Chapter 2
The Neuroanatomy of Emotions

Abstract Common to many mammalians, the limbic system is a set of anatomical
structures involved in emotions. Theorized in the last century by Papez and Mc
Lean, this system includes the prefrontal cortex—where emotions access con-
sciousness—as well as the hippocampus, amygdala, and hypothalamus. The
hypothalamus and its extension, the pituitary gland, causes the visceral manifes-
tations associated with these emotions. These emotional manifestations can be
triggered by consciousness, but inversely, physical states can be made conscious
thanks in part to the insula. The regulation of these emotional responses is also
accomplished by subcortical structures: the basal ganglia. These nuclei—com-
posed of the thalamus, striatum, globus pallidus as well as the subthalamic and
accumbens nuclei—are linked to the cortex by loop circuits. These loops act as
interfaces between the different components—emotional, cognitive, and motor—
of our behavior.

Man should know that joy, fun, laughter and entertainment, grief, sorrow and tears of
discouragement can only come from the brain [...]. This is because the same body as you
can go crazy and insane and that the fear and anxiety attack us. All this happens when the
brain is sick. I believe that the brain has the greatest power of man.

The Sacred Disease, Hippocrates, 460-377 av [1].

In this excerpt, the father of medicine postulates that the ills of the mind are also
those of the brain. Sigmund Freud was convinced that some of his psychoanalytical
concepts would later be proven by advances in biology and anatomy: “we must
remember that all our provisional ideas in psychology will probably 1 day be based
on an organic infrastructure” [2]. Eight years later, in 1920, the Austrian neurol-
ogist added that: the shortcomings of our description probably would fade if we
could already establish physiological or chemical terms instead of psychological
terms [2]. Yet, rather than working side-by-side, psychoanalysis and neurobiology
have often been at odds due to differing logics. Understanding psychiatry, and
presumably psychosurgery, requires a detour through neuroanatomy including the
neuroanatomy of emotions. But emotions have long been neglected by anatomists,
probably in part because they lend themselves less easily to animal research.
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As Cabanis succinctly expressed, the brain secretes thought as the liver secretes
bile [3]. The philosopher and physiologist might have added that the brain colors
thoughts with emotions just as bilirubin gives bile its yellowish hue. This emo-
tional component opens us to the joys and tragedies of life, but it is also involved—
much more than we think—in our cognitive processes and decision-making." Over
the past 60 years, thanks notably to the results of psychosurgery, the development
of functional neuroimaging” and advances in neurobiology, more has become
known about the anatomical structures involved in emotional processes. These
structures are regrouped in the limbic system, a term coined by the neurologist Paul
Broca, from the latin limbus meaning “border,” to designate the area surrounding
the cerebral cortex [4]. Broca attributed our animalistic behavior to this entity, the
great limbic lobe, as opposed to our nobler intellectual abilities, which seemed to
arise in the cortex. The notion of a brain structure devoted to emotions, a limbic
system, was most actively put forward in the late 1930s by Papez, and Mac Lean
[5, 6]. To the cingulate cortex” and hippocampus® of the limbic lobe, they added
the amygdala® and hypothalamus.® The prefrontal cortex,’ central gray nuclei® and
insula’ later also joined the machinery of emotions, adding to an increasingly
improbable list where everything is connected to everything, as neuroanatomists
are fond of saying [7]. Our emotional manifestations, whether behavioral,
autonomic, or cognitive, are thus supported by a diffuse system which itself
interfaces with a great number of other brain functions, such as motor skills,

! Concepts developed in the work of Anténio Damdsio, Californian neurologist, in particular in
his book “Descartes’ Error: Emotion, Reason and the Human Brain” Odile Jacob, Paris.

2 For about 30 years new noninvasive technologies have given the possibility of an increasingly
detailed mapping of the brain’s activity. Thanks to these maps, we have “emotional activation”
models, which show activity in brain structures related to different emotions. This is
accomplished by external induction (exposing the subject to a stimulus triggering an emotion,
like giggling or shocking images) or by internal induction (a depressed patient or a subject
suffering painful memories). New imaging technologies include:

e TEP-scan, which uses positron emission. After injection of radioactive glucose, which
becomes metabolized by certain brain areas, sensors can identify the activated areas in the
subject’s brain. The resolution of these images remains relatively coarse.

e Functional MRI (fMRI) is a type of imaging by magnetic resonance that allows visualization of

the brain’s blood flow in precise areas. The BOLD eftect (Blood Oxygen Level Dependant),

related to the magnetization of the haemoglobin in red blood cells, reveals which brain areas
are being activated.

Magnetoencephalography (MEG)

w e

Cf. p. 95.
4 Cf. p. 103.
5 Cf. p. 98.
S Cf. p. 112.
7 Cf. p. 90.
8 Cf. p. 122.
° Cf. p. 107.
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cognition, or the senses. These latter functions will not be addressed herein.
We will limit ourselves to detailing the pathways and structures relevant to
psychosurgery.

The Organs of Emotion

Let us set the scene: the brain includes the cerebrum, the cerebellum, and brain-
stem. All three are contained in the skull and entirely enveloped by meninges. The
meninges cover all the nerve tissue and are composed from outside to inside by the
dura mater, the arachnoid mater, and the pia mater. In between these last two
structures, blood vessels and cerebrospinal fluid (CSF) circulate. This fluid also
flows into the brain through four cavities called ventricles. The cerebrum is
composed of two hemispheres whose surfaces form the cortex and whose interiors,
broadly speaking, form the thalami, basal ganglia, and the hypothalamic-pituitary
axis.

The Cerebral Cortex

Abstract The cerebral cortex is the substrate in which consciousness as well as
memory, language, and our perceptions take root. Of these two square meters of
gray matter folded up against the walls of our skull, three lobes are heavily
involved in emotions: the frontal, temporal, and insular lobes. The front of the
frontal lobe, the dorsolateral cortex, is involved in the planning of behavior while
the orbitofrontal cortex, closer to the middle, is involved in motivation. In the
interior, the anterior cingulate cortex is involved in emotional processes. These
three regions are each connected to basal ganglia, forming cognitive, and limbic
loops. This prefrontal cortex, responsible for a large part of our cognitive pro-
cesses—and abundantly connected to the rest of the limbic system—is part of the
interface between cognition and emotion. The interior face of the temporal lobe
shelters the hippocampus and the amygdala. The latter is where information from
our senses converges. Depending on the situation, the amygdala will lend this
sensory input an innate or acquired charge, such as fear, which the hypothalamus
will then convert into autonomic manifestations. Researchers now believe the
hippocampus plays a less essential role in emotions but that it is critical to
memory. The insula, in turn, is used to analyze changes in our visceral states
associated with emotional experience allowing us to consciously perceive this
physical state.

The cerebral cortex—meaning “bark” in Latin—is a mantle of gray matter. This
gray matter, famously synonymous with intelligence is composed of nerve cells
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called neurons. These cells have a projection, the axon, which allows them to
connect to each other and form a network. The folds in the cortex, which greatly
increase its surface area, are formed of gyri, (Latin ridges, sg. Gyrus), surrounded by
sulci, (Latin: “furrows”, sg. sulcus). The deeper furrows which delineate the lobes
are called fissures. In general, these fissures vary little from one individual to
another. For example, the central, or Rolando’s, separates between the frontal lobe,
in front and the parietal lobe, in back. The lateral, or Sylvian fissure, divides the
temporal lobe (Fig. 2.1).

At the bottom of this fissure is buried the smallest of the lobes, the insula,
meaning “island” in Latin (Fig. 2.9, p. 64). The fifth lobe, the occipital lobe,
located behind the temporal and parietal lobes, is less clearly demarcated. Within
each of these lobes, specific areas called functional areas are devoted to specific
functions. Lesioning or destruction of any given area from trauma, tumoral
compression, or ischemia causes alteration or loss of that function. In fact, such
lesions are what allowed brain functions to be mapped over the centuries. In the
early 1950s, researchers, including Montreal neurosurgeon William Penfield,
performed experiments on conscious patients in which electrical stimulation of the
cerebral cortex triggered certain movements or behaviors and epileptic episodes.
These experiments helped further refine the connections between certain functions
and areas. They followed on work undertaken half a century earlier by the German
neurologist Korbinian Brodmann who had compiled a meticulous survey of these
functional areas and assigned each a number. His system is still used today: the
numbered Brodmann areas. Now that the stage has been set, we will hereafter
emphasize those anatomical structures directly relevant to our subject because of
their essential role in emotional processes: the frontal and temporal lobes.
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The Frontal Lobe

In 1861, Paul Broca, a neurologist at the Salpétriere Hospital in Paris, was the first
to show through clinical observations combined with subsequent autopsies the
important role of the lower, posterior part of the left frontal lobe in articulated
language in Genuinely right-handed subjects. This region, areas 44 and 45,
according to Brodmann’s classification, was named, Broca’s area. The most
posterior part of the lobe, located directly ahead of the central or Sylvian fissure, is
the primary motor cortex (area 4). In front of this is the pre-motor area (area 6),
which helps plan movements, and ahead of it is area 8, which is responsible for eye
movements. The voluminous area in front of the motor region representing almost
one-third of the cortical mass is called the prefrontal cortex. It is intimately linked
with cognitive and emotional processes. Connected to many parts of the brain, the
prefrontal cortex receives sensory information already processed in the so-called
associative regions of the occipital temporal or parietal cortex. Visual information,
an image captured by the retina, for example, is transmitted along the primary
visual pathway to the occipital cortex, which receives it in “raw” form. The
occipital associative cortex is where the various elements composing this “visual
stream” transmitted by the primary cortex are recognized and labeled. The same
occurs for auditory information in the temporal associative cortex, which among
other things, converts sounds into words. The parietal associative cortex, mean-
while, is involved in interpreting tactile information. In addition to being con-
nected to these associative areas, the prefrontal cortex is tightly linked to the rest
of the limbic system: the hippocampus, amygdala, hypothalamus, and thalamus
especially the dorsal medial nucleus of the thalamus (Fig. 2.2).
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Fig. 2.2 Medial view of the brain
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Additionally, there are projections leading toward the basal ganglia and in
particular the striatum. These projections are actually part of loops, since once
projected onto the striatum and then the pallidum, the information is sent onto the
thalamus and from there back to its starting point, the prefrontal cortex. Before
discussing,10 the various cortico-striato-thalamo-cortical (CSCT) loops involved in
cognitive functions and the regulation of emotions, the three regions which form
the prefrontal cortex must be described: the dorsolateral, orbitofrontal, and cin-
gulate cortices.

