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Neuroanatomical
Hypothesis of

Panic Disorder, Revised

Objective: In a 1989 article, the authors provided a hypothesis for the neuroanatomical basis of panic
disorder that attempted to explain why both medication and cognitive behavioral psychotherapy are
effective treatments. Here they revise that hypothesis to consider developments in the preclinical under-
standing of the neurobiology of fear and avoidance. Method: The authors review recent literature on the
phenomenology, neurobiology, and treatment of panic disorder and impressive developments in docu-
menting the neuroanatomy of conditioned fear in animals. Results: There appears to be a remarkable
similarity between the physiological and behavioral consequences of response to a conditioned fear stim-
ulus and a panic attack. In animals, these responses are mediated by a “fear network” in the brain that is
centered in the amygdala and involves its interaction with the hippocampus and medial prefrontal cor-
tex. Projections from the amygdala to hypothalamic and brainstem sites explain many of the observed
signs of conditioned fear responses. It is speculated that a similar network is involved in panic disorder. A
convergence of evidence suggests that both heritable factors and stressful life events, particularly in early
childhood, are responsible for the onset of panic disorder. Conclusions: Medications, particularly those
that influence the serotonin system, are hypothesized to desensitize the fear network from the level of the
amygdala through its projects to the hypothalamus and the brainstem. Effective psychosocial treatments
may also reduce contextual fear and cognitive misattributions at the level of the prefrontal cortex and

hippocampus. Neuroimaging studies should help clarify whether these hypotheses are correct.

(Reprinted with permission from the American Journal of Psychiatry 2000; 157:493-505)

In 1989, we (1) articulated a neuroanatomical
hypothesis of panic disorder that was essentially an
attempt to understand how two seemingly diverse
treatments—medication and cognitive behavioral
therapy—could both be effective interventions.
This theory posited that a panic attack itself stems
from loci in the brainstem that involve serotoner-

In succeeding years, studies have continued to
accumulate demonstrating that medications, par-
ticularly those that affect serotonergic neurotrans-
mission (2), and cognitive behavioral therapy (3)
are indeed robustly effective for patients with panic
disorder. Further, the notion that respiratory (4)
and cardiovascular reactivity (5) is abnormal in
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gic and noradrenergic transmission and respiratory
control, that anticipatory anxiety arises after the
kindling of limbic area structures, and, finally, that
phobic avoidance is a function of precortical acti-
vation. The hypothesis then asserted that medica-
tion exerts its therapeutic effect by normalizing
brainstem activity in patients with panic disorder,
whereas cognitive behavioral therapy works at the
cortical level.

panic disorder, pointing to brainstem involvement,
has also been strengthened. However, our original
hypothesis is now seen as clearly deficient because
it is almost completely divorced from exciting pre-
clinical and basic research that has elegantly
mapped out the neuroanatomical basis for fear. We
now wish to revisit our neuroanatomical hypothe-
sis of panic disorder and address these critical novel
elements. The result will propose that panic disor-
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der may involve the same pathways that subserve
conditioned fear in animals, including the central
nucleus of the amygdala and its afferent and effer-
ent projections.

ANATOMY OF CONDITIONED FEAR

One of the greatest challenges in modern psychi-
atry is to make use of advanced preclinical informa-
tion from basic and behavioral neuroscience. Strides
have been made in developing animal models of
emotional and behavioral states, a task seen as criti-
cal in developing a coherent understanding of any
human disease state. However, it has been difficult
to understand how any animal, lacking the capacity
to express in words its emotional state, could mean-
ingfully reflect human psychopathology. It is prob-
lematic to conceive of an animal model for
depression or psychosis, for example, because these
illnesses seemingly depend on the ability of the
human patient to inform us verbally about symp-
toms that are necessary for diagnosis. Although
even in these instances cogent animal models are
now available, two human psychiatric syndromes
seem best suited for analogy with animal states: anx-
iety and substance abuse. In the latter case, it is pos-
sible to addict animals to a variety of substances and
then study the neural pathways that subserve the
continued acquisition of these substances. This has
led to remarkable insights into brain pathways nec-
essary to sustain the abuse of substances like cocaine
(6), some of which can be confirmed in humans
with neuroimaging techniques (7).

