Chapter 3

Amygdala and Jaw Movements: A Hodological Review

Yukihiko Yasui

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67581

Abstract

The organization of emotional motor behavior including jaw movements is governed by
neural circuits of the limbic system, such as the amygdala and hypothalamus. GABAergic
neurons in the central amygdaloid nucleus (CeA) exert an inhibitory influence on premo-
tor neurons for the trigeminal motor nucleus (Vm) in the parvicellular reticular forma-
tion (RFp) of the medulla oblongata. The CeA also influences glutamatergic posterior
lateral hypothalamic neurons and non-dopaminergic neurons in the retrorubral field
of the midbrain, both of which send their axons to Vm-premotor neurons in the RFp.
In addition, the CeA may modulate the activity of Vm motoneurons via projections to
the mesencephalic trigeminal nucleus whose neurons convey inputs from the mastica-
tory muscle spindles and periodontal ligament receptors to jaw-closing motoneurons in
the Vm. These pathways from the amygdala to the trigeminal motor system in the lower
brainstem may underlie the regulation of emotional jaw movement.
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1. Introduction

The amygdala is an almond-shaped set of neurons located deep in the medial temporal lobe
of the cerebral hemisphere. Although the amygdala is ontogenetically a part of the basal gan-
glia, it is a major component of the limbic system. The limbic system is composed of the
phylogenetically old limbic lobe, such as the cingulate gyrus and hippocampal formation,
and subcortical structures including the amygdala, hypothalamus, anterior thalamic nucleus,
and connecting parts (for review, see Ref. [1]). The amygdala is functionally involved in the
regulation of instinctive behavior (including sexual and feeding behavior), and in autonomic
function as well. The amygdala has also attracted recent attention as a center of emotional
expression.
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According to Ledoux [2] and Ledoux et al. [3], emotional expression consists of a three-step eval-
uative process: (1) the acceptance of sensory stimuli, (2) the evaluation of the biological value of
the sensory stimuli, and (3) the expression of emotion and subjective experience based on such
evaluation. As shown in Figure 1, the amygdala receives not only a variety of sensory informa-
tion from the thalamus and association cortices but also visceral sensory information from brain-
stem nuclei, such as the nucleus of the solitary tract and parabrachial nucleus. This information
serves as emotional stimuli. Within the context of the bases of information of these emotional
stimuli sent via the hippocampal formation, the amygdala evaluates the biological value of the
emotional stimuli, subsequently inducing a subjective experience of emotion and expression of
emotion. Such subjective experiences of emotion (e.g., feelings of rage or pleasure) are processes,
which occur within our minds, with the expressions of emotion manifesting as emotional behav-
ior, as well as autonomic and endocrine responses. Emotional behaviors are visible physical
changes, of which the orofacial (i.e., jaw) movements being perhaps the more notable.

In this chapter, I would like to describe possible neuronal pathways from the amygdala to the
trigeminal motor system that are responsible for emotional jaw movement.
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Figure 1. Schematic overview of emotional processing neural circuits (modified from LeDoux [3]). Various forms of
sensory inputs that become emotional stimuli are sent to the amygdala via the thalamus and association cortices as
well as via the brainstem nuclei. The context of these emotional stimuli is sent to the amygdala via the hippocampal
formation. The amygdala integrates this information and evaluates the biological value of emotional stimuli.
Subsequently, subjective experience of emotion and expression of emotion are induced. The expression of emotion
consists of emotional behaviors, autonomic responses, and endocrine responses.
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2. Amygdala and emotional motor system

The limbic region, known to be involved in emotional functions, has descending motor path-
ways and influences the responses of both skeletal muscles and autonomic functions. These
descending motor pathways are called the “emotional motor system,” while the voluntary
motor pathways from the motor and premotor cerebral cortex to the brainstem and spinal
cord are called the “somatic motor system” [4].

Both the somatic motor and emotional motor systems have medial and lateral components.
In the somatic motor system, the medial component consists of pathways, which directly and
indirectly control motoneurons innervating axial and proximal body musculature as well as
neck muscles. These pathways originate not only in the motor and premotor cortices but also
in the brainstem structures, such as the reticular formation, superior colliculus, and red and
vestibular nuclei.