The Dorsolateral Cortex

The dorsolateral region of the prefrontal cortex (areas 9, 10 lateral and 46)
(Fig. 2.3) is intimately linked to the rest of the prefrontal cortex and to the
dorsomedial and ventral anterior nuclei of the thalamus.'' It extends over the
dorsolateral region of the caudate nucleus'? and is implicated in the associative'?
loop (Fig. 2.27, p. 89) [8]. This cortex is involved in tasks requiring spatial
memory, concentration, planning, problem solving and the acquisition of rules [9].
In their clinical practice, neuropsychologists call these the executive functions”
[10]. In a way, they are also what philosophers have referred to as consciousness.
As Bergson writes, consciousness is anticipation of the future... a hyphen between
what was and will be” [11]. Selective lesions of this region cause changes in the
executive functions, and inversely, functional imaging reveals activity in this
cortex during tasks involving planning. This zone is also active when an individual
is attempting to control certain negative emotions. In patients with severe
depression, functional imaging studies show little activity in this cortex. Clinically,
this translates to psychomotor retardation, including memory and attention dis-
orders and apathy. On the contrary, an increase in activity can be observed in
successfully treated patients [12, 13]. In depressive subjects, this dorsolateral
cortex seems more active on the right than on the left [14, 15]. Today, repetitive
transcranial magnetic stimulation (\TMS)'* can be used to treat certain depressive
patients who do not respond to drug-based treatments. Two protocols exist: either
the left dorsolateral cortex can be “woken up” through high frequency rTMS or
the right dorsolateral cortex can be inhibited through low-frequency rTMS.
Clinical research protocols are currently attempting to determine whether the
effect can be sustained over the long term through the implanting of cortical
electrodes to maintain stimulation.'> When a clinical improvement is achieved,

10 Cf. p. 139.

T Cf. p. 123.

12 Cf. p. 128.

13 Cf. p. 141.

Cf. Indications and principle of the rTMS p. 232.

Cf. Indication and principle of the cortical stimulation p. 236.
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Fig. 2.3 The dorso-lateral prefrontal cortex

functional imaging shows a normalizing of the activity in this region as well as in
the related anterior and subgenual cingulate cortex [16, 17].

The Orbitofrontal Cortex

This part of the brain, Brodmann areas 10 medial, 11, 12, and 47, (Fig. 2.4) is
located against the skull and above the orbits. Like the dorsolateral cortex, the
orbitofrontal cortex is tightly connected to the cingulate cortex, as well as the rest of
the associative cortex, the amygdala, and the dorsomedial and ventral anterior
nuclei of the thalamus [18]. This cortex projects onto the ventromedial part of the
caudate nucleus [8] which is involved in the associative loop'¢® and has the par-
ticularity of receiving information from all of our five senses [19]. This region and
in particular its innermost medial part, is implicated in emotional and motivational
processes, particularly those involving the notion of reward [20, 21]. Its role, as
emphasized by the psychiatrist B. Aouizerate [22], is essential “in the interpretation
of sensory information from the environment by giving it meaning on an emotional
and motivational level according the subject’s previous experiences,” which will
affect the decision-making process [21]. The lateral part of the cortex is involved in
cognitive, tasks, mental processes requiring judgment, perseverance or the detection
of errors [18]. The orbitofrontal cortex also regulates social behavior as the pre-
viously mentioned case of Phineas Gage'’ illustrated. Following an accident in
which Gage suffered trauma to this part of the brain, he became antisocial, irre-
sponsible, impulsive, and childish [23]. In general, focused lesions in this cortex
inhibit the subject’s ability to select an appropriate behavioral response based on

16 Cf. p. 142.
7 Cf. p. 25.
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social or emotional cues. Functional imaging reveals increased activity of this
region of the cortex [12] in patients suffering from depression or OCD. Here too,
normalization has been observed following effective treatment [12, 24-26].

The Anterior Cingulate Cortex

The cingulate gyrus,from cingulum meaning “belt” in Latin, wraps around the
corpus callosum'® in the medial part of both hemispheres (Fig. 2.4). As with the
orbitofrontal cortex, this cortical area is involved in various motivational, emo-
tional, or cognitive processes, such as attention, working memory, error detection
[27], managing conflict situations, and anticipation. The cingulate cortex, partic-
ularly its anterior part (areas 24, 32, and 25) (Fig. 2.5), is closely linked to the
insula,19 another structure involved in emotions. According to Damasio, when we
experience emotions, “the insula has both a sensorial and motor function though it
is focused more on the sensorial aspect of the process, while the anterior cingulate
operates as the motor structure” [28]. The anterior cingulate cortex (ACC) is
reciprocally linked to the dorsomedial nucleus of the thalamus. The anterior part of
the gyrus projects its fibers toward the amygdala, which it holds in check, toward
the peri-acqueducale gray matter’ as well as toward the ventral striatum and
nucleus accumbens,”' thus participating in a limbic loop™® (Fig. 2.28, p. 91) [8].

'8 The corpus callosum is a bundle of axons that connect both cerebral hemispheres. It assures
the transfer of information between both hemispheres and their coordination (Fig. 2.2, p. 53).
19 Cf. p. 107.

20 The periaqueductal gray matter is situated in the midbrain’s center around the Sylvius
acqueduct connecting the third and the fourth ventricles. This gray substance plays an important
role in pain control and defensive behaviors.

2L Cf. p. 129.

22 Cf. functional anatomy p. 143.
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These projections are involved in emotional and autonomic responses. Functional
imaging reveals increased activity of the cingulate cortex in patients with OCD
[12], particularly when these patients undertake tasks in which they must detect
errors [22, 27]. A similar hyperactivity has also been noted in its most rostral part,
the subgenual area (area 25), in patients with severe depression [29]. As will be
discussed in a later section,® this finding is what originally led to deep brain
stimulation being used during treatment of depressed patients. Significantly, this
activity decreases when the depression is successfully treated. Moreover, the
presence of such lively activity in the cingulate is a good indicator for the success
of a cingulotomy,”* another psychosurgical procedure used in the treatment of
depression and OCD [30].

The Temporal Lobe

Abstract On its inner surface, the temporal lobe is in contact with the hippo-
campus and the amygdala. All sensory information from the various senses con-
verges on the latter, and depending on the context the amygdala gives it emotional
significance—innate or acquired—causing an autonomic response. It is involved in
processing the social signals for emotions, especially fear, and the consolidation of
emotional memories. By identifying hazards, it plays a fundamental role in
preserving the individual. The hippocampus, located further back, places the event
back into context and determines the conditions for forming a memory.

2 Cf. p. 334.
24 Cf. Technique’s details p. 285.
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The prefrontal cortex then participates in the analysis of these emotional events
contrasting the present experience with past ones in order to reach a decision.

This lobe is located underneath the temporal bone, so named because the hairs on
the temples are the first to suffer the ravages of time (Or in Latin tempus) and
become gray. The temporal lobe, especially its inner region composed of the
amygdala and hippocampus is also involved in many cognitive and emotional
processes. In 1937, two American researchers, Kliiver and Bucy, observed that
primates that underwent bilateral removal of the inner portion of the temporal lobes
suffered what they called psychic blindness: inability to grasp the emotional
significance of sensory information, in particular visual information [31]. The
monkeys no longer feared snakes or people and tried to mate with anyone within
reach. This lack of discernment was also reflected on an oral level as the animals
would try to put everything in their mouths. In addition to these sexual and feeding
behaviors, the authors also observed significantly increased docility and placidity,
resulting in a marked reduction in the subjects’ social interactions [32].

The Amygdala
In 1956, new research on monkeys demonstrated that bilateral ablation centered,
more exclusively this time, on the amygdala was enough to cause most of these

symptoms [33]. Buried under the cortex, in the medial, anterior part of each
temporal lobe, the amygdala takes its name from its almond shape (Fig. 2.6).
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Emotional processes all pass through, some may even arise in, the amygdala,
which acts as a relay along numerous pathways. It receives information directly—
or via the thalamus—from the associative cortical areas, the medial orbitofrontal
cortex, the hippocampus, the basal ganglia, and septal nuclei (Fig. 2.7). After
processing this information, the amygdala projects it—via the stria terminalis®™—
toward the hypothalamus®® and other structures in the brainstem such as the locus
coeruleus,27 which is the source of autonomic and hormonal manifestations of
certain emotions. As the neurologist Gil notes, “the amygdala is where the emo-
tional component of the information conveyed by the sensory and sense pathways is
integrated, and in conjunction with memory, where meaning is identified and
biological and behavioral responses are modulated” [34]. The amygdaloid com-
plex, through its connections, is composed of three nuclei groups. The cortico-
medial nuclei receive information from the olfactory bulb and project toward the
hypothalamus. The basolateral nuclei, receive information from the associative
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Fig. 2.7 The connections of the amygdala nuclei

% The stria terminalis runs in a trajectory parallel to fornix’s from the amygdala to the
hypothalamus, the septal area and passes over the “bed nucleus of the stris terminalis,” a group of
neurons directly behind the anterior commissure. This bundle of neurons is usually considered an
extension of the amygdala, and more precisely of its central nucleus, for histological reasons and
because of its multiple connections with the hypothalamus, the brainstem nuclei and in particular
the ventral tegmental area (VTA). Its activity also seems modulated by the orbifrontal cortex.
This structure has attracted the attention of an increasing number of researchers. It occupies a
strategic anatomical position which enables regulation of the stress and reward centers.

This nucleus actually projects to one of the major reward centers (the VTA) and to the
hypothalamic paraventricular nucleus (p. 112), which is essential to the activation of the
corticotropic axis (p. 146).

26 Cf. p. 112.

27 Cf. Norepinephrin and the stress circuit p. 150.
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sensory cortex and hippocampus and project toward the ventral striatum ventral,
accumbens nucleus, and the dorsal medial nucleus of the thalamus.?® Finally, the
central nucleus, which is connected to the associative sensory areas through its links
with the basolateral and cortico medial nuclei, receives information on the visual,
auditory, tactile, and olfactory environment of the individual [35]. This nucleus
sends information onto the hypothalamus and brainstem where the dorsal nucleus of
the vagus nerve’—the source of parasympathetic responses—is located. From
there information travels to the motor nuclei of the facial muscles—responsible for
facial expression of emotions—the raphe nuclei,”” the locus ceeruleus®' and nucleus
basalis of Meynert.>* These last three anatomical structures are, respectively, the
source of serotoninergic,”” noradrenergic** and cholinergic responses, three neu-
rotransmitters at the heart of emotional processes. At the level of the unconscious,
the amygdala sorts this information in terms of the danger it may pose the indi-
vidual. Its role is therefore crucial in the phenomena of fear and anxiety.*

The amygdala contributes to emotional experience—positive or negative—
according to the situations and the environment. The sensory and associative
cortex and the olfactory bulb inform the basolateral complex and the cortical and
medial nuclei about the environment, related to the memory (hippocampus). This
information is integrated and transmitted to the central nucleus which will produce
an emotional response: the facial motor nucleus will provoke fear or disgust, the
dorsal nucleus of the vagus nerve and the hypothalamus will provoke respectively
a parasympatic or sympatic response. The raphe nucleus will activate a seroto-
nergic stimulation of the encephalus. The basolateral nuclei take action in moti-
vational behaviour through the ventral striatum and the orbifrontal cortex.

