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Role of the dorsal periaqueductal gray in
posttraumatic stress disorder: mediation by
dopamine and neurokinin

M. L. Branddo®'? and T. A. Lovick*?

Abstract

In susceptible individuals, exposure to intensely traumatic life events can lead to the development of posttraumatic
stress disorder (PTSD), including long-term dysregulation of the contextual processing of aversive stimuli, the
overgeneralization of learned fear, and impairments in the ability to learn or respond to safety signals. The
neuropathophysiological changes that underlie PTSD remain incompletely understood. Attention has focused on
forebrain structures associated with fear processing. Here we consider evidence from human and animal studies that
long-lasting changes in functional connectivity between the midbrain periaqueductal gray (dPAG) and amygdala may
be one of the precipitating events that contribute to PTSD. Long-lasting neuroplastic changes in the dPAG can persist
after a single aversive stimulation and are pharmacologically labile. The early stage (at least up to 24 h post-
stimulation) involves neurokinin-1 receptor-mediated events in the PAG and amygdala and is also regulated by
dopamine, both of which are mainly involved in transferring ascending aversive information from the dPAG to higher
brain structures, mainly the amygdala. Changes in the functional connectivity within the dPAG-amygdala circuit have
been reported in PTSD patients. We suggest that further investigations of plasticity and pharmacology of the PAG-
amygdala network provide a promising target for understanding pathophysiological circuitry that underlies PTSD in
humans and that dopaminergic and neurokininergic drugs may have a potential for the treatment of psychiatric

disorders that are associated with a dysfunctional dPAG.

Introduction

Over the last three decades, dysregulation of neural
mechanisms mediating the neurobiology of fear and their
association with many types of anxiety has become the
subject of considerable debate. Most of this prior work
focused on telencephalic structures, connections, and
transmitters whereas critical structures in the lower
brainstem have only recently begun to receive adequate
research attention. The purpose of the present review is to
highlight the functional role of the mesencephalic
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periaqueductal gray (PAG) as a central structure con-
trolling the defensive reactions that are associated with
posttraumatic stress disorder (PTSD). In this context
dysregulation of the dorsal PAG (dPAG)-amygdala
pathway and the potential role of dopamine and neuro-
kinins is considered. We first briefly define PTSD and
current thinking regarding its biological basis and then
provide an overview of the neuroanatomy of the dPAG, its
internal structure, primary transmitters, neural connec-
tions, and its potential role in the pathophysiology
of PTSD.

Posttraumatic stress disorder: definition
Posttraumatic stress disorder (PTSD) can develop after

experiencing or witnessing a range of traumatic events,

such as sexual assault, warfare, traffic collisions, or other
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threats to a person’s life (e.g., terrorist attack, natural
disaster, serious accident, personal assault or abuse, or the
sudden death of a loved one)'. Sufferers of PTSD
experience periods of intense distress, including flash-
backs, nightmares, repetitive and distressing images or
sensations, physical sensations (e.g., pain, sweating, feeling
sick, or trembling), heightened reactivity to external sti-
muli, anxiety, and depressed mood’. This clinical picture
can lead the individual to avoid situations that elicit
memories of the trauma; they may become very anxious
and continuously aware of perceived threats, become
easily startled, and have difficulty relaxing. This state of
mind, known as hyperarousal, often leads to irritability,
angry outbursts, insomnia, and difficulty in concentrat-
ing>. The core features of PTSD involve intrusive
thoughts, memories, and perceptions (flashbacks). These
recur long after the initial stress and are often unrelated to
the context where the individual currently is, as if the
sufferer is re-experiencing the initial traumatic event?,

Biological basis of PTSD

Not every individual who is exposed to a traumatic
event experiences PTSD and even in those who do,
multiple factors undoubtedly contribute to its develop-
ment. Trauma can produce extremely long-lasting effects
on the nervous system. PTSD patients and those who
experience childhood trauma have been shown to present
signs of accelerated epigenetic aging®. Evidence for a
genetic predisposition to develop PTSD is an important
determinant of disease progression®. The environment in
which the trauma was experienced may also be a trig-
gering factor™®,

