association cortices, and fed forward to the dorsolateral PFC, where 
pyramidal cells excite each other to maintain information briefly in memory. A major advance 
in our understanding of PFC and working memory function came in the early 1970s. 
Electrophysiological studies revealed that neurons in the PFC become activated during the 
delay period of a delayed-response trial when a monkey recalled a visual stimulus that had 
been presented at the beginning of a trial [71, 72]. Patricia Goldman-Rakic and her colleagues 
[69] further discovered and elaborated the PFC microcircuitry subserving spatial working 
memory using anatomical tracing techniques and physiological recordings from monkeys 
performing an oculomotor spatial working memory task. They found that the dorsolateral 
PFC is key for spatial working memory, and many neurons in this region exhibit spatially 
tuned, persistent firing during the delay period in a spatial working memory task [73]. 
Goldman-Rakic posited that the delay-related firing arises from pyramidal cells with similar 
spatial characteristics exciting each other to maintain information in working memory. It 
quickly became evident that the persistent activity of these prefrontal neurons could be the 
cellular correlate of a mnemonic event for working memory.  

5.2 Physiological and morphological properties of persistent activity 

Then, what is the neural basis of persistent activity in the prefrontal neural circuitry? Are the 
prefrontal cortical circuitries specialized to generate persistent action potentials needed for 
working memory? What are the microcircuit properties that enable the PFC to subserve 
cognitive functions such as working memory and decision making in contrast to early 
sensory coding and processing in primary sensory areas? Although the mechanism remains 
elusive, a large body of evidence indicates that the PFC is both functionally and structurally 
specialized with unique properties differing from other cortical areas. It has been 
hypothesized that persistent activity is generated by sufficiently strong recurrent excitation 
among prefrontal neurons [69]. Specifically, prefrontal neurons that reside in layer II/III, 
contain extensive horizontal connections that are characteristic of recurrent connections [69]. 
Pyramidal cell networks interconnect on dendritic spines, exciting each other via 
postsynaptic N-Methyl-D-aspartate (NMDA) receptors. NMDA currents are particularly 
evident in the recurrent network of PFC circuitry [74], and seem to be necessary for delay-
related firing in monkeys performing a working memory task [70].  
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In addition, neurons in the PFC circuitry exhibit distinct morphological properties. In an 
interesting study, the basal dendritic arbors of pyramidal cells in prefrontal areas of the 
macaque monkey were revealed by intracellular injection in fixed cortical slices and the 
spine density in the basal dendrites were quantified and compared with those of pyramidal 
cells in the occipital, parietal, and temporal lobes [75]. These analyses revealed that cells in 
the frontal lobe were significantly more spinous than those in the other lobes, having as 
many as 16 times more spines than cells in the primary visual area (V1), four times more 
those in area 7a, and 45% more than those in temporal cortex [75]. As each dendritic spine 
receives at least one excitatory input, the large number of spines reported in layer III 
pyramidal cells in the primate PFC suggests that they are capable of integrating a greater 
number of excitatory inputs than layer III pyramidal cells in the occipital, parietal, and 
temporal lobes. The ability to integrate a large number of excitatory inputs may be 
important for the sustained activity in the PFC and their role in memory and cognition [75-
79]. In addition, Elston et al also presented evidence that the pyramidal cell phenotype 
varies markedly in the cortex of different anthropoid species. Regional and species 
differences in the size and number of bifurcations and spine density of the basal dendritic 
arbors cannot be explained by brain size. Instead, pyramidal cell morphology appears to 
accord with the specialized cortical function these cells perform. Cells in the PFC of humans 
are likely more branched and more spinous than those in the temporal and occipital lobes. 
Moreover, cells in the PFC of humans are more branched and more spinous than those in 
the PFC of macaque and marmoset monkeys. These results suggest that highly spinous and 
compartmentalized pyramidal cells (and the circuits they form) are required to perform 
complex cortical functions such as working memory and executive functions for 
comprehension, perception, and planning [77]. Because of the high density of dendritic spines 
in the PFC neurons [75, 76] and presumably more excitatory synapses in the recurrent circuitry 
in the PFC [80], the PFC is thought to be specialized to generate persistent action potentials (or 
persistent activity), the presumptive mechanism of working memory [81-87]. 

Furthermore, it has been appreciated that several types of interneurons reside in the PFC 
and interact with pyramidal cells. Using simultaneous recordings in monkeys, it has been 
revealed that the inhibitory interactions between neurons at different time points are 
relative to the cue presentation, delay interval and response period of a working memory 
task [88, 89]. These data indicate that pyramidal – interneuron interactions may be critical to 
the formation of memory fields in PFC [88]. The PFC network activity is ‘tuned’ by 
inhibitory GABAergic interneurons so that the contents of working memory are contained, 
specific and informative. For example, when pyramidal cells are active they excite 
GABAergic interneurons that suppress the firing of pyramidal cells in another microcircuit, 
and vice versa [88, 89]. These findings suggest an important role of inhibition in the PFC: 
controlling the timing of neuronal activities during cognitive operations and thereby 
shaping the temporal flow of information [90]. 

6. Delayed development or maturation of the PFC 
6.1 Synaptogenesis, synaptic remodeling and maturation 

Development is a complex process involving changes in white matter and the establishment 
of neuronal connections in the brain, both of which are influenced by genetic and 
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environmental factors. Generally speaking, the development of the nervous system occurs 
through the interaction of several processes, some of which are completed before birth, 
while others continue into adulthood [91]. For example, proliferation and migration of cells 
mostly occurs during fetal development, although in postnatal development, the formation 
of neuronal circuits, along with neuronal death and the rapid formation and elimination of 
synapses, occurs in the cerebral cortex, including the PFC [92-95]. It is known that synaptic 
density in the brain increases with age, and it occurs as a result of trillions of neurological 
connections, commonly called "wiring." Neuronal firing creates a network that is 
permanently established with repetitive experiences. Connections no longer being used or 
relied upon are eliminated through a process called synaptic pruning. Although the 
development of neural connections in the brain is not fully understood, it is clear that the 
time courses of such neuronal and synaptic formation and elimination are considerably 
different across diverse cortical areas, with the PFC generally being one of the latest [96]. 
Therefore, the childhood development of the cerebral cortex may be characterized by 
neuronal death and the elimination of unused synapses during a defined time window such 
as adolescence. Synaptic density in the PFC reaches the net highest value at age 3.5 years, 
showing a level approximately 50% greater than that in adults but decreasing gradually 
through adolescence [96]. Developmental changes in cellular morphology have also been 
observed during early childhood, including expansion of the dendritic trees of the 
pyramidal neurons [97].  

6.2 Delayed maturation of the PFC  

PFC development in humans begins from the neural tube, which is an embryonic structure 
that eventually becomes the brain and spinal cord. PFC experiences one of the longest 
periods of development of any brain region, taking over two decades to reach full maturity 
in humans, i.e., PFC exhibits a significant delayed maturation compared to other brain 
regions [98-100]. As children explore their environments and begin to develop speech, 
motor skills, and a sense of themselves as separate human beings, the PFC undergoes rapid 
growth during infancy [101]. Several characteristic functions of the PFC, such as planning, 
reasoning, and language comprehension, change dramatically as a function of age 
throughout childhood and adolescence [102]. The processes involved in the development of 
these PFC functions have been debated for several decades at the level of both brain and 
behavior, and it has been established that changes in structural architecture and cognitive 
maturation occur concurrently throughout childhood development [103]. Complete frontal 
cortex development takes many years, and new functions are added well beyond the 
childhood years. Accumulating evidence suggests that early childhood appears to be 
comparably important for functional neural development of the PFC [104]. While the most 
dramatic structural changes in the healthy human brain are thought to occur in the perinatal 
period [96], there is a growing body of evidence suggesting that adolescence is also a period 
of substantial neurodevelopment [105]. Understanding the brain maturation over 
adolescence and early adulthood is particularly important, given that it is a peak period of 
neural reorganization that contributes to both normal variation and the onset of some major 
mental illnesses, such as schizophrenia [106, 107]. Despite support for pronounced changes 
in both the structure and function of the brain during adolescence, the relationship among 
these changes has not been fully examined.  
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environmental factors. Generally speaking, the development of the nervous system occurs 
through the interaction of several processes, some of which are completed before birth, 
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neural reorganization that contributes to both normal variation and the onset of some major 
mental illnesses, such as schizophrenia [106, 107]. Despite support for pronounced changes 
in both the structure and function of the brain during adolescence, the relationship among 
these changes has not been fully examined.  
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6.3 Adolescence is a critical period for PFC maturation  Molecular and cellular 
alterations in the PFC circuitry 

To encourage the establishment of new neuronal connections, the frontal lobe must be 
stimulated. While frontal cortex development is significantly influenced by genetics, 
environmental factors play a pivotal role. Children who are exposed to varied environments; 
encouraged to solve problems; challenged to reason; and engaged in different games, songs 
and memory tasks will benefit from these stimulations that facilitate the development of the 
PFC. Conversely, children with sensory processing disorders often struggle with the reasoning 
and decision making tasks controlled by the PFC, and damage to the PFC results in an 
inability to control impulses and learn from experiences with reward and punishment. 

PFC development is thus characterized by maturational processes that span the period from 
early childhood through adolescence to adulthood [108, 109], but little is known whether 
and how developmental processes differ during these phases. In the past two decades, 
numerous studies have been focused on detail changes in the functional maturation of the 
PFC circuitry. For example, it is now clear that the underlying synaptic refinement process 
in the PFC is not completed until late adolescence and early adulthood [110, 111], which 
coincides with the period when symptoms of schizophrenia typically begin to emerge [112]. 
Indeed, our study indicated that the NMDA receptor subunit NR2B-to-NR2A shift does not 
occur during prefrontal development. The NMDA receptor-mediated currents in the recurrent 
synapses of the PFC exhibit a 2-fold longer decay time-constant and temporally summate a 
train of stimuli more effectively than those in the primary visual cortex [74]. Pharmacological 
experiments suggest a greater contribution by NR2B subunits at prefrontal synapses than in 
the visual cortex. Therefore, the biophysical properties of NMDA receptors in PFC may be 
critically important to the generation of slow reverberating dynamics required for cognitive 
computations [74]. However, the enriched NR2B subunit in the PFC appears to be a double-
edged sword - important for normal working memory but easy to be targeted by detrimental 
stimulation. In addition, we also reported that parvalbumin-containing fast-spiking 
interneurons in the PFC undergo dramatic changes in glutamatergic receptors during the 
adolescent period, including both NMDA receptors and calcium-permeable AMPA receptors 
[113, 114]. Furthermore, Tseng and O’Donnell found significant changes in the susceptibility of 
interneurons to dopaminergic D2 receptor modulation during adolescence. Importantly, D2 
agonists were effective only in adult but not in prepubertal animals [115]. Many other late 
occurring changes in GABAergic neurons, GABAergic neurotransmission and GABAA 
receptors have also been demonstrated [112, 116, 117]. Similarly, developmental trends have 
been reported for the dopaminergic [118] and glutamatergic systems [119] and for interactions 
of these neurotransmitters with GABAergic interneurons. It is possible that these prominent 
changes may make fast-spiking cells particularly sensitive and vulnerable to epigenetic or 
environmental stimulation, thus contributing to the onset of psychiatric disorders, including 
schizophrenia, bipolar disorder, and depression.  

While these findings suggest important evidence on late-occurring anatomical and 
physiological modifications, the precise implications of these changes for coordinated 
network activity in the PFC are unknown. It is believed that these anatomical and 
physiological changes impact critically upon the functional properties of large-scale cortical 
networks [120, 121]. The alterations in GABAergic neurons during adolescence may be of 
particular relevance for synchronous oscillations because GABAergic interneurons and their 
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interactions with excitatory neurotransmission have been shown to be critical for the 
generation of high-frequency oscillations [122-132]. Following early developmental periods, 
changes in the amplitude of neural oscillations and their synchronization continue until 
early adulthood, suggesting ongoing modifications in network properties. One of the most 
replicated findings is the alteration in resting-state oscillations. In the adult brain, resting-
state activity is characterized by prominent alpha oscillations over occipital regions while 
low (delta, theta) and high (beta, gamma) frequencies are attenuated. During adolescence, 
there is a reduction in the amplitude of oscillations over a wide frequency range, 
particularly in the delta and theta band, while oscillations in the alpha and beta range 
become more prominent with age [133]. Interestingly, these changes occur more rapidly in 
posterior than in frontal regions and follow a linear trajectory until age 30 [133]. Alteration 
in the amplitude of oscillations is accompanied by modifications in the synchrony of resting-
state oscillations. Thatcher et al investigated modifications in the coherence of beta 
oscillation in children and adolescents between 2 months and 16 years of age. During 
development, beta-band coherence increased over shorter distances while long-range 
coherence did not vary with age [134]. Uhlhaas et al further reported that until early 
adolescence, developmental improvements in cognitive performance were accompanied by 
increases in neural synchrony [121]. This developmental phase was followed by an 
unexpected decrease in neural synchrony that occurred during late adolescence and was 
associated with reduced performance. After this period of destabilization, a reorganization 
of synchronization patterns occurred with a pronounced increase in gamma-band power 
and in theta and beta phase synchrony. These findings provide evidence for the relationship 
between neural synchrony and late brain development that has important implications for 
the understanding of adolescence as a critical period of brain maturation [121]. 

7. Diseases associated with the development of PFC – Mental illness 
7.1 What is a mental disorder? 

Mental illness refers to a wide range of mental health disorders that affect people’s mood, 
thinking and behavior. Examples of mental illness include schizophrenia, ADHD, depression, 
bipolar disorders, anxiety disorders, autism spectrum disorders, obsessive-compulsive 
disorder, eating disorders, and addictive behaviors. As repeatedly discussed above, the PFC 
plays a critical role in cognitive functions and cortical inhibition, especially for insight, 
judgment, the ability to inhibit inappropriate responses, and the ability to plan and organize 
for future events. Therefore, PFC dysfunction is greatly associated with disorders/deficits in 
cognitive and executive functions that are seen in most mental illnesses.  

Many people have mental health concerns from time to time, but this only becomes a mental 
illness when clear signs and symptoms cause severe stress and affect people’s ability to 
function properly. A mental illness can make people miserable and can cause problems in 
daily life, such as at work or in personal relationships. Signs and symptoms of mental illness 
vary, depending on the particular disorder. In most cases, mental illness symptoms can be 
managed with a combination of medications and counseling such as psychotherapy. Most 
major or serious mental illnesses tend to have symptoms that come and go, with periods in 
between when the person can lead a relatively normal life, i.e., episodic illness. The most 
common serious mental disorders are schizophrenia, bipolar disorder, and depression.  
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Although the exact cause of most mental illnesses is unknown, it is becoming clear that 
many of these conditions are caused by a combination of genetic, biological, psychological 
and environmental factors.  

1. Genetics: Many mental illnesses have family histories, suggesting that the illnesses may 
be passed on from parents to children through specific genes. Many mental illnesses are 
linked to multiple problem genes that are still largely unknown. The disorder occurs 
from the interaction of these genes and other factors, such as psychological trauma and 
environmental stressors – which can influence or trigger the illness in a person who has 
inherited a susceptibility to the disease.  

2. Biology: Mental illnesses have been linked to an abnormal balance of neurotransmitters, 
mis-wired neuronal connections in the network, and disrupted communications 
between neurons within the brain. When neuronal signals cannot be properly 
transmitted within the brain, particularly within the brain region such as PFC, signs 
and symptoms of a mental disorder will emerge.  

3. Psychological trauma: Some mental illnesses may be triggered by psychological trauma 
suffered as a child, such as severe emotional, physical or sexual abuse, etc.  

4. Environmental stressors or risk factors: Certain stressors or risk factors – such as a brain 
injury, dysfunctional family life, substance abuse, or a life threatening event – can 
trigger a disorder in a person who may be at risk for developing a mental illness. 

7.2 Circuit basis for cognitive dysfunction in mental illness 

The cognitive operations of the PFC are especially vulnerable to physiological, genetic and 
environmental factors. They can be altered by changes in arousal state such as fatigue or stress 
[135] and are profoundly impaired in most mental illnesses [40, 136-139]. However, it is 
unknown how these functions are affected. There are many questions that need to be 
answered. Specifically, for example, what are the specific genes that are involved in a mental 
disorder such as schizophrenia or depression? There are some high risk genes identified for an 
individual disease. However, it is unclear how these identified genes interact to other factors 
and how these susceptible genes are triggered by aforementioned psychological trauma or 
environmental risk factors, and consequently result in a domino effect in the brain. A large 
body of evidence indicates that the onset of a mental disorder is triggered by a risk factor but 
the pathological process of a mental illness is complex and unclear. Apparently, many mental 
illnesses are associated with impaired brain development, especially broken PFC circuitry.   

As discussed above, PFC cognitive functions rely on networks of interconnected pyramidal 
cells [1, 2, 69], as well as GABAergic interneurons [112, 116, 140]. Recent studies reveals that 
neuronal connections in the PFC network are influenced by powerful molecular events that 
determine whether a network is connected or disconnected at a given moment, thus 
determining the strength of cognitive abilities [70]. These mechanisms provide great 
flexibility, but also confer vulnerabilities and limit mental capacity. A remarkable number of 
genetic and/or environmental insults to these molecular signaling cascades are associated 
with cognitive disorders such as schizophrenia [77, 138, 139, 141-144], ADHD [145, 146], 
depression [100, 101, 147-149], and autism spectrum disorder [150-155]. These insults can 
dysregulate network connections in the PFC and weaken its capabilities in cognitive control. 
It is evident that many genetic and environmental insults would have an impact on 
signaling molecules within PFC networks [70] and its highly linked limbic systems. 
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Alterations in PFC circuitry are therefore associated with a variety of cognitive disorders, 
ranging from mild PFC impairment (e.g. anxiety disorder, depression, normal aging) to 
severe deficits (e.g., schizophrenia, bipolar disorder, Alzheimer's disease).  

The question is that what causes a circuit disorder? Mental disorders such as schizophrenia 
and mood and anxiety disorders are mostly diseases of early life; their onset tends to occur 
during adolescence or early adulthood, when the brain is still developing. Because of page 
limits and the complex etiology and pathological process in different mental disorders, it is not 
possible for us to describe all aforementioned mental illnesses in detail in this chapter. So next 
we use schizophrenia as an example to illustrate the role of PFC in this devastating disorder.    

7.3 Disrupted development of PFC circuitry in schizophrenia  

Schizophrenia is a disorder of cognitive neurodevelopment with characteristic abnormalities 
in working memory attributed, at least in part, to alterations in the circuitry of the PFC. 
Schizophrenia is associated with altered PFC circuits, arising from both developmental 
insults in utero, and continuing in the mature brain, for example with impaired neural 
circuitry and synaptic connectivity in late adolescence and adulthood. Various 
environmental exposures from conception through adolescence increase risk for the illness, 
possibly by altering the developmental trajectories of prefrontal cortical circuits.  

Several lines of evidence support the notion that a substantial reorganization of cortical 
connections takes place during adolescence in humans. A review of neurobiological 
abnormalities in schizophrenia indicates that the neurobiological parameters that undergo 
peripubertal regressive changes may be abnormal in this disorder. An excessive pruning of 
the prefrontal corticocortical, and corticosubcortical synapses, perhaps involving the 
excitatory glutamatergic inputs to pyramidal neurons, may underlie schizophrenia [99, 106]. 
Several developmental trajectories, which are related to early brain insults as well as genetic 
factors affecting postnatal neurodevelopment, could lead to the illness. These models would 
have heuristic value and may be consistent with several known facts of the schizophrenic 
illness, such as its onset in adolescence. For example, a person with schizophrenia usually 
experiences a psychotic break in early adulthood, which is a time when the number of 
cortical synapses is being pruned. The disorder might result from the excessive loss of 
synapses in a critical cortical pathway when the normal process overshoots.  

Although psychosis always emerges in late adolescence or early adulthood, we still do not 
understand all of the changes in normal or abnormal development prior to and during this 
period. It is particularly unclear what factors alter the excitatory-inhibitory synaptic balance 
in the juvenile and what changes induce the onset of cognitive dysfunction. Current studies 
suggest that problems related to schizophrenia are evident much earlier. The emerging 
picture from genetic and epigenetic studies indicates that early brain development is 
affected. Many of the structural variants associated with schizophrenia implicate that 
neurodevelopmental genes or epigenetic factors are involved with neuronal development 
[156-159]. A remarkable number of genetic insults in schizophrenia involve proteins found 
at prefrontal synapses. There are well-established genetic changes associated with NMDA 
receptor signaling [160-162], DA [51, 163-165], GABA [112, 116, 140, 166], and α7 nicotinic 
receptors [167-170]. More recently, a number of high-risk genes are found to be associated 
with schizophrenia [171]. Four out of the top 10 risk gene variants most strongly associated 
with schizophrenia are directly involved in DA-ergic systems, including the catechol-o-
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picture from genetic and epigenetic studies indicates that early brain development is 
affected. Many of the structural variants associated with schizophrenia implicate that 
neurodevelopmental genes or epigenetic factors are involved with neuronal development 
[156-159]. A remarkable number of genetic insults in schizophrenia involve proteins found 
at prefrontal synapses. There are well-established genetic changes associated with NMDA 
receptor signaling [160-162], DA [51, 163-165], GABA [112, 116, 140, 166], and α7 nicotinic 
receptors [167-170]. More recently, a number of high-risk genes are found to be associated 
with schizophrenia [171]. Four out of the top 10 risk gene variants most strongly associated 
with schizophrenia are directly involved in DA-ergic systems, including the catechol-o-
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methyltransferase gene (COMT) [142, 172-177], neuregulin 1 (NRG1) [178, 179], disrupted in 
schizophrenia 1 protein (DISC1) [157, 180], and dystrobrevin-binding protein 1 (dysbindin) 
[181-184]. Many of these gene variants are involved in brain development, such as reelin, or 
influence more ubiquitous brain transmitters such as glutamate or GABA [171, 184-189]. 
These postnatal developmental trajectories of neural circuits in the PFC identify the sensitive 
adolescent period for vulnerability to schizophrenia [112].   

Furthermore, recent data from developmental cognitive neuroscience highlight the 
profound changes in the organization and function of PFC networks during the transition 
from adolescence to adulthood. While previous studies have focused on the development of 
neuronal components in gray matter, as well as axonal fibers and myelination in white 
matter [190], recent evidence suggests that brain maturation during adolescence extends to 
fundamental changes in the properties of cortical circuits that in turn promote the precise 
temporal coding of neural activity. Specifically, schizophrenia is associated with impaired 
neuronal synchronized activity that occurred during PFC maturation, suggesting an 
important role of adolescent brain development for the understanding, treatment, and 
prevention of the disorder [120].  

These findings, although intriguing, are limited in that they do not reveal the changes before 
psychosis. At present, the diagnosis of schizophrenia is based primarily on the symptoms and 
signs of psychosis. Recently, it has been proposed that schizophrenia may progress through 
four stages: from risk to prodrome to psychosis and to chronic disability [191]. Obviously, the 
key to prevent or forestall the disorder is to detect early stages of risk and prodrome. Therefore 
identification of novel biomarkers, new cognitive tools, as well as subtle clinical features is 
urgently needed for early diagnosis and treatment [191, 192]. Animal studies, particularly 
developmental models, will certainly help to reveal the neurodevelopmental trajectory of 
schizophrenia, yield disease mechanisms, and eventually offer opportunities for the 
development of new treatments. As Thomas Insel pointed out in a recent review of 
schizophrenia [191]: “This ‘rethinking’ of schizophrenia as a neurodevelopmental disorder, 
which is profoundly different from the way we have seen this illness for the past century, 
yields new hope for prevention and cure over the next two decades.” 

8. Summary 
The cognitive and executive functions of the prefrontal cortex (PFC) develop to their full 
capabilities throughout the juvenile and adolescent period in humans. The PFC is critical for 
cognitive functions and cortical inhibition, especially for insight, judgment, the ability to 
inhibit inappropriate responses, and the ability to plan and organize for the future. This 
higher brain region, unlike other primary cortical areas, exhibits unique connectivity and 
delayed cortical maturation. During postnatal development, it gradually takes on its adult 
form as prefrontal neuron synapses are pruned and neuronal connections are reformatted to 
adult level. Further, numerous data show that juvenile and adolescence are time periods of 
great vulnerability, with special sensitivity to risk environmental factors, and eruption of 
neuropsychiatric disorders. We have provided an overview of the unique properties and 
connectivity of the PFC circuitry and alterations during the juvenile and adolescent 
development under both normal and abnormal conditions. Understanding the 
neurobiological basis is important in the development of more effective intervention 
strategies to treat or prevent mental disorders such as schizophrenia.  
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1. Introduction 
1.1 The challenge of characterizing Gilles de la Tourette Syndrome 

One of the top priorities, for current research in Gilles de la Tourette Syndrome (GTS), is to 
disentangle the intricate interactions between regions of the frontal cortex and the basal 
ganglia. This approach will reveal how these interactions act in concert to regulate motor, 
emotional, and cognitive action plans (Keen-Kim & Freimer, 2006; Leckman, 2002; State, 
2011). Another key issue is the understanding of these brain mechanisms with GTS in the 
presence of obsessive-compulsive disorders (OCD) (Gaze, Kepley, & Walkup, 2006). The 
heuristic value of our proposed approach resides in the fact that cognitive and cerebral 
functions are two salient features easily quantified with non invasive protocols. As 
proposed by Swain et al., (Swain, Scahill, Lombroso, King, & Leckman, 2007) ‘’a determined 
effort to explore the electrophysiology of this disorder using EEG/MEG recordings is our next best 
step’’. We will first review the current state of the literature regarding specific cerebral 
structures underlying GTS symptoms. Secondly, we will expose a strategy to integrate brain 
imaging, electrophysiology and neuropsychology in the exploration of the GTS brain in 
action. Third, we will investigate clinical and phenomenological aspects of comorbidity in 
GTS patients. We will thus, expose a functional method based on multimodal assessments to 
characterize the relationship between tic expression, brain activity and different levels of 
cognitive processing such as motor activation, memory and emotions. 

1.2 Definition 

In 1885, Dr. Georges Gilles de la Tourette described nine patients with motor and vocal tics, 
some of which had echo phenomena (a tendency to repeat things said to them) and 
coprolalia (utterances of obscene phrases) (Gilles de la Tourette, 1885). This syndrome is 
currently classified in the DSM-IV-TR (APA, 2000) with disorders first diagnosed in infancy, 
childhood or adolescence. The essential features are the presence of simple or complex 
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1. Introduction 
1.1 The challenge of characterizing Gilles de la Tourette Syndrome 

One of the top priorities, for current research in Gilles de la Tourette Syndrome (GTS), is to 
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emotional, and cognitive action plans (Keen-Kim & Freimer, 2006; Leckman, 2002; State, 
2011). Another key issue is the understanding of these brain mechanisms with GTS in the 
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heuristic value of our proposed approach resides in the fact that cognitive and cerebral 
functions are two salient features easily quantified with non invasive protocols. As 
proposed by Swain et al., (Swain, Scahill, Lombroso, King, & Leckman, 2007) ‘’a determined 
effort to explore the electrophysiology of this disorder using EEG/MEG recordings is our next best 
step’’. We will first review the current state of the literature regarding specific cerebral 
structures underlying GTS symptoms. Secondly, we will expose a strategy to integrate brain 
imaging, electrophysiology and neuropsychology in the exploration of the GTS brain in 
action. Third, we will investigate clinical and phenomenological aspects of comorbidity in 
GTS patients. We will thus, expose a functional method based on multimodal assessments to 
characterize the relationship between tic expression, brain activity and different levels of 
cognitive processing such as motor activation, memory and emotions. 

1.2 Definition 

In 1885, Dr. Georges Gilles de la Tourette described nine patients with motor and vocal tics, 
some of which had echo phenomena (a tendency to repeat things said to them) and 
coprolalia (utterances of obscene phrases) (Gilles de la Tourette, 1885). This syndrome is 
currently classified in the DSM-IV-TR (APA, 2000) with disorders first diagnosed in infancy, 
childhood or adolescence. The essential features are the presence of simple or complex 
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multiple motor tics and one or more vocal tics. Simple tics are defined as repetitive non-
voluntary contractions of functionally related groups of skeletal muscles in one or more 
parts of the body including blinking, cheek twitches and head or knee jerks among others 
(Leckman et al., 1997; Shapiro & Shapiro, 1986). Complex tics may take the form of self-
inflicted repetitive actions such as nail biting, hair pulling, head slapping, teeth grinding or 
tense-release hand gripping cycles. Tics appear many times a day with onset longer than a 
year and prior to 18 years old.  

1.3 Genetics in GTS 

Since the first systematic report of tics in the 19th century by Itard (Itard, 1825) and later 
by Gilles de la Tourette (Gilles de la Tourette, 1885), generational transmission of the 
disease was suspected. More than one century later, genetic factors in GTS remain 
hypothetical. A large twin study showed concordance rates that are three to four times 
higher for monozygotic than to dizygotic twins (Price, Leckman, Pauls, Cohen, & Kidd, 
1986). Studies investigating affected families with GTS suggests that the trait is inherited 
in an autosomal dominant pattern with variable expression (Eapen, Pauls, & Robertson, 
1993; Alsobrook & Pauls, 1997). Analysis of vertical transmission patterns in families has 
revealed that OCD and GTS may share some underlying genetic vulnerabilities (Pauls, 
1992). The pattern of comorbidity and other evidence indicates that GTS genes may be 
responsible for a spectrum of disorders, including OCD and Attention Deficit 
Hyperactivity Disorder (ADHD) even if OCD and ADHD can equally exist with their own 
etiologies. The inherited trait may not cause any disorder or may manifest as GTS, chronic 
multiple tic disorder, ADHD and/or OCD (Keen-Kim & Freimer, 2006). In a 
comprehensive review, Pauls (2003), underlined that genetic factors play an important 
role in the manifestation of GTS and that several genes are important with some possibly 
having major effect; and several regions of the genome have been identified as potential 
locations of these susceptibility genes.  

More specifically, sequencing of SLIT and TRK like family member 1 (SLITRK1), revealed a 
single base deletion as well as two independent occurrences of a mutation called the var321 
(Abelson et al., 2005), likely associated with GTS. SLITRK1 expression was confirmed in 
cortical striatal circuits, which is consistent with regions implicated in GTS pathology 
(Stillman et al., 2009). An animal model of SLITRK1 deficiency shows altered noradrenergic 
function phenotype related to alpha-agonists, which are used in the treatment of Tourette 
syndrome (Katayama et al., 2010). However, the SLITRK1 gene expression in GTS remain 
under question since other research was not able to replicate these results in human (Scharf 
et al., 2008). Other candidate genes have been tested with mixed or equivocal results such as 
genes related to dopamine and serotonin transporters, glycine receptor, 5q33-q35 
neuroreceptors, adrenergic receptors, methyl-CpG binding protein 2, and human leukocyte 
antigen (Keen-Kim & Freimer, 2006; Pauls, 2003). 

In brief, GTS is a genetically complex disorder that probably arises with multiple genes 
interacting with environmental components. Recent development could certainly show 
promises for success in finding the responsible genes and sequence variants, resulting in 
better targeted treatments. 
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1.4 Epidemiology and prevalence 

Depending on the sample characteristics, between 0.15% and 1.1% of all children have GTS 
and boys outnumber girls by at least 4:1 (Kadesjo & Gillberg, 2000), with the most severe 
period of tic severity occurring at 10 years old (Leckman et al., 1998), followed by a decrease 
until the adult age with approximately 40% eventually becoming symptom-free (Burd et al., 
2001). Although whether tics disappear or adapt in adults remains controversial (Pappert, 
Goetz, Louis, Blasucci, & Leurgans, 2003). Tics are also sensitive to a number of exacerbating 
factors including everyday psychosocial stress, anxiety, emotional excitement, and fatigue 
(Findley et al., 2003). Once considered very rare, the incidence of GTS in adults is about 0.1-
1% (Leckman et al., 1998). The lifetime prevalence of GTS in adults is not known, but 
estimates vary between 5% and 10% of the population. In a recent study, O'Connor (2005) 
found a self-report life-time prevalence rate of 8%. Other recent estimates have placed the 
prevalence of GTS at 1% and chronic tic disorders at 10% of the population (Robertson, 2003; 
Robertson & Stern, 2000). 

1.5 Secondary distress caused by tics 

Tics are rarely life-threatening except in cases where they may provoke auto-mutilation. 
Psychosocial distress however can be considerable and can involve secondary phobias, 
depressions, social anxieties and worries over self-image, and relationship problems. In our 
estimation of the interference of tic and habit disorders in daily activities, we found 
problems ranging from unemployment, marital conflict, interpersonal difficulties, employer 
relations, travel restrictions, problems attending social or public functions, performance 
worries (e.g. about driving, speaking, teaching, dancing, sport) all of which were perceived 
(by the affected person) to be a result of the tic habit (O'Connor, 2005; O'Connor et al., 2001). 
People with tics often experience low self-esteem and are (or become) hyperattentive to the 
judgment of others with consequent low self-satisfaction (Thibert, Day, & Sandor, 1995).  

1.6 Comorbidity and associated disorders 

The presence of tic symptoms alone is often the exception rather than the rule (Scahill, 
Sukhodolsky, Williams, & Leckman, 2005) and the expression of tics is a constituent part of 
a larger mosaic of collateral symptoms. Comorbidity is defined as an additional coexisting 
diagnosable problem distinct from the principal complaint. So, in addition to this clinical 
picture defined herein, GTS often appears in association with other psychopathologies, 
typically referred to as the ‘’GTS+’’ group (Robertson, 2003). Freeman et al., (2000) 
established that anger control problems, sleep difficulties, coprolalia, and self-injurious 
behavior, reached high levels in GTS individuals with comorbidity. Large epidemiological 
studies also showed that the most frequent comorbidity in GTS is ADHD in children and 
OCD in adults, affecting each about 50% of GTS patients (Alsobrook & Pauls, 2002; 
Freeman, 2007; Freeman et al., 2000). Studies are frequently compromised because of not 
factoring out comorbidity. There are however challenges in detecting and diagnosing 
comorbidities in GTS. For instance, early research (e.g., (Shapiro & Shapiro, 1992) argued 
that high rates of comorbidity of GTS with OCD result from mistaking impulsion for 
compulsion particularly in the case of complex tics, and this may explain the wide range in 
prevalence estimation. Another difficulty is that the multiple forms of tics (phonic, motor, 
sensory, cognitive, simple, complex) can be mistaken for symptoms of other disorders. 
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1.7 Externalizing and aggressive behavior in GTS 

The challenge of characterizing GTS per se is often confounded by externalizing symptoms 
that superimpose on tics and there is a clear consensus on the importance of considering 
these symptoms. Stephens and Sandor (1999) found that conduct disorder was significantly 
higher in the GTS+ comorbidity group than in the GTS-only or control groups, with more 
problems reported in older children. These findings provide evidence that aggressive 
behavior observed in children with GTS may be associated with comorbidity, independently 
of tic severity or age. Consistently, Carter (2000) demonstrated that children with 
GTS+comorbidity showed more behavior problems and poorer social adaptation than 
children with GTS only or unaffected controls. Children with GTS only were not 
significantly different from controls on most measures of externalizing behaviors and social 
adaptation, but did exhibit more internalizing symptoms. Moreover, tic symptom severity 
was not associated with social, behavioral, or emotional functioning among children with 
GTS, even after stratifying by medication status. These findings suggest that much of the 
social and behavioral dysfunction in children with GTS could be ADHD or OCD-specific 
and children with GTS alone may have a very different social-emotional profile than those 
with GTS+comorbidity. The impact of such comorbidity is especially evident in children 
where the co-occurrence of GTS with OCD, particularly in the presence of ADHD, increase 
the likelihood of explosive behavior (Budman, Bruun, Park, & Olson, 1998; Budman, 
Rockmore, Stokes, & Sossin, 2003). In explosive behavior, the child, for no apparent reason 
and for a brief period, flies into a state of seemingly uncontrollable, sometimes aggressive, 
anger, only to resume a normal demeanor a few minutes later. But rage and explosive 
behavior may be an emotional tic, similar in form and onset to motor tics and hence form 
part of GTS (Budman, Bruun, Park, Lesser, & Olson, 2000). The difficulty for diagnosis is 
that non-tic features of GTS may nonetheless be characteristic of GTS rather than other 
problems. For example, motor restlessness which is a symptom of sensorimotor activation 
accompanying GTS is also a symptom of ADHD. Clearly, an important step in clarifying 
diagnosis and the role of comorbidity is to develop a coherent account of the various 
manifestations of GTS, and in particular the precise form and function of tics. 

1.8 The consequence of collateral symptoms in GTS 

The impact of comorbidity in GTS touches on clinical manifestations and management. 
Cases with comorbidity are likely to show more severe symptoms, show poorer prognosis, 
and are more likely to be treatment-resistant (Leclerc, Forget, & O'Connor, 2008). Children 
with GTS and comorbidity, in particular OCD and ADHD, show more behavioral problems 
and poorer psychosocial adaptation whether at school or in other domains. There is also the 
question of what problem to treat first, and whether treating one problem impacts on the 
treatment of other problems. For example, treatment strategies for treating hyperactivity 
involve medication, which can (at least temporarily) exacerbate tics. In addition, particularly 
in children, it is frequently comorbid behavioral problems (e.g., explosive outbursts) which 
are most disruptive for the family. The presence of other problems in GTS also adds to 
feelings of stress, inability to cope and low self-esteem. A further consequence is that 
existence of at least one comorbidity increase the probability of further comorbidity, such as 
OCD and hyperactivity, that substantially increases the risk of concurrent explosive 
outbursts (Budman et al., 2003). 
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The clinician is frequently confronted with the issue of which problem to treat first. Usually 
there are multiple comorbidities and their assessment are often unreliable, in part because it 
is unclear which comorbidities are distinct from GTS or part of the same problem. For 
example, all the comorbidities in GTS have distinct tic-like features. Explosive outbursts 
may be viewed as emotional tics and what appear as OCD-like behaviors in GTS may in fact 
be complex tics, and hyperactivity may be a by-product of the heightened sensorimotor 
activation often found in GTS (O'Connor, 2002). 

Tics are usually preceded by “premonitory urges,” described by patients as growing tension 
of the ticcing muscle or as increased anxiety, which is temporarily relieved after 
performance of the tic (Leckman, Bloch, Scahill, & King, 2006). These manifestations are very 
similar to OCD, in which subjects feel increased anxiety and discomfort until certain 
compulsions are performed (King & Scahill, 2001). More precisely, the manifestation of OCD 
symptoms is characterized by recurrent intrusive thoughts (e.g. obsession) accompanied by 
repetitive, seemingly purposeful behaviors (e.g. compulsion), sufficiently severe to interfere 
with daily functioning. OCD appears in In half of GTS (Apter et al., 1992) in comparison 
with 3-4% in the non-GTS adult population (Karno, Golding, Sorenson, & Burnam, 1988; 
Zohar et al., 1992). Three main questions arise from these findings. How to discriminate 
OCD characteristics from typical symptoms of GTS? How to objectively characterize 
expression of motor tics in GTS and GTS+OCD? And finally, how to characterize these 
comorbid groups with neurocognitive measures. This will constitute one of the primary 
focuses of the current chapter. 

2. Neurobiological basis of Tourette 
2.1 Can we identify specific cerebral structures underlying GTS symptoms?  

Studies using magnetic resonance imaging (MRI), have identified minor reduction in the 
putamen and the caudate nuclei when confounding variables such as sex, age, OCD, 
attention-deficit hyperactivity disorders (ADHD) and streptococcal infection were taken into 
account (Peterson et al., 2000). Other MRI and positron emission tomography (PET) studies 
consistently reported volumetric and metabolic reductions in lentiform (Braun et al., 1995; 
Eidelberg et al., 1997) and caudate nuclei (Bloch, Leckman, Zhu, & Peterson, 2005; Hyde et 
al., 1995; Stoetter et al., 1992). The basal ganglia are not the sole cerebral structures involved 
in the pathogenesis of GTS. An extensive investigation (Peterson et al., 2007) comparing a 
large sample of GTS and controls aged between 6-63 years old, showed increased volumes 
of the head and medial surface of the hippocampus and the dorsal and ventral surfaces of 
the amygdala. Volumes of these subregions declined with age in the GTS group but not in 
controls, so the sub-regions were larger in GTS children, but significantly smaller in GTS 
adults than in the control group. In children and adults, volumes in these subregions 
correlated inversely with the severity of tic, suggesting that enlargement of these structures 
have a neuro-modulatory effect on tics. In addition to these networks, motor and 
sensorimotor cortices have showed metabolic increases associated with heightened 
activation in premotor cortex and supplementary motor area (SMA) with PET imaging 
(Braun et al., 1993; Eidelberg et al., 1997; Stoetter et al., 1992). Cortical thinning in 
sensorimotor areas was also correlated with tic severity and was most prominent in ventral 
portions of the homunculi that control the facial, orolingual and laryngeal muscles 
commonly involved in tic expressions (Sowell et al., 2008). In a recent review of 
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neuroimaging studies, Sheppard et al., (1999) underlined that GTS patients may develop 
clinical levels of OCD and/or ADHD since all three disorders involve neuropathology of the 
Basal-Ganglia Thalamo Cortical (BGTC) pathways. For instance, GTS patients may have a 
dysfunction in sensorimotor and limbic BGTC circuits; OCD in the prefrontal and limbic 
BGTC pathways; and ADHD in the sensorimotor, orbitofrontal, and limbic BGTC circuits. 

In summary, the most recent volumetric observations in structural brain imaging suggest 
that complex networks related to sensorimotor functions are involved in GTS rather than a 
defined region of interest. The next important question is to address the functional problem 
of how these altered cerebral networks affect cognitive processing in GTS.  

2.2 Neuropsychology of GTS  

A comprehensive understanding of this syndrome requires a multidimensional approach, 
ranging from clinical psychology and psychiatry to neurology and cognitive neuroscience. 
For instance, several studies have uncovered cognitive specificities in GTS such as deficit in 
learning for mathematics and written language (Brookshire, Butler, Ewing-Cobbs, & 
Fletcher, 1994; Como, 2001), verbal fluency (Bornstein, 1991b; Brookshire et al., 1994) and 
nonverbal memory (Harris et al., 1995; Lavoie, Thibault, Stip, & O'Connor, 2007; Schuerholz, 
Baumgardner, Singer, Reiss, & Denckla, 1996). Other investigations proposed that GTS 
children achieved normal performances on tasks evaluating abstract concepts (Bornstein, 
1990; Bornstein & Baker, 1991; Braun et al., 1993; Harris et al., 1995; Schuerholz et al., 1996; 
Yeates, 1994), planning and response inhibition (Ozonoff & Jensen, 1999) as well as verbal 
fluency (Braun et al., 1993; Mahone, Koth, Cutting, Singer, & Denckla, 2001), whilst, on the 
other hand, others proposed several types of executive function impairments (Baron-Cohen, 
Cross, Crowson, & Robertson, 1994; Bornstein, King, & Carroll, 1983; Brookshire et al., 1994; 
Schuerholz et al., 1996; Sutherland, Kolb, Schoel, Whishaw, & Davies, 1982). Additional 
investigations have reported abnormalities with motor skills tasks like the Purdue and 
Groove Pegboard (PGP) in children (Bornstein, 1990; Hagin, Beecher, Pagano, & Kreeger, 
1982), pre-adolescents (Bornstein, 1991a) and adults (O'Connor, Lavoie, Stip, Borgeat, & 
Laverdure, 2008). Perhaps the most interesting observation is the finding that poorer 
performances on the PGP, during childhood, predicted worse adulthood tic severity and 
psychosocial functioning (Bloch, Sukhodolsky, Leckman, & Schultz, 2006).  

2.3 Integration of neuropsychology and functional imaging 

Individuals with GTS do not necessarily have a characteristic neuropsychological profile 
which distinguishes them clearly from other psychiatric groups. The large array of 
behavioral problems in GTS touches various cognitive functions and the apparent lack of 
consistency in the neuropsychological results could be due to methodological problems 
considering that, in some cases; studies did not include a control group and often included 
small samples. Another possible confounding element could be related to the lack of 
sensitivity of the neuropsychological tests to tap subtle abnormalities often present in these 
groups. One solution is to adapt neuropsychological tasks to functional magnetic resonance 
imaging (fMRI) in order to record live brain activity during tic generation or cognitive and 
motor processing. In an elegant study using fMRI with GTS adults, Peterson et al. (1998) 
compared brain activity during blocks of time, during which tics were voluntarily 
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suppressed or not suppressed. During tic suppression, prefrontal cortical, thalamic and 
basal ganglia areas were activated and less activation corresponded with higher tic severity 
which was consistent with volumetric studies.  

In addition, there is often a problem in planning and execution of motor action in GTS. One 
of the first fMRI study investigating motor functions in GTS showed heightened activation 
in premotor cortex and SMA during a finger tapping task (Biswal et al., 1998). This, 
however, could depend on a non selective overactivity of the motor system or on a problem 
in modulating effort. To address that question, Serrien et al., (Serrien et al., 2002) showed 
that the SMA of the GTS patients have small or greatly reduced activation when executing a 
manipulative task as compared with a baseline condition. Nonetheless, cortical areas 
involved in movement preparation were continuously activated. It was hypothesized that 
the constant activation of SMA may explain the involuntary urges to move, preventing an 
accurate planning of voluntary behavior. These first fMRI results suggest that the problem 
may not be unidirectional with over- or under- activation of motor-related brain networks, 
but can also relate to a problem of modulation of effortfull and goal directed behavior. This 
also suggests a deficit not only in motor response inhibition but also in cognitive control. 
Recent brain imaging findings seems to point towards greater activation of bilateral 
frontostriatal regions in GTS, which accompanied poorer performance on the Stroop, a well 
known task of cognitive inhibition. This finding implied that greater activation of the 
frontostriatal system helps to maintain task performance in individuals with GTS (Marsh, 
Zhu, Wang, Skudlarski, & Peterson, 2007). Another study (Baym, Corbett, Wright, & Bunge, 
2008) confirmed that GTS children exhibit increased activation in the direct pathway 
through the basal ganglia, as well as increased activation in the prefrontal cortex and the 
subthalamic nucleus during an inhibition control task. In that study, higher tic severity was 
associated with enhanced activation of dopaminergic nuclei, cortical, striatal and thalamic 
regions (i.e. direct pathway) and with greater engagement of the subthalamic nucleus area, 
suggestive of a compensatory mechanism.  

In summary, findings from both neuropsychology and neuroimaging suggest the presence 
of a dysfunction in a cortico-striatal-thalamo-cortical (CSTC) circuit loop. More precisely, 
recent findings pinpoint a chronic overactivation in cerebral regions associated with motor 
processing. Finally it seems that a problem of cognitive inhibition is present, which is likely 
to interfere with accurate planning and execution of voluntary movements. The next 
challenge is to seek integration of these functional neuroimaging results with real-time 
information processing in GTS. 

2.4 Cognitive electrophysiology and experimental neuropsychology in GTS 

As demonstrated in the previous section, despite recent developments in the understanding 
of GTS, most hypotheses consider the behavioral, cognitive and neurobiological levels 
independently, whereas an integrative model of GTS, that combines all levels of functioning, 
would address the relationship between these levels. Tools for such multi-level research 
would require sensitivity to high-speed cognitive processing, which changes in a matter of 
milliseconds in synchrony with a specific time-lock event. One solution is the Event-Related 
Potentials (ERP) which are cortical electrical deflections derived from the time-locked 
averaged EEG signal and labeled by their polarity and temporal ranges in milliseconds (i.e. 
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neuroimaging studies, Sheppard et al., (1999) underlined that GTS patients may develop 
clinical levels of OCD and/or ADHD since all three disorders involve neuropathology of the 
Basal-Ganglia Thalamo Cortical (BGTC) pathways. For instance, GTS patients may have a 
dysfunction in sensorimotor and limbic BGTC circuits; OCD in the prefrontal and limbic 
BGTC pathways; and ADHD in the sensorimotor, orbitofrontal, and limbic BGTC circuits. 

In summary, the most recent volumetric observations in structural brain imaging suggest 
that complex networks related to sensorimotor functions are involved in GTS rather than a 
defined region of interest. The next important question is to address the functional problem 
of how these altered cerebral networks affect cognitive processing in GTS.  

2.2 Neuropsychology of GTS  

A comprehensive understanding of this syndrome requires a multidimensional approach, 
ranging from clinical psychology and psychiatry to neurology and cognitive neuroscience. 
For instance, several studies have uncovered cognitive specificities in GTS such as deficit in 
learning for mathematics and written language (Brookshire, Butler, Ewing-Cobbs, & 
Fletcher, 1994; Como, 2001), verbal fluency (Bornstein, 1991b; Brookshire et al., 1994) and 
nonverbal memory (Harris et al., 1995; Lavoie, Thibault, Stip, & O'Connor, 2007; Schuerholz, 
Baumgardner, Singer, Reiss, & Denckla, 1996). Other investigations proposed that GTS 
children achieved normal performances on tasks evaluating abstract concepts (Bornstein, 
1990; Bornstein & Baker, 1991; Braun et al., 1993; Harris et al., 1995; Schuerholz et al., 1996; 
Yeates, 1994), planning and response inhibition (Ozonoff & Jensen, 1999) as well as verbal 
fluency (Braun et al., 1993; Mahone, Koth, Cutting, Singer, & Denckla, 2001), whilst, on the 
other hand, others proposed several types of executive function impairments (Baron-Cohen, 
Cross, Crowson, & Robertson, 1994; Bornstein, King, & Carroll, 1983; Brookshire et al., 1994; 
Schuerholz et al., 1996; Sutherland, Kolb, Schoel, Whishaw, & Davies, 1982). Additional 
investigations have reported abnormalities with motor skills tasks like the Purdue and 
Groove Pegboard (PGP) in children (Bornstein, 1990; Hagin, Beecher, Pagano, & Kreeger, 
1982), pre-adolescents (Bornstein, 1991a) and adults (O'Connor, Lavoie, Stip, Borgeat, & 
Laverdure, 2008). Perhaps the most interesting observation is the finding that poorer 
performances on the PGP, during childhood, predicted worse adulthood tic severity and 
psychosocial functioning (Bloch, Sukhodolsky, Leckman, & Schultz, 2006).  

2.3 Integration of neuropsychology and functional imaging 

Individuals with GTS do not necessarily have a characteristic neuropsychological profile 
which distinguishes them clearly from other psychiatric groups. The large array of 
behavioral problems in GTS touches various cognitive functions and the apparent lack of 
consistency in the neuropsychological results could be due to methodological problems 
considering that, in some cases; studies did not include a control group and often included 
small samples. Another possible confounding element could be related to the lack of 
sensitivity of the neuropsychological tests to tap subtle abnormalities often present in these 
groups. One solution is to adapt neuropsychological tasks to functional magnetic resonance 
imaging (fMRI) in order to record live brain activity during tic generation or cognitive and 
motor processing. In an elegant study using fMRI with GTS adults, Peterson et al. (1998) 
compared brain activity during blocks of time, during which tics were voluntarily 
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suppressed or not suppressed. During tic suppression, prefrontal cortical, thalamic and 
basal ganglia areas were activated and less activation corresponded with higher tic severity 
which was consistent with volumetric studies.  

In addition, there is often a problem in planning and execution of motor action in GTS. One 
of the first fMRI study investigating motor functions in GTS showed heightened activation 
in premotor cortex and SMA during a finger tapping task (Biswal et al., 1998). This, 
however, could depend on a non selective overactivity of the motor system or on a problem 
in modulating effort. To address that question, Serrien et al., (Serrien et al., 2002) showed 
that the SMA of the GTS patients have small or greatly reduced activation when executing a 
manipulative task as compared with a baseline condition. Nonetheless, cortical areas 
involved in movement preparation were continuously activated. It was hypothesized that 
the constant activation of SMA may explain the involuntary urges to move, preventing an 
accurate planning of voluntary behavior. These first fMRI results suggest that the problem 
may not be unidirectional with over- or under- activation of motor-related brain networks, 
but can also relate to a problem of modulation of effortfull and goal directed behavior. This 
also suggests a deficit not only in motor response inhibition but also in cognitive control. 
Recent brain imaging findings seems to point towards greater activation of bilateral 
frontostriatal regions in GTS, which accompanied poorer performance on the Stroop, a well 
known task of cognitive inhibition. This finding implied that greater activation of the 
frontostriatal system helps to maintain task performance in individuals with GTS (Marsh, 
Zhu, Wang, Skudlarski, & Peterson, 2007). Another study (Baym, Corbett, Wright, & Bunge, 
2008) confirmed that GTS children exhibit increased activation in the direct pathway 
through the basal ganglia, as well as increased activation in the prefrontal cortex and the 
subthalamic nucleus during an inhibition control task. In that study, higher tic severity was 
associated with enhanced activation of dopaminergic nuclei, cortical, striatal and thalamic 
regions (i.e. direct pathway) and with greater engagement of the subthalamic nucleus area, 
suggestive of a compensatory mechanism.  

In summary, findings from both neuropsychology and neuroimaging suggest the presence 
of a dysfunction in a cortico-striatal-thalamo-cortical (CSTC) circuit loop. More precisely, 
recent findings pinpoint a chronic overactivation in cerebral regions associated with motor 
processing. Finally it seems that a problem of cognitive inhibition is present, which is likely 
to interfere with accurate planning and execution of voluntary movements. The next 
challenge is to seek integration of these functional neuroimaging results with real-time 
information processing in GTS. 

2.4 Cognitive electrophysiology and experimental neuropsychology in GTS 

As demonstrated in the previous section, despite recent developments in the understanding 
of GTS, most hypotheses consider the behavioral, cognitive and neurobiological levels 
independently, whereas an integrative model of GTS, that combines all levels of functioning, 
would address the relationship between these levels. Tools for such multi-level research 
would require sensitivity to high-speed cognitive processing, which changes in a matter of 
milliseconds in synchrony with a specific time-lock event. One solution is the Event-Related 
Potentials (ERP) which are cortical electrical deflections derived from the time-locked 
averaged EEG signal and labeled by their polarity and temporal ranges in milliseconds (i.e. 
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P300) (Sarason, Johnson, & Siegel, 1978). An initial study, using an auditory oddball1 
paradigm, with GTS patients, has shown an abnormal N100/P200 complex, while finding 
an intact P300 (Van de Wetering, Martens, Fortgens, Slaets, & van Woerkom, 1985) so, 
suggesting a deficit in attention and vigilance, but with intact memory updating processes. 
Other studies found larger N100 amplitude to both target and non-target stimuli, proposing 
that GTS patients allocate more attention than controls in processing both relevant and non 
relevant stimuli (van Woerkom, Roos, & van Dijk, 1994). However, recent findings with an 
auditory-visual oddball (Johannes, Wieringa, Nager et al., 2001), found a reduced amplitude 
of the P300 indicating an increased interference of visual task demands with auditory target 
perception, which suggested a deficit in cognitive control in GTS patients.  

Despite these interesting results, it has been unclear whether this particular problem is 
associated with a cognitive control deficit and/or with a core motor deficit interfering with 
cognitive control. An alternative hypothesis is that these results are not only the reflection of 
a deficit per se, but represent instead a mechanism that acts to overcome a motor inhibition 
problem. For instance, the readiness potential (RP) activation was consistently larger over 
frontal and smaller over central areas in the GTS group (see Rothenberger et al., 1982; 1986) 
supporting a possible frontal compensation hypothesis. However, the extent to which the 
motor preparation is linked with actual cerebral activity has not been systematically 
analyzed. In one of our earlier studies, we showed that patients with chronic tic disorder 
failed to show any relationship between reaction times and cortical activation (i.e. RP) 
during a fore period reaction time task (O'Connor, Lavoie, Robert, Stip, & Borgeat, 2005). 
This finding supports the possibility that people with tic disorders may not be able to 
modulate cortical activation optimally when planning and executing motor responses.  

The caveat with the RP, nonetheless, resides in its high variability, probably reflecting 
overlapping of non motor as well as motor activity. Also, its early onset may implicate 
general anticipatory processes rather than the specific cortical preparation preceding 
movement (Trevena & Miller, 2002). To circumvent this problem, the Lateralized Readiness 
Potential (LRP), which has its generators in the primary motor cortex (Requin & Riehle, 
1995), the SMA (Rektor, 2002) and the basal ganglia (Rektor et al., 2003) represents an 
excellent candidate measure of motor processing, that could be affected in GTS. Specifically, 
the LRP has been shown to be a marker of selective motor activation, representing the 
differential engagement of the left and right motor cortices in the preparation and initiation 
of motor responses (Coles, 1989; Kutas & Donchin, 1980). The LRP could be analyzed time-
locked to the stimulus or to the response, reflecting two levels of processing (at premotor or 
at the motor level). Using LRPs, the team of Johannes et coll. (Johannes, Wieringa et al., 
2001b) failed to show any response-specific difference to GTS patients. In this paradigm, 
however, stimulus-locked LRPs were pooled across conditions and the peak amplitude was 
analyzed as a non-specific measure of motor processing, which may have reduced its 
sensitivity to detect any subtle motor processing differences. To resolve this limitation, we 
investigated LRPs in GTS adults across diverse conditions of stimulus-response interference 
(Thibault, O’Connor, Stip, & Lavoie, 2008). GTS groups showed faster response times and 
                                                 
1 During the oddball task, a train of rare stimuli is presented among frequent ones. The task is to 
identify rare-targets among frequents. This normally triggers the P300 component, which shows larger 
amplitude to the rare than to the frequent stimuli.  
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earlier LRP onset to the incompatible condition, which was correlated with tic severity. These 
findings support the hypothesis of faster motor program retrieval, congruent with the 
hypothesis of a neuro-modulatory mechanism. This allow a compensation mechanism to 
achieve normal or above normal motor performance (Biswal et al., 1998; Eidelberg et al., 1997). 
Interestingly, these results are consistent with observations that, for instance, activities that 
require focused attention and fine motor dexterity, such as playing a musical instrument are 
frequently associated with the momentary disappearance of tics (Swain et al., 2007). 

In sum, previous ERP studies showed, first, that people with GTS may not be able to 
modulate cortical activation optimally, when planning and executing motor responses, and 
secondly, they need to compensate to achieve normal of better performances. However, 
some results are contradictory and could be related to the presence of other symptomatic 
elements or to an erroneous diagnosis. To understand the specificity of other findings, we 
propose to propose to take into account more thoroughly the presence of other conditions 
often associated with problems of inhibition.  