This implicit, subcortical processing of information, “I act and then I think”
lowers the response time necessary for protective behavior by eliminating the need
for the information to pass through the cortex [36]. If sensory data conveys a threat,
real or imagined, then the connections between the central nucleus of the amygdala
and the hypothalamus and brainstem are activated and the individual responds with a
series of autonomic reactions: quickening of the pulse, dilation of the pupils, draining
of color from the face, and various hormonal responses. These phenomena prime
the body for a fight or flight, response, according to physiologist Cannon [37].

2 Cf. p. 124.

Details of the vagus nerve and its electrical stimulation in depression treatment. Cf. p. 241.
Serotonin producing nucleus cf. p. 149.

! Ibid.

In 2008, after a electrode trajectory error, an Italian team recorded the appearance of
depression in a dystonia patient following stimulation of this area. This depressive state
disappeared after repositioning of the electrode [214].

3 Cf. p. 149.

* Ibid.

% Drugs in the benzodiazepine family, like Diazepam(r)®, decrease fear and anxiety responses
because the amygdala is rich in receptors for this type of molecule. Efficacy is maintained even
after removal of the amygdalae because similar receptors are located in other areas as well.
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For example, the sudden appearance of a snake will trigger a biological response
putting the organism on high alert and “doping it” in order for it to face the danger or
make an escape. The amygdala therefore appears crucial to the preservation of the
organism by allowing organisms to identify danger.*® The detection of danger also
occurs more subtly when, for example, an individual reads an expression of fear on
someone else’s face.>” Direct electrical stimulation of the amygdala—or seizures,
which can be likened to the cortex stimulating itself—produces reactions similar to
those displayed when faced with danger. Additionally, these events are often asso-
ciated with aggressiveness or a feeling of déja vu. In contrast, pathological or surgical
destruction of this structure, in addition to inhibiting the expression of fear and the
recognition of fear on others’ faces, reduces aggressive behavior [38, 39]. Acts of
violence or aggression may, therefore, be linked to an imbalance caused by improper
prefrontal modulation and amygdala hyperactivity [40]. To test this hypothesis, in
the 1960s Narabayashi performed bilateral amygdalotomies in 60 patients with
severe aggressive behavior [41, 42]. The Japanese neurosurgeon reported significant
improvement in 85 % of the patients. These results are similar to those achieved with
hypothalamotomies, another procedure with the same indication, which we will
return to later.*® These two techniques which were practiced until the late 1980s [43—
48], have now almost completely disappeared. This decline stemmed from inade-
quate long-term monitoring, advances in pharmacology and, especially, ethical
questions raised by such interventions [49].

More generally, the amygdala contributes to the interpretation of all sensory
information with emotional content [50]. Studies in patients with lesions in the
amygdala have also shown that this structure [51] intervenes both during the
encoding of memories with emotional valence—positive or negative—as well as
during recall®” [52]. The amygdala is also involved (through reciprocal connections
between its basolateral nuclei and the nucleus accumbens) when the reward circuit
is solicited [53]. As such, it may be implicated in instances of relapse in cases of
addiction® : the addict may be inclined to take the addictive substance once again
when confronted with a situation previously associated with the substance [54].

3 In laboratory tests, the conditioned fear model allowed the role of the amygdala to be
understood: a rat is placed in a wire lattice and a signal warns it before each electrical discharge.
After multiple sessions, the rat shows signs of anxiety (immobilization, blood pressure increase).
These signs disappear after elimination of the amygdalae (LeDoux J. E. 1998. The emotional
brain: the mysterious underpinnings of emotional life. Simon & Schuster).

37 For many years Damdsio studied a 28-year-old patient suffering from a bilateral lesion of the
amygdalae who was not able to recognize facial expressions like fear, surprise, or disgust.

3 Cf. p. 364.

3 An American study of veterans with severe head injuries showed that soldiers with amygdala
lesions almost never develop post-traumatic stress disorder (PTSD). In contrast, other victims
with this psychiatric disorder showed amygdalar hyperactivity [215]. These observations and
animal experimentation data lead certain teams to consider cerebral stimulation of the amygdala
as treatment for severe PTSD [216].

40" Cf. Physiopatholog des addictions p. 359.
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The Hippocampus

In behavior based on conditioning, the amygdala interacts closely with the hip-
pocampus*! a structure located just behind it (Fig. 2.8). Oblong in shape and
presenting the appearance of a sea horse, from which it draws its name, this
structure maintains close connections with the amygdala as well as with the rest of
the associative cortex via the entorhinal cortex.*> This region, which gathers the
cortical information headed to the hippocampus, is also involved in spatial ori-
entation [55]. The hippocampus extends back into the hippocampal gyrus and the
fornix. The fibers of the fornix then rejoin the mammillary bodies.*

This set of structures plays a crucial role in the declarative memory formation
process [56]. Declarative memory, refers to consciously accessible information
which can be described through language: such as recollecting a history lesson,
vocabulary skills (called semantic memory, from Greek semantikos: “meaning”),
as well as remembering events in our life (called episodic). The hippocampus, which
lies at the heart of the memory circuit (also called the Papez circuit*) acts as a
repeater taking information quickly learned and passing it onto the rest of the cortical
mantle, where long-term memory. Neurobiologist Vincent likens it to a mechanism
for comparing the state of the world to its emotional value. Nerve impulses travel
around the hippocampal circuits rhythmically at a rate of 50 to 100 Hz.

41 To illustrate the complementarity of these structures Damdsio gives the example of an
individual without amygdalae but with his hippocampus intact who, although he remembered a
traumatic event, did not show any fear when confronted with similar circumstances. In contrast,
the neuroscientist presents another case of a patient without his hippocampus but with his
amygdalae who experienced terror while not being able to remember the cause [217].

2 This appears to be the first area affected by Alzheimer’s disease.

4 Cf. p. 112.

4 Cf. Anatomic description of this circuit. p. 133.
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This oscillating electrical activity plays an important part in the formation of
memories; present during learning it reappears strongly during dreaming, inci-
dentally showing the probable relationship between memory and dream [57]. Long-
term memory storage occurs throughout the cortex. Semantic memory resides
predominantly in the frontal and temporal cortex of the dominant hemisphere, while
episodic memory utilizes more the frontal lobes* [58]. In addition to memorization,
the hippocampus is also involved in the recall of stored memories. Recall can be
initiated by the cortex in response to a cognitive process, but it can also be initiated
directly in the olfactory pathway which is located very close to the hippocampus.
And as soon as I had recognized the taste of the piece of madeleine soaked in her
decoction of lime-blossom which my aunt used to give me (although I did not yet
know and must long postpone the discovery of why this memory made me so happy)
immediately the old grey house upon the street, [...] and with the house the town,
from morning to night and in all weathers, the Square where I used to be sent before
lunch, the streets along which I used to run errands, the country roads we took when
it was fine.”*® The powerful effect that the madeleine has on Proust clearly dem-
onstrates the anatomical vicinity of the olfactory cortex and the hippocampus, but it
also shows the close ties binding emotions to memory.*’ It seems that the hippo-
campus, particularly its posterior part, is also fundamental to spatial orientation.
London taxi drivers are often cited to illustrate this as well as the phenomenon of
brain plasticity. Imaging studies have shown that in these drivers the hippocampus is
more developed than in the population at large because it is constantly being
solicited [59]. Deep brain stimulation in the entorhinal cortex, the gateway to the
hippocampus, may also increase spatial memory*® [60]. Using a video game sim-
ulating a taxi in a virtual city, a California team recently demonstrated that stimu-
lation of the entorhinal region of seven epileptic patients as they were learning the
various routes was associated with improved recall. This is similar to work
accomplished by Lozano, and his team on the stimulation of the fornix.*’ This type
of research paves the way for neuroprostheses to treat memory decline observed in
some neurodegenerative diseases such as Alzheimer’s disease, which affects nearly
40 million people worldwide [61, 62].

45 To this conscious declarative memory at the cortex’s surface is opposed the unconscious
procedural memory of our abilities (like ridding a bicycle or playing piano) arising in structures
like the basal ganglia or the cerebellum. Nonetheless, the connection between both systems and
hence the passage from one memory form to the other remains permeable.

4 Cf. Proust [218].

47 Cf. Emotional memory p. 135.

48 A team from Marseille, led by F. Bartholomei and P. Chauvel, observed in 2004 that electrical
stimulation of the endonasal cortex provoked “déja vu,” i.e., the feeling of having already
experienced something being experienced for the first time. In fact, stimulation of this cortex
forces a process of recall in the hippocampus or the rhinencephalon (which also participates in
memory encoding). Electrical stimulation or even epileptic seizures can provoke a simultaneous
processes of encoding and recall giving the subject the impression of reliving a scene that is being
experienced for the first time [219].

49 Cf. p. 200: plasticity and neurogenesis resulting from DBS.
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Fig. 2.9 Frontal and temporal lobes are drawn aside showing the insula

The Insula

The edges of the lateral furrow hide a deep depression in the folds of the cortex
which contains a triangular lobe (Fig. 2.9). The insular cortex has five small
circonvolutions. The cortex is involved in emotions and homeostatic regulation of
the body. The anterior part of the insula receives projections directly from the
central ventral thalamic nucleus and has reciprocal connections to the amygdala,
while the posterior region connects to the associative somatosensory cortex and
also receives thalamic afferents.”