In the case of anxiety, it is well understood that
fear, escape, or avoidance behavior and panic-like
responses are ubiquitous throughout animal phy-
logeny. It takes relatively little intuition to recog-
nize that a rodent that avoids entering a cage in
which an adverse stimulus has been presented in
the past appears similar to a phobic patient refus-
ing to drive across a bridge on which panic attacks
previously occurred. Similarly, an animal manifest-
ing increases in heart rate, blood pressure, respira-
tion, and glucocorticoid release after the
presentation of a tone that had previously been
paired with a mild electric shock demonstrates
many of the autonomic features characteristic of a
panic attack.

The analogy of panic attacks to animal fear and
avoidance responses is, to be sure, imperfect. Most
animal models of anxiety states involve condition-
ing, and it is not at all clear that panic disorder or
any other anxiety disorder except posttraumatic
stress disorder (PTSD) involves prior exposure to
any aversive stimulus. Further, because animals
cannot tell us about the experience of anxiety and

fear, we miss a rich source of information that is
readily obtained from humans with anxiety disor-
ders. In addition, animal models of fear may not
truly reflect anxiety status. Klein (8) has written
persuasively that there may be major biological dif-
ferences in humans between fear and the manifes-
tations of anxiety disorders.

Nevertheless, as we will detail, there are many
aspects of conditioned fear in animals that make
the analogy with panic attacks irresistible. Most
important, it would be a mistake, in our view, to
miss the opportunity to study pathways in humans
that have been carefully elucidated in animals dur-
ing anxious responses. We take, then, as a starting
point that a consideration of the neuroanatomy of
conditioned fear in rodents and other animals may
give us important insights that can then be studied
in patients with panic disorder.

The conditioned-fear paradigm used in neurobi-
ological studies is well known to the most elemen-
tary students of behavior. In a typical study, a rat is
presented with a stimulus—usually a tone or flash
of light—at the same time it receives a mild electric
shock. The former is called the conditioned stimu-
lus, and the latter, the unconditioned stimulus.
After several pairings, the rat learns to respond to
the conditioned stimulus with the same autonomic
and behavioral array even when no unconditioned
stimulus is presented. The paradigm originates from
the work of Pavlov (9) and has occupied the time of
countless psychology students for generations.

What is new is an understanding of the brain
pathways and neurotransmitters that are required
for the acquisition of conditioned fear. The critical
pathways are shown in figure 1. The sensory input
for the conditioned stimulus runs through the
anterior thalamus to the lateral nucleus of the
amygdala and is then transferred to the central
nucleus of the amygdala (10). The central nucleus
of the amygdala stands as the central point for dis-
semination of information that then coordinates
autonomic and behavioral responses (11, 12). In
preclinical work, amygdalar projections have been
established that may carry out these responses.
Efferents of the central nucleus of the amygdala
have many targets: the parabrachial nucleus, pro-
ducing an increase in respiratory rate (13); the lat-
eral nucleus of the hypothalamus, activating the
sympathetic nervous system and causing auto-
nomic arousal and sympathetic discharge (14); the
locus ceruleus, resulting in an increase in norepi-
nephrine release and contributing to increases in
blood pressure, heart rate, and the behavioral fear
response (15); and the paraventricular nucleus of
the hypothalamus, causing an increase in the
release of adrenocorticoids (16). A projection from
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Figure 1. Neuroanatomical Pathways of Viscerosensory Information in the Brain?
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a Viscerosensory information is conveyed to the amygdala by two major pathways: downstream, from the nucleus of the solitary tract via the parabrachial nucleus or the
sensory thalamus; and upstream, from the primary viscerosensory cortices and via corticothalamic relays allowing for higher-level neurocognitive processing and mod-
ulation of sensory information. Contextual information is stored in memory in the hippocampus and conveyed directly to the amygdala. Major efferent pathways of the
amygdala relevant to anxiety include the following: the locus ceruleus (increases norepinephrine release, which contributes to physiologic and behavioral arousal), the
periaqueductal gray region (results in defensive behaviors and postural freezing), the hypothalamic paraventricular nucleus (activates the hypothalamic-pituitary-adre-
nal axis, releasing adrenocorticoids), the hypothalamic lateral nucleus (activates the sympathetic nervous system), and the parabrachial nucleus (influences respiratory
rate and timing).
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the central nucleus of the amygdala to the peri-
aqueductal gray region is responsible for additional
behavioral responses, including defensive behaviors
and postural freezing, that may be the animal
equivalent of phobic avoidance (17). In facg, it can
readily be seen from figure 1, which is based mainly
on the work of Joseph LeDoux et al. (11) and
Michael Davis (12), that the autonomic, neuroen-
docrine, and behavioral responses that occur dur-
ing panic attacks are remarkably similar to the
symptoms occurring in animals as a result of activ-
ity in these brain regions during fearful response to
conditioned stimuli. This striking overlap between
the consequences of stimulation by the central
nucleus of the amygdala of brainstem sites and the
biological events that occur in humans during panic
attacks is compelling. However, this is not the com-
plete story. It is clear that there are important recip-
rocal connections between the amygdala and the
sensory thalamus, prefrontal cortex, insula, and pri-
mary somatosensory cortex (18). So although the
amygdala receives direct sensory input from brain-