2.5 The puzzling problem of inhibition in GTS and OCD 

Even if earlier findings are consistent with an inhibitory dysfunction hypothesis in GTS, 
there are a lot of inconsistencies in the literature and many studies find no evidence of such 
deficit in children (Channon, Pratt, & Robertson, 2003; Ozonoff & Jensen, 1999) and adults 
(Channon, Flynn, & Robertson, 1992; Channon et al., 2003; Ray Li, Hsu, Wang, & Ko, 2006). 
What could be the reason of these inconsistencies? To address that point, Ozonoff and 
collaborators (Ozonoff, Strayer, McMahon, & Filloux, 1998) suggested that inhibitory deficits 
could be largely caused by the presence of comorbid disorders that often arise in GTS. 
Indeed, the authors found no performance difference between relatively pure GTS (without 
comorbidity) and control children, in a negative priming task. In fact, only the GTS+ADHD 
and/or the OCD showed signs of an inhibitory dysfunction compared to controls and GTS 
without comorbidity. Again, the comorbidity factor appears very important in altering the 
neurocognitive profile of GTS. In general, frequent comorbidities between GTS and OCD, 
along with behavioral similarities between them, leads several researchers to propose that 
they might share common neurophysiological bases (Pauls, 1992; Pauls, Alsobrook, 
Goodman, Rasmussen, & Leckman, 1995; Pauls, Towbin, Leckman, Zahner, & Cohen, 1986; 
Sheppard et al., 1999).  

2.6 Inhibitory function and attention in dissociating GTS and OCD   

However, there are several points that discriminate GTS and OCD. Brain imaging 
investigations suggest that both GTS and OCD could be initially provoked by a default in 
inhibitory functions, caused by a metabolic reduction in basal ganglia structures projecting 
to either the prefrontal and primary motor cortices in GTS, or the orbitofrontal cortex and 
the anterior cingulate cortex in OCD (Menzies et al., 2008; Mink, 2001; Saxena, Brody, 
Schwartz, & Baxter, 1998; Sheppard et al., 1999). The prefrontal cortex plays an important 
role in the ability to orchestrate thought and action in accordance with internal goals and the 
means to achieve them (Miller & Cohen, 2001), while the primary motor cortex is 
responsible for simple static or repetitive movements as well as complex preprogrammed or 
spontaneous purposeful movements (Lassen & Ingvar, 1990). The orbitofrontal cortex 
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P300) (Sarason, Johnson, & Siegel, 1978). An initial study, using an auditory oddball1 
paradigm, with GTS patients, has shown an abnormal N100/P200 complex, while finding 
an intact P300 (Van de Wetering, Martens, Fortgens, Slaets, & van Woerkom, 1985) so, 
suggesting a deficit in attention and vigilance, but with intact memory updating processes. 
Other studies found larger N100 amplitude to both target and non-target stimuli, proposing 
that GTS patients allocate more attention than controls in processing both relevant and non 
relevant stimuli (van Woerkom, Roos, & van Dijk, 1994). However, recent findings with an 
auditory-visual oddball (Johannes, Wieringa, Nager et al., 2001), found a reduced amplitude 
of the P300 indicating an increased interference of visual task demands with auditory target 
perception, which suggested a deficit in cognitive control in GTS patients.  

Despite these interesting results, it has been unclear whether this particular problem is 
associated with a cognitive control deficit and/or with a core motor deficit interfering with 
cognitive control. An alternative hypothesis is that these results are not only the reflection of 
a deficit per se, but represent instead a mechanism that acts to overcome a motor inhibition 
problem. For instance, the readiness potential (RP) activation was consistently larger over 
frontal and smaller over central areas in the GTS group (see Rothenberger et al., 1982; 1986) 
supporting a possible frontal compensation hypothesis. However, the extent to which the 
motor preparation is linked with actual cerebral activity has not been systematically 
analyzed. In one of our earlier studies, we showed that patients with chronic tic disorder 
failed to show any relationship between reaction times and cortical activation (i.e. RP) 
during a fore period reaction time task (O'Connor, Lavoie, Robert, Stip, & Borgeat, 2005). 
This finding supports the possibility that people with tic disorders may not be able to 
modulate cortical activation optimally when planning and executing motor responses.  

The caveat with the RP, nonetheless, resides in its high variability, probably reflecting 
overlapping of non motor as well as motor activity. Also, its early onset may implicate 
general anticipatory processes rather than the specific cortical preparation preceding 
movement (Trevena & Miller, 2002). To circumvent this problem, the Lateralized Readiness 
Potential (LRP), which has its generators in the primary motor cortex (Requin & Riehle, 
1995), the SMA (Rektor, 2002) and the basal ganglia (Rektor et al., 2003) represents an 
excellent candidate measure of motor processing, that could be affected in GTS. Specifically, 
the LRP has been shown to be a marker of selective motor activation, representing the 
differential engagement of the left and right motor cortices in the preparation and initiation 
of motor responses (Coles, 1989; Kutas & Donchin, 1980). The LRP could be analyzed time-
locked to the stimulus or to the response, reflecting two levels of processing (at premotor or 
at the motor level). Using LRPs, the team of Johannes et coll. (Johannes, Wieringa et al., 
2001b) failed to show any response-specific difference to GTS patients. In this paradigm, 
however, stimulus-locked LRPs were pooled across conditions and the peak amplitude was 
analyzed as a non-specific measure of motor processing, which may have reduced its 
sensitivity to detect any subtle motor processing differences. To resolve this limitation, we 
investigated LRPs in GTS adults across diverse conditions of stimulus-response interference 
(Thibault, O’Connor, Stip, & Lavoie, 2008). GTS groups showed faster response times and 
                                                 
1 During the oddball task, a train of rare stimuli is presented among frequent ones. The task is to 
identify rare-targets among frequents. This normally triggers the P300 component, which shows larger 
amplitude to the rare than to the frequent stimuli.  
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earlier LRP onset to the incompatible condition, which was correlated with tic severity. These 
findings support the hypothesis of faster motor program retrieval, congruent with the 
hypothesis of a neuro-modulatory mechanism. This allow a compensation mechanism to 
achieve normal or above normal motor performance (Biswal et al., 1998; Eidelberg et al., 1997). 
Interestingly, these results are consistent with observations that, for instance, activities that 
require focused attention and fine motor dexterity, such as playing a musical instrument are 
frequently associated with the momentary disappearance of tics (Swain et al., 2007). 

In sum, previous ERP studies showed, first, that people with GTS may not be able to 
modulate cortical activation optimally, when planning and executing motor responses, and 
secondly, they need to compensate to achieve normal of better performances. However, 
some results are contradictory and could be related to the presence of other symptomatic 
elements or to an erroneous diagnosis. To understand the specificity of other findings, we 
propose to propose to take into account more thoroughly the presence of other conditions 
often associated with problems of inhibition.  

2.5 The puzzling problem of inhibition in GTS and OCD 

Even if earlier findings are consistent with an inhibitory dysfunction hypothesis in GTS, 
there are a lot of inconsistencies in the literature and many studies find no evidence of such 
deficit in children (Channon, Pratt, & Robertson, 2003; Ozonoff & Jensen, 1999) and adults 
(Channon, Flynn, & Robertson, 1992; Channon et al., 2003; Ray Li, Hsu, Wang, & Ko, 2006). 
What could be the reason of these inconsistencies? To address that point, Ozonoff and 
collaborators (Ozonoff, Strayer, McMahon, & Filloux, 1998) suggested that inhibitory deficits 
could be largely caused by the presence of comorbid disorders that often arise in GTS. 
Indeed, the authors found no performance difference between relatively pure GTS (without 
comorbidity) and control children, in a negative priming task. In fact, only the GTS+ADHD 
and/or the OCD showed signs of an inhibitory dysfunction compared to controls and GTS 
without comorbidity. Again, the comorbidity factor appears very important in altering the 
neurocognitive profile of GTS. In general, frequent comorbidities between GTS and OCD, 
along with behavioral similarities between them, leads several researchers to propose that 
they might share common neurophysiological bases (Pauls, 1992; Pauls, Alsobrook, 
Goodman, Rasmussen, & Leckman, 1995; Pauls, Towbin, Leckman, Zahner, & Cohen, 1986; 
Sheppard et al., 1999).  

2.6 Inhibitory function and attention in dissociating GTS and OCD   

However, there are several points that discriminate GTS and OCD. Brain imaging 
investigations suggest that both GTS and OCD could be initially provoked by a default in 
inhibitory functions, caused by a metabolic reduction in basal ganglia structures projecting 
to either the prefrontal and primary motor cortices in GTS, or the orbitofrontal cortex and 
the anterior cingulate cortex in OCD (Menzies et al., 2008; Mink, 2001; Saxena, Brody, 
Schwartz, & Baxter, 1998; Sheppard et al., 1999). The prefrontal cortex plays an important 
role in the ability to orchestrate thought and action in accordance with internal goals and the 
means to achieve them (Miller & Cohen, 2001), while the primary motor cortex is 
responsible for simple static or repetitive movements as well as complex preprogrammed or 
spontaneous purposeful movements (Lassen & Ingvar, 1990). The orbitofrontal cortex 
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appears to be fundamentally critical for outcome-guided behavior and also for facilitating 
changes in behavior in the face of unexpected outcomes (e.g. habit reversal) (Murray, 
O'Doherty, & Schoenbaum, 2007). In OCD, alteration of this circuit could be responsible for 
functional deficit in procedural memory as assessed by the pursuit rotor test (Roth, 
Baribeau, Milovan, O'Connor, & Todorov, 2004), while another study found that these 
functions were well preserved in GTS (Marsh, Alexander, Packard, Zhu, & Peterson, 2005). 
Common problems associated with both OCD as well as GTS may stem from their difficulty 
to inhibit interference from non-relevant cues. For instance, a semantic inhibition task 
revealed that GTS and OCD groups were consistently disadvantaged in the more 
demanding inhibition conditions compared to matched controls (Rankins, Bradshaw, & 
Georgiou-Karistianis, 2006). This difficulty to inhibit interference could also rely on a 
problem of overfocused attention particularly salient in OCD (Savage et al., 1994). This 
hypothesis was confirmed in ERP research, where attention-related components peaked at a 
faster latency in OCD (Towey et al., 1990; Towey et al., 1993; Towey et al., 1994) than in a 
control group, which was not found with GTS (Johannes, Wieringa, Nager et al., 2001; 
Johannes et al., 2002; van Woerkom, Fortgens, Rompel-Martens, & Van de Wetering, 1988).  

2.7 Inhibitory and sensorimotor integration specificity in GTS 

Even if these findings underline differences and similarities in GTS and OCD, only few ERP 
investigations have compared pure GTS, comorbid GTS+OCD and pure OCD in the same 
experiment. One of our recent study (Thibault et al., 2008) focusing on comorbidity in GTS, 
showed a normal P200, whilst the P300 amplitude was clearly affected by the occurrence of 
clinical symptoms. The OCD and the GTS+OCD group showed reduced rare-target P300 
amplitude, mainly in the right anterior region, but otherwise did not differ significantly 
from each other. The target P300 amplitude was also negatively correlated with OCD, which 
confirmed numerous findings reported in OCD (Beech, Ciesielski, & Gordon, 1983; Malloy, 
Rasmussen, Braden, & Haier, 1989; Miyata et al., 1998; Morault, Guillem, Bourgeois, & Paty, 
1998; Morault, Bourgeois, Laville, Bensch, & Paty, 1997; Oades, Dittmann-Balcar, Schepker, 
Eggers, & Zerbin, 1996; Sanz, Molina, Martin-Loeches, Calcedo, & Rubia, 2001; Thibault et 
al., 2008; Towey et al., 1994). Conversely, participants suffering from GTS showed larger 
target P300 amplitude, positively correlated with tic frequency. These results suggest that 
OCD and GTS symptoms have opposing influences on the P300 amplitude during a non-
motor oddball task. During a motor inhibition task, however, the profile was different. 
Inhibitory mechanisms were investigated in a go-nogo task to assess whether sensorimotor 
integration processes are similar in GTS and OCD (Johannes, Wieringa et al., 2001a). Results 
showed that the ‘no-go’ were associated with a frontal shift of the so-called NGA2 in the 
GTS, but not in the OCD group. With a comparable STOP-task, we also found results similar 
to Johannes et al., (Johannes, Wieringa et al., 2001a) where the NGA related to the 
stop/inhibition was larger over frontal areas in the GTS group even in the absence of OCD 
comorbidity (Thibault et al., 2009). This finding led to the hypothesis that an overactivated 
frontal inhibitory function is specific to GTS patients. 
                                                 
2 The No-Go anteriorization (NGA) is a frontally distributed ERP more prominent in response to 
response inhibition at approximately 400 ms post-stimulus. It represents a subtraction (e.g. voltage 
subtraction between go and no-go ERPs).  
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2.8 GTS children growing up: A model of inhibition and developmental neuroplasticity 

GTS is characterized by its fluctuating nature over time, and its developmental trajectory 
needs to be considered. Through longitudinal studies, certain hypotheses have underlined 
cerebral anomalies associated with symptoms persistency in adulthood. Peterson and 
collaborators (Peterson et al.2001) proposed that because it is present in every age group, the 
hypometabolism of the caudate nucleus could constitute a feature of GTS. Moreover, the 
volume decrease of the putamen, the internal globus pallidus and prefrontal areas, as well 
as the increase of volume of premotor areas, are uniquely present among adults, which 
suggests that they are associated with specific pathological mechanisms contributing to the 
maintenance or inhibition of symptoms among sub-groups of adult with significant 
symptoms of GTS persisting during adulthood. Among these individuals, there seems to be 
a failure of cerebral plasticity mechanisms that allows compensating the presence of tics by 
an overactivation of a motor inhibition process. Unlike adults, children with GTS have a 
larger orbitofrontal volume (Peterson 2001; Peterson et al.2001; Spessot, Plessen, & Peterson, 
2004), which would constitute an adaptive plasticity in response to the expression of tics 
which, in turn, would help to inhibit them more easily. With the maturation of the 
prefrontal cortex during adolescence, this mechanism could gain strength and explain the 
symptom decrease during adolescence and early adulthood. Among adults with persisting 
symptoms, this prefrontal compensation could not occur. The decrease in volume of the 
putamen and globus pallidus, and thus the increase in volume of the premotor area, would 
only be secondary to this compensation. 

These neurodevelopmental observations are compatible with current cognitive-behavioral 
models (O'Connor, 2002; O'Connor, 2005; O'Connor et al., 2009). If the evolution and 
fluctuation of symptoms is related to a form of cerebral plasticity, then we propose that 
cognitive-behavioral treatment (CBT) will, in turn, improve symptoms as well as favoring 
neurophysiological changes corresponding to a normalization of cerebral function, a 
phenomenon which has recently been observed by our team (Branet, Hosatte-Ducassy, 
O’Connor, & Lavoie, 2010; Lavoie, Imbriglio, Stip & O'Connor,  2011; O'Connor 2005; 
O'Connor et al. 2001; O'Connor et al. 2008). 

3. Treatment approaches with Gilles de la Tourette Syndrome  
3.1 Pharmacological treatments 

Pharmacological treatments remain the intervention of choice to help people with GTS. 
Various treatments have been proposed to help patients, but the majority of prescription 
drugs as much among adults as among children with GTS, show a variable response, even 
sometimes on the same individual. From the beginning, let us mention that no drug can lead 
to the complete remission of this syndrome and the dosage is usually graduated according 
to the presence of the dominant tic or behavioral symptoms. Because of the dominant 
hypothesis of tics as a problem of the motor CSTC circuit and the dopaminergic system, 
dopamine antagonist neuroleptics are routinely the main treatment. Therefore, many 
researchers have observed that pharmacological agents that trigger an increase (agonist) in 
dopaminergic functions will exacerbate tics (Golden, 1974; Price, Leckman, Pauls, Cohen, & 
Kidd, 1986; Riddle, Hardin, Towbin, Leckman, & Cohen, 1987), whereas those that bring a 
decrease (antagonist) of the dopaminergic action tend to reduce the tic frequency (Shapiro et 
al., 1989; Lombroso et al., 1995).  
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appears to be fundamentally critical for outcome-guided behavior and also for facilitating 
changes in behavior in the face of unexpected outcomes (e.g. habit reversal) (Murray, 
O'Doherty, & Schoenbaum, 2007). In OCD, alteration of this circuit could be responsible for 
functional deficit in procedural memory as assessed by the pursuit rotor test (Roth, 
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target P300 amplitude, positively correlated with tic frequency. These results suggest that 
OCD and GTS symptoms have opposing influences on the P300 amplitude during a non-
motor oddball task. During a motor inhibition task, however, the profile was different. 
Inhibitory mechanisms were investigated in a go-nogo task to assess whether sensorimotor 
integration processes are similar in GTS and OCD (Johannes, Wieringa et al., 2001a). Results 
showed that the ‘no-go’ were associated with a frontal shift of the so-called NGA2 in the 
GTS, but not in the OCD group. With a comparable STOP-task, we also found results similar 
to Johannes et al., (Johannes, Wieringa et al., 2001a) where the NGA related to the 
stop/inhibition was larger over frontal areas in the GTS group even in the absence of OCD 
comorbidity (Thibault et al., 2009). This finding led to the hypothesis that an overactivated 
frontal inhibitory function is specific to GTS patients. 
                                                 
2 The No-Go anteriorization (NGA) is a frontally distributed ERP more prominent in response to 
response inhibition at approximately 400 ms post-stimulus. It represents a subtraction (e.g. voltage 
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sometimes on the same individual. From the beginning, let us mention that no drug can lead 
to the complete remission of this syndrome and the dosage is usually graduated according 
to the presence of the dominant tic or behavioral symptoms. Because of the dominant 
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dopamine antagonist neuroleptics are routinely the main treatment. Therefore, many 
researchers have observed that pharmacological agents that trigger an increase (agonist) in 
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Haloperidol (neuroleptic) and clonidine (antihypertensive) are currently the favored 
medication for the management of tics (Bruun & Budman, 1996; Dion, Annable, Sandor, & 
Chouinard, 2002; Gilbert et al., 2004; Scahill, Leckman, Schultz, Katsovich, & Peterson, 2003). 
Among children and teenagers, controlled trials have shown that the frequency of tics 
decreases by 50% after the use of haloperidol or pimozide (Sallee, Nesbitt, Jackson, Sine, & 
Sethuraman, 1997). However, typical antipsychotics like Haldol may cause extrapyramidal 
signs, characterized by involuntary movements, impatience and a need to constantly move 
and significant trembling among other symptoms. Atypical drug therapy or drug 
combinations are reserved for more complex cases as well as in the presence of associated 
disorders. However, side effects also occur in approximately 80% of individuals, and only 20-
30% of patients afflicted with GTS continue pharmacological treatment for an extended period 
(Peterson, Campise, & Azrin, 1994). The effectiveness of risperidone (atypical neuroleptic) has 
progressively been proven to reduce tics, despite the possibility of significant long term side 
effects, such as an increased risk of hyperglycemia and diabetes (see review of Lavenstein, 
2003). Other pharmacological agents (antidepressants or other neuroleptics) can provide 
positive results in reducing tics, but these results are often inconsistent and generally come 
from unique cases, non randomized trials (Pringsheim & Marras, 2009).  

In addition, the consumption of psychostimulants (e.g. methylphenidate) was not 
recommended given the increase in tics in children with concomitant ADHD (Bremness & 
Sverd, 1979; Golden, 1974; Golden, 1977). However, the majority of recent studies showed 
that psychostimulants decrease ADHD symptoms without involving much of an increase in 
the long-term tics (for a review see Erenberg, 2006). Furthermore, other studies have shown 
that the tic increase due to psychostimulants, is no longer visible after approximately 18 
weeks of treatment,  so challenging the restriction on the use of psychostimulants among 
children with GTS and ADHD (Debes, Hjalgrim, & Skov, 2009). However, it is the 
caregiver’s responsibility to inform the family of the possible secondary effects of 
psychostimulants.  

3.2 Cognitive-behavioral treatment  

Alternative treatments have shown some success with tic management, including 
hypnotism, relaxation, muscle feedback, awareness training, negative reinforcement, 
response prevention and massed practice (Bergin et al., 1998; Azrin et Peterson, 1988; 1990). 
Therapeutic interventions target not only tic symptoms, but also coping strategies that can 
modify the unique impact that GTS symptoms may have on an individual's well being 
(Petersen and Cohen, 1998). The most compelling treatment medium for managing the tics 
themselves seems to be behavioral treatment, in particular ‘habit reversal’ (HR) (Azrin and 
Peterson, 1988). This package involves multiple stages, including relaxation, awareness, 
contingency training and positive reinforcement of not ticcing and the crucial element of 
practice of a competitive antagonistic response. This latter technique involves tensing the 
muscle antithetical and incompatible with the tic-implicated muscle. Awareness training 
and competing response training seem the most crucial elements of the program 
(Miltenberger et al., 1988), which can be applied to both tics and habit disorders. Three 
developmentally normal adolescents with chronic hair pulling were treated with a 
simplified HR procedure and resulted in an immediate reduction to near-zero levels of hair 
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pulling, with one to three booster sessions required to maintain these levels (Rapp et al., 
1998). Azrin & Peterson (1988) report an improvement of between 64-100% in several 
studies using this method in populations with both simple tics and/or GTS. Peterson & 
Azrin, (1992) compared the efficacy of awareness, relaxation, and HR in six participants 
using a within participants design. HR produced the largest overall reduction in tics (55%) 
and led to the largest reduction in total tics (95%) for any individual, but there was no 
significant difference between treatments. In an initial wait-list controlled treatment trial, a 
cognitive-behavioral package based on HR showed significant post treatment clinical 
improvement for 52% of the adult patients (O'Connor et al. 2001).  

However, these results were collected during experiments with small numbers of 
participants from various populations affected with chronic tics, GTS or habit disorders. 
Recently this type of behavioral therapy was evaluated in a multi-site randomized 
controlled trial which followed 126 children between 9 to 17 years-old afflicted with GTS or 
chronic tic (Piacentini et al., 2010). In this study, all children were randomly assigned to 8 
sessions of behavioral therapy during 10 weeks or to equivalent support and education 
therapy sessions. The sessions of behavioral treatment helped to significantly decrease the 
tic symptoms in comparison with the support therapy (in 53% vs. 19% of cases respectively) 
with, in addition, the effects lasting 6 months in 87% of cases.  

3.3 Multilevel treatment of GTS: Integrating cognitive, behavioral and 
neurophysiological findings 

Over the last 10 years, our group has conducted a number of studies exploring the cognitive 
behavioral and psychophysiological manifestations of motor activation in GTS/Chronic Tic, 
with the aim of linking the multi-level processes evoking tic onset with behavioral 
management procedures (Lavoie et al., 2008; Leclerc et al., 2008; O'Connor, 2005;  O'Connor, 
2005; O'Connor et al., 2009; O'Connor et al., 2005; O'Connor et al., 2008; Thibault et al., 2009). 
As part of the research program, we developed a style of planning questionnaire (STOP) 
which measures style of planning in everyday life. The STOP has now been validated and 
has good reliability and discriminates between tic disorder and controls,  (O'Connor, 2005). 
Its three main factors are: overactivity, overpreparation and overrigidity in planning action. 
The results suggest that all GTS show elevated scores on the first two factors. In addition, 
the overactivity subscale correlates highly with the Tourette symptom global subscale of 
motor restlessness. 

These experimental and clinical findings have led to elaboration of a cognitive 
behavioral/psychophysiological model of treatment (O'Connor, 2005) which proposes: 1) an 
over-active style of planning that prevents optimal preparation for action; 2) this style leads 
to problems regulating arousal/inhibition processes particularly under circumstances where 
regulation is open-looped, controlled, and has unpredictable parameters; 3) such high levels 
of motor activation create tension and frustration and are likely to evoke ticcing; 4) hence a 
CBT package which addresses the cognitive psychophysiological sources of motor activation 
who will reduce background tension and prevent tic onset. Whereas traditional HR targets 
solely the tic implicated muscle in a competing response, an important additional 
component in our CBT program is modification of excessive overall motor activation, by 
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targeting cognitive and behavioural/physiological sources creating tension. An initial study 
using this CBT program demonstrated its efficacy on 47 chronic tic and 43 habit disorder 
(other manual impulse disorder, e.g., hair pulling, nail biting, teeth grinding) receiving a 4-
month treatment program. Thirty-eight (22 chronic tic TD, 16 habit disorders) were placed 
on a wait-list control group, which subsequently received treatment. The treatment 
approach combined awareness training, relaxation (including modification of a tension-
producing overactive style of action), and habit-reversal training, with more general 
cognitive restructuring of anticipations linked to ticcing. Sixty-five percent of completers 
reported between 75 and 100% control over the tic. At 2-year follow-up, 52% rated 75-100% 
control. There were also significant changes post-treatment in measures of self-esteem, 
anxiety, depression and style of planning action (O'Connor et al., 2001). The majority of 
participants in this study were diagnosed with light to moderate symptoms. 

3.4 Cognitive-behavioral treatment and his impact on brain plasticity 

A strong relationship has also been found between symptom reduction following a CBT and 
brain glucose metabolism in patients with OCD. Using PET imaging, Baxter et al., (Baxter, 
1990) found a decrease in the glucose metabolic rate in the right head of the caudate nucleus 
when OCD was treated successfully with fluoxetine or CBT. A further investigation (Brody 
et al., 1998) suggested that subjects with differing patterns of metabolism preferentially 
respond to CBT versus medication. Left orbital-frontal cortex metabolism alone was selected 
as predicting treatment response in the CBT treated group. 

Our team also found interesting impact of CBT on motor dexterity (O'Connor et al., 2008) as 
well as comparable effect of CBT on those receiving or not medication (O'Connor et al., 
2009). One recent research also showed not only behavioral, but also electro-cortical effects 
post CBT. Thus, before treatment, GTS patients showed reduced electrophysiological 
response in comparison with the control group during a motor inhibition task. Following 
CBT administration, this response was normalized concomitantly with decrease of tics 
frequency (Lavoie et al., 2011). Despite the innovation and evolutionary character of this 
model, more studies are nonetheless necessary in order to validate the foundation and the 
efficiency of this intervention program to better assist clinicians in an innovative way. 

In sum, CBT and pharmacotherapy focusing on motor regulation can lead to significant 
clinical improvement in GTS. Brain imaging results after CBT and/or pharmacotherapy in 
patients with OCD also suggest strong relationships between altered brain activity and 
symptoms reduction. 

4. Conclusion 
GTS is a complex neuropsychiatric disorder that affects more people than previously 
thought. In the last decade, past research has made progress in the treatment of this 
syndrome, but many questions remain open. Why many patients failed to respond to 
current treatment?  Why are they often misdiagnosed? Are the symptoms really 
disappearing in adults? These questions can only be approached with a multidisciplinary 
team combining neurologist, psychologist and neuroscientist from different background. So, 
a unidisciplinary approach disallows integrating the cognitive, structural and the functional 
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levels of cerebral functioning. Structured interviews are valuable to follow up on clinical 
states, but they only yield superficial or indirect information on brain functioning. A 
coherent model of GTS from a single approach is unlikely, since this pathology is 
multifaceted. A cognitive-behavioral approach links impairments with the clinical 
expression of the illness that will impact on therapeutic strategies. However, it provides 
little information about the cerebral roots of the disease. Neuropsychology allows valid 
inferences about discrete anomalies, but inferences are mainly based on our knowledge of 
focal lesions, not on functional disorders. Brain imaging is appropriate for identifying 
localized metabolic abnormalities. However, it is limited by its low temporal resolution that 
does not take account of the real-time dynamics of the neurocognitive mechanisms involved 
in the cascade of information processing (Logothetis, 2008). ERPs provide clues to the 
cerebral activation underlying cognitive processes. But the activity recorded over the scalp 
might also reflect deeper subcortical activity, which can be only extrapolated or modeled 
through the analysis of multiple generating sources at best. Moreover, the scalp distribution 
has often been neglected in clinical studies, so losing both spatial and temporal resolution. 
However, the ERP approach might still be insufficient because the main limitation will 
always reside in its low spatial resolution even with a larger electrode array. An alternative 
will be the use of fMRI cluster techniques to seed dipoles into the EEG head model. Another 
important point is to anchor both measures to behavioral and neurocognitive expressions of 
GTS and OCD. As a result, other associated symptoms are often underestimated in 
populations of GTS, leading to incorrect diagnostic or treatment. To address that issue, we 
propose in depth neuropsychological evaluation as well as brain activity recordings in order 
to characterize a particular profile pertaining to GTS and/or OCD groups. The potential 
benefit of the current approach will be to extract a complete profile allowing prediction of 
symptom development or treatment success. 

From a clinical perspective, effective and individualized therapeutic action should not only 
include the modification of motor symptoms and inhibition, but should also include 
cognitive strategies to deal with tics. It is necessary to broaden our conception of GTS in 
order to see it not only as a neurological, but also as a psychobiological syndrome, because a 
multifactorial treatment induces a maximal effect on many levels and helps to decrease and 
to better manage the frequency and intensity of the symptoms. This approach needs to 
combine nonetheless both cognitive and behavioral perspective, while taking into account 
physiological aspects that can also exacerbate the behavioral reaction. 

In conclusion, two considerations seem fundamental for the development of specialized 
interventions for GTS in the near future. First, integrating psychophysiological technology 
as an instrument of treatment: these new possibilities can support cognitive and behavioral 
management through learning self-controlled strategies. Second, the dissemination of study 
results on alternate interventions or other front lines must be done. Finally, treatments for 
GTS symptoms, empirically acknowledged to be effective, should be known by the public 
and be more accessible.   
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targeting cognitive and behavioural/physiological sources creating tension. An initial study 
using this CBT program demonstrated its efficacy on 47 chronic tic and 43 habit disorder 
(other manual impulse disorder, e.g., hair pulling, nail biting, teeth grinding) receiving a 4-
month treatment program. Thirty-eight (22 chronic tic TD, 16 habit disorders) were placed 
on a wait-list control group, which subsequently received treatment. The treatment 
approach combined awareness training, relaxation (including modification of a tension-
producing overactive style of action), and habit-reversal training, with more general 
cognitive restructuring of anticipations linked to ticcing. Sixty-five percent of completers 
reported between 75 and 100% control over the tic. At 2-year follow-up, 52% rated 75-100% 
control. There were also significant changes post-treatment in measures of self-esteem, 
anxiety, depression and style of planning action (O'Connor et al., 2001). The majority of 
participants in this study were diagnosed with light to moderate symptoms. 

3.4 Cognitive-behavioral treatment and his impact on brain plasticity 

A strong relationship has also been found between symptom reduction following a CBT and 
brain glucose metabolism in patients with OCD. Using PET imaging, Baxter et al., (Baxter, 
1990) found a decrease in the glucose metabolic rate in the right head of the caudate nucleus 
when OCD was treated successfully with fluoxetine or CBT. A further investigation (Brody 
et al., 1998) suggested that subjects with differing patterns of metabolism preferentially 
respond to CBT versus medication. Left orbital-frontal cortex metabolism alone was selected 
as predicting treatment response in the CBT treated group. 

Our team also found interesting impact of CBT on motor dexterity (O'Connor et al., 2008) as 
well as comparable effect of CBT on those receiving or not medication (O'Connor et al., 
2009). One recent research also showed not only behavioral, but also electro-cortical effects 
post CBT. Thus, before treatment, GTS patients showed reduced electrophysiological 
response in comparison with the control group during a motor inhibition task. Following 
CBT administration, this response was normalized concomitantly with decrease of tics 
frequency (Lavoie et al., 2011). Despite the innovation and evolutionary character of this 
model, more studies are nonetheless necessary in order to validate the foundation and the 
efficiency of this intervention program to better assist clinicians in an innovative way. 

In sum, CBT and pharmacotherapy focusing on motor regulation can lead to significant 
clinical improvement in GTS. Brain imaging results after CBT and/or pharmacotherapy in 
patients with OCD also suggest strong relationships between altered brain activity and 
symptoms reduction. 

4. Conclusion 
GTS is a complex neuropsychiatric disorder that affects more people than previously 
thought. In the last decade, past research has made progress in the treatment of this 
syndrome, but many questions remain open. Why many patients failed to respond to 
current treatment?  Why are they often misdiagnosed? Are the symptoms really 
disappearing in adults? These questions can only be approached with a multidisciplinary 
team combining neurologist, psychologist and neuroscientist from different background. So, 
a unidisciplinary approach disallows integrating the cognitive, structural and the functional 
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levels of cerebral functioning. Structured interviews are valuable to follow up on clinical 
states, but they only yield superficial or indirect information on brain functioning. A 
coherent model of GTS from a single approach is unlikely, since this pathology is 
multifaceted. A cognitive-behavioral approach links impairments with the clinical 
expression of the illness that will impact on therapeutic strategies. However, it provides 
little information about the cerebral roots of the disease. Neuropsychology allows valid 
inferences about discrete anomalies, but inferences are mainly based on our knowledge of 
focal lesions, not on functional disorders. Brain imaging is appropriate for identifying 
localized metabolic abnormalities. However, it is limited by its low temporal resolution that 
does not take account of the real-time dynamics of the neurocognitive mechanisms involved 
in the cascade of information processing (Logothetis, 2008). ERPs provide clues to the 
cerebral activation underlying cognitive processes. But the activity recorded over the scalp 
might also reflect deeper subcortical activity, which can be only extrapolated or modeled 
through the analysis of multiple generating sources at best. Moreover, the scalp distribution 
has often been neglected in clinical studies, so losing both spatial and temporal resolution. 
However, the ERP approach might still be insufficient because the main limitation will 
always reside in its low spatial resolution even with a larger electrode array. An alternative 
will be the use of fMRI cluster techniques to seed dipoles into the EEG head model. Another 
important point is to anchor both measures to behavioral and neurocognitive expressions of 
GTS and OCD. As a result, other associated symptoms are often underestimated in 
populations of GTS, leading to incorrect diagnostic or treatment. To address that issue, we 
propose in depth neuropsychological evaluation as well as brain activity recordings in order 
to characterize a particular profile pertaining to GTS and/or OCD groups. The potential 
benefit of the current approach will be to extract a complete profile allowing prediction of 
symptom development or treatment success. 

From a clinical perspective, effective and individualized therapeutic action should not only 
include the modification of motor symptoms and inhibition, but should also include 
cognitive strategies to deal with tics. It is necessary to broaden our conception of GTS in 
order to see it not only as a neurological, but also as a psychobiological syndrome, because a 
multifactorial treatment induces a maximal effect on many levels and helps to decrease and 
to better manage the frequency and intensity of the symptoms. This approach needs to 
combine nonetheless both cognitive and behavioral perspective, while taking into account 
physiological aspects that can also exacerbate the behavioral reaction. 

In conclusion, two considerations seem fundamental for the development of specialized 
interventions for GTS in the near future. First, integrating psychophysiological technology 
as an instrument of treatment: these new possibilities can support cognitive and behavioral 
management through learning self-controlled strategies. Second, the dissemination of study 
results on alternate interventions or other front lines must be done. Finally, treatments for 
GTS symptoms, empirically acknowledged to be effective, should be known by the public 
and be more accessible.   
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1. Introduction 
Serotonin syndrome is a neurological disorder primarily associated with inappropriate uses 
of serotonin (5HT)-promoting drugs such as serotonin reuptake inhibitors (SRIs), 
monoamine oxidase inhibitors (MAOIs) or 3,4-Methylenedioxymethamphetamine (MDMA; 
Ecstasy) (Boyer et al., 2005; Karunatilake et al., 2006; Parrott, 2002; Paruchuri et al., 2006). The 
primary cause of the syndrome is due to a global increase in brain 5HT that can potentially 
activate all 14 subtypes of 5HT receptors (5HTRs). However, the significance of a given 
subtype contributing to the syndrome is not always the same, depending on the amount of 
5HT evoked by drugs, physical condition of individual patients and even surrounding 
environment of drug administration. As a result, signs and symptoms of the syndrome vary 
widely (Mills, 1995) and thus it has been a clinical challenge to get an accurate diagnosis. 
Regardless, it has been recognized since the early 1990’s that the symptoms of the syndrome 
can be generally classified into 3 categories: mental state changes (mood swings), 
neuromuscular hyperactivity and autonomic dysfunction (Sternbach, 1991). Among these, 
neuromuscular and autonomic symptoms can be replicated in laboratory animals with 
MAOIs combined with 5HT precursors (Shioda et al., 2004) or by MDMA at a high dose 
(Baumann et al., 2008a; Spanos et al., 1989). Thus, despite many difficulties in clinical 
research, there are some great advances in understanding serotonin syndrome thanks 
primarily to preclinical investigation in animals.  

Increasingly, the term “serotonin toxicity” has been used interchangeably with “serotonin 
syndrome”, particularly in MDMA-related research. This is mainly because MDMA at high 
doses could cause a reduction in 5HT content in the brain and possibly axonal degeneration 
(Bhide et al., 2009; Malberg et al., 1998). In fact, there is no evidence indicating that clinically 
relevant doses of MDMA could produce such effects or neural death although symptoms of 
the serotonin syndrome occur [details reviewed by (Baumann et al., 2007)]. For these 
reasons, we avoided using the term “toxicity” in this study unless more relevant 
information such as levels of cell death is available in clinically relevant literature. 

To address the neurological mechanisms underlying the cause of the serotonin syndrome, 
we will review recent research findings on how brain 5HT is dynamically altered following 
administration of 5HT-promoting drugs by which the syndrome would potentially be 
evoked. We will focus on preclinical data since most experimental studies have been carried 
out in rodents (rats and mice). If available, human data will also be included for comparison. 
Additionally, the role of 5HT receptors in the syndrome will be discussed. 
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2. Dynamic changes in 5HT concentration 
Despite the fact that brain 5HT can be found in both the extracellular space and intracellular 
compartments, extracellular 5HT (5HText) is the one involved in neurotransmission in the 
brain. Therefore, first of all, we will review literature on 5HText concentration which, in 
normal physiological condition, likely reflects the functional activity of serotonergic 
neurons. While an exhaustive literature review is not possible here, representative findings 
will be mentioned. For comparison, data related to the level of intracellular 5HT (non-
functional component) will also be included. Pharmacologically, 5HT-promoting drugs 
could elevate 5HText to a particular level resulting in improvement of behavioral response 
and enhancement of mood without causing mental impairment. Thus in the second part we 
will review literature concerning the 5HText level at which behavioral incompetence can be 
improved in response to 5HT-promoting drugs. Thirdly, we will seek evidence of the upper 
limit level (threshold) above which 5HText is too high in the brain and potentially causes 
serotonin syndrome. 

2.1 Normal extracellular concentration 

As a neurotransmitter, 5-hydroxytryptamine (5HT; serotonin) is synthesized mainly at 
serotonergic axon terminals through decarboxylation of 5-hydroxytryptophan (5HTP). 
Newly synthesized 5HT molecules have three possible fates as follows:  

1. uptaken into vesicles by the vesicular monoamine transporter-2 (VMAT2);  
2. oxidized by mitochondrial monoamine oxidase-A (MAOA) followed by aldehyde 

dehydrogenase into 5-hydroxyindoleacetic acid (5HIAA);  
3. spontaneously released into the extracellular space through reverse transporters (Gobbi 

et al., 1993).  

However, newly synthesized 5HT molecules are not randomly or equally directed into these 
three pathways. Their direction depends on physical states and drug action properties in 
medication. Normally, almost all newly synthesized 5HT molecules are uptaken into 
vesicles against concentration gradients. Although little is known about mammalian 
vesicular 5HT concentrations, it is suggested that there may be 270 mM (or 1.6 x 1023 
molecules)  in a 5HT vesicle of leech Retzius neurons (Bruns et al., 1995; Bruns et al., 2000). 
Generally in the brain, over 99% of 5HT molecules are stored in the synaptic vesicles. The 
amount of intracellular 5HT can be estimated using homogenized brain tissue. However, it 
should be kept in mind that the measures likely mirror intensity of serotonergic 
innervations (Schaefer et al., 2008), but not functional activity of neurotransmission. 
Nevertheless, the range of 5HT content in the homogenized brain is 1 to 2 nmol/g 
(Baumann et al., 2008a; Bhide et al., 2009; Grahame-Smith et al., 1974; Malberg et al., 1998). 
Moreover, raphe nuclei have relatively higher contents than other regions (Adell et al., 
1991b). A similar range is also found in the mouse brain (Kim et al., 2005; Pothakos et al., 
2010).  

Several studies have been carried out to measure 5HT content in the post-mortem human 
brain (Parsons et al., 1992; Seidl et al., 1999). In general, 5HT is in the range of 100-400 
pmol/g in homogenized tissues. Since 5HT is rapidly oxidized in the post-mortem tissues, it 
is likely that the level in the human brain is underestimated.  
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5HText is considered to be critical in maintaining mood and other affective functioning, 
although normally its quantity is estimated to be less than 0.1% of total 5HT molecules in 
the brain. At such an exceptionally small quantity, it is a challenge to determine its level in 
the human brain. Indeed, a PubMed search indicates that there are no relevant data 
available in clinical literature. Despite this, highly sensitive approaches have been 
developed during the last two decades for laboratory animals. For instance, Adell et al. 
measured 5HText in the cerebrospinal fluid using conventional microdialysis in the frontal 
cortex, striatum, hypothalamus, hippocampus, inferior colliculus and raphe nuclei, 
demonstrating that the 5HText concentration is in the range of 0.5-2 nM (Adell et al., 1991b). 
Thus, it appears that 5HText in the rat cerebrospinal fluid is at a low nanomolar level. The 
same conclusion has been obtained by other studies with rats and mice using zero-net-flux 
microdialysis (Calcagno et al., 2007; Gardier et al., 2003; Mathews et al., 2004; Tao et al., 2000). 

The amount and distribution of 5HT into the extracellular space are strongly implicated in 
many mental health problems. Physiologically, the concentration of 5HText is constantly kept 
at a state of equilibrium, involving balanced regulation between spontaneous release, 
5HT1AR feedback inhibition and reuptake mechanisms as demonstrated in in vitro and in 
vivo studies (Becquet et al., 1990; Blier, 2001; Sharp et al., 2007; Wolf et al., 1986). On the other 
hand, the intracellular concentration in vesicles of serotonergic terminals is at a high 
milimolar (mM) level, implying that intracellular 5HT can rapidly elevate 5HText to an 
extraordinary level in response to 5HT-promoting drugs. The response scale can be widely 
variable, ranging from a several-fold to a hundred-fold increase (Rutter et al., 1995; Shioda et 
al., 2004; Zhang et al., 2009). Neuropharmacological investigations into the level of increased 
5HText in response to 5HT-promoting drugs will be highlighted in the next section. 

2.2 Therapeutic elevation of 5HText by 5HT-promoting drugs 

Many psychoactive drugs used for patients are able to elevate 5HText in the brain. To better 
elucidate the neuropharmacological range of extracellular concentrations, we focus on three 
categories of 5HT-promoting drugs: serotonin reuptake inhibitors (SRIs), monoamine 
oxidase inhibitors (MAOIs) and 5-hydroxyl-L-tryptophan (5HTP). SRIs, which elevate 
5HText by blocking 5HT from reentering synapses, have been widely prescribed for decades 
in the treatment for depression, anxiety and posttraumatic stress disorders. MAOIs are one 
of the oldest classes of antidepressants, functioning by increasing extravesicular 
accumulation and spontaneous release. 5HTP is the immediate precursor compound for 
5HT synthesis, which is considered to be an important supplemental ingredient in 
promoting mood (Parker et al., 2011). Altogether, 5HText elevation is a part of critical 
mechanisms in the course of medical treatment for some mental diseases although other 
mechanisms based on 5HT receptors and relevant intracellular signaling pathways are also 
involved (Sharp et al., 2011). Up to date, laboratory methods for determining 5HT release in 
patients’ brain are not available and thus how much elevation of 5HText is sufficient to 
improve mental health in humans is unknown. The relevant knowledge on the 
neurochemical effects of these drugs is almost exclusively obtained by animal studies.  

There are several members in the SRI family, mainly (but not exhaustively) comprising 
selective serotonin reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake inhibitors 
(SNRIs) and tricyclic antidepressants (TCAs). For the last three decades a variety of 
approaches and treatment protocols have been examined on animals to investigate how 
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Generally in the brain, over 99% of 5HT molecules are stored in the synaptic vesicles. The 
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Moreover, raphe nuclei have relatively higher contents than other regions (Adell et al., 
1991b). A similar range is also found in the mouse brain (Kim et al., 2005; Pothakos et al., 
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these drugs act against 5HT reuptake into serotonergic neurons in the brain. It appears that 
acute systemic injection could cause only a regionally selective increase in 5HText (Beyer et 
al., 2008; David et al., 2003; Rutter et al., 1993). At clinically relevant doses, the maximum 
elevation evoked by SRIs is relatively low, at less than a 2-fold increase over baseline. This is 
because a global increase in 5HText by systemic injection would activate autoreceptors, 
namely 5HT1ARs in the raphe that inhibit discharge-dependent release of 5HT at axon 
terminals, limiting further increase in 5HText  (Hervas et al., 2000; Rutter et al., 1995). Related 
to this, 5HT1AR activation is associated with an acute anxiogenic response to SRIs, examined 
with laboratory animals (Birkett et al., 2011; Greenwood et al., 2008). Indeed, SRIs are known 
to have an anxiogenic effect in human patients, particularly during the early period of 
medical treatments (Bigos et al., 2008; Browning et al., 2007). 

Functional activity of 5HT1ARs can be to some extent desensitized after long-term use of 
SRIs (Blier, 2001; El Mansari et al., 2005). As a result, 5HText elevation is slightly augmented, 
most likely to around 2-3 fold (Dawson et al., 2000) but never more than 5-fold (Popa et al., 
2010). It has been hypothesized that the desensitized 5HT1ARs together with increased 
5HText, but neither alone, are two required elements for antidepressant treatments (Sharp et 
al., 2011). If the hypothesis were correct, it suggests that a less than 5-fold increase in 5HText 
in the cerebrospinal fluid is sufficient for therapeutic purposes. 

In addition to 5HT1ARs, other 5HTR subtypes could also affect the profile of SRIs, thereby 
affecting 5HText elevation (Cremers et al., 2007; Jongsma et al., 2005). This suggests that in the 
brain there exist several other feedback loops that collectively influence the effect of 
systemic administration of SRIs. In other words, the response to SRIs would be stronger 
after eliminating the feedback inhibition. Consistently, the 5HText response is much higher 
when the drug administration is locally applied in the brain (Adell et al., 1991a; Hervas et al., 
2000; Tao et al., 2000). The maximum elevation of 5HText by local application of SRIs can be 
5-fold but less than 10-fold compared to the baseline. Although 5HText at this level appears 
to be higher than normal, there is no evidence in the literature suggesting that a 5 to 9-fold 
increase is associated with mental impairment such as serotonin syndrome. 

It should be kept in mind that 5HT reuptake is one of the important pathways for 5HT 
metabolism. Drugs that have an effect on the reuptake would likely pose the risk of 
interrupting the integrity of 5HT metabolism, particularly after long-term use (Moret et al., 
1992; Stenfors et al., 2001). It has been shown that chronic treatment with SRIs could reduce 
the amount of intracellular 5HT in some brain regions (Bianchi et al., 2002).Whether the 
reduced 5HT content would ultimately affect the SRI-evoked increase in 5HText, or whether 
such chronic effects on intracellular 5HT are associated with the development of treatment 
resistance in patients is not clear.  

MAOIs are a family of drugs that inhibit the activity of the MAO-A isozyme located at the 
outer membrane of mitochondria in the synapses of serotonergic axon terminals, causing 
5HT accumulation in the cytoplasmic compartment (Evrard et al., 2002; Ferrer et al., 1994). 
Since the capacity of the cytoplasm to retain 5HT molecules is very limited while the 
synaptic vesicles are full, the only place for the extravesicular 5HT is to “spillover” into the 
extracellular space. The mechanisms for 5HT spill are not fully elucidated, most likely 
through the transmitter carriers that reversely transport extravesicular 5HT into the 
extracellular space (Gobbi et al., 1993; Silva et al., 2008). Thus, administration of MAOIs 
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would cause an increase in 5HText proportional to that of intracellular content (Ferrer et al., 
1994). Normally, a maximum increase following systemic injection is about 1 to 2-fold above 
baseline (Ferrer et al., 1994; Rollema et al., 2011). The effect of MAOIs is also determined by 
dietary ingredients, particularly of those containing the 5HT precursor such as tryptophan 
and 5HTP.  It deserves separate mention that one of the major side effects in the clinical use 
of the old generation of MAOIs is hypertensive crisis, known as “cheese reaction” due to 
ingestion with tyramine-rich diets. The good news is that the new generation of MAOIs has 
fewer side effects relevant to diet [reviewed by (Wimbiscus et al., 2010)]. Clinically, while 
SRIs are widely used as a first-line drug to treat depression, MAOIs are often recommended 
for treatment-resistant depression. Similar to SRIs, the MAOI-evoked increase in 5HText is 
also regulated by feedback mechanisms involving 5HT1ARs (Lanteri et al., 2009). Hence, like  
SRIs, MAOIs could produce relatively higher increases after the feedback inhibition 
mechanism is eliminated or desensitized, showing a maximum elevation of 5-10 fold above 
baseline (Tao et al., 1994). 

5HTP is recommended as a supplemental treatment for depression and menopausal hot 
flush (Curcio et al., 2005; Shaw et al., 2002). In humans, the typical 5HTP dosage  is 100-300 
mg/day or 1-3 mg/kg [reviewed by (Turner et al., 2006)]. In animals, 5HTP alone has no 
measurable effect on 5HText except at a dose of 40 mg/kg and higher (Gartside et al., 1992; 
Perry et al., 1993). This implies that newly synthesized 5HT molecules can be rapidly 
metabolized before being accumulated in the extravesicular compartment for spontaneous 
release. Specifically, 5HText was increased by 2-fold in response to 75 mg/kg 5HTP 
(Nakatani et al., 2008) and by 4-fold in response to 100 mg/kg 5HTP (Gartside et al., 1992). In 
summary, it appears that 5HTP alone at the dose typically used in human patients has little 
contribution to the level of 5HText.  

2.3 Dangerous elevations of 5HText: How much 5HText in the CNS is too much? 

There is no doubt that 5HText is tightly regulated as a part of a homeostasis, most likely 
remaining at a low nanomolar concentration for maintaining normal brain function. 
Hypothetically, 5HText in patients with major depression is too low to stimulate 5HTRs for 
an affective process (such as mood). 5HT-promoting drugs could lift mood by correcting 
5HText level. The amount of 5HT elevation is still at a small scale when drugs are used alone 
(monopharmacy).  

However, 5HText could be overcorrected, particularly with medication switching and 
polypharmacy. Despite decades of clinical research, no laboratory test is available to 
monitor brain 5HText during a drug regimen in humans. It has been suggested that the 
change in brain 5HText is in parallel with changes in peripheral 5HT or 5HIAA measured in 
blood and urine (Alvarez et al., 1999; Bianchi et al., 2002; Celada et al., 1993). Metabolically, 
peripheral 5HT is however independent of 5HT in the CNS; how changes in peripheral 5HT 
in response to drug treatment can infer changes in the brain is not yet established.  

Although drug treatments would improve the mental well-being scale in terms of 
psychological evaluations, patients are at risk of having “excessive” 5HText in the brain. 
Thus, it is important to determine a safe range of 5HText concentrations for improvement in 
mood without causing excessive 5HText-induced side effects. It has been suggested by in vivo 
microdialysis studies that 5HT-promoting drugs usually produce a nanomolar (nM) level of 
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these drugs act against 5HT reuptake into serotonergic neurons in the brain. It appears that 
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Since the capacity of the cytoplasm to retain 5HT molecules is very limited while the 
synaptic vesicles are full, the only place for the extravesicular 5HT is to “spillover” into the 
extracellular space. The mechanisms for 5HT spill are not fully elucidated, most likely 
through the transmitter carriers that reversely transport extravesicular 5HT into the 
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would cause an increase in 5HText proportional to that of intracellular content (Ferrer et al., 
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change in brain 5HText is in parallel with changes in peripheral 5HT or 5HIAA measured in 
blood and urine (Alvarez et al., 1999; Bianchi et al., 2002; Celada et al., 1993). Metabolically, 
peripheral 5HT is however independent of 5HT in the CNS; how changes in peripheral 5HT 
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5HText in the cerebrospinal fluid. However, in vitro studies demonstrate that  a micromolar 
(μM) concentration is required to have postsynaptic effects on 5HTR-containing neurons 
(Cornelisse et al., 2007; Marinelli et al., 2004). This discrepancy in 5HText levels possibly 
represents the difference in microenvironments between the cerebrospinal fluid and 
synapses in the extracellular space. Conceivably, most 5HT molecules released from 
synapses are rapidly taken back by transporters while a small portion is diffused away from 
the synapses. If this is the case, synaptic 5HT concentration must be much higher than that 
in the cerebrospinal fluid measured by microdialysis. In addition, 5HText released from 
synapses is not evenly distributed in vivo across postsynaptic cell membranes. The amount 
of distribution depends on the distance from the release site. The concept of concentration 
differences in microenvironments is also supported by other studies. For instance, utilizing 
fast-scan cyclic voltammetry at a time resolution of 100 msec, it has been observed that 
5HText at the extrasynaptic site was rapidly (~5 s) increased from nM to μM in response to 
electrical stimulation (Bunin et al., 1998). In contrast, comparable stimulations could only 
induce a 1-2 fold increase in 5HText in the cerebrospinal fluid determined by microdialysis at 
intervals of 20 min (McQuade et al., 1997). This suggests that the 5HText concentration in the 
extrasynapse compartment is much higher than in the cerebrospinal fluid, supporting the 
view of microenvironmental variation. Note that such high concentration of 5HText at 
synapses and/or extrasynaptic sites may not cause a neural disorder because: 1) the time 
duration of the effect is usually only a few milliseconds; 2) numbers and types of synaptic 
neurons involved in the action are highly localized; 3) the neurotransmitter can be rapidly 
removed by 5HT reuptake transporters. However, it could be problematic if there are 
prolonged and widespread effects on many 5HTR-containing neurons.   

Except for MDMA, few 5HT-promoting drugs acting alone could elevate 5HT to high levels 
for a long period. This may occur mainly when two or more 5HT metabolic pathways are 
simultaneously disrupted during medication switching or polypharmacy, resulting in 
“excessive” 5HText that exerts an adverse effect on mental health. For instance, Shioda et al. 
investigated the interaction between MAOIs and SSRIs for understanding changes in 5HText 
relevant to serotonin syndrome (Shioda et al., 2004). In their investigation, male Wistar rats 
received co-injection of tranylcypromine (3.5 mg/kg), a nonselective MAOI, and fluoxetine 
(10 mg/kg), an SSRI. Hypothalamic 5HText was determined by microdialysis while serotonin 
syndrome was estimated by measuring body-core temperature and neuromuscular activity. 
The environmental temperature was set at 23 ±1 °C. Under this condition, drug interaction 
caused an increase in 5HText by 40-fold above the pre-drug level, lasting at least 6 hours. 
There were obvious signs of serotonin syndrome including hyperthermia, head shakes and 
tremor, suggesting that 5HText at this level causes both physical and behavioral problems. 
Since each drug alone could only evoke a 2-3 fold increase, it appears that their combined 
effect is not simply additive, but synergistic. Other neurotransmissions, for instance, 
dopaminergic and glutamatergic systems that usually are not affected by single drug 
treatments are also elevated. This suggests that neural circuits consisting of several neuronal 
systems are involved in the syndrome, which is beyond the scope of this analysis and will 
not be discussed further here. 

It is critical to determine the threshold level of 5HText responsible for evoking serotonin 
syndrome. Baumann et al examined the harmful potential of MDMA by scoring behavior 
signs of serotonin syndrome (e.g., flat-body posture and forepaw treading) in correlation 
with elevated 5HText in the frontal cortex and nucleus accumbens of male Sprague-Dawley 
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rats (Baumann et al., 2008a; Baumann et al., 2008b).  In their behavioral and neurochemical 
studies, animals received a first injection of MDMA at the dose of 1 mg/kg followed by a 
second injection of 3 mg/kg 60 min later. The ambient temperature in which animals were 
examined was 22±2 °C. As a result, 5HText was increased by 5- to 8-fold in response to 1 
mg/kg and 18- to 33-fold following 3 mg/kg. While MDMA at 1 mg/kg had no effect on 
animal behavior, 3 mg/kg of MDMA were able to induce symptoms of the serotonin 
syndrome, suggesting that the 5HText threshold to evoke the serotonin syndrome may be in 
a range between 9 to 18-fold. 

Compared to other 5HT-promoting drugs, a single injection of MDMA at clinically relevant 
doses has a transient effect on 5HT, lasting only 15-30 min in terms of peak effect.  To obtain 
a significant response, many investigators employ multiple injections to mimic the binge use 
of MDMA in humans. Theoretically, multiple injections could produce several 5HT peak 
responses which would complicate the elucidation of causal relationships between 5HT and 
behavioral effects. To simplify the analysis, 5HT precursors (e.g., 5HTP) in combination with 
MAOI (e.g., clorgyline) are more applicable for elucidating the 5HT threshold. Many studies 
have demonstrated that a single injection of 5HTP combined with clorgyline was sufficient 
to produce a dose-dependent increase in 5HText in the brain, causing serotonin syndrome 
(Ma et al., 2008; Nisijima et al., 2004; Nisijima et al., 2000; Nisijima et al., 2001; Shioda et al., 
2004). To obtain the threshold level of 5HText, we designed a 5HTP dosing regimen in 
clorgyline-pretreated rats. Male Sprague–Dawley rats were examined under controlled 
ambient temperature (22 ± 1°C) and humidity (70%) in test chambers (Ma et al., 2008; Zhang 
et al., 2009). Animals received 2 mg/kg clorgyline, 2 hours before injection of 5HTP at the 
dose range of 1 to 25 mg/kg. 5HText was determined in the frontal cortex and hypothalamus 
while behavioral responses were recorded with a 4-level scale by scoring the severity of 
tremor, head shakes, forepaw treading, hindlimb abduction, myotonia and Straub tail.  

Specifically, 5HText was potentially elevated to as high as 100-fold above baseline following a 
single injection of 5HTP into clorgyline-pretreated rats, consistent with the results of 
previous studies (Shioda et al., 2004). In fact, this level of 5HText is already well over the 
threshold for inducing a serotonin syndrome. Our data showed that a 55-fold increase in 
5HText caused the severe syndrome manifested by high hyperthermia and all other typical 
signs described in animals (Jacobs et al., 1975) or severe symptoms resembling those 
described in humans (Mills, 1995). An open question is whether such a high 5HText level is 
really evoked in the human brain despite drug interactions.  