The lateral component of the somatic motor system consists of descending pathways
originating mainly in the motor cortex and controlling motoneurons innervating distal body
muscles, that is, arm, hand, leg, and feet muscles. In the brainstem, the medial and lateral
components of the somatic motor system control motoneurons innervating external eye mus-
cles and orofacial muscles, respectively.

The emotional motor system originates from the amygdala, bed nucleus of the stria termina-
lis, and hypothalamus. Its medial component projects to all parts of the spinal cord, and to
all sensory and motor nuclei in the brainstem via, among others, serotonergic neurons in the
raphe nuclei and noradrenergic neurons in the locus coeruleus. Due to the diffuse nature of
these pathways, the medial component is not involved in specific motor actions but is impli-
cated in setting the general level of activation of all neurons in the brainstem and spinal cord.

The lateral component of the emotional motor system consists of pathways, which control
not only motoneurons involved in forming specific emotional behaviors but also neurons
involved in regulating autonomic functions accompanying such behaviors. This projection
system regulates motoneurons in the brainstem and spinal cord controlling respiration, blood
circulation, vocalization, and mating behavior mainly via the periaqueductal gray [5]. Other
projections of the lateral component are the descending pathways from the central amygda-
loid nucleus (CeA), the bed nucleus of the stria terminalis, and the lateral hypothalamic area
(LHA), terminating in the caudal pontine and medullary lateral tegmentum (for review, see
Ref. [6]). The lateral tegmentum of the pons contains the parabrachial nucleus and reticular
formation around the motor trigeminal nucleus (Vm), while that of the medulla oblongata
contains the parvicellular reticular formation (RFp) and ventrolateral medulla. The parabra-
chial nucleus and ventrolateral medulla contain many neurons involved in autonomic func-
tions, while the reticular formation around the Vm and RFp contains numerous premotor
neurons projecting directly to the orofacial motor nuclei including the Vm, facial nucleus
(VII), and hypoglossal nucleus (XII).

In light of the above, it is highly likely that projection fibers from the limbic region, such as
from the amygdala, to the lateral tegmentum are involved in the regulation of autonomic
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functions as well as the control of orofacial muscle movements during aggression, freezing,
and other emotional behaviors.

3. Somatotopic arrangement of Vm motoneurons

Jaw movement occurs mainly through the masticatory and suprahyoid muscles attached to
the mandibular bone. The masticatory muscles, mylohyoid muscle, and the anterior belly
of the digastric muscle are innervated by motoneurons in the Vm located in the dorsolat-
eral tegmentum of the pons. Within the Vm, neurons innervating each muscle are assembled
and constitute subgroups. The motoneurons innervating the jaw-closing muscles, such as the
masseteric and temporalis muscles, are assembled in the dorsolateral part of the Vm (Vm-dl),
while those innervating the jaw-opening muscles, such as the mylohyoid and the anterior
belly of the digastric muscle, are assembled in the ventromedial part of the Vm (Vm-vm) [7, 8].

4. Premotor neuron pools for Vm

Jaw movement is triggered by Vm motoneurons, which, in turn, are activated by input from
periphery and/or upper motor centers in the brain transmitted to the Vm via interneurons
called premotor neurons, primarily located in the brainstem. The Vm-premotor neurons send
their axons directly to the Vm, with many distributed in the lower brainstem, such as the pons
and medulla oblongata [9-11] (Figure 2). A large number of Vm-premotor neurons are found
in the sensory trigeminal nuclei including the mesencephalic trigeminal nucleus (Vmes), and
principal and spinal trigeminal nuclei. A greater number of them are distributed in the lateral
reticular formation, including the reticular formation around the Vm, RFp, and intermediate
reticular nucleus (IRt) of the pontomedullary brainstem.