The anterior portion, which is related to the senses of smell and taste, can
trigger certain emotions such as disgust. This protective emotional reaction safe-
guards the individual against eating spoiled food which has become malodorous.
Damasio goes further and considers that disgust—one of the oldest emotions to
have evolved—triggered by the insula, may be relatively developed and applicable
to various situations in which the purity of objects or behaviors are compromised
and where contamination exists. [The subjects] are disgusted by the perception
of morally reprehensible actions.. The Californian neurologist adds that, the insula
is an important correlate of all conceivable types of feelings, those emotions
associated with those corresponding to all forms pleasure or pain caused by a

50 The ventral, posterior, inferior, and ventromedial nuclei of the thalamus in particular.
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variety of stimuli—hear music you love it or hate it; see images we love, including
erotic, be short of drugs and feel lack®* [63]. The American neurologist devised
what is known as the somatic markers: hypothesis. According to this hypothesis,
the insula maps visceral states associated with emotional experiences and assigns
each situation a positive or negative physical response. This mapping allows the
brain to very quickly choose between different action scenarios. According to
Damasio, these mechanisms reduce the strain on our cognitive processes and allow
them to focus on solving the problems for which they are best suited [28]. This
assumption is part of a larger theory called embodied cognition,”* which holds that
conscious thought cannot be separated from emotions and their physical mani-
festations. In other words, the amygdala converts some sensory information into
somatic responses by sending signals to the autonomic nervous system and
endocrine system, which regulate heart rate, perspiration, and hormone secretion.
The insula in turn detects these physiological changes and makes the individual
conscious’” of them. As the neuroscientists Ansermet and Magistretti [64] explain,
the insula should be seen as a interoceptive relay in the nervous system that
continuously informs the brain on the state of the body. A first loop circuit is thus
closed allowing the brain to perceive the somatic state associated with the per-
ception of an external stimulus. The fact that the amygdala and insula are both
connected to the prefrontal cortex, which is involved in certain types of memory,
allows a second circuit, the memory loop, to be closed: an individual need only
recall the source event of the stimulus to again feel the associated physical sen-
sations. Clinical observations clearly reinforce this theory. For example, the higher
up along the spinal cord a lesion is located, the duller the patient’s emotional
awareness grows due to a lack of autonomic afferents (Fig. 2.10) [65].

5! Functional imaging studies showed lobe activation in drug-addicted subjects (cocaine,
alcohol, opiates, and nicotine) exposed to environmental factors associated with their drug habits.
Recent work showed that cigarette smokers with lobe damage lose practically all desire to smoke.
It also revealed that these individuals were 136 times more likely to lose their tobacco addiction
than smokers affected in other areas of the brain [220].

52 “Embodied cognition.”

53 In some ways, this concept stating that changes in somatic perception modify the conscious
perception of an emotion agrees with the “peripheral” theory of James and Langes, two
psychologists during the nineteenth century who considered that emotion was a response to
physiologic changes (trembling, accelerated cardiac rhythm...). The example of the cobra is often
cited to illustrate this theory: the vegetative manifestation unconsciously provoked by the sight of
the reptile, not its presence, provokes the fear response. Critics of James and Langes’ theory
explain that physiologic reaction times are too slow to be the source of sudden emotions and that
the range of physiologic manifestations is too limited to portray all emotions. Cannon and Bard
formulate the opposite hypothesis. According to their theory, emotional experience is at the origin
of physiologic excitation.
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Fig. 2.10 Emotional experience of a person based on the degree of a medullary traumatism. The
higher up along the spinal chord the lesion, the weaker the emotional experience, according to [68]

These data are confirmed by functional imaging, which reveals changes in
prefrontal activity in these patients [66]. Some authors believe that this mechanism
may come into play during the treatment of depression through stimulation of the
vagus nerve.”* By modifying the autonomic return, such stimulation may reduce
the emotional component of the disease [67]. Indeed, we know that the afferences
of this nerve, which terminate in the nucleus of the solitary tract in the brainstem
before projecting toward the amygdala and insula, transmit somatic information
(Fig. 3.23, p. 163).

The Parietal Lobe

The parietal lobe including areas 3, 1, and 2, which receive somatosensory inputs
(touch, position of the muscles and joints, temperature), is located behind the

3% Cf. Vagus nerve stimulation in depression treatment p. 241.
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central sulcus. The upper portion of this lobe is also considered a heteromodal
associative cortex and plays an important role in the integration of visual, tactile,
and auditory (areas 5 and 7) information. This region is involved in spatial per-
ception and motor coordination, also called praxis, but its role in managing
emotions remains modest.

The Occipital Lobe

Located in the most posterior part of the brain, the occipital lobe contains the
sensory areas for vision. Area 17 is the primary reception center, area 18 is
devoted to perception, and area 19, the most peripheral, is devoted to interpreta-
tion. This lobe is not directly involved in emotions.

The Hypothalamic-Pituitary Axis and the Septal Area

Abstract The hypothalamus can be seen as an emotional transducer that converts
the information received from the amygdala, the insula, the orbitofrontal cortex,
and the rest of the limbic system into autonomic (quickening or slowing of heart
rate, respiratory changes, digestive changes...) and endocrine responses. The
pituitary gland, under the control of the hypothalamus, is involved in the endocrine
response including the secretion of corticotropic hormones during stress
phenomena.

The hypothalamic-pituitary axis and the neighboring septal area, both belong to
the limbic system. The hypothalamic-pituitary axis is an essential region partici-
pating in a great number of functions. In particular, it helps maintain the balance—
homeostasis of our internal environment by regulating thirst, hunger, body tem-
perature, and sleep, thus ensuring our adaptation to the outside environment. The
hypothalamus acts upon the organism through the autonomic nervous system,
which is independent as well as via hormones. It is the pituitary gland, gland under
the control of the hypothalamus, which is responsible for this humoral mediation.

The Hypothalamus

The hypothalamus is located at the base of the brain toward the front underneath
the thalamus, from which it takes its name. This small 4 cm® structure weighing
about the same number of grams is involved in many functions. The hypothalamus
lines the anterior walls of the third ventricle and contains a dozen nuclei. For the
sake of anatomical and functional clarity, we will describe this region from the
center to the periphery and from front to back (Fig. 2.11).
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Fig. 2.11 The hypothalamus. General view

From the center outwards, three zones can be distinguished: periventricular,
medial, and lateral (Figs. 2.12, 2.13, and 2.14). The periventricular zone, bordering
the ventricular walls, regulates hormonal secretion of the anterior pituitary. The
medial zone includes the supraoptic and paraventricular nuclei, which both secrete
antidiuretic hormones (ADH) and oxytocin, two peptide hormones which are sent
to the posterior pituitary to be released (Fig. 2.16, p. 73). The paraventricular
nucleus, heavily involved in controlling stress responses, contributes to the
secretion of corticotropin-releasing hormone (CRH) and regulation of the sym-
pathetic system. This nucleus receives information from the amygdala, hippo-
campus, prefrontal cortex, and the locus coeruleus.”” The paraventricular nucleus
is therefore an essential relay in the integration of neuroendocrine and autonomic
responses to stress. Secretion of CRH, as well as DHA, stimulates synthesis of
adrenocorticotropic hormone (ACTH). Stimulation of these neurons during stress
causes the release of ACTH, which causes the release of glucocorticoids from the
adrenal glands. Glucocorticoids increase the rate at which carbohydrates and
proteins are metabolized (Fig. 2.15, p. 73). These various physiological reactions
in response to stress are intended to induce the famous “fight or flight” behavior
meant to help the organism deal with the stressful stimuli. This can result in
aggressive behavior, fear, or even passivity, and may inhibit appetite and repro-
ductive behavior, through disruption of the menstrual cycle and libido. The medial

35 Activation of the locus coeruleus induces the release of norepinephrine in the brain, provoking
an increase in attention, memory performances but also anxiety. The “facilitator” effect that
norepinephrine has on the hippocampus encourages the remembering of a menacing event’s
context.
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&

zone is also the location of the dorsomedial and ventromedial nuclei both of which
are responsible for behaviors relating to hunger and thirst as the ventromedial
nuclei’® are implicated in sensations of satiety. Surgical lesioning of this structure
leads to increased appetite followed by obesity. The opposite occurs following
electrical activation of the core: reduction in food intake and body weight and
activation of lipolysis [68]. Finally, the lateral zone, under the control of the cortex
and amygdala, is also involved in feeding behavior, but its action is opposed to that
of the ventromedial nucleus since it promotes consumption. Following lesions in
the lateral zone, weight loss [69] and even cachexia have been observed [70-72].
In contrast, electrical stimulation of these areas increases food intake, body weight,
and lipogenesis [73]. In 1974, the Dane Quaade, was the first to propose thermal
lesioning of the lateral hypothalamus for the treatment of patients with morbid
obesity.”” A lateral hypothalamotomy was performed in five patients weighing
between 118 and 180 kg. The Copenhagen-based endocrinologist reported a
decrease in transit, appetite, and weight in these patients [74]. Some authors
believe that the weight gain often observed in patients undergoing stimulation of
the subthalamic nucleus may be due to the proximity of this structure to the lateral

3¢ n the ventromedial nucleus this is controlled by a hormone secreted by the leptin, the white
adipose tissue (from the greek Aemtdc, leptos, “thin”) sometimes called the “hunger hormone.”

5T Cf. p. 374.
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Fig. 2.13 Anterior hypothalamus (Section A)

hypothalamus [75-77]. Current research protocols™® seek to evaluate the effec-
tiveness of neuromodulation by electrode of the lateral hypothalamus in patients
with morbid obesity (IMC > 40 kg/m?) linked to hyperphagia [78].

To this center-outward segmentation is added a front to back subdivision. The
anterior region (Fig. 2.13), located above the optic chiasma, comprises the sup-
rachiasmatic nucleus which along with the pineal gland, helps synchronize the
circadian clock to the light—dark cycle. The preoptic nucleus which is involved in
thermal regulation and endocrine regulation of sexual behavior. Electrical stimu-
lation of the preoptic nucleus reproduces all the signs of parasympathetic activity.>

The posterior region includes the aptly named posterior hypothalamus along
with the mammillary bodies which are involved in memorization via the Papez
circuit® (Fig. 2.14). Given that aggressive behavior results, among other things, in
sympathetic manifestations, the neurosurgeon K. Sano proposed in the 1970s to
treat patients suffering from hyper-aggressiveness with lesions of the posterior
hypothalamus®' (Fig. 2.15).

38 Cf. p. 375.

3 Its activation leads to a general slowing of the organism’s functions to preserve energy. All
that was augmented, dilated, or accelerated by the sympathetic system is now decreased,
contracted, and slowed. Only the digestive function and the sexual appetite are favored by the
parasympathetic system. The latter is associated with a neurotransmitter, acetylcholine.