Our studies further demonstrated that a 10-fold increase in 5HText was sufficient to cause a 
mild syndrome, showing hypothermia, head shakes and myoclonus but no signs indicative 
of advanced or severe syndrome (e.g., tremor, forepaw treading or hindlimb abduction) (Ma 
et al., 2008; Zhang et al., 2009).  This suggests that the brain is most likely intolerant of the 
double digit increase in 5HText in terms of fold-change in the cerebrospinal fluid.  There was 
no syndrome-related behavioral changes in response to a 5- to 9-fold increase although head 
shakes were still apparent, supporting the conclusion that a single digit increase is highly 
tolerable. The head shaking behavior disappeared when the increased 5HText decreased to 5-
fold and less, consistent with suggestion that a less than 5-fold increase in 5HText in the brain 
is essentially safe. Clearly, more investigation into this important area of research is needed. 
It is crucial to relate changes in behavior to changes in 5HT ext level, particularly after long-
term interactions between 5HT-promoting drugs. 
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5HText in the cerebrospinal fluid. However, in vitro studies demonstrate that  a micromolar 
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intervals of 20 min (McQuade et al., 1997). This suggests that the 5HText concentration in the 
extrasynapse compartment is much higher than in the cerebrospinal fluid, supporting the 
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duration of the effect is usually only a few milliseconds; 2) numbers and types of synaptic 
neurons involved in the action are highly localized; 3) the neurotransmitter can be rapidly 
removed by 5HT reuptake transporters. However, it could be problematic if there are 
prolonged and widespread effects on many 5HTR-containing neurons.   

Except for MDMA, few 5HT-promoting drugs acting alone could elevate 5HT to high levels 
for a long period. This may occur mainly when two or more 5HT metabolic pathways are 
simultaneously disrupted during medication switching or polypharmacy, resulting in 
“excessive” 5HText that exerts an adverse effect on mental health. For instance, Shioda et al. 
investigated the interaction between MAOIs and SSRIs for understanding changes in 5HText 
relevant to serotonin syndrome (Shioda et al., 2004). In their investigation, male Wistar rats 
received co-injection of tranylcypromine (3.5 mg/kg), a nonselective MAOI, and fluoxetine 
(10 mg/kg), an SSRI. Hypothalamic 5HText was determined by microdialysis while serotonin 
syndrome was estimated by measuring body-core temperature and neuromuscular activity. 
The environmental temperature was set at 23 ±1 °C. Under this condition, drug interaction 
caused an increase in 5HText by 40-fold above the pre-drug level, lasting at least 6 hours. 
There were obvious signs of serotonin syndrome including hyperthermia, head shakes and 
tremor, suggesting that 5HText at this level causes both physical and behavioral problems. 
Since each drug alone could only evoke a 2-3 fold increase, it appears that their combined 
effect is not simply additive, but synergistic. Other neurotransmissions, for instance, 
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not be discussed further here. 

It is critical to determine the threshold level of 5HText responsible for evoking serotonin 
syndrome. Baumann et al examined the harmful potential of MDMA by scoring behavior 
signs of serotonin syndrome (e.g., flat-body posture and forepaw treading) in correlation 
with elevated 5HText in the frontal cortex and nucleus accumbens of male Sprague-Dawley 
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3. Involvement of 5HT receptors 
There are at least 14 subtypes of 5HT receptors (5HTRs) in the brain (Green, 2006). One may 
wonder what the role is an individual subtype in the development of the serotonin 
syndrome.  It should be kept in mind that 5HT is the natural agonist for these subtypes in 
the brain; and involvement of individual subtypes depends on not only the availability of 
the agonist but also the binding affinity to the agonist. It has been recognized for many years 
that the strength of 5HT affinity can be widely different. For instance, a μM concentration 
may be required for binding 50% of low affinity 5HT2ARs whereas a nM concentration for 
high affinity 5HT1ARs (Dalpiaz et al., 1995; Peroutka et al., 1981; Peroutka et al., 1983). Thus, 
the role of each subtype in the syndrome is complicated, and depends on multiple factors.  

For better comparison between subtypes, pKd or pKi values are commonly used to indicate 
the strength or the selectivity of ligands to a given subtype. It is worthy pointing out that 
their values are not always reliable or consistent between tests due to variables in 
experimental conditions. Despite this, they provide trends for estimating affinity between 
receptor and ligand. It is well known that affinity values are strongly associated with 
functional activity of receptors in the brain (Clemett et al., 1999; Knight et al., 2004; Rossi et 
al., 2008). Although few studies are available to completely map the affinity between 5HT 
and its receptor subtypes under the same condition, a valuable reference is found from the 
database provided by the International Union of Basic and Clinical Pharmacology or 
IUPHAR (Table 1). Based on their database, the 14 subtypes can be ranked in the order of 
affinity strength from high (sub-nM; or 10-9 M) to low activity (μM or 10-6 M). Although so 
many subtypes are available in the brain, it appears that they are not functioning 
simultaneously. Their neurological function is selectively elicited by 5HT in a concentration-
dependent manner. For instance, 5HT at the concentration of approximately 10-9 M could 
competitively displace 50% of competitors at the 5HT1AR site, implying that a sub-nM 
concentration is able to activate 5HT1ARs. In support of this, as demonstrated in vitro in 
dorsal raphe slices, the inward current indicative of 5HT1AR activity can be elicited by 5HT 
at concentration less than 1 nM with the EC50 at 30 nM (Penington et al., 1993), closely in line 
with results obtained by radioligand binding assays. By contrast, other subtypes such as 
5HT2ARs are unlikely to be affected by 5HT at such a low concentration. It should be noted 
that 5HT1ARs are densely located on the somatodendritic sites of serotonergic neurons in the 
raphe (Li et al., 1997) and their high binding affinity to 5HT is physiologically important for 
their role in negative feedback regulation.  

5HT1ARs are also distributed on many types of postsynaptic neurons (Bert et al., 2006), 
particularly glutamatergic and GABAergic neurons in the cortices (de Almeida et al., 2008; 
Martin-Ruiz et al., 2001). It has often been shown that these postsynaptic 5HT1ARs can be 
activated by 5HT at a relatively high concentration between 1-10 μM (Goodfellow et al., 
2009; Schmitz et al., 1998), controlling the functional balance between glutamate and GABA 
transmissions.  

Thus, since 5HText in response to most psychoactive drugs is normally in a nanomolar range 
(Gardier et al., 2003), these postsynaptic receptors are unlikely to be able to be activated. In 
the case of 5HText exceeding maximum tolerable limits, there is a global activation of 
postsynaptic 5HT1ARs, causing fluctuation of GABA and glutamate, two functionally 
opposite neurotransmitters. It is likely that this fluctuation in the CNS is responsible for 
neuromuscular hyperactivity (Paterson et al., 2009), but verification of this hypothesis 
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related to the serotonin syndrome involving head weaving, tremor and forepaw treading 
awaits for further investigation.  
 

5HT1AR 9.1 – 9.7 
5HT7R 8.1 – 9.6 
5HT1DR 8.0 – 9.0 
5ht1eR 8.0 – 8.2 
5HT2BR 7.9 - 8.4 
5HT1FR 7.7 – 8.0 
5HT1BR 7.4 – 9.0 
5HT2CR 6.8 – 8.6 
5HT6R 6.8 – 7.5 
5ht5aR 6.7 – 6.9 
5HT3AR 6.5 – 6.9 
5HT2AR 6.0 – 8.4 
5HT3ABR 6.0 
5HT4R 5.9 – 7.0 

Data from the database provided by the International Union of Basic and Clinical Pharmacology or 
IUPHAR (http://www.iuphar-db.org/DATABASE/ObjectDisplayForward?familyId=1&objectId=1) 

Table 1. 5HT binding affinity (pKi) 

Based on 5HText concentration, we suggest that the 5HT subtypes can be hypothetically 
classified into 5 groups: sub-nM, nM, high nM, sub-μM and μM. As elucidated in Table 2, 
more and more subtypes in the brain are involved when the concentration is increased. It is 
likely that, as 5HText exceeds its upper tolerable level, lower affinity subtypes are activated 
along with higher affinity ones.  
 

5HText 
levels 

Sub-nM nM High nM Sub-μM μM 

Affected 
receptors 

5HT1AR 
(presynaptic)
 5HT7R 

5HT1AR 
(presynaptic)
5HT7R 
5HT2BR 
5ht1eR 
5HT1DR 
 

5HT1AR 
(presynaptic) 
5HT7R 
5HT2BR 
5ht1eR 
5HT1DR 
5HT1BR 
5HT1FR  

5HT1AR (pre-
postsynaptic) 
5HT7R 
5HT2BR 
5ht1eR 
5HT1DR 
5HT1BR 
5HT1FR 
5HT2CR 
5HT6R   
5ht5aR 
5HT3AR 

5HT1AR (pre- 
postsynaptic)  
HT7R 
5HT2BR 
5ht1eR 
5HT1DR 
5HT1BR 
5HT1FR 
5HT2CR 
5HT6R   
5ht5aR 
5HT3AR 
5HT2AR 
5HT4R 
5HT3ABR 

Table 2. Neurological relationship between subtype activation and increased 5HText. More 
and more subtypes are activated as 5HText levels are increased from sub-nM to μM 
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Table 2. Neurological relationship between subtype activation and increased 5HText. More 
and more subtypes are activated as 5HText levels are increased from sub-nM to μM 
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Using a radioligand receptor binding assay, studies have shown that 5HT2ARs have low 
affinity and are not easily bound to 5HT (Peroutka et al., 1981; Peroutka et al., 1983). The 
significance of this finding has not been recognized simply because the threshold level of 
5HText concentration in maintaining mental health is not fully appreciated. 5HT2ARs are 
mainly (but not exclusively) distributed on glutamatergic neurons in the cortices (de 
Almeida et al., 2007) and are critical for regulating the interconnection between the cortex 
and raphe. It has been widely documented in in vitro studies that 5HT2ARs cannot be 
activated until the 5HT concentration reaches 20-50 μM (Aghajanian et al., 1997; Zhou et al., 
1999), suggesting that their activation threshold is much higher than 5HT1ARs. Importantly, 
the answer to whether 5HT2ARs are involved in the syndrome is a life-or-death issue. This is 
mainly because 5HT2ARs are the major receptor strongly associated with hyperthermia and 
other autonomic hyperactivity (Mazzola-Pomietto et al., 1995; Zhang et al., 2011). 
Hyperthermia is believed to be the major cause for severe brain injury as demonstrated by 
MDMA studies (Malberg et al., 1998). Collectively, the serotonin syndrome resulting from 
activation of 5HT1ARs and 5HT2ARs is associated with excessive 5HText up to a single to 
double-digit μM concentration at synapses. This suggests that 5HText in the synapse has 
arisen by 1000 times while it usually remains at a low nanomolar level. The effect is likely to 
correspond to a double-digit fold increase in the cerebrospinal fluid measured by in vivo 
microdialysis (Zhang et al., 2009).  

Most recent data have revealed that the functional activity of some 5HTR subtypes can be 
altered by environmental factors (Krishnamoorthy et al., 2010; Nicholas et al., 2003; Zhang et 
al., 2011). For instance, Nicholas et al demonstrated that, compared to a normal experimental 
condition, 5HT1AR activity was markedly reduced in animals examined in warm ambient 
temperatures. On the other hand, the responsivity of 5HT2ARs could be markedly enhanced 
in warmer environments (Zhang et al., 2011). Similarly, it has been found in an in vitro 
binding kinetic assay that 5HT affinity to 5HT2ARs was strongly increased in a temperature-
dependent manner (Dalpiaz et al., 1995). Taken together, 5HText concentration required for 
activation of 5HTRs may vary. Indeed, it has been observed that serotonin syndrome 
evoked by MDMA and other 5HT-promoting drugs is severely augmented in hot and 
crowded conditions at raves and dance clubs (Parrott, 2002) but ameliorated in a cooling 
environment (Krishnamoorthy et al., 2010). 

4. Summary 
The aim of this review is to elucidate possible ranges of brain 5HText in association with 
therapeutic benefit, tolerable side effects and the development of serotonin syndrome. 
5HText is derived from either spontaneous release or active stimulation, which initially 
presents at synapses and subsequently diffuses into the cerebrospinal fluid. In contrast to 
5HT at synapses, 5HText in the cerebrospinal fluid can be easily determined by microdialysis. 
Physiologically, a low nanomalor concentration (nM) is crucial for normal function of 
maintaining constant activation of postsynaptic 5HTRs.  In the case of depression, 5HText is 
at a lower level, resulting in reduced activity of 5HTRs that can affect mood and behaviors. 
An appropriate elevation of 5HText promotes a positive mood and an energized sense of 
physical well-being.  Therapeutically, 5HText elevated by 5HT-promoting drugs such as SRIs 
or MAOIs up to 5-fold in the cerebrospinal fluid is sufficient to improve the mood. 
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Unfortunately, MDMA (‘Ecstasy”) hijacks such positive aspects of the serotonergic effect, 
causing drug abuse. Although generally safe, 5HT-promoting drugs could evoke an increase 
in 5HText in the cerebrospinal fluid exceeding 10-fold. When it occurs, the 5HText level in the 
synapses most likely reaches a single to double-digit μM concentration, which would 
globally activate 5HT1ARs and/or 5HT2ARs on glutamatergic and GABAergic neurons. Such 
global activation involved in both glutamate and GABA transmission leads to neurological 
disorders, which are manifested as serotonin syndrome. Importantly, the actions of 5HText 
on 5HTRs are highly variable, and strongly depend on behavioral states as well as external 
environments. Thus, the severity of the syndrome can vary from mild, to moderate, to life-
threatening (Krishnamoorthy et al., 2010; Parrott, 2002). 
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Using a radioligand receptor binding assay, studies have shown that 5HT2ARs have low 
affinity and are not easily bound to 5HT (Peroutka et al., 1981; Peroutka et al., 1983). The 
significance of this finding has not been recognized simply because the threshold level of 
5HText concentration in maintaining mental health is not fully appreciated. 5HT2ARs are 
mainly (but not exclusively) distributed on glutamatergic neurons in the cortices (de 
Almeida et al., 2007) and are critical for regulating the interconnection between the cortex 
and raphe. It has been widely documented in in vitro studies that 5HT2ARs cannot be 
activated until the 5HT concentration reaches 20-50 μM (Aghajanian et al., 1997; Zhou et al., 
1999), suggesting that their activation threshold is much higher than 5HT1ARs. Importantly, 
the answer to whether 5HT2ARs are involved in the syndrome is a life-or-death issue. This is 
mainly because 5HT2ARs are the major receptor strongly associated with hyperthermia and 
other autonomic hyperactivity (Mazzola-Pomietto et al., 1995; Zhang et al., 2011). 
Hyperthermia is believed to be the major cause for severe brain injury as demonstrated by 
MDMA studies (Malberg et al., 1998). Collectively, the serotonin syndrome resulting from 
activation of 5HT1ARs and 5HT2ARs is associated with excessive 5HText up to a single to 
double-digit μM concentration at synapses. This suggests that 5HText in the synapse has 
arisen by 1000 times while it usually remains at a low nanomolar level. The effect is likely to 
correspond to a double-digit fold increase in the cerebrospinal fluid measured by in vivo 
microdialysis (Zhang et al., 2009).  

Most recent data have revealed that the functional activity of some 5HTR subtypes can be 
altered by environmental factors (Krishnamoorthy et al., 2010; Nicholas et al., 2003; Zhang et 
al., 2011). For instance, Nicholas et al demonstrated that, compared to a normal experimental 
condition, 5HT1AR activity was markedly reduced in animals examined in warm ambient 
temperatures. On the other hand, the responsivity of 5HT2ARs could be markedly enhanced 
in warmer environments (Zhang et al., 2011). Similarly, it has been found in an in vitro 
binding kinetic assay that 5HT affinity to 5HT2ARs was strongly increased in a temperature-
dependent manner (Dalpiaz et al., 1995). Taken together, 5HText concentration required for 
activation of 5HTRs may vary. Indeed, it has been observed that serotonin syndrome 
evoked by MDMA and other 5HT-promoting drugs is severely augmented in hot and 
crowded conditions at raves and dance clubs (Parrott, 2002) but ameliorated in a cooling 
environment (Krishnamoorthy et al., 2010). 

4. Summary 
The aim of this review is to elucidate possible ranges of brain 5HText in association with 
therapeutic benefit, tolerable side effects and the development of serotonin syndrome. 
5HText is derived from either spontaneous release or active stimulation, which initially 
presents at synapses and subsequently diffuses into the cerebrospinal fluid. In contrast to 
5HT at synapses, 5HText in the cerebrospinal fluid can be easily determined by microdialysis. 
Physiologically, a low nanomalor concentration (nM) is crucial for normal function of 
maintaining constant activation of postsynaptic 5HTRs.  In the case of depression, 5HText is 
at a lower level, resulting in reduced activity of 5HTRs that can affect mood and behaviors. 
An appropriate elevation of 5HText promotes a positive mood and an energized sense of 
physical well-being.  Therapeutically, 5HText elevated by 5HT-promoting drugs such as SRIs 
or MAOIs up to 5-fold in the cerebrospinal fluid is sufficient to improve the mood. 
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Unfortunately, MDMA (‘Ecstasy”) hijacks such positive aspects of the serotonergic effect, 
causing drug abuse. Although generally safe, 5HT-promoting drugs could evoke an increase 
in 5HText in the cerebrospinal fluid exceeding 10-fold. When it occurs, the 5HText level in the 
synapses most likely reaches a single to double-digit μM concentration, which would 
globally activate 5HT1ARs and/or 5HT2ARs on glutamatergic and GABAergic neurons. Such 
global activation involved in both glutamate and GABA transmission leads to neurological 
disorders, which are manifested as serotonin syndrome. Importantly, the actions of 5HText 
on 5HTRs are highly variable, and strongly depend on behavioral states as well as external 
environments. Thus, the severity of the syndrome can vary from mild, to moderate, to life-
threatening (Krishnamoorthy et al., 2010; Parrott, 2002). 
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1. Introduction 
The human brain commissures include the corpus callosum (neocortical), the anterior 
commissure (paleocortical), the fornix (archicortical) [ the hippocampal commissure (also 
called commissure of psalterium Davidi or David’s lyre in the older literature)] (Raybaud, 
2010) and the posterior commisure (Keene, 1938). The largest of the commissures in 
advanced mammals is the corpus callosum that holds its name from its compactness 
(Raybaud, 2010) which develops embryologically in intimate relationship to the 
hippocampal formation, fornix, septum pellucidum, and cingulate gyrus (Swayze et al., 
1990). It has already been accepted that the commissural fibers are important for transfer of 
complex cognitive information between the brain hemispheres (Zaidel, 1994; van der Knaap 
& van der Ham, 2011) and coordinated transfer of information is essential for the cerebral 
functions (Moldrich et al., 2010). In normal condition, commissural fibers must be actively 
guided across the midline to reach their targets in the contralateral hemisphere. When the 
underlying mechanisms regulating the guidance of commissural fibers fail, pathological 
dysgenesis of one or more commissures ensues. It is suggested that a complex set of cellular 
and molecular mechanisms regulate commissural development (Ren et al., 2006). 
Malformation of the corpus callosum is a various condition, which can be observed either as 
isolated form or as one manifestation in the context of congenital syndromes (Schell-Apacik 
et al., 2008). Based on survey of 596 network families, the most frequently clinical findings 
reported about agenesis of the corpus callosum are developmental delay, visual problems, 
language delay, seizures, and muscle- tone issues (Schilmoeller & Schilmoeller, 2000). 
Furthermore, agenesis of the corpus callosum results in disabilities in social cognition that 
appears to be secondary to deficits in complex cognitive operations such as reasoning, 
concept formation, and problem solving (Doherty et al., 2006). Also, there is no evidence 
that individuals with partial agenesis of the corpus callosum have better outcomes than 
individuals with complete agenesis the corpus callosum (Moes et al., 2009). Although, the 
embryology, anatomy, functions, anomalies and molecular mechanisms of the human brain 
commissures  have been extensively studied over the past years. However a need to an 
overall and new collection on the basis of the other recent studies was seriously felt. 
Therefore this chapter is to provide a collection of the fundamental principles of the 
embryogenesis, organization, congenital malformations of brain commissures. The chapter 
presents new information about prevalence, the brain disorders associated with 
commissural anomalies, the etiology and the pathogenetic mechanisms that have been 
understood in recent years in this issue in the neurosciences.  
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Therefore this chapter is to provide a collection of the fundamental principles of the 
embryogenesis, organization, congenital malformations of brain commissures. The chapter 
presents new information about prevalence, the brain disorders associated with 
commissural anomalies, the etiology and the pathogenetic mechanisms that have been 
understood in recent years in this issue in the neurosciences.  
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2. Embryology of the brain commissures 
2.1 Embryology of the corpus callosum  

The corpus callosum is a new phylogenetic acquisition of the placental mammals (Raybaud, 
2010) that develops from anterior to posterior pattern (Richards et al., 2004) through a 
process of interhemispheric midline fusion with groups of specialized midline glial guiding 
the callosal fibers to the other side (Raybaud, 2010). The corpus callosum begins to 
differentiate as a commissural plate (Rakic & Yakovlev, 1968).within the dorsal third of the 
lamina terminalis at about 39th embryonic day (Sarnat, 2007). The primitive lamina 
terminalis corresponds to the closing point of the anterior neuropore. Its dorsal part grows 
and forms the lamina reunions (6-8 intra uterine weeks). From ventral to dorsal, the lamina 
reunions (Fig. 1) gives rise to the area praecommissuralis (origin of the anterior 
commissure), to the primordium hippocampi (10 intra uterine weeks,fornix), and to the 
massa commissuralis (10 intra uterine weeks., corpus callosum) (Destrieux et al., 1998).The 
plate acts as a passive bed for axonal passage and provides a preformed glial pathway to 
guide decussating growth cones of commissural axons (Silver et al., 1982).In the human 
embryo the genu of corpus callosum begins to develop around 8th week after conception 
(Giedd et al., 1996) and inter-hemispheric crossing fibres begin to transverse the massa 
commissuralis in this region at 11 to 12 weeks post-conceptional age(Griffiths  et al., 2009) 
and progress caudally, forming the body (corpus) and the splenium (Rakic & Yakovlev, 
1968), so that at 18 weeks’ gestation the genu and body are detected cleanly; but the 
splenium is thin and not fully developed (Malinger & Zakut ,1993).The last part of the 
corpus callosum that to form at the weeks 18-20 post-conceptional ages is the rostrum 
(Griffiths  et al., 2009; Destrieux et al., 1998). It is reported that the adult morphology of 
corpus callosum is achieved by 16.4 weeks (115 days) (Loser & Alvord, 1968) so that it is 
clearly identified. The studies have shown that the linear association are between the corpus 
callosum length, thickness and width, with age before ( Achiron & Achiron, 2001) and after 
birth (children and young people aged 4 to 18 years) ( Giedd et al., 1996; Pujol et al., 1993 ). 
The length of the corpus callosum increases a 10-fold during gestation and rapid growth of 
thickness increases during the period between 16 and 20 weeks’ gestation. Additionally, the 
maximal growth of the corpus callosum width and thickness was observed between 19 and 
21 weeks’ gestation, while the growth of its length appeared to be constant. Further growth 
is accelerated until 21–22 weeks and then remains stable throughout the rest of gestation. 
This rapid development of the fetal corpus callosum depends on the first phase of neuronal 
migration (Achiron, 2001) and follows the expansion of the hemispheres, in a rostro-caudal 
and then dorso-ventral circular movement (Destrieux et al., 1998).The studies have been 
shown that, Although the basic structure of the corpus callosum is completed by 18–20 
weeks’ gestation, but continues to increase in size over the third trimester (Malinger & 
Zakut, 1993) and grows dramatically during the first 2 postnatal years (Keshavan et al., 
2002).The results of these evolutions correspond to axonal elimination and myelination and 
progressively changing pattern of callosal connections of the newborn and infant into the 
adult pattern. In spite of the development of the corpus callosum from anterior to posterior 
pattern ,the preoligodendrocytes are thought to appear first in the genu and splenium 
(Huppi et al., 1998) and attains the adult levels by the age of 10 years (Yakovlev & Lecours, 
1967).Of course ,the Magnetic resonance imaging studies indicate that the maturation in the 
corpus callosum may be more protracted.Differences in the size and form of the corpus 
callosum in adults have been shown to relate differences in hemispheric representation of 
cognitive abilities (Witelson, 1989). 
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Fig. 1. Rostral midline telencephalon at approximately 7 week’s gestational age. Thickening 
of dorsal aspect of thin rostral wall of telencephalon (primitive lamina terminalis) represents 
lamina reuniens of His, which will eventually form precursors of corpus callosum and 
anterior commissure (Barkovich & Norman, 1988) 

2.2 Embryology of the anterior commissure 

The anterior commissure contains the paleopallial (Lamantia & Rakic, 1990) and the 
neocortical parts (Guénot, 1998). It is phylogenetically, the oldest of the great forebrain 
commissures (Raybaud, 2010; Griffiths  et al., 2009). At the 8th week of development ,the 
early fibres of the anterior commissure appear laterally, gradually ,these fibers come nearer 
to the midline at the week 9, cross the midline at the week 9 (Bayer & Altman, 2006) or week 
10 (Rakic & Yakovlev, 1968; Griffiths  et al., 2009). Crossing fibres can be detected in the area 
praecommissuralis by 10 weeks post-conceptional age (12 weeks post-last menstrual period) 
in the lamina reunions (Fig. 1) (Griffiths  et al., 2009) and at 13th gestational week both the 
anterior commissure and optic chiasm are well developed (Ren et al., 2006). The progression 
of these fibers is facilitated by commissural cellular glial tunnels that provide axonal 
guidance cues for them along their path (Katz et al., 1983; Lent et al., 2005). During these 
processes the anterior commissure is surrounded by a glial fibrillary acidic protein +/ 
vimentin + glial tunnel and a tunnel of GFAP- and VN-positive glial cells with TN between 
the cell bodies from 12th week post conceptional age until at least 17th week postovulation 
(Lent et al., 2005). 

2.3 Embryology of the fornix 

The fornix begins as two fiber bundles arising in the area of praecommissuralis and passes 
dorsally into the hippocampal primordium of the lamina reunions (Fig. 1). The fornices pass 
towards the medial wall of their epsilateral hemispheric vesicle (Griffiths et al., 2009) as 
early as week 8 (Bayer & Altman, 2006) or week 9 (Rakic & Yakovlev, 1968) and diverge as 
they do so (Griffiths et al., 2009). By weeks 10–11(13 weeks post-last menstrual period) some 
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of the fornical fibers cross the midline and form the early hippocampal commissure 
(Griffiths et al., 2009). Glial fibrillary acidic protein -expressing glial cells were seen 
surrounding the fornix as of 16–17 weeks postovulation (Lent et al., 2005). The early fornix is 
a short and slightly curved bundle that contains more hippocampal-septal or 
septohippocampal fibers that connecting the hippocampus with the septal area (Vasung et 
al., 2010). Myelination of the fornix is first evident near term, with strong myelin basic 
protein immunoreactivity that presents in the angular bundle, alveus, and fimbria and 
relatively scant immunoreactivity in the nascent perforant pathway.Myelination in the 
hippocampus increases in childhood until adolescence, after which the pattern to stay in the 
same condition (Arnold & Trojanowski, 1996). 

2.4 Embryology of the posterior commissure 

The posterior commissure can be seen in stage 12 mm embryos as a large of fibers and until 
stage 25-37 mm (about 7-8 weeks), it is presented as a very well-developed commissure. 
During these stages the attachment of the fibers to the cells of the subcommissural organ is 
still continuing. Some of the fibers connect with the subcommissural organ, others with the 
thalamus and tegmental region of the embryos of 25-37 mm. Myelination of the posterior 
commissure begins about the 14th week of development and proceeds to develop in the 
various fibres in the following order: (1) at the 14th week a few myelinated fibres are found 
in the ventral part of the commissure, and also in the nucleus chiefly connected with this 
group of fibres, the nucleus of the posterior commissure. (2) at about the 24th week 
myelination is found in the fibres connecting with the subcommissural organ and the medial 
longitudinal fasciculus (Keene, 1938). Recent researches have revealed that development of 
both the posterior commissure and the underlying subcommissural organ are tightly related 
to one another and that these structures are under the control of regulatory genes such as 
Pax2, Pax5, Pax6 and Msx1 (Estivill-Torrús  et al., 2001).  

3. Anatomical organization of the brain commissures 
3.1 Anatomy of the corpus callosum 

The corpus callosum holds its name from its compactness; it is the largest of the 
commissures in advanced mammals (Raybaud, 2010). Although, this commissure has 
proven to be an important structure in the human brain, it is possible to live without this 
white matter structure (van der Knaap & van der Ham, 2011). The corpus callosum consists 
mainly of myelinated axons of various sizes (Griffiths et al., 2009), a certain amount of non-
myelinated fibers (Tomasch, 1954), neuralgial cells and a certain number of blood vessels 
that connect the homologous regions of cerebral cortex of both hemispheres (Griffiths et al., 
2009) from the anterior commissure anteriorly to the hippocampal commissure posteriorly 
(Raybaud, 2010). The callosal commissural neurons are located predominantly in 
intermediate cortical layers (Richards, 2004). The corpus callosum can be subdivided into 
several functionally and morphologically distinct sub regions which are arranged according 
to the topographical organization of cortical areas (Witelson, 1989); the small comma-shaped 
rostrum tucked under the genu (Griffiths et al., 2009) genu, truncus or midbody and 
splenium in sequential order from anterior to posterior (Witelson, 1989; Griffiths et al., 
2009). The isthmus usually appears as a mild focal narrowing found where the fornix joins 
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the corpus callosum (Velut et al., 1998; Hofer & Frahm, 2006) which contains, connecting 
fibers of motor, somatosensory and primary auditory areas (Aralasmak et al., 2006; 
Raybaud, 2010; Aboitiz & Montiel, 2003; Aboitiz et al., 1992; Buklina, 2005; Fabri et al., 2005). 
The upper surface of the corpus callosum is lined with the indusium griseum (gray velum) 
(Jea, 2008). The rostrum of the corpus callosum extends anteriorly from the anterior 
commissure to the posterior inferior aspect of the genu and commonly assumed to be the 
last callosal segment to develop (Kier et al., 1997); its fibers are likely to connect the fronto-
basal cortex (Velut et al., 1998; Hofer & Frahm, 2006). The genu (knee) is a thickened part of 
the corpus callosum, so named because of the sudden alteration in orientation; it is located 
between the rostralis and the callosal body. It forms the anterior boundary of the septum 
pellucidum and its fibers take part the formation of the forceps minor that connect the 
prefrontal cortex, the anterior cingulate area (Hofer & Frahm, 2006) and higher order 
sensory areas (Aralasmak et al., 2006; Raybaud, 2010; Aboitiz & Montiel, 2003; Buklina, 2005; 
Fabri et al., 2005). Its ventral part contains the fibers of the ventro-medial prefrontal cortex; 
its dorsal part includes the fibers of the dorso-lateral prefrontal cortex (Velut et al., 1998). 
The callosal body is the horizontal portion that extends from the genu to the point where the 
fornix abuts the undersurface of the corpus callosum. It borders the septum pellucidum 
superiorly. The fibers of the callosal body extends laterally between the cingular bundle 
superiorly and the occipito-frontal fascicle inferiorly and across the anterior radiations of the 
thalamus and  forming the roofs of  the lateral ventricular bodies. They connect the 
precentral cortex (premotor area, supplementary motor area), the adjacent portion of the 
insula, and the overlying cingulate gyrus mostly (Velut et al., 1998; Hofer & Frahm, 2006).The 
commissural fibers of the isthmus connect the pre- and postcentral gyri (motor and 
somatoisensory strips) (Velut et al., 1998; Hofer & Frahm, 2006) and the primary auditory area 
(Aboitiz, 2003; Aboitiz, 1992). The splenium is the thickest portion of the corpus callosum. It 
protrudes in the ambient cistern and overhangs the tectal plate, while the vein of Galen sweeps 
around it. Its morphology is extremely variable, from rounded to flat. It should be located 
above or just at the line drawn along the third ventricular floor (Widjaja et al., 2008). Fibers of 
the splenium form the forceps major and participate in the tapetum, or sagittal stratum, in the 
lateral wall of the posterior cornu of the lateral ventricle. It contains the commissural fibers for 
the posterior parietal cortex, the medial occipital cortex (Aboitiz, 2003; Velut et al., 1998; Hofer 
&Frahm, 2006), which connects visual areas in the occipital lobe (Aralasmak et al., 2006; 
Raybaud, 2010; Aboitiz & Montiel, 2005; Aboitiz et al., 1992; Buklina, 2005; Fabri et al., 2005) 
and the medial temporal cortex (Aboitiz, 2003; Velut et al., 1998; Hofer &Frahm, 2006). In 
regard to callosal size and width, most of the articles have shown that callosal size to be 
directly related to the number of interhemispheric connections (Bloom & Hynd, 2005) and 
vary between individuals and between sexes (Luders et al., 2010; Aboitiz et al., 1992; Junle et 
al., 2008; Clarke & Zaidel, 1994; Hasan et al., 2008). Additionally, Age related thinning of the 
corpus callosum is often reported (van der Knaap & van der Ham, 2011), however, these 
findings are still controversial.  

3.2 Anatomy of the anterior commissure 

The anterior commissure (Fig. 2. A, B) in humans is classically composed of two distinct 
tracts, the anterior (olfactive limb) and posterior limbs (temporal limb) (Patel et al., 2010; 
Mitchell  et al., 2002; Peltier et al., 2011). The anterior limb forms an open “U” and those of  
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of the fornical fibers cross the midline and form the early hippocampal commissure 
(Griffiths et al., 2009). Glial fibrillary acidic protein -expressing glial cells were seen 
surrounding the fornix as of 16–17 weeks postovulation (Lent et al., 2005). The early fornix is 
a short and slightly curved bundle that contains more hippocampal-septal or 
septohippocampal fibers that connecting the hippocampus with the septal area (Vasung et 
al., 2010). Myelination of the fornix is first evident near term, with strong myelin basic 
protein immunoreactivity that presents in the angular bundle, alveus, and fimbria and 
relatively scant immunoreactivity in the nascent perforant pathway.Myelination in the 
hippocampus increases in childhood until adolescence, after which the pattern to stay in the 
same condition (Arnold & Trojanowski, 1996). 

2.4 Embryology of the posterior commissure 

The posterior commissure can be seen in stage 12 mm embryos as a large of fibers and until 
stage 25-37 mm (about 7-8 weeks), it is presented as a very well-developed commissure. 
During these stages the attachment of the fibers to the cells of the subcommissural organ is 
still continuing. Some of the fibers connect with the subcommissural organ, others with the 
thalamus and tegmental region of the embryos of 25-37 mm. Myelination of the posterior 
commissure begins about the 14th week of development and proceeds to develop in the 
various fibres in the following order: (1) at the 14th week a few myelinated fibres are found 
in the ventral part of the commissure, and also in the nucleus chiefly connected with this 
group of fibres, the nucleus of the posterior commissure. (2) at about the 24th week 
myelination is found in the fibres connecting with the subcommissural organ and the medial 
longitudinal fasciculus (Keene, 1938). Recent researches have revealed that development of 
both the posterior commissure and the underlying subcommissural organ are tightly related 
to one another and that these structures are under the control of regulatory genes such as 
Pax2, Pax5, Pax6 and Msx1 (Estivill-Torrús  et al., 2001).  

3. Anatomical organization of the brain commissures 
3.1 Anatomy of the corpus callosum 

The corpus callosum holds its name from its compactness; it is the largest of the 
commissures in advanced mammals (Raybaud, 2010). Although, this commissure has 
proven to be an important structure in the human brain, it is possible to live without this 
white matter structure (van der Knaap & van der Ham, 2011). The corpus callosum consists 
mainly of myelinated axons of various sizes (Griffiths et al., 2009), a certain amount of non-
myelinated fibers (Tomasch, 1954), neuralgial cells and a certain number of blood vessels 
that connect the homologous regions of cerebral cortex of both hemispheres (Griffiths et al., 
2009) from the anterior commissure anteriorly to the hippocampal commissure posteriorly 
(Raybaud, 2010). The callosal commissural neurons are located predominantly in 
intermediate cortical layers (Richards, 2004). The corpus callosum can be subdivided into 
several functionally and morphologically distinct sub regions which are arranged according 
to the topographical organization of cortical areas (Witelson, 1989); the small comma-shaped 
rostrum tucked under the genu (Griffiths et al., 2009) genu, truncus or midbody and 
splenium in sequential order from anterior to posterior (Witelson, 1989; Griffiths et al., 
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the corpus callosum (Velut et al., 1998; Hofer & Frahm, 2006) which contains, connecting 
fibers of motor, somatosensory and primary auditory areas (Aralasmak et al., 2006; 
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3.2 Anatomy of the anterior commissure 
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Fig. 2. Photographs of the brain in the superior view (A) and midsagittal plane (B) showing 
an absence of the corpus callosum (ACC), septum pellucidum, cingulum sulcus, 
interthalamic adhesion and hippocampal commissure.The anterior (AC) and posterior 
commissure (PC) are seen within the hemispheres. Other abbreviations in this figure: FP, 
frontal pole; MM, meningeal membrane; SF, separated fornix; PF, precommissural fornix; 
PCF, postcommissural fornix; PB, Probst bundle.  

the posterior limb make an apposed flattened “M” shapes when viewed in the axial plane 
(Mitchell  et al., 2002). The anterior limb is much smaller and varies considerably in size 
between subjects, it contains the small bundles of fibers that leave the main bulk of the 
commissure at the level of the anterior perforated substantia and connects the olfactory 
bulbs (Di Virgilio et al., 1999), their nuclei (Di Virgilio et al., 1999; Mitchell  et al., 2002) and 
the inferior posterior orbital gyri ( Patel et al., 2010; Di Virgilio et al., 1999). In addition, the 
small numbers of axons are detected in the anterior limb that crossing the midsagittal plane 
which is believed to convey fibers to territories others than the temporal cortex. Fibers of the 
posterior limb, which form the major and neocortical portion of the anterior commissure ( 
Di Virgilio et al., 1999), travels within the basal parts of the putamen, the caudate nucleus 
and below the anterior border of the globus pallidus (Di Virgilio et al., 1999; Turner, 1979; 
Peltier et al., 2011) into the temporal cortex and projects to  the amygdale (Turner, 1979; Di 
Virgilio et al., 1999; Jellison et al., 2004; Patel et al., 2010), (basolateral nucleus) (Martínez-
Lorenzana et al., 2004), temporal pole (Jellison et al., 2004; Patel et al., 2010) 
parahippocampal, inferior temporal and fusiform gyri (Di Virgilio et al., 1999; Johnston et 
al., 2008; Demeter et al., 1985 ). The remaining fibers (a few fibers) of the posterior limb 
travel into the occipital lobe (Di Virgilio et al., 1999) and intermingle with other fasciculi in 
various directions to form a dense 3D network (Peltier et al., 2011). Also, additional afferent 

 
Brain Commissural Anomalies 75 

fibers from the occipital cortex (Patel et al., 2010; Di Virgilio et al., 1999) precentral gyrus and 
central fissure have been detected through the posterior limb (Di Virgilio et al., 1999). 

3.3 Anatomy of the fornix 

The fornix (Fig. 2. B) provides bidirectional connectivity between the hippocampus and 
subcortical structures (Swanson & Cowan, 1977; Cassel et al., 1997). It contains the main 
efferent bundle (Carpenter, 1991) of large fibers connecting the hippocampal formation to 
the mamillary body (Atlas et al., 1986) and anterior thalamic nuclei. It is also has afferent 
cholinergic tracts from the septal nuclei and a smaller amount pathways from other basal 
forebrain to the hippocampus and entorhinal cortex, respectively (Gaffan et al., 2001; 
Mesulam et al., 1983; Ridley et al., 1996; Selden et al., 1998). The most of the fibres in the 
fornix begin from the subicular cortex and the pyramidal cells of the hippocampus. Those 
fibres converge into a discrete bundle as the fimbria at the medial surface of the alveus of 
the head of the hippocampus (Standring, 2005). The fimbria on the anterosuperior curvature 

of the hippocampus (Chance et al., 1999) lies to posterior end of thalamus, then arcs 
posterosuperiorly and medially to form the crus of the fornix (Atlas et al., 1986). Beneath the 
splenium (Chance et al., 1999), about 20% of the fibres (Lamantia & Rakic, 1990) cross the 
midline between the fornical crura at a point known as the commissure of the fornix (Chance 
et al., 1999; Lamantia & Rakic, 1990). Anteriorly, upon reaching the septum pellucidum on 
the midline and under the corpus callosum the crura meet to form the body of the fornix 
(Atlas et al., 1986; Lamantia & Rakic, 1990). Most text-books state that the two fornices 
merge but evidence from MR imaging indicates it is more accurate to say that they join but 
always maintain an obvious, separate identity (Griffiths et al., 2009).There, they course in 
the lower margin of the pellucidal leaves until they reach the superioranterior edge of the 
foramen of Monro ( Lamantia & Rakic ,1990). As they descend, above the interventricular 
foramina the body of the fornix diverges into right and left fascicles which split into a 
precommissural fornix and a posterior commissural fornix (the columns of the fornix) near 
the anterior commissure (Williams et al., 1989). In each side the column or posterior 
commissural fornix (Carpenter, 1991; Meibach & Siegel, 1977) [hippocampo-mammillary 
tract (Lamantia & Rakic, 1990)] which contains  the majority of the fornical fibres (Carpenter, 
1991; Meibach & Siegel, 1977) and the fibres from the subicular area (Lamantia & Rakic, 
1990) bend ventrally in front of the interventricular foramina and caudal to the anterior 
commissure, to join the anterior thalamus and hypothalamus (Atlas et al., 1986), 
predominantly to mamillary body. The precommissural (hippocampo-septal tract) contains 
the remaining portion of the fornical fibres which arising from the cornu ammonis 
(Lamantia & Rakic, 1990; Meibach & Siegel, 1977) and the subiculum (some of the fibres) 
and terminate exclusively in the (Meibach & Siegel, 1977) septum area (Chance, 1999) and 
septal nuclei (Meibach & Siegel, 1977; Lamantia & Rakic, 1990). The distribution of neurons 
contributing to the fornix in rhesus monkeys (Macaca mulatta) have been shown that the 
medial fornix originates from cells in the caudal half of the subiculum, the lamina 
principalis interna of the caudal half of the presubiculum, and from the perirhinal cortex 
(area 35). The intermediate portion of the fornix originates from cells in the rostral half of the 
subiculum and prosubiculum, the anterior presubiculum (only from the lamina principalis 
externa), the caudal presubiculum (primarily from lamina principalis interna), the rostral 
half of CA3, the EC (primarily 28I and 28M), and the perirhinal cortex (area 35). The lateral 
parts of the fornix arise from the rostral EC (28L only) and the most rostral portion of CA3. 
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fibers from the occipital cortex (Patel et al., 2010; Di Virgilio et al., 1999) precentral gyrus and 
central fissure have been detected through the posterior limb (Di Virgilio et al., 1999). 

3.3 Anatomy of the fornix 

The fornix (Fig. 2. B) provides bidirectional connectivity between the hippocampus and 
subcortical structures (Swanson & Cowan, 1977; Cassel et al., 1997). It contains the main 
efferent bundle (Carpenter, 1991) of large fibers connecting the hippocampal formation to 
the mamillary body (Atlas et al., 1986) and anterior thalamic nuclei. It is also has afferent 
cholinergic tracts from the septal nuclei and a smaller amount pathways from other basal 
forebrain to the hippocampus and entorhinal cortex, respectively (Gaffan et al., 2001; 
Mesulam et al., 1983; Ridley et al., 1996; Selden et al., 1998). The most of the fibres in the 
fornix begin from the subicular cortex and the pyramidal cells of the hippocampus. Those 
fibres converge into a discrete bundle as the fimbria at the medial surface of the alveus of 
the head of the hippocampus (Standring, 2005). The fimbria on the anterosuperior curvature 

of the hippocampus (Chance et al., 1999) lies to posterior end of thalamus, then arcs 
posterosuperiorly and medially to form the crus of the fornix (Atlas et al., 1986). Beneath the 
splenium (Chance et al., 1999), about 20% of the fibres (Lamantia & Rakic, 1990) cross the 
midline between the fornical crura at a point known as the commissure of the fornix (Chance 
et al., 1999; Lamantia & Rakic, 1990). Anteriorly, upon reaching the septum pellucidum on 
the midline and under the corpus callosum the crura meet to form the body of the fornix 
(Atlas et al., 1986; Lamantia & Rakic, 1990). Most text-books state that the two fornices 
merge but evidence from MR imaging indicates it is more accurate to say that they join but 
always maintain an obvious, separate identity (Griffiths et al., 2009).There, they course in 
the lower margin of the pellucidal leaves until they reach the superioranterior edge of the 
foramen of Monro ( Lamantia & Rakic ,1990). As they descend, above the interventricular 
foramina the body of the fornix diverges into right and left fascicles which split into a 
precommissural fornix and a posterior commissural fornix (the columns of the fornix) near 
the anterior commissure (Williams et al., 1989). In each side the column or posterior 
commissural fornix (Carpenter, 1991; Meibach & Siegel, 1977) [hippocampo-mammillary 
tract (Lamantia & Rakic, 1990)] which contains  the majority of the fornical fibres (Carpenter, 
1991; Meibach & Siegel, 1977) and the fibres from the subicular area (Lamantia & Rakic, 
1990) bend ventrally in front of the interventricular foramina and caudal to the anterior 
commissure, to join the anterior thalamus and hypothalamus (Atlas et al., 1986), 
predominantly to mamillary body. The precommissural (hippocampo-septal tract) contains 
the remaining portion of the fornical fibres which arising from the cornu ammonis 
(Lamantia & Rakic, 1990; Meibach & Siegel, 1977) and the subiculum (some of the fibres) 
and terminate exclusively in the (Meibach & Siegel, 1977) septum area (Chance, 1999) and 
septal nuclei (Meibach & Siegel, 1977; Lamantia & Rakic, 1990). The distribution of neurons 
contributing to the fornix in rhesus monkeys (Macaca mulatta) have been shown that the 
medial fornix originates from cells in the caudal half of the subiculum, the lamina 
principalis interna of the caudal half of the presubiculum, and from the perirhinal cortex 
(area 35). The intermediate portion of the fornix originates from cells in the rostral half of the 
subiculum and prosubiculum, the anterior presubiculum (only from the lamina principalis 
externa), the caudal presubiculum (primarily from lamina principalis interna), the rostral 
half of CA3, the EC (primarily 28I and 28M), and the perirhinal cortex (area 35). The lateral 
parts of the fornix arise from the rostral EC (28L only) and the most rostral portion of CA3. 
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Subcortically, the medial septum, nucleus of the diagonal band, supramammillary nucleus, 
lateral hypothalamus, dorsal raphe nucleus, and the thalamic nucleus reuniens all send 
projections through the fornix, which presumably terminate in the hippocampus and 
adjacent parahippocampal region (Saunders & Aggleton, 2007). In conclusion, it is apparent 
that schizophrenia and to some extent gender have an influence on the neuroanatomy of the 
fornix (Church et al., 1999). 

3.4 Anatomy of the posterior commissure 

The posterior commissure (Fig. 2. A) extends from the region of the pineal recess to the 
tectal commissure. Its caudal end corresponds with the position of the orifice of the 
mesocoelic recess. It contains the coarse and fine fibres. The coarse fibres lie close to the 
ventricular roof and also skirt the mesocoelic recess, whereas the fine ones occupy a position 
nearer to the exterior, and are continued into the tectal commissure. thus the cephalic part of 
the commissure consists of ventral coarse fibres and fine dorsal ones, and the caudal part 
has a more complicated arrangement of fibres, due to the forward folding of the roof of the 
mid-brain in that region. The following connexions for the posterior commissure are 
reported: a) the coarse fibres directly connect with the nucleus of the posterior commissure 
and also indirectly through the nucleus of the posterior commissure or interstitial nucleus 
with the ipsilateral medial longitudinal bundle, b) Other fibres, chiefly coarse ones, connect 
with the regions of the tegmentum and the capsule of the red nucleus, c) fine fibres situated 
in the dorsal part of the commissure connect with the thalamus, d) the commissure 
consisting of horizontal fibres which may be traced in a lateral direction, it is thought that 
this connexion may be striatal,or possibly cortical, e) a small connexion with the habenular 
ganglia, and the habenulo-peduncular tracts, h) a fine connection with the pineal gland is 
also established (Keene, 1938). Also, studies in rat have demonstrated that the activity of the 
subcommissural organ depends on serotoninergic fibers originated in the raphe nuclei, 
some of which reach the subcommissural organ through the posterior commissure 
(Mikkelsen et al., 1997). In the chick brain, the tract of the posterior commissure emerges in 
the caudal pretectum as the first transversal tract. It is formed by dorsally projecting axons 
from neurones located in the ventral pretectum, and by ventrally projecting axons from 
neurones located in the dorsal pretectum (Ware & Schubert, 2011).  

4. The vessels of the brain commissures  
4.1 The arteries of the brain commissures 

4.1.1 The arteries of the corpus callosum 

The blood supply to the corpus callosum originates from both of the arterial systems of the 
brain; the carotid system and the vertebral-basilar system.  

4.1.1.1 The carotid system 

The carotid system contributes mainly to this supply via the pericallosal artery (Kakou et al., 
1998; Wolfram-Gabel et al., 1989; Türe et al., 1996) which is the main artery of the corpus 
callosum (Wolfram-Gabel et al., 1989; Türe et al., 1996). It curves around  the genu and 
continues posteriorly along the dorsal surface of the corpus callosum (Yasargil, 1984). Its 
posterior extension followed a cork-screw-like tortuousity, anastomosed with the posterior 
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pericallosal artery in the splenial region, and formed the dense portion of the pericallosal 
pial plexus within the callosal sulcus. Usually, some of the branches arising from this 
network circle around the splenium and joint with branches of the medial posterior 
choroidal arteries in the tela choroidea of the third ventricle. In addition to pericallosal 
artery, the anterior communicating artery accessorily contributes to it by an inconstant 
artery called median artery of the corpus callosum (Wolfram-Gabel et al., 1989; Türe et al., 
1996). The pericallosal artery gives rise to four types of branches that supply the corpus 
callosum, these are the callosal artery;  cingulocallosal artery; long callosal artery; and 
recurrent cingulocallosal artery. The callosal arteries are thin branches which directly 
supply the indusium griseum and the superficial surface of the corpus callosum in the 
midline (Kahilogullari et al., 2008; Türe  et al., 1996). The cingulocallosal arteries bring the 
chief supply to the corpus callosum. These arise from the inferolateral aspect of the 
pericallosal artery and run laterally into the callosal sulcus, where they are divided into 
three arterial subgroups (Türe  et al., 1996) which supply the corpus callosum, the cingulate 
gyrus and the radiation of the corpus callosum.The cingulocallosal arteries anastomosing 
with each other and with branches arising from the subcallosal, median callosal and long 
callosal arteries to form the pericallosal pial plexus. The long callosal artery is found almost 
in half of the hemispheres, it is an another branch arising from the pericallosal artery, 
courses parallel with it in the callosal sulcus and has multiple branches that contributed to 
the pericallosal pial plexus (Kahilogullari et al., 2008; Türe  et al., 1996) .The artery ends in 
the body of the corpus callosum or in the medial longitudinal striae at the splenium and 
anastomosis with the posterior pericallosal artery of the same hemisphere or is crossed the 
midline and anastomosed with the posterior pericallosal artery of the opposite hemisphere, 
both within the callosal sulcus in the splenial region. The recurrent cingulocallosal artery is 
a thin branch, arises from major cortical branches of the pericallosal artery: It courses on the 
medial surface of the cingulate gyrus toward the callosal sulcus, present in 45% of the 
subjects (Türe  et al., 1996) and contributed to the pericallosal pial plexus (Kahilogullari et 
al., 2008; Türe  et al., 1996). In addition to the pericallosal artery, the perforating branches of 
the anterior communicating artery participate in providing blood supply to the corpus 
callosum.The hypothalamic artery (which do not supply the corpus callosum); subcallosal 
artery; and  median callosal artery spring from these branches. In 80% of the specimens, 
either the subcallosal artery or the median callosal artery are present and contributed to 
blood supply of the corpus callosum, especially to the anterior portion. The subcallosal 
artery is a major contributor to the blood supply of the medial portions of the rostrum and 
genu of the corpus callosum.The median callosal artery is present in 30% of the specimens 
an anatomical variations. This artery followed the same course as that of the subcallosal 
artery and supplies the same structures, except that its distal extension reached the body 
and frequently even the splenium of the corpus callosum (Kahilogullari  et al., 2008; Türe et 
al., 1996; Kakou et al., 1998). 

4.1.1.2 The vertebral-basilar system 

The vertebral-basilar system contributes to the blood supply of the corpus callosum by the 
terminal and choroidal branches of the posterior cerebral artery (Wolfram-Gabel et al., 1989; 
Türe et al., 1996). The posterior cerebral artery is divided into four segments: the end 
segment of which comprises the posterior extension of the posterior cerebral artery that runs 
along or inside both the parieto-occipital sulcus and the distal part of the calcarine fissure 
and gives the parieto-occipital and calcarine arteries (Párraga et al., 2010). The posterior 
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choroidal arteries in the tela choroidea of the third ventricle. In addition to pericallosal 
artery, the anterior communicating artery accessorily contributes to it by an inconstant 
artery called median artery of the corpus callosum (Wolfram-Gabel et al., 1989; Türe et al., 
1996). The pericallosal artery gives rise to four types of branches that supply the corpus 
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in half of the hemispheres, it is an another branch arising from the pericallosal artery, 
courses parallel with it in the callosal sulcus and has multiple branches that contributed to 
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cerebral artery contributes in providing blood supply to the corpus callosum by the 
posterior pericallosal artery (also known as the splenial artery), in particular the splenial 
portion, in all hemispheres. It arises from the main trunk of the parieto-occipital artery or its 
precuneal branch (52%) of the third segment of the posterior cerebri artery (32%), the calcarine 
artery (7%), the temporo-occipital artery (7%), or the second segment of the posterior cerebri 
artery (2%). In addition to the posterior pericallosal artery, a very fine artery that contributed 
to the blood supply of the splenium is observed in 25% of the hemispheres.It origins from the 
precuneal branch of the parieto-occipital artery, the hippocampal artery, the medial posterior 
choroidal artery, or the lateral posterior choroidal artery. It has been named this artery the 
“accessory posterior pericallosal artery (Türe  et al., 1996).  

4.1.2 The arteries of the anterior commissure and the fornix 

The medial portion of the anterior commissure and the column of the fornix, are supplied by 
the small perforating branches of the hypothalamic arteries(Türe  et al., 1996; Dunker & 
Harris , 1976) and the remaining anterior cerebral artery proximal to the anterior 
communicating artery (Dunker & Harris , 1976). The hypothalamic arteries arise from the 
posteroinferior aspect of the anterior communicating artery (Türe  et al., 1996). Also, the 
inferior branch of the posterior pericallosal (Türe  et al., 1996) and lateral posterior choroidal 
arteries supply the crus of the fornix. 

4.2 The veins of the brain commissures  

The venous drainage of the corpus callosum is essentially via callosal and callosocingulate 
veins empty into the deep venous system of the brain (Kakou et al., 1998; Wolfram-Gabel & 
Maillot , 1992). Most of these veins pass caudally and anastomoses together at the central 
level of the corpus callosum and form the subependymal veins and are collected by the 
septal and the medial atrial veins. All these veins are tributaries of the internal cerebral veins 
(Wolfram-Gabel & Maillot, 1992). 

5. Functional correlation of the brain commissures  
It has long been accepted that the commissural fibres are important for transfer of complex 
cognitive information (Zaidel, 1994; van der Knaap & van der Ham, 2011). In this issue the 
corpus callosum has an important role than other commissures. The corpus callosum 
involves in lower-level processes (Schulte & Müller-Oehring, 2010), transferring sensory 
information (Banich, 1998), interhemispheric visuomotor integration (Banich, 1998; Schulte 
& Müller-Oehring, 2010; Mordkoff & Yantis, 1993), hemispheric specialty (Doron & 
Gazzaniga, 2008) and contribution in development of higher-order cognitive functions 
(Gazzaniga, 2000; Doron & Gazzaniga, 2008). So, the corpus callosum is needed to maintain 
an integrated sense of self with regards to body awareness and planning of actions. (Uddin , 
2011), as in regard to visuomotor integration, the integration of perception and action by the 
corpus callosum promoting a unified experience of the way that we perceive the visual 
world and prepare our actions (Bloom & Hynd, 2005). It appears that the corpus callosum 
employs a differentiated role with callosal areas transmitting different types of information 
depending on the cortical destination of connecting fibers (Bloom & Hynd, 2005). The 
anterior corpus callosum is necessary for awareness of initiation of goal-directed 
movements and subjective feelings of agency (Uddin, 2011) and associate with inhibitory 
functions in situations of semantic competition (Stroop) and local-global interference (Bloom 

 
Brain Commissural Anomalies 79 

& Hynd, 2005); in addition to intact fronto-parietal cortical functioning (Uddin, 2011) . The 
posterior corpus callosum integrity seems proved for maintaining a sense of limb 
ownership, as this region interconnects parietal areas involved in self-body representation 
(Uddin, 2011). Also, it connects temporo-parietal and occipital cortical regions in related 
with facilitation functions from redundant targets and local-global features. It is reported 
that an intact (posterior) corpus callosum and interaction between ipsilateral and 
contralateral hemispheres are required for coordination of the hand movements (Eliassen et 
al., 1999). Additionally, it is suggested that the posterior callosal area associated with the 
superior colliculi connect visual extrastriate areas as the key structures for interhemispheric 
neural coactivation explaining visuomotor integration between hemispheres (Iacoboni et al., 
2000). A study has shown that lesions of the posterior or mid-body corpus callosum or 
complete commissurotomy conflict intermanual coordination; injuries of the posterior 
corpus callosum and parietal cortical areas cause the alien hand sign; and lesions of the 
frontal lobe or anterior corpus callosum results the anarchic hand (Aboitiz et al., 
2003).Studies in acallosal and split brain patients have revealed that the absence or loss of 
the corpus callosum integrity contributes to impairment in sensory and cognitive integration 
(Fabri et al., 2001; Yamauchi et al., 1997) and large individual differences in interhemispheric 
transfer among split-brain patients (Zaidel et al., 2003). In split-brain patients, however, 
several investigators have noted that transfer of some types of visual information is usually 
spared (Eviatar & Zaidel, 1994; Uddin et al., 2008).The condition that cortical commissures 
are no longer available some information can be transferred between the hemispheres 
through subcortical pathways (Funnell et al., 2000) by the subcortical coordination of 
cortical networks (Uddin et al., 2008). In regard to involvement of the corpus callosum in 
lower-level visuomotor functions, split-brain research indicates that the corpus callosum 
acts in an inhibitory fashion within a subcortico-cortical network (Corballis et al., 2002; 
Roser & Corballis, 2003), while recent research on callosal degradation without 
disconnection have shown cooperative role for the corpus callosum (Schulte & Müller-
Oehring, 2010) in conscious perception (Marzi et al., 1996; Müller-Oehring et al., 2009). In 
addition to mentioned functions, recently the enhanced redundancy gain (co-activation 
model) (Bucur et al., 2005; Schulte et al., 2006; Turatto et al., 2004) and mediate 
interhemispheric processing advantages ( Corballis et al., 2003; Iacoboni et al., 2000; Roser & 
Corballis, 2003) a possible role for the corpus callosum are reported. In regard to this 
question, how the corpus callosum mediates this transfer? There are, two contrasting 
theories of interhemispheric interaction in the literature, excitatory and inhibitory messages, 
although there is more evidence to support the notion that the corpus callosum plays an 
excitatory function in interhemispheric communication rather than an inhibitory function, 
there is some evidence that inhibition occurs. The nature of functions may occur at different 
times depending on the task or may even occur simultaneously to achieve an 
interhemispheric balance between component brain functions (Bloom & Hynd, 2005). How 
the corpus callosum regulates this transfer of information between cortical areas seems 
uncertain (van der Knaap & van der Ham, 2011). 