stem structures and the sensory thalamus, enabling
a rapid response to potentially threatening stimuli,
it also receives afferents from cortical regions
involved in the processing and evaluation of sensory
information. Potentially, a neurocognitive deficit in
these cortical processing pathways could result in
the misinterpretation of sensory information (bod-
ily cues) known to be a hallmark of panic disorder,
leading to an inappropriate activation of the “fear
network” via misguided excitatory input to the
amygdala. Although much remains to be elucidated
regarding the amygdala’s role in panic, it seems rea-
sonable to speculate that there may be a deficit in
the relay and coordination of “upstream” (cortical)
and “downstream” (brainstem) sensory informa-
tion, which results in heightened amygdalar activity
with resultant behavioral, autonomic, and neuroen-
docrine activation.

One must pause at this point, however, to con-
sider how often patients with panic disorder actu-
ally demonstrate autonomic and neuroendocrine
activation during attacks. Studies here are incom-
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plete and somewhat inconsistent. For example,
some, but not all, ambulatory monitoring studies
have shown an increase in heart rate (19) and res-
piration (20) during panic attacks recorded outside
of the laboratory. Although patients with panic dis-
order respond to CO, inhalation with more anxi-
ety, panic, and increase in respiratory rate than do
normal volunteers or patients with other psychi-
atric illnesses (21), studies of the most sensitive
measute of physiological response to CO, inhala-
tion—the ratio of change in minute ventilation to
change in end tidal CO, concentration—have
yielded conflicting resules (22). Although some
investigators have found evidence for CO, hyper-
sensitivity, others have found that patients with
panic fall within the normal range on this measure.
Cortisol elevation in patients with panic disorder is
reliably observed only during the anticipation of
panic attacks (23), not during the attacks them-
selves (24). Taken together, the evidence suggests
that some, but not all, panic attacks are accompa-
nied by autonomic and neuroendocrine activation.

This last point serves to highlight what we think
is an important error in our original neuroanatomic
hypothesis of panic disorder. If, as argued there,
panic attacks are the direct result of abnormal auto-
nomic control at the level of the brainstem, we
would expect to find autonomic and neuroen-
docrine activation a common property of all panic
attacks. The fact that this is not the case suggests
that brainstem activation is probably an epiphe-
nomenon of activity in another area of the brain.
The finding in preclinical research that activity in
the central nucleus of the amygdala initiates stimu-
lation of all of the relevant brainstem centers and
that disrupting specific projections from the central
nucleus of the amygdala to brainstem neurons selec-
tively interferes with autonomic responses is conso-
nant with this idea. Thus, for example, if the
projection from the central nucleus of the amygdala
to the central gray region is lesioned, all autonomic
responses are seen, but the animal does not postu-
rally freeze or attempt to flee (17).