The reticular formation around the Vm, considered an extension of the medullary RFp,
consists of the supratrigeminal area dorsal to the Vm, the intertrigeminal area between the
principal sensory trigeminal nucleus and the Vm, the juxtatrigeminal area just medial to the
Vm, and the reticular formation just ventral to the Vm. The Vm-premotor neurons (excepting
Vmes neurons) are generally distributed bilaterally and play a major role in the initiation and
regulation of jaw movement, serving as interneurons in brainstem reflexes and transmitting
information from upper motor centers to Vm motoneurons. By contrast, Vmes neurons, which
innervate jaw-closing muscle spindles and periodontal mechanoreceptors [12-14], send their
axons ipsilaterally to Vm motoneurons for controlling jaw movement [13, 15].

The RFp of the medulla oblongata also contains numerous premotor neurons for the facial
(VII) and hypoglossal (XII) nuclei. With the aid of a fluorescent retrograde double-labeling
technique, Li et al. [16] demonstrated that the RFp contains many premotor neurons pro-
jecting bilaterally to one of the orofacial motor nuclei (the Vm, VII, and XII) by branching
axons. Their data also indicated that single neurons in the RFp project simultaneously to two
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Figure 2. Schematic diagrams of the pons (A) and medulla oblongata (B) depicting the Vm-premotor neuron pools
of the rat. A, ambiguus nucleus; f, facial nerve; IO, inferior olivary complex; IRt, intermediate reticular nucleus; mes,
mesencephalic trigeminal tract; NST, nucleus of the solitary tract; p, pyramis; RFp, parvocellular reticular formation; scp,
superior cerebellar peduncle; SO, superior olivary complex; t, spinal trigeminal tract; Vint, intertrigeminal area; Vjuxt,
juxtatrigeminal area; Vm, motor trigeminal nucleus; Vsp, spinal trigeminal nucleus; Vsup, supratrigeminal area; Vvent,
reticular formation ventral to the Vm; Vp, principal trigeminal nucleus; XII, hypoglossal nucleus.
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orofacial motor nuclei (Vm and VII, Vm and XII, or VII and XII) [17]. These data suggest that
RFp neurons may serve to synchronize not only the activity of Vm, VII, or XII motoneurons
on both sides but also the activity of Vm and VII, Vm and XII, or VII and XII motoneurons.
However, it remains unknown whether or not single premotor neurons project by way of
axon collaterals simultaneously to all orofacial motor nuclei.

5. Descending pathways from the amygdala to the Vm

Stimulation of the amygdala results in changes of autonomic functions and emotional behav-
iors, and is known to have an effect on orofacial movements, particularly jaw movement [18].
As noted above, jaw movement is controlled by Vm motoneurons. Control pathways from
the amygdala to the Vm have been examined using anterograde and/or retrograde axonal
tracing in anatomical studies. Such axonal tracing combined with immunohistochemistry or
in situ hybridization has provided the means of further investigation of neurotransmitters,
their receptors and transporters in the neural circuits.

5.1. Neuroanatomical organization
5.1.1. CeA-RFp-Vm pathway

The direct CeA-Vm pathway was suggested by Mascaro et al. [19], who observed retrograde-
labeled neurons in the CeA after Fluoro-gold (FG) injection into the Vm. On the other hand,
anterograde-tracing studies have shown that biotinylated dextran amine (BDA)-labeled fibers
with bouton-like varicosities are distributed around the Vm but not within the Vm after BDA
injection into the CeA, suggesting a low probability of the existence of a direct CeA-Vm path-
way [20, 21].

However, the existence of a disynaptic pathway from the CeA to the Vm via the supratri-
geminal area [22] or via the lateral reticular formation of the pons [23] has been confirmed
by anatomical studies using a combined degeneration and horseradish peroxidase method.
A physiological study [24] also produced data supporting the existence of disynaptic inputs
from the amygdala to the Vm mediated by the supratrigeminal area. It has also been estab-
lished that descending projection fibers from the CeA are distributed in the RFp of the lower
brainstem [25-27]. Furthermore, the RFp of the medulla oblongata contains many premotor
neurons that project directly to the Vm [9-11, 28, 29]. Taken together, these data make it
likely that the CeA also exerts its influences on the regulation of jaw movement through the
disynaptic pathway from the CeA to the Vm via the RFp of the medulla oblongata.