6. Interhemispheric transfer time 
Consumed time of transfer time of information between hemispheres is  shorter and more 
equal for women than men (Moes et al., 2007) and is faster from right-to-left than from left-
to right (Barnett & Corballis, 2005; Iwabuchi & Kirk, 2009). The causes of these differences 
may be; faster axonal conduction in the right hemisphere relative to the left (Barnett & 
Corballis, 2005) or the degree of hemispheric specialization (Nowicka et al., 1996; Rugg & 
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& Hynd, 2005); in addition to intact fronto-parietal cortical functioning (Uddin, 2011) . The 
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with facilitation functions from redundant targets and local-global features. It is reported 
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transfer among split-brain patients (Zaidel et al., 2003). In split-brain patients, however, 
several investigators have noted that transfer of some types of visual information is usually 
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Oehring, 2010) in conscious perception (Marzi et al., 1996; Müller-Oehring et al., 2009). In 
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Corballis, 2003) a possible role for the corpus callosum are reported. In regard to this 
question, how the corpus callosum mediates this transfer? There are, two contrasting 
theories of interhemispheric interaction in the literature, excitatory and inhibitory messages, 
although there is more evidence to support the notion that the corpus callosum plays an 
excitatory function in interhemispheric communication rather than an inhibitory function, 
there is some evidence that inhibition occurs. The nature of functions may occur at different 
times depending on the task or may even occur simultaneously to achieve an 
interhemispheric balance between component brain functions (Bloom & Hynd, 2005). How 
the corpus callosum regulates this transfer of information between cortical areas seems 
uncertain (van der Knaap & van der Ham, 2011). 
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Consumed time of transfer time of information between hemispheres is  shorter and more 
equal for women than men (Moes et al., 2007) and is faster from right-to-left than from left-
to right (Barnett & Corballis, 2005; Iwabuchi & Kirk, 2009). The causes of these differences 
may be; faster axonal conduction in the right hemisphere relative to the left (Barnett & 
Corballis, 2005) or the degree of hemispheric specialization (Nowicka et al., 1996; Rugg & 
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Beaumont, 1978) more gray matter relative to white matter in the left hemisphere than in the 
right (Gur et al., 1980); other anatomical differences between both hemispheres. It appears 
that the ratio of gray and white matter may be underlying functional asymmetry (Schulte & 
Müller-Oehring, 2010). A correlation between callosal connectivity and prolonged 
interhemispheric transfer time have been reported in split-brain patients and in acallosal 
patients ( Iacoboni et al., 2000; Mooshagian et al., 2009; Paul et al., 2007; Reuter-Lorenz et al., 
1995; Roser & Corballis, 2002). 

7. Brain commissural anomalies 
7.1 Malformations of the corpus callosum 

It is observed in a variety of conditions that disrupt early cerebral development, including 
chromosomal and metabolic disorders, as well as intrauterine exposure to teratogens and 
infection (Paul et al., 2007). Callosal agenesis can be detected prenatally by routine 
sonography, for which the important signs include absence of the cavum septum 
pellucidum, colpocephaly, high-riding third ventricle, and widening of the interhemispheric 
fissure (Tang et al., 2009). On the basis of the known embryology of the corpus callosum, 
two primary or "true" types and two secondary types of callosal abnormalities have been 
documented. The two types of true agenesis of the corpus callosum include (1) defects in 
which axons form but are unable to cross the midline because of absence of the massa 
commissuralis and leave large aberrant longitudinal fiber bundles known as Probst bundles 
(Fig. 3. A, B), along the medial hemispheric walls; and (2) defects which the commissural 
axons or their parent cell bodies fail to form in the cerebral cortex (Sidman & Rakic, 1982). 
The former, probably the most common type of agenesis of the corpus callosum, occurs in 
BALB mice and all agenesis of the corpus callosum syndromes, in which Probst bundles are  

 

 
Fig. 3. Photographs of transverse sections of the cerebral hemisphere (A, B) showing the 
Probst bundle (PB) and medially concave frontal horn (MCFH). Other abbreviation in this 
figure (B): APB, anterior part of the Probst bundle; T, thalamus; SF, separated fornix; PHLV, 
posterior horn of the lateral ventricle.  
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seen. The latter occurs in Walker- Warburg syndrome and other types of lissencephaly, in 
which Probst bundles are generally not seen.The two types of secondary of callosal 
abnormalities include (1) absence of the corpus callosum associated with major 
malformations of the embryonic forebrain prior to formation of the anlage of the corpus 
callosum; and (2) degeneration or atrophy of the corpus callosum, which results in striking 
thinning that may again be mistaken for true agenesis of the corpus callosum (Dobyns, 
1996). Its incidence in the general population is 3-7 per 1000 birth; in children with 
developmental disabilities is 2-3 per 100 (Grogono, 1968; Jeret et al., 1985; Glass et al., 2008), 
among patients undergoing cranial magnetic resonance imaging at a tertiary care referral 
institution was determined to be 0.25% (Hetts et al .,2006). Also, a population-based survey 
indicates that the combined prevalence of agenesis and hypoplasia of the corpus callosum 
before age 1 year is only 1.8 per 10,000 live births (Glass et al., 2008). In addition to 
mentioned incidences, a epidemiologic study in Hungary has been shown that the overall 
birth prevalence of total or partial agenesis and hypoplasia involved 2.05 per 10,000 live 
births, including 2.73 per 10,000 among boys, and 1.33 per 10,000 among girls. The birth 
prevalence of total and partial agenesis of the corpus callosum involved 1.02 per 10,000 live 
births, with 1.36 per 10,000 among boys and 0.66 per 10,000 among girls. The birth 
prevalence of hypoplasia of the corpus callosum involved 1.02 per 10,000 live births, with 
1.36 per 10,000 among boys, and 0.66 per 10,000 among girls. The male/female sex ratio was 
2.2 for both total or partial agenesis and hypoplasia of the corpus callosum (Szabó , 
2011).The morphological anomalies of the corpus callosum may be agenesis (complete and 
partial), dysgenesis (Fig. 4), hypoplasia and hyperplasia (Raybaud, 2010; Yousefi & 
Kokhei, 2009; Hetts et al .,2006; Hanna , 2011). 

 
Fig. 4. Corpus callosum is markedly dysgenic; the genu (long Stright arrow) and body (short 
straight arrows) are present, but splenium and rostrum are absent. Anterior cornmissure 
(curved arrow) is present and of normal size (Barkovich & Norman, 1988). 

7.1.1 Complete agenesis of the corpus callosum (Figs. 2. A, B & 5. A) 

The agenesis (complete or partial) is one of the most commonly observed features in the 
malformations of the brain (Chiappedi & Bejor, 2010), a part of many syndromes (Chiappedi 
& Bejor, 2010; Penny, 2006) and/or somatic anomalies (Barkovich, 2005; Barkovich & 
Norman, 1988; Marszal et al., 2000; Hetts, 2006). Primary complete agenesis usually occurs 
earlier in embryologic development, while partial agenesis occurs in later gestation (Penny, 
2006). Complete agenesis of the corpus callosum, in which patients do not develop a callosal 
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Beaumont, 1978) more gray matter relative to white matter in the left hemisphere than in the 
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seen. The latter occurs in Walker- Warburg syndrome and other types of lissencephaly, in 
which Probst bundles are generally not seen.The two types of secondary of callosal 
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indicates that the combined prevalence of agenesis and hypoplasia of the corpus callosum 
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structure. It is rarely limited to the callosal structure (Raybaud, 2010) and usually sporadic 
(Chouchane et al., 1999). This form of anomaly is often associated with defects or absence of 
the other forebrain commissures (Raybaud, 2010). Most of the patients with complete 
agenesis and without telencephalic dysgenesis or syndromic features typically have the 
Probst's bundles (Szriha, 2005). During embryogenesis, the fibres are thought to arrive at the 
midplane, where they are hindered in their further migration across the midline and then 
change their direction of growth (Rosenthal-Wisskirchen, 1967) into an anteroposterior 
direction which leads to the formation of bundles in each hemisphere (Rosenthal-
Wisskirchen, 1967; Lee et al., 2004; Hetts et al., 2006; Meyer & Röricht, 1998).The formation 
of bundles upon the lateral ventricular lumen, giving it a crescentic and a bull’s head 
appearance to the section of the lateral and third ventricles on the coronal view. This bundle 
is called the bundle of Probst in the literature ( Raybaud ,2010) .The Probst bundle may be 
intermingled with upper border of the separated fornix (Hetts et al., 2006; Meyer & Röricht, 
1998; Yousefi & Kokhei, 2009). In this condition, frontally, it has comma (Meyer & Röricht, 
1998), a U-turn shape (Ozaki et al., 1987) and the lower area of the anterior portion (radiated 
fibres) of the Probst bundle is attached to the ventral branches of the precommissure fornix. 
Posteriorly it forms a thin layer on the upper medial wall of the lateral ventricles (Meyer and 
Röricht, 1998) and accumulates as an anomalous fascicle below the cingulum (Ozaki et al., 
1987) or attaches to the crus of fornix at the beginning of the fimbria (Yousefi & Kokhei, 
2009). The etiology of Agenesis of the corpus callosum is heterogeneous, including 
cytogenetic abnormalities, metabolic disorders and genetic syndromes (Dobyns, 1996). At 
the molecular level, the process of development of the corpus callosum is complex. These 
processes rely on intricate cell-to-cell signaling mechanisms. Disruption or 
desynchronization of these mechanisms could lead to partial or complete callosal agenesis 
(Prasad et al., 2007). 

7.1.2 Partial agenesis of the corpus callosum 

Partial agenesis of the corpus callosum (Fig. 4) results from an arrest of growth between 12 
and 18 weeks of gestation and usually involves the dorsal part or splenium (Kier & Truwit, 
1996). It is suggested that a deviation in the normal course of the pericallosal arteries may be 
the sign of corpus callosal partial agenesis. In such cases the arteries closely follow the 
contour of the corpus callosum at its anterior part (the genu and the body), but take an 
upward direction at the level of the missing splenium (Volpe et al., 2006). Additionally, an 
insult to the developing corpus callosum may inhibit  the complete formation of this large 
commissural bundle and lead to partial agenesis (hypogenesis) of the corpus callosum, 
when only the early formed portions appear (Szriha, 2005). 

7.1.3 Callosal hypoplasia 

Callosal hypoplasia is a developmental disorder that may be induced by teratogens 
(radiation, alcohol) or compression (e.g. intracranial masses, obstructive hydrocephalus 
(Davila-Gutuerrez, 2002; Paupe et al., 2002) rather than a primary malformative 
abnormality.Thus, callosal hypoplasia more likely depends upon an external factor affecting 
the number and size of callosal axons. This is apparently confirmed by a experience since 
callosal hypoplasia was often associated with additional brain anomalies (Ghi et al., 2010). 
Hypoplasia and partial agenesis of the corpus callosum may occur in isolation form, in these 
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conditions, neurological outcome is reported by some to be similar to that in cases with 
absent corpus callosum1( Moutard et al. ,2003; Mordefroid et al., 2004; Ghi et al., 2010). 
Callosal hypoplasia include a significant size reduction of the anterior genu, posterior genu 
(Walterfang, 2008, Walterfang, 2009a; Vidal et al., 2006; Just et al., 2007; Walterfang et al., 
2009b; 2009c), isthmus (Walterfang, 2008; Walterfang, 2009a; Vidal et al., 2006; Just et al., 
2007; Cao et al., 2010)and the posterior midbody (Cao et al., 2010), a smaller splenium width 
(Bersani, 2010; Vidal et al., 2006; Just et al., 2007; Hutchinson et al ., 2008), a cyst in the 

splenium (Bamiou et al., 2007) and a smaller anterior midbody. The anterior midbody is 
known to increase in size until the late twenties (Bersani, 2010). Other abnormal shapes of 
the corpus callosum are reported such as global shape due different bending degrees of the 
callosal body (He et al ., 2010) ; a slit-like left paracallosal lesion extending from the genu 
towards the splenium (Faber et al., 2010) with an additionally smaller anterior corpus 
callosum for boys ( Hutchinson et al ., 2008). The studies have shown a correlation between 
illness duration and callosal shape in patients with bipolar disorder. Therefore, the corpus 
callosum degeneration and axonal loss is repeatedly described in some of the psychiatric 
disorders (Evangelou et al., 2000; Manson et al., 2006; Warlop et al., 2008; Gadea et al., 2009). 
Callosal thinning by defective myelination or decreased fiber density, can manifest itself in 
pathology specific symptoms. Also, a lot of variations are seen in patients in related to age, 
sex and type of symptoms (van der Knaap, 2011). 

7.1.4 Callosal hypertrophy 

Hypertrophy of the corpus callosum is a classical marker of neurofibromatosis type 1. It has 
also been recently identified as a characteristic of a macrocephaly syndrome with 
polymicrogyria and developmental delay (Pierson et al., 2008). Finally, investigations have 
shown that the corpus callosum is particularly vulnerable to closed head trauma (Peru et al., 
2003). There are evidences that the chromosomes of 8, 11, 13-15 and 18 involvement in 
abnormal corpus callosum morphogenesis and it can occur as an X-linked (Jeret et al., 1987; 
Davila-Gutierrez, 2002) or autosomal-recessive condition, or can present as an incidental 
finding during imaging in apparently normal patients (Davila-Gutierrez, 2002). 

7.2 Malformations of the anterior commissure 

In the classic commissural agenesis, in about 50% of the cases, the anterior commissure is 
either absent or too thin to be recognized (Raybaud & Girard, 1998), or apparent but 
hypoplastic (Raybaud & Girard, 1998; Griffiths, 2009), probably due to the absence of its 
neocortical component. It is classically mentioned that in some of the cases it may be 
enlarged, as if compensating for the missing corpus callosum (Raybaud & Girard, 1998; 
Probst, 1973; Barr Melodie & Corballis Michael, 2002) whereas in other studies, it is reported 
that this commissure was small (Bamiou et al., 2007; Barkovich & Norman, 1988; Atlas, 1986) 
in the patients who had complete agenesis of the corpus callosum associated with cranial 
abnormalities and some of syndromes and small but had a normal configuration in the 
patient with isolated callosal agenesis (Barkovich & Norman, 1988; Atlas, 1986).The anterior 
commissure is dislocated in more than a third of the cases (38%), low on the lamina 
terminalis, halfway between the foramen of Monro and the optic chiasm (Raybaud, 2010). In 
addition to above anomalies, the unilateral anterior commissure run posterior to the 
columna fornicis in the brain of a 20 year-old man was reported (Hori, 1997). Association of 
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structure. It is rarely limited to the callosal structure (Raybaud, 2010) and usually sporadic 
(Chouchane et al., 1999). This form of anomaly is often associated with defects or absence of 
the other forebrain commissures (Raybaud, 2010). Most of the patients with complete 
agenesis and without telencephalic dysgenesis or syndromic features typically have the 
Probst's bundles (Szriha, 2005). During embryogenesis, the fibres are thought to arrive at the 
midplane, where they are hindered in their further migration across the midline and then 
change their direction of growth (Rosenthal-Wisskirchen, 1967) into an anteroposterior 
direction which leads to the formation of bundles in each hemisphere (Rosenthal-
Wisskirchen, 1967; Lee et al., 2004; Hetts et al., 2006; Meyer & Röricht, 1998).The formation 
of bundles upon the lateral ventricular lumen, giving it a crescentic and a bull’s head 
appearance to the section of the lateral and third ventricles on the coronal view. This bundle 
is called the bundle of Probst in the literature ( Raybaud ,2010) .The Probst bundle may be 
intermingled with upper border of the separated fornix (Hetts et al., 2006; Meyer & Röricht, 
1998; Yousefi & Kokhei, 2009). In this condition, frontally, it has comma (Meyer & Röricht, 
1998), a U-turn shape (Ozaki et al., 1987) and the lower area of the anterior portion (radiated 
fibres) of the Probst bundle is attached to the ventral branches of the precommissure fornix. 
Posteriorly it forms a thin layer on the upper medial wall of the lateral ventricles (Meyer and 
Röricht, 1998) and accumulates as an anomalous fascicle below the cingulum (Ozaki et al., 
1987) or attaches to the crus of fornix at the beginning of the fimbria (Yousefi & Kokhei, 
2009). The etiology of Agenesis of the corpus callosum is heterogeneous, including 
cytogenetic abnormalities, metabolic disorders and genetic syndromes (Dobyns, 1996). At 
the molecular level, the process of development of the corpus callosum is complex. These 
processes rely on intricate cell-to-cell signaling mechanisms. Disruption or 
desynchronization of these mechanisms could lead to partial or complete callosal agenesis 
(Prasad et al., 2007). 

7.1.2 Partial agenesis of the corpus callosum 

Partial agenesis of the corpus callosum (Fig. 4) results from an arrest of growth between 12 
and 18 weeks of gestation and usually involves the dorsal part or splenium (Kier & Truwit, 
1996). It is suggested that a deviation in the normal course of the pericallosal arteries may be 
the sign of corpus callosal partial agenesis. In such cases the arteries closely follow the 
contour of the corpus callosum at its anterior part (the genu and the body), but take an 
upward direction at the level of the missing splenium (Volpe et al., 2006). Additionally, an 
insult to the developing corpus callosum may inhibit  the complete formation of this large 
commissural bundle and lead to partial agenesis (hypogenesis) of the corpus callosum, 
when only the early formed portions appear (Szriha, 2005). 

7.1.3 Callosal hypoplasia 

Callosal hypoplasia is a developmental disorder that may be induced by teratogens 
(radiation, alcohol) or compression (e.g. intracranial masses, obstructive hydrocephalus 
(Davila-Gutuerrez, 2002; Paupe et al., 2002) rather than a primary malformative 
abnormality.Thus, callosal hypoplasia more likely depends upon an external factor affecting 
the number and size of callosal axons. This is apparently confirmed by a experience since 
callosal hypoplasia was often associated with additional brain anomalies (Ghi et al., 2010). 
Hypoplasia and partial agenesis of the corpus callosum may occur in isolation form, in these 
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conditions, neurological outcome is reported by some to be similar to that in cases with 
absent corpus callosum1( Moutard et al. ,2003; Mordefroid et al., 2004; Ghi et al., 2010). 
Callosal hypoplasia include a significant size reduction of the anterior genu, posterior genu 
(Walterfang, 2008, Walterfang, 2009a; Vidal et al., 2006; Just et al., 2007; Walterfang et al., 
2009b; 2009c), isthmus (Walterfang, 2008; Walterfang, 2009a; Vidal et al., 2006; Just et al., 
2007; Cao et al., 2010)and the posterior midbody (Cao et al., 2010), a smaller splenium width 
(Bersani, 2010; Vidal et al., 2006; Just et al., 2007; Hutchinson et al ., 2008), a cyst in the 

splenium (Bamiou et al., 2007) and a smaller anterior midbody. The anterior midbody is 
known to increase in size until the late twenties (Bersani, 2010). Other abnormal shapes of 
the corpus callosum are reported such as global shape due different bending degrees of the 
callosal body (He et al ., 2010) ; a slit-like left paracallosal lesion extending from the genu 
towards the splenium (Faber et al., 2010) with an additionally smaller anterior corpus 
callosum for boys ( Hutchinson et al ., 2008). The studies have shown a correlation between 
illness duration and callosal shape in patients with bipolar disorder. Therefore, the corpus 
callosum degeneration and axonal loss is repeatedly described in some of the psychiatric 
disorders (Evangelou et al., 2000; Manson et al., 2006; Warlop et al., 2008; Gadea et al., 2009). 
Callosal thinning by defective myelination or decreased fiber density, can manifest itself in 
pathology specific symptoms. Also, a lot of variations are seen in patients in related to age, 
sex and type of symptoms (van der Knaap, 2011). 

7.1.4 Callosal hypertrophy 

Hypertrophy of the corpus callosum is a classical marker of neurofibromatosis type 1. It has 
also been recently identified as a characteristic of a macrocephaly syndrome with 
polymicrogyria and developmental delay (Pierson et al., 2008). Finally, investigations have 
shown that the corpus callosum is particularly vulnerable to closed head trauma (Peru et al., 
2003). There are evidences that the chromosomes of 8, 11, 13-15 and 18 involvement in 
abnormal corpus callosum morphogenesis and it can occur as an X-linked (Jeret et al., 1987; 
Davila-Gutierrez, 2002) or autosomal-recessive condition, or can present as an incidental 
finding during imaging in apparently normal patients (Davila-Gutierrez, 2002). 

7.2 Malformations of the anterior commissure 

In the classic commissural agenesis, in about 50% of the cases, the anterior commissure is 
either absent or too thin to be recognized (Raybaud & Girard, 1998), or apparent but 
hypoplastic (Raybaud & Girard, 1998; Griffiths, 2009), probably due to the absence of its 
neocortical component. It is classically mentioned that in some of the cases it may be 
enlarged, as if compensating for the missing corpus callosum (Raybaud & Girard, 1998; 
Probst, 1973; Barr Melodie & Corballis Michael, 2002) whereas in other studies, it is reported 
that this commissure was small (Bamiou et al., 2007; Barkovich & Norman, 1988; Atlas, 1986) 
in the patients who had complete agenesis of the corpus callosum associated with cranial 
abnormalities and some of syndromes and small but had a normal configuration in the 
patient with isolated callosal agenesis (Barkovich & Norman, 1988; Atlas, 1986).The anterior 
commissure is dislocated in more than a third of the cases (38%), low on the lamina 
terminalis, halfway between the foramen of Monro and the optic chiasm (Raybaud, 2010). In 
addition to above anomalies, the unilateral anterior commissure run posterior to the 
columna fornicis in the brain of a 20 year-old man was reported (Hori, 1997). Association of 
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the callosal agenesis with absent or hypoplastic of the anterior commissure is most likely the 
result of either an anomaly of the primitive lamina tenminalis, either of these situations 
would inhibit the formation of the beds of tissue into which both the commissural and 
callosal fibers are induced to grow. The presence of normal anterior commissures in those 
patients with a partially formed corpus callosum suggests that the insult to the brain that 
disrupts callosal formation occurs after the bed for ingrowth of the anterior commissure is 
formed (Barkovich & Norman, 1988). Investigations have shown that in adult humans, Pax6 
mutations are associated with cerebral malformations and structural abnormalities of the 
interhemispheric pathway, with an absent or hypoplastic anterior commissure (Sisodiya et 
al., 2001). Also, the anterior commissure is reduced in Pax6cKO mutants (Abouzeid et al., 
2009; Sisodiya et al., 2001). Of interest, there is circumstantial evidence that a hypertrophied 
anterior commissuer may reflect compensation for the lack of the corpus callosum in terms 
of interhemispheric transfer function (Fischer et al., 1992). 

7.3 Malformations of the fornix 

A focus on the fornix abnormalities and their association with hippocampal anomalis may 
figure importantly in our understanding of the pathophysiology of schizophrenia (Kuroki  
et al., 2006). 

7.3.1 Anomalies of the fornix 

The fornical defects associates with other commissural agenesis such as missing of the 
hippocampal commissure. The accumulation of the fornical fibers in the lower edge of the 
medial telencephalic medullary velum, the separated fornix (Fig. 5. A) (Meyer & Rorich, 
1998; Yousefi & Kokhei, 2009), variation in the pattern of distribution (Griffiths, 2009; 
Yousefi & Kokhei, 2009) of the precommissural fornix to more than three branches (Fig. 5. 
A) on the medial surface of the frontal lobe, thickening one of (Fig. 5. B) precommissural 
fornix branches and continued to curve inferior posteriorly parallel with the posterior 
commissural fornix, so that is visualized without dissection (Yousefi & Kokhei, 2009), 
entrapped some fibres of the genu of the corpus callosum with the fornical fibers bundle 
(Hori, 1997), enter the fornix to the basal forebrain without the normal division, a bulky 
connection between the anterior parts of the fornices producing a very prominent 
hippocampal commissure (Griffiths, 2009; Barkovich, 1990) are repoted in literature as 
anomalies of the fornix. Also, a recent postmortem and a in-vivo studies confirming 
decreased axonal density (Ozdogmus et al., 2009, Concha et al., 2010) and a near complete 
absence of unmyelinated axons of the fimbria-fornix bilaterally in the temporal lobe epilepsy 
and unilateral mesial temporal sclerosis patients (Ozdogmus et al., 2009; Concha et al., 2010) 
due to the intriguing possibility that a specific subset of projection fibers may be lost in 
temporal lobe epilepsy (Concha et al ., 2010). Reduced fractional anisotropy and cross-
sectional area simultaneous increase mean diffusivity in the fornix in the schizophrenia 
patients which indicate that fornix abnormalities may be due to either immaturity or 
degeneration of the fiber tract. These abnormalities may reflect decreased axonal density, 
axonal damage, or decreased degree of myelination. Atrophy of the fornix is the other 
condition that is detected  in 86% of the temporal lobe epilepsy patients with unilateral 
hippocampal atrophy and in almost all patients with bilateral symmetrical hippocampal 
atrophy. This finding suggests that hippocampal atrophy may cause secondary fornix  
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Fig. 5. The photograph of the brain in midsagittal plane (A), exposed of medial aspect of the 
frontal lobe (B) showing the separated fornix (SF) and associated branches. The 
precommissural fornix (PF) is abnormal. Other abbreviations in this figure: PCF, 
postcommissural fornix; AC, anterior commissure; PB, Probst bundle; SFF, sulci as fan-like 
fashion. APB, anterior part of the Probst bundle; T, thalamus; H, hypothalamus. 

atrophy (Concha et al., 2010). In addition to the schizophrenic patients, the fornical 
anomalies are common in patients with myelomeningocele and Chiari II malformation. 
These fornical anomalies include; intact but thin, thin and right greater than left, atrophic 
and left greater than right, left intact and right crus deficient, thin body and crura,, thin 
crura, defects in crura, bilaterally deficient crus and body and frank defects in the fornices 
associated with atresia or hypoplasia of crura and body of fornices. In these patients such 
defects are associated with memory and learning deficits (Vachha et al., 2006). Beyond 
mechanical stretching of periventricular axons, chronic hydrocephalus has been shown to be 
associated with microvascular changes in the cerebral white matter, which include capillary 
compression and calcium-mediated proteolysis that may account for the defects within the 
limbic fibres (Del Bigio, 2001). 

7.3.2 Asymmetry of the fornix 

In addition to patients (Baldwin et al., 1994), significant differences in the fornical volume 
were seen between the right and left sides of the fornix in healthy individual (Zahajszkyet 
al., 2001).This asymmetry is present in the position of the two columns of the fornix in 
relation to the septum pellucidum. This difference was seen in most of the subjects caudal 
located of the left fornical column to the right (Supprian &, Hofmann, 1997). In patients 
asymmetric volume loss in the fornix is detected on the same side as the abnormal 



 
When Things Go Wrong – Diseases and Disorders of the Human Brain 84

the callosal agenesis with absent or hypoplastic of the anterior commissure is most likely the 
result of either an anomaly of the primitive lamina tenminalis, either of these situations 
would inhibit the formation of the beds of tissue into which both the commissural and 
callosal fibers are induced to grow. The presence of normal anterior commissures in those 
patients with a partially formed corpus callosum suggests that the insult to the brain that 
disrupts callosal formation occurs after the bed for ingrowth of the anterior commissure is 
formed (Barkovich & Norman, 1988). Investigations have shown that in adult humans, Pax6 
mutations are associated with cerebral malformations and structural abnormalities of the 
interhemispheric pathway, with an absent or hypoplastic anterior commissure (Sisodiya et 
al., 2001). Also, the anterior commissure is reduced in Pax6cKO mutants (Abouzeid et al., 
2009; Sisodiya et al., 2001). Of interest, there is circumstantial evidence that a hypertrophied 
anterior commissuer may reflect compensation for the lack of the corpus callosum in terms 
of interhemispheric transfer function (Fischer et al., 1992). 

7.3 Malformations of the fornix 

A focus on the fornix abnormalities and their association with hippocampal anomalis may 
figure importantly in our understanding of the pathophysiology of schizophrenia (Kuroki  
et al., 2006). 

7.3.1 Anomalies of the fornix 

The fornical defects associates with other commissural agenesis such as missing of the 
hippocampal commissure. The accumulation of the fornical fibers in the lower edge of the 
medial telencephalic medullary velum, the separated fornix (Fig. 5. A) (Meyer & Rorich, 
1998; Yousefi & Kokhei, 2009), variation in the pattern of distribution (Griffiths, 2009; 
Yousefi & Kokhei, 2009) of the precommissural fornix to more than three branches (Fig. 5. 
A) on the medial surface of the frontal lobe, thickening one of (Fig. 5. B) precommissural 
fornix branches and continued to curve inferior posteriorly parallel with the posterior 
commissural fornix, so that is visualized without dissection (Yousefi & Kokhei, 2009), 
entrapped some fibres of the genu of the corpus callosum with the fornical fibers bundle 
(Hori, 1997), enter the fornix to the basal forebrain without the normal division, a bulky 
connection between the anterior parts of the fornices producing a very prominent 
hippocampal commissure (Griffiths, 2009; Barkovich, 1990) are repoted in literature as 
anomalies of the fornix. Also, a recent postmortem and a in-vivo studies confirming 
decreased axonal density (Ozdogmus et al., 2009, Concha et al., 2010) and a near complete 
absence of unmyelinated axons of the fimbria-fornix bilaterally in the temporal lobe epilepsy 
and unilateral mesial temporal sclerosis patients (Ozdogmus et al., 2009; Concha et al., 2010) 
due to the intriguing possibility that a specific subset of projection fibers may be lost in 
temporal lobe epilepsy (Concha et al ., 2010). Reduced fractional anisotropy and cross-
sectional area simultaneous increase mean diffusivity in the fornix in the schizophrenia 
patients which indicate that fornix abnormalities may be due to either immaturity or 
degeneration of the fiber tract. These abnormalities may reflect decreased axonal density, 
axonal damage, or decreased degree of myelination. Atrophy of the fornix is the other 
condition that is detected  in 86% of the temporal lobe epilepsy patients with unilateral 
hippocampal atrophy and in almost all patients with bilateral symmetrical hippocampal 
atrophy. This finding suggests that hippocampal atrophy may cause secondary fornix  
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atrophy (Concha et al., 2010). In addition to the schizophrenic patients, the fornical 
anomalies are common in patients with myelomeningocele and Chiari II malformation. 
These fornical anomalies include; intact but thin, thin and right greater than left, atrophic 
and left greater than right, left intact and right crus deficient, thin body and crura,, thin 
crura, defects in crura, bilaterally deficient crus and body and frank defects in the fornices 
associated with atresia or hypoplasia of crura and body of fornices. In these patients such 
defects are associated with memory and learning deficits (Vachha et al., 2006). Beyond 
mechanical stretching of periventricular axons, chronic hydrocephalus has been shown to be 
associated with microvascular changes in the cerebral white matter, which include capillary 
compression and calcium-mediated proteolysis that may account for the defects within the 
limbic fibres (Del Bigio, 2001). 

7.3.2 Asymmetry of the fornix 

In addition to patients (Baldwin et al., 1994), significant differences in the fornical volume 
were seen between the right and left sides of the fornix in healthy individual (Zahajszkyet 
al., 2001).This asymmetry is present in the position of the two columns of the fornix in 
relation to the septum pellucidum. This difference was seen in most of the subjects caudal 
located of the left fornical column to the right (Supprian &, Hofmann, 1997). In patients 
asymmetric volume loss in the fornix is detected on the same side as the abnormal 
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hippocampus and hippocampal sclerosis, the correlation may be related to the anatomy of 
this white matter tract. Because some of axons of the fonnix originate in the pyramidal cells 
of the hippocampus, it is suggested that hippocampal neuronal loss may result in wallenian 
degeneration and subsequent atrophy of the ipsilatenal fornix (Baldwin et al., 1994). The 
fornix asymmetry is more likely to be of developmental origin as opposed to secondary 
alterations (Supprian &, Hofmann, 1997) and the degree of asymmetry between the fomices 
varied from 41% to 82% (mean, 68%).It is apparent that men have a lower density of fibers 
in the fornix than women, the density of fibers on the left in men is significantly greater for 
patients with schizophrenia than those whom total fibre number is not significantly affected 
by gender or diagnosis (Chance et al., 1999). In regard to the precise course of the fornix in 
commissural agenesis associated with meningeal dysplasia cases, it is highly variable and 
posteriorly appears to be influenced by the anatomy of the interhemispheric cysts to a major 
degree. The fornix maintains a high-riding path as it courses cephalad and does not appear 
to give a postcommissural branch; instead, the fornix passes more anteriorly than usual 
before passing posteriorly to enter the basal forebrain (Griffiths, 2009). In children with 
complete commissural agenesis the path of fornix appears to be remarkably constant, 
although the fornix travels more laterally than usual away from its partner. Some of the 
cases may show the Shift of the fornix into a rostroventral direction (Boretius et al., 2009). 

7.4 Malformations of the posterior commissure 

The hypoplasia (Abouzeid et al., 2009) and absence of the posterior commissure may be 
associated with other forebrain commissures anomalies (Meyer & Rorich, 1998; Abouzeid et 
al., 2009) in the patients with Pax6 (p.R159fs47) mutations (Abouzeid et al., 2009). 
Experimental studies in the null mutant mice with lacking subcommissural organs or with 
subcommissural organs alterations have shown that a normal posterior commissure fails to 
form (Louvi & Wassef, 2000; Estivill-Torrus et al., 2001; Fernandez-Llebrez et al., 2004; 
Ramos et al., 2004) due to lack of the homeobox gene Msx1 (Fernandez-Llebrez et al., 2004; 
Ramos et al., 2004). Additionally, in mutant mice lacking the transcription factor PAX6, the 
posterior commissure fails to develop (Estivill-Torrus et al., 2001).Also, in WEXPZ.En1 
transgenic mice in which engrailed-1 is expressed ectopically in the dorsal midline of the 
diencephalon (Danielian & McMahon, 1996) the posterior commissure development is 
delayed and frequent errors in axonal pathfinding happen (Louvi & Wassef, 2000). In 
addition to mentioned anomalies, relocation of the posterior commissure on the 
subcommissural organs is reported in the one-eyed pinhead mutants of the zebrafish Dario 
rerio due to slightly displaced of the subcommissural organs from its normal midline 
position (Hoyo-Becerra et al., 2010). 

8. Brain malformations associated with commissural disorders 
It has been proposed that the corpus callosum is useful as an indicator of both congenital and 
degenerative brain disorders in children, since the corpus callosum is formed 
contemporaneously with many other major telencephalic structures (Barkovich & Norman, 
1988; Hetts et al., 2006). Callosal dysgenesis is frequently associated with other central nervous 
system malformations and /or somatic anomalies (Barkovich & Norman, 1988;  Marszal et al., 
2000; Hetts et al., 2006) and its defects are rarely isolated (Barkovich & Norman, 1988; Hetts et 
al., 2006). Since formation of the corpus callosum is complex and this characteristic may 
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explain why most cases of callosal agenesis are not isolated (Tang et al., 2009). The type, 
number, and severity of related anomalies, however, are deferent. Brain anomalies associated 
with commissural disorders can be arranged based on the morphology of the cerebral 
commissures and associated malformations of the midline, of cortical development, of white 
matter, and of the diencephalon and rhombencephalon (Hetts et al., 2006).  

8.1 Midline anomalies 

Midline malformations association with agenesis or dysgenesis of the corpus callosum 
include interhemispheric cysts (Figs. 6, 9), lipomas (Hetts et al., 2006; Byrd, 1990; Johnston, 
1934; Probst, 1973, Barkovich et al., 2001; Raybaud, 2010; Truwit, 1990) and craniocerebral 
midline defects (Raybaud, 2010) which can be confirmed by imaging studies (Davila-
Gutierrez, 2002). Agenesis of the commissures with interhemispheric cysts is felt to have 
different causes, possibly related to a meningeal rather than neural disorder (Raybaud, 
2010). There are two broad classes of interhemispheric cysts (Fig. 6), communicating and 
non-communicating (Johnston, 1934; Probst, 1973; Barkovich et al., 2001). The 
communicating cysts are expansions of the ventricular tela choroidea and the non-
communicating cyst is multiloculated meningeal cystic dysplasia (Raybaud, 2010; Davila-
Gutierrez, 2002). Additionally, another classification of the callosal agenesis with cysts has 
been advised: type 1, in which there is one single cystic cavity that communicates with the 
ventricles and subdivides in three subgroups on the bases of being a) with macrocephaly 
and hydrocephalus, b) with macrocephaly and hydrocephalus associated with a 
developmental ventricular obstruction (thalamic fusion, hamartoma), and c) with 
microcephaly (Barkovich et al., 2001). Type 2 refers to the cases where the interhemispheric 
cysts are multiloculated (Davila-Gutierrez, 2002; Barkovich et al., 2001) and independent 
from the ventricles; it is subdivided into three subgroups on the bases of being a) 
hydrocephalus and an essentially normal brain, b) affects girls and is made of multiple cysts 
different from cerebro spinal fluid with frontoparietal polymicrogyria and periventricular 
nodular heterotopias and one or two dilated ventricles (Barkovich et al., 2001) and c) with 
multiloculated cysts, large subcortical heterotopia, and dysmorphic head and brain. 
However, it needs to be confirmed (Raybaud, 2010). In the form of a single ventricular 
diverticulation cyst, the commissural agenesis is usually not associated with significant 
hemispheric dysplasia or malformations of cortical development. The main feature is the 
markedly expanded tela choroidea, the septum pellucidum, fornices, and bundles of Probst 
are missing (Raybaud, 2010). Such conditions have been previously described as “septo-
optic dysplasia“: with total absence of the corpus callosum (Sener, 1993) or agenesis of the 
corpus callosum with dehiscent fornices (De León et al., 1995). In commissural agenesis with 
multilocular cysts, most of the cases have cerebral dysplasia. The CT density and the MR 
signals of some of these cysts commonly are different from those of the cerebro spinal fluid, 
histological peculiarity to explain protein content different from that of the cerebro spinal 
fluid, children usually are born with hydrocephalus and the size of the cysts usually 
increased during gestation (Raybaud, 2010). An association of agenesis or dysgenesis of the 
corpus callosum with subarachnoidal  cysts also have been recognized for example, 
reported two sisters that presented corpus callosal agenesis, neuralsensory deafness, and 
subarachnoideal cysts with hydrocephalus, the cysts being located in the pineal region and 
obstruct the cerebral aqueduct, as an autosomal-recessive trait (Hendriks et al., 1999). 
Interhemispheric meningeal lipomas are the second meningeal dysplasia which commonly  
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hippocampus and hippocampal sclerosis, the correlation may be related to the anatomy of 
this white matter tract. Because some of axons of the fonnix originate in the pyramidal cells 
of the hippocampus, it is suggested that hippocampal neuronal loss may result in wallenian 
degeneration and subsequent atrophy of the ipsilatenal fornix (Baldwin et al., 1994). The 
fornix asymmetry is more likely to be of developmental origin as opposed to secondary 
alterations (Supprian &, Hofmann, 1997) and the degree of asymmetry between the fomices 
varied from 41% to 82% (mean, 68%).It is apparent that men have a lower density of fibers 
in the fornix than women, the density of fibers on the left in men is significantly greater for 
patients with schizophrenia than those whom total fibre number is not significantly affected 
by gender or diagnosis (Chance et al., 1999). In regard to the precise course of the fornix in 
commissural agenesis associated with meningeal dysplasia cases, it is highly variable and 
posteriorly appears to be influenced by the anatomy of the interhemispheric cysts to a major 
degree. The fornix maintains a high-riding path as it courses cephalad and does not appear 
to give a postcommissural branch; instead, the fornix passes more anteriorly than usual 
before passing posteriorly to enter the basal forebrain (Griffiths, 2009). In children with 
complete commissural agenesis the path of fornix appears to be remarkably constant, 
although the fornix travels more laterally than usual away from its partner. Some of the 
cases may show the Shift of the fornix into a rostroventral direction (Boretius et al., 2009). 

7.4 Malformations of the posterior commissure 

The hypoplasia (Abouzeid et al., 2009) and absence of the posterior commissure may be 
associated with other forebrain commissures anomalies (Meyer & Rorich, 1998; Abouzeid et 
al., 2009) in the patients with Pax6 (p.R159fs47) mutations (Abouzeid et al., 2009). 
Experimental studies in the null mutant mice with lacking subcommissural organs or with 
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explain why most cases of callosal agenesis are not isolated (Tang et al., 2009). The type, 
number, and severity of related anomalies, however, are deferent. Brain anomalies associated 
with commissural disorders can be arranged based on the morphology of the cerebral 
commissures and associated malformations of the midline, of cortical development, of white 
matter, and of the diencephalon and rhombencephalon (Hetts et al., 2006).  

8.1 Midline anomalies 

Midline malformations association with agenesis or dysgenesis of the corpus callosum 
include interhemispheric cysts (Figs. 6, 9), lipomas (Hetts et al., 2006; Byrd, 1990; Johnston, 
1934; Probst, 1973, Barkovich et al., 2001; Raybaud, 2010; Truwit, 1990) and craniocerebral 
midline defects (Raybaud, 2010) which can be confirmed by imaging studies (Davila-
Gutierrez, 2002). Agenesis of the commissures with interhemispheric cysts is felt to have 
different causes, possibly related to a meningeal rather than neural disorder (Raybaud, 
2010). There are two broad classes of interhemispheric cysts (Fig. 6), communicating and 
non-communicating (Johnston, 1934; Probst, 1973; Barkovich et al., 2001). The 
communicating cysts are expansions of the ventricular tela choroidea and the non-
communicating cyst is multiloculated meningeal cystic dysplasia (Raybaud, 2010; Davila-
Gutierrez, 2002). Additionally, another classification of the callosal agenesis with cysts has 
been advised: type 1, in which there is one single cystic cavity that communicates with the 
ventricles and subdivides in three subgroups on the bases of being a) with macrocephaly 
and hydrocephalus, b) with macrocephaly and hydrocephalus associated with a 
developmental ventricular obstruction (thalamic fusion, hamartoma), and c) with 
microcephaly (Barkovich et al., 2001). Type 2 refers to the cases where the interhemispheric 
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different from cerebro spinal fluid with frontoparietal polymicrogyria and periventricular 
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multiloculated cysts, large subcortical heterotopia, and dysmorphic head and brain. 
However, it needs to be confirmed (Raybaud, 2010). In the form of a single ventricular 
diverticulation cyst, the commissural agenesis is usually not associated with significant 
hemispheric dysplasia or malformations of cortical development. The main feature is the 
markedly expanded tela choroidea, the septum pellucidum, fornices, and bundles of Probst 
are missing (Raybaud, 2010). Such conditions have been previously described as “septo-
optic dysplasia“: with total absence of the corpus callosum (Sener, 1993) or agenesis of the 
corpus callosum with dehiscent fornices (De León et al., 1995). In commissural agenesis with 
multilocular cysts, most of the cases have cerebral dysplasia. The CT density and the MR 
signals of some of these cysts commonly are different from those of the cerebro spinal fluid, 
histological peculiarity to explain protein content different from that of the cerebro spinal 
fluid, children usually are born with hydrocephalus and the size of the cysts usually 
increased during gestation (Raybaud, 2010). An association of agenesis or dysgenesis of the 
corpus callosum with subarachnoidal  cysts also have been recognized for example, 
reported two sisters that presented corpus callosal agenesis, neuralsensory deafness, and 
subarachnoideal cysts with hydrocephalus, the cysts being located in the pineal region and 
obstruct the cerebral aqueduct, as an autosomal-recessive trait (Hendriks et al., 1999). 
Interhemispheric meningeal lipomas are the second meningeal dysplasia which commonly  
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Fig. 6. Midsagittal T1-weighted image shows a complete callosal defect with 
interhemispheric cyst and cortical dysplasia in a 3-year-old boy, histologically verified as 
glioependymal (asterisks) (Utsunomiya et al., 1997). 

associated with a malformation of the commissures (Raybaud, 2010). The most common 
location being the depth of the interhemispheric fissure where the lipoma often extend 
toward into the choroid plexuses (Truwit, 1990). The mechanism of the malformative 
association is not really known. It has been known for some time that, depending on the 
appearance (tubulonodular or curvilinear) and location (ventral or dorsal) of the lipoma, the 
dysplasia of the corpus callosum was different, while that the commissural defect does not 
correlate with the size or shape of the lipoma (dorsal tubulonodular lipoma can be observed 
with normal callosal morphology). A study, depending on the location of the lipoma, has 
classified it into four topographic groups: anterior, transitional (or global: covering the 
callosum from the front to the back), posterior, and inferior (below the hippocampal 
commissure). The anterior lipoma ( 15%) is associated with major commissural hypogenesis, 
the more posterior transitional lipoma ( 24%) with a complete but hypoplastic commissural 
plate, the posterior ones ( 48%) with minor shortening or tapering of the splenium, and the 
inferior ones ( 12%), with minor commissural abnormalities only. Craniocerebral midline 
defects: along the neural tube, commissuration is primarily a basal process, and in cases of 
commissural agenesis other commissuration defects may be observed anywhere along the 
ventral cord and brainstem (Raybaud, 2010). In the basal forebrain, other commonly 
associated defects involve the anterior optic pathway (Raybaud & Girard, 1998) and the 
hypothalamo-pituitary axis (Raybaud & Girard, 1998). Because the development of the 
corpus callosum itself is associated with the dorsalization of the hemispheres, other 
disorders of the dorsalization may be observed, primarily at the level of the cerebellum: a 
Dandy–Walker malformation (or related defect) is commonly associated with an agenesis of 
the corpus callosum (Johnston, 1943; Raybaud, 1982). The rare rhombencephalon synapsis is 
often found in association with septal defects/ septo-optic dysplasia (Michaud et al., 1982; 
Jellinger, 2002) and obviously the midline skull defects commonly include commissural 
agenesis or dysgenesis, especially the frontonasal dysplasia (Guion-Almeida et al., 1996; Wu 
et al., 2007) and the basal, notably sphenoidal cephaloceles (Koenig et al., 1982). 
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8.2 Malformations of cortical development 

All abnormalities of cortical development may be associated with anomalies of the 
commissures. Migration disorders are probably the most typical (Raybaud, 2010). 
Periventricular nodular heterotopias (Volpe et al., 2006; Tang et al.,2009; Raybaud, 2010) are 
commonly found (Raybaud, 2010) and dysplastic-appearing deep gray nuclei characterized 
by small size, abnormal shape with  periventricular nodular heterotopias (Volpe et al., 2006; 
Tang et al.,2009) see only in  delayed sulcation (Tang et al., 2009). Abnormal sulcation 
associated with commissural anomalies are reported as the most common malformation of 
cortical development (Hetts et al., 2006; Byrd, 1990; Barkovich & Norman 1988; Tang et al., 
2009). Major hemispheric dysplasia with large subcortical heterotopia and cortical dysplasia 
(Figs. 7, 9) are characteristic as well (Raybaud, 2010). Cortical dysplasia (Donmez et al., 2009; 
Volpe et al., 2006) may be associated with an interhemispheric glioependymal cyst and 
porencephaly (Utsunomiy et al., 1997), and small porencephalic cysts (Volpe et al., 2006). In 
addition to above malformations of cortical development, the gyral abnormalities have been 
described previously in relation to anomalies of the cerebral commissures and abnormal 
gyral patterns which are  characterized either by abnormal, too numerous infoldings or by 
absent sulcation (Tang et al., 2009). These abnormalities include polymicrogyria (Utsunomiy 
et al., 1997 ; Hetts et al., 2006; Tang et al., 2009) classic lissencephaly (Hetts et al., 2006: Tang 
et al., 2009; Volpe et al., 2006, Donmez et al ., 2009), cobblestone lissencephalies (Hetts et al., 
2006), schizencephaly (Hetts et al., 2006; Tang et al., 2009), schizencephaly with bilateral 
frontoparietal holohemispheric clefts (Utsunomiy et al., 1997 ), pachygyria (Tang et al., 
2009), heterotopia pachygyria (Hetts et al., 2006)  or diffuse pachygyria (Utsunomiy et al., 
1997) and other nonclassified abnormalities (Tang et al., 2009).  

 
 

 
 
 

Fig. 7. Anomalies of cortical development of varying extent and severity were found in 
patients with callosal hypogenesis or agenesis. Coronal (a) T1-weighted image in 4-year-old 
boy shows periventricular nodular heterotopia (arrows) and dysplastic occipital cortex 
(arrowheads) in addition to dysplastic cerebellum. Axial (b) T2-weighted image in 17-year-old 
boy shows dysplastic frontal and cingulate cortex (black arrows) adjacent to interhemispheric 
cyst (white arrows). Coronal (c) T1-weighted image in 6-year-old girl shows lissencephaly 
with four-layer (Hetts et al., 2006). 

(a) (b) (c) 
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8.3 Brain white matter anomalies 

Definition of commissural anomalies is an abnormality of the white matter (Van Essen., 
1997).The white matter has been postulated to contribute to normal sulcation. Abnormalities 
of sulcation may be possibly associated with a decreased volume of white matter, as 
reported in literature (Hetts et al., 2006). The following sulcal abnormalities have been 
descripted in the brains with  commissural defects: The sulci of the medial surface of the 
hemisphere radiated in a fan-like fashion (Meyer & Röricht, 1998; Sztriha, 2005; Yousefi & 
Kokhei, 2009) towards the lateral (Fig. 5. A) wall of the third ventricle (Yousefi & Kokhei, 
2009; Sztriha, 2005) without a visible callosomarginal (Meyer & Röricht, 1998; Yousefi & 
Kokhei, 2009) and cingulate sulcution (Yousefi & Kokhei, 2009; Sztriha, 2005). The parieto-
occipital and calcarine sulci cross in the medial surface and enter toward the lateral ventricle 
and a lack of a well-defined cingulum (Atlas et al., 1986; Yousefi & Kokhei, 2009). Beyond 
the expected eversion of the cingulum and radial orientation of paramedian gyri that 
routinely accompany callosal agenesis (Hetts et al., 2006; Yousefi & Kokhei, 2009). 
Abnormalities of sulcation ranged from overly shallow olfactory sulci to frank hemispheric 
dysplasia (Hetts et al., 2006). The basis of one theory (Van Essen, 1997) it is possible that the 
absence of normal connections between hemispheres and formation of aberrant connections 
within the same hemisphere can delay the formation of primary sulci and perhaps even 
contribute to the abnormal sulcal morphology seen in so many of the cases. Reductions in 
extracallosal white matter volume and the presence of moderately or severely reduced 
extracallosal white matter volume in patients with agenesis of the corpus callosum and 
patients with hypogenesis of the corpus callosum may represent a primary dysplasia or 
hypogenesis, with fewer axons forming during development, or a secondary regression, 
possibly due to retraction of axons that do not find their way across midline to synapse with 
their homologues and thereby gain the neurotrophic support necessary for survival (Hetts, 
1998). The thickness of the mid-body of the corpus callosum positively correlates with 
volume of cerebral white matter in children with cerebral palsy and developmental delay. 
Assessment of the thickness of the corpus callosum might help in estimating the extent of 
the loss of volume of cerebral white matter in children with a broad spectrum of 
periventricular white matter injury (Panigrahy et al., 2005).  

8.4 Abnormal morphology of the lateral ventricle 

Anomalies of the lateral ventricle are always seen in association with abnormal sulcal 
morphology and constantly influence at least the frontal horn and occurrs on the side with 
the abnormal cortical infoldings. The morphological abnormalities of the lateral ventricle 
include enlargement of the ventricular atria (Tang et al., 2009), widening, colpocephaly, 
disproportionate dilatation of the trigones and occipital horns (Bekiesiñska et al., 2004; Atlas 
et al., 1986; Utsunomiy et al., 1997), keyhole dilatation of the temporal horns which is 
thought to result from deficient hippocampal formation (Atlas et al., 1986; Utsunomiy et al., 
1997), narrow frontal horns (Bekiesiñska et al., 2004), abnormal curvature of the anterior 
horn (Fig . 3. A, B) (Yousefi & Kokhei, 2009) which is explained as secondary deformity of 
anterior horn (Atlas et al., 1986) and irregularity of the ventricular wall due to 
periventricular nodular heterotopia, choroid plexus cysts, abnormal brain stem, germinal 
matrix and intraventricular hemorrhage (Tang et al., 2009). Also, some of the cases with 
callosal hypoplasia show abnormal cerebrospinal fluid spaces (Bekiesiñska et al., 2004). 
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Among above abnormal morphology of the lateral ventricle, colpocephaly, a selective 
ventriculomegaly (Fig. 8. b) of the occipital horns more than the frontal or temporal horns of 
the lateral ventricles, is a common finding in agenesis of the corpus callosum, and it appears 
that callosal agenesis is probably the second most frequent cause of colpocepbaly after 
periventricular leukomalacia (Sarnat, 1992). The deficiency of white matter around the 
occipital horns due to absence of the posterior fornix of the corpus callosum is the reason 
(Davila-Gutierrez, 2002). Holoprosencephaly (Raybaud, 2010), some subtypes of 
microcephaly (significantly associated) (Vermeulen et al., 2010) and DCX (doublecortin) 
related lissencephaly may be associated with callosal agenesis in humans (Kappeler et al, 
2007). Of course the agenesis is a defining feature of the ARX (Xp22.13) related lissencephaly 
with callosal agenesis (Kitamura et al., 2002).  

 
Fig. 8. Diffusely hypoplastic commissural plate with ventriculomegaly, Midline (a) sagittal 
T1WI.The commissural plate is complete but thin with a tiny splenium, Axial FLAIR (b). 
Diffuse ventriculomegaly without real evidence of leukomalacia: this points to a global 
white matter disorder that may be developmental or acquired, not a commissural disorder 
(Raybaud, 2010). 

8.5 The diencephalon and rhombencephalon abnormalities 

Abnormalities of the cerebellum (hemispheres, vermis), brainstem, orbits, pituitary, state of 
white matter myelination, and olfactory (apparatus and sulci which are more frequent in 
agenesis of the corpus callosum patients) have been reported in many patients with callosal 
anomalies (Hetts et al., 2006). Additional findings about the cerebellum include cerebellar 
hypoplasia with lissencephaly (Miyata et al., 2004), small or absent of the vermis, an 
asymmetric appearance of the fourth ventricle, small or absent of the cerebellum, the small 
cerebellum with abnormal orientation of the folia and posterior fossa cyst or hydrocephalus. 
An abnormal brain stem appears as dysplastic, small, compressed; also, dysgenesis of the 
corpus callosum can occur in association with dysgenesis of the frontal, parietal, and 
occipital lobes (Kawamura et al., 2002).  

9. Syndromes that include commissural dysgenesis as a defining feature 
OMIM (Online Mendelian Inheritance in Man, Johns Hopkins University, March 16, 2010) 
lists 189 specific syndromes in which a commissural agenesis is or may be present 
(Raybaud, 2010). Also, agenesis/dysgenesis of the corpus callosum has been described with 
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congenital metabolic diseases (Dobyns, 1989; Kiratli, 1999, Kolodny, 1989). The syndromes 
of the Aicardi (Fig. 9),Acrocallosal, Andermann and Shapiro are characterized by agenesis 
of the corpus callosum while others are only sporadically associated (Jeret et al., 1987). The 
CRASH syndrome with clinical features of  callosal agenesis, retardation, adducted thumbs, 
spasticity, hydrocephalus (Yamasaki et al., 1997; Sztriha et al., 2000; Fransen et al., 1997; 
Weller & Gärtner, 2001) aphasia (Fransen et al., 1997; Weller & Gärtner, 2001) is related to a 
mutation of L1 gene at Xq28 (Yamasaki et al., 1997; Sztriha et al., 2000). This gene involves in 
encoding a cell adhesion molecule which is involved in the fasciculation of the axons, as 
well as synaptic targeting and cellular migration (Schmid et al., 2008). The Miller-Dieker 
syndrome and Walker-Warburg syndrome are defined with partial to complete agenesis of 
the corpus callosum (Davila-Gutierrez, 2002). Walker-Warburg syndrome is the most severe 
phenotype of the group of the “cobblestone brains” that also includes the Fukuyama and the 
muscle-eye-brain syndromes characterized by congenital muscular dystrophy and neuronal 
migration disorder in which there is overmigration of the neurons beyond the pia limiting 
membrane. The neurons overmigrate and form abnormal arrangements in the cortical and 
meningeal layers. This disorganization of the tissular pattern and the abnormal extracellular 
matrix signals in turn results in failure of the white matter to form perfectly. Of the three 
phenotypes, the Walker–Warburg syndrome is the most severe, irregular (cobblestone) 
cortical surface, disorganized cortex, thin cerebral mantle with lack of white matter and 
ventriculomegaly, absence of the commissures; the underdeveloped brainstem often has a Z 
shape; and the cerebellum is hypoplastic with correspondingly huge posterior fossa cisterns 
(Raybaud, 2010). Syndromic craniosynostoses (Apert, Crouzon, Pfeiffer mostly) the typical 
occurrence of corpus callosal dysgenesis and/or septum pellucidum defects may well be 
intrinsically part of the syndromes (Raybaud & Di Rocco, 2007), All syndromic 
craniosynostoses result from a defect of one of the FGFR genes (FGFR2 on 10q25- q26 for 
Apert, Crouzon and Pfeiffer; FGFR1 on 8q11.22- p12 for Pfeiffer alsoes (Doherty & Wlash, 
1996; Kamiguchi & Lemmon, 1997).  