Another finding that continues to contradict the
idea that there is a specific abnormality in auto-
nomic brainstem control in panic disorder is that a
variety of agents with dissimilar biological proper-
ties all produce panic attacks in patients with panic
disorder but not in healthy comparison subjects or
patients with other psychiatric illnesses. The list of
such agents is long, seems to grow annually, and
includes sodium lactate (25), CO, (26), yohimbine
(27), fenfluramine (28), m-CPP (29), noradrena-
line (30), adrenaline (31), hypertonic sodium chlo-
ride (32), and analogues of cholecystokinin (33). It
remains difficult to understand what abnormal

brainstem nucleus could be specifically triggered by
such a diverse group of agents.

An alternative explanation that takes into
account the inconsistency of autonomic responses
and the heterogeneity of agents capable of produc-
ing panic attacks in susceptible patients is that
panic originates in an abnormally sensitive fear net-
work, which includes the prefrontal cortex, insula,
thalamus, amygdala, and amygdalar projections to
the brainstem and hypothalamus. When adminis-
tering an agent that causes panic attacks, some-
times called a panicogen, we are not interacting
with a specific brainstem autonomic area but,
rather, activating the entire fear network. Patients
with panic disorder experience unsettling somatic
sensations on a regular basis. The administration of
a panicogenic substance represents nonspecific
activation; because each of the panicogens pro-
duces acutely uncomfortable physical sensations,
we suppose that they act to provoke a sensitized
brain network that has been conditioned to
respond to noxious stimuli. Over time, various
projections from the central nucleus of the amyg-
dala to brainstem sites such as the locus ceruleus,
periaqueductal gray region, and hypothalamus may
become stronger or weaker. There may be
interindividual differences in the strength of these
afferent projections as well. Hence, the actual pat-
tern of autonomic and neuroendocrine responses
during panic may vary within any given patient
with panic over time and even widely across
patients with panic. These observations are clearly
in line with what both researchers and clinicians
observe.

ROLE OF MEDICATION

It is useful to consider how medications might
act at the level of the central nucleus of the amyg-
dala and its projections to reduce the severity and
frequency of panic attacks. Although many classes
of medication have been shown to be more effec-
tive than placebo in treating panic disorder, we
select only one class for this discussion—the selec-
tive serotonin reuptake inhibitors (SSRIs). We do
this because SSRIs are rapidly becoming the first-
line medication treatment for panic disorder (34),
their acute mechanism of action in the central
nervous system is fairly well understood (35), and
they may be more effective than other classes of
medication for panic disorder (36).

SSRIs have in common the property of inhibiting
the protein responsible for transporting serotonin
(5-HT) back into the presynaptic neuron. This
effectively increases the amount of 5-HT available
in the synapse to bind to both pre- and postsynap-
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tic receptors. There are at least 13 subtypes of 5-HT
receptors established in humans (37), although the
function and anatomical distribution of all of them
have not been fully characterized. Nevertheless,
functional studies demonstrate that over time, treat-
ment with SSRIs leads to an increase in overall sero-
tonergic neurotransmission in the central nervous
system (38).

When attempting to understand the mechanism
of action of SSRIs in panic disorder, a paradox
arises as soon as animal models are considered.
Acutely increasing 5-HT levels either globally or
regionally in the brain of an experimental animal
has been shown by many—although not all stud-
ies—to increase fear and avoidance (39). Although
long-term studies are not available, and there are
contradictory data, even some longer-term admin-
istrations of 5-HT precursors or agonists appear to
maintain this increase in fear. By contrast, although
some patients initially complain of increased anxi-
ety and agitation when given treatment with SSRIs,
these adverse events are generally mild and subside
over subsequent weeks. By 4 weeks, most patients
with panic report feeling less anxious and are hav-
ing fewer panic attacks (and of diminished inten-
sity) than before medication was initiated.

The solution to this paradox may come from a
more refined understanding of the pathways
involved in serotonergic neurotransmission.
Serotonergic neurons originate in the brainstem
raphe region and project widely throughout the
entire central nervous system (40). Three of these
projections are of particular relevance to an under-
standing of the SSRI antipanic effect.

First, the projection of 5-HT neurons to the
locus ceruleus is generally inhibitory (41), such
that the greater the activity of the serotonergic neu-
rons in the raphe, the smaller the activity of the
noradrenergic neurons in the locus ceruleus.
Indeed, Coplan et al. (42) showed that after 12
weeks of fluoxetine treatment, patients with panic
who responded to treatment showed a decrease in
plasma levels of 3-methoxy-4-hydroxyphenylgly-
col, the main metabolite of noradrenaline. This
suggests that SSRIs, by increasing serotonergic
activity in the brain, have a secondary effect of
decreasing noradrenergic activity. This would lead
to a decrease in many of the cardiovascular symp-
toms associated with panic attacks, including
tachycardia and increased diastolic blood pressure.