We confirmed the existence of a CeA-RFp-Vm pathway by using a combination of antero-
grade- and retrograde-tracing techniques [20]. When ipsilateral injections of BDA into the
CeA and of cholera toxin B subunit (CTb) into the Vm were made in a rat, a significant over-
lap of BDA-labeled axons and CTb-labeled neurons was found in the RFp region just ventral
to the nucleus of the solitary tract and medial to the spinal trigeminal nucleus throughout
the caudal-most part of the pons and the rostral half of the medulla oblongata (Figure 3).
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When the neuropil of the RFp was viewed under an electron microscope, BDA-labeled axons
showed symmetrical synaptic contacts predominantly with dendrites and additionally with
somata of the RFp neurons, some of which were labeled with CTb.

5.1.2. CeA-PLH-RFp-Vm pathway

Anterograde-tracing studies with Phaseolus vulgaris-leucoagglutinin [30, 31] and BDA [32]
indicate that the posterior lateral hypothalamus (PLH) receives a dense projection from the
CeA; the PLH is just medial to the subthalamic nucleus and has been identified as the parasu-
bthalamic nucleus by Wang and Zang [33].

Figure 3. Projection drawings showing the sites of BDA injection into the CeA (shaded area in A) and CTb injection
into the Vm (shaded area in B), and resulting anterograde and retrograde labeling in the lower brainstem ipsilateral
to the injection sites (B-E, rostral to caudal). BDA-labeled fibers and terminals are presented by fine lines and fine
dots, respectively. CTb-labeled cell bodies are presented by filled circles, each of which represents approximately two
labeled cell bodies. ACo, anterior cortical amygdaloid nucleus; BL, basolateral amygdaloid nucleus; BM, basomedial
amygdaloid nucleus; CPU, caudate-putamen; GP, globus pallidus; CeA, central amygdaloid nucleus; DMV, dorsal
motor nucleus of the vagus nerve; E, endopiriform nucleus; Me, medial amygdaloid nucleus; I, interstitial amygdaloid
nucleus; ic, internal capsule; La, lateral amygdaloid nucleus; LR, lateral reticular nucleus; ot, optic tract; PH, prepositus
hypoglossal nucleus; Pir, piriform cortex; Ve, vestibular nucleus; Vi, interpolar subnucleus of the spinal trigeminal
nucleus; Vo, oral subnucleus of the spinal trigeminal nucleus; VII, facial nucleus. Other abbreviations are as in Figure 2
(modified from Yasui et al. [20]).
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Stimulation of the LHA region including the PLH is known to promote not only a jaw-clos-
ing reflex [34] but also the activity of the masseter muscle [35]. However, there have been
no anterograde-tracing studies, which demonstrate the direct hypothalamo-Vm projection,
though the existence of peptidergic projections from the LHA to the Vm has been reported, as
is described below. Further, after BDA injection into the PLH, we observed only some passing
BDA-labeled fibers without bouton-like varicosities within the Vm, counter-indicative of the
existence of a direct PLH-Vm pathway [36].

Within the hypothalamus, the majority of RFp-projecting neurons are localized in the PLH
region [36]. Although Mascaro et al. [19] observed a large number of FG-labeled neurons in
the PLH region after FG injection into the Vm, there is a high possibility that these labeled
neurons project to the reticular formation around the Vm, but not to the Vm. A combined
anterograde- and retrograde-tracing techniques have shown the prominent overlap of distri-
bution of PLH fibers and Vm-premotor neurons in the RFp region just ventral to the nucleus
of the solitary tract and medial to the spinal trigeminal nucleus (Figure 4); further, the PLH
axon terminals make asymmetrical synaptic contact with dendrites and somata of the RFp
neurons, some of which were labeled with CTb injected into the Vm [36]. The results of these
recent and earlier studies raise the possibility of the existence of a CeA-PLH-RFp-Vm path-
way, and that RFp-projecting PLH neurons are under the direct influence of the CeA.