 
Fig. 9. Aicardi syndrome, newborn girl. Huge right-sided choroid plexus cyst with adjacent 
parenchymal damage. Note the multiple subcortical heterotopias and cortical dysplasia in 
the adjacent right frontal lobe and in the left parietal lobe (Raybaud, 2010). 

10. Clinical and paraclinical features 
Children with isolated form of agenesis or dysgenesis of the corpus callosum are 
asymptomatic or presented a mild hypotonia (Francesco et al., 2006). The intelligence 
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(Davila-Gutierrez, 2002) and electroencephalographic (Francesco et al., 2006), usually are 
normal (Davila-Gutierrez, 2002; Francesco et al., 2006), although these children have a lower 
capacity for processing somatosensory information (Friefeld et al., 2000). Many of the cases 
have shown a hypertelorism as mild facial dysmorphism which may be a clue to the 
neuroanatomic anomaly and further justify neuroimaging studies (Davila-Gutierrez, 2002), a 
more thorough neurological examination reveals defects in transfer of information. 
Additionally, the mental retardation can be exist (Serur et al., 1988) and 
neurodevelopmental outcome reported to be poor in 15–28% of cases (Moutard et al., 2003; 
Pilu et al., 1993). While in children with associated brain malformations (Francesco et al., 
2006), the neurological features relate to the severity and variety of the accompanying 
cerebral defects (Davila-Gutierrez, 2002) and include epilepsy (Davila-Gutierrez, 2002; 
Francesco et al., 2006) mental retardation, hydrocephalus, and morphologic and growth 
abnormalities that vary from hypotonia to severe spasticity, ataxia, autistic behavior, 
learning disabilities, and behavioral disorders (Davila-Gutierrez, 2002). 

10.1 Electroencephalographic features 

The most characteristic feature is the continued asynchrony of sleep spindles after 18 
months of age. However, this asynchrony is not an overall asymmetry, and the morphology 
and number of spindles in the two hemispheres are relatively equal over an extended period 
of stage 2 sleep (Sarnat, 1992). 

10.2 Prenatal diagnosis 

Laterally displacement of the lateral ventricles and atrium, upward movement of the third 
ventricle (Comstock et a1., 1985), absence or alteration of the cavum septum pellucidum 
(Meizner et a1, 1987), high-riding third ventricle, and widening of the interhemispheric 
fissure (Tang et al., 2009) and posterior ventriculomegaly or colpocephaly have been 
described as an imaging sign of the corpus callosal malformations (Lockwood et a1., 1988). 
Also, it is found that when complete corpus callosal dysgenesis exists, the frontal region is 
small and the cavum septi pellucidi is not evident (Tepper & Zale1, 1996). Male fetuses are 
more likely to have an isolated agenesis/dysgenesis of the corpus callosum that is 
considered benign in its clinical expression (Davila-Gutierrez, 2002). 

11. Conclusion 
 It is highly likely that agenesis of the brain commissural might have been developed as a 
result of an early embryological abnormally growth and development .The commissures 
formation is a complex process and involved many commissuration factors, so that a 
isolated commissural agenesis is uncommon, and the abnormality is usually associated with 
other cerebral or craniocerebral or syndromic defects. A full understanding of the 
embryological, anatomical and functional of the commissures could us to the diagnosis and 
handling of these abnormalities. 
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1. Introduction 
Obsessive-compulsive disorder is a common chronic neuropsychiatric illness. Estimates of 
the lifetime prevalence rate of obsessive-compulsive disorder will vary depending on the 
methods used to gather the epidemiological data and the diagnostic criteria used to define 
obsessive-compulsive disorder. Estimates of the lifetime prevalence of obsessive-compulsive 
disorder have been reported to be to be between 1.9%-3.3%, when obsessive compulsive 
disorder was defined without DSM-III criteria. A slightly lower prevalence of obsessive-
compulsive disorder was reported to be between 1.2%-2.4%, when obsessive-compulsive 
disorder was defined using DSM-III criteria123. These estimates of the prevalence of 
obsessive-compulsive disorder are likely to be accurate because they are based on: a.) 
population-based data; b.) that was gathered from five US communities; c.) from more than 
18,500 outpatients; participating in the NIMH Epidemiologic Catchment Area (ECA) a 
Study. The lifetime prevalence rates obtained from the NIMH ECA study were 25-60 times 
higher than previous estimates, which were based on studies of clinical populations. If the 
true lifetime prevalence of OCD in the United States is 2.5%, then it follows that 6.5 million 
Americans will be affected by obsessive-compulsive disorder during their lifetime. If the 1-
month prevalence rate of OCD in the United States is 1.3 %, then approximately 3.4 million 
Americans suffer from obsessive compulsive disorder each Month4. Regardless of the 
specific epidemiological and diagnostic methods used to estimate the incidence or 
prevalence of obsessive-compulsive disorder, literally millions of Americans are affected by 
the symptoms. 

There is strong evidence that obsessive-compulsive disorder impacts the American economy 
measureably. This premise is supported by the following. First, medical costs, yearly, from 
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obsessive-compulsive disorder have been estimated to be $2.1 billion. Second, indirect costs 
due to lost productivity have been estimated to be $5.9 billion5. Third, health care 
expenditures in the United States surpassed $2.3 trillion in 2008, were $714 billion spent in 
1990, and equalled $253 billion in 19806., Therefore, it is highly likely that both the direct 
and indirect costs of obsessive-compulsive disorder continue to increase.  

Economic indicators non-withstanding, the broader impact of obsessive-compulsive 
disorder on social, educational, and occupational function was addressed in a recent study. 
The  investigators found that the symptoms of obsessive-compulsive disorder affected 
socialization by various means. Lowered self-esteem was observed in 92% of patients 
sampled, interference with family relationships reported in 73% of patient’s sampled, and 
difficulty maintaining relationships was noted by 62% of patients7. Lowered academic 
achievement was observed in 58% of patients with obsessive-compulsive disorder, 
indicating that the disorder profoundly impacts educational achievement7. Occupational 
functioning is also affected in patient’s with obsessive-compulsive disorder, through: 
lowered career aspirations, observed in 66% of patients sampled; work interference in 47% 
of patient’s sampled, and ; lost time due to inability to work, reported in 40% of patients7.  

Suicide is the most serious complication of anxiety disorders. Suicide attempts secondary to 
obsessive-compulsive disorder symptoms have been reported in 13% of patients7. 
Obviously, if a suicide attempt is completed, progress in all three important areas of life 
function—relationships, educational and vocational function—halt permanently. Harm to 
family members through related injury, bereavement, lost spousal support, childhood 
parentification, and impact on the surrounding community is also significant after a 
completed suicide. In 2008, a total of 36,035 persons died as a result of suicide and in the 
United States approximately 666,000 persons visited hospital emergency departments for 
nonfatal, self-inflicted injuries8. Although suicidal thoughts do not always lead to a lethal or 
life threatening suicide attempt, suicidal thoughts and behavior even in the absence of 
suicide attempt are important. Public health surveillance is performed on suicide-related 
issues by gathering data at the state level by a national- and state-level survey—the National 
Survey on Drug Use and Health (NSDUH). Between January 1, 2008–December 31, 2009, the 
NSDUH obtained data from 92,264 respondents, a representative sample of the civilian, 
noninstitutionalized U.S. population aged ≥12 years, of various race/ethnicity. In 2008 and 
2009, an estimated 8.3 million (annual average) adults aged ≥18 years in the United States 
(3.7% of the adult U.S. population) reported having suicidal thoughts in the past year8. An 
estimated 2.2 million (annual average) adults in the United States (1.0% of the adult U.S. 
population) reported having made suicide plans in the past year8. An estimated 1 million 
(annual average) adults in the United States (0.5% of the U.S. adult population) reported 
making a suicide attempt in the past year8. The prevalence of suicidal thoughts, suicide 
planning, and suicide attempts was significantly higher among young adults aged 18–29 
years than it was among adults aged ≥30 years8. The prevalence of suicidal thoughts was 
significantly higher among females than it was among males, but there was no statistically 
significant difference for suicide planning or suicide attempts8. Although the NSDUH did 
not attempt to gather data according diagnosis, as indicated above, suicide is a primary 
comorbidity of mood and anxiety disorders. Therefore, the premise that obsessive 
compulsive disorder has a large impact through its direct and indirect economic costs, as 
well as its broader social consequences, is significant is ample. 
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However, the symptoms of obsessive-compulsive disorder are experienced at the level of 
the individual patient. It is at the level of the individual patient, that anyone can identify 
with symptoms of obsessive-compulsive disorder. The experience of intrusive, obsessive 
thoughts—wondering if the stove was left on or the front door was left unlocked while 
driving away from home—and compulsive behavior—being compelled to return home and 
check the stove or the door—is very common.  

Obsessive-compulsive disorder is currently defined by the presence of obsessions and 
compulsions. Obsessions are recurrent, unwelcome thoughts, that may include: fear of dirt, 
germs, contamination; fear of acting on violent or aggressive impulses; feeling overly 
responsible for the safety of others; abhorrent religious and sexual thoughts, and/or; 
inordinate concern with order, arrangement and symmetry. Compulsions are repetitive 
behaviors that are performed in response to obsessions, in order to lessen the distress 
caused by obsessions. The short-term gain of reduced anxiety comes at a long-term cost of 
frequent repetition of these behaviors. Compulsions may affect social and occupational 
function to a profound degree as described above.  

The professional community defines the diagnosis of obsessive-compulsive disorder, using 
criteria outlined in the DSM-IV9. The diagnosis of obsessive-compulsive disorder using 
modern criteria requires:  the presence of obsessions and/or compulsions; recognized as 
excessive or unreasonable; causing marked distress, time-consumption (>1 hour/day), or 
interference with functioning. The obsessions and compulsions cannot be due to another 
Axis I psychiatric disorder, due to substance abuse, substance dependence, substance 
withdrawal, or due to a medical condition. For example, an individual with obsessive-
compulsive disorder may be besot by unwanted and inappropriate sexual thoughts about 
neighbors, coworkers or family members, and will attempt to “undo” the obsessions by 
compulsive checking. Similarly, and individual with recurrent obsessions about the fact that 
they may have harmed individuals, which the patient tries to “undo”, by returning over and 
over to the place where the thought occurred. Alternatively, a patient with obsessive-
compulsive disorder may have constant thoughts that they are sinful, which the patient 
attempts to undo with repetitive prayer. Those who suffer from obsessive-compulsive 
disorder may be unable to carry out their responsibilities: at work, leading to 
unemployment; at home, resulting in marital conflict as well as disturbed family 
relationships, and; in society, leading to social isolation. The disruption of normal social and 
emotional development in obsessive-compulsive disorder not unlike that experienced in 
other neurodevelopmental disorders, such as schizophrenia. Like schizophrenia, there is 
likely both a genetic and environmental contributors to obsessive-compulsive disorder10. 
The altered life trajectory of these illnesses is quite sobering.  

The two current effective treatments for patients with obsessive-compulsive include 
cognitive behavioral therapy (CBT) and pharmacotherapy. CBT consists of a technique 
called exposure and response prevention, in which patients deliberately and voluntarily 
expose themselves to fears/ideas, but are discouraged from carrying out compulsive 
responses. Studies do show successful results for extended periods of time. CBT can fail for 
various reasons, including, poorly executed treatments; patient or family noncompliance, 
psychiatric comorbidity such as severe depression or a personality disorder, poor insight 
(~5% of patients) or severe illness. CBT requires patients that are highly motivated, 
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cooperative, and diligent, and is more likely to be successful when combined with 
pharmacotherapy. Traditional psychotherapy generally not helpful as a stand-alone therapy 
for OCD symptoms, although it is appropriate for the ongoing difficulties with adjustment 
experienced by patients with obsessive-compulsive disorder.  

With respect to pharmacotherapy, specific medications have shown some effectiveness in 
controlling the symptoms of obsessive-compulsive disorder, including: SSRIs (selective 
serotonin reuptake inhibitors) such as Fluvoxamine, Fluoxetine, Sertraline, Paroxetine, 
Citalopram, ES Citalopram; SNRIs (serotonin-norepinephrine reuptake inhibitors) such as 
venlafaxine, and; TCAs (tricyclic antidepressants) such as Clomipramine. Treatment 
resistance or treatment-refractory obsessive-compulsive disorder is said to occur when 
patients with obsessive-compulsive disorder fail to benefit from treatment. By 
conservative estimate, 5% of patients with obsessive-compulsive disorder are treatment 
resistant. If 5% of Americans have treatment-refractory obsessive-compulsive disorder, 
then according to the aforementioned monthly or yearly prevalence rates, then 170,000 
Americans each month, or 325,000 Americans in their lifetime are afflicted with treatment 
resistant obsessive-compulsive disorder. Treatment options for these patients are very 
limited.  

2. Orbitofrontal-striatal function 
The importance of brain circuits connecting frontal lobe to the basal ganglia was first 
observed in primates by Alexander and colleagues11, who reported evidence for an 
anatomically distinct lateral orbitofrontal circuit loop, comprised of projections from: 
orbitofrontal cortex to the head of the caudate nucleus and the ventral striatum; to the 
internal pallidus; to the mediodorsal thalamus; returning from the thalamus to the 
orbitofrontal cortex. Alexander and colleagues hypothesized: the existence of several 
relatively specialized fronto-striatal loops; proposed that they were organized in parallel, 
linking the basal ganglia to the frontal cortex, and; that each circuit played a functional role 
based on its connections to particular regions of the frontal cortex. Other investigators12, 13 
have suggested that the so-called “limbic” structures (i.e.—hippocampus, anterior cingulate 
and, basolateral amygdala) ought to include in the lateral orbitofrontal circuit loop circuit, 
because of their extensive connections to the orbitofrontal cortex. Based on these 
interconnections, it can be hypothesized that this “greater” lateral orbitofrontal circuit could 
play a role in emotion, as the function of these so-called “limbic” brain regions play a role in 
affective states and emotional perception. 

The orbitofrontal cortex is a key brain region, not only in emotional behavior, but also for 
motivation 14-18. This was first shown by Harlow19 who provided a naturalistic description of 
profound changes in behavior of a 19th century railway worker— Phineas Gage—after a 
charge he was setting, using a tamping rod exploded. He sustained a severe left frontal lobe 
injury, after the tamping rod was when a was launched through his forehead and out his 
skull. Reported changes in Gage’s behavior following the accidental orbitofrontal cortex 
damage included not only inappropriate emotional responses, but also, impulsive and 
poorly thought out decisions, characteristic of behavioral changes in patients with 
orbitofrontal cortex lesions20, 21 22.  
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Since learning-based motivation requires the integration of complex brain systems that 
include orbitofrontal cortex, researchers have hypothesized that difficulties “unlearning” 
reinforced behaviors may be associated trouble with sensing change between behavior-
reward relationships. Impairment in the unlearning of established reward-motivated 
behaviors are also observed in animals and humans with orbitofrontal cortex lesions 23 24 25. 
Furthermore, patients with focal lesions either in the striatum or the ventral palladium, (an 
area it projects to) demonstrate behaviors very consistent with those observed in obsessive-
compulsive disorder26, 27.  

The results of functional imaging research have provided complementary evidence to the 
lesion studies demonstrating that the orbitofrontal cortex is a key brain region involved in 
learning and motivation. The human brain’s awareness of expecting a reward and the 
likelihood that a reward will occur is requires an intact orbitofrontal cortex28-30. If the 
orbitofrontal cortex is not intact, a person’s behavior may seem impulsive or they may 
appear to have poor judgment.  

The orbitofrontal cortex may have anatomically and functionally segregated orbitofrontal-
thalamic striatal circuits. This idea of Alexander and colleagues is supported by research 
indicating that the lateral orbitofrontal cortex may have a distinct and separate function 
from medial orbitofrontal cortex, in that the lateral orbitofrontal cortex was activated when 
suppressing a response already associated with a reward 31. This would imply that 
dysfunction of the lateral orbitofrontal cortex prevents inhibition of behavior reinforced 
previously by a reward.  

3. Evidence for orbitofrontal-striatal dysfunction in obsessive-compulsive 
disorder 
The current most popular model proposed by researchers to explain the neurobiological 
foundation of obsessive-compulsive disorder focuses on abnormalities in cortical-striatal-
thalamic circuitry—the orbitofrontal-striato-thalamic circuits in particular32-34.  

3.1 Evidence from neuroimaging studies 

Using techniques that measure brain glucose metabolism, fluorodeoxyglucose positron-
emission tomography (FDG PET), investigators demonstrated increased cerebral glucose 
metabolism present bilaterally in the cerebral hemispheres and orbitofrontal gyrii, as well as 
both caudate heads, in patient with OCD patients35 36. The findings were replicated37-42 in 
FDG-PET studies examining patients both at rest, and while provoking symptoms, although 
not all studies produced positive findings43-45. A meta-analysis46 confirmed abnormalities 
were present in the orbital gyrus and the head of the caudate in patients with obsessive-
compulsive disorder. The results of PET studies are an important piece of supportive 
evidence of the orbitofrontal-striato-thalamic model. 

3.2 Evidence from deep brain stimulation research 

Another strong piece of evidence supporting this model is the symptomatic improvement of 
patients with obsessive-compulsive disorder undergoing capsulotomy. Focal lesioning 
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behaviors are also observed in animals and humans with orbitofrontal cortex lesions 23 24 25. 
Furthermore, patients with focal lesions either in the striatum or the ventral palladium, (an 
area it projects to) demonstrate behaviors very consistent with those observed in obsessive-
compulsive disorder26, 27.  

The results of functional imaging research have provided complementary evidence to the 
lesion studies demonstrating that the orbitofrontal cortex is a key brain region involved in 
learning and motivation. The human brain’s awareness of expecting a reward and the 
likelihood that a reward will occur is requires an intact orbitofrontal cortex28-30. If the 
orbitofrontal cortex is not intact, a person’s behavior may seem impulsive or they may 
appear to have poor judgment.  

The orbitofrontal cortex may have anatomically and functionally segregated orbitofrontal-
thalamic striatal circuits. This idea of Alexander and colleagues is supported by research 
indicating that the lateral orbitofrontal cortex may have a distinct and separate function 
from medial orbitofrontal cortex, in that the lateral orbitofrontal cortex was activated when 
suppressing a response already associated with a reward 31. This would imply that 
dysfunction of the lateral orbitofrontal cortex prevents inhibition of behavior reinforced 
previously by a reward.  

3. Evidence for orbitofrontal-striatal dysfunction in obsessive-compulsive 
disorder 
The current most popular model proposed by researchers to explain the neurobiological 
foundation of obsessive-compulsive disorder focuses on abnormalities in cortical-striatal-
thalamic circuitry—the orbitofrontal-striato-thalamic circuits in particular32-34.  

3.1 Evidence from neuroimaging studies 

Using techniques that measure brain glucose metabolism, fluorodeoxyglucose positron-
emission tomography (FDG PET), investigators demonstrated increased cerebral glucose 
metabolism present bilaterally in the cerebral hemispheres and orbitofrontal gyrii, as well as 
both caudate heads, in patient with OCD patients35 36. The findings were replicated37-42 in 
FDG-PET studies examining patients both at rest, and while provoking symptoms, although 
not all studies produced positive findings43-45. A meta-analysis46 confirmed abnormalities 
were present in the orbital gyrus and the head of the caudate in patients with obsessive-
compulsive disorder. The results of PET studies are an important piece of supportive 
evidence of the orbitofrontal-striato-thalamic model. 

3.2 Evidence from deep brain stimulation research 

Another strong piece of evidence supporting this model is the symptomatic improvement of 
patients with obsessive-compulsive disorder undergoing capsulotomy. Focal lesioning 



 
When Things Go Wrong – Diseases and Disorders of the Human Brain 116 

during a surgical procedures for neuropsychiatric disorders has been known as 
“psychosurgery”. Historically, these procedures have been thought not to be discriminate in 
terms of neuroanatomical location or groups of patients treated47-49. Furthermore, informed 
consent is thought not to be properly obtained, a process which requires careful assessment 
of an individual’s capacity to weigh the risks and benefits of an experimental medical or 
surgical procedure50. Consequently, psychosurgery is not viewed in a positive light in the 
popular media 51.  

Neurosurgery for psychiatric disorders is a highly invasive treatment. However, it is 
important to view these interventions in the proper historical context. Prior to 1950, 
psychiatric illness was essentially untreatable, as no specific medications existed for the 
treatment of severe psychiatric disorders. Since these illnesses were disabling and lethal, the 
treatments pursued were aggressive and invasive. These interventions included malarial 
pyrotherapy described by Epstein in 193652, hypoglycemic coma described by Sakel in 
193753, electroconvulsive therapy, described by Bini in 193854, as well as neurosurgery. 
Historically (and currently) the use of neurosurgery has only been used only for intractable 
psychiatric illnesses55.  

Burckhardt first published a report of the first (unsuccessful surgical attempts to treat severe 
psychosis in 189156. The first neuroanatomical models describing both function and 
structural of mood and behavioral regulation were published by Papez in 193757. At this 
time, a hypothesis was proposed by researchers that abnormal mood and behavioral 
regulation was caused by dysfunctional thalamo-cortical communication58, leading to the 
use of the prefrontal leucotomy (popularly known as the prefrontal lobotomy), a procedure 
that disrupted white matter tracts connecting these regions. Because the ability of surgeons 
to localize and severing specific frontal lobe white matter tracks, lesions were 
indiscriminantly large. After 1950, pharmacologic interventions were identified that 
drastically reduced the symptoms of psychiatric disorders. The pharmacology revolution of 
the mid-twentieth-century resulted in the discovery of medications effective: for mania 
described by Cade in 1949 and Schou and colleagues in 195459, 60; for psychosis described by 
Bower in 195461, and Winkelman in 195462, and; for depression described by Bailey and 
colleagues in 195963, Kiloh and colleagues in 196064, and Kuhn in 195865.  

In the early 1960s, investigators reported that stimulation of different brain area induced 
hypomania, dysphoria, and anhedonia. These early findings suggested the possible efficacy 
of DBS in treatment refractory psychiatric disorders. One of the earliest anatomically specific 
psychosurgery consists of ablation of the anterior limb of the internal capsule—the anterior 
capsulotomy—was found to be efficacious in severely refractory obsessive-compulsive 
disorder. The first anterior capsulotomies were performed in Europe in the late 1940’s. 
During the procedure, symmetric bilateral lesions are made in the anterior limb of the 
internal capsule, which is quite near to the ventral striatum. This lesion, whether made by 
heat (thermocoagulation during neurosurgery or a thermocapsulotomy) or by minimally 
invasive gamma irradiation (a gamma-capsulotomy), interrupts the passage of white matter 
fibers between the prefrontal cortex and the subcortical nuclei, the striatum, and the 
dorsomedial thalamus. A recent prospective study of 35 patients with obsessive-compulsive 
disorder who underwent thermocapsulotomy showed that that 70% had “satisfactory 
outcomes” after 3 years66.  
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The recent development of deep brain electrode placement at the ventral capsule/ventral 
striatum (VC/VS) target is also a very strong piece of evidence supporting this model. 
Deep brain stimulation is a reversible, neurosurgical procedure. Deep brain stimulation is 
an invasive neurosurgical intervention being used to treat psychiatric disorders in an 
investigative fashion. The disorders currently being examined include treatment-resistant 
major depressive diosrder, treatment-resistant obsessive-compulsive disorder, Tourette’s 
Syndrome, Alzheimer’s dementia, and addictions. The actual treatment consists of 
implanting one or more electrode leads into a particular brain regions through burr holes 
in the skull using a proprietary stereotactic neurosurgical techniques. Neuroimaging-
guided implantation calculates the route to the target using a three-dimensional 
coordinate system based on external landmark. Current commercially available leads 
have four electrodes, 1-2 mm in length, separated by 4-5 mm, the complete electrode 10–
20 mm in length. The leads connect to subcutaneous extension wires that are tunnelled 
surgically to pulse generators implanted in the chest. The pulse generators contain a 
battery and hardware/software that drives the neurostimulation. A programmer can set 
the programs in the neurostimulator using a handheld computer with a wireless 
connection. 

In the 1960s electrical stimulation of the ventrolateral thalamus was noted to stop tremor. 
Prolonged electrical stimulation at different targets was found to be effective for treatment-
refractory movement disorders, epilepsy, chronic pain and tremor. Investigators then 
delivered high frequency cathodic (positive ) electrical stimulation directly at the surgical 
target, in order to mimic the effect of a surgical lesion 67, 68, leading to the development of 
technology first used clinically in Parkinson’s disease, essential tremor, and extrapyramidal 
dyskinesias. Currently, there are many numerous published reports demonstrating the 
safety and efficacy of DBS for intractable movement disorders69, 70.  

In fact, the efficacy and safety data from studies in patients with movement disorders led 
the FDA to approve the use of obsessive-compulsive disorder for essential tremor and 
Parkinson’s disease. The FDA eventually approved the use of DBS for dystonia under a 
Humanitarian Device Exemption (HDE). The results of a recent open label clinical trial of 
DBS using the VC/VS target suggested that DBS for intractable obsessive-compulsive 
disorder had encouraging therapeutic effects, with probable benefit even 3 years after 
surgery 71. The specificity of this lesion is the strongest piece of evidence supporting the 
dysfunction of orbitofrontal-striato-thalamic circuits as a likely etiology of obsessive-
compulsive disorder.  

3.3 Summary and conclusions 

Obsessive-compulsive disorder is a serious neuropsychiatric illness. Treatment-resistant 
obsessive-compulsive disorder is less common, but highly debilitating. The evidence for the 
role of orbitofrontal-striato-thalamic circuits in mediating emotion, learning, and reward-
focused behavior is strong. The evidence that these important brain systems are 
dysfunctional in patients with obsessive-compulsive disorder is also strong. Expanding 
knowledge about these brain circuits will provide a rich area for further research and is 
necessary to develop effective treatments for obsessive-compulsive disorder.  
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1. Introduction 
Alzheimer’s Disease (AD) is the most frequent cause of dementia in the elderly. Prevalence 
is about 10% in populations of 65 years and older and it increases rapidly as life expectancy 
increases. Estimates indicate that there are around 36 million cases around the world, while 
associated costs are higher than US$ 600 billion (Wimo & Prince, 2010). The 
histopathological characteristics of AD are represented by two main lesions: senile plaques 
and neurofibrillary tangles (NFTs). The formers main component is the amyloid beta 
peptide (Aβ peptide) adopting β-sheet structures, while the latter have the 
hyperphosphorylated tau protein and pathological forms of tau as a major component 
(Maccioni et al., 2001). AD has triggered a plethora of hypotheses to explain its 
pathogenesis, possibly strengthened by the fact that no cure has yet been found for this 
devastating disease since its first description by Alois Alzheimer in 1907. Although, 
significant advances have been made in neuroscience in the last few decades, the data has 
not provided effective therapeutic solutions for AD.  

1.1 Many hypotheses, one disease, no cure 

Many hypotheses have been postulated on the physiopathology of AD (Maccioni and Perry, 
2009). During the last two decades, the central paradigm was the amyloid hypothesis, based 
on events triggered by the A cascade: as the unique driving force in neurodegeneration. 
The hypothesis proposes that accumulation of Aβ in the brain primarily influences 
pathogenesis of the disease and the rest of the processes in AD  are results of the imbalance 
between production and degradation of Aβ (Hardy & Selkoe, 2002). Nevertheless, recent 
clinical trials based on this hypothesis have been inconclusive. In fact, the amyloid cascade 
hypothesis has resulted in misleading approaches to find therapeutic alternatives until 
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recently (Hardy, 2009). These targets include A vaccines, antibodies against -amyloid, -
secretase inhibitors and drugs that block direct A aggregation (Extance, 2010; Gandy, 2010; 
Rinne et al., 2010). 

In this context, new paradigms have been proposed that consider all the  implications of the 
disease and valid therapeutic targets are now emerging. AD is a complex illness involving 
many risk factors. In fact, during its progress, oxidative stress as well as innate immune 
system activation appears to play a role. Considering AD as a result of multifactorial events, 
it is plausible that a concatenated series of damage signals affect brain cells, mainly 
microglial cells, thus triggering an abnormal response in neuro-immunomodulation with 
consequent effects on neurons. A common molecular feature of these anomalous signals 
leads to tau self-aggregation into oligomers as a final event (Maccioni et al., 2010). 

1.2 The neuroimmunomodulation hypothesis of AD 

During the past few years, increasing sets of evidence support the major role of deregulation 
of interaction patterns between glial cells and neurons in the pathway toward neuronal 
degeneration. Neurons and glial cells, together with brain vessels, constitute an integrated 
system for brain function. Inflammation is a process intimately related to the onset of 
several neurodegenerative disorders, including Alzheimer's disease (AD). Several 
hypotheses have been postulated to explain the pathogenesis of AD, but none provide 
insight into the early events that trigger metabolic and cellular alterations in neuronal 
degeneration (Rojo et al., 2008).  

A study of the factors resulting in AD, has led us to postulate the neuroimmunomodulation 
hypothesis, which focus on pathological events in the neuron-glia cross-talks. Data suggests 
an important role of the immune system in regulating the progression of the brain aging and 
neurodegenerative diseases, where the crosstalk between these systems determines the 
progression of pathological event (Lucin & Wyss-Coray, 2009). In this context, the microglia, 
the resident macrophages of the CNS, are key factors in the regulation of local cellular 
environment  relative to inflammation. The persistence of activated microglia long after acute 
injury and in chronic disease suggests that these cells have an innate immune memory of 
tissue injury and degeneration. Microglial phenotype is also modified by systemic infections or 
inflammation. Systemic inflammation is associated with a decline in function in patients with 
chronic neurodegenerative disease, both acutely and in the long term (Perry et al., 2010).  

The idea that alterations in the brain immunomodulation are critical for AD pathogenesis 
provides the most integrative view on this cognitive disorder, considering that converging 
research lines have revealed the involvement of inflammatory processes in AD. Studies on 
microglia and neuronal cultures, together with experiments in animal models, and the 
clinical evidence, suggest that a series of endogenous damaged signals that include, among 
other factors, A oligomers, oxygen free radicals, iron overload, cholesterol levels in 
neuronal rafts, folate deficiency, head injury, LDL species and homocysteine trigger the 
activation of microglial cells. Inflammatory cytokines play a dual role: either promoting 
neurodegeneration or neuroprotection. This equilibrium is shifted toward the 
neurodegenerative phenotype upon the action of several risk factors that trigger innate 
damage signals  and activate microglia and then release of inflammatory cytokines (Figure 1) 
(Fernandez et al., 2008; Maccioni et al., 2009).  
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Fig. 1. Neuroinmmunomodulation Hypothesis in the pathogenesis of AD. Schematic 
representation of the hypothetical roles of endogenous danger/alarms signals built into the 
innate immune system in the early stages of the pathogenesis of AD. Consequentially, (as it 
may apply to different individuals), danger signals can trigger innate immune system alarm 
mechanisms resulting in the production of tumor necrosis factor alpha (TNF-α), interleukin-1β 
IL-1β) and interleukin-6 (IL-6). These signals would then mediate neuronal damage, reflected 
in alterations such as tau hyperphosphorylation and paired helical filaments formation. 

The progression of AD, encompasses increased damage in brain parenchyma preceding the 
onset of symptoms. Suggesting that tissue distress trigers damage signals and drives 
neuroinflammation. These signals via toll-like receptors, or receptors for highly glycosylated 
end products, or other glial receptors activate sensors of the native immune system, 
inducing the anomalous release of cytokines and promoting the neurodegenerative cascade, 
a hallmark of brain damage that correlates with cognitive decline. We show that this 
activation induces NFĸ-β expression with the consequent release of cytokine mediators such 
as TNF-α, IL-6 and IL-1β. An over expression of these mediators may trigger signaling 
cascades in neurons leading to activation of protein GSK3β, cdk5 kinases, along with 
inhibition of phosphatases such as PP1, resulting in hyperphosphorylation and self-
aggregation of tau protein into neurotoxic oligomeric species. The aggregation of tau protein 
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is the final pathway and key event in the Alzheimer´s pathogenesis (Morales et al., 2010, 
Farias et al., 2011). 

The evidence correlating inflammation and tau phosphorylation has been provided by 
neuropathology markers and mouse transgenic models with Alzheimer disease. Activated 
microglia has been found in the postmortem brain tissues of various human tauopathies 
including Alzheimer’s disease (AD) and frontotemporal dementia (FTD) (Gebicke-Haerter, 
2001). The administration of LPS, in order to generate systemic inflammation, significantly 
induced tau hyperphosporylation in the triple transgenic mouse model of AD (3xTg) and 
rTg4510 mice. In line with this evidence, microglial activation also preceded tangle 
formation in a murine model of tau pathology (Yoshiyama et al., 2007). Also 
immunosuppression of young P301S Tg mice with FK506 attenuated tau pathology and 
increased lifespan, thereby linking neuroinflammation to early progression of tauopathies 
(Yoshiyama et al., 2007, Lee et al., 2010; Kitazawa et al., 2005). In addition, the 
neurodegenerative lesions caused by human truncated tau promote inflammatory response 
manifested by upregulation of immune-molecules (CD11a,b, CD18, CD4, CD45 and CD68) , 
the morphological activation of microglial cells and leukocyte infiltration in a rat model of 
tauopathy (Zilka et al., 2009).  

On the other hand, it has been demonstrated that proinflammatory cytokines, such as 
interleukin-1 (IL-1), interleukin-6, and nitric oxide, released from astrocytes can accelerate 
tau phosphorylation and formation of neurofibrillary tangles (NFTs) in vitro (Li et al., 2003, 
Quintanilla et al., 2004, Saez et al., 2004). Likewise, the activation of microglia and the 
microglial-derived proinflammatory cytokine TNF can induce accumulation of 
aggregation-prone tau molecules in neurites via reactive oxygen species (Gorlovoy et al., 
2009). Recently, it has been identified the fractalkine receptor (CX3CR1) as a key microglial 
pathway in protecting against AD-related cognitive deficits that are associated with aberrant 
microglial activation and elevated inflammatory cytokines. In vitro experiments 
demonstrated that microglial activation elevates the level of active p38 MAPK and enhances 
tau hyperphosphorylation within neurons which can be blocked by administration of an 
interleukin-1 receptor antagonist and a specific p38 MAPK inhibitor. This finding suggests 
that CX3CR1 and IL-1/p38 MAPK pathway may serve as novel therapeutic target for 
human tauopathies (Bhaskar et al., 2010, Cho et al., 2011).  

Other sources of evidence to support neuroimmunomodulation theory are epidemiological 
data that show individuals consuming nonsteroidal anti-inflammatory drugs (NSAIDs) 
have a lower risk of AD (McGeer et al, 2006). In fact, patients receiving systemic NSAIDs 
developed significantly less AD manifestations, suggesting that ameliorating inflammation 
in the brain helps to prevent or slow down the onset of AD (McGeer et al., 1996). However, 
controlled randomized clinical trials with common NSAIDs have not shown a positive effect 
in the decline of AD (Rojo et al, 2008).  

Genetic and epidemiological evidence has implicated increased TNF production as a risk 
factor for AD. In fact, excess TNF is present in the CSF of individuals with Alzheimer's disease 
(AD). Recently, Tobinick and colleagues have demonstrated that perispinal administration of 
etanercept, a potent anti-TNF fusion protein, produced sustained clinical improvement in a 6-
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case studies have documented rapid clinical improvement following perispinal etanercept in 
both AD and primary progressive aphasia, providing evidence of rapidly reversible, TNF-
dependent, pathophysiological mechanisms in AD and related disorders. Although, some 
researchers undermine results by their methodologies, perispinal etanercept for AD needs 
further studies to be validated and gives us new perspectives to support the critical role of 
immune system in AD (Tobinick & Gross, 2008a, 2008b; Tobinick, 2009).  

1.3 Integrated efforts toward prevention, diagnosis and treatment of AD 

In the field of prevention of AD, studies have indicated that dietary factors, antioxidants, 
exercise along with healthy styles of life contribute to diminish risk factors for AD. In 
addition, the search for dietary supplements, phytocomplexes, and nutraceuticals  from 
natural sources have suggested novel preventive alternatives against AD, based on 
preclinical and clinical trials outcomes. These include molecular complexes with either anti-
inflammatory, antioxidant or antiamyloidogenic properties. The extraordinary properties of 
polyphenolic extracts may help as coadjuvant in the AD therapy. Investigations are directed 
to design powerful nutraceuticals, which derive from distinct sources and could be 
consumed by the high-risk population. This provides data on the action of Shilajit and other 
nutraceuticals as a new tools for prevention.  

Innovative approaches are critical in order to improve early detection of AD, which in turn 
is critical to find therapeutic solutions, and for monitoring new drugs developments against 
the disease. Our laboratory has developed an integrated strategy to establish reliable 
diagnosis tools with a high efficacy. We found that different benzimidazoles that tag 
aggregates of tau protein, serve as specific markers for PET neuroimaging, in order to 
monitor advances of the disease. Clinical studies are underway to validate PET images that 
differentiate stages of AD and controls. As a complementary approach, we have studied tau 
in cerebrospinal fluid (CSF) and also in peripheral blood platelets, providing promising 
biological non-invasive markers for AD (Maccioni et al, 2006; Neumann et al, 2011).  

Until now there are no drugs available as an efficient therapy of AD. Current therapeutic 
targets focus on avoiding formation of tau aggregates in neurons, modulation of the innate 
immune system, chelating heavy metals and diminishing the burden of the amyloidogenic 
molecular variants. On one hand, clinical trials include: tau aggregation inhibitors (like 
methylene blue with promising results in phase II trials), tau kinase inhibitors, microtubule 
stabilizers and unfolded protein respond modulators. As mentioned earlier, it has been 
demonstrated that the relationship between anti-inflammatory molecules (NSAIDs) and the 
prevalence of AD in longitudinal studies. Unfortunately, no specific drug has a positive 
effect in the treatment of the disease in controlled double-blind trials. It could be 
hypothesized that we still do not understand enough about the specific molecules and its 
receptors involved in the immune system’s cross-talk between neuron and glial cells. We 
believe that the next generation of drugs should focus on these specific targets.  

2. New tools for AD diagnosis 
More than a century has passed since Dr. Alois Alzheimer described the case of Auguste D, 
a 51 years old patient with a history of progressive cognitive impairment. Histopathology of 
brain tissue demonstrated the presence of senile plaques, neurofibrillary tangles (NFTs) and 
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is the final pathway and key event in the Alzheimer´s pathogenesis (Morales et al., 2010, 
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arteriosclerotic changes (Alzheimer, 1907). Today, despite the importance of AD (the 
world´s primary cause of neurodegenerative dementia) the advances in knowledge of 
clinical and pathophysiological aspects, and the definitive diagnosis of AD still depends 
mainly on histopathological analysis. 

In contrast, the reliability of standard clinical evaluation is limited, and in most cases allow 
us only to diagnose the disease as "possible" or “probable” AD  (McKhann et al., 1984). This 
shortcoming of standard clinical methods is specially relevant in early and unusual 
presentations of AD and has driven the interest to develop both biochemical and imaging 
tests to support the diagnosis (Dubois et al., 2007; Wiltfang et al., 2007). In this regard the 
2011 diagnostic criteria (McKhann et al., 2011) considered the contribution of markers for 
the pathophysiological process of AD. These criteria divided biomarkers of AD in two 
classes: a) Biomarkers of brain Aβ deposition –i.e. CSF Aβ 1-42 levels and brain Positron 
Emission Tomography (PET) amyloid imaging - and b) biomarkers of downstream neuronal 
degeneration or injury –i.e. CSF total and phosphorylated forms of tau; 18 
fluorodeoxyglucose (FDG) PET imaging of temporo – parietal cortex; and atrophy on 
Nuclear Magnetic Resonance (NMR) imaging in medial, basal, and lateral temporal lobe, 
and medial parietal cortex. The contribution of AD biomarkers has made possible to raise 
the concept of preclinical AD as a diagnostic category based on AD biomarkers 
modifications without definite cognitive decline  (Sperling et al., 2011). 

2.1 Role of biomarkers in AD 

A biomarker corresponds to an indicator of the presence or extent of disease, which is 
directly associated with the clinical features and prognosis of the disease. Biomarkers for 
cognitive impairment and dementia have been proposed by several research groups in 
recent years  (Maccioni et al., 2004). The consensus report of "The Ronald and Nancy Reagan 
Research Institute of the Alzheimer's Association" and the "National Institute on Aging 
working group" on “Molecular and Biochemical Markers of Alzheimer’s Disease” (The 
Ronald and Nancy Reagan Research Institute of the Alzheimer’s and Association National 
Institute on Aging Working Group, 1998) listed the specific criteria and features for an ideal 
biomarker of AD. It “should detect a fundamental feature of neuropathology and be 
validated in neuropathologically-confirmed cases: it should have a sensitivity >80% for 
detecting AD and a specificity of >80% for distinguishing other dementias: it should be 
reliable, reproducible non-invasive, simple to perform, and inexpensive”. Based on these 
criteria, scientists have been able to discard many substances that are unsuitable as 
biomarkers and do not contribute or improve AD diagnosis (Mulder et al., 2000). 

Biochemical markers for AD have been extensively sought in bodily fluids, and key proteins 
of AD neuropathology -Aβ, tau and hyperphosphorylated tau isoforms- have been 
evaluated  as potential markers for AD diagnosis and for follow up in clinical trials. 

2.1.1 Biomarkers in CSF 

As CSF is in close contact with nerve tissue, it is not  surprising that CSF has been 
considered a reliable indicator of brain tissue environment. Most published literature 
described two main types of CSF-based biomarkers : 

 
In Search of Therapeutic Solutions for Alzheimer’s Disease 

 

131 

 Amyloid beta (Aβ) levels:  in AD CSF the concentration of Aβ, fraction 1-42 (Aβ 1-42) is 
regularly reduced to less than 50% of its normal value and has been considered a 
reliable marker of AD, with a sensitivity of 78% and 81-83% specificity  (Wiltfang et al., 
2007). Low levels of Aβ 1-42 can also predict the onset of cognitive decline in older 
women without dementia  (Gustafson et al., 2007). Meanwhile, since the fraction Aβ 1-
40 is the major constituent of total CSF Aβ, Aβ 1-42 / Aβ 1-40 ratio has also been 
evaluated and has been proposed as a better marker than isolated Aβ 1-42 levels  
(Wiltfang et al., 2007). 

 Tau and phosphorylated tau: Tau protein is aggregated in paired helicoidal filaments 
(PHFs) and neurofibrillary tangles (NFTs) of AD brains and has been proposed as a 
pathogenic protein in the disease (Maccioni, 2011). Tau levels are also increased in CSF 
of AD patients, so they have been studied as suitable biomarkers. In patients with mild 
cognitive impairment -that in many cases will progress to dementia- CSF tau levels can 
differentiate those that correspond to depressive syndromes from those that will 
effectively progress to AD  (Schönknecht et al., 2007). 

Under pathogenic conditions tau undergoes several modifications that include 
phosphorylation, truncation, glycation, etc. (Farías et al., 2011), so these forms of modified 
tau have also been evaluated as biological markers. Tau phosphorylated at threonine 181 (p-
tau 181) demonstrates to be useful for differentiating control and AD subjects from subjects 
with dementia with Lewy Bodies, being a better marker of AD that Aβ 1-42 and total tau  
(Vanderstichele et al., 2006). Hyperphosphorylated tau increases in AD subjects, as well as 
in those with mild cognitive impairment that will progress to AD  (Andersson et al., 2007; 
Maccioni et al., 2006). 

Aβ 1-42, total tau and p-tau may serve as useful markers to predict progression from mild 
cognitive impairment to AD (Diniz et al., 2008). CSF p-tau levels also may have a role 
monitoring response to treatment  (Degerman et al., 2007) However, the real value of CSF 
markers to predict progression of cognitive decline is disputed and may be less robust than 
cognitive assessment to predict conversion from mild cognitive impairment to AD  (Gomar 
et al., 2011). Apolipoprotein E (Apo E) ε4 genotype may be related to levels of biomarkers in 
CSF, since increased levels of total tau and p-tau and decreased Aβ 1-42 have been described 
in CSF of patients with severe involvement of episodic memory and Apo E-ε4 (+)  
(Andersson et al., 2007). 

Although Aβ and tau levels in CSF are the most studied and validated biological markers of 
AD with enough stability,  (Slats et al., 2011); the mayor pitfall of CSF biological markers is 
the necessity of invasive techniques such as lumbar puncture to obtain samples. Adverse 
effects are present at 11.7% of subjects, being with clinically significant at 3.97%, including 
post lumbar puncture headache 0.98% - 5%  (Maccioni et al., 2006; Peskind et al., 2005). As a 
way to face problems of CSF analyses, new and non-invasive biomarkers available in blood, 
saliva and urine are currently under investigation. 

2.1.2 Peripheral biomarkers 

Levels of Aβ have been studied in plasma of AD patients. However, Aβ 1-40 levels are not 
specific for AD and in fact are affected by age (Luchsinger et al., 2007). On the other hand, 
plasma Aβ 1-42 may be altered early in the disease, but since this marker is not reliable 
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enough, correlation with neuroimages or other biological markers is needed (Blasko et al. 
2008). Other metabolic and nutritional markers have also been studied, including levels of 
folic acid and vitamin B12 but results are conflicting so far  (Irizarry et al. 2005; Isobe et al. 
2005; Köseoglu & Karaman 2007; Serot et al. 2005; Seshadri et al. 2002). 

2.1.3 Apo E polymorphisms 

Apo E is a plasma protein involved in cholesterol transport. In the CNS, Apo E is also 
involved in growth and repair of the nervous system during development and after injury. 
The Apo E gene has 3 alleles: ε2, ε3, ε4. The ε4 allele is associated with an increased risk of 
AD  (Rojo et al., 2006), ε4 allele is present among 40 to 50% AD subjects  (Farrer et al.,1997). 
Actually Apo E- ε4 is considered as a risk factor of AD  (Mayeux et al., 1998).  

2.1.4 Inflammatory markers 

Proinflammatory molecules have been studied as potential peripheral markers of AD. As 
stated in preceding paragraphs, in the context of neuroimmunomodulation hypothesis, 
there is consistent evidence that inflammatory mechanisms play an important role in AD 
pathophysiology. However, results are inconsistent. In patients with AD elevated levels of 
plasma soluble CD-40 and a decrease in TGF-β1 have been described, while assessments of 
IL-1, IL-2, IL-6 and TNF-α have yielded conflicting results  (Rojo et al, 2008). 

2.1.5 Altered p53 

Alterations in the tertiary folding of p53 protein can be recognized in fibroblasts from 
patients with AD (Uberti et al., 2006). This altered protein is also present in blood 
mononuclear cells of AD patients. Measurements of these p53 variants by cytofluorometry 
and immunoprecipitation techniques may serve as AD biomarker with high sensitivity and 
specificity (90% and 77% respectively)  (Lanni et al, 2008; Uberti et al., 2008). 

2.1.6 Platelets Amyloid Precursor Peptide (APP) 

APP is a transmembrane protein that, by proteolytic cleavage, generates Aβ, the major 
component of senile plaques. Therefore, APP could be a useful biomarker in AD. Platelets 
carry more than 95% of circulating APP, containing all the necessary machinery for APP 
metabolism, so there has been postulated that changes in platelets metabolism that include, 
but are not limited to APP processing, may correlate to brain pathophysiological processes 
of AD  (Hochstrasser et al., 2011; Neumann et al., 2011;  Zainaghi et al., 2007). 

Several APP fractions can be resolved by electrophoresis and immunoblot techniques of 
platelets extracts. Analyses have found a reduction in 130 kDa APP isoforms in relation to 110 
kDa APP in AD patients. These alterations in platelets APP ratio are related to severity and 
progression of the disease  (Borroni et al., 2006) High sensitivity and specificity -around 80 to 
95%- have been described for this technique  (Borroni et al., 2006; Padovani et al., 2002). 
Platelets APP ratio may be altered early in AD and can be used to detect the conversion of 
mild cognitive impairment to AD  (Borroni et al., 2003; Borroni et al., 2006) and also to monitor 
treatment responses  (Borroni et al., 2001; Liu et al.,2005). However this method is not 
quantitative and there are important differences in reported data between different studies; 
this is likely due to differences in multiple steps of sample management and processing. 
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2.1.7 Platelets tau 

Our group has recently demonstrated that platelets also contain tau protein. High molecular 
weight forms of tau that probably correspond to oligomeric protein can be resolved by 
electrophoresis and immunoblot with tau specific antibodies. The ratio of high molecular 
weight tau to normal weight tau in platelets is increased in AD patients so this kind of 
analysis may represent a novel biomarker for AD  (Neumann et al., 2011). 

2.2 Disease specific radiotracers: New avenues to pathology-specific imaging 
technologies  

The development of new NMR and PET imaging technologies has become a topic of major 
interest for both clinical and fundamental neuroscientists over the past few years, as it 
presents the unparalleled possibility of visualizing pathological processes in the brain 
parenchyma in a non-invasive and real time manner. Major progresses have been 
achieved in this field in the past decade mainly due to the use of functional NMR 
technologies and innovative PET tracers. However, although these current neuroimaging 
technologies provide precise information on structural and functional aspects of the brain, 
they have failed to provide information on the specific pathological processes and 
structural alterations occurred in different neurodegenerative diseases, including 
Alzheimer. Therefore, the development of new pathology-specific imaging technologies is 
still an urgent need. This would allow us to make a more accurate diagnose of brain 
disorders and also to efficiently monitor a number of experimental therapies currently 
under investigation.  

Regarding AD-specific PET tomography, researchers have focused their attention mainly on 
obtaining maps of the proposed hallmark lesions of this disease, i.e., the senile plaques (SP) 
and the neurofibrillary tangles (NFT´s) formed by hyperphosphorylated tau. After the 
publication of Klunk et al. (Klunk et al., 2004) reporting the potential application of 
Pittsburgh Compound-B as a specific radiotracer for the amyloid deposits in the human 
brain, a new era in the development of in vivo AD neuroimaging seems to have started. 
Almost at the same time Verhoeff et al. (Verhoeff et al., 2004) published a similar study with 
another PET radiotracer. None of these studies probed to be applicable for diagnosis of early 
stages of AD. However they helped us to understand the clinical significance of visualizing 
cerebral amyloid burden in AD diagnosis. Not long after reports on amyloid-specific PET 
tracers were published, several groups including ours pointed out the relevance of 
addressing this challenge from a seemingly more relevant a -and perhaps more efficient- 
perspective, which is visualizing aggregated forms of tau protein. (Rojo et al., 2007a, 2007b). 
Recently we reported the potential of benzimidazoles derivatives as pathology-specific PET 
tracers (Rojo et al., 2010). This work led us to discover that FDA-approved drugs, such as 
Lansoprazole and Astemizole (Rojo et al., 2010), were promising candidates for AD-specific 
radiotracers (Figures 2 and 3).  

The existence of a pathology-specific neuroimaging technology of AD would also allow a 
rational evaluation of the biological effects of a number of experimental pharmacological 
therapies available presently, as well as other promising tools to treat AD patients, and 
methods for clinical trial of anti-tau therapeutic approaches (Rojo et al., 2011). 
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2.1.7 Platelets tau 

Our group has recently demonstrated that platelets also contain tau protein. High molecular 
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interest for both clinical and fundamental neuroscientists over the past few years, as it 
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obtaining maps of the proposed hallmark lesions of this disease, i.e., the senile plaques (SP) 
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Pittsburgh Compound-B as a specific radiotracer for the amyloid deposits in the human 
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Molecular structure of these ligands varies from large proteins and peptides such as the A 
peptide and radio-active monoclonal antibodies to small molecules derived from Congo red, 
Chrisamina-G, tioflavine-T, and acridine orange (Figure 2). Recent studies have 
demonstrated that is possible to obtain images of plaques and NFTs in vivo whether 
separately or simultaneously. So far, the most successful molecules have been those with a 
relatively low molecular weight (Figure 2) (Mathis et al., 2005). It has been shown that some 
benzimidazole and quinoline derivatives tag aggregated forms of tau in vitro and in the 
context of human brain (Mathis et al., 2005; Okamura et al., 2004; Okamura et al., 2005; Rojo 
et al., 2007a). This could serve as the milestone for developing neuroimaging technologies to 
visualize NFTs in the brain of AD patients and those affected with mild cognitive 
impairments (MCI). We believe that in the future, significant progress will be achieved in 
this area due to the recent discovery of different benzimidazoles and benzothiazoles with 
high affinity for brain aggregates of tau protein (Rojo et al., 2007b). Another important step 
in this area is the search of FDA-approved drug with similar structural features to those of 
Thioflavine T and other benzothiazole compounds. This implies the possibility of skipping 
expensive, cumbersome and time-consuming safety studies in humans for their approval in 
AD diagnosis in vivo (Rojo et al, 2010, 2011).  
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Fig. 2. Benzimidazole and benzothiazole derivatives proposed as potential biomarkers for 
PET imaging in AD. Several small molecules have been proposed as PET tracers for both 
amyloid and tau aggregates. In this figure ThS shows the proposed structures for 
Thioflavine S (ThS); Thioflavine T (ThT); Pittsburgh compound (PIB), and other amyloid 
specific radiotracers such as 6-ME-BTA 2 and 6ME-BTA-0. Also here the figure shows the 
NFTs-specific proposed PET tracers Astemizole, Lansoprazole, BF-126, BF 170, and BF-158.  
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Fig. 3. Neuropathological staining of brain sections from the entorhinal cortex of AD 
patients. Senile plaques (red arrowheads) and NTFs (yellow arrowheads) can be clearly 
tagged by Thioflavine-S  (B, C). Lansoprazole (A,D) tagged NFTs and neurite-like structures 
in the core of senile plaques.  

3. Novel approaches toward prevention and treatment of Alzheimer´s  
Disease (AD) 
AD is the most common type of dementia characterized by the formation of two main 
protein aggregates in the brain: senile plaques (SP) consisting of the amyloid-β peptide and 
neurofibrillary tangles (NFT´s), consisting of the microtubule-associated protein tau. Tau 
accumulates in a hyperphosphorylated state forming intracellular deposits named to as 
paired helical filaments which generate the NFT´s (Maccioni et al., 2010). Formally approved 
during the past two decades, pharmacological treatments for AD are mainly based on 
restoring the levels of acetylcholine transmission in the brain being essentially symptomatic 
therapies. The anticholinesterase (anti-ChE) agents currently used such as rivastigmine, 
donepezil and galantamine failed in providing a substantial improvement in the mental 
health condition of AD patients (Aizenstein, 2008). Cholinesterase inhibitors appear to 
increase phosphorylated tau in AD (Chalmers et al., 2009). Anti-ChE drugs are being used 
for symptomatic treatment of mild to moderate AD. Tacrine was the first anti-ChE which 
showed positive clinical results, however, it is not in use any more due to severe 
hepatotoxicity. Through the progress of AD, brain cholinergic neurotransmission becomes 
significantly diminished, thus limiting clinical efficacy of the above mentioned anti-ChE 
agents. A new drug is being used CerebrolysineTM, based on a combination of peptides and 
administered intravenously, has shown discrete results. On the other hand the drug 
memantine, which modulates NMDA-related pathways in brain, has shown moderate 
results in cases of mild to advanced stages of AD. Moreover, nonsteroidal anti-inflammatory 
drugs (NSAIDs) appears as promising treatments according to epidemiological studies are 
able to reduce the risk of developing AD. A 2006 pilot study showed small but significant 
improvements in various cognitive rating scales in patients with AD after treatment with 
etanercept (Tobinick et al. 2008a,b; Navarrete et al., 2011). A further study, administering to 
a single AD patient via perispinal infusion, showed rapid and significant improvement of 
Alzheimer's symptoms. Nowadays over 300 compounds are being tested for AD at different 
stages of development, 175 of them are being evaluated at the level of clinical trials. 
However, the finalized studies have shown only negative results, creating great concern 
among the medical community who is still expecting an efficacious therapy for AD. 
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Another compound is huperzine A, an acetylcholinesterase inhibitor that occurs naturally in 
a species of moss that has been used in China for centuries for the treatment of blood 
disorders (Wang et al., 2011). The herb has been used to treat AD in China since the late 
1990’s and is sold in the US as a dietary supplement to help maintain memory (Rafii et al., 
2011). The first synthetic approach to produce huperzine A, was recently published aiming 
to replace the only natural source of huperzine A, the plant Huperzia serrata, which produces 
small amounts of huperzine A. Another drug, memantine directed to NMDA receptors, 
shows only moderate actions in advanced cases of the disease (Raina et al., 2008). On the 
other hand, recent anti-amyloid strategies, have failed in their efficacy or safety on their last 
development phases (Holmes et al., 2008). Statins appear to reduce the burden of NFTs, but 
clinical studies are not conclusive (Rojo et al., 2006; Boimel et al., 2009). In the whole context, 
tau based therapies represent a potential therapeutic target, specifically those that that 
diminish its aggregation, or alter its hyperphosphorylation (Alvarez et al., 2001). To those 
agents, several anti-tau miscellaneous strategies such as normal microtubule-stabilizing 
agents can be added to the new search for anti-AD drugs (Maccioni, 2011; Navarrete et al., 
2011). Thus, a combination of molecules such as anti-tau agents will be determinant for a 
substantial control of AD in the future. 