There is compelling evidence for structural and func-
tional abnormalities within fear-processing regions within
the forebrain in patients with PTSD, particularly within
the prefrontal cortex (PFC), anterior cingulate, insula,
hippocampus and amygdala’. Deficits in the extinction of
fear memory and the way this impacts on subsequent
interpretations of and reactivity to sensory events may be
at the core of PTSD. In unaffected (healthy) individuals,
the reflex response to a traumatic fear-evoking stimulus
(unconditioned response [UR]) normally becomes sup-
pressed over time unless it is reinforced by re-exposure to
a similar situation (contextual fear conditioning). Various
animal models of PTSD have focused on the extinction of
fear, based on the premise that this process is impaired in
PTSD®. Patients with PTSD continue to exhibit a robust
conditioned fear response to a previously extinguished
conditioned stimulus [CS]°. The use of extinction-based
behavioral therapies for the treatment of PTSD is based
on this tenet'’™"?,

Individuals who develop PTSD are generally not re-
exposed to the original aversive context. Rather, their
symptoms appear to be triggered by the retrieval of
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memories of the initial traumatic event or by cues that
represent generalization of the expectation of an aversive
outcome. In classical Pavlovian terms, extinction implies
gradual waning of the conditioned response (CR) as a
consequence of non-reinforcement of the conditioned
stimulus (CS). In PTSD, the individual does not experi-
ence the CS again. Instead, they appear to generalize the
context of the original traumatic event (CS) so that other
stimuli trigger an aversive reaction. A key structure
involved in mediating fear-evoked behavior is the peria-
queductal gray matter, particularly its dorsal part (dPAG).
The way in which dPAG processes aversive information
following exposure to a traumatic event may be highly
relevant to the development of PTSD. In this respect a
hypothesis that is gaining currency is that people living
with PTSD experience dysregulation of the contextual
processing of aversive stimuli, leading to the over-
generalization of learned fear and impairments in the
ability to learn or respond to safety signals'®. Thus, rather
than a deficit in fear extinction per se, although this may
be a contributory factor, PTSD may represent a funda-
mental malfunction within the fear-processing circuitry.

Fear is a mental state that is induced by perceived
danger or threat, which causes a change in behavior and
related autonomic changes that constitute an adaptive
response of the organism in order to promote survi-
val**®_ Thus, the individual may flee, hide, or freeze to
escape from perceived traumatic events. One of the key
brain areas that integrates the response to aversive stimuli
and elaborates appropriate adaptive behavioral responses
is the midbrain periaqueductal gray (PAG)'®. There are
several indications that exposure to an aversive experience
can lead to long-lasting plastic changes in the PAG, which
may influence subsequent processing of fear-related
behaviors.

Basics of normal PAG function

The PAG usually acts as a hub that integrates a vast
array of bodily functions that are directed toward the
survival of the individual. It is an essential brain region for
controlling cardiovascular and respiratory function, tem-
perature regulation, micturition, vocalization, sexual
behavior, and responsiveness to pain. It is a key center for
integrating emotional behaviors, such as anxiety, aggres-
sion, and defensive reactions when individuals face with a
proximal or approaching threat'*'°,