80 Cf. Papez circuit (Fig. 2.24, p. 85).

! Cf. section on aggressive behavior disorders p. 352.
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At first, the Tokyo-based surgeon conducted electrical stimulation of the hypo-
thalamus in patients who, for the most part, had brain damage and mental retar-
dation. After demarcating this ergotropic®® region, a lesion was made bilaterally
using thermocoagulation. This posterior hypothalamotomy, procedure which he
performed on 51 patients led to improvement in 95 % of patients after at least 2 years
[79, 80]. Weight gain was probably due to the procedure’s impact on the neigh-
boring ventromedial nuclei. More recently, a Paris team led by Agid observed
unexpected outbursts of aggression during deep brain stimulation of a patient with
Parkinson’s [81]. Imaging revealed that the electrodes were not located exactly at
the level of the subthalamic nuclei, as the procedure calls for, but in the posterior
part of the hypothalamus. In Milan, Franzini and Broggi, have since 2000 been
successfully targeting this region for the treatment of patients presenting severe
aggressive behavior stemming from brain damage (perinatal toxoplasmosis, head
injury, cerebral anoxia...) [51]. This structure has also been targeted for the treat-
ment of cluster headaches, excruciatingly severe headaches. Functional imaging
studies have revealed that in such patients this region, especially its lower portion, is

%2 An “ergotropic” region is a zone controlled by the sympathetic system. Here describing a
triangular area of the hypothalamus centered around the “CA-CP” axis connecting the anterior
and posterior commissures (Fig. 3.2, p. 109), the top of Sylvius aqueduct and the anterior area of
the mammillary bodies (Fig. 2.11, p. 68), this region is also known as “the triangle of Sano.”
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hyperactive [82]. Curiously though, this hyperactivity is not associated with
increased aggressive behavior. Brain stimulation of the posterior hypothalamus is
currently being evaluated for use in the treatment of untreatable cluster headaches,
which can be so intense as to drive affected people to suicide [51, 83]. The posterior
region of the hypothalamus, as we have seen, also contains an extension of the
mammillary bodies, the fornix. Research protocols are underway to assess whether
stimulation of these bundles improve memory performance. Research began fol-
lowing an unexpected clinical response during a session of deep brain stimulation.
In 2008, Lozano and his team in Toronto stimulated the ventromedial nucleus of the
hypothalamus of a conscious patient with morbid obesity. The purpose of the
procedure was to determine if the patient felt decreased appetite during high-fre-
quency stimulation of one or more of the different parts of the ventromedial nucleus.
Instead of the sought-after response, during the procedure the patient keenly recalled
a scene in a park with his friends which had occurred 30 years prior. Neuropsy-
chological tests showed significant improvement in biographical memory after each
stimulation [61]. Imaging showed that the electrodes were in fact located closer to
the fornix than to the ventromedial nuclei. This serendipitous discovery led the
Canadian team to explore the approach in the treatment of Alzheimer’s patients.
Clinical studies®® have been initiated in the hope that stimulation of the fornix can
halt memory loss associated with this disease [62].

The Pituitary Gland

Protruding off the bottom of the hypothalamus, the pituitary gland rests in a small
bone cavity and consists of an anterior and posterior portion: the anterior pituitary
(also called adenohypophysis) and posterior pituitary. The adenohypophysis is
regulated by neurons in the hypothalamus and secretes releasing factors which act
on the glands of the body. Thus, luteinizing hormone(LH) and follicle-stimulating
hormone (FSH) stimulate release of sex hormones (progesterone, testosterone).
Thyrotropin-releasing hormone stimulates the thyroid gland while prolactin con-
tributes alongside oxytocin to lactation. The adrenocorticotropic hormone®* is a
releasing factor for hormones secreted by the adrenal gland. Produced especially
during stressful situations, is a releasing factor for hormones secreted by the adrenal
gland. Produced especially during stressful situations, prepares the individual to
respond to environmental stresses (Fig. 2.15). However, sustained release can have
deleterious effects on the hippocampus by causing atrophy and impairing declar-
ative memory®® as, for example, in cases of sustained stress [77] or Cushing’s
syndrome, characterized by abnormally high levels of cortisol in the blood [85, 86].

Two hormones synthesized in the hypothalamus are discharged in the posterior
pituitary (Fig. 2.16): the antidiuretic hormone, which prevents leakage of water

63 See, p. 200, phenomena of plasticity and neurogenesis related to stimulation.
54 Cf. p. 113.
5 Cf. definition p. 135.
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from the kidney, and oxytocin. This hormone which participates in lactation may
also be involved in shaping the mother—child bond, social phenomena, some
instances of solidarity, altruism, and trust in others [87]. Intranasal administration
of oxytocin could also improve the social behavior of patients with autism or
Asperger syndrome [88]. Oxytocin nasal sprays may also be effective against the
symptoms of schizophrenia when associated with an antipsychotic treatment [89].

The Septal Area

The septal area is located above the anterior commissure, in front of the thalamus,
behind the beak of the corpus callosum, and below the septum pellucidum,’® from
which it derives its name. Its exact contour remains open to discussion. Some
authors include neighboring lateral structures, such as the nucleus accumbens, or
medial structures such as the subgenual cortex (area 25), or even the bed nucleus of
the stria terminalis (BNST). The septal nuclei themselves can be divided into two
groups: a medial group and a lateral group. Medial nuclei have reciprocal con-
nections to the hippocampus—via the fornix—and receive information from the
lateral nuclei. The septal nuclei are reciprocally connected to the lateral hypo-
thalamus and receive information from the cingulate cortex. They have projections
to the lateral habenula headed for the ventral tegmental area (VTA)—via the
median forebrain bundle (MFB) (Fig. 2.30, p. 93) and the periaqueductal gray
matter. This last region is responsible for feelings of well-being or analgesia®’
through the release of endorphins, natural opioids, while the lateral habenula
influences the release of dopamine, serotonin and norepinephrine.®® If we include
within the septal area the BNST, the many connections mentioned above, and
connections rooted in the amygdala, we see that this region is a strategic node in
the modulation of emotions, particularly those associated with positive rein-
forcement. This region therefore quickly became the focus of research into deep
brain stimulation. In 1954, Olds and Milner of McGill University in Montreal,
conducted electrical stimulation of this area in rats [90]. The neurophysiologists
observed that it caused the animal subject intense pleasure. Such pleasure, in fact,
that given the opportunity to stimulate itself, the animal would neglect all other
activities to the point of jeopardizing its survival. At the same time, the American
Heath announced that a schizophrenic patient with intractable pain caused by a
metastatic cancer was soothed by temporary electrical stimulation of this same
region [91, 92]. Similar success was subsequently achieved in nonpsychotic
patients with chronic pain [93] and since then, stimulation of the septal area has

% The septum pellucidum is a membrane separating the anterior horns from the lateral
ventricles.

7 The septal nuclei were also targeted for intractable pain treatment.

8 The lateral habenula, which projects to all three neuromediator circuits, slowing them down, is
one of the anatomical targets explored. It will be discussed (p. 226) in the section about chronic
depression treatments using deep brain stimulation.
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Table 2.1 Studies have described the effects of stimulation of the septal area in humans

Country, year Number of patients Clinical effect, (stimulation parameters)

United States, 1960 [98] 52 Feeling of well-being and wanting to
continue the stimulation, (50 Hz, 1 ms)

The Netherlands [99] 6 More gay and more alert (1), (2-5 kHz,
0.02-0.06 ms, <12 V)

United States, 1972 [100] 1 Important sexual pleasure

Switzerland, 1985 [95] 10 Feeling of well-being (1 ms)

been offered to a very limited number of patients with intractable neuropathic pain
[94] with encouraging results. Stimulation of the PAG could explain this efficacy
[94, 95]. Heath and his team in New Orleans continued their “exploration” of this
region, primarily in schizophrenic patients, and observed that sensations very
similar to an orgasm could be elicited through stimulation [96]. The principal
studies on stimulation of this area are summarized in Table 2.1 [97].

The Thalamus and the Basal Ganglia

Abstract The thalamus is a key center in the integration of sensory, motor, cog-
nitive, and emotional information. Three of its nuclei—the anterior, medial dorsal,
and ventral anterior nuclei—as well as a structure located at it base, the subthalamic
nucleus, are implicated in emotions. The basal ganglia include an internal and
external segment of the globus pallidus and the striatum, whose ventral region is
involved in cognitive functions. Located at the base of the striatum, the nucleus
accumbens is involved in the reward circuit. These different structures are inte-
grated alongside the frontal cortex within circuits: the cortico-striato-thalamo-
cortical loops that regulate our motor skill, cognition, and emotions.

The Thalamus

The thalamus (Greek: 0dAopoc thalamos, inner chamber69) is a symmetrical
structure located on each side of the brain forming the walls of the third ventricle
(Fig. 2.17). Situated between the cortex and the brainstem, this set of nuclei relays
and integrates motor, sensory, and sense information—with the exception of
smell—and thus has many reciprocal connections to the cortex. We will limit our
discussion to the structures involved in emotional: the anterior, ventral anterior,
and medial dorsal nuclei.

& According to the first anatomists, the visual pathways seemed spread over this “bed,” the
“thalamus nervorum opticorum.”
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The Anterior Nucleus

The anterior nucleus receives information from the hippocampus via the mam-
millary bodies’® which, once integrated, is sent to the cingulate cortex. It is part of
the Papez circuit involved in memory’' (Fig. 2.24, p. 85). This nucleus is currently
being targeted in DBS research into the treatment of intractable forms of epilepsy
[101-103].

The Ventral Anterior Nucleus

Afferents of the ventral anterior nucleus emanate mainly from the internal globus
pallidus (GPi), while its efferent fibers project toward the dorsolateral and
orbitofrontal cortex. This nucleus is involved in an associative cortico-striato-
thalamo-cortical (CSCT) loop devoted to cognitive processes (Fig. 2.27, p. 89)
[109].

7 Two nuclei of the hypothalamus cf. p. 118.
7! Cf. the anatomical description of this circuit p. 133.
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The Dorsomedial Nucleus

The dorsal medial nucleus receives inputs from the hypothalamus, amygdala,
olfactory cortex internal globus pallidus, and the neighboring thalamic nuclei.
Once integrated, the information is projected onto the entire prefrontal cortex, and,
in particular, the anterior cingulate cortex. This nucleus participates in the CSTC
loop (also called “limbic” loop) involved in emotions (Fig. 2.28, p. 91) [104].

The Associative Thalamocortical Connections

These three thalamic nuclei are reciprocally connected to the prefrontal cortex by
several thalamocortical tracts that run between the caudate nucleus and the
putamen. This band of white matter forms the anterior part of the internal capsule
and constitutes its anterior limb. The posterior limb of the internal capsule is
composed of a bundle of axons—the pyramidal tract—which originates in the
motor center and controls movement on the opposite half of the body (Fig. 2.18).

Within the anterior limb of the internal capsule (ALIC), two thalamocortical
tracts are of interest to us: the so-called associative tract connecting the orbito-
frontal and dorsolateral cortices to the ventral anterior and medial dorsal nuclei of
the thalamus, and the limbic tract connecting the orbitofrontal and cingulate cortices
to the dorsal medial nucleus [105]. These two bundles interest us because they are
the targets of two psychosurgical procedures of the ALIC: the anterior capsulot-
omy’? which creates lesions in these bundles (Fig. 3.6, p. 114). DBS, which blocks
their operation through the application of an electrical current (Fig. 2.19).