3.1 Searching for innovative tau aggregation inhibitors 

Physiologically tau stabilizes the microtubule structure, but in the neurons of patients with 
AD the microtubule system is believed to be disrupted, with the concomitant axonal 
transport deficits and degeneration (Farias et al., 2011). Several lines of evidence have shown 
that tau aggregation is the main event involved in the neurodegenerative process, due to the 
conversion of either soluble tau or oligomers into insoluble filaments. This process correlates 
with the clinical progression of AD and cognitive impairment (Maccioni and Perry, 2009). 
The identification of mutations in the tau gene in hereditary frontotemporal dementia 
revealed that tau dysfunction is central to neurodegeneration (Nakashima et al., 2005). Thus, 
improvement in the cognition of a transgenic model displaying both NFT´s and SP depends 
on blockage of tau filaments formation (Zhang et al., 2005). Cellular models where tau is 
overexpressed evidence the cytotoxicity of formed intracellular aggregates. In the search of 
new molecules for the treatment of AD, many drugs focused on Aβ aggregation have failed 
in stopping the progression of the disease (Navarrete et al., 2011). The immunization against 
Aβ was effective in reducing amyloid plaque load, but it had little effect on improving 
cognitive functions. A recent study shows the failure of a phase III clinical trial with a γ-
secretase inhibitor (Carlson et al., 2011; Lleo and Saura, 2011). Therefore it seems timely to 
consider alternative drug discovery strategies for AD based on approaches directed at 
reducing misfolded tau and compensating for the loss of normal tau function.  

3.2 Tau hypothesis in the context of the AD clinic 

Nowadays AD etiopathogenesis is not yet established, despite different and numerous 
hypotheses (Maccioni and Perry, 2009). Nevertheless, there is agreement about its early 
onset, as a result of the convergence of a set of genetic and/ or environmental factors, which 
vary on time among patients and increase along with age (Glatz et al., 2006; Maccioni et al., 
2010). At different stages of the process, a cascade of pathological events is triggered, where 
factors such as Aβ oligomers, iron overload or oxygen free radicals modify microglial cells 
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thus inducing anomalous signaling to neuronal cells (Fernandez et al., 2008; Maccioni et al., 
2009; Morales et al., 2010). These events finally result in alterations of cellular signposting and 
biochemical abnormalities that lead to cellular dysfunction, the lack of neurotransmission, 
cellular death and clinical expression of dementia.  

For years, the dominant hypothesis was that of the amyloid cascade, which sets the amyloid 
precursor protein (APP) metabolism dysfunction on the central nervous system, as the 
responsible agent for extraneuronal formation of SP (Hardy & Selkoe, 2002; Hardy, 2009). 
The major problem of this postulate is that a significant number of cognitively healthy 
elderly people, also exhibit abundant amyloid plaques, without a cognitive function 
impairment. Besides, diverse clinical assays carried out with different antiamyloid 
molecules, despite consistent effects on preclinical stages, have not shown cognitive and/or 
functional benefits in treated patients at advance stages of AD (Aizenstein et al., 2008; Panza 
et al., 2011). In this context, as the amyloid cascade hypothesis does not allow to explain the 
integrity of AD pathogenesis, the interest on tau hypothesis and neurofibrillary tangles, that 
sets tau protein abnormal phosphorylation as the possible responsible for these tangles 
formation, and the consequent neuronal death, has increased (Navarrete et al., 2011). On the 
other hand, recent data suggest an eventual connection between APP and tau protein, even 
though they have been treated as different contexts to physiopathologically explain AD 
(Alvarez et al., 2001; Otth et al., 2003; Czapski et al., 2011; Fuentes and Catalan, 2011). 

Studies in APP mice crossed to mutant tau mice, injection of Aβ into the brain of these tau 
mutant mice and studies on neuronal cells, support the notion that Aβ aggregates can drive 
neurofibrillary pathology (Otth et al., 2003; Hernandez et al., 2009; Kocherhans et al., 2010). 
Such investigations bear out the notion that although AD may be considered a primary Aβ 
amyloidoses and a secondary tauopathy, tau pathology is the major factor that contributes 
to neurodegeneration (Maccioni et al., 2010).  

Moreover, FDA approved drugs over last decades are seemingly drugs which only reinforce 
cholinergic neurotransmission, as donepezil, galantamine and rivastigmine, or that 
moderates glutamate/NMDA receptor memantine are approved. After several years of 
clinical experience on drugs use, it can be concluded that AD treatment with cholinesterase 
inhibitors and memantine, is essentially symptomatic (Raina et al., 2008). Even though it 
may result in a moderate improvement, lacks of a real clinical output relative to cognition 
measurements and global evaluation of dementia. Recent in vitro and in vivo data suggest 
that cholinergic drugs may even have negative impact on e amiloyd-β-peptide and tau 
behavior. According to recent studies, patients treated with ChEIs had accumulated 
significantly more phospho-tau in their cerebral cortex compared to untreated patients. This 
data suggests the possibility that increased tau phosphorylation may influence long-term 
clinical responsiveness to ChEIs (Chalmers et al., 2009; Fuentes and Catalan, 2011).  

Efforts to develop drugs more focused on AD underlying pathology, have considered 
different agents, called disease modifiers, and linked to diverse etiopathogenic hypotheses. 
Antiamyloid strategies, such as active or passive immunization, or secretase inhibitors, have 
been predominant, nevertheless they have failed on the efficacy or security on their last 
development phases (Lleo and Saura, 2011). Actually, molecules that could restrict tau 
aggregates and the consequent formation of neurofibrillary tangles, have already begun to 
be explored on clinical trials, having the consideration that the last mentioned lesions, are 
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the responsible for most of the AD cognitive impairments. However, the only anti-tau 
therapies that have reached the human clinical trial stage are lithium, methylene blue and 
NAP (Nakashima et al., 2005; Medina et al., 2011; Navarrete et al., 2011). 

3.3 Anti-tau miscellaneous strategies 

A variety of intracellular proteins have been implicated in regulating both tau aggregation 
and folding, or potentially mediate clearance of the misfolded and aggregated tau protein. 
In this context, the ubiquitin ligase C-terminus of heat shock cognate70-interacting protein 
(CHIP) can polyubiquitinate tau and may play a crucial role in preventing accumulation of 
phospho-tau and NFTs (Staff et al., 2008). Studies suggest that modulation of CHIP and the 
ubiquitin preoteasome system could alter tau pathology. Finally, heat shock proteins have 
been suggested as possible modifiers of tau pathology. HSP90 inhibitors that induce a heat 
shock response reduce tau phosphorylation at certain sites and are currently being tested in 
humans as anti-cancer agents (Dickey, 2007, reviewed in Fuentes and Catalan, 2011). Thus, 
on the basis of information that sequestration of tau results in loss of the normal 
microtubule-stabilizing function, normal microtubule-stabilizing agents have been tested in 
several tau mouse models. Paclitaxel administered to the tau mouse model, in a micellar 
formulation increased microtubule stability and rendered these polymers less dynamics. 
After three-months of paclitaxel treatment, transgenic mice showed rise on fast axonal 
transport and of the microtubules bundles in neuronal cells (Zhang et al., 2005). Authors 
also showed motor function improvement in comparison to the not-treated mice. 
Considering that paclitaxel does not cross hematoencephalic barrier, its action would be 
mediated through retrograde transport to spinal motoneurons among other possible 
explanations.  

Moreover, there is another compound named to as NAP, a derivative octapeptide of a 
natural neurotrophic protein, which cross the blood brain barrier, and has shown to 
promote microtubules assembly (Matsuoka et al., 2008). Nasal administration for several 
months to elderly mice that had developed tau aggregations and Aβ deposition, resulted in 
reduction on tau phosphorylation and Aβ levels, with a cognitive function improvement 
(Matsuoka et al., 2008). A similar approach has also been employed in an animal model of 
tauopathy, anti-tau pathologically phosphorylated immunotherapy, where a diminished 
charge of NFT´s was observed, and the presence of serum antibodies, without evidence of 
clinical deficits or encephalitis.  

3.4 AD prevention: The emergence of natural products in the control of tau pathology 

The development of small-molecules that inhibit the aggregation of tau appears as a valid 
therapeutic target for treatment of AD and as a consequence of the failure on drugs directed 
against the amyloid and the cumulative evidence in favor of tau hypothesis, current 
therapeutic strategies are aimed at searching for compounds that can either inhibit the 
formation of pathological tau filaments or disaggregate them. This hypothesis has been 
favored by current findings on the compound methylthioninium chloride (known as 
methylene blue), a previously described inhibitor of tau aggregation. A recent study with 
this compound in phase II clinical trial shows an 81% reduction of cognitive decline with the 
use of the compound as compared to placebo (Wischik et al., 1996; Medina et al., 2011). 
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been predominant, nevertheless they have failed on the efficacy or security on their last 
development phases (Lleo and Saura, 2011). Actually, molecules that could restrict tau 
aggregates and the consequent formation of neurofibrillary tangles, have already begun to 
be explored on clinical trials, having the consideration that the last mentioned lesions, are 

 
In Search of Therapeutic Solutions for Alzheimer’s Disease 

 

139 

the responsible for most of the AD cognitive impairments. However, the only anti-tau 
therapies that have reached the human clinical trial stage are lithium, methylene blue and 
NAP (Nakashima et al., 2005; Medina et al., 2011; Navarrete et al., 2011). 

3.3 Anti-tau miscellaneous strategies 

A variety of intracellular proteins have been implicated in regulating both tau aggregation 
and folding, or potentially mediate clearance of the misfolded and aggregated tau protein. 
In this context, the ubiquitin ligase C-terminus of heat shock cognate70-interacting protein 
(CHIP) can polyubiquitinate tau and may play a crucial role in preventing accumulation of 
phospho-tau and NFTs (Staff et al., 2008). Studies suggest that modulation of CHIP and the 
ubiquitin preoteasome system could alter tau pathology. Finally, heat shock proteins have 
been suggested as possible modifiers of tau pathology. HSP90 inhibitors that induce a heat 
shock response reduce tau phosphorylation at certain sites and are currently being tested in 
humans as anti-cancer agents (Dickey, 2007, reviewed in Fuentes and Catalan, 2011). Thus, 
on the basis of information that sequestration of tau results in loss of the normal 
microtubule-stabilizing function, normal microtubule-stabilizing agents have been tested in 
several tau mouse models. Paclitaxel administered to the tau mouse model, in a micellar 
formulation increased microtubule stability and rendered these polymers less dynamics. 
After three-months of paclitaxel treatment, transgenic mice showed rise on fast axonal 
transport and of the microtubules bundles in neuronal cells (Zhang et al., 2005). Authors 
also showed motor function improvement in comparison to the not-treated mice. 
Considering that paclitaxel does not cross hematoencephalic barrier, its action would be 
mediated through retrograde transport to spinal motoneurons among other possible 
explanations.  

Moreover, there is another compound named to as NAP, a derivative octapeptide of a 
natural neurotrophic protein, which cross the blood brain barrier, and has shown to 
promote microtubules assembly (Matsuoka et al., 2008). Nasal administration for several 
months to elderly mice that had developed tau aggregations and Aβ deposition, resulted in 
reduction on tau phosphorylation and Aβ levels, with a cognitive function improvement 
(Matsuoka et al., 2008). A similar approach has also been employed in an animal model of 
tauopathy, anti-tau pathologically phosphorylated immunotherapy, where a diminished 
charge of NFT´s was observed, and the presence of serum antibodies, without evidence of 
clinical deficits or encephalitis.  

3.4 AD prevention: The emergence of natural products in the control of tau pathology 

The development of small-molecules that inhibit the aggregation of tau appears as a valid 
therapeutic target for treatment of AD and as a consequence of the failure on drugs directed 
against the amyloid and the cumulative evidence in favor of tau hypothesis, current 
therapeutic strategies are aimed at searching for compounds that can either inhibit the 
formation of pathological tau filaments or disaggregate them. This hypothesis has been 
favored by current findings on the compound methylthioninium chloride (known as 
methylene blue), a previously described inhibitor of tau aggregation. A recent study with 
this compound in phase II clinical trial shows an 81% reduction of cognitive decline with the 
use of the compound as compared to placebo (Wischik et al., 1996; Medina et al., 2011). 
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Compounds described for their anti-aggregating capacity in the formation of amyloid 
aggregates are the polyphenols. In this context, synthetic polyphenols have proved 
effectiveness in the inhibition of heparin-induced tau aggregation. Following this approach, 
the current therapeutic strategies are aimed to look for natural phytochemicals and 
polyphenolic extracts that can be able to either inhibit or disaggregate tau filament 
formation (Bastianetto et al., 2008; Kim et al., 2010; Cornejo et al., 2011). It has been 
suggested that naturally occurring phytochemicals have the potential to prevent AD based 
on their anti-amyloidogenic, anti-oxidative and anti-inflammatory properties. Despite this, 
there are few phytocomplexes emerging in order to prevent tau aggregation. Only a 
cinnamon extract and a grape seed polyphenolic extract have been described for this 
purpose (Peterson et al., 2009). Fulvic acid is one of the most interesting phytocomplex 
molecules (Goshal et al., 1990). This is a mixture of polyphenolic acid compounds resulting 
from the long-term microbial degradation of lignin, among other sources. It has several 
nutraceutical properties, and is one of the most interesting naturally-occurring 
phytochemicals for their extremely high antioxidant properties and apparent 
neuroprotective effect. For instance, the interaction of prion protein with fulvic acid and its 
inhibitory effect on the content of β-sheet structure and the formation of protein aggregates 
has been described in detail. Only a few polyphenolic molecules have emerged to prevent 
tau aggregation, and natural drugs targeting against tau have not been approved yet 
(Peterson et al., 2009; Cornejo et al., 2011). Fulvic acid, a humic substance, has several 
nutraceutical properties with potential activity to protect cognitive impairment. In this work 
we provide evidence to show that aggregation process of tau protein, forming paired helical 
filaments (PHFs) in vitro, is inhibited by fulvic acid affecting the length of fibrils and their 
morphology (Cornejo et al., 2011; Carrasco et al., unpublished results). In addition, we 
investigated whether fulvic acid is capable of disassembling preformed PHFs. We showed 
by mean of analysis of aggregation, atomic force microscopy (AFM) and electron 
microscopy that the fulvic acid is an active compound against pre formed fibrils affecting 
the whole structure by diminishing length of PHFs and probably acting at the hydrophobic 
level, as we observed by mean of atomic force techniques. Thus, fulvic acid is likely to 
provide a new insight to develop potential treatments for AD based on natural products. 
These observations allowed us to conclude that fulvic acid inhibits heparin-induced tau 
aggregation in vitro. On the other hand, fulvic acid promotes the disassembling of tau 
preformed fibrils. Thus, fulvic acid could provide a new insight for developing treatments 
based on natural products for AD (Cornejo et al., 2011; Farias et al, unpublished 
observations).  

4. Conclusion  
A major hallmark of AD is the presence of NFT´s containing tau protein. The 
neuroimmunomodulation theory of AD together with the revitalized tau hypothesis on 
Alzheimer´s pathogenesis provided a fundamental paradigm to understand this disease. 
This is very important considering that the slow progress in therapeutic approaches has 
been the result of a lack of a solid paradigm on this devastating disease. In this context, 
beside the anticholinesterases, most researchers have focused on drugs that affect the 
production of β-amyloid or disassembly of senile plaques, with very limited results. 
Therefore, tau became a major target for future therapeutic approaches. As tau clearly 
presents a potential therapeutic target in AD, there is a high rise on new drugs investigation 
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that would early interfere with the cascade that leads to tangles formation, and that might 
contribute to control neuronal degeneration and cognitive impairment. A critical step in the 
design of potential strategies to control AD is to find reliable biomarkers for its early 
diagnosis. Despite many efforts in this direction no markers to detect AD at the pre-
symptomatic level are available. After the acceptance of tau/amyloid biomarker in the CSF, 
research is directed to establish a non-invasive marker technology. Innovative studies point 
to an in vivo PET technology based on neuroimaging of NFT´s and tau filaments by using 
lansoprazole as a radiotracer, and blood biomarkers based on altered tau and amyloid 
variants in platelets.  

Considering the scenario in which new synthesized drugs and novel therapeutic approaches 
have failed in their clinical trials, new hopes come from the search of natural products and 
phytocomplexes. Polyphenols have been described for their anti-aggregating capacity in the 
formation of amyloid aggregates. Most recently, synthetic polyphenols have proved 
effectiveness in the inhibition of heparin-induced tau aggregation. Following this approach, 
the current therapeutic strategies are aimed at looking for natural phytochemicals and 
polyphenolic extracts able to either inhibit or disaggregate tau filament formation. In 
addition, it has been suggested that naturally occurring phytocomplexes have the potential 
to prevent AD based on their neuroprotective, anti-oxidative and anti-inflammatory 
properties. Despite this, there are few natural complexes emerging in order to prevent tau 
aggregation. These include cinnamon and grape extracts, the anti-oxidant resveratrol, and 
recently fulvic acid. The combination of vitamins essential for brain health such as folic acid, 
vitamins B6 and 12 with natural compounds such as natural extracts from plants, flavones, 
flavonoids and the natural product shilajit offer an interesting approach toward the therapy 
of Alzheimer´s disease.  
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Bis(12)-Hupyridone, a Promising 
Multi-Functional Anti-Alzheimer’s Dimer 

Derived from Chinese Medicine 
Yifan Han et al†*  

Department of Applied Biology and Chemical Technology, 
 Institute of Modern Medicine, The Hong Kong Polytechnic University,  

Hong Kong 

1. Introduction 
Alzheimer’s disease (AD), clinically characterized by progressive impairments of memory, 
cognitive functions and behaviors, is a major form of dementia that mainly affects elderly 
individuals. Alzheimer’s Disease International undertook a Delphi study that showed 
worldwide in 2001 there were 24.3 million people with dementia, most of whom with AD; 
and the figure will rise to 42.3 million and 81.1 million in 2020 and 2040, respectively (Ferri 
et al., 2005). It is estimated that dementia causes people over the age of 60 to spend 11.2% of 
their last years living with disability (Morris and Mucke, 2006).The rapid increase in the 
number of dementia patients, most of whom AD patients, imminently calls for effective 
therapeutic prevention and treatment, in particularly, for AD patients (van Marum, 2008). 

The plaque of β-amyloid (Aβ) and the neurofibrillary tangle composed mainly by hyper-
phosphorylated tau protein are two major pathological hallmarks of AD (Fu et al., 2009). 
Therefore, in developing anti-AD drugs, preventing the generations of abnormal Aβ and 
hyper-phosphorylated tau proteins is the major target. For example, bapineuzumab, the 
antibody of abnormal Aβ, semagacestat and tarenflubil, the modulators of γ-secretase, and 
tramiprosate, the blocker of Aβ aggregation, have been proposed to treat AD by targeting Aβ 
cascade (Aisen et al., 2007; Ballard et al., 2011; Green et al., 2009; Thakker et al., 2009). 
However, all these drugs have failed in randomized controlled trials (Ballard et al., 2011). 
Although several reasons might be provided to explain why these trials in AD failed, some 
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scientists suggested the Aβ and tau hypotheses might be invalid (Smith, 2010). They proposed 
that the complexity of AD would require not one single drug, but multiple drugs or a 
multifunctional drug to modify the disease progress (Mangialasche et al., 2010; Smith, 2010). 

The neuropathology of AD is characterized by a decreased cholinergic transmission caused by 
the loss of cholinergic neurons. Acetylcholinesterase (AChE) inhibitors, which enhance the 
function of cholinergic neurons by prolonging the duration in which acetylcholine stays in the 
synaptic clefts, have shown promising potential in the treatment of AD (Li et al., 2007b). The 
inhibitors of AChE could stabilize cognitive and behavior functions of AD patents at a steady 
level for at least 1 year in 50% and up to 2 years in about 24% of treated patients (Wang et al., 
2006). Moreover, those AD patients who do not response to one AChE inhibitor could take 
another (Wang et al., 2006). So far, four AChE inhibitors, namely tacrine (Cognex), donepezil 
(Atricept), rivastigmine (Exelon) and galantamine (Reminyl), have been approved by the U.S. 
Food and Drug Administration (FDA) for the treatment of AD (Ellis, 2005; Francis et al., 2005).  

Huperzine A, a Lycopodium alkaloid discovered from the traditional Chinese medicine 
Huperzia serrata (Qian Ceng Ta) (FIG. 1A), is also widely used in the treatment of AD in 
China (FIG. 1B). It is a selective AChE inhibitor with much higher potency and longer 
duration of AChE inhibition than those of tacrine, donepezil, rivastigmine and galantamine 
(Wang and Tang, 1998; Zhao and Tang, 2002). Double-blind, randomized clinical trials in 
China have demonstrated that huperzine A induces significant improvement in memory in 
elderly people and AD patients without any significant side effects (Wang et al., 2009). 
However, the lack of natural supply of Huperzia serrata and difficulty in its chemical 
synthesis have limited the clinical usage of huperzine A (Zhang and Tang, 2006). 

Memantine (Namenda), which is an uncompetitive antagonist of N-methyl-D-aspartate 
(NMDA) receptors with a fast on-/off-rate, could reduce excessive glutamate-induced 
excitotoxicity. The success of memantine in clinical trials led to its being approved by FDA 
to treat moderate to severe AD in 2003 (Lipton, 2006). This encouraging news pointed to a 
new direction for the development of anti-AD drugs: by boosting the activities of healthy 
neurons and reducing abnormal brain functions (Gravitz, 2011). However, further studies 
have indicated that either AChE inhibitors or NMDA receptor antagonists have limited 
success in reversing AD progress as they are unable to stop neurodegeneration (Roberson 
and Mucke, 2006). 

The effectiveness of multiple drug strategy has been proven. One of the examples is the HIV 
drug cocktail (Zhang, 2005). Combinations of drugs with different targets, are also widely 
used in cancer therapy (Hanahan and Weinberg, 2011). The involvement of multi-factorial 
etiopathogenesis in AD suggests that the treatment of AD may also require multiple drug 
therapy to target its different pathological aspects (Youdim and Buccafusco, 2005). 
However, there are some challenges in the use of drug cocktail strategy that works at 
different therapeutic targets. Different drugs have differences in bioavailability, 
pharmacokinetics and metabolisms. They may also cross-react with one another which in 
turn cause serious side-effects. Therefore, the one-compound-multiple-targets strategy, a 
novel drug development approach pioneered by Prof. Moussa Youdim, has emerged as a 
practical alterative to overcome these challenges (Youdim and Buccafusco, 2005). Designing 
a single molecule synergistically targeting two or more therapeutic pathways is reasonably 
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more proficient than the combination of one-compound-one-target drugs because of simple 
bioavailability and pharmacokinetics. Therefore, many neuroscience research institutes and 
pharmaceutical companies devote the majority of their resources to search for the effective 
one-compound-multi-functional agents for the treatment of AD. 

 
Fig. 1. The chemical structures of huperzine A and bis(12)-hupyridone. 
(A) Chinese medicinal herb Huperzia serrata (Qian Ceng Ta); (B) The structure of huperzine 
A; (C) The structure of bis(12)-hupyridone. 

Our group has devoted enormous efforts in developing drugs that are better efficacy than 
current AChE inhibitors the currently available AChE inhibitors over the past years. With 
the help of scientists from Israel, the USA and China, we have developed a series of novel 
bis(n)-hupyridones by the homo-dimerization of hupyridone, the ineffective fragments of 
huperzine A (Carlier et al., 2000; Wong et al., 2003). These dimeric compounds are easy to 
synthesis and have been shown to be more potent than huperzine A in the inhibition of 
AChE. In this article, we will review that bis(12)-hupyridone (FIG. 1C), one of our novel 
dimeric promising anti-AD candidates, possesses multiple functions that include the 
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enhancement of cognitive functions, the protection against neurotoxins, and the promoting 
of neuronal differentiation for the treatment of AD. 

2. Design and synthesis of novel anti-AChE dimers derived from huperzine A 
By studying the three-dimensional (3D) structure of AChE of Torpedo californica electric 
organ (TcAChE), one active site of AChE, named the “catalytic anionic site”, was found at 
the bottom of a deep narrow gorge (active-site gorge, 20 Å) (Axelsen et al., 1994), The 
quaternary amino group of acetylcholine interacts with the indole side chain of the 
conserved residue Trp84 in a cation-ð interaction at this “catalytic anionic site” (Ma and 
Dougherty, 1997). Moreover, another active site of AChE, named “peripheral anionic site”, 
was also found near the top of the “active-site gorge”, about 14 Å from the “catalytic anionic 
site” (Harel et al., 1993). The major element of the “peripheral anionic site” is the residue of 
Trp279. The bivalent ligand strategy is widely used in the synthesis of novel drugs in which 
identical or different pharmacophores are connected by a suitable linker (Haviv et al., 2005). 
The advantage of this strategy is the chelate effect, which creates a bifunctional ligand with 
enhanced affinity for its target. The molecular structure of AChE with one active site in the 
gorge (“catalytic anionic site”) and another at the extremity (“peripheral anionic site”) 
makes AChE a particularly attractive target to apply this strategy. 

The crystal structure study of the complex of AChE with (-)-huperzine A has shown 
important hydrophobic interactions between (-)-huperzine A and Trp84 at the “catalytic 
anionic site” of AChE (Raves et al., 1997). We initially synthesized hupyridone (5-amino-
2(1H)-quinolinones), a fragment which lacks the C6-C8 bridge of (-)-huperzine A. Although 
this fragment does not show any significant inhibition of AChE, it appears to possess much 
of the intrinsic functionality of (-)-huperzine A (FIG. 1). It retains the pyridine oxygen atom 
and NH group of (-)-huperzine A, which form hydrogen bonds to Tyr-130 and Gly-117, 
respectively (Raves et al., 1997). Most importantly, hupyridone also retains the 5-amino 
group of (-)-huperzine A, which is essential for the inhibitory activity of (-)-huperzine A by 
interacting with Try84. We speculated that it is possible to find high-affinity inhibitors of 
AChE with structure like that of hupyridone. Particularly, the loss of hydrophobic contact in 
the “catalytic anionic site” could be compensated by additional chelating interactions at the 
“peripheral anionic site” (Carlier et al., 2000; Wong et al., 2003). 

A series of hupyridone dimer or bis(n)-hupyridones, with different alkylene chain lengths, has 
been synthesized from 7,8-dihydroquinoline-2,5(1H,6H)-dione by the condensation, the 
reduction and the dimerization (FIG. 2). Computational calculations showed that 12 methylene 
units were the most approximate chain length. The 3D study of TcAChE-ligand complexes has 
shown that bis(12)-hupyridone binds more tightly to TcAChE than (-)-huperzine A (Wong et 
al., 2003). Overlaying the structures of TcAChE with those of bis(12)-hupyridone and (-)-
huperzine A also reveals that the dimer makes cation-ð and hydrogen bonding interactions at 
the “peripheral anionic site” (Trp279), interactions that can contribute to bis(12)-hupyridone’s 
higher affinity compared with (-)-huperzine A (FIG.3) (Wong et al., 2003). It is suggested that 
the tether of the hupyridone unit of bis(12)-hupyridone provides minimal entropy and 
substantially compensates for the weaker and/or missing interactions of (-)-huperzine A with 
AChE (Raves et al., 1997; Wong et al., 2003). 
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Fig. 2. Synthesis of bis(n)-hupyridones. 

 
Fig. 3. Overlay of the refined structures of TcAChE/(-)-bis(10)-hupyridone (sky blue), 
TcAChE/(-)-bis(12)-hupyridone (pink), and TcAChE/(-)huperzine A (yellow). 
Inhibitors and protein residues are rendered as sticks, and water molecules are shown as red 
spheres. The figure is modified from the reference (Wong et al., 2003). 
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3. Multifunctional potencies of bis(12)-hupyridone 
3.1 Inhibition of AChE 

The anti-cholinesterase activities of bis(n)-hupyridones were further tested in vitro and in vivo. 
It has been shown that bis(n)-hupyridones inhibit AChE in a tether-length-dependent manner. 
The 50% inhibitory concentration (IC50) on AChE by bis(12)-hupyridone was about 52 nM, 
which was comparable to those of AChE inhibitors used for treating AD (Table 1) (Li et al., 
2007b). Furthermore, kinetic analysis of bis(12)-hupyridone suggested that the inhibition 
pattern was mixed competitive with an apparent Ki value of 28.9 nM. In vivo study has also 
shown that single p.o. administration of bis(12)-hupyridone significantly inhibit AChE activity 
in various brain regions (cortex, hippocampus, striatum) in rats (Table 2) (Li et al., 2007b). 
 

AChE inhibitors IC50 (μM) Ratio of IC50 
(BuChE/AChE) 

Inhibitory Pattern Ki 
(μM) AChE BuChE 

Bis(10)-
hupyridone 0.151 1.82 12.1 N.D. N.D. 

Bis(11)-
hupyridone 0.084 1.16 13.8 N.D. N.D. 

Bis(12)-
hupyridone 0.052 9.6 185.0 Mixed 28.9 

Bis(13)-
hupyridone 0.052 16.7 321.0 N.D. N.D. 

Bis(14)-
hupyridone 0.24 59.5 148.0 N.D. N.D. 

Huperzine A 0.082 74.43 907.7 mixed 24.9 
Galantamine 1.995 12.59 6.3 Competitive 210.0 

Donepezil 0.010 5.01 501.0 Noncompetitive 12.5 
Tacrine 0.093 0.074 0.8 Noncompetitive 105 

Table 1. Anti-AChE activities of bis(n)-hupyridones and other AChE inhibitors used in the 
treatment of AD. 

The concentrators of inhibitors yield 50% inhibition of enzyme activity. The cortex 
homogenate was pre-incubated for 5 min with iso-OMPA 0.1 mM. The rate of color 
production was measured spetrophotometrically at 440 nM. N.D.: not determined, Data are 
from references (Cheng et al., 1996; Li et al., 2007b; Wang and Tang, 1998). 
 

AChE inhibitor Dose 
(μmol/kg)

AChE inhibition (%) 
BuChE 

inhibition 
(%) 

cortex hippocampus striatum serum 
Bis(12)-

hupyridone 90 16 ± 5 ** 40 ± 3 ** 28 ± 6 ** NA 

 45 12 ± 3 ** 14 ± 4 ** 12 ± 5 * NA 
 22 11 ± 3 ** 4 ± 3 5 ± 4 NA 

Table 2. Anti-cholinesterase activities of single p.o. administration of bis(12)-hupyridone in 
rats. 
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Values expressed as percentage of inhibition (versus saline control) were the means ± SD. *p 
< 0.05 and **p < 0.01 versus saline group (ANOVA and Dunnett’s test). Basal saline control 
values of cortex, hippocampus and striatum are 1360 ± 70, 1540 ± 150 and 9390 ± 880 A 
values/g protein, respectively. Basal saline control value of serum is 23 ± 5 A values/g 
protein. Data are from the reference (Li et al., 2007b). 

3.2 Blockade of NMDA receptors 

There are increasing evidences that show that the overstimulation of glutamate receptors of 
the NMDA subtype may be involved in the neuronal loss of AD (Lipton, 2006; Parsons et al., 
2007). With the disruption of the neuron-neuron and neuron-glial connections, glutamate 
might be not only improperly cleared, but also inappropriately released. Meanwhile, 
energetically compromised neurons become depolarized because they cannot maintain their 
ionic homeostasis in the absence of energy. The depolarization relieves the normal Mg2+ 
blockade of NMDA receptor-coupled channel, and then excessive stimulation of glutamate 
receptors occurs (Li et al., 2005; Lipton, 2004). Thus the NMDA receptor has been considered 
an attractive therapeutic target for the development of anti-stroke drugs. On the other hand, 
the NMDA receptor, as the major excitatory neurotransmitter receptor in the central nervous 
system, mediates many important physiological processes, such as synaptic plasticity, and 
learning and memory (Petrovic et al., 2005; Villmann and Becker, 2007). The therapeutic 
potential of many powerful NMDA receptor antagonists, such as MK-801, is limited and 
they fail in clinical trials because of the psychotropic side effects resulting from their 
interference with normal brain functions (Parsons et al., 2007). NMDA receptor blockers 
with moderate to low affinity, such as memantine, may inhibit NMDA receptor-mediated 
pathological but not NMDA receptor-mediated physiological functions. This kind of NMDA 
receptor antagonists has been at the center of interest in the search for the next generation of 
neuroprotective drugs for AD (Lipton, 2004; Lipton, 2007). 

Using the receptor-ligand binding assay, bis(12)-hupyridone has been found to compete 
with [3H]MK-801 with a Ki value of 7.7 μM. In the same testing system, memantine and MK-
801 competed with [3H]MK-801with a Ki value of 0.8 and 0.04 μM, respectively (Table 3) (Li 
et al., 2007a) (our unpublished data). These results suggested that bis(12)-hupyridone is a 
moderate NMDA receptor antagonist and thus might be useful in AD therapy. 
 

NMDA receptor antagonists [3H]MK-801 binding Ki (μM) 
Bis(12)-hupyridone 7.7 

Memantine 0.8 
MK-801 0.04 

Table 3. Bis(12)-hupyridones moderator inhibits NMDA receptors at MK-801 site. 

The membrane proteins from rat cerebellar cortex were incubated with 4 nM [3H]MK-
801.and treated with the serial concentrations of bis(12)-hupyridone/memantine/MK-801. 
The Ki values were calculated from the corresponding IC50 values, which were measured 
from the obtained data using at least eight concentrations of each chemical (in duplicates) 
based on the Cheng-Prusoff equation: Ki = IC50/(1+[ligand]/Kd). Data are either from our 
unpublished paper or from the reference (Li et al., 2007a). 
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The concentrators of inhibitors yield 50% inhibition of enzyme activity. The cortex 
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(%) 

cortex hippocampus striatum serum 
Bis(12)-

hupyridone 90 16 ± 5 ** 40 ± 3 ** 28 ± 6 ** NA 
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rats. 
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Values expressed as percentage of inhibition (versus saline control) were the means ± SD. *p 
< 0.05 and **p < 0.01 versus saline group (ANOVA and Dunnett’s test). Basal saline control 
values of cortex, hippocampus and striatum are 1360 ± 70, 1540 ± 150 and 9390 ± 880 A 
values/g protein, respectively. Basal saline control value of serum is 23 ± 5 A values/g 
protein. Data are from the reference (Li et al., 2007b). 

3.2 Blockade of NMDA receptors 
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2007). With the disruption of the neuron-neuron and neuron-glial connections, glutamate 
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Using the receptor-ligand binding assay, bis(12)-hupyridone has been found to compete 
with [3H]MK-801 with a Ki value of 7.7 μM. In the same testing system, memantine and MK-
801 competed with [3H]MK-801with a Ki value of 0.8 and 0.04 μM, respectively (Table 3) (Li 
et al., 2007a) (our unpublished data). These results suggested that bis(12)-hupyridone is a 
moderate NMDA receptor antagonist and thus might be useful in AD therapy. 
 

NMDA receptor antagonists [3H]MK-801 binding Ki (μM) 
Bis(12)-hupyridone 7.7 

Memantine 0.8 
MK-801 0.04 

Table 3. Bis(12)-hupyridones moderator inhibits NMDA receptors at MK-801 site. 

The membrane proteins from rat cerebellar cortex were incubated with 4 nM [3H]MK-
801.and treated with the serial concentrations of bis(12)-hupyridone/memantine/MK-801. 
The Ki values were calculated from the corresponding IC50 values, which were measured 
from the obtained data using at least eight concentrations of each chemical (in duplicates) 
based on the Cheng-Prusoff equation: Ki = IC50/(1+[ligand]/Kd). Data are either from our 
unpublished paper or from the reference (Li et al., 2007a). 
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3.3 Protection against excitotoxicity 

It is well known that the overstimulation of NMDA receptors is essential to the neuronal 
apoptotic cell death induced by glutamate; and that the blockade of NMDA receptors may 
prevent neuronal cell death induced by excitotoxicity (Danysz and Parsons, 2003). We thus 
investigated the neuroprotective effects of bis(12)-hupyridone against excitotoxicity in the 
primary cerebellar granule neurons (CGNs). We have demonstrated that bis(12)-hupyridone 
inhibits glutamate-induced apoptosis in a concentration-dependent manner, and its 
preventive effect is significant even at the low dosage of 1 nM. Further study using 
fluorescein diacetate/propidium iodide double staining, Hoechst 33324 staining and DNA 
fragmentation gel assays have shown that bis(12)-hupyridone significantly reverses the 
glutamate-evoked nuclear condensation, apoptotic bodies and DNA fragmentation, 
indicating that this dimer is a powerful neuroprotectant against excitotoxicity in vitro (FIG. 4 
and our unpublished data). 
 

 
 

Fig. 4. Bis(12)-hupyridone prevents neuronal death induced by glutamate in primary CGNs. 
(A) CGNs were pre-incubated with or without 1 µM bis(12)-hupyridone and exposed to 75 
µM glutamate 2 h later. At 24 h after glutamate challenge, CGNs were assayed with a phase 
contrast microscope, fluorescein diacetate/propidium iodide double staining and Hoechst 
33324 staining. Apoptotic nuclei were indicated by white arrows. (B) CGNs were pre-
incubated with bis(12)-hupyridone at different concentrations as indicated and exposed to 
75 µM glutamate 2 h later. Cell viability was measured by MTT assay at 24 h after glutamate 
challenge. (C) The counts of apoptotic bodies by Hoechst staining. (D) Under the same 
treatment conditions as (B), DNA fragmentation was extracted from CGNs after 24 h of 
challenge, and then agarose gel electrophoresis and ethidium bromide staining were used to 
visualize the DNA extracted from the above samples. B12H: bis(12)-hupyridone; Glu: 
glutamate. All data, expressed as percentage of control, were the means ± SEM of three 
separate experiments; *p < 0.05, **p < 0.01 versus glutamate group (ANOVA and Dunnett’s 
test).  
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3.4 Prevention of ROS-induced neuronal toxicity via regulating the VEGFR-2/Akt 
pathway 

Oxidative stress plays an important role in the pathogenesis of AD as it is the main factor in 
the neuronal loss of this disease (Shibata and Kobayashi, 2008; Zhu et al., 2007). Although the 
detailed mechanisms underlying oxidative stress-induced neuronal death remain unknown, 
drugs with antioxidant properties have therapeutic significance in preventing AD (Pratico, 
2008). H2O2 is widely used as a toxicant to establish in vitro models of oxidative stress-induced 
neuronal apoptosis as it is an uncharged and freely diffusible molecule (Lee et al., 2007). 

Using primary CGNs as a cell model, we have demonstrated that bis(12)-hupyridone at a 
low concentration (3 nM) prevents H2O2-induced apoptosis(Cui et al., 2011c). We have also 
shown that this protection of bis(12)-hupyridone is a novel activity that is apart from its 
AChE inhibitory property. The decreased activation of glycogen synthase kinase (GSK) 3β 
was observed after H2O2 exposure, and bis(12)-hupyridone could reverse the altered 
activation of GSK3β, indicating that bis(12)-hupyridone may exert its neuroprotective effects 
via signaling molecule(s) upstream of GSK3β. Our further study using the antibody of 
phosphorylated vascular endothelial growth factor receptor-2 (VEGFR-2) and the inhibitor 
of VEGFR-2 has demonstrated that bis(12)-hupyridone prevents H2O2-induced neuronal 
apoptosis through regulating the VEGFR-2/Akt signaling pathway (FIG. 5) (Cui et al., 
2011c; Liu et al., 2009). We speculated that bis(12)-hupyridone might either directly interact 
with VEGFR-2 as a potential agonist or indirectly facilitate the activation of VEGFR-2 such 
as by stabilizing the dimerization or increasing the endogenous VEGF from elevating its 
translation, transcription or post-transcription (Cui et al., 2011b). Further investigations on 
the exact role that bis(12)-hupyridone plays in the activation of VEGFR-2 are being 
undertaken in our laboratory.  

3.5 Promoting neuronal differentiation via activating α7nAChR 

Currently prescribed drugs that treat AD have shown only modest and symptomatic effects 
by reducing the degree of impairment without preventing or curing the disease. It is 
partially because that these drugs cannot induce neurogenesis to compensate for the 
neurons that have lost their functions (Maggini et al., 2006). Transplantation of stem cells is 
considered a potential strategy as it may provide neurons to replace those that have been 
lost in the brains of AD patients, and reverse the progress of neurodegeneration (Zhongling 
et al., 2009). However, there is one key problem with this strategy as grafted stem cells are 
not able to differentiate into fully mature neurons in the micro-environments of the brain of 
AD patients (Waldau and Shetty, 2008). The application of agents capable of promoting 
neuronal differentiation at the impaired site may be a valid alternative or adjunct to solve 
that problem. 

With the help of rat hippocampus neural stem cells, we have evaluated the effects of bis(12)-
hupyridone in promoting neural stem cell differentiation. The percentage of βIII-tubulin 
positively stained neurons gave evidence that the efficacy of 10 μM bis(12)-hupyridone was 
similar to that of 0.5 μM retinoic acid, a potent inducer of neuronal differentiation. 
Moreover, under the same condition, huperzine A was not able to induce differentiation 
(FIG. 6) (Cui et al., 2011a). Bis(12)-hupyridone therefore might be a promising anti-AD drug 
candidate to promote differentiation of neural stem cells. 
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Fig. 5. Bis(12)-hupyridone inhibits H2O2-induced neuronal death from reversing VEGFR-
2/Akt pathway. (A) The preventive functions of bis(12)-hupyridone against H2O2-induced 
cell death could be abolished by specific VEGFR-2 inhibitors in CGNs. CGNs with or 
without 30 min PTK787 (PTK, a specific VEGFR-2 inhibitor) pre-treatment were treated with 
bis(12)-hupyridone at the indicated concentrations for 2 h and then exposed to 30 μM H2O2. 
Cell viability was measured by the MTT assay at 6 h after H2O2 challenge. **p < 0.01 versus 
H2O2 group, and ##p < 0.01versus bis(12)-hupyridone plus H2O2 group (Tukey’s test). (B) 
Bis(12)-hupyridone reversed H2O2-induced decreasing of pTyr1054-VEGFR-2, pSer473-Akt 
and pSer9-GSK3β. CGNs were pre-treated with 3 nM B12H for 2 h and then exposed to 30 
μM H2O2 for 1 h, the total proteins were detected with using the specific antibodies. (C) The 
ratio to optical density (OD) values of pTry1054-VEGFR-2 over β-actin. The figure is 
modified from the reference (Cui et al., 2011c). 
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Fig. 6. Bis(12-hupyridone induces neuronal differentiation in adult rat hippocampus neural 
stem cells. (A) The expression of β-tubulin in neural stem cells was examined by 
fluorescence microscope. Neural stem cells were exposed to 10 μM bis(12)-hupyridone, 5 
μM huperzine A or 1 μM retinoic acid for 48 h. The cells were then subjected to β-tubulin 
immunostaining and 4'-6-diamidino-2-phenylindole (DAPI) staining. (A) Bis(12)-
hupyridone increased the percentage of β-tubulin positive neurons in a concentration-
dependent manner. Neural stem cells were exposed to bis(12)-hupyridone, huperzine A or 
retinoic acid for 48 h, and the percentage of β-tubulin positive neurons was calculated. The 
figure is modified from the reference (Cui et al., 2011a). 

We have also examined the neuronal differentiation promotion effects of bis(12)-hupyridone 
and its underlying mechanisms in the rat PC12 pheochromocytoma cell line, a well studied 
cell model of neuronal differentiation (Vaudry et al., 2002). Bis(12)-hupyridone (3 – 30 μM) 
has been demonstrated to induce neurite outgrowth in a concentration- and time-dependent 
manner with an efficacy that is three times higher than that of huperzine A in PC12 cells 
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(Cui et al., 2011a). Furthermore, mitogen-activated protein kinase kinase (MEK) inhibitor 
and alpha7-nicotinic acetylcholine receptor (α7nAChR) antagonist blocked the neurite 
outgrowth and the activation of extracellular signal-regulated kinase (ERK) induced by 
bis(12)-hupyridone, suggesting that bis(12)-hupyridone potently induces pro-neuronal cells 
into differentiated neurons by activating the ERK pathway via regulating α7nAChR (FIG. 7). 
As α7nAChR is essential for neuronal differentiation in the rat brain, and loss of α7nAChR 
impairs the maturation of dendritic neurons in adult hippocampus (Campbell et al., 2010; Le 
Magueresse et al., 2006), our results provide a novel insight into the possible therapeutic 
potential of bis(12)-hupyridone in treating AD. To date, as other clinically used anti-AD 
drugs such as huperzine A, donepezil and tacrine have also shown some activities in 
inducing neurite outgrowth in different neuronal cell lines in vitro (Table 4), it would be 
quite interesting to compare their effects on promoting neuronal differentiation in certain 
types of neurons, for example, neural stem cells with bis(12)-hupyridone (Cui et al., 2011a; 
De Ferrari et al., 1998; Oda et al., 2007; Sortino et al., 2004; Tang et al., 2005). 

 
Fig. 7. Bis(12)-hupyridone induces neurite outgrowth from activating α7nAChR in PC12 cells. 
(A) The effects of bis(12)-hupyridone in promoting neurite outgrowth were evidenced by the 
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morphological changes and expression of GAP-43. PC12 cells were exposed to 20 μM bis(12)-
hupyridone, 30 μM huperzine A, 3 mM dibutyryl cAMP (dbcAMP) or 100 ng/ml nerve 
growth factor (NGF) for 7 days. The morphological changes of neurites were examined by 
light microscope, and the expressions of GAP-43 were examined by fluorescence microscope. 
Scale bar 5 μm. (B) Induction of neurite outgrowth by bis(12)-hupyridone is in a concentration-
dependent manner. PC12 cells were exposed to bis(12)-hupyridone, huperzine A, dbcAMP or 
NGF for 7 days, and the percentage of cells with neurites was measured. (C) The α7nAChR 
antagonist attenuates the activation of ERK induced by bis(12)-hupyridone. PC12 cells were 
treated with 0.3 μM methyllycaconitine (MLA, a specific α7nAChR antagonist), 10 μM atropine 
(Atr, a specific muscarinic acetylcholine receptor antagonist) or 30 μM PD98059 (PD, a specific 
MEK inhibitor) for 30 min before the administration of 20 μM bis(12)-hupyridone. The total 
proteins were extracted 30 min after the addition of bis(12)-hupyridone for Western blot 
analysis with specific antibodies. (D) The α7nAChR antagonist attenuates the neurite 
outgrowth induced by bis(12)-hupyridone. PC12 cells were incubated with 0.3 μM 
methyllycaconitine, 10 μM atropine or 30 μM PD98059 for 2 h and treated with 20 μM bis(12)-
hupyridone. The percentage of cells with neurites was measured 7 days after treatment with 
bis(12)-hupyridone. The data, expressed as percentage of control, are the mean ± SEM of three 
separate experiments, with **p < 0.01 versus the bis(12)-hupyridone group in employing 
ANOVA and Dunnett’s test. The figure is modified from the reference (Cui et al., 2011a). 
 

 
 

Table 4. Anti-AD drugs promote neuronal differentiation in vitro.  
Data are from references (Cui et al., 2011a; De Ferrari et al., 1998; Oda et al., 2007; Sortino et 
al., 2004; Tang et al., 2005). 

3.6 Enhancement of learning and memory 

It is widely accepted that enhancement of learning and memory is beneficial for AD patients; 
and it has been proven that AChE inhibitors are the most effective agents in promoting 
cognitive functions in AD therapies. Our novel dimer bis(12)-hupyridone has demonstrated 
superior AChE inhibition in vivo. It is reasonable to expect that this dimer could remedy the 
impairments of learning and memory in AD patients. To prove this hypothesis, the model of 
scopolamine-induced performance deficits was used. We have demonstrated that i.p. injection 
of bis(12)-hupyridone (0.088 – 0.352 μmol/kg) significantly shortens the escape latency in 
Morris water maze after scopolamine administration in rats (Li et al., 2007b). Under the same 
condition, the relative potency of bis(12)-hupyridone (0.176 μmol/kg) to reverse the increased 
escape latency was higher than that of huperzine A (0.206 μmol/kg) (FIG. 8) (Li et al., 2007b). 
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Table 4. Anti-AD drugs promote neuronal differentiation in vitro.  
Data are from references (Cui et al., 2011a; De Ferrari et al., 1998; Oda et al., 2007; Sortino et 
al., 2004; Tang et al., 2005). 
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Fig. 8. Memory-enhancing effects of huperzine A and bis(12)-hupyridone on scopolamine-
induced performance deficiency. Huperzine A (A) and bis(12)-hupyridone (B) reverse 
scopolamine-induced performance deficiency in rats. Huperzine A (C) and bis(12)-
hupyridone (D) reverse scopolamine-induced decrease in spatial bias (% of total distances 
swum in the training quadrant during spatial probe trial) in rats. All data were expressed as 
means ± SD, *p < 0.05 and **p < 0.01 versus scopolamine group in (C) and (D) (ANOVA and 
Dunnett’s test). The figure is modified from the reference (Li et al., 2007b). 

3.7 Recovery of ischemic insult 

Ischemia-induced insults result from the complex interplay of multiple pathways including 
excitotoxicity, oxidative stress and impairment of neurogenesis (Van der Schyf et al., 2006a). 
And some of these pathways are also underlying the impairments of AD progress. 
Therefore, agents targeting at multiple site for the treatment of stroke may also possess 
therapeutic effects for AD (Weinreb et al., 2009).  

We have demonstrated in the 2-hour middle cerebral artery occlusion (MCAO) rat model, 
that bis(12)-hupyridone (0.70 - 1.41 μmol/kg, i.p.) could improve neurological behavior 
impairment, and reduce infarct volume as well as brain edema after ischemia. In addition, 
TUNEL staining assay has shown that bis(12)-hupyridone at quite a low concentration (0.70 
μmol/kg, i.p.) could prevent cerebral ischemia-induced apoptosis in the penumbra region 
(FIG. 9, our unpublished paper). Compared with the currently used anti-AD drugs,  
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Fig. 9. Bis(12)-hupyridone rescues acute neurological impairments in rats after 2 h of MCAO 
followed by 24 h of reperfusion. Bis(12)-hupyridone was injected i.p. 30 min pre-ischemia 
and 15 min post-ischemia. (A) Representative photos of  2, 3, 5-triphenyltetrazolium 
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chloride (TTC)-stained brain slices showed that the enlarged infarct tissue area 
(pale unstained region) in the ischemic hemisphere of a control rat was reversed in animals 
treated with bis(12)-hupyridone (0.70 μmol/kg) or memantine (92.7 μmol/kg, 15 min post-
ischemia i.p.). Bis(12)-hupyridone at both the concentrations of 0.70 and 1.41 μmol/kg 
reversed the decreases in neurological score (B), total infarction (C) and brain edema (D). (E) 
Bis(12)-hupyridone (0.70 μmol/kg) also rescued the apoptotic neurons in the penumbral 
region. Upper insets show representative photographs of terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) staining of the cerebral cortex penumbral 
zones of sham-treated rats, control animals, and bis(12)-hupyridone-treated rats. The lower 
panel shows the quantities of the TUNEL-positive cells. The number of TUNEL-positive 
neurons was randomly and double-blindly counted in three representative 
photomicrographs of each slice. B12H: bis(12)-hupyridone; Mem: memantine 92.7 μmol/kg. 
All data were expressed as means ± SEM, *p < 0.05, **p < 0.01 versus control group (ANOVA 
and Dunnett’s test). The figure is adapted from our unpublished paper. 
 

 
Table 5. Anti-AD drugs protect transient ischemia induced impairments. 
N.A.: not applicable. Data are either from our unpublished paper or from references 
(Gorgulu et al., 2000; Iliev et al., 2000; Wang et al., 2008; Xu et al., 2000; Zheng et al., 2008). 

bis(12)-hupyridone has been shown to have high potency in preventing transient ischemia-
induced neuronal impairments (Table 5) (Gorgulu et al., 2000; Iliev et al., 2000; Wang et al., 
2008; Xu et al., 2000; Zheng et al., 2008). This high potency makes this dimer a promising 
drug candidate for the treatment of stroke and AD. 

4. The physicochemical and pharmacokinetic properties of bis(12)-
hupyridone 
To predict the in vivo behaviors of bis(12)-hupyridone after dosing, its physicochemical 
properties have been studied and reported in our previous publication (Yu et al., 2008). As a 
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dihydrochloride salt, bis(12)-hupyridone presents a poor solubility (Sw: 11.16 mg/ml) with 
two ionization constants (pKa1: 7.5 and pKa2: 10.0) in water. Its solubility can be largely 
affected by the ionic strength (mainly the concentration of chloride ion) existed in the 
solution (S: 2.07 mg/ml in saline) and the pH value of the solution (S: 0.75 mg/ml in 
physiological phosphate buffer saline, pH 7.4). In addition, bis(12)-hupyridone has been 
determined to be highly lipophilic due to the symmetric chemical structure. The large 
difference of the oil-water partition coefficients between its neutral form (log PN : 5.4) and 
ionized form (log DpH 7.4 : 1.1) suggests that bis(12)-hupyridone might be able to easily cross 
the biological barriers and reach to the site of effect (i.e. the central nerve system). Further 
investigated by an in vivo study, its maximum inhibition on AChE at mice brain could be 
reached in 15 min after an intraperitoneal injection (i.p., 5.28 μmol/kg) and the effect could 
be lasted for more than 4 h (Yu et al., 2008). 

Previously, bis(12)-hupyridone has been identified to be quite safe both in vitro and in vivo. 
No cytotoxicity was observed in the MTT assay after 3 h incubation of Caco-2 cells with 
bis(12)-hupyridone (264 μM) (Yu et al., 2011)) In addition, no side-effects were observed for 
bis(12)-hupyridone after an intravenous (i.v.) administration to rats even at a dosage as high 
as 8.8 μmol/kg which suggests the good compliance of bis(12)-hupyridone to rats (Yu et al., 
2009). 

The pharmacokinetic properties of bis(12)-hupyridone have been studied and reported (Yu 
et al., 2009). After the i.v. bolus injection (8.8 μmol/kg), bis(12)-hupyridone presents a two-
compartmental elimination in rats with a first-order kinetic process. Comparing to 
huperzine A, bis(12)-hupyridone exhibits a relative faster distribution and elimination (t1/2α: 
1.7 ± 0.4 min and t1/2β: 92.9±7.9 min) in vivo than those of huperzine A (t1/2α: 6.6 ± 1.1min and 
t1/2β: 149±96 min) (Wang et al., 2006). The greater distribution volume and mean blood 
clearance determined (Vd: 7.54 ± 0.88 L/(min kg) and CL: 0.067 ± 0.006 L/(min kg)) suggest 
the extensive tissue distribution and moderate blood elimination of bis(12)-hupyridone in 
rats. Furthermore, the previous pharmacokinetic study has revealed that bis(12)-hupyridone 
could be rapidly absorbed after i.p. administration to rats at a dose of 10 or 20mg/kg (tmax of 
9.33 and 4.75 min, respectively), with an absolute bioavailability of >75% (Yu et al., 2008). It 
suggests that bis(12)-hupyridone could be well absorbed and most of the administrated 
drugs could enter into the systematic circulation after extra-vascular injection. 

Although all the evidence from in vitro and in vivo studies suggest a reasonable permeation 
of bis(12)-hupyridone through the biological barrier after i.p. administration, it is somewhat 
surprising that bis(12)-hupyridone could not detectable in rat blood after oral 
administration (p.o., 50 mg/kg), which suggesting its poor oral bioavailability. In order to 
assess its extent of absorption from the gastrointestinal (GI) tract, the mechanisms of bis(12)-
hupyridone transport in intestine has been evaluated using Caco-2 cell model(Yu et al., 
2011). As reported, bis(12)-hupyridone has been investigated to be a substrate to ATP-
binding cassette (ABC) transporters and its directional transport could be regulated by the 
ABC-transporters mediated efflux. ABC-transporter inhibitors can significantly increase the 
absorptive transport of bis(12)-hupyridone thus facilitating its oral bioavailability. Since 
ABC-transporters are widely presented not only in the intestine but also at the blood-brain 
barrier (Dallas et al., 2006; Murakami and Takano, 2008), combined treatment of bis(12)-
hupyridone with ABC-transporter inhibitors might to be developed as an effective approach 
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to improve its transport through the biological barriers and enhance its pharmacological 
effects at the central nerve system. 

5. Conclusion 
Based on the unique structure of the AChE enzyme and with the help of the bivalent ligand 
strategy, we have developed bis(n)-hupyridone, a novel series of dimers derived from the 
ineffective fragment of huperzine A. These dimers are proven to be potent and selective 
inhibitors of AChE both in vitro and in vivo. Bis(12)-hupyridone is a superior representative 
among these dimers. We have further shown that bis(12)-hupyridone, similar to memantine 
(an FDA approved anti-AD drug), moderately blocks NMDA receptors at the MK-801  
site. Our studies have demonstrated that bis(12)-hupyridone could prevent excitotoxicity-
induced neuronal loss and H2O2-induced neuronal apoptosis. Moreover, this dimer  
could promote neuronal differentiation with an efficacy similar to retinoic acid in neural 
stem cells. In vivo studies have shown that bis(12)-hupyridone possesses excellent efficacy in 
improving learning and memory deficits and protecting against neuronal loss in vivo. Our 
toxicological, physicochemical and pharmacokinetic studies have proved that bis(12)-
hupyridone is promising for in vivo applications. Based on these novel findings, we 
conjecture that bis(12)-hupyridone could benefit AD patients by acting on multiple 
pathological targets concurrently (FIG. 10). As the synergism between anti-AChE, anti-
NMDA receptors, anti-ROS, pro-neuronal differentiation might serve as the most effective 

 
 
 

 
 
 
 

Fig. 10. Bis(12)-hupyridone acts as a multi-functional dimer for the treatment of AD. 
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therapeutic strategy to prevent and treat neurodegeneration AD, our findings not only 
provide a new direction for the design of effective compounds with multiple targets for the 
prevention and the treatment of AD, but also offer novel insights into the molecular basis 
for the development of potent therapeutic strategies for this disease. 
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1. Introduction 
Increasing longevity over the coming decades is expected to cause a dramatic increase in the 
prevalence of dementia. The resources required to care for people with dementia will rise 
along with the prevalence. Healthcare systems are largely unprepared for the expects rise in 
prevalence and for the complex care many people with dementia require. It is important to 
note that prevention may not be “all or none”. Current pharmaceutical treatment for 
dementia can only modestly improve symptoms and cannot cure or prevent dementia. As a 
result, prevention of dementia through identification and modification of risk facors is 
critical (Patrick McNamara, 2011)). However, rapidly growing evidence suggest that 
oxidative stress play a major role in the pathophysiology of neurodegenerative disease (Ali 
qureshi ali G Syed and Parvez SH, 2004).  