The PAG is essentially a tubular structure that sur-
rounds the aqueduct. With regard to its role in emotional
behavior, it is broadly organized into four longitudinal
columns®*~**, The dorsolateral and dorsomedial columns,
commonly referred to as the dorsal PAG (dPAG), are
separated from the ventrolateral column (vIPAG) by the
lateral column®*>*, The ventral and dorsal columns
appear to be involved in oppositional forms of defensive
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behavior, namely freezing and escape, respectively*'. The
dPAG is involved in mediating several defensive reactions
and is part of the fight/flight system'*>'”. Since the early
1980s, the dPAG has been considered the main output
center for defensive behaviors that represent an active
coping response to a stressful challenge'*'>'®, This view
stems from fight-or-flight reactions accompanied by
excitation of the sympathetic nervous system and
analgesia that can be evoked by electrical stimulation of
the dPAG in animals'*'>'®~>!, That activation of the
dPAG produces an aversive experience is reflected by the
readiness of animals to learn tasks that will terminate
electrical stimulation of the dPAG?®. In humans too, very
unpleasant fear-like sensations are evoked by stimulation
of the dPAG**°. Such sensations include feelings of
terror or impending death, a desire to flee accompanied
by palpitations, blushing of the face and neck, and
respiratory arrest or hyperventilation.

In contrast to the dPAG, activation of the ventral PAG
(VPAG) appears to be involved in more passive patterns of
behavioral responses that are manifested in rats and other
species by immobility and inhibition of the sympathetic
nervous system activity*>*’,

In the absence of connections with the forebrain, the
midbrain tectum can coordinate an integrated defensive
response, first reported more than a century ago as the
“sham rage” that could be triggered by nociceptive inputs
in decerebrated animals®®. In the intact brain, forebrain
structures impose a level of inhibition on the PAG so that
defensive behavior is “released” by the forebrain only as an
outcome of the integration and processing of sensory and
contextual cues from the environment. The PAG receives
substantial sensory input directly from the spinal cord as
well as auditory and visual information from the tectum
(inferior and superior colliculi)®®. It is reciprocally con-
nected with the amygdala, as well as other forebrain
structures that are involved in processing emotions clo-
sely associated with the production of fear responses to
proximal danger'*'>'7°=33_ There is clear evidence that
as well as integrating the motor manifestations of fear or
defensive behavior the dPAG is involved in assimilating
sensory input that may trigger the fear behavior. Neurons
in the dPAG are activated by unconditioned fear stimuli
(e.g., footshock or exposure of rats to cat odor)**~>® and
also respond to conditioned stimuli that are associated
with aversive events®®, However, relatively little is known
about the functioning of the neurocircuitry that underlies
the transfer of aversive information from the dPAG to the
higher brain structures and the processing that deter-
mines the production of the final motor outputs (Fig. 1).
What is certain however, is that the defense reactions
that are organized and integrated at the level of the
dPAG utilize a multimediated process that involves
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Fig. 1 Hypothetical schematic diagram of involvement of the
midbrain tectum in fear. Acute fear stimuli activate midbrain tectum
structures and produce defensive reactions, characterized by
behavioral and autonomic responses that are characteristic of panic
attacks. Persistent or intense fear stimuli cause stress, which can lead
to the transfer of aversive information to higher brain structures that
are associated with panic disorder or posttraumatic stress disorder

y-aminobutyric acid (GABA), serotonin, opioids, excita-
tory amino acids, nitric oxide, and cannabinoids'*'>"”.

Involvement of the PAG in the pathophysiology of
PTSD: long-lasting changes

Evidence is accumulating to suggest that changes in the
dPAG fear/anxiety circuitry may contribute to the
pathology of PTSD. There appears to be remarkable
plasticity within this PAG-amygdala circuitry even fol-
lowing a single activation of the aversive system of
the PAG.

In rats, a single aversive experience evoked by stimula-
tion of the dPAG produced long-lasting increases in
anxiety and fear-like behaviors (assessed in the elevated
plus-maze or elevated T-maze) which persisted for at least
two weeks following the stimulation® ~>°. Other studies of
animals exposed to traumatic stressful challenges which
engage the PAG also indicate that it undergoes functional
changes that far outlast its initial response to the aversive
stimulus. In rats that were exposed to predator stress (a
putative animal model of PTSD), persistent neuroplastic
changes (expression of the cellular transcription factor
phosphorylated  cyclic adenosine  monophosphate
response element binding protein [pCREB]) were detected
in the dPAG 7 days following the traumatic event™.
Another more recent study in rats showed that early-life
maternal separation (a model of childhood separation
anxiety) decreases the thresholds of panic-like behaviors
elicited in response to electrical stimulation of the dPAG
when tested in adulthood some months later*'. This
finding is particularly interestingly when viewed in the
context of the recent report showing increased sensitivity
to panicogenic challenge in patients with PTSD*?, which
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is consistent with development of long-lasting trauma-
induced changes in the excitability of the panic circuitry
within the dPAG.