Putamen Mediodorsal nucleus

Anterior limb of the
internal capsule

Head of the caudate
Thalamus

Fig. 2.18 Thalamocortical radiations projecting through the anterior limb of the internal capsule
to the prefrontal cortex. According to [112]

72 Cf. the historical p- 51, the thermocoagulation p. 167 or radiosurgery surgical technique
p. 188, its results in obsessive—compulsive disorder p. 284 or in depression p. 326.
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The Subthalamic Nucleus

This paired nucleus (found on each side of the brain) in the shape of elongated lens
of about 150 mm? is situated, as its name suggests, on the ventral side of the
thalamus. It was discovered by the French neurologist JB. Luys and used to be
known as the corpus Luys (Fig. 2.20).

The subthalamic nucleus (STN) contains glutamatergic excitatory neurons
receiving afferences from the prefrontal cortex, substantia nigra and external
globus pallidus. It projects, in turn, primarily onto the internal globus pallidus and
thalamus. Involved in various CSTC loops,73 the STN modulates motor, cognitive,
and emotional responses. These three functions correspond to three anatomical
areas. The area tasked with emotions, called the limbic area, is situated toward the
rear. The cognitive areas occupies the lateral portion of the nucleus [106]. The
motor area is the main target for deep brain stimulation used in the treatment of
Parkinson’s disease and is being evaluated for the treatment of OCD, as discussed
in later section.”* Uncertainty remains as to the exact emotional and cognitive
functions of this structure. Nonetheless, some of the undesirable side effects of
high frequency electrical stimulation, which is considered to inhibit this structure,
may shed some light on the possible role of this nucleus. At the cognitive level,

73 Cf. p. 139.
7+ Cf. p. 292.
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DBS of the nucleus can result in decreased verbal memory and fluency [107-116],
executive functions [111, 112, 117-120], and attention [121, 122]. In terms of its
effects on mood, symptoms can range from mania [115, 123-125], depression
[111, 114, 125-139] or even suicide [119, 132, 140] as well as personality dis-
orders [107, 133], increased anxiety [111, 113] and hypersexuality [119, 125, 141—
145]. These diverse and sometimes contradictory effects are evidence, on the one
hand, of the complexity of the STN, and on the other, of the still poorly understood
mechanisms of high frequency stimulation. One may also wonder whether the
clinical effects obtained are brought on by the combination of the activation of the
fibers surrounding the nucleus and the inactivation of the neurons it contains. The
exact position of the electrode within the structure and the electrical parameters
also plays a key role.””

The Striatum and the Pallidum

The striatum is a striated (hence, its name) paired nerve structure composed of two
interconnected dopaminergic entities of identical embryological origin: the cau-
date nucleus and the putamen. The caudate nucleus, shaped like a horseshoe,
wraps around the thalamus (Figs. 2.21, 2.22).

It has a bulbous frontend and elongated body tapering off just behind the
amygdala. The head of the nucleus is connected to the putamen by “putamino-
caudate,” bridges crossing the internal capsule, including the ALIC. The putamen
resembles a pyramid and its interior portion faces the pallidum. The pallidum, also

75 Cf. Mysteries of DBS p. 198.
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called globus pallidus, consists of two segments, the external globus pallidus
(GPe) and the internal globus pallidus. The motor sector of the GPi includes the
lateral, ventral, and posterior portions. The limbic sector follows the anterior
ventral-medial axis, and the remaining area is the associative sector. The putamen
and pallidum form an anatomic entity: the lenticular nucleus.

The striatum is divided into an upper, dorsal part, and a lower, ventral part. The
dorsal striatum is involved in motor control and cognition. Its role appears crucial
to routine habits [146, 147]. The ventral striatum, however, takes part in the
regulation of emotions and behaviors, especially the initiation and execution of
behaviors involving the notion of reward [21]. In front and at the base of the
ventral striatum where the putamen and the head of the caudate nucleus meet is
located a critical structure, the nucleus accumbens (Fig. 3.3, p. 110).

The striatum is divided into an upper, dorsal part, and a lower, ventral part. The
dorsal striatum is involved in motor control and cognition. Its role appears crucial
to routine habits [154, 155]. The ventral striatum, however, takes part in the
regulation of emotions and behaviors, especially the initiation and execution of


http://dx.doi.org/10.1007/978-3-319-01144-8_3

The Organs of Emotion 81

behaviors involving the notion of reward [21]. At the bottom and in front of this
ventral striatum there is a key structure: the nucleus accumbens, which corre-
sponds to the fusion between the putamen and the caudate nucleus.

The Nucleus Accumbens

Abstract Situated at the base of the ventral striatum, the nucleus accumbens
consists of a “core,” involved in motor control, and a “shell” connected to the
amygdala and the rest of the limbic system. Functioning as a relay within the
CSTC loop, this nucleus helps regulate emotions and motivation, and as such, it is
considered the interface between desire and action.

Because of its importance in psychosurgery, the nucleus accumbens, situated at the
base of the ventral striatum merits particular attention. It is the interface between
two fundamental circuits in the regulation of emotions and behavior: the CSTC
loops and the reward circuit.”® For histological reasons, the nucleus accumbens is
composed of a “core,” and a “shell” [112].

The shell is where the ends of the mesolimbic dopamine77 releasing neurons
come together. Dopamine, the crucial fuel of the reward circuit, is inseparable
from the motivational processes of the limbic system. The core of the nucleus is
connected to the extrapyramidal motor system responsible for regulating move-
ment via the CSTC motor loop. This core can be likened to a strategic gate
between the limbic and extrapyramidal systems, an “interface between motivation
and action” [148]. It is possible that overactivity in one of these CSTC loops
causes OCD. French and German teams have therefore suggested modulating this
system through implantation of stimulation electrodes in the nucleus accumbens’®
[149-151]. The nucleus accumbens also receives excitatory afferents”’ (Fig. 2.23)
from the amygdala [152], hippocampus [152-155], thalamus [156, 157] and
orbitofrontal cortex [158]. It is believed that the nucleus accumbens integrates
environmental information via the hippocampus, information on the emotional
context via the amygdala and cognitive data through its connections to the pre-
frontal cortex. It draws on this information to contribute to the selection of an
appropriate behavioral response to a given situation. Its function would appear
crucial in motivational behavior—sex, addiction, or stress related. As such, it
seems to play an important role in adapting behavior and the learning process
[159]. The accumbens nucleus in turn, projects to the ventral pallidum through

76 Cf. p. 146.
77 Ibid.
78 Cf. p.291.

These excitative afferents are mediated by glutamate, a neurotransmitter that stimulates the
central nervous system (CNS).
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inhibitory efferents® [160-162] and to the ventral segmental area (VTA) and
substantia nigra. The latter two structures are the primary dopamine producing
areas [163, 164]. The shell also has efferents to the lateral portion of the hypo-
thalamus [165]. In 1954, a study showed that rats with a stimulating electrode,
which they were able to activate themselves, implanted in the VTA resorted to
endless sessions of autostimulation, even to the point of compromising their food-
intake and starving themselves to death [90]. Similar effects were subsequently
obtained when the electrodes were implanted in the nucleus accumbens [166]. The
animal subject would stimulate itself up to 20 times a minute [167-169]. The
administration of morphine [170, 171], however, reduced the amount of autosti-
mulation. It was later shown that all drugs increase the concentration of neuro-
transmitter in the shell of the nucleus accumbens [172, 173] which explains why
an influx of dopamine decreased the frequency of autostimulation. Similarly, when
weaning off an addictive substance, there is a steep reduction in the release of
dopamine in the shell [174]. When a male rat is placed in the presence of a female
rat in heat the level of dopamine in the shell increases, and if he is able to engage
in the reproductive act, it skyrockets. In humans, functional imaging shows
activity of the nucleus accumbens when pleasant or erotic scenes are being viewed
[175, 176]. This has led some authors to call this nucleus the “pleasure center.”
This hedonistic®" attribute has encouraged teams to successfully target this nucleus

80 These inhibitory afferents are mediated by GABA (gamma-aminobutyric acid) a neurotrans-
mitter that inhibits the CNS.

81 Hedonism comes from the Greek word ndovf), which means pleasure. It is a doctrine that has
as moral principle the search for pleasure and the avoidance of pain.



The Organs of Emotion 83

with deep brain stimulation in order to treat intractable depression82 [177, 178].
Given that one of the major symptoms of depression is anhedonia,

German researchers have suggested that neuromodulation by stimulation of the
nucleus could likely reduce the symptoms resulting from loss of pleasure [179].
From 1970 to 1976, another German team performing subcaudate tractotomies®>
on patients with severe OCD noticed during follow-up that 8 of the 16 patients had
developed a severe addiction. In 1998, MRI scans showed that the lesions were in
fact located in the ventral striatum and that in six of the patients they were located
in the nucleus accumbens [180]. Based on these findings, animal testing and
functional imaging data, this nucleus is currently being studied as a target for
treatment of certain addictions using deep brain stimulation® (Table 4.13, p. 246)
[181-185]. It should be noted procedures involving ablation of the nucleus ac-
cumbens, though ethically questionable, are also offered to patients addicted to
opiates [186].

Emotion and Its Circuits

Abstract Several tightly interconnected neural circuits are involved in emotions.
The Papez circuit, which includes the hippocampus, thalamus, and mammillary
bodies, is involved in memory. Two other loops connecting the prefrontal cortex to
the striatum and thalamus and returning to the cortex also carry cognitive and
emotional information. This last loop, the emotional loop, is connected through the
nucleus accumbens with the dopamine pathway involved in reward-based moti-
vational processes. Other more diffuse circuits of neurotransmitters—serotonin
and norepinephrine—are also involved in the regulation of mood.