Second, the projection of the raphe neurons to
the periaqueductal gray region appears to modify
defense/escape behaviors. Viana and colleagues
(43) have shown that stimulation of the dorsal
raphe nucleus dramatically increases 5-HT release
acutely in the dorsal periaqueductal gray region,

resulting in diminished periaqueductal gray region
activity. This finding supports the original sugges-
tion of Deakin and Graeff (44) that serotonergic
projections from the dorsal raphe nuclei play a role
in modifying defense/escape responses by means of
their inhibitory influence on the periaqueductal
gray region.

Third, evidence now suggests that long-term
treatment with an SSRI may reduce hypothalamic
release of corticotropin-releasing factor (CRF)
(45). CRE which initiates the cascade of events
that leads to adrenal cortical production of cortisol,
is also a neurotransmitter in the central nervous
system and has been shown on numerous occasions
to increase fear in preclinical models (46). When
administered directly into the brain, CRF also
increases the firing rate of the locus ceruleus (47).
CRF antagonists decrease both physiological (48)
and behavioral consequences of CRF stimulation
(49). Indeed, CRF antagonists are now being
examined for their potential as anxiolytics in both
animals and humans.

Hence, by looking at the specific pathways that
originate from serotonergic neurons in the raphe,
one can find at least three mechanisms by which
increased serotonergic activity produced by long-
term SSRI administration might produce an
antipanic effect. By diminishing arousal,
defense/escape behavior, and levels of the anxio-
genic substance CRE, SSRIs are likely to block
many of the downstream manifestations of panic.

Equally intriguing as the three examples given
above is the possibility that SSRIs, by increasing
serotonergic activity, have an effect on the central
nucleus of the amygdala itself. Studies here are in
the early stages, but it is already known that sero-
tonergic neurons originating in the dorsal and
medial raphe nuclei project directly to the amyg-
dala via the medial forebrain bundle (40). At the
level of the amygdala, Stutzmann and LeDoux (50)
have demonstrated that 5-HT modulates sensory
input at the lateral nucleus of the amygdala,
inhibiting excitatory inputs from glutamatergic
thalamic and cortical pathways. Because the amyg-
dala is known to receive dense serotonergic input
from the raphe nuclei, this may be a prime site for
the anxiolytic action of the SSRIs, whereby an
increase in 5-HT inhibits excitatory cortical and
thalamic inputs from activating the amygdala.

We propose, then, that it is most likely that med-
ications known to be effective in treating panic dis-
order diminish the activity of brainstem centers
that receive input from the central nucleus of the
amygdala and control autonomic and neuroen-
docrine responses during attacks. In addition to
their psychic effects, drugs such as SSRIs may elim-
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inate most of the troubling physical effects that
occur during panic by affecting heart rate, blood
pressure, breathing rate, and glucocorticoid release.
This would then lead to a secondary decrease in
anticipatory anxiety as a patient recognizes that the
seemingly life-threatening physical manifestations
of panic have been blocked. It is not uncommon,
particularly in the early stages of medication treat-
ment of a patient with panic disorder, to hear “I
sometimes feel as if the attack is coming on, espe-
cially when I am in a situation in which attacks
have occurred in the past. I get afraid, but then
nothing happens. No palpitations, no dizziness, no
difficulty breathing. My thoughts don’t seem to be
able to cause a panic attack anymore.” We interpret
this to suggest that the projections from the central
nucleus of the amygdala to the brainstem and
hypothalamus have been inhibited by medication
treatment.