Oxidative stress is the result of an imbalance in pro-oxidant/antioxidant homeostasis that 
leads to the generation of toxic reactive oxygen species (ROS). The brain is considered to be 
especially vulnerable towards oxidative stress due to several reasons: The brain is the 
highest utilization of inspired oxygen, the large amount of easily oxidizable 
polyunsaturated fatty acids, the abundance of redox-active transition metal ions, and the 
relative dearth of antioxidant defense systems. Free radicals are produced from a number of 
sources, among which are enzymatic, mitochondrial, and redox metal ion-derived sources. 
Hence, brain cells are continuously exposed to ROS generated by oxidative metabolism, and 
in certain pathological conditions, defense mechanisms against oxygen radicals may be 
weakened and/or overwhelmed (Butterfield DA, Stadtman ER, 1997).  

Recent reports have established that the oxidative stress and damages are playing a role in 
the pathogenesis of a number of neurodegenerative diseases including Alzheimer’s disease 
(AD), Parkinson disease (PD), corticobasal degeneration, Pick’s disease and Alexander’s 
disease (Gerst, Siedlak et al. 1999). Since these neurodegenerative diseases are the serious 
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factor decreasing quality of life in the longevity of society, the prevention of cerebral 
oxidative stress in an emergent of social task. (Konishi 2009). Many approaches have been 
reported such as the use of simple antioxidant molecules including antioxidant vitamins or 
dietary antioxidant to benefit neurodegeneration. (Srinivasan, Pandi-Perumal et al. 2005; 
Strimpakos and Sharma 2008; Sun, Wang et al. 2010) Among the various neurodegenerative 
disorders, the dementia is given importance and is focused in the present article.  

Dementia is a brain disorder characterized by progressive memory loss and cognitive 
dysfunction, which occurs in mid to late life (McKhann, Drachman et al. 1984). Dementias 
and other severe cognitive dysfunction states pose a daunting challenge to existing medical 
management strategies. An integrative, early intervention approach seems warranted. 
Accumulating evidence suggests that nutritional and botanical therapies are attractive since 
they have proven degrees of efficacy and generally favorable benefit-to-risk profiles (Iriti M 
et al., 2010). Furthermore, several follow-up studies have reported a decreased  risk of 
dementia assiciated with AD with increasing dietary or supplementary intake of 
antioxidants (Barberger-Gateau, Raffaitin et al. 2007). Thus antioxidant traditional herbal 
prescriptions was implicated as promised approach to prevent cerebral oxidative injury and 
prevent decline of brain function (Konishi T, 2009). Since many antioxidant ingredients have 
been identified in the component herbs of oriential medicine prescriptions, it is interesting to 
know the isolated antioxidant ingredient is active against cerebral oxidative stress as 
original herb or related formula. In the present article, we focus our attention onto 
Schisandrin B as a typical example of such herbal ingredient.  

Schisandrin B (Sch B) is the major lignan with dibenzocyclooctadiene structure isolated from 
the fruit of Schisandra chinensis (FS) which is a major component of herb medicine belonging to 
Magnoliaceae family (Li, Xu et al. 2005)  It is also one of three constituent herbs of famous 
traditional oriental medicine prescription, Shengmai san. Earlier, we have demonstrated the 
potential of Shengmai san to prevent cerebral oxidative damage and cerebral-ischemia injury 
in rat model (Xuejiang, Magara et al. 1999; Ichikawa, Wang et al. 2006). We also have reported 
quite recently the potential of Shengmai san in preventing scopolamine induced cerebral 
oxidative stress and memory dysfunction (Giridharan, Thandavarayan et al. 2011). Among the 
three component herbs, FS showed major contribution to the antioxidant activity of Shengmai 
san (Ichikawa H, 2003) and thus Sch B might be the major antioxidant ingredient 
characterizing antioxidant property of Shengmai san.  In the present article, we discuss the 
potential of Sch B in preventing brain disorder especially in preventing cerebral oxidative 
stress and improving memory. It is our attempt to put forth the evidence for involvement of 
free radicals in pathophysiology of dementia and the potential benefit of treatment with 
antioxidants and radical scavengers by showing the role of dietary antioxidants Sch B in 
preventing oxidative stress induced cognitive disorders. We also put forth the behavioral and 
biochemical evidence for the potential of Sch B as a memory improving agent. 

2. Schisandrin B 
Sch B is the isolated component from the Schisandra chinensis. 

Latin name: Fructus Schisandrae 
Common name: Chinese magnoliavine fruit 
Scientific Name: Schisandra chinensis, Schisandra sphenanthera 
Chinese Name: Wu wei zi 

Schisandrin B, a Lignan from Schisandra chinensis Prevents 
Cerebral Oxidative Damage and Memory Decline Through Its Antioxidant Property 

 

177 

Schisandrin BSchisandra chinensis

Molecular weight: 400.46
Molecular weight: C23H28O6

A B

 
Fig. 1. A) Fruits of Schisandra chinensis; B) Structure of Sch B 

The Chinese name of FS, Wuweizi is actually comprised of three Chinese words. The first 
word "Wu” means "five". The second word "Wei" means "taste” and the third word "Zi" refers 
to "seed". As the name of the herb suggests, FS is a seed with five tastes, which are sour, bitter, 
sweet, pungent and salty. Schisandra species grow in China, Japan, Eastern Russia, the 
Himalayas and Korea. FS traditionally used as astringent, to promote fluid production, to 
relieve pupil dilation, to relieve heat and arrest sweating and vomiting and to relieve diarrhea. 
The number of lignan isolated from FS includes schisandrin and its derivatives α-, β-, γ-, δ-, ε- 
schisandrin, psedo-γ-schisandrin, deoxyschisandrin, neoschisandrin, schisandrol and others 
(Wang, Hu et al. 2008). 

3. The antioxidant potential of Sch B in various organs 
The isolated lignan from FS reported to possess the protective effects against various organs 
due to its strong antioxidant potential. The hepato-protective effect of Sch B against carbon 
tetra chloride toxicity was mediated by both enhancements of mitochondrial glutathione 
antioxidant status and heat shock proteins. (Zhu, Lin et al. 1999; Tang, Chiu et al. 2003). 
Further in in-vitro model Sch B elicits a glutathione antioxidant response and protects 
against apoptosis via the redox-sensitive ERK/Nrf2 pathway in AML12 heptocytes. (Leong, 
Chiu et al. 2011) Sch B treatment increases antioxidant status of the heart and improves 
cardiac function against the adiramycin, doxorubicin and ischemia/reperfusion induced 
cardiac dysfunction (Li, Pan et al. 2007; You, Pan et al. 2006; Chiu and Ko 2004). It has been 
reported that Sch B enhances renal mitochondrial antioxidant status and protects against 
gentamicin-induced nephro-toxicity in rats. (Chiu, Leung et al. 2008) Furthermore, renal 
failure induced by the acute oxidant mercuric chloride found to be decreased in Sch B 
treated rats.(Stacchiotti, Li Volti et al. 2011). 

3.1 Neuroprotective potential of Sch B 

Chen and coworkers have reported that long-term treatment with Sch B enhances 
mitochondrial antioxidant status, structural integrity against the cerebral 
ischemia/reperfusion injury in rat model. The cerebro-protection afforded by Sch B treatment 
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was associated with increases in the levels and activity of mitochondrial antioxidant 
components (GSH, α-TOC, and Mn-SOD), as well as preservation of mitochondrial structural 
integrity. Structural integrity as indicated by the decrease in sensitivity to Ca2+ stimulated 
mitochondrial permeability transition in-vitro, was further evidenced by decrease in the 
extents of mitochondrial malondialdehyde (MDA) production, Ca2+ loading, and cytochrome c 
release (Chen, Chiu et al. 2008).  Sch B also shown to have protection against L-glutamate 
induced neurotoxicity and the protection was associated with 1) an inhibition of the increase of 
intracellular [Ca2+]; 2) an improvement in the glutathione defense system, the level of 
glutathione, and the activity of glutathione peroxidase (GPx); and 3) an inhibition in the 
formation of cellular peroxide (Kim, Lee et al. 2004). Recently Sch B was reported to have 
protection against amyloid beta and homocysteine induced neurotoxicity in PC12 in-vitro 
system (Song, Lin et al.; Wang and Wang 2009). In addition we have also reported the 
potential of Sch B against scopolamine induced cerebral oxidative stress and memory 
dysfunction. (Giridharan, Thandavarayan et al. 2011). Of all the above reports states the 
neuroprotective potential of Sch B on the basis of its antioxidant property.  

4. Behavioral evidences  
4.1 Passive avoidance task (PAT) 

We currently showed the neuroprotective effects of Sch B against experimental dementia 
induced by scopolamine and cisplatin (cDDP) (Giridharan, Thandavarayan et al., 2011). 
Passive avoidance behavior based on negative reinforcement was used to examine the long 
term memory (Giridharan, Thandavarayan et al. 2011). In this test, subjects learn to avoid an 
environment in which an aversive stimulus (such as a foot-shock) was previously delivered.  

Acquisition Retention

Sch B (mg/kg)
Control 0 THA 10 25 50

Scopolamine 1mg/kg

***

### ###
#####

0

100

200

300

La
te

nc
y 

tim
e 

(s
ec

)

0

100

200

300

La
te

nc
y 

tim
e 

(s
ec

)

Control 10 25 50

Sch B (mg/kg)

* *

A B

 
Fig. 2. A. Effects of Sch B on scopolamine-induced memory impairment in the PAT response 
in mice. For the study on the effect of Sch B on scopolamine-induced memory deficit model, 
mice were administered Sch B (10,25 and 50 mg/kg) or THA (10 mg/kg, p.o., positive 
control) 1 h before the acquisition trial. Memory impairment was induced by scopolamine 
treatment (1 mg/kg, i.p.) and acquisition trials were carried out 30 min after scopolamine 
treatment. At 24 h after the acquisition trials, retention trials were carried out. Data 
represents mean  S.E.M (n=6). *p<0.05, *** p<0.001, statistically different from control group. 
### p<0.001, ## p<0.01  statistically different from scopolamine-treated group. 
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The animals can freely explore the light and dark compartments of the chamber and a mild 
foot shock is delivered in one side of the compartment. Animals eventually learn to 
associate certain properties of the chamber with the foot shock. The latency to pass the gate 
in order to avoid the stimulus is used as an indicator of learning and memory. The passive 
avoidance task is useful for evaluating the effect of novel chemical entities on learning and 
memory as well as studying the mechanisms involved in cognition.  

In the PAT, the anticholinergic agent scopolamine induced increase in step-through latency 
was finely inhibited by Sch B treatment. Sch B alone treated mice also found to have 
significant memory improving effect as showing Figure 2B.  Sch B at the dose of 25 mg/kg 
recovered the memory level to 75.4% and thus the activity was comparable to tacrine (THA) 
(76.9%) the standard drug used in the treatment for AD.  (Giridharan, Thandavarayan et al. 
2011). We have observed that shengmai san also found to inhibit scopolamine induced 
memory deficits in PAT model (Giridharan, Thandavarayan et al. 2011). 

4.2 Morris water maze test 

The acquisition and retention of a spatial navigation task is examined using a Morris Water 
Maze (Kumar, Seghal et al. 2006). The hippocampal formation plays an important role in 
memory and learning. The Morris Water Maze (MWM) is a test of spatial learning for 
rodents that relies on distal cues to navigate from started locations around the perimeter of 
an open swimming arena to locate a submerged escape platform. Spatial learning is assessed 
across repeated trials and reference memory is determined by preference for the platform 
area when the platform is absent (Vorhees and Williams 2006).  

The memory enhancing potential of Sch B was also observed in the spatial memory task 
where Sch B treatment significantly decreased the escape latency and the result was 
comparable to that of THA. In the probe trail the time spent in the target quardrant was 
significantly improved the Sch B (Giridharan, Thandavarayan et al. 2011).  
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significant memory improving effect as showing Figure 2B.  Sch B at the dose of 25 mg/kg 
recovered the memory level to 75.4% and thus the activity was comparable to tacrine (THA) 
(76.9%) the standard drug used in the treatment for AD.  (Giridharan, Thandavarayan et al. 
2011). We have observed that shengmai san also found to inhibit scopolamine induced 
memory deficits in PAT model (Giridharan, Thandavarayan et al. 2011). 

4.2 Morris water maze test 

The acquisition and retention of a spatial navigation task is examined using a Morris Water 
Maze (Kumar, Seghal et al. 2006). The hippocampal formation plays an important role in 
memory and learning. The Morris Water Maze (MWM) is a test of spatial learning for 
rodents that relies on distal cues to navigate from started locations around the perimeter of 
an open swimming arena to locate a submerged escape platform. Spatial learning is assessed 
across repeated trials and reference memory is determined by preference for the platform 
area when the platform is absent (Vorhees and Williams 2006).  
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Fig. 3. Effect of Sch B on performance during training trial sessions (A) and probe trial 
sessions (B) of the MWM in scopolamine-induced memory deficit mice. At 1 h before the 
training trial session, Sch B (10,25 and 50 mg/kg) or THA (10 mg/kg, p.o., positive control) 
was administered to mice. Memory impairment was induced by scopolamine treatment (1 
mg/kg, i.p.) 30 min after Sch B or THA administration. Data represents mean  S.E.M (n=6). 
** p<0.01, statistically different from control group. ## p<0.01, # p<0.05 statistically different 
from scopolamine-treated group. 

4.3 Elevated plus maze test (EPM) 

The elevated plus maze has been described as a simple method for assessing anxiety 
responses of rodents. There is great diversity in possible applications of the elevated plus 
maze. The elevated plus maze can be used as a behavioral assay to study the brain sites (e.g., 
limbic regions, hippocampus, amygdala, dorsal raphe nucleus, etc Furthermore, beyond its 
utility as a model to detect anxiolytic effects can also be used as a behavioral assay to study 
the brain sites (e.g., limbic regions, hippocampus, amygdala, dorsal raphe nucleus, etc.) and 
mechanisms (e.g., GABA, glutamate, serotonin, hypothalamic–pituitary–adrenal axis 
neuromodulators, etc.) underlying anxiety behavior. (Gonzalez and File 1997; Walf and Frye 
2007). Briefly, rodents are placed in the intersection of the four arms of the elevated plus 
maze and their behavior is typically recorded for 5 min. The behaviors that are typically 
recorded when rodents are in the elevated plus maze are the time spent and entries made on 
the open and closed arms. 

Behavior in this task (i.e., activity in the open arms) reflects a conflict between the rodent’s 
preference for protected areas (e.g., closed arms) and their innate motivation to explore 
novel environments. Anti-anxiety behavior (increased open arm time and/or open arm 
entries) can be determined simultaneously with a measure of spontaneous motor activity 
(total and/or closed arm entries). As shown in the figure treatment with Sch B at higher 
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dose significantly increased the open arm entry, suggesting its anti-anxiety property 
(Giridharan , Thandavarayan  et al 2011).  
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Fig. 4. Effect of Sch B (10, 25, and 50 mg/kg) on the EPM task against cisplatin. (A) Total 
number of entries (B) Entries in open arms. Data are represented as the mean  S.E.M (n=8). 
# p<0.05, statistically different from cisplatin-treated group.  

5. Biochemical evidences 
5.1 Cholinergic relationship with Sch B 

For a quarter of a century, the pathogenesis of AD associated dementia has been linked to a 
deficiency in the brain neurotransmitter acetylcholine (ACh). This was based on the 
observations of cholinergic system abnormalities leading to intellectual impairment. 
Subsequently, the ‘cholinergic hypothesis’ of AD gained considerable acceptance. It stated 
that a serious loss of cholinergic function in the central nervous system contributed to 
cognitive symptoms.  Over the years, both evidence for and challenges to the relationship 
between ACh dysfunction and AD have been put forward, and acetylcholinesterase 
inhibitors (AChEIs) were introduced for the symptomatic treatment of AD. The prevailing 
view is that the efficacy of AChEIs is attained through their augmentation of ACh-
medicated nerve transmission. (Tabet 2006). 
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responses of rodents. There is great diversity in possible applications of the elevated plus 
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limbic regions, hippocampus, amygdala, dorsal raphe nucleus, etc Furthermore, beyond its 
utility as a model to detect anxiolytic effects can also be used as a behavioral assay to study 
the brain sites (e.g., limbic regions, hippocampus, amygdala, dorsal raphe nucleus, etc.) and 
mechanisms (e.g., GABA, glutamate, serotonin, hypothalamic–pituitary–adrenal axis 
neuromodulators, etc.) underlying anxiety behavior. (Gonzalez and File 1997; Walf and Frye 
2007). Briefly, rodents are placed in the intersection of the four arms of the elevated plus 
maze and their behavior is typically recorded for 5 min. The behaviors that are typically 
recorded when rodents are in the elevated plus maze are the time spent and entries made on 
the open and closed arms. 

Behavior in this task (i.e., activity in the open arms) reflects a conflict between the rodent’s 
preference for protected areas (e.g., closed arms) and their innate motivation to explore 
novel environments. Anti-anxiety behavior (increased open arm time and/or open arm 
entries) can be determined simultaneously with a measure of spontaneous motor activity 
(total and/or closed arm entries). As shown in the figure treatment with Sch B at higher 
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Fig. 4. Effect of Sch B (10, 25, and 50 mg/kg) on the EPM task against cisplatin. (A) Total 
number of entries (B) Entries in open arms. Data are represented as the mean  S.E.M (n=8). 
# p<0.05, statistically different from cisplatin-treated group.  

5. Biochemical evidences 
5.1 Cholinergic relationship with Sch B 

For a quarter of a century, the pathogenesis of AD associated dementia has been linked to a 
deficiency in the brain neurotransmitter acetylcholine (ACh). This was based on the 
observations of cholinergic system abnormalities leading to intellectual impairment. 
Subsequently, the ‘cholinergic hypothesis’ of AD gained considerable acceptance. It stated 
that a serious loss of cholinergic function in the central nervous system contributed to 
cognitive symptoms.  Over the years, both evidence for and challenges to the relationship 
between ACh dysfunction and AD have been put forward, and acetylcholinesterase 
inhibitors (AChEIs) were introduced for the symptomatic treatment of AD. The prevailing 
view is that the efficacy of AChEIs is attained through their augmentation of ACh-
medicated nerve transmission. (Tabet 2006). 
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Currently, the evidence was provided by us that Sch B act as a cholinesterase inhibitor by 
decreasing the levels of aceylcholinesterase (AChE) and improving the levels of ACh against 
scopolamine induced memory deficits animals (Giridharan, Thandavarayan et al. 2011).  

0.00

0.01

0.02

0.03

0.04

0.05

0.06

A
ce

ty
lc

ho
lin

es
te

ra
se

m
ol

/m
in

/g
 ti

ss
ue

 p
ro

te
in

(S
al

t s
ol

ub
le

)

**

Control 0 THA 10 25 50

Sch B (mg/kg)

Scopolamine 1mg/kg

##

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11

A
ce

ty
lc

h
ol

in
es

te
ra

se
m

ol
/m

in
/g

 ti
ss

u
e 

pr
ot

ei
n

(D
et

er
ge

nt
 s

ol
ub

le
)

Control 0 THA 10 25 50

Sch B (mg/kg)

Scopolamine 1mg/kg

**

##

#
###

0.00

0.01

0.02

0.03

0.04

A
ce

ty
lc

ho
lin

e

M

/m
g 

pr
ot

ei
n

Control 0 10 25 50

Sch B (mg/kg)

##

THA

Scopolamine 1mg/kg

##
##

**

##
#

A B

C

 
Fig. 5. The effect of Sch B (10,25 and 50 mg/kg) administration for 7 days on AChE activity in 
SS fraction (A) and DS fraction (B) on ACh levels (C) of brain homogenate in scopolamine-
induced memory deficit mice. Data represents mean  S.E.M (n=6). ** p<0.01 statistically 
different from control group. #p<0.05,  ## p<0.01, statistically different from scopolamine-
treated group. 

It is well documented that the AChE occurs in different molecular isoforms having 
differential localizations in neuronal cells. The two major isoforms are globular monomer 
(G1) and globular tetramer (G4) of the same monomer subunit. The G1 isoform is reported 
to present in the cytoplasm of neuronal cells, whereas the G4 isoform is predominantly 
membrane-bound (Massoulie, Pezzementi et al. 1993). In the present study, both forms were 
measured according to the method of Das et al (Das, Dikshit et al. 2005). Results showed 
that the AChE (G1 and G4 isoforms) levels in both salt soluble (SS) and detergent soluble 
(DS) fractions were significantly increased compared to normal control after scopolamine 
treatment but Sch B treatment reduced the level in both SS and DS fractions dose-
dependently. The percentage reduction of AChE activity in both SS and DS brain 
homogenates was 56.5 % and 44.3%, respectively, at 25 mg/kg of Sch B and the values are 
comparable to those of THA (56.8% and 45.97%). 

When direct inhibitory action of Sch B was examined on AChE activity in vitro, the IC50 
values obtained was >500 μM that was far larger than the value of THA (approximately 2 
nM). Therefore, the inhibitory effect of Sch B may involve other mechanism than its direct 
inhibition of the enzyme. Further we analyzed the ACh levels in the brain homogenate of 
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memory deficits mice. We observed that, ACh levels were significantly reduced in 
scopolamine-treated mice but treatment with Sch B (25 and 50 mg/kg) increased the 
reduced ACh level as well as THA. 

Altogether, our data suggest that the ameliorating effects of Sch B on memory deficit might 
involve the modulation of ACh level through an inhibition of enzyme. (Giridharan, 
Thandavarayan et al. 2011). 

6. Prevention of oxidative DNA damage by Sch B 
Oxidative DNA damage is an inevitable consequence of cellular metabolism, with a 
propensity for increased levels following toxic insult. Of the molecules subject to oxidative 
modification, DNA has received the greatest attention as the biomarkers of exposure and effect 
closest to validation. (Cooke, Evans et al. 2003; Evans, Dizdaroglu et al. 2004).  Although ROS 
can attack a variety of biomolecules, DNA may be the primary target of the free radical 
damage that contributes to cellular degeneration and aging (Markesbery and Lovell 2006). 
Indeed, multiple studies show oxidative damage to DNA may be important in cancer and, 
because of its high oxygen consumption rate, may also be important in neuronal damage 
associated with aging and neurodegenerative diseases.(Lovell and Markesbery 2007). 
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Fig. 6. Photomicrographs showing comets from forebrain stained with SYBR Green-II (A–E) 
Comet in a (A) normal cell (B) cisplatin-treated cell (C) Sch B 10+ cisplatin -treated cell (D) 
Sch B 25 + cisplatin -treated cell, (E) Sch B 50+ cisplatin -treated cell (F) Tail moment (G) Tail 
length. N=4 *** p<0.01 statistically different from control group. ### p<0.001, ## p<0.01 
statistically different from cisplatine-treated group. 
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Currently, the evidence was provided by us that Sch B act as a cholinesterase inhibitor by 
decreasing the levels of aceylcholinesterase (AChE) and improving the levels of ACh against 
scopolamine induced memory deficits animals (Giridharan, Thandavarayan et al. 2011).  
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Fig. 5. The effect of Sch B (10,25 and 50 mg/kg) administration for 7 days on AChE activity in 
SS fraction (A) and DS fraction (B) on ACh levels (C) of brain homogenate in scopolamine-
induced memory deficit mice. Data represents mean  S.E.M (n=6). ** p<0.01 statistically 
different from control group. #p<0.05,  ## p<0.01, statistically different from scopolamine-
treated group. 

It is well documented that the AChE occurs in different molecular isoforms having 
differential localizations in neuronal cells. The two major isoforms are globular monomer 
(G1) and globular tetramer (G4) of the same monomer subunit. The G1 isoform is reported 
to present in the cytoplasm of neuronal cells, whereas the G4 isoform is predominantly 
membrane-bound (Massoulie, Pezzementi et al. 1993). In the present study, both forms were 
measured according to the method of Das et al (Das, Dikshit et al. 2005). Results showed 
that the AChE (G1 and G4 isoforms) levels in both salt soluble (SS) and detergent soluble 
(DS) fractions were significantly increased compared to normal control after scopolamine 
treatment but Sch B treatment reduced the level in both SS and DS fractions dose-
dependently. The percentage reduction of AChE activity in both SS and DS brain 
homogenates was 56.5 % and 44.3%, respectively, at 25 mg/kg of Sch B and the values are 
comparable to those of THA (56.8% and 45.97%). 

When direct inhibitory action of Sch B was examined on AChE activity in vitro, the IC50 
values obtained was >500 μM that was far larger than the value of THA (approximately 2 
nM). Therefore, the inhibitory effect of Sch B may involve other mechanism than its direct 
inhibition of the enzyme. Further we analyzed the ACh levels in the brain homogenate of 
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memory deficits mice. We observed that, ACh levels were significantly reduced in 
scopolamine-treated mice but treatment with Sch B (25 and 50 mg/kg) increased the 
reduced ACh level as well as THA. 

Altogether, our data suggest that the ameliorating effects of Sch B on memory deficit might 
involve the modulation of ACh level through an inhibition of enzyme. (Giridharan, 
Thandavarayan et al. 2011). 

6. Prevention of oxidative DNA damage by Sch B 
Oxidative DNA damage is an inevitable consequence of cellular metabolism, with a 
propensity for increased levels following toxic insult. Of the molecules subject to oxidative 
modification, DNA has received the greatest attention as the biomarkers of exposure and effect 
closest to validation. (Cooke, Evans et al. 2003; Evans, Dizdaroglu et al. 2004).  Although ROS 
can attack a variety of biomolecules, DNA may be the primary target of the free radical 
damage that contributes to cellular degeneration and aging (Markesbery and Lovell 2006). 
Indeed, multiple studies show oxidative damage to DNA may be important in cancer and, 
because of its high oxygen consumption rate, may also be important in neuronal damage 
associated with aging and neurodegenerative diseases.(Lovell and Markesbery 2007). 
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Fig. 6. Photomicrographs showing comets from forebrain stained with SYBR Green-II (A–E) 
Comet in a (A) normal cell (B) cisplatin-treated cell (C) Sch B 10+ cisplatin -treated cell (D) 
Sch B 25 + cisplatin -treated cell, (E) Sch B 50+ cisplatin -treated cell (F) Tail moment (G) Tail 
length. N=4 *** p<0.01 statistically different from control group. ### p<0.001, ## p<0.01 
statistically different from cisplatine-treated group. 
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The protective effect of Sch B was studied by the classical comet assay against 
chemotherapeutic agent cisplain -induced DNA damage  in mouse brain (Fig.6) Treatment 
with Sch B effectively inhibited the cisplatin induced oxidative DNA damage as measured 
in terms of tail length and tail moment (Giridharan, Thandavarayan et al, 2011). 

7. The antioxidant potential of Sch B 
It is stated that along with increased oxidative damage, impaired antioxidant defenses have 
also been proposed to be prominent features of AD. Usually, the body produces different 
antioxidants (endogenous antioxidants) to neutralize free radicals and protect the body from 
different diseases lead by the oxidative injury. Exogenous antioxidants externally supplied 
to the body through food also plays important role to protect the body. The body has 
developed several endogenous antioxidant defense systems classified into two groups such 
as enzymatic and non enzymatic. The enzymatic defense system includes different 
endogenous enzymes like superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GPx), glutathione reductase (GR) and non enzymatic defense system included 
small antioxidant molecules including vitamin E, vitamin C and reduced glutathione (GSH) 
(Harris 1992).  

The antioxidant system uses GSH, the most abundant non –protein thiol, which buffers free 
radicals in brain tissue. It eliminates H2O2 and organic peroxides by GPx coupled with GSH 
oxidation to glutathione disulfide (GSSG).  GSH is regenerated by redox recycling, in which 
GSSG is reduced to GSH by GR with consumption of one NADPH. A reduction in level of  
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Fig. 7. Effects of acute Sch B (10,25 and 50 mg/kg) treatment on the concentrations of MDA 
(A) and GSH (B) and activities of GPx (C) and SOD (D) in scopolamine-induced memory 
deficit mice. Data represents mean  S.E.M (n=6). **p<0.01, statistically different from control 
group. ## p<0.01, # p<0.05 statistically different from scopolamine-treated group. 
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GSH may impair H2O2 clearance and promotes OH radical formation, one of the most toxic 
ROS to the brain leading to oxidative damage. The OH radical induces peroxidation of 
polyunsaturated fatty acids leading to the formation MDA, an end product of lipid 
peroxidation (Deshmukh, Sharma et al. 2009). Interestingly, SOD mimics have come to the 
forefront of antioxidative therapeutics of neurodegenerative disease (Pong 2003). 

We have evaluated the antioxidant potential of Sch B against scopolamine and cisplatin 
induced cerebral oxidative stress. Treatment with Sch B significantly increased the levels of 
antioxidant enzymes such as GPx and SOD, and cellular GSH levels with parallel decrease 
in lipid peroxidation levels (Giridharan, Thandavarayan et al, 2011).  

8. Conclusion 
Oxidative stress is a ubiquitously observed hallmark of neurodegenerative disorders. 
Neuronal cell dysfunction and cell death due to oxidative stress may causally contribute to 
the pathogenesis of progressive neurodegenerative disorders, such as AD and PD, as well as 
acute syndromes of neurodegeneration, such as ischemic and haemorrhagic stroke. 
Neuroprotective antioxidants are considered a promising approach to slow the progression 
and limit the extent of neuronal cell loss in these disorders. The clinical evidence 
demonstrating that antioxidant compounds can act as protective drugs in 
neurodegenerative disease (Guglielmotto, Giliberto et al.) Recently, cholinesterase inhibitors 
hybrids such as THA-melatonin developed for the treatment of AD. As AD is considered as 
multi complex disease with various biochemical targets, multi target-directed ligand 
strategy is a logical approach for designing a suitable therapy.(Fernandez-Bachiller, Perez et 
al. 2009; Leon and Marco-Contelles 2011). In the present article, we provided evidence for 
the multi-factorial role of nutritional antioxidants Sch B which behaves as neuro-protective 
agent, anti-cholinergic agent, and also as potential antioxidants. Further studies are needed 
to know more precise molecular mechanism of Sch B function as neuroprotectant. 
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The protective effect of Sch B was studied by the classical comet assay against 
chemotherapeutic agent cisplain -induced DNA damage  in mouse brain (Fig.6) Treatment 
with Sch B effectively inhibited the cisplatin induced oxidative DNA damage as measured 
in terms of tail length and tail moment (Giridharan, Thandavarayan et al, 2011). 
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GSSG is reduced to GSH by GR with consumption of one NADPH. A reduction in level of  

0

1

2

3

4

5

6

7

8

9

M
al

on
di

al
de

hy
de

nM
/m

g 
pr

ot
ei

n

Control 0 10 25 50

Sch B (mg/kg)

Scopolamine 1mg/kg

**

# #
##

Scopolamine 1mg/kg

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5

G
lu

ta
th

io
ne

 p
er

ox
id

as
e

U
/m

g 
pr

ot
ei

n

Control 0 10 25 50

Sch B (mg/kg)

# #

0

2

4

6

8

Su
pe

ro
xi

de
 d

is
m

ut
as

e
U

/m
g 

pr
ot

ei
n

Control 0 10 25 50

Sch B (mg/kg)

Scopolamine 1mg/kg

**

#
##

0

1

2

3

G
lu

ta
th

io
ne


M

/m
g 

pr
ot

ei
n

Control 0 10 25 50

Sch B (mg/kg)

Scopolamine 1mg/kg

**

#

## ##
A B

C D

 
Fig. 7. Effects of acute Sch B (10,25 and 50 mg/kg) treatment on the concentrations of MDA 
(A) and GSH (B) and activities of GPx (C) and SOD (D) in scopolamine-induced memory 
deficit mice. Data represents mean  S.E.M (n=6). **p<0.01, statistically different from control 
group. ## p<0.01, # p<0.05 statistically different from scopolamine-treated group. 
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GSH may impair H2O2 clearance and promotes OH radical formation, one of the most toxic 
ROS to the brain leading to oxidative damage. The OH radical induces peroxidation of 
polyunsaturated fatty acids leading to the formation MDA, an end product of lipid 
peroxidation (Deshmukh, Sharma et al. 2009). Interestingly, SOD mimics have come to the 
forefront of antioxidative therapeutics of neurodegenerative disease (Pong 2003). 
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induced cerebral oxidative stress. Treatment with Sch B significantly increased the levels of 
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neurodegenerative disease (Guglielmotto, Giliberto et al.) Recently, cholinesterase inhibitors 
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multi complex disease with various biochemical targets, multi target-directed ligand 
strategy is a logical approach for designing a suitable therapy.(Fernandez-Bachiller, Perez et 
al. 2009; Leon and Marco-Contelles 2011). In the present article, we provided evidence for 
the multi-factorial role of nutritional antioxidants Sch B which behaves as neuro-protective 
agent, anti-cholinergic agent, and also as potential antioxidants. Further studies are needed 
to know more precise molecular mechanism of Sch B function as neuroprotectant. 
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1. Introduction 
Since its discovery in the PC12 rat pheochromocytoma cell line (Montminy & Bilezikjian 
1987) the cAMP Response Element Binding (CREB) protein has been implicated in a variety 
of neuronal responses such as excitation, long-term memory formation, neural cell 
proliferation and opiate tolerance. Its importance is underscored by the attention this factor 
has attracted in the neuroscience community, as evidenced by the thousands of citations in 
the academic bibliographic databases. CREB is a transcription factor which potentially 
regulates the transcription of hundreds or even thousands of genes in neurons. A variety of 
protein kinases possess the capability of driving CREB phosphorylation and activation, 
placing CREB at a hub of multiple intraneuronal signalling cascades. The array of neuronal 
functions attributed to CREB has expanded recently, with studies showing that CREB has 
role in neural stem/progenitor cell growth, differentiation and survival. This data, together 
with complementary studies in tissues outside the CNS showing that CREB activation has 
oncogenic effects has led to the hypothesis that CREB has an important role in brain tumour 
biology. Therefore, CREB is a factor which sits within a molecular network potentially 
integrating signalling events regulating neural stem cells and neurogenesis, neural cancer 
cells and other cells within brain tumors. 

To gain an the understanding of the link between stem cells normally residing in the adult 
brain and the stem cells which can give rise to a brain tumour, it is important to introduce 
the concepts relating to the so-called ‘cancer stem cell hypothesis’. Indeed, one of the most 
important advances in brain tumour biology has been the discovery that tumors can 
develop from cells with stem cell-like characteristics. The reason for the excitement is better 
understood when one considers the nature of treatments of typical cancers/tumors in a 
patient. The most relevant example to consider in the context of this chapter is the most 
common and deadly brain tumour, glioblastoma multiforme (high-grade glioma). Gliomas 
are difficult to treat and patients usually succumb within months to 1-2 years, even with 
multiple treatment approaches. Standard treatments rely on ‘debulking’ of the tumour(s), 
achieved by surgical excision and/or cytotoxic therapies, usually radiation and 
chemotherapy. Almost inevitably, this first treatment is followed by relatively rapid relapse 
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placing CREB at a hub of multiple intraneuronal signalling cascades. The array of neuronal 
functions attributed to CREB has expanded recently, with studies showing that CREB has 
role in neural stem/progenitor cell growth, differentiation and survival. This data, together 
with complementary studies in tissues outside the CNS showing that CREB activation has 
oncogenic effects has led to the hypothesis that CREB has an important role in brain tumour 
biology. Therefore, CREB is a factor which sits within a molecular network potentially 
integrating signalling events regulating neural stem cells and neurogenesis, neural cancer 
cells and other cells within brain tumors. 

To gain an the understanding of the link between stem cells normally residing in the adult 
brain and the stem cells which can give rise to a brain tumour, it is important to introduce 
the concepts relating to the so-called ‘cancer stem cell hypothesis’. Indeed, one of the most 
important advances in brain tumour biology has been the discovery that tumors can 
develop from cells with stem cell-like characteristics. The reason for the excitement is better 
understood when one considers the nature of treatments of typical cancers/tumors in a 
patient. The most relevant example to consider in the context of this chapter is the most 
common and deadly brain tumour, glioblastoma multiforme (high-grade glioma). Gliomas 
are difficult to treat and patients usually succumb within months to 1-2 years, even with 
multiple treatment approaches. Standard treatments rely on ‘debulking’ of the tumour(s), 
achieved by surgical excision and/or cytotoxic therapies, usually radiation and 
chemotherapy. Almost inevitably, this first treatment is followed by relatively rapid relapse 
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and aggressive tumour recurrence. Considering the existence of glioma cancer stem cells, 
which give rise to the original tumour mass, it has become clear that these cells, which 
although few in number, probably lie at the periphery or even outside the main tumour 
mass and are also resistant to current cytotoxic therapies. Thus, surgery only removes the 
large tumour mass and cancer stem cells within, sparing other cancer stem cells outside the 
main tumour mass. These surviving cancer stem cells are able to give rise to the 
recurring/secondary tumors, which have also evolved to become more resistant to further 
treatments. Thus, much research has focussed on stem cell biology in the context of cancer 
and the processes which give rise to cancer stem cells or tumour initiating cells. Research on 
the mechanisms that play a role in neural birth and brain development are gaining traction 
in the understanding of brain tumour biology, since there must be common molecular 
genetic mechanisms operating in both normal/non-tumor neural stem cells and neural 
cancer stem cells. Indeed, once the parallel mechanisms are understood, then the differences 
will also become apparent. These differences will also provide the rational basis for 
therapeutic targeting of neural cancer stem cells. 

Aside from contributing to furthering the understanding of the ongoing cellular plasticity of 
the brain, the knowledge that adult organs, including the brain, harbour stem and 
progenitor cells throughout the life of the organism has helped develop new concepts on 
what happens when these cells accumulate mutations in the context of diseases such as 
cancer. Indeed, the understanding of cancer stem cells has provided a new optimism in the 
development of novel strategies for cancer therapy (Schatton et al. 2009). The signalling 
networks operating in normal neural and brain tumour initiating cells involve complex 
molecular networks. At the hub of these networks are the transcription factors, which 
determine which genes are expressed, when they are expressed and how much of each 
corresponding mRNA is expressed. There are many transcription factors which have been 
identified as being important for neural stem cell function but research linking transcription 
factors regulating normal stem cells and cancer stem cells is still at an early stage. In fact, 
little is known about what distinguishes a cancer stem cell from a physiologically normal 
stem cell. 

2. Neural stem cells and neurogenesis 
The origins of the mammalian central nervous system lie within the neuroepithelium, a thin 
layer of developing nerve cells. Much of this early developmental period in vertebrates is 
dedicated to organising the structure of the brain. This organisation precedes a period of 
rapid cellular expansion, the peak of neurogenesis. 

The discovery that neurogenesis persists in the adult vertebrate brain was contrary to the 
long-held dogma, oft quoted as Santiago Ramon y Cajal’s statement referring to the central 
nervous system that “...nothing may be regenerated”. Of course, the available methods over 
a century ago made it almost impossible to observe or measure the minute fraction of nerve 
cells undergoing cell division amongst the billions of postmitotic cells in an adult 
mammalian brain. Since Cajal’s time there were sporadic but important reports on the 
existence of mitotic cells in mature adult mammalian brains (Allen 1912; Altman & Das 
1965). The prevailing understanding of neurogenesis is that neural stem cells arise during 
embryogenesis, and a fraction of these persist into adulthood within discrete regions of 
adult brain (“neurogenic regions”) (reviewed in (Abrous et al. 2005)). These cells are distinct 
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from other, non-neural cell types in the brain (most notably microglia – the “immune cells” 
of the brain) which retain the ability to proliferate, but cannot generate cells of other neural 
lineages. Cells fulfilling the criteria of “stemness” (self-renewal, multipotentiality) have been 
identified in the brains of higher vertebrates, including humans (Eriksson et al. 1998). The 
best characterised neurogenic regions in higher vertebrates lie in the sub-ventricular zone of 
the lateral ventricles and the sub-granular zone of the hippocampus. The number of 
proliferating cells and newborn neurons in the dentate gyrus, olfactory bulb and sub-
ventricular zone decreases with age (Altman & Das 1965; Kuhn et al. 1996), consistent with 
an age-dependent decline in neurogenic potential. As mentioned previously, there are many 
factors which regulate neurogenesis, including transcription factors. The CREB transcription 
factor has only recently been recognised to play an important role in this process. This factor 
is at the hub of multiple signalling cascades, which are active in neural stem cells and 
regulates the expression of a series of downstream target genes important for stem cell 
survival and growth (see Figure 1). 

 
Fig. 1. Several pathways lead to CREB phosphorylation/activation to promote cell survival, 
proliferation and differentiation. In the context of neural stem cells and cancer, Receptor 
Tyrosine Kinases (RTKs) are important, since their ligands such as EGF and PDGF are 
growth factors necessary for cell survival and proliferation. However, the role of the other 
pathways shown, remain to be investigated in this context. Note that dephosphorylation of 
CREB via phosphatases occurs via the activity of PTEN and PP1. PTEN may be critical in the 
context of brain tumors and CREB signalling, as it is often mutated in gliomas. 
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and aggressive tumour recurrence. Considering the existence of glioma cancer stem cells, 
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layer of developing nerve cells. Much of this early developmental period in vertebrates is 
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rapid cellular expansion, the peak of neurogenesis. 

The discovery that neurogenesis persists in the adult vertebrate brain was contrary to the 
long-held dogma, oft quoted as Santiago Ramon y Cajal’s statement referring to the central 
nervous system that “...nothing may be regenerated”. Of course, the available methods over 
a century ago made it almost impossible to observe or measure the minute fraction of nerve 
cells undergoing cell division amongst the billions of postmitotic cells in an adult 
mammalian brain. Since Cajal’s time there were sporadic but important reports on the 
existence of mitotic cells in mature adult mammalian brains (Allen 1912; Altman & Das 
1965). The prevailing understanding of neurogenesis is that neural stem cells arise during 
embryogenesis, and a fraction of these persist into adulthood within discrete regions of 
adult brain (“neurogenic regions”) (reviewed in (Abrous et al. 2005)). These cells are distinct 
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from other, non-neural cell types in the brain (most notably microglia – the “immune cells” 
of the brain) which retain the ability to proliferate, but cannot generate cells of other neural 
lineages. Cells fulfilling the criteria of “stemness” (self-renewal, multipotentiality) have been 
identified in the brains of higher vertebrates, including humans (Eriksson et al. 1998). The 
best characterised neurogenic regions in higher vertebrates lie in the sub-ventricular zone of 
the lateral ventricles and the sub-granular zone of the hippocampus. The number of 
proliferating cells and newborn neurons in the dentate gyrus, olfactory bulb and sub-
ventricular zone decreases with age (Altman & Das 1965; Kuhn et al. 1996), consistent with 
an age-dependent decline in neurogenic potential. As mentioned previously, there are many 
factors which regulate neurogenesis, including transcription factors. The CREB transcription 
factor has only recently been recognised to play an important role in this process. This factor 
is at the hub of multiple signalling cascades, which are active in neural stem cells and 
regulates the expression of a series of downstream target genes important for stem cell 
survival and growth (see Figure 1). 

 
Fig. 1. Several pathways lead to CREB phosphorylation/activation to promote cell survival, 
proliferation and differentiation. In the context of neural stem cells and cancer, Receptor 
Tyrosine Kinases (RTKs) are important, since their ligands such as EGF and PDGF are 
growth factors necessary for cell survival and proliferation. However, the role of the other 
pathways shown, remain to be investigated in this context. Note that dephosphorylation of 
CREB via phosphatases occurs via the activity of PTEN and PP1. PTEN may be critical in the 
context of brain tumors and CREB signalling, as it is often mutated in gliomas. 
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In the context of neural stem cells and cancer, Receptor Tyrosine Kinases (RTKs) are 
important, since the ligands for these receptors such as EGF and PDGF are growth factors 
and necessary for cell survival and proliferation. However, the roles of the other pathways 
shown remain to be investigated in this context. Note that dephosphorylation of CREB via 
phosphatases occurs via the activity of PTEN and PP1. PTEN may be critical in the context 
of brain tumors and CREB signalling, as it is often mutated in glioma. 

3. The CREB transcription factor family 
Transcription factors are the terminal convergence points of many signalling pathways, 
these genes function as effector molecules to activate downstream target genes which in 
turn regulate NSPC proliferation, cell-cycle exit, induction of differentiation and survival 
(for a concise review see (Ahmed et al. 2009)). The precise cell stage at which a particular 
transcription factor is active determines its contribution to the cell’s progression from 
immaturity to maturity. 

CREB is a nuclear-localised basic leucine zipper superfamily transcription factor, acting as a 
conduit between upstream signalling kinases and downstream target-gene transcription. 
Three major isoforms of CREB are known (α, Δ and γ), all transcribed from the same gene, 
CREB1. Although the best characterised member of the CREB family is CREB itself 
(Montminy & Bilezikjian 1987), the family also includes CREM (Foulkes et al. 1991) and 
ATF1 (Hai et al. 1988), products of distinct genes. These transcription factors are able to 
homodimerize or heterodimerize with each other, bind to cyclic-AMP Response Element 
(CREs) sequences present in target gene promoters and are activated by serine-threonine 
kinases targeting the phosphorylation of their Kinase-Inducible Domain (KID). Thus, there 
is an inherent functional redundancy in the CREB transcription factor family which has been 
shown in mouse knockout studies, where CREB deletion results in an upregulation of 
CREM expression in an attempt to compensate for many of the cellular functions normally 
attributed to CREB (Blendy et al. 1996; Mantamadiotis et al. 2002). Phosphorylation of the 
KID then causes increased affinity to various transcriptional coactivators such as CREB-
Binding Protein (CBP), p300 and the Transducers Of Regulated CREB activity (TORCs), 
which then leads to the assembly of the transcriptional machinery and transcription 
initiation. The CREB transcription factor family are potent transcriptional activators 
although there is some evidence that in certain contexts these factors are capable of 
repressing transcription (Rutberg et al. 1999). 

3.1 CREB in NSPCs and neurogenesis 

CREB’s role in embryonic brain development and neurogenesis is conserved across at least 
two vertebrate species separated by over 300 million years of evolution, as studies in zebrafish 
embryos show that CREB has a role in developmental neurogenesis and in midbrain-
hindbrain patterning (Dworkin et al. 2007). There is also evidence that CREB has a role in the 
regeneration of the simple nerve net in Hydra species and the more complex nervous system of 
the roundworm Caenorhabditis elegans (Chera et al. 2007; Ghosh-Roy et al. 2010). 

In the developing mouse brain, the active phosphorylated form of CREB is seen in cells 
clustered in the neurogenic regions at E14.5, a time when the brain takes on recognisable 
neuro-anatomical features and neurogenesis peaks and becomes regionally localised. These 
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regions include the ventricular zones of both the lateral and third ventricles and the 
olfactory bulb (Dworkin et al. 2009). Consistent with a role in neurogenesis, the activated, 
phosphorylated form of CREB, pCREB is enriched and restricted to the neurogenic zones of 
the adult mouse brain, whereas total (unphosphorylated and phosphorylated) CREB protein 
is present in almost all cells of the brain (Figure 2). 

 
Fig. 2. Immunohistochemical analysis of CREB protein expression in mouse brain. 
A) A coronal section of mouse brain showing the global expression of CREB protein 
(phosphorylated and unphosphorylated). The positive signals are evident as the dark 
nuclear staining in each cell/neuron. The neurogenic zones, SGZ (sub-granular zone) of the 
dentate gyrus (DG) located in the hippocampus and SVZ (sub-ventricular zone) are 
indicated by the dark lines and labels (x4 power). B) In contrast to total CREB protein 
expression, phospho-CREB expression is evident and restricted to the neurogenic sub-
granular zone (SGZ) of the hippocampal dentate gyrus (DG), where some positive cells are 
indicated by the arrow heads. C) phospho-CREB expression is evident in the SVZ, where 
some positive cells are indicated by the arrow heads. (B & C x100). 

Regulated transient CREB phosphorylation and de-phosphorylation is a well described 
mechanism by which neuronal activity is regulated in many regions of adult mouse brain 
(Lonze & Ginty 2002). Moreover, CREB is required for the survival of post-mitotic neurons 
in mouse brain (Ao et al. 2006; Dworkin et al. 2009; Giachino et al. 2005; Herold et al. 2010; 
Mantamadiotis et al. 2002; Riccio et al. 1999), while the role of CREB signalling in the 
proliferation and migration stages of immature neurons is less well defined. In a number of 
studies, the use of phospho-specific CREB antibodies demonstrate that constitutive CREB 
activation is restricted to cells in neurogenic regions (Bender et al. 2001; Dworkin et al. 2007; 
Dworkin et al. 2009; Fujioka et al. 2004; Gampe et al. 2011; Giachino et al. 2005; Herold et al. 
2010; Nakagawa et al. 2002). In zebrafish, phosphorylated CREB is expressed throughout the 
highly proliferative embryonic brain but in the adult expression is restricted to cells in the 
proliferative zones (Dworkin et al. 2007), in patterns identical to those previously reported 
for proliferating cells (Grandel et al. 2006). Taken together, these data suggest a role for 
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In the context of neural stem cells and cancer, Receptor Tyrosine Kinases (RTKs) are 
important, since the ligands for these receptors such as EGF and PDGF are growth factors 
and necessary for cell survival and proliferation. However, the roles of the other pathways 
shown remain to be investigated in this context. Note that dephosphorylation of CREB via 
phosphatases occurs via the activity of PTEN and PP1. PTEN may be critical in the context 
of brain tumors and CREB signalling, as it is often mutated in glioma. 

3. The CREB transcription factor family 
Transcription factors are the terminal convergence points of many signalling pathways, 
these genes function as effector molecules to activate downstream target genes which in 
turn regulate NSPC proliferation, cell-cycle exit, induction of differentiation and survival 
(for a concise review see (Ahmed et al. 2009)). The precise cell stage at which a particular 
transcription factor is active determines its contribution to the cell’s progression from 
immaturity to maturity. 

CREB is a nuclear-localised basic leucine zipper superfamily transcription factor, acting as a 
conduit between upstream signalling kinases and downstream target-gene transcription. 
Three major isoforms of CREB are known (α, Δ and γ), all transcribed from the same gene, 
CREB1. Although the best characterised member of the CREB family is CREB itself 
(Montminy & Bilezikjian 1987), the family also includes CREM (Foulkes et al. 1991) and 
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(CREs) sequences present in target gene promoters and are activated by serine-threonine 
kinases targeting the phosphorylation of their Kinase-Inducible Domain (KID). Thus, there 
is an inherent functional redundancy in the CREB transcription factor family which has been 
shown in mouse knockout studies, where CREB deletion results in an upregulation of 
CREM expression in an attempt to compensate for many of the cellular functions normally 
attributed to CREB (Blendy et al. 1996; Mantamadiotis et al. 2002). Phosphorylation of the 
KID then causes increased affinity to various transcriptional coactivators such as CREB-
Binding Protein (CBP), p300 and the Transducers Of Regulated CREB activity (TORCs), 
which then leads to the assembly of the transcriptional machinery and transcription 
initiation. The CREB transcription factor family are potent transcriptional activators 
although there is some evidence that in certain contexts these factors are capable of 
repressing transcription (Rutberg et al. 1999). 

3.1 CREB in NSPCs and neurogenesis 

CREB’s role in embryonic brain development and neurogenesis is conserved across at least 
two vertebrate species separated by over 300 million years of evolution, as studies in zebrafish 
embryos show that CREB has a role in developmental neurogenesis and in midbrain-
hindbrain patterning (Dworkin et al. 2007). There is also evidence that CREB has a role in the 
regeneration of the simple nerve net in Hydra species and the more complex nervous system of 
the roundworm Caenorhabditis elegans (Chera et al. 2007; Ghosh-Roy et al. 2010). 

In the developing mouse brain, the active phosphorylated form of CREB is seen in cells 
clustered in the neurogenic regions at E14.5, a time when the brain takes on recognisable 
neuro-anatomical features and neurogenesis peaks and becomes regionally localised. These 
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regions include the ventricular zones of both the lateral and third ventricles and the 
olfactory bulb (Dworkin et al. 2009). Consistent with a role in neurogenesis, the activated, 
phosphorylated form of CREB, pCREB is enriched and restricted to the neurogenic zones of 
the adult mouse brain, whereas total (unphosphorylated and phosphorylated) CREB protein 
is present in almost all cells of the brain (Figure 2). 

 
Fig. 2. Immunohistochemical analysis of CREB protein expression in mouse brain. 
A) A coronal section of mouse brain showing the global expression of CREB protein 
(phosphorylated and unphosphorylated). The positive signals are evident as the dark 
nuclear staining in each cell/neuron. The neurogenic zones, SGZ (sub-granular zone) of the 
dentate gyrus (DG) located in the hippocampus and SVZ (sub-ventricular zone) are 
indicated by the dark lines and labels (x4 power). B) In contrast to total CREB protein 
expression, phospho-CREB expression is evident and restricted to the neurogenic sub-
granular zone (SGZ) of the hippocampal dentate gyrus (DG), where some positive cells are 
indicated by the arrow heads. C) phospho-CREB expression is evident in the SVZ, where 
some positive cells are indicated by the arrow heads. (B & C x100). 

Regulated transient CREB phosphorylation and de-phosphorylation is a well described 
mechanism by which neuronal activity is regulated in many regions of adult mouse brain 
(Lonze & Ginty 2002). Moreover, CREB is required for the survival of post-mitotic neurons 
in mouse brain (Ao et al. 2006; Dworkin et al. 2009; Giachino et al. 2005; Herold et al. 2010; 
Mantamadiotis et al. 2002; Riccio et al. 1999), while the role of CREB signalling in the 
proliferation and migration stages of immature neurons is less well defined. In a number of 
studies, the use of phospho-specific CREB antibodies demonstrate that constitutive CREB 
activation is restricted to cells in neurogenic regions (Bender et al. 2001; Dworkin et al. 2007; 
Dworkin et al. 2009; Fujioka et al. 2004; Gampe et al. 2011; Giachino et al. 2005; Herold et al. 
2010; Nakagawa et al. 2002). In zebrafish, phosphorylated CREB is expressed throughout the 
highly proliferative embryonic brain but in the adult expression is restricted to cells in the 
proliferative zones (Dworkin et al. 2007), in patterns identical to those previously reported 
for proliferating cells (Grandel et al. 2006). Taken together, these data suggest a role for 
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CREB in proliferating cells in the post-natal adult vertebrate brain. Furthermore, pCREB is 
also expressed in zones of NSPC migration (Giachino et al. 2005), indicating it may also 
function in maintaining survival of migratory neuroblasts. 

A number of CREB mouse mutants have been critical to the investigation of CREB function 
in vivo. Transgenic mice expressing a dominant-negative mutant CREB shows that CREB 
has a role in cell expansion and survival in the pituitary gland (Struthers et al. 1991) and 
seminiferous tubules of the testis (Scobey et al. 2001). CREB over-expression on the other 
hand results in increased cellular proliferation (Shankar & Sakamoto 2004; Zhu et al. 2004). 
Mice with germline deletion of all CREB isoforms show a decrease in the size of the corpus 
callosum and an increase in lateral ventricle area (Rudolph et al. 1998), consistent with a 
decrease in cellularity and displayed significant defects in brain development which were 
attributed to neurogenic defects (Dworkin et al. 2009). 

Since loss of CREB leads to an upregulation of the related factor CREM as a compensatory 
mechanism for CREB loss, a more sophisticated approach was needed to assess the role of 
CREB signalling loss. Therefore, mice were generated with a germline deletion of CREM 
and lacking CREB specifically in neural cells. These brain-specific compound CREB-CREM 
mutant mice displayed severe neuronal death (Mantamadiotis et al. 2002), stressing the 
importance of CREB signalling in neuronal survival. Further studies on on NSPCs derived 
from CREB-null mice displayed severe defects in survival, cellular expansion and 
neurosphere forming potential (Dworkin et al. 2009). An important question on whether 
CREB is also important for neural expansion comes from studies in mice where a 
transcriptionally constitutive active fusion of the CREB DNA-binding domain with the 
transactivation domain of Herpes Simplex Virus, VP-16-CREB has demonstrated that CREB-
dependent genes contribute to neurogenesis (Zhu et al. 2004). Similarly, a constitutively 
active CREB mutant leads to an overproduction of neural cells in zebrafish embryos while a 
dominant-negative CREB mutant which is able to silence kinase-induced CREB activation, 
has the opposite effect and inhibits neurogenesis (Dworkin et al. 2007). 

The upstream or downstream factors associated with the CREB-dependent mechanisms 
promoting proliferation are not well understood. However, activation of the PI3K/Akt 
pathway by FGF-2 in cultured adult hippocampal NSPCs resulted in increased CREB 
phosphorylation and increased progenitor proliferation and decreased differentiation, as 
did over-expression of wild-type CREB (Peltier et al. 2007). Furthermore, increasing cGMP, 
Akt and GSK3β activity, upstream signals, which phosphorylate CREB, in adult SVZ-
derived neurospheres increased NSPC proliferation, whereas down-regulating these signals 
resulted in decreased proliferation (Peltier et al. 2007). Recent work also shows that CREB-
dependent NSPC proliferation and neurogenesis is mediated via EGF-induced activation of 
both PKA (Iguchi et al. 2011) and ERK (Gampe et al. 2011). All the above mentioned studies 
were performed in animal model organisms or NSPCs derived from these. So far there are 
no reports on the role of the CREB pathway in human NSPCs but recent work shows that 
CREB is activated and functional in neurogenic cells in the adult primate (Japanese 
macacque) brain (Boneva & Yamashima 2011). 

3.2 CREB’s oncogenic properties 

There are numerous reports in cell, animal and human tissue studies showing a positive 
correlation between the level of CREB expression and activation and malignancy. A role for 
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CREB-mediated transcription in cancer was first reported through the identification of a 
chromosomal translocation t(12;22)(q13;q12) in clear cell sarcomas of soft tissue to give a 
fusion protein EWS-ATF1 (Zucman et al. 1993). This chimaeric protein, consisting of the N-
terminal region of EWS (Ewing’s Sarcoma) fused with the C-terminal DNA-binding domain 
of the CREB-related protein ATF1, generates a constitutively active transcription activator 
capable of binding to the promoters of CREB/ATF1 target genes, which in turn promote 
tumour development and growth. More recently, a EWS-CREB1 fusion was discovered in a 
clear cell sarcoma variant (Antonescu et al. 2006) and angiomatoid fibrous histiocytomas 
(Rossi et al. 2007). 