Figure 4. Line drawings showing the sites of BDA injection into the PLH (shaded area in A) and CTb injection into
the Vm (shaded area in B), and resulting anterograde and retrograde labeling in the lower brainstem ipsilateral to
the injection sites (B-E, rostral to caudal). BDA-labeled fibers and terminals are presented by fine lines and fine dots,
respectively. CTb-labeled cell bodies are presented by filled circles, each of which represents approximately two labeled
cell bodies. Arc, arcuate nucleus; Cu, cuneate nucleus; ECu, external cuneate nucleus; F, nucleus of the fields of Forel;
fx, fornix; icp, inferior cerebellar peduncle; ml, medial lemniscua; mt, mammillothalamic tract; MVe, medial vestibular
nucleus; PM, premammillary nucleus; Pr, prepositus hypoglossal nucleus; SPF, subparafacicular nucleus; SpVe, spinal
vestibular nucleus; Sp5, spinal trigeminal nucleus; st, solitary tract; STh, subthalamic nucleus; ZI, zona incerta; Other
abbreviations are as in Figures 2 and 3 (modified from Notsu et al. [36]).
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5.1.3. CeA-SN/RRF-RFp-Vm pathways

A dense projection from the CeA has been observed in the lateral part of the substantia nigra
(SN) pars compacta as well as in the SN pars lateralis, a part of the SN pars reticulata [37]. Both
the lateral part of the SN pars reticulata and the lateral part of the SN pars compacta are known
to contain neurons projecting to the reticular region around the Vm [38], as well as to the RFp
of the medulla oblongata [39]. These data suggest the existence of a disynaptic pathway from
the CeA to the RFp via the SN, which is responsible for the control of jaw movements.

CeA fibers are also densely distributed in the lateral portion of the retrorubral field (RRF) [37,
40] which is an area dorsal and caudal to the SN and is believed to be involved in orofacial
motor function [41, 42]. Additionally, the RRF region contains a population of neurons that
project their axons to the pontomedullary RFp [43, 44]. Taken together, these data indicate
that the output signals from the CeA have a direct influence on the RRF-RFp pathway for the
control of orofacial movements including the jaw movement. Following ipsilateral injections
of BDA into the CeA and FG into the RFp, we noted a prominent overlap of the distribution
of BDA-labeled fibers and FG-labeled neurons in the lateral part of the RRF ipsilateral to the
injection sites, where BDA-labeled axon terminals make symmetrical synapses with somata
and dendrites of the FG-labeled neurons [45] (Figure 5).

CeA

symmetrical
synapse .

Figure 5. Line drawings illustrating the sites of BDA injection into the CeA (shaded area in A) and FG injection into
the RFp (shaded area in B), and resulting distributions of BDA-labeled terminals (small dots) and FG-labeled neurons
(large dots) in the RRF region (C). RRF region in the midbrain section (c) is enlarged in C. In D, the synaptic organization
between CeA axon terminals and RFp-projecting RRF neurons is illustrated. Amb, ambiguous nucleus; cp, cerebral
peduncle; Den, dorsal endopiriform nucleus; IP, interpeduncular nucleus; ml, medial lemniscus; opt, optic tract; PAG,
periaqueductal gray; PLCo, posterolateral cortical amygdaloid nucleus; PrH, prepositus hypoglossal nucleus; py,
pyramis; R, red nucleus; RRF, retrorubral field; SC, superior colliculus; SNr, substantia nigra pars reticulata; SP5, spinal
trigeminal nucleus; sp5, spinal trigeminal tract; TH, tyrosine hydroxylase; III, oculomotor nucleus. Other abbreviations
are as in Figures 2—4 (modified from Tsumori et al. [45]).
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5.1.4. CeA-Vmes-Vm pathway

The Vmes contains somata of primary afferent neurons whose peripheral processes are dis-
tributed in the muscle spindles of jaw-closing muscles and mechanoreceptors within the
periodontal ligaments. According to Nomura and Mizuno [13], Vmes neurons that conduct
jaw-closing muscle afferent are distributed throughout the whole rostrocaudal extent of the
Vmes, while Vmes neurons, which conduct periodontal receptor afferent, are located mainly
in the caudal part of the Vmes. The central processes of Vmes neurons terminate mainly in the
Vm and additionally in the premotor reticular formation.