Several recent imaging studies in humans with PTSD
reported changes in the functional activity of PAG cir-
cuitry. The main type of PTSD is recognized to be asso-
ciated with hyperarousal and hyperactivation of the
amygdala, whereas the dissociative subtype of PTSD
(PTSD+DS) is associated with lower amygdala activation,
emotional detachment, and hypoarousal. A recent clinical
study employed dynamic causal modeling and found that
PTSD was characterized by a pattern of predominant
bottom-up connectivity from the PAG to the amygdala
and PFC, whereas PTSD+DS patients exhibited pre-
dominant top-down connectivity from the PFC to the
amygdala and PAG*. Thus, “bottom-up” connections
from the dPAG to the amygdala and ventromedial PFC
predominate in individuals with PTSD compared with
normal controls®, Another study examined resting-state
functional connectivity and found that compared with
controls, PTSD patients exhibited extensive increases in
functional connectivity of the dIPAG with brain regions
(e.g., dorsal anterior cingulate and anterior insula) that are
associated with emotional reactivity, defensive action,
active coping strategies, and hyperarousal. On the other
hand, PTSD+DS patients exhibited increased functional
connectivity of the vVIPAG with brain regions (i.e., tem-
peroparietal junction) that are associated with passive
coping strategies™. These findings suggest that in sus-
ceptible individuals, the long-lasting disruption or desta-
bilization of dPAG circuitry after acute exposure to a
traumatic aversive event may be a factor that underlies the
inappropriate expression of fear behavior in individuals
with PTSD (Fig. 1). Closer investigation of neuronal
processing within the PAG following exposure to an
aversive event may, therefore, provide insight into the
neuroplastic changes that lead to PTSD.

Freezing behavior in rodents as an index of PAG
functionality

Freezing behavior, operationally defined as the cessation
of all body movement except those necessary for breath-
ing, is a natural response of rodents to threatening or fear-
inducing situations. In rodents, freezing is one of the most
robust and easily quantifiable components of the aversive
behavioral response that is coordinated by the dPAG.
Studies of freezing evoked by stimulation of the dPAG
may be particularly instructive in understanding the role
of the PAG in controlling behavior in animals during the
post-trauma period.

Three types of freezing are associated with activation of
the PAG:

1. General freezing behavior. Freezing is the first

response to appear with low-intensity stimulation of
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the dPAG'>'*, As the stimulation intensity increases
and becomes more aversive to the animal, freezing is
superseded by an active escape response. The
freezing response to low-intensity stimulation of the
dPAG does not depend on the functional integrity of
the amygdaloid complex** and most likely
represents an unconditioned response to a novel
threatening stimulus that is coordinated at midbrain
level and mediated by activation of descending
pathways from the dPAG without any processing by
the forebrain.

Contextual freezing. Contextual freezing occurs
when the rat is placed in an environment where it
previously experienced an aversive stimulus, often a
footshock. It has long been conceptualized that
freezing associated with an aversive context requires
activation of neurocircuitry that includes the
hippocampus, amygdala, and medial PFC, all of
which are known to be involved in learning and
memory processes that enable context-dependent
behaviors>’. This kind of freezing can also be evoked
by stimulation of the ventral PAG (vVPAG) which
also involves activation of the amygdaloid
complex*®™* and is thought to be related to a
passive defensive posture. The freezing response that
is evoked by stimulation of the vPAG is distinct from
the response that is evoked by activation of the
dPAG. Whilst both engage the same pattern of
motor response, lesions of the vPAG do not change
freezing or escape thresholds that are associated
with electrical stimulation of the dPAG****°!, Thus,
the dPAG and vPAG appear to operate
independently.