NEUROIMAGING AND PANIC
DISORDER

If the amygdala, thalamus, periaqueductal gray
region, parabrachial nucleus, locus ceruleus, and
hypothalamus are so important in coordinating the
manifestations of panic, it would be a logical next
step to attempt to image these brain regions during
attacks and determine if they are particularly active
compared to other brain regions. This has proven
to be a daunting task. First, although the amygdala
occupies a significant portion of the anterior part
of the temporal lobe, it is a small structure in the
human brain and is therefore difficult to distin-
guish with all but the most sensitive positron emis-
sion tomography (PET) cameras. Separating the
amygdala from adjoining brain structures and the
cortex is not a trivial task. Further, it is not yet pos-
sible with PET to distinguish among smaller brain-
stem nuclei. Functional magnetic resonance
imaging (fMRI) potentially has the resolution to
make this possible, but the technology is still in
development to clearly image deeper subcortical
and brainstem structures.

Sensitive PET cameras can now resolve the
amygdala and other structures in the fear network
like the thalamus as distinct neuroanatomical loci,
but at least two other problems exist in learning
whether they play a special role in panic. The first
is in trying to capture the attack itself. Because
panic attacks occur at seemingly random intervals,
it is obviously impossible to place a patient in a
scanner and wait for a spontaneous panic attack to
occur. This means that some panicogenic agent
must be administered that will reliably produce an
attack. Several are available, as discussed above, but

the attacks that occur when they are administered
are, like naturally occurring panic attacks, brief.
Radiotracers like ['*F]fluorodeoxyglucose (FDG)
that enable quantification of regional brain metab-
olism cannot capture events that occur over periods
of time as short as a few minutes. Hence, PET
scanning using FDG may not be able to tell us
definitively if a change in metabolism has occurred
acutely during the actual panic atrack itself.
Radiotracers such as [°O]water do provide tempo-
ral resolution compatible with capturing a panic
attack, but they only allow us to measure regional
cerebral blood flow (rCBF), not metabolism. The
majority of studies have shown that there is a high
correlation between brain metabolism and blood
flow in healthy subjects (51, 52), such that
increased neuronal activity in a given region is
accompanied by increased blood flow to that
region. However, other studies have suggested that
this relationship may not hold consistently during
physiologic activation (53). The possibility always
exists that the uncoupling of CBF and metabolism
may occur under circumstances of heightened
stress, such as a panic attack. However, this uncou-
pling would be expected to be global, and, there-
fore, specific regional differences in CBF would be
expected to still reflect changes in local neuronal
metabolic activity.

A second problem for brain imaging studies is
that patients with panic hyperventilate when they
are anxious, and the resultant hypocapnia-induced
vasoconstriction may obscure results, especially by
counteracting expected increases in blood flow,
reflecting neuronal activation and increased metab-
olism in certain structures. Most of the neuroimag-
ing studies in populations with panic disorder have
reported regional reductions in CBF or metabo-
lism. Because the degree of hypocapnia (end tidal
CO,) has not generally been controlled in these
studies, it is difficult to interpret the resules know-
ing that patients with panic disorder have a greater
tendency to hyperventilate in stressful situations
than normal comparison subjects (22). In support
of this idea is a study by Stewart and colleagues
(54), in which rCBF was measured during rest and
immediately after a lactate infusion with xenon-
133 single photon emission computed tomography
(['**Xe]-SPECT). Normal comparison subjects
and nonpanicking patients with panic disorder
showed an increase in CBF after lactate infusion,
whereas patients with panic disorder who panicked
after lactate infusion demonstrated a smaller
increase or an actual decrease in CBE This finding
may be accounted for by the vasoconstrictive effect
of hyperventilation in overcoming the expected
lactate-induced increase in CBF in the panicking
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patients. We suspect this is likely because we have
previously shown that patients who panic during
lactate infusion do hyperventilate more than those
who do not panic (55).

In addition, there is growing evidence that
patients with panic disorder are more sensitive to
the vasoconstrictive effects of hyperventilation-
induced hypocapnia than are comparison subjects.
Ball and Shekhar (56) have reported a differentially
greater hyperventilation-induced decrease in basi-
lar arterial blood flow in patients with panic attacks
than in comparison subjects by means of transcra-
nial Doppler ultrasonography. Dager et al. (57)
measured brain lactate levels by using magnetic res-
onance spectroscopy during voluntary hyperventila-
tion in a group of patients with panic disorder and
a group of normal comparison subjects. Although
they controlled for differing degrees of hyperventi-
lation by monitoring PCO, with capnometry, hyper-
ventilating subjects with panic disorder increased
their brain lactate levels disproportionately, suggest-
ing that they may have an exaggerated hypersensi-
tivity to the vasoconstrictive effect of hypocapnia.