Recently, anterograde-tracing studies [21, 46] reported that the CeA sends projection fibers
to the Vmes where CeA axonal varicosities are in close apposition to the somata of Vmes
neurons. Further, Shirasu et al. [47] have shown that anterograde-labeled terminal buttons on
Vmes neuronal somata are more abundantly present in the caudal than in the rostral Vmes
after a wheat germ agglutinin conjugated to horseradish peroxidase injection into the CeA.
The same study also indicated that a portion of these terminal buttons form axo-somatic syn-
apses with Vmes neurons, and that the CeA has direct projections to the Me5, suggesting that
the amygdala regulates bite strength by modifying neuronal activity in the Vmes.

5.2. Neurochemical organization
5.2.1. Neurotransmitter of CeA neurons

In situ hybridization studies demonstrated that almost all the Ce A neurons are positive for glu-
tamic acid decarboxylase (GAD) 65 mRNA [48] and GAD67 mRNA [49] but not for vesicular
glutamate transporter (VGLUT) 1 mRNA [48] and VGLUT2 mRNA [48, 49] (Figure 6); GAD
is an enzyme that converts glutamate to GABA and is utilized as a marker for GABAergic
neurons, while VGLUT1 and VGLUT?2 are used as markers for glutamatergic neurons. In an
earlier study, we demonstrated that most CeA axon terminals in the RRF are immunoreactive
for GAD [45]. Such GABAergic CeA axon terminals have been observed in other brainstem
regions including the parabrachial nucleus [50] and nucleus of the solitary tract [51, 52], as
well as in the forebrain regions including the parastrial nucleus [53] and LHA [32, 54]. These
findings are all indicative of CeA projection neurons being GABAergic.

5.2.2. Neurotransmitter of hypothalamic neurons

Hypothalamic neurons labeled with CTb injected into the Vm region display glutamate-like
immunoreactivity [55]. VGLUT is considered to represent the most specific marker for neu-
rons using glutamate as a transmitter [56], and LHA neurons express predominantly VGLUT2
mRNA and additionally VGLUT1 mRNA [57]. It has also been reported that axon terminals
with glutamate immunoreactivity [58-60] or with VGLUT2 immunoreactivity [61] make asym-
metrical synapses with their target structures. We previously demonstrated that PLH axon
terminals with VGLUT2 immunoreactivity make asymmetrical synapses with RFp neurons,
suggesting that glutamatergic PLH neurons exert excitatory influence upon RFp neurons [36].
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Figure 6. Photomicrographs showing the in situ hybridization staining for VGLUT2 mRNA (A) and GAD67 mRNA (B)
in the amygdaloida. Scale bar = 500 um (modified from Oka et al. [49]).

By using retrograde tracing in combination with immunohistochemical methods, studies
[62, 63] have demonstrated at the light microscopic level that orexin (ORX)-containing hypo-
thalamic fibers are in contact with Vm motoneurons, though there are only sparse ORXergic
fibers in the Vm. More recently, Mascaro et al. [46] documented that ORXergic fibers are dis-
tributed in the Vm and that approximately one-third of the LHA neurons projecting axons
to the Vm are immunoreactive for ORX. McGregor et al. [55], who also found ORXergic
Vm-premotor neurons in the LHA, further indicated that Vm-premotor neurons in the LHA
as well as in the perifornical nucleus are immunoreactive for melanin-concentrating hor-
mone (MCH). Saito et al. [64] reported that MCH-immunoreactive fibers are distributed in
the Vm where many neurons express MCH receptor mRNA. Interestingly, our previous
study [54] indicated that GABAergic CeA neurons innervate MCH- and ORX-containing
hypothalamic neurons.

Taken together, these data suggest that the CeA plays a role in the control of neuronal activity
in the Vm by means of its inhibitory influence upon MCH- and ORX-containing hypothalamic
neurons.