dPAG-evoked post-stimulation freezing (dPAG-
PSF). The third type of freezing occurs following
the cessation of dPAG stimulation at intensities
that evoke escape behavior. This type of freezing
contrasts with low-intensity dPAG-evoked
freezing, which ceases on termination of the
stimulation. dPAG-PSF is resistant to contextual
shifts and persists when rats are placed in a new
context immediately after exposure to the initial
fearful challenge®®®°!. Like the contextual
conditioned freezing mediated by the vPAG,
dPAG-PSF also depends on pathways that relay
information via the amygdala®®. However, the two
forms of freezing probably have distinct
functional meanings since contextual freezing
ceases with the termination of exposure to the
context, whereas dPAG-PSF persists even when
the animal has been removed from the aversive
context, suggesting that animal is maintained in a
state of heightened arousal triggered by activation
of the PAG.
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Viewed in the context of the persistent neuroplastic
changes in the functionality of the PAG that can be
triggered by exposure to an aversive event both in rats*
and in people living with PTSD**** a study of dPAG-PSF
may be particularly instructive. In rats, there appears to be
a period of at least 24h following exposure to an aversive
situation when the fear-processing circuitry undergoes a
functional change®. In normal rats, this effect reversed
within 7 days. However, it is conceivable that animals
maintained in a non-familiar environment in the post-
trauma period or rats from strains with a different genetic
disposition or even those that suffered early life stress
(which has been shown to predispose to PTSD in
humans) may experience much longer-lasting or even
permanent changes in the fear-processing circuitry.
dPAG-PSF may, therefore, serve as a useful model for
studying the mechanism of long-lasting after-effects of
exposure to traumatic events.

dPAG-amygdala connections

The dPAG, amygdala and medial hypothalamus are
closely associated with the production of fear responses to
proximal danger'*'>'”*! and have reciprocal anatomical
connections®. Fear-evoked responses in the amygdala
recruit the hypothalamus and PAG as an output fear
circuit'”*?, Importantly, inactivation of the PAG attenu-
ates fear-evoked responses in the amygdala, indicating
that the PAG may relay instructive fear signals to the
amygdala®. In the search for how these structures com-
municate with each other, several studies have shown that
the PAG is downstream of the amygdala, driving motor
outputs toward the appropriate defensive response, such
as freezing and escape’® >>>*~>°, The PAG and amygdala
are known to be essential for both innate and learned
fear”>*°. Evidence indicates that neurons in both struc-
tures are responsive to both conditioned and uncondi-
tioned stimuli**>"~*° and are necessary for producing fear
responses®"®%, Moreover, stimulation of the amygdala or
dPAG is both effective unconditioned stimuli (UCS) in
fear conditioning procedures®>®*,

The basolateral amygdala is involved in processing
aversive information®, whereas the central nucleus of the
amygdala functions as a link between the amygdala and
brainstem motor regions that mediate conditioned fear
responses®®®’. The amygdala also functions as an inter-
face for processing unconditioned and conditioned fear.
The sensorimotor gating system is recruited by traumatic
stress and depends on neural activity in the PAG and
ascending projections to the amygdala®®®®. The fact that
dPAG-PSF is inhibited by inactivation of the amygdala
may be related to the fact that the dPAG integrates sen-
sory information that allows the recognition of threaten-
ing stimuli*®. Indeed, freezing behavior has been proposed
to allow animals to acquire aversive information from the

Page 5 of 9

environment, which is likely relayed through the later-
odorsal nucleus of the thalamus to higher brain struc-
tures’®”!, Fibers that originate from the dPAG innervate
various forebrain regions, including the amygdaloid
complex, through the medial forebrain bundle®®®2, Fan-
selow™ and De Oca et al.* suggested that connections
between the dPAG and amygdaloid complex may mod-
ulate the occurrence of post-encounter freezing behavior.
Thus, ascending dPAG efferents to the amygdala appear
to be activated during dPAG-PSF so as the PAG continues
to transmit such information after the stimulation stops.