A Brief History: The Papez Circuit

In 1937, James Papez theorized a possible circuit to account for emotion [5]. Based
on research by Bard, who highlighted the role of the posterior hypothalamus in
behavior characteristic of fury through experiments on decerebrated cats [187],
Papez suggested that the hippocampus is also involved in emotion. It was known at
the time that the hippocampus underwent histological changes in patients with
rabies, known for their excessive emotional manifestations characterized notably
by bouts of terror. In his original article, the neuroanatomist wrote that all

8 Cf. p. 291.
83 Subcaudate Tractotomy cf. p. 180.
8 Cf. p. 193.
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information from our senses is directed to the thalamus. There, the information is
split into two streams: one for “thought” and the other for “feeling.” The first
stream heads for the sensory and cingulate cortices to transform sensation into
conscious perception (sensory cortex) and thought (cingulate cortex). According to
Papez, the cingulate cortex, depending on the emotional charge of the thought,
then sends it toward the hippocampus and from there via the fornix, to the
mammillary bodies of the hypothalamus. At this stage, the emotional experience is
converted into a physical expression. The second stream heads directly to the
mammillary body to convert some of the sensations into physical manifestations.
This stream also influences the cingulate cortex which it reaches via the anterior
nucleus of the thalamus. Drawing on the theory of Cannon-Bard®® the American
neuroanatomist hypothesized that emotional experience born in the cingulate
cortex precedes emotional expression from the hypothalamus. Papez’s theory,
however, does not completely preclude James-Langes theory since information
from the hypothalamus, i.e., emotional experience, also reaches the cingulate
cortex. Ultimately, by describing this hippocampo-mammilla-thalamo-cortical
circuit Papez primarily gave his name to a circuit involved in memory (Fig. 2.24).
Clinical observation later confirmed the importance of the hippocampus in
memory tasks. In 1954, the neurosurgeon W. Scoville performed a bilateral
removal of the hippocampi in order to treat an epileptic patient who thereafter
became unable to retain any information [188]. This case along with observations
of animals showed that a bilateral lesion of one or more parts of the hippocampo-
mammilla-thalamo-cortical circuit causes anterograde amnesia. All information
from the cortex is funneled through the entorhinal cortex, the “gateway” to the
hippocampus. From there, information reaches the mammillary bodies via the
fornix and is then redirected to the anterior nucleus of the thalamus through the
mamilla—thalamic tract.*® The thalamus then projects to the cingulate cortex. In
turn, the cingulate gyrus returns part of the data to the entorhinal cortex completing
the circuit. The cortex is thus the primary input for information, and the Papez
circuit projects back to the same cortex through successive iterations, which allow
declarative memory®’ to be encoded. The connections between this circuit and the
hypothalamus and amygdala explain the strong ties binding memory to emotion.
Voltaire wrote, that which touches the heart is engraved in the memory. The reader

85 Affective reaction—joy, disgust, enthusiasm, fear, anxiety and others—is a feeling qualified
as “emotional experience,” and according to Cannon and Bard it also provokes an “emotional
expression” that manifests through neurovegetative signs, which become quantifiable. This
causality is not unambiguous. As we know from experiments with certain relaxation techniques
or meditation, it is possible to reduce the “emotional experience” by attenuating this “emotional
expression.” See the theory of James and Langes p. 84.

86 Also known as the Vicq d” Azyr bundle, after the French physician that described it, Félix Vicq
d’Azyr, Queen Marie-Antoinette’s personal physician.

87 Cf. its description p. 103.
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will recall precisely where she was on 11 September 2001 when the World Trade
Center towers collapsed. The emotional nature of the event led to a “snapshot”,
which under normal circumstances would quickly be forgotten, being etched into
memory [189, 190]. Thus stress resulting from certain events increases the release
of norepinephrine and dopamine by the amygdala, which regulates the areas where
these neurotransmitters are synthesized. Norepinephrine in turn activates the
amygdala [51] with has specific receptors for this neurotransmitter. The amygdala
then acts on the hippocampus, making it ready to place the event within the
situational context and to assess whether the conditions for long-term memory
creation are met or if the emotion-generating event can be forgotten [191].
Dopamine, meanwhile, appears to be more involved in long-term memory. VTA is
the source of dopamine [192]. The signal causes increased release of dopamine.
This influx of dopamine to the hippocampus improves the transmission of nerve
impulses within the structure. Hence, efficacy and therefore memory is enhanced.
Conversely, prolonged anxiety or stress negatively impacts declarative memory
performance [193]. This memory impairment is related to the effect of gluco-
corticoids, hormones secreted during stress, on the hippocampus. Atrophy of the
hippocampus can be observed after situations of long-term stress [84, 194] or
because of excessive cortisol levels [85, 86]. In cases of extreme stress this can
lead to complete loss of memory of the anxiety-causing event. In contrast, the
amygdala, which is not affected by the action of these hormones, continues to set
these events down in unconscious form as conditioned fear [195]. According to
neuroscientist Marc Jeannerod, this phenomenon accounts for, “reactions such as
phobias, war neurosis,*® panic attacks [which] may well find an explanation in this
dissociation between amnesia of the circumstances surrounding the trauma and
the persistent presence of conditioned fear [196].

88 Cf. Post-traumatic stress disorder p. 384.
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In 1949, Paul MacLean offered a different mechanism for the neuroanatomy of
emotions based not only on the Papez circuit but also on Darwinian evolution
[197]. He saw the human brain as a stack of three brains (Fig. 2.25) [6].
According to MacLeans, this triune structure is the result of three concentric
anatomical systems having been sequentially brought together in the course of
evolution. A reptilian brain, composed of the basal ganglia and brainstem, controls
functions such as arousal, eating, and reproduction. This primitive structure is
overlaid by a visceral or paleomammalian brain later named the limbic brain [198].
Indeed, he considered that the great limbic lobe, described by Broca in 1878 [4],
winds around the reptilian brain forming a limbic brain. In addition to the great
limbic lobe of Broca® he also included the structures added by Papez, the thalamus
and hypothalamus, as well as the prefrontal cortex and amygdala. The American
scientist emphasized the close connections between the amygdala and the Papez
circuit. The amygdala filters the information passing through the Papez circuit and
is, as the psychiatrist Jouvent describes the true watchman of the internal and
external environment [...] giving negative emotional valence, dangerous, or
positive, favorable. [The Amygdala] receives information from converging sensory
inputs (lateral nuclei). The sensory thalamus is its privileged partner [199]. The
connections between the amygdala (central nuclei) and the hypothalamus are

89 The French neurologist associated this great limbic lobe with bestial behavior, opposing it to
the intellectual faculties generated in the rest of the cortex.
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responsible both for hormonal reactions, such as the release of glucocorticoid
hormones, as well as autonomic responses which can involve the sympathetic or
parasympathetic systems. Ultimately, MacLean attributed three functions to the
limbic brain: self-preservation, inherent to the amygdalar region, the preservation
of the species, i.e., sexuality, based in the septal region,, and finally inter-personal
relationships, located within the thalamocingulate complex. According to the Yale
researcher, this better evolved structure allows mammals to overcome stereotypical
behaviors dictated by their reptilian brain by adding social skills, affective skills
like emotions, and motivation. These two ancestral brains supposedly form the
horse. The rest of the cortex, called neocortex, is the rider atop the horse. In other
words, the neocortex represents rational intelligence which seeks to be free from
emotions.”” MacLean’s anatomical model of emotion is often cited even though it
has been much criticized. For example, it exaggerates the importance of the hip-
pocampus, the mammillary bodies and the anterior thalamus, and underestimates
the role of the basal ganglia in emotional processes [189].

The Cortico-Striato-Thalamo-Cortical Loops

MacLean’s model leaves little room for the basal ganglia in the regulation of
emotions. However, research by Alexander [104] has led to greater awareness of
the fundamental role these nuclei have on how we function, especially emotion-
ally. The model suggested by the Baltimore neurologist enables a clearer under-
standing of the involvement of the basal ganglia in our motor, cognitive, and
emotional processes and their intricacies. Alexander has described a system
composed of five parallel circuits involving the basal ganglia, the thalamus, and
the frontal cortex. These five cortico-striato-thalamo-cortical loops (CSCT) con-
nect the cortical areas to areas in the striatum and pallidum which in turn project
back to the cortical areas via the thalamic nuclei. Of these loops, the best known is
the one involved in sensorimotor functions. For this reason, it is interesting and
informative to examine this loop in more detail. The limbic and cognitive loops of
more direct relevance to the subject at hand, function very similarly.

The Motor Loop Circuit as an Example

This motor circuit (Fig. 2.26) involves the frontal motor cortex’! (areas 4 and 6)
and the parietal somatosensory cortex.”” Both project to the dorsal striatum, or

% Read the excellent work by R. Jouvent (2009), Le cerveau magicien (The brain as magician)
Qdile Jacob, Paris.

°l Cf. p. 90.
%2 Cf. p. 110.
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Fig. 2.26 The motor cortico-striato-thalamo-cortical loop (CSTC)

more precisely the putamen and have an excitatory effect through the action of
glutamate, an excitatory neurotransmitter. The striatum then projects to the ventral
part of the internal globus pallidus (GPi) and the substantia nigra (SN) slowing
them both through the inhibitory action of GABA.

The GPi and SN then project to the motor nuclei of the thalamus, which they
inhibit through the action of GABA. The thalamus in turn stimulates the cortex
through the release of glutamate thus completing the loop. Within this circuit there
are two separate pathways along which signals may travel. These two routes rely
on different neurotransmitters in the striatum, solicit different structures, and have
opposite effects. The first is the direct route, in which striatal neurons which
synthesize GABA and substance P project an inhibitory input to the GPi and SN.
The second is the indirect route, in which striatal neurons which synthesize GABA
and enkephalin instead of substance P project an inhibitory input to the external
globus pallidus (GPe). The GPe in turn projects an inhibitory input to the dorso-
lateral part of the subthalamic nucleus’ (STN), which then projects onto the GPi
and SN using glutamate. In the second scenario the GPi and SN receive an
excitatory input. Activation of the direct route causes a decrease in the activity of
the output nuclei (GPi and substantia nigra) leading to a disinhibition of the
activity of the thalamus and thus release of glutamatergic excitatory impulses to

3 Cf. anatomy p.126.
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the cortex, which encourages movement. The direct pathway can be likened to the
accelerator pedal in a car. In contrast, activation of the indirect pathway brake
pedal. Which pathway is activated depends on the presence of dopamine, in the
striatum: dopamine released by the substantia nigra activates the direct route and
inhibits the indirect route. The associative and limbic circuits discussed below
function according to the same model.

The Associative CSTC Loop

The associative circuit begins in the lateral and dorsolateral®* orbitofrontal cortices
and connects to the striatum near the head of the caudate nucleus and anteromedial
portion of the putamen (Fig. 2.27) [8].

It then passes through the GPi and SN, before entering the thalamus through the
inferior thalamic peduncle and reaching the ventral anterior’> and nuclei, which
link back to the prefrontal cortex [200]. This pathway corresponds to the direct
route mentioned above. In the indirect pathway, the GPe and ventromedial portion
of the STN are interposed between the striatum and the GPi. In terms of cognition,
the associative loop seems to be implicated in working memory, spatial orienta-
tion, as well as executive functions relating to attention and preparation or initi-
ation of actions. This circuit also intervenes at the emotional level by enabling
empathy and appropriate responses during social interactions [200]. Decreased
levels of dopamine within this circuit may cause the cognitive slowing and apathy
observed in patients with Parkinson’s disease [201]. In contrast, increased dopa-
mine levels causes cognitive impulsiveness, tachypsychia, and novelty seeking.
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Fig. 2.27 The associative cortico-striato-thalamo-cortical (CSTC) loop. According to [209]

% Cf. p. 93.
% Cf. p. 124.
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Psychomotor retardation (Fig. 4.4, p. 216) observed in cases of severe depression
is probably related to dysfunction of this circuit [202, 203]. The struggle to push
away negative thoughts or to ignore pain could also be related [202-206].
A targeted lesion within these structures, particularly in the orbitofrontal cortex,
is likely to lead to personality changes such as impulsiveness, emotional lability,
or a lack of “tact” when dealing with others [207, 208]. When instead the lesion
is located in the dorsolateral cortex, the patient may exhibit perseveration,
impaired planning for and adaption to new tasks, or difficulty blocking out external
stimuli [207, 208].