CREB has been implicated in contributing to the progression of several other tumour types 
(Conkright & Montminy 2005; Rosenberg et al. 2002). Analysis of prostate tumors from 
patients demonstrated that pCREB expression was restricted to poorly-differentiated 
prostate cancers and bone metastatic tissue but not to non-tumour benign prostate glands 
(Wu et al. 2007). Increased mRNA levels of CREB are also a feature of breast cancer tissue 
compared to non-tumour mammary tissue and the level of CREB expression correlated with 
disease progression and survival (Chhabra et al. 2007). In non-small-cell lung cancer the 
expression levels of CREB and pCREB were elevated in tumour compared to adjacent 
normal tissues and increased CREB expression correlated with poor patient survival (Seo et 
al. 2008). Human ovarian tumors also exhibit increased CREB expression and ovarian 
tumour cell lines in which CREB expression is silenced display significantly reduced 
proliferation (Linnerth et al. 2008). Some of the best studies implicating CREB in cancer 
development come from evidence showing that CREB has a role in the development of bone 
marrow malignancies. The oncogenic virus human T-cell leukemia virus type 1 (HTLV-1) is 
strongly associated with T-cell leukemia (ATL) [29, 30]. T-cell oncogenic transformation 
mediated by the HTLV-1 Tax oncoprotein requires intact CREB signalling (Smith & Greene 
1991). Moreover, increased CREB and pCREB expression is seen in bone marrow from 
patients with ALL (acute lymphoid leukemia) and AML (acute myeloid leukemia) 
compared to that from healthy patients (Crans-Vargas et al. 2002).  In addition, CREB 
expression and in some cases increased CREB gene copy number correlates with disease 
stage in leukemia patients where CREB overexpression is associated with accelerated 
relapse and event-free survival (Crans-Vargas et al. 2002; Pigazzi et al. 2007; Shankar et al. 
2005). Finally, CREB also appears to regulate malignant melanoma biology by promoting 
tumour cell survival and metastasis (Jean & Bar-Eli 2000; Melnikova et al. 2010). 

How CREB regulates tumour growth is still a question that remains unanswered. An 
obvious approach to unravel the underlying CREB-mediated oncogenic mechanisms is to 
determine the array of “cancer-associated” genes which CREB directly regulates at the level 
of transcription. Several genes known to be directly regulated by CREB are implicated in 
tumourigenesis and uncontrolled proliferation. CREB directly regulates several cell-cycle 
control genes known to be aberrantly expressed in hyper-proliferative disorders, including 
cyclin D1 (Pradeep et al. 2004), cyclin A1 and A2 (Desdouets et al. 1995)(Shankar and 
Sakamoto, 2004), bcl-2 (Wilson et al. 1996),  HEC1 (a cell-cycle regulatory protein which 
localizes to the kinetochore in mitosis and is implicated in cancer progression (H. Y. Cheng 
et al. 2007) and cyclin D2. Increased cyclin D2 transcription following CREB transactivation 
has been implicated in regulating the proliferation of lymphocytes, putatively through 
phosphorylation of CREB by PI3K and PKA (Assanah et al. 2006). In cultured mouse 
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CREB in proliferating cells in the post-natal adult vertebrate brain. Furthermore, pCREB is 
also expressed in zones of NSPC migration (Giachino et al. 2005), indicating it may also 
function in maintaining survival of migratory neuroblasts. 

A number of CREB mouse mutants have been critical to the investigation of CREB function 
in vivo. Transgenic mice expressing a dominant-negative mutant CREB shows that CREB 
has a role in cell expansion and survival in the pituitary gland (Struthers et al. 1991) and 
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CREB-mediated transcription in cancer was first reported through the identification of a 
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fusion protein EWS-ATF1 (Zucman et al. 1993). This chimaeric protein, consisting of the N-
terminal region of EWS (Ewing’s Sarcoma) fused with the C-terminal DNA-binding domain 
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cyclin D1 (Pradeep et al. 2004), cyclin A1 and A2 (Desdouets et al. 1995)(Shankar and 
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has been implicated in regulating the proliferation of lymphocytes, putatively through 
phosphorylation of CREB by PI3K and PKA (Assanah et al. 2006). In cultured mouse 
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embryonic fibroblasts (MEFs), phosphorylation of CREB by LiCl increases cyclin D2 
expression, whereas inhibition of the CREB-cyclin D2 pathway by the tumour-suppressor 
phosphatase PTEN decreases the abundance of cyclin D2 mRNA and protein (Huang et al. 
2007), indicating that CREB-mediated regulation of cyclin D2 may be a conserved 
partnership regulating proliferation. VEGF was also increased in tandem with increased 
CREB signalling in metastatic prostate cancer derived from human bone (He et al. 2007), 
strongly supporting a direct role for CREB in mediating cellular proliferation and possibly 
metastasis. In human brain tumour derived cell lines there is evidence that CREB can be 
activated by prostaglandin E2 via the PKA pathway to stimulate cell proliferation (Bidwell et 
al. 2010). Thus, data from cell lines, animal models and importantly patient tumour samples, 
indicate that CREB not only serves as a diagnostic marker but also has a role in promoting 
and supporting the development tumors in a variety of cell and tissue types. In the next 
section we discuss the evidence that suggests CREB may also be an important factor in brain 
tumour development and growth. 

4. Converging evidence for the involvement of CREB in brain cancer  
Various studies using brain tumour cell lines suggest that signalling pathways involving 
CREB activation are important for tumour cell growth and differentiation (Bidwell et al. 
2010; Golan et al. 2011; Kim et al. 2010; Morioka et al. 2010). To date there has been no 
evidence linking CREB to brain cancer development or progression in vivo, although a 
number of recent findings linking CREB activity to PTEN and growth factors, together with 
the knowledge of CREB’s role in NSPC biology, lend support to the view that CREB is an 
important factor in brain tumour signalling pathways. Of note, recent data shows that CREB 
is a protein target of PTEN phosphatase activity and that PTEN loss induces CREB-
dependent gene expression and cell growth  (Boneva & Yamashima 2011). PTEN is a 
tumour suppressor gene frequently mutated in many cancers including the most aggressive 
forms of brain cancer, glioblastoma multiforme and related astrocytomas. Indeed PTEN 
expression appears to directly affect glioblastoma growth as well as glioma-initiating cell 
proliferation and self-renewal (R. B. Cheng et al. 2011). Thus, PTEN loss-of-function 
mutations would lead to loss of CREB deactivation, allowing the over activation of CREB-
dependent cell survival and growth signals in brain cancer stem cells or brain tumour 
initiating cells (BTICs). Other important signalling pathways in patient brain tumour cells 
are the epidermal growth factor receptor (EGFR) and the platelet-derived growth factor 
receptor (PDGFR) pathways (Brennan et al. 2009). EGFR activation is important for glioma 
stem/progenitor cell growth and resistance to anti-cancer treatments (Murat et al. 2008). 
EGF is able to induce CREB in NSPCs in vivo (Gampe et al. 2011); most likely acting through 
EGFR induced CREB activation via the Ras-MAPK dependent kinase, RSK-2 (Xing et al. 
1996). Furthermore, there is evidence that CREB is activated in human glioma cells lines and 
that inhibition of CREB leads to reduced survival of glioma cells (Malla et al. 2010). This 
study also shows that PDGFR-dependent PI3K/Akt signals which converge upon CREB are 
important for tumour invasiveness, a process which BTICs use to migrate and generate 
metastatic tumors. 

Data from the Human Protein Atlas (www.proteinatlas.org) shows that CREB is highly 
expressed in all glioma patient samples tested (24 cases) and consistent with the mouse data, 
human brain also shows robust CREB expression in neurogenic zones (Figure 3). Data from 

 
CREB Signaling in Neural Stem/Progenitor Cells: Implications for a Role in Brain Tumors 

 

199 

our own laboratory shows that human glioma tumour tissue (40 cases) exhibits robust 
pCREB expression compared to only weak staining in non-tumour tissue controls 
(unpublished data). This implies that the CREB pathway is overactive in human glioma 
cells, thereby driving the survival and growth of these cells. More interest is the potential 
role that CREB may be playing in the glioma stem cells, which are the cellular source of the 
tumour and which may also be responsible for the relapse of tumour growth following 
therapy. Data from primary mouse NSPCs shows that CREB is required for the expression 
of various growth and survival factors including BDNF, NGF, PACAP and Bcl-2 (Dworkin 
et al. 2009). It is likely that the expression of growth and survival factors will be dependent 
upon CREB-dependent transcription. 

 
Fig. 3. CREB expression is human brain. 
A) CREB expression is enriched in the human brain SVZ, as seen by the intense nuclear 
staining of cells lining the ventricular space (indicated by arrow heads). B) Intense CREB 
expression is clearly evident in human high grade glioma. The non-tumour cells show weak 
staining (behind the arrow heads). According to the Human Protein Atlas data, 100% (24 
cases) of brain tumour samples tested exhibited strong CREB expression (Uhlen et al., Nat 
Biotechnol. 2010 28(12):1248-50 and http://www.proteinatlas.org). The images were from the 
Human Protein Atlas database. 
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5. Conclusion 
In conclusion, there is significant emerging experimental data implicating the CREB signalling 
pathway in the development and maintenance of brain tumors. Investigation of the CREB 
signalling pathway and transcriptome in glioma cell lines, BTICs and new animal models will 
shed light on the importance of this pathway in glioma biology. This knowledge will provide 
an opportunity to investigate novel drug targeting approaches in glioma treatment, targeting 
CREB itself or an upstream or downstream component of the CREB-pathway. Opinions on 
whether widely expressed factors which are critical to cell function are good targets vary 
widely and have evolved over the last decades. CREB may well prove to be a good anti-
tumour target in the brain, as tumors seem to express high levels of the activated 
phosphorylated form. This is in contrast with the physiologically normal adult brain which 
only transiently exhibits pCREB expression only in discreet nuclei responsible for a specific 
neuronal response (eg. the suprachiasmatic nucleus in response to visual light stimulation). 
This observation together with the ever advancing drug delivery technologies may allow 
targeting of CREB in brain tumors with minimal toxicity to neurons outside the tumour. 
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1. Introduction 
This chapter describes how large animal models can be used to improve our knowledge of 
neuroscience and brain disorders. Various animal models have been used in Magnetic 
Resonance Imaging (MRI). Rodents and non-human primates are the most commonly 
used, but they present a number of drawbacks; for example, the rodent brain is smaller 
than that of humans and thus a higher spatial resolution is required. In addition, there are 
significant differences between human and rodent brain morphology: for example the 
rodent brain is smooth, whereas that of the human is gyrencephalic. By contrast, the brain 
of large mammals such as the pig, sheep or goat is gyrencephalic and has greater 
similarities with the human brain (Lind et al. 2007). The Göttingen minipig is increasingly 
used in experimental neuroscience, to investigate brain disorders and is a suitable 
alternative model to non-human primates for economic, ethical and genetical 
homogeneity reasons.  

Functional imaging studies usually use the haemodynamic response to neuronal activity 
which induces the Blood Oxygenation Level Dependent (BOLD) effect. In general, BOLD 
functional MRI (fMRI) paradigms use block design protocols for stimulus presentation to 
study cognitive processes. However, due to a number of constraints (immobilization, 
conscious animals, etc.) these experimental paradigms are often unsuitable for animal 
models. The development of MRI apparatus for animals offers new MR imaging techniques 
to study brain functionality, including neuronal tracing by manganese-enhanced MRI, 
pharmacological MRI or MR Spectroscopy (MRS). Toxicity and acquisition time can make 
some of these techniques unsuitable for humans, and animal models could be used to 
overcome these problems and improve the signal-to-noise ratio. 

The first part of this chapter describes MRI techniques that can be used as alternatives to 
typical block-design paradigms with large animal models, illustrated by a number of 
research examples. The second part explores the state of knowledge about the functioning of 
the central nervous system and its involvement in major functions and behaviour of farm 
animals such as the pig and sheep. We discuss the relevance of these animal models for 
human research into brain disorders. 
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2. MRI techniques 
MRI is a non-invasive and in vivo technique, both essential features for biomedical research. 
It enables repeated measures to be carried out and also the longitudinal study of 
phenomena such as development, ageing, and the influence of environmental factors and 
physiopathology. MRI can also provide information about structural anatomy, functional 
activity, cerebral blood flow and water diffusion. 

MRI uses a high magnetic field (B0) that aligns the magnetic spin of hydrogen atoms in the 
tissue in a low energy configuration. The spins are then excited out of equilibrium by a 
radiofrequency pulse. During the relaxation phase (return to equilibrium), time constants T1 
(longitudinal magnetization) and T2 (transverse magnetization) can be measured. These 
values are used to construct MR images, as relaxation times differ across tissues. 

One important advantage of MRI is its high spatial resolution associated with a higher 
grey/white matter contrast than in X-ray imaging. Due to these properties, cerebral 
structures can easily be identified. Depending on the animal model, the expected 
grey/white contrast, and the sequence of acquisition, it is possible to obtain an in-plane 
resolution of less than one millimetre and as low as tens of micrometres. Moreover, with its 
ability to perform rapid imaging (e.g. Echo Planar Imaging, EPI), MRI can also be used to 
obtain dynamic and thus functional imaging.  

The most commonly used MRI techniques and their underlying principles are described 
below, illustrated by a number of studies. 

2.1 Pratical issues, anaesthesia, and immobilization of animals 

The brains of small ruminants and other mammals with a bodyweight of less than 150 kg 
(sheep, pigs, dogs, etc.) can be studied using conventional clinical scanners. Depending on 
the morphological specificities of the mammals involved (size, shape, presence of horns, 
etc.), surface or knee coils can be used. 

The brain functions of healthy subjects can be studied using fMRI under non-invasive 
conditions and without injection of exogenous markers (e.g. radio-isotope). Recent advances 
have led to the possibility of imaging brain activity during cognitive processing,  revealing 
the neural bases of various cognitive processes such as language (Vigneau et al. 2006), 
memory (Wager & Smith 2003), emotion (Sabatinelli et al. 2011), social cognition (Van 
Overwalle 2009) and neural network dysfunctions associated with various  brain disorders 
(Ragland et al. 2007, Vocks et al. 2010). The method is based on localizing variations in blood 
flow or metabolism rates under basal or stimulated conditions. The method requires short-
duration acquisition with repeated stimulations; the subject has to be immobile, which may 
require anaesthesia. 

The question of anaesthesia has been raised for clinical applications with children (Orhan et al. 
2011) and also for experimental applications, with large and small animals. The impact of 
various anaesthetics under different brain functioning conditions has been compared (for 
reviews: Boly et al. 2004, Gyulai 2004, Heinke & Schwarzbauer 2002), showing the importance 
of the type of anaesthetic (volatile e.g. halothane, isoflurane, or systemic e.g. propofol, 
ketamine), and the dose (low doses with analgesic effect without loss of consciousness, or 
higher doses with loss of ability to respond to commands). The impact of anaesthesia varies 
according to these factors and can be specific to a particular brain area (Fig. 1). 
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Fig. 1. Quantitative analysis of isoflurane-related changes in task-induced brain activation. 
Representative voxels were selected in two different regions (left: anterior-superior insula; 
right: lateral geniculate nucleus). The plots show the group-specific z-values for each group 
(isoflurane, control) and condition (BC=baseline condition; IC=isoflurane condition; 
RC=recovery condition). Comparing the corresponding time courses of the isoflurane and 
control groups reveals a significant isoflurane-related decrease (z>3.1 corresponding to 
P<0.001) in the anterior-superior insula, but not in the lateral geniculate nucleus. (Adapted 
from Heinke & Schwarzbauer 2002). 

It is clear that the neural processes involved in cognitive functions cannot be studied under 
deep general anaesthesia; human brain activations induced by noxious, auditory or visual 
stimulations decrease in a dose-dependent manner after analgesia by ketamine (Rogers et al. 
2004), and after sedation by propofol (Plourde et al. 2006, Purdon et al. 2009). In these 
studies, the authors described a decrease in BOLD in certain regions, but not in the primary 
cortical areas. Experimental studies with immobilized or anaesthetized animals have used 
new MRI paradigms with longer acquisition times or pharmacological agents, unsuitable for 
use with humans. For example, in a rat exposed to hypercapnia, brain activations were 
higher in conscious animals than those anaesthesia with isoflurane (Sicard et al. 2003). 
Conversely, the networks of vision, motor or auditory sensitivity described in the resting 
state persisted regardless of the depth or type of general anaesthesia (Hutchison et al. 2010), 
and no difference between anaesthetics was found after visual stimulation in dogs (Willis et 
al. 2001). Several MRI paradigms in anaesthetized animals have been developed to map 
brain activation induced by serotonin infusion in the baboon (Wey et al. 2010) and cat 
(Henderson et al. 2002) or brain connectivity in the rat (Pawela et al. 2009, Zhao et al. 2008). 

Alternative functional MRI methods for paradigms requiring conscious animals, which 
comply with ethical standards of experimentation with large animal models, can be used to 
explore the organization and functioning of the brain (see section 3). 

2.2 Structural studies 

MRI allows brain images to be obtained with a very high spatial resolution (<0.5mm) and 
high grey/white matter contrast. Cortical and subortical structures can be easily segmented 
and their volumes can be determined precisely. Thus, both qualitative and quantitative 
studies can be conducted. T1-weighted images are mainly used for anatomical studies, but 
MRI can generate images based on numerous sequences and modalities, obtaining different 
contrast images (T2, T2*). Among T2-based sequences, Fluid Attenuated Inversion Recovery 
(FLAIR) enables an easier identification of white matter lesions by suppressing the signal 
from cerebro-spinal fluid (CSF). 
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2.2.1 Idenfication of structures – Qualitative studies 

Schmidt and colleagues demonstrated that MRI is a useful tool for identifying and studying 
in detail anatomical cerebral structures in small ruminants (Fig. 2) (Schmidt et al. 2011). 
Using a conventional 1 Tesla MR scanner, they compared the brains of small ruminants with 
those of dogs and observed several distinct features (deep depression of the insula, 
pronounced gyri, larger diencephalon, and dominant positions of the visual and olfactory 
systems). Using a 4.7 Tesla MR scanner, Saikali and colleagues (Saikali et al. 2010) built a 
high-resolution (0.1x0.15x0.1mm) 3D atlas of the pig brain, including more than 100 cerebral 
and cerebellar regions. Although this atlas was constructed post mortem from one 
hemisphere, it can help to identify different structures. 

 
Fig. 2. T2-weighted mid-sagittal MRI of a sheep brain. (Adapted form Schmidt et al. 2011). 
Ans, ansate sulcus; aq, mesencephalic aqueduct; cho, optic chiasm; ci, cingulated gyrus; cu, 
culmen; de, declive; Edg, endogenual sulcus; fo, fornix; fol, folium; fp, primary fissure; fs, 
secondary fissure; gcc, genu of the corpus callosum; Gen, genual sulcus; ir, infundibular 
recess; ita, interthalamic adhesion; li, lingula; lc, central lobule; lv, lateral ventricle; mb, 
mamillary body; mo, medulla oblongata; no, nodulus; ob, obex; pb, pineal body; po, pons; 
py, pyramis; rc, rostral commissure; rcc, rostrum of the corpus callosum; roc, rostral 
colliculus; scc, splenium of the corpus callosum; Spl, splenial sulcus; teg, tegmentum of the 
mesencephalon; tu, tuber vermis; uv, uvula; 3, third ventricle; 4, fourth ventricle. 

2.2.2 Morphometry – Quantitative studies 

As mentioned above, MRI can be used for morphometric measures due to its high spatial 
resolution and grey/white matter contrast. Furthemore, as MRI is a non-invasive in vivo 
technique, it can be a valuable tool in longitudinal studies, revealing variations in the 
volume of cerebral structures. For example, it has been shown that an oestrogenic anabolic 
agent (zeranol) enhances the growth of the pituitary gland of rams (Carroll et al. 2007). 

One limitation of morphometric studies is the anatomical variability between individuals. 
Most morphometric analysis methods in humans include a spatial normalisation step to 
overcome this problem. This involves a spatial transformation that places each individual 
brain in a standard, common space. This step requires a template of a standard target brain, 
which is constructed from several brains via linear affine coregistrations (see Collins et al. 
1994 for method). Several templates (and atlases) have been constructed and are available, 

 
MRI Techniques and New Animal Models for Imaging the Brain 

 

211 

but most of them concern non-human primates (Black et al. 2004, McLaren et al. 2009) and 
rodents (Schweinhardt et al. 2003). As mentioned above, a high-resolution atlas of the pig 
brain has been constructed (Saikali et al. 2010). The same researchers also built a 3D 
probabilistic pig brain atlas of the deep brain structures using ex vivo adult Large White pig 
brains. The DaNex study group has also computed a template of the average brain of the 
Göttingen minipig and a probabilistic atlas including 34 regions (Watanabe et al. 2001).  

With the possibility of spatial normalisation, focal variations in brain anatomy can be 
studied by Voxel Based Morphometry (VBM). VBM is a statistical analysis method that 
consists in voxel-wise comparisons of the local concentration of grey (or white) matter. VBM 
includes various steps such as spatial normalisation and segmentation (white matter, grey 
matter and cerebro-spinal fluid). Voxel-wise statistical tests are then performed on these 
tissue maps to identify group-wise differences or longitudinal changes based on the General 
Linear Model (GLM) (Ashburner & Friston 2000). For example, a longitudinal paradigm has 
revealed that training induces grey/white matter volume changes in macaques (Quallo et al. 
2009). VBM can also highlight phenotypic variations. It has been demonstrated that MRI, 
and particularly VBM, can be successfully used to test the heritability of cerebral anatomy in 
baboons (Rogers et al. 2007). 

2.3 Magnetic Resonance Spectroscopy 

Magnetic Resonance Spectroscopy (MRS) is widely used in both clinical and preclinical 
research for the in vivo study of cerebral metabolism and the quantification of numerous 
metabolites (Fig. 3). This quantification is computed from the MR spectrum (intensity of the 
resonance interaction against the frequency of the chemical compound). The frequency of 
each compound is linked to its chemical shift which is affected by the chemical environment 
of the hydrogen atoms. The area under the peak provides a measure of the relative 
abundance of the corresponding compound. Among the detectable peaks, creatine is used as 
a relative control value because its concentration remains relatively constant. For example, 
choline and lactate are considered as markers for brain tumours, while N-Acetylaspartate is 
used as a marker of neuronal integrity. The spectrum is usually acquired in one voxel (single 
voxel spectroscopy) and the size of this volume of interest (VOI) is around 1 cm3. As 
acquisition time is not necessarily a constraint in animals, a smaller VOI size could be 
expected with a similar signal-to-noise ratio. 

A limitation of MRS is that it uses metabolite ratios for quantification. This may produce 
ambiguous results whenever several metabolite levels vary simultaneously. An absolute 
quantification method has been developed (Barantin et al. 1997) called ERETIC (Electric 
REference To access In vivo Concentrations). It uses a synthetic reference signal which is 
synthesized as an amplitude modulated radio-frequency pulse, and is injected during the 
acquisition of the spectrum. 

Due to their brain size, small animal brains require higher spatial resolution than for human 
brains to obtain similar acquisitions. In the macaque, MR spectroscopy has been performed 
successfully with a spatial resolution of 0.05 cm3 (Gonen et al. 2008). These authors used 
multivoxel spectroscopy to compute 2D or 3D maps of spectra and to distinguish brain 
regions according to their metabolite content. 
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Fig. 3. Example of MR spectrum. Cr: Creatine, PCr: Phosphocreatine, Glx: Glutamate + 
Glutamine, ml: Myo-inositol, Tau: Taurine, Cho: Choline, Asp: Aspartate, Glu: Glutamate, 
Gln: Glutamine, NAA: N-Acetylaspartate, Lac: Lactate, MM: Macromolecules. 

2.4 Contrast agents 

The role of contrast agents is to improve the contrast-to-noise ratio and the spatial sensitivity 
of the MR signal. They are used in structural and functional studies. Several types of 
contrast agents have been proposed, some of them directly injected into blood vessels and 
others used to label cells that are subsequently injected. The use of several contrast agents is 
limited, especially in humans, due to their putative toxicity.  

2.4.1 Gadolinium 

Gadolinium (Gd) is a lanthanide metal with paramagnetic properties. However, as a free 
ion, Gd is highly toxic for mammals, so chelated Gd compounds are used as contrast agents. 
These agents enhance MRI by shortening the T1 relaxation time. In clinical examinations, Gd 
is widely used in MR angiography to enhance vessels. It is also commonly used for the 
exploration of brain tumours and blood-brain-barrier (BBB) integrity. Gd is a marker for 
BBB breakdown because it is restricted to the intravascular space when the BBB is not 
disrupted. Wuerfel and colleagues found that Gd-enhanced MRI could be successfully used 
to explore BBB changes in-vivo during the development of neuroinflammation (Wuerfel et 
al. 2010). A number of studies have also demonstrated the possibility of labelling and 
tracking cardio-vascular stem cells (Adler et al. 2009).  

2.4.2 Manganese-Enchanced Magnetic Resonance Imaging (MEMRI) 

Manganese ions (Mn2+) are paramagnetic and enhance MRI contrast mainly by shortening 
the T1 relaxation time in tissue. Divalent Mn2+ is a calcium analogue and enters neurons 
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through voltage-gated Ca2+ channels. Due to these two properties, Mn2+ is a unique contrast 
agent for tracing axonal pathways and neuronal connections in the central nervous system 
(for review see Silva & Bock 2008). Injections of low concentrations of Mn2+ into a specific 
cerebral structure produce significant contrast enhancement along the known relative 
pathways (Watanabe et al. 2004). Jelsing and colleagues demonstrated in the Göttingen 
minipig that in vivo tracking with MEMRI is very sensitive and corresponds closely to 
histological labelling (Jelsing et al. 2006). 

However, use of MEMRI remains limited because of the neurotoxicity of the Mn2+ ion at 
high concentrations (Shukakidze et al. 2003). Only one agent, Mn-dipyridoxyl-diphosphate, 
is used in human clinical imaging of the liver. 

2.4.3 Inorganic nanoparticles 

The main inorganic contrast agents in use are SuperParamagnetic Iron Oxide (SPIO) and 
Ultrasmall SuperParamagnetic Iron Oxide (USPIO) particles. They vary in size from 20-
140nm for SPIO to 60-150nm for USPIO. When placed in a magnetic field, iron oxide 
particles induce local inhomogeneities, shortening T2 relaxation time. Iron oxide particles 
produce hypointensity on T2 and T2* weighted images and hyperintensity on T1-weighted 
images. The signal changes induced by iron oxide particles on T1 and T2 relaxation times 
are linked to the particle size and the compartment of the particles (extra/intracellular). The 
toxicity of nanoparticles seems to be limited, but their effect on stem cells is still discussed 
(Farrell et al. 2008, Muldoon et al. 2005, Schlorf et al. 2010). 

Several works have also demonstrated that Monocrystalline Iron Oxide Nanocompounds 
(MION) can be used in functional studies in animals (Leite et al. 2002). Their main 
advantage is the specificity of fMRI signal change induced by MION which is only 
influenced by cerebral blood volume, whereas the BOLD signal is also influenced by 
cerebral blood flow (CBF) and the metabolic rate of oxygen. 

An alternative way of using iron oxyde particles is cellular MRI. This technique allows to 
transplant and to follow labelled cells. Numerous studies have shown that in vitro neural 
stem and progenitor cells can be loaded with iron oxyde particles (for review Couillard-
Despres & Aigner 2011). It has been suggested that this method has a very low detection 
threshold (Kustermann et al. 2008). One limitation of this method is that the detected 
contrast on MR images refers only to the particles and not to the labelled cells themselves. 
This could lead to non-specific observations due to the lack of information on type or 
viability of cells. 

2.5 Diffusion Imaging and Diffusion Tensor Imaging 

Diffusion MRI produces in vivo images of water diffusion (Le Bihan et al. 1986). Since water 
diffusion is affected by the microarchitecture of cerebral tissue, in particular the white 
matter, it can be used to study the organization of neural pathways. Measurement of 
diffusion provides a non-invasive imaging method to estimate cellular integrity and 
pathology, and to investigate disease-related changes in neuropathological processes that 
cannot be observed directly. Several measures can be computed, such as the average 
diffusivity, apparent diffusion coefficient (ADC), and the fraction of anisotropy (FA) that 
corresponds to the degree of anisotropy of the diffusion process. These variables are 
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Fig. 3. Example of MR spectrum. Cr: Creatine, PCr: Phosphocreatine, Glx: Glutamate + 
Glutamine, ml: Myo-inositol, Tau: Taurine, Cho: Choline, Asp: Aspartate, Glu: Glutamate, 
Gln: Glutamine, NAA: N-Acetylaspartate, Lac: Lactate, MM: Macromolecules. 
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influenced by factors such as fibre diameter or degree of myelination. Whole brain FA 
changes may be linked to numerous neuropathological mechanisms including neuronal 
loss, astrogliosis, myelin pallor and diffuse astrocytosis. 

Diffusion tensor imaging (DTI) is an advanced method that produces images of the direction 
and the magnitude of water diffusion. DTI can be used to study white-matter fibre 
architecture and the influence of experience, disease or other factors on the white-matter 
fibre networks. Based on DTI data and the FA value of each voxel for several directions, 
different algorithms can be used to compute the location of white matter fibres and to 
perform tractography of the neural pathways. DTI can be considered as a functional 
imaging technique since it provides information about white matter tracts which carry 
functional information between brain regions.  

2.6 Functional Magnetic Resonance Imaging (fMRI) 

fMRI enables the measurement of BOLD changes associated with neuronal electrical 
activity. The BOLD effect is due to a local variation of desoxyhemoglobin concentration 
(acting as an endogenous contrast agent) which induces a T2* modification and a variation 
of the MR signal. fMRI uses EPI sequences that produces low spatial resolution images but 
with a relatively high sampling rate (typically 1–3 seconds). A time course of the MR signal 
(T2*) for each voxel can be computed. Neuronal activity induces a BOLD effect that affects 
the time course which is known as the haemodynamic response function. The relationship 
between neuronal activity and the BOLD effect is a combination of several physiological 
changes (cerebral blood flow, cerebral blood volumes, cerebral metabolic oxygen 
consumption, etc.) and is a subject of current research (Ekstrom 2010, Logothetis 2002). 

When the effect of stimuli is assumed to be high, it can be examined by comparing the 
BOLD signal with and without stimulus presentation (Ferris et al. 2001, Makiranta et al. 
2002). The size of the effect can then be estimated by computing the percentage of signal 
change ([average response over the stimulation period – average response over the control 
period]/[average response over the control period]) (Fig. 4). As the effect of the stimuli may 
be too weak to be observed with this method, block design paradigms have been developed.  

 
Fig. 4. Enhancement of BOLD signal in the preoptic area of male marmosets exposed to the 
scent of peri-ovulatory females. Red spots correspond to regions with a significant increase 
in the percentage of signal change during stimulus presentation. The average changes in 
signal in the region of interest (in green) are shown in the time course data. (Adapted from 
Ferris et al. 2001). 
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2.6.1 Typical activation studies: Block designs 

Typical activation studies use block designs and analysis based on the general linear model 
(GLM). This method is used to make inferences about the effects of the stimuli by 
decomposing data into effects and errors, and computes statistical maps related to the 
effects of the stimuli (see Monti 2011 for principles). This kind of study is widely used in 
human and non-human primates, but due to a required subjects’s involvement, typical fMRI 
activation paradigms have only been used in a few studies in large animals such as pigs or 
sheep (Fang et al. 2005b, Fang et al. 2005c, Fang et al. 2006, Opdam et al. 2002). Due to the 
constraints mentioned above (see 2.1), this kind of experimental paradigm will not be 
discussed further in this chapter.  

2.6.2 Other experimental paradigms 

The constraints relating to typical block activation paradigms can be avoided by analyzing 
the data with model-free methods. These do not require any presentation of stimuli and are 
thus also called data-driven analyses. One method widely used to identify brain networks is 
correlation analysis which is the most straightforward way to examine the functional 
connections of brain regions. It consists in computing correlations between the time course 
of the MR signal in one particular region (known as the seed region) against the time 
courses of all other regions, providing a connectivity map relative to the seed region. 
Numerous studies have used this method to explore the resting-state network in humans 
(van den Heuvel & Hulshoff Pol 2010 for review), non-human primates (Vincent et al. 2007) 
and rats (Zhang et al. 2010). One of the limitations of this method is that the functional 
connectivity map refers to a specific region and does not provide a whole-brain analysis. 

Another data-driven approach is independent component analysis (ICA) whose goal is to 
recover independent sources given only observations. ICA transforms the observed signals 
into components and maximizes independency of these resulting components (see 
McKeown et al. 1998 for principles). In other words, ICA identifies functionally connected 
brain networks which covary independently of other regions. ICA has been used to explore 
resting state and functional connectivity in arousal states in humans, non-human primates 
(Moeller et al. 2009) and rodents (Hutchison et al. 2010).  

2.6.3 Arterial Spin Labelling (ASL) 

The ASL method measures CBF by providing cerebral perfusion maps without requiring a 
contrast agent. This approach uses magnetically labelled endogenous blood water as a freely 
diffusible tracer. The first studies were conducted in 1992 (Williams et al. 1992) and since then 
various improvements have been proposed. The principle of ASL is to sequencially acquire 
brain volumes and to obtain time series composed of tag images in which arterial blood is 
magnetically labelled (by apllying a 180 degre radiofrequency inversion pulse) and control 
images in which the inflowing blood is not labelled. First, the arterial blood water is tagged in 
a region that is proximal to the imaging region, and after a period of time the image of the 
region is acquired. The procedure is then repeated without the tagging step. This pattern of 
alternate acquisition is repeated several times. The difference between the control and tagged 
images provides a volume containing values proportional to the perfusion.  

Because ASL measures CBF and uses rapid imaging sequences, activation studies similar to 
BOLD fMRI can be performed. The advantage of ASL-fMRI is that the ASL signal is thought 
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to be only associated with CBF in capillaries, while the BOLD effect results from numerous 
haemodynamic changes in nearby veins. However, ASL-fMRI has a lower signal-to-noise 
ratio, lower spatial and temporal resolutions, and can be less sensitive to stimuli. 

In this section, we have described the different MRI techniques and their applications (Table 
1). As there are a number of drawbacks to the use of rodents and non-human primates, 
commonly used in MRI investigations (see introduction), we propose the use of large 
animals (sheep, pigs) as alternative models. In the following section, we will outline the 
main advantages of using these models for a better understanding of cerebral functioning 
and related brain disorders. 
 

     Resolution   
  

MORPHOLOGY 

Structural Imaging <0.2mm3   
    Grey/white matter volumes    
    Long-term modifications     
  Diffusion Imaging <10mm3   
    Architecture of  white matter tracts    
    Long-term modifications    
        

  

FUNCTION 

Blood Oxygenation Level-Dependent Effect <5mm3   
    Neural bases of cognitive processes    
    Neural networks    
  Arterial Spin Labelling <20mm3   
    Perfusion maps    
    Neural bases of cognitive processes    
        

  

METABOLISM 

MR Spectroscopy <1cm3   
    Metabolite distribution    
    Neuronal death    
    Neurogenesis    
          

Table 1. Summary of the main MRI applications. 

3. Animal models 
The central nervous system of farm animals has been studied to understand the regulation 
of major functions such as reproduction and food intake, with the aim of improving yields. 
Researchers soon found that these models could also be used to improve understanding of 
the brain (Lind et al. 2007, Sauleau et al. 2009) and the neurobiological regulation of various 
functions (Lehman et al. 2002, Malpaux et al. 2002, Skinner et al. 1997). The next section 
presents data obtained in large animals (pigs and sheep) providing fundamental knowledge 
about brain functioning and the central control of various functions and behaviours. 

3.1 Brain injury 

Large animals are commonly used as experimental models for human-infant research into 
brain disorders (pig, Lind et al. 2007), sudden infant death syndrome (pig, Tong et al. 1995), 
head injury (Lehman et al. 2002), brain injury induced by hypoxia (pig, Foster et al. 2001; 
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sheep, Laurini et al. 1999) or by preterm birth (sheep, Patural et al. 2010 , Pladys et al. 2008, 
Riddle et al. 2006), and neurobehavioural topics (pig, Friess et al. 2007). They can also be 
used for xenografts in Parkinson’s disease (Molenaar et al. 1997). Some of these studies have 
focused on neuronal activation induced by hypercapnia in the dorsal vagal complex of 
piglets (Ruggiero et al. 1999, Sica et al. 1999) and on cyto-architectural modifications 
induced by hypoxia/ischaemia (HI), such as neuronal necrosis in the piglet hippocampus 
(Foster et al. 2001), while others have investigated cell degeneration in the cerebral cortex of 
fetal lambs (Riddle et al. 2006). 

With regard to the development of MRI techniques, some authors have combined these 
approaches with histological methods. For example, Fang and collaborators studied the 
development of the pig brain (Fang et al. 2005a) and compared nociceptive and motor 
stimulations at different ages (Fang et al. 2005b). They demonstrated the usefulness of fMRI 
in non-anaesthetized piglets to identify differences in brain activation induced by pain 
stimulation and passive movement (Fang et al. 2005b). Immunohistochemistry enabled the 
authors to propose a hypothesis of functional brain maturation to explain the effect of age 
on brain activation measured by fMRI (Fang et al. 2005a). It has also been demonstrated that 
the volumetric analysis of brain lesions by MRI reveals the impact of traumatic brain injury 
in a similar way to histological approaches (Grate et al. 2003; Fig. 5). The use of MRI has 
been validated to detect HI injury in preterm fetal sheep, although detection was limited to 
injury in deep structures (Fraser et al. 2007). These studies demonstrate first how MRI and 
histology are complementary methods for understanding brain functioning, and secondly, 
that MRI produces similar results to histology while offering a more ethical approach. 

 
Fig. 5. Serial T2-weighted MR images, histological section stained with hematoxylin and 
eosin, and adjacent section stained with an antibody against glial fibrillary acidic protein 
obtained at one-month post-injury in a one-month old piglet subjected to scaled focal brain 
injury. Note that the traumatic brain lesion (green arrow) is found whatever the method 
(adapted from Grate et al. 2003). 

In the case of HI-induced brain injury in newborn piglets, magnetic resonance spectroscopy 
(MRS) has been used to monitor the cerebral metabolite ratio in vivo (Bjӧrkman et al. , Li et 
al. 2010, Vial et al. 2004). Björkman and colleagues measured the severity of the brain injury 
with EEG, ADC, MRS and neuropathological analysis. They observed correlations between 
these measures (Björkman et al. 2010). 

MRI methods have also been used with large animal models in studies on epilepsy (sheep: 
Opdam et al. 2002), to develop new chemotherapeutic strategies such as local injection in the 
fourth ventricle (pig, Sandberg et al. 2008), and to test the toxicity of chemotherapeutic 
treatment on normal brain tissue close to the injection site (Makiranta et al. 2002). In sheep, 
MRI has validated in vivo ultra-sound transcranial brain surgery (Pernot et al. 2007). 
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these measures (Björkman et al. 2010). 

MRI methods have also been used with large animal models in studies on epilepsy (sheep: 
Opdam et al. 2002), to develop new chemotherapeutic strategies such as local injection in the 
fourth ventricle (pig, Sandberg et al. 2008), and to test the toxicity of chemotherapeutic 
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3.2 Cerebrospinal fluid functionality 

The ewe has commonly been used in neuroendocrinology studies as an animal model for 
neuroanatomical research (Lehman et al. 2002) into the neuroendocrine mechanisms of 
reproduction (Malpaux et al. 2002), or to study the effect of drugs on the central nervous 
system (Parry 1976). In this large animal model, CSF content can be analysed in real-time by 
continuous sampling over several days in conscious and unstressed animals at different 
stages of development (Dziegielewska et al. 1980, Tricoire et al. 2003). 

Studies conducted in sheep have demonstrated that the gonadotropin releasing hormone 
(GnRH) pulses measured in the CSF are coincident with those measured in the hypophyseal 
portal blood and with the luteinizing hormone pulses measured in jugular blood (Skinner et 
al. 1997). Similar observations have been made for the melatonin (MLT) concentration 
measured in the jugular vein and CSF which vary with day-night rhythm (Skinner & 
Malpaux, 1999). It has been demonstrated in sheep that the CSF content varies according to 
the cerebroventricular compartment (Fig. 6, GnRH, Caraty & Skinner 2008; MLT, Malpaux 
et al. 2002, Tricoire et al. 2003), light-dark cycles (Skinner & Malpaux 1999, Thiery & 
Malpaux 2003, Thiery et al. 2003, Thiery et al. 2006, Thiery et al. 2009) and ageing (Chen et 
al. 2010a, Chen et al. 2010b). These findings suggest that the CSF is an active medium which 
could play a role in regulating various functions (Malpaux et al. 2002, Skipor & Thiery 2008).  
 

 

 
Fig. 6. A: Lateral X-ray image, and B: diagram showing the placement of the four cannulae 
implanted in the supraoptic (C1), infundibular (C2) and pineal (C3) recesses and in the 
lateral ventricle. C: Examples of GnRH concentration profiles in the CSF harvested 
simultaneously from the different cannulae (C1, C2, C3) with the corresponding LH 
secretion in the peripheral blood. (Adapted from Caraty & Skinner 2008). 
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One of the hypotheses regarding the variations in CSF content linked to season or ageing 
concerns variations in the BBB permeability, as demonstrated in sheep (Chen et al. 2010b, 
Lagaraine et al. 2011). BBB involvement and dysfunction in brain disorders has been 
extensively documented (de Vries et al. 1997, Forster 2008, Hawkins & Davis 2005, Strbian et 
al. 2008). Using MRI methods it is possible to study the BBB and its permeability in 
physiological or pathological paradigms (Hjort et al. 2008, Israeli et al. 2011, Wuerfel et al. 
2010), and also to develop new therapeutic strategies (Liu et al. 2010). 

Another hypothesis about the CSF-brain-endocrine interaction concerns tanycytes, which 
are ependymal cells of the third ventricle (Rodriguez et al. 2005). Their putative 
involvement in photoperiodic regulations has been described in the hamster (Ebling 
2010). Apart from their physiological role, they are also implicated in brain disorders, as 
some chordoid gliomas could have a tanycytic origin (Sato et al. 2003). These tanycytoma 
are differentiated from other intracranial neoplasms by their specific location in the 
hypothalamus (Lieberman et al. 2003). 

We therefore suggest that large animals such as pigs and sheep are relevant animal models, 
as the CSF content is easily measurable (e.g. in sheep), the permeability of the BBB can be 
investigated physiologically through day-night cycles (e.g. in sheep) and pharmacologically 
using ultrasound (e.g. in pigs, Xie et al. 2008). 

3.3 Neurogenesis, cell proliferation 

Evidence of adult neurogenesis was first presented in 1965 (Altman & Das 1965). It is now 
thought to play a role in different functions (Aimone et al. 2010) such as memory (Deng et 
al. 2010), in sensory systems such as olfaction (Whitman & Greer 2009), and in mental health 
disorders (Eisch et al. 2008), epilepsy (Rakhade & Jensen 2009) and Alzheimer’s disease 
(Lazarov & Marr 2010). 

In sheep, cell proliferation, evaluated by bromodeoxyuridine (BrdU) incorporation, has been 
observed in the dentate gyrus of the hippocampus of ewes exposed to a novel male 
(Hawken et al. 2009). Using BrdU incorporation and cellular biomarkers such as 
doublecortin or glial fibrillary acid protein (for review Sierra et al. 2011), it has been  
demonstrated that cell proliferation is down-regulated in the subventricular zone, the 
dentate gyrus and the main olfactory bulb at parturition and during interactions with the 
young (Brus et al. 2010, Fig. 7A). These authors suggest that cell proliferation could play a 
role in maternal behaviour via the olfactory and memory neuronal systems. New 
neurogenesis sites that could be involved in photoperiodic neuroendocrine systems have 
also been described in the hypothalamus (Migaud et al. 2010, Fig. 7B). 

MRS is a promising method for visualizing and studying endogenous neural progenitor 
cells (Ramm et al. 2009, Sierra et al. 2011). In vivo imaging needs to be developed in humans 
(Couillard-Despres & Aigner 2011) to study adult neurogenesis (Couillard-Despres et al. 
2011). 

Based on current knowledge and available tools, we suggest that large animal models such 
as sheep can be used to validate the development of MRI techniques and to understand the 
role of neurogenesis through longitudinal in vivo studies. 
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Fig. 7. BrdU integrated cells observed in the olfactory bulb (A, A1) and the hypothalamus 
(B) of adult sheep. In the main olfactory bulb, positive mature neuroblasts (A2) were 
observed in the same area as the BrdU incorporated cells (A1) at parturition (adapted from 
Brus et al., 2010). Constitutive cell proliferation observed in the adult sheep hypothalamus 
(B, BrdU in red), the new cells differentiated into mature neurons (NeuN in green) (adapted 
from Migaud et al. 2010). 

3.4 Neurobiological regulation 

3.4.1 Feeding behavior 

The role of the central nervous system in regulating appetite and food intake has been 
extensively studied (for review Berthoud 2006, Kalra et al. 1999, Schwartz 2006). Regulatory 
systems in central areas include the hypothalamic system (ventromedian nucleus, arcuate 
nucleus, etc.), the caudal brainstem (area postrema, nucleus of the tractus solitary, etc.) and 
cortical structures (prefrontal cortex, amygdala, hippocampus, etc.). At the hypothalamic 
level, numerous neuropeptides have been identified as major orexigens (neuropeptide Y, 
galanin, etc.) or anorexigens (cholecystokinin, somatostatin, etc.), most of them regulated by 
hormones such as insulin or leptin. In sheep, similar factors have been observed to regulate 
food intake (Baile & McLaughlin 1987, Chaillou et al. 2000, Della-Fera & Baile 1984) or to be 
regulated by nutrition (Chaillou & Tillet 2005, Zieba et al. 2008). The same factors have been 
described in the pig (Baldwin et al. 1990a, Baldwin et al. 1990b, Baldwin & Sukhchai 1996, 
Czaja et al. 2002, Czaja et al. 2007, Parrott et al. 1986), and similarities have also been found 
in humans for preferences for sweet food (Houpt et al. 1979) and for energy metabolism 
(Spurlock & Gabler 2008). All these observations support the idea that the pig can be used as 
a model for human studies (Johansen et al. 2001). 

Knowledge about the central regulation of feeding behaviour has been documented using 
techniques including central injections of neuropeptides or hormones, comparison of 
neuropeptide expression levels in different nutritional states, and more recently by MRI 
(Van Vugt 2010). MRI has been used in human studies of the cognitive component of eating 
disorders such as anorexia nervosa (volumetric MRI, Muhlau et al. 2007; fMRI, Vocks et al. 
2010) or nutritional disorders such as obesity (fMRI, Killgore & Yurgelun-Todd 2010). 

We suggest that large animal models could be used to study the putative consequences on 
human brain functioning of nutritional disorders such as obesity. For example, functional 
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connectivity, measured by MRI, is impaired in obese human subjects, and is correlated with 
metabolic indicators such as insulin (Kullmann et al. 2011). It would be interesting to 
compare the impact of different neuropeptides or diets on brain activation that could be 
measured at different times of life, but this type of protocol would be difficult to standardize 
in humans. The effects of gastric bypass surgery on hypothalamic functional connectivity 
and on various indicators (inflammatory and metabolic) have been studied in obese human 
subjects (van de Sande-Lee et al. 2011). Similar protocols could be designed in the pig, 
making it easier to select animals and to set up a sham-surgery control group, and could be 
used to study the long-term effects of surgery. Other studies could investigate interactions 
between nutrition and other functions such as reproduction, or to evaluate the putative 
sensorial effects induced by cognitive perturbations during prenatal, perinatal or childhood 
periods. For example, a recent brain imaging investigation using PET scan compared the 
cerebral blood flow of lean and obese minipigs (Val-Laillet et al. 2011). 

3.4.2 Reproduction 

Reproduction is controlled by the central nervous system, more particularly by the 
hypothalamus where the neuronal population containing GnRH is located. This neuropeptide 
is the key factor in the regulation of the hypothalamic- pituitary-gonadal axis. It is released in a 
pulsatile fashion into the hypophyseal portal blood. Numerous studies have been performed 
using a sheep model, as the oestrus cycle of ewes has the same temporal pattern as the 
menstrual cycle of women, and because it is possible to sample blood from the hypophyseal 
portal system of the ewe (Caraty et al. 1982). Many peripheral hormones from the gonads act 
on distinct neuronal populations in the brain to regulate the neuronal activity of GnRH 
neurons. The neuronal network controlling reproduction in sheep has been extensively 
described, and the neuroendocrine factors regulating this network are known (steroids, 
neuropeptides, monoamines, etc; for reviews Herbison 1995, Herbison 2006, Tillet 1995). All 
these data have contributed to our knowledge of the central control of reproduction in 
mammals, and more particularly in humans. 

However, one outstanding difficulty concerns the precise description of the temporal 
activations and interactions between the different neuronal partners in regulating the 
menstrual cycle and puberty. MRI could help to overcome this difficulty and a number of 
studies have already been performed in humans to investigate the interaction between the 
neuronal population and the feedback effect of gonadal hormones. At puberty, when the 
gonads start to produce hormones and particularly steroids, MRI methods have been used to 
determine how steroids (oestrogen and testosterone) act on brain development and plasticity 
(Jernigan et al. 2011). Another field of study has focused on brain functioning in women 
during the menstrual cycle. Throughout the cycle, the ovaries produce successively increasing 
levels of oestradiol and progesterone (Goodman & Inskeep 2006), concomitant with changes in 
functional cerebral asymmetries (Weis & Hausmann 2010) which are potentially due to 
variations in functional connectivity (Weis et al. 2010). These hormonal variations during the 
menstrual cycle or caused by hormonal contraceptives affect the volumes  of grey matter 
(Pletzer et al. 2010) and modify the activation induced by negative emotion in the amygdala 
and hippocampus as demonstrated by fMRI (Andreano & Cahill 2010), and hormonal 
variations also affect food perception in interaction with feeding disorders (Van Vugt 2010). 
These data have been obtained under clinical conditions and it is clearly impossible to extend 
these human studies for obvious ethical reasons. The female sheep is an excellent model to 
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understand the central effect of steroids on brain functioning and can also be very useful for 
developing treatment strategies for central or pituitary infertility in humans, and for 
investigating central effects of new therapeutics and contraceptives.  

3.4.3 Social behaviour 

For all species, the neuronal networks involved in social behaviour combine autonomic 
regulatory and sensorial integrative structures. In the case of sexual and maternal behaviour, 
partner recognition results from the interaction between the olfactory system (the main sense 
involved in social recognition), and the neuroendocrine circuit involved in oestrus for sexual 
behaviour and parturition for maternal behaviour (Gelez & Fabre-Nys 2006, Levy & Keller 
2009, Poindron et al. 2007). Similarly, olfaction is important in establishing maternal 
recognition by the lamb, and the development of the mother-young bond is reinforced by oro-
gastro-intestinal stimulation (Nowak et al. 2007). However, while olfaction is the first proximal 
sense used (i) by the mother and infant to establish a bond, and (ii) by the male and female to  
identify  social partners, visual (Kendrick et al. 2001) and auditory (Sebe et al. 2007, Sebe et al. 
2008) factors are also involved in the expression of social preferences. 

In order to understand social behavioural, disorders, and the establishment of social bonds, 
we need to study the sensory systems and how they interact with the neuroendocrine 
system. Neuroanatomical approaches require a large sample and complex protocols. MRI 
techniques can be used to show how the brain discriminates social sensory indices or is 
activated by social neuroendocrine factors. For example, the BOLD signal of conscious non-
human primate males exposed to the scent of peri-ovulatory females is greater than when 
exposed to the scent of ovariectomized females in various hypothalamic (Ferris et al. 2001; 
see above Fig. 4) and cortical areas (Ferris et al. 2004). With regard to the formation of a 
maternal bond in the rat, it has been shown that suckling activates similar brain areas to 
those activated by a central injection of oxytocin (Febo et al. 2005), a neuropeptide involved 
in social attachment (Young et al. 2008) and maternal behaviour (Levy et al. 2004). 

Ungulates are similar to humans in the preference shown by the mother for her own 
offspring, a process known as maternal selectivity (Poindron et al. 2007). This suggests that 
ewes could provide an interesting model to investigate disorders of maternal behaviour. For 
example, the impact of the offspring’s odour on variations in cerebral blood flow could be 
compared between selective, maternal, and non-maternal ewes. Functional connectivity MRI 
could also be used to describe the dynamic functional interactions between the cortical 
structures involved in sensory integration and deep structures such as the hypothalamus or 
amygdala, since the neuroanatomical connections between these neuronal systems are 
known in sheep (Levy et al. 1999, Meurisse et al. 2009). 

3.4.4 Emotional reaction 

Animals’ emotional reactions can be described through behavioural and physiological 
responses. These are regulated in mammals by numerous neuronal networks: the 
corticotrope axis (Herman et al. 2003), the brainstem, and the periaqueductal grey matter 
that regulates motor responses (Keay & Bandler 2001, LeDoux 2000). These deep structures 
interact with the prefrontal cortex and the amygdala (Herman et al. 2003, Keay & Bandler 
2001, LeDoux 2000) and are all involved with neurochemical factors as cortico-releasing 
factor (CRF), and serotoninergic and dopaminergic systems (Charney 2004, Rotzinger et al. 
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2010). In large animals, such as sheep or pigs, similar neurobiological factors have been 
found to be involved in emotional responses, especially in stressful situations. Invasive 
neurobiological approaches based on functional neuroanatomy (sheep: da Costa et al. 2004, 
Rivalland et al. 2007, Vellucci & Parrott 1994), intracerebroventricular pharmacology (pigs: 
Johnson et al. 1994, Salak-Johnson et al. 2004), and neurochemical brain content (e.g. in pigs, 
Kanitz et al. 2003, Loijens et al. 2002, Piekarzewska et al. 1999, Piekarzewska et al. 2000, 
Zanella et al. 1996) have demonstrated the involvement of neuropeptides such as CRF and 
enkephalins in different brain areas including the hypothalamus, brainstem and cortices. 
While neuroanatomical methods have been used to describe the immunoreactive content of 
brain areas (in sheep: Tillet 1995; in pigs: Kineman et al. 1989, Leshin et al. 1996, Niblock et 
al. 2005, Rowniak et al. 2008; in large mammals: Tillet & Kitahama, 1998), and neuronal-
tracing methods have been used to describe the interconnections between some of these 
brain areas (sheep: Qi et al. 2008, Rivalland et al. 2006, Tillet et al. 1993, Tillet et al. 2000; 
pigs: Chaillou et al. 2009), no dynamic functional information is available about the 
functional interactions among these different factors. The use of MRI techniques could be an 
interesting way of gaining a better understanding of the neuronal circuits of animal emotion 
and other functions. 

MRI has been used in humans to develop knowledge of the neuroscience of emotions 
(Junghofer et al. 2006), describing the neuronal circuit in order to demonstrate the impact of 
pathological emotional behaviour (e.g. posttraumatic stress disorder) on hippocampal 
volume (Wang et al. 2010) or the effects of antidepressants in major depression (Bellani et al. 
2011). These studies have all focused on cortical structures. The posterior hypothalamic area 
has been shown to play a major role in seasonal affective disorder (SAD) (Vandewalle et al. 
2011). The sheep has been proposed as a model for SAD as it is a photoperiodic mammal. 
More information is now available in sheep about emotional states (Guesdon et al. 2011) and 
how they can be modified (Doyle et al. 2011, Erhard et al. 2004, Greiveldinger et al. 2007, 
Vandenheede & Bouissou 1998). For example, it has been suggested that the serotoninergic 
pathway is involved in the affective state of sheep (Doyle et al. 2011). MRI techniques could 
be used to investigate the impact of various neurobiological factors on emotional state, as 
shown in pharmacological models of depression (Michael-Titus et al. 2008). More 
interestingly, we propose the use of large animal models to study the long-term effects of 
strong acute emotion in prenatal or perinatal life on brain development and behaviour.  For 
example in the pig,  prenatal stresses have been shown to affect ontogeny of the corticotrope 
axis (Kanitz et al. 2003) and behaviour (Jarvis et al. 2006). 

We suggest that large animal models can be used to validate and/or study the impact of non-
pharmacological clinical treatments that are now used in mood and anxiety disorders (Ressler 
& Mayberg 2007), using standardized protocols that are inappropriate to conduct in humans. 

4. Conclusion 
This chapter described various MRI methods and their use in exploring brain anatomy and 
functioning in large animal models. We discussed the way these models can be used to 
study brain injury such as hypoxia/ischaemia, and the different compartments of the central 
nervous system (e.g. CSF) or neurobiological control (e.g. food intake). 

The brain circumvolutions, the brain size and development as well as the neurobiological 
regulations are the most evident arguments to justify the interest for large animal models for 
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understand the central effect of steroids on brain functioning and can also be very useful for 
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For all species, the neuronal networks involved in social behaviour combine autonomic 
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involved in social recognition), and the neuroendocrine circuit involved in oestrus for sexual 
behaviour and parturition for maternal behaviour (Gelez & Fabre-Nys 2006, Levy & Keller 
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2010). In large animals, such as sheep or pigs, similar neurobiological factors have been 
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pigs: Chaillou et al. 2009), no dynamic functional information is available about the 
functional interactions among these different factors. The use of MRI techniques could be an 
interesting way of gaining a better understanding of the neuronal circuits of animal emotion 
and other functions. 
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example in the pig,  prenatal stresses have been shown to affect ontogeny of the corticotrope 
axis (Kanitz et al. 2003) and behaviour (Jarvis et al. 2006). 

We suggest that large animal models can be used to validate and/or study the impact of non-
pharmacological clinical treatments that are now used in mood and anxiety disorders (Ressler 
& Mayberg 2007), using standardized protocols that are inappropriate to conduct in humans. 

4. Conclusion 
This chapter described various MRI methods and their use in exploring brain anatomy and 
functioning in large animal models. We discussed the way these models can be used to 
study brain injury such as hypoxia/ischaemia, and the different compartments of the central 
nervous system (e.g. CSF) or neurobiological control (e.g. food intake). 

The brain circumvolutions, the brain size and development as well as the neurobiological 
regulations are the most evident arguments to justify the interest for large animal models for 
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human brain studies. These models also present many advantages for studying the dynamic 
functional interactions between brain structures using functional connectivity MRI, to 
understand the interaction between different brain functions with fMRI and for conducting 
standardized longitudinal studies that are not feasible in human studies. They can also be 
used to test new surgical procedures and the impact of treatment on healthy brain tissue 
and behaviour. 
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