5.2.3. Neurotransmitter of SN and RRF neurons

The SN has two distinct parts: the SN pars compacta and the SN pars reticulata. Dopamine
neurons are found predominantly in the SN pars compacta, while the pars reticulata is popu-
lated largely by GABA neurons. A densely packed group of dopaminergic neurons in the SN
pars compacta is known as the A9 dopamine cell group. The RRF also contains many dopa-
minergic neurons referred to as the A8 dopamine cell group. SN neurons projecting to the
brainstem regions, such as the inferior colliculus [65] and reticular formation around the Vm
[38], are not immunoreactive for tyrosine hydroxylase (TH), which catalyzes the rate-limiting
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step in the synthesis of catecholamine. We demonstrated in a previous study that RRF neu-
rons projecting to the RFp are immunonegative for TH [45].

Such findings suggest that both the SN and RRF neurons sending their axons to the lower
brainstem are non-dopaminergic and most likely GABAergic [66]. Future studies combining
retrograde tract-tracing with immunolabeling for GABA or GAD, or with in situ hybridiza-
tion for GAD mRNA, should help to demonstrate this.

5.2.4. Neurotransmitter of RFp neurons

As for neurotransmitter phenotypes, the RFp is heterogeneous and contains glutama-
tergic, GABAergic, cholinergic, and nitrergic neurons [67]. According to Pang et al. [68],
VGLUT2-immunoreactive axon terminals, distributed in both the Vm-dl and the Vm-vm,
originate from Vm-premotor neurons in the reticular formation such as the reticular region
ventral to the Vm and RFp, as well as in the sensory trigeminal nuclei. They also observed
VGLUT1-immunoreactive terminals within the Vm-dl only and demonstrated that these ter-
minals originate from the reticular region ventral to the Vm as well as from the Vmes. Travers
et al. [67] noted that approximately half of the Vm-premotor neurons in the RFp and IRt are
immunoreactive for VGLUT?2.

On the other hand, it has been reported that inhibitory Vm-premotor neurons immunoreac-
tive for GAD or glycine are also distributed in the RFp [69]. In another study, Travers et al.
[66] indicated that a quarter of the Vm-premotor neurons in the RFp and IRt are immunoreac-
tive for GAD65/67, and that relatively few Vm-premotor neurons in the RFp and IRt are either
nitrergic or cholinergic.

5.2.5. Neurotransmitter of Vimes neurons

It is known that Vmes neurons are glutaminergic [70, 71]. Also, a recent study [72] demon-
strated that VGLUT1 mRNA is expressed in the cell bodies of Vmes neurons and showed
VGLUT1 immunoreactivity in both the central axon terminals and peripheral sensory end-
ings of Vmes neurons. Pang et al. [73] further noted that VGLUT1-immunoreactive terminals
observed in the Vm-dl but not in the Vm-vm come from primary afferent Vmes neurons,
whereas the VGLUT2-immunreactive terminals observed in both the Vm-dl and the Vm-vm
come from Vm-premotor neurons, as previously stated.

6. Conclusion

The neuroanatomical and neurochemical organization of the control pathways from the CeA
to the Vm is summarized in Figure 7. The CeA exerts its influence upon Vm motoneurons
through its direct and indirect projections to Vm-premotor neurons, including RFp and Vmes
neurons. These projections are responsible for the control of specific emotional motor activi-
ties of the trigeminal system. The RFp is a major premotor neuron pool not only for the Vm
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Figure 7. Summary diagram showing the control pathways from the CeA to the Vm, The CeA controls jaw movements
through its direct projections to Vm-premotor neurons in the reticular formation (RF) around the Vm in the pons, RFp
in the pontomedullary and medullary brainstem, as well as in the Vmes. In addition, the CeA control jaw movements
through its indirect projections to these premotor neuron pools via the SN/RRF or via the PLH. The neurotransmitter(s)
used in each pathway are also indicated. Glu, glutamate; Gly, glycine.

but also for the VII and XII. It is therefore likely that the amygdala controls orofacial move-
ments during various emotional behaviors through its projections to the orofacial motor
nuclei relayed by the RFp.
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