The Limbic CSTC Loop

The limbic circuit begins in the anterior portion of the cingulum®® (areas 24) and
orbitofrontal cortex [8] and projects to the limbic (i.e., ventral) area of the striatum.
This area comprises the ventral regions of the caudate nucleus and putamen and
the nucleus accumbens (Fig. 2.28).97

The ventral striatum also has afferent connections from the amygdala®®, the
hippocampus”, and the entorhinal cortex.'® Its efferent connections project onto
the ventral globus pallidus which acts as a relay within the dorsomedial nucleus of
the thalamus.'®" The limbic circuit also contains an indirect pathway in which the
GPe and the rostral part of the STN intervene between the ventral striatum and the
GPi. This loop circuit is involved in motivational aspects of behavior. In Par-
kinson’s patients, low levels of dopamine in the limbic loop—as in the associative
loop—causes cognitive slowing and apathy [201]. Extensive bilateral lesioning of
the cingulate cortex'’ can lead to varying degrees of diminished motivation
including apathy, aboulia, and mutism. In certain instances, verbal expression is
limited to monosyllabic responses and the face no longer conveys any emotion,
even in response to pain [207-209]. In fact, pain is no longer perceived as suf-
fering. The different loops presented here almost always act in concert and share
the same structures and neurotransmitters [200]. Their interrelatedness can be
illustrated as follows: if you fancy a lemonade, this implies motivation (limbic
loop); planning to reach the bottle (cognitive loop); and motor behavior to pour the
lemonade into a glass and drink (motor loop). The STN, which is involved in
all three loops, seems to play a key role in interfacing cognitive manifestations,

% Cf. p. 95.
o7 Cf. p. 129.
% Cf. p. 98.
% Cf. p. 103.

100" The entorhinal cortex (areas 28 and 34) is located in the internal part of the temporal lobe, it is
an area of convergence for information proceeding from the associative cortex to the hippocampus.

101 ¢f. p. 123.
102 ¢f. p. 95.
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limbic manifestations, and motor behavior. The same is true of the nucleus
accumbens,'® which is also an important interface between desire and action. The
subthalamic nucleus (STN) may also, according to a French team led by B.
Bioulac, serve a more complex function as the central clock of the central basal
ganglia synchronizing the oscillatory activity of these nuclei with the activity in
the cortex [210, 211]. These oscillations are essential to brain connectivity and
plasticity [212].

The Neurotransmitter Circuits

Abstract Three main neurotransmitters, dopamine, serotonin, and norepineph-
rine, all monoamines, are involved in the neurochemical circuitry of the limbic
system. Dopamine synthesized in the substantia nigra intervenes in CSTC loops
while dopamine secreted by neurons in the ventral tegmental area is involved in
the reward circuit. Serotonin synthesized in the raphe nuclei modulates behavior,
primarily through inhibition, while noradrenaline synthesized in the locus coeru-
leus increases attention to external stimuli.

As we saw in the previous section, dopamine is at the heart of loop circuits.
However, two other neurotransmitters must also be mentioned for their role in the
limbic system: serotonin, which has an inhibitory effect on behavior, and nor-
epinephrine, which has an excitatory effect on behavior. These neurotransmitters
are primarily synthesized by neurons in the brainstem and released over wide areas
of the brain creating a diffuse regulatory system.

103 ¢f. p. 129.
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Dopamine and the Reward Circuit

Within the brain dopamine plays a critical role in motivity, cognition, motivation,
sleep, and memory. Four major dopaminergic pathways can be identified
according to where the molecule is being produced and released (Fig. 2.29).

Dopamine is synthesized mainly by neurons in the substantia nigra and the
ventral tegmental area (VTA) whose axonal projections target the striatum or the
septal nuclei. The dorsal part of the striatum receives dopaminergic projections
from the SN along the nigrostriatal pathway and is involved in motor control.'**
The ventral striatum, however, receives dopaminergic afferents from the VTA
along the medial forebrain bundle'®® (Fig. 2.30).

This second dopaminergic pathway, called the mesolimbic pathway, is of more
particular interest to us because of its relation to the limbic system. The mesolimbic
pathway is also called the reward circuit because of its involvement in the control
of motivational and reward processes: it gives positive reinforcement to pleasur-
able behavior. In animals, lesions of the VTA result in neglect of the environment
and reduced exploratory behavior. However, if electrodes are implanted in the
VTA or along the MFB and the animal is allowed to freely auto-stimulate itself,
it will engage in this highly gratifying behavior to the point of neglecting its basic

104 parkinson’s disease is an example of a substantia nigra degenerative disease that provokes a
rarefaction of dopamine. This deficiency in the cortico-striato-thalamo-cortical loop will generate
a rarefaction of movement. In the other loops, associative and limbic (which are also dependent
on this neuromediator), this dopamine insufficiency will manifest through cognitive problems
(dementia) or psychiatric problems (depression, anxiety) also found in this neurologic disease.

195 The medial forebrain bundle arises in the deep nuclei of the cerebellum and then becomes the
periaqueducal gray matter. It then divides into two branches: an inferior and internal branch going
to the lateral hypothalamus and a superior external branch projecting to the nucleus accumbens
after transiting through the inferior part of the anterior limb of the internal capsule. This superior
external branch projects to the orbifrontal, dorsolateral and probably the subgenual cortices [221].
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Fig. 2.30 Medial forebrain
bundles MFB—top view of
the brain. VTA Ventral
Tegmental Area; ALIC
Anterior Limb of the Internal
Capsule, MTC
Mammillothalamic
Connections, SGC
SubGenual Cortex, NAcc
Nucleus Accumbens, LH
Lateral Hypothalamus, STN
SubThalamic Nucleus, SNR
Substantia Nigra Reticulata,
PAG Periaqueductal gray
matter, 3 V: Third Ventricle.
According to [222]

Prefrontal cortex

Superolateral
branch of MFB

Fornix

Inferomedial
branch of MFB

survival activities [90]. Reward and reinforcement phenomena are intended to help
the subject delight in behaviors essential to survival such as eating and repro-
duction. In addition to these motivation and aversion processes, the mesolimbic
system is also involved in certain cognitive functions. This circuit is co-opted
when an individual takes drugs since all addictions, as discussed earlier have in
common that they increase the concentration of dopamine in the nucleus accum-
bens. This dopamine production, which causes feelings of pleasure, leads to
compulsive behavior in which drug-use replaces survival behaviors. The third
dopamine pathway, the mesocortical pathway, is composed of dopaminergic
neurons in the VTA whose axons project to the prefrontal cortex and in particular
the anterior cingulate cortex. It is implicated in concentration and executive
functions such as memory. The final bundle of dopaminergic neurons, the tuber-
oinfundibular pathway, arises in the hypothalamus and inhibits prolactin secretion
in the anterior pituitary. Dopamine binds to two classes of receptors: D1 and D2
[213]. The D1-class is composed of post-synaptic receptors with excitatory effects.
It includes the D1 receptors in the striatum, nucleus accumbens and cortex, and D5
receptors in the hippocampus and hypothalamus. The D2-class, pre- and post-
synaptic, is inhibitory and includes the D2 receptors in the striatum, nucleus
accumbens, d cortex and anterior pituitary, D3 in the ventromedial striatum and
nucleus accumbens, and D4 in the cortex and the hippocampus. These last two
receptors are less abundant in the brain. In schizophrenia, hyperactivity of the
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mesolimbic pathway may, among other things,'°® be responsible for symptoms
such as delusions and hallucinations. Conventional neuroleptics have the effect of
blocking D2 receptors, thus reducing hallucinatory and delusional symptoms.
However, these molecules have the disadvantage of binding to other pathways like
the nigrostriatal pathway causing movement disorders (dyskinesia), or the meso-
cortical pathway, causing cognitive slowing, and the tuberoinfundibular pathway
causing increased levels of prolactin.

Serotonin
All the neurons producing serotonin [5-hydroxytryptamine (5-HT)] within the

brain are located in the medial part of the brainstem. They are the raphe nuclei
(Fig. 2.31).

Hypothalamus

Cerebellum

Raphe Nuclei
Spinal Cord

Fig. 2.31 The serotonergic pathway

1% Multiple neurobiological hypothesis try to explain the symptoms of schizophrenia.
Dopaminergic hypothesis, formulated in 1973, comes from the efficiency of chlorpromazine,
which changed, as we saw, the way of dealing with this psychosis in the 1950s. The
serotoninergic hypothesis is nowadays confronted by the fact that another drug—clozapine—
efficient in treating delusional symptoms, possesses more affinity for certain serotonin receptors
than for dopamine’s. This is why it has the advantage of not provoking undesirable motor effects
of first-generation neuroleptics. The glutamate, which plays a role in memorization, learning and
brain development, like GABA, inhibitor neurotransmitter, were also involved. To this we can
add neurodevelopmental hypothesis. Brain imaging developed the idea that schizophrenia could
be a problem of cortical function. Events during pregnancy could disturb multiplication and
neuronal migration as well. Genetic, as well as environmental factors, are also explored, given
that 15 % of schizophrenias are congenital.
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Medial forebrain

bundle . Locus cceruleus
Amygdala ¥ Cerebellum
Hypothalamus ¥ =————— Spinal Cord

Fig. 2.32 The noradrenergic pathway

Their projections irrigate the entire central nervous system. In the lower part of
the brainstem, these projections reach the spinal cord and modulate pain messages.
Neurons in the upper part project throughout the brain and are involved in ther-
moregulation, regulation of mood, and the sleep—wake cycle.

Norepinephrine and the Stress Circuit

The nuclei secreting neurons are primarily located in a nucleus in the brainstem:
thee locus cceruleus (Fig. 2.32).

This nucleus, which has close ties with the amygdala projects axons to almost
all of the brain through a network of channels in common with dopaminergic
neurons, within the MFB and serotonergic neurons. As with the amygdala, stim-
ulation of the locus coeruleus causes anxiety behavior in animals, and conversely,
the tranquilizing substances such as benzodiazepines, alcohol, or opiates decrease
its activity. Norepinephrine is involved in operation of the body’s alarm system via
the sympathetic nervous system and the hypothalamic—pituitary—adrenal axis (Fig.
2.15, p. 73). Norepinephrine is also involved alongside serotonin, in the regulation
of attention and vigilance. Noradrenergic hyperactivity can lead to anxiety and
hypoactivity to depression.
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