The above evidence suggests that the dPAG conveys
information about the US to the amygdala, which elabo-
rates both innate and learned fear responses, and also
claims a bottom-up control of defensive reactions in the
brain. As well as processing aversive information that is
encoded in the amygdala, the dPAG is an important relay
station for encoded aversive information that is stored in
higher brain structures. The medial PFC and anterior
cingulate cortex play a crucial role in short-term memory
and have also been associated with freezing that is
induced by the activation of neural substrates of fear in
the dPAG’®"". Interference with this system prevents
information from staying in memory after the removal of
associated environmental cues. Indeed, rats with lesions of
the infralimbic cortex that were subjected to an aversive
conditioning procedure exhibited significant reductions of
conditioned freezing and ultrasonic vocalizations”?.

Given the evidence of dysfunctional PAG-amygdala
circuitry in PTSD, particularly in relation to sensorimotor
gating, one question that naturally arises is whether
blocking the bridge between the midbrain tectum and
higher structures (e.g., the amygdala) would be effective in
preventing the development of hypersensitivity following
exposure to a traumatic event (Fig. 2). In clinical practice
instructing PTSD patients to recall a traumatic memory
whilst simultaneously orienting to alternating bilateral
sensory stimulation (ABS) such as attending to a swinging
light is effective in producing long-lasting attentuation of
fear’>. A comparable effect evoked in mice is associated
with long-lasting (weeks) attentuation of excitability of
fear-encoding neurons in the amygdala, which could be
prevented by optogenetically silencing the path from the
midbrain tectum to the amygdala’®. Whilst optogenetic
silencing is not available in humans, the ability to
manipulate the PAG-amygdala circuitry pharmacologi-
cally may be a potential therapeutic strategy.

Pharmacological strategies to inhibit the transfer
of aversive information from the dPAG to the
amygdala following a traumatic event

Below, we present pharmacological evidence that has
been obtained with animal models of anxiety designed to
examine the chemical mediation of sensorimotor gating
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Fig. 2 Schematic representation of the connections between
midbrain tectum and amygdala, either directly or through the
mediodorsal thalamus. Dysfunctional dPAG-amygdala circuitry fed
with all sorts of aversive stimuli that arrive at the midbrain tectum in
PTSD disrupts the normal functioning of other prosencephalic centers
such as the prefrontal cortex and the hippocampus, with which the
amygdala has critical neural connections. SC: superior colliculus. dPAG:
dorsal periaqueductal gray

that is associated with the PAG and its connections with
the amygdala. We have identified two neurotransmitters,
dopamine and neurokinin, which appear to be important
in the sensorimotor gating of the dPAG>***7>7°, Our
recent studies investigated the effects of neurokinin and
dopamine agonists or antagonists that were administered
either systemically or directly into the midbrain tectum
(dPAG and superior and inferior colliculi), where high
densities of dopamine D, receptor binding sites have been
identified””. Thus, the reactivity of neural substrates of
fear in the midbrain tectum, measured by auditory-evoked
potentials in response to loud sounds, was enhanced by
the D, receptor antagonists, sulpiride and haloperidol,
that were locally injected into this structure’®. Supporting
the modulatory role of dopaminergic neurons in defensive
reactions that are elaborated in the midbrain tectum, we
showed that the D, receptor antagonist sulpiride
enhanced avoidance behavior (i.e., increased switch-off
responses to light presentation as the aversive US) and
enhanced fear-like behavior in the open arms of the ele-
vated plus maze when infused in either the superior col-
liculus or PAG in rats’’. Recent studies in our laboratory
showed that intranasal dopamine application reduced
escape behavior in two tests of unconditioned fear (i.e.,
escape from bright light and ultrasonic vocalization
response to immobilization)®’, attenuated footshock-
induced freezing in training, test, and retest sessions in
fear extinction conditioning, and reduced PSF following
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electrical stimulation of the dPAG at the escape thresh-
old®. Dopamine neurons in the zona incerta (A13 zone)
have been suggested to be the possible source of dopa-
minergic input that is involved in modulating the neural
substrates of fear in the midbrain tectum®>%,

In another study, dPAG-PSF was inhibited by injection
of the NK1 receptor antagonist spantide into the central
nucleus of the amygdala®*?°. This effect was specific to
post-stimulation events since aversive freezing or escape
thresholds remained unaffected. Injections of spantide
also prevented the aversive effects of electrical stimulation
of the dPAG, evaluated in the elevated plus maze 1 day
later’®*. However, the NK1-mediated effect was labile,
and NK1 receptor antagonists failed to block dPAG-PSF
tested 7 days later’®. These findings are particularly
prescient in view of recent reports in humans that NK1
receptor availability in the amygdala is associated with
anxiety-related personality traits in healthy subjects®*.
NK1 receptor availability correlated positively with trait
anxiety but negatively with extraversion consistent with a
modulatory role for the SP-NK1 system in human anxiety.

The PAG coordinates behavioral manifestations of fear
and aversion and is also an important area that integrates
and coordinates the processing of sensory information
that is related to fear and aversion. The present review
provides evidence of the plasticity of PAG functionality
during the period that follows an acute traumatic event
and the emergence of a transference process that is con-
fined to bundles of the brainstem (i.e., mesencephalon),
culminating in such anxiety disorders as PTSD. These
neural mechanisms of aversion and intense fear at the
level of the dPAG are normally contained by tonic and
inhibitory processes that are mediated by various neuro-
transmitters, especially GABA. Panic or PTSD may occur
when these inhibitory mechanisms are weakened by
traumatic stress. Thus, a neural network that comprises
projection neurons and interneurons and their inhibitory
mediators acts on the dPAG to regulate alterations of
emotional behavior that result from the activation of fear
substrates in this region. Another disturbance involves the
dysregulation of mechanisms that prevent the passage of
this information from the mesencephalic PAG to higher
structures (e.g., amygdala) that serve as relays to other
aversive information storage areas, such as the hippo-
campus and cerebral cortex. Inhibitory mechanisms must
be engaged in the dPAG to prevent the transmission of
aversive information to neural fields that modulate cog-
nition. The weakening of such inhibitory mechanisms
may result in the development of PTSD. Pharmacological
tools may be beneficial for restoring adequate nhibitory/
containment mechanisms within this network to interrupt
this transference process that can result in PTSD. Dopa-
minergic drugs have been proposed to serve as a brake to
transference mechanisms that relay information that is
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Fig. 3 Schematic diagram of neurotransmission in the dPAG in
acute and persistent aversive stimulation of the dPAG. Acute fear
stimuli activate the dPAG, which produces defense reactions,
characterized by behavioral and autonomic responses. The neural
substrates of fear in these defense reactions are subjected to
excitatory (+) and inhibitory (—) modulatory influences. The passage
of aversive information to higher encephalic structures is under the
inhibitory control of dopaminergic mechanisms at the midbrain level.
NK also mediates the processing of aversive information at the
amygdala level. GABA, y-aminobutyric acid; BZD, benzodiazepines; 5-
HT, 5-hydroxytryptamine (serotonin); EAA, excitatory amino acids; NO,
nitric oxide

related to past traumatic experiences. The substance P-NK1
system appears to play an opposing role in this process.
Dysfunctional dopaminergic and substance P-NK1 systems
in the dPAG-amygdala circuit may be a promising ther-
apeutic target for the treatment of PTSD (Fig. 3).
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