Our group has recently generated pilot data con-
sistent with this notion (figure 2). A small number
of patients with panic disorder, one of whom had
been treated with cognitive behavioral therapy and

Figure 2. Change in Global CBF, Corrected
for Degree of Hypocapnia, During
Voluntary Hyperventilation in Three
Patients With Panic Disorder and Three
Normal Comparison Subjects?

- Panic disorder patient treated
with cognitive behavioral therapy
‘ Acutely ill panic disorder patient

Acutely ill panic disorder patient

Panic disorder patient
treated with SSRI

Normal subject

[ Normal subject

[ Normal subject

-3 —2 —1 0 1 2 3
Ratio of /ACBF to /\End Tidal CO,

a Significant difference between groups, with the patient taking an SSRI excluded
(t=3.26, df=4, p=0.03, N=6).

was entirely asymptomatic at the time of the study,
one of whom had been successfully treated with
fluoxetine, and healthy comparison subjects, were
asked to hyperventilate during ['*3Xe]-SPECT
scanning. When corrected for level of hypocapnia,
as measured by the end tidal CO, level, the
patients showed significantly greater decreases in
CBF than the healthy comparison subjects. The
only exception was the remitted patient who was
taking fluoxetine at the time and who appeared by
inspection to have the same level of vasoconstric-
tion as the healthy comparison subjects.

Conclusions from so preliminary a study are
obviously perilous, but the results are consistent
with those of many other neuroimaging observa-
tions with patients with panic disorder. The greater
vasoconstriction found in the patients with panic
disorder cannot be secondary to more hyperventi-
lation or greater hypocapnia because these were
carefully controlled, and observed levels were
equivalent to those found in the healthy compari-
son subjects. Some additive mechanism must be
involved. Two possibilities arise. First, as discussed
earlier, it is well known from the work of Goddard
et al. (58) and others that the noradrenergic system
is more active and more sensitive in patients with
panic than in healthy comparison subjects.
Matthews (59) has argued convincingly that this,
plus the fact that noradrenergic fibers innervate
cerebral blood vessels and cause vasoconstriction
(60), explains the heightened vasoconstriction in
patients with panic during hyperventilation.
Patients with panic may respond with more fear
during hyperventilation than do healthy compari-
son subjects, thus activating the locus ceruleus and
causing noradrenergic-mediated vasoconstriction
that adds to the effects of hyperventilation.

A second possibility arises from the preclinical
studies of Marovitch and colleagues (61), showing
that stimulation of the parabrachial nucleus, which
is adjacent to the locus ceruleus in the brainstem,
also causes cerebral vasoconstriction. The wide-
spread reduction in CBF seen with stimulation of
the parabrachial nucleus may be mediated by yet
another subcortical site, since projections of the
parabrachial nucleus do not reach the entire cortex.
Marovitch and colleagues have suggested that the
rostral raphe nuclei, which are capable of modulat-
ing cortical vasoconstriction through serotonergic
projections, may be such a site. In this role, the
raphe nuclei might relay information from the
parabrachial nucleus to the cerebral cortex, resulting
in a more global vasoconstrictive effect. In either
event, we postulate once again that activation of the
amygdala during a fearful episode—in this case,
hyperventilating in the enclosed space of a PET or
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SPECT scanner—may produce by its projections
an increase in activity in either the locus ceruleus,
the parabrachial nucleus, or both. This would
increase the amount of vasoconstriction in patients
with panic relative to healthy comparison subjects,
leading to the exaggerated decreases in CBF
observed in several neuroimaging studies.

The observation that one patient with panic
treated with an SSRI did not show exaggerated
vasoconstriction during hyperventilation is conso-
nant with our theory. If, indeed, SSRIs produce
inhibition of the locus ceruleus or parabrachial
nucleus, either directly or through an effect on the
amygdala, one would expect to see a normalization
of the vasoconstrictive effect of hyperventilation.
This speculation obviously calls for further studies
because it could be a marker for the success of SSRI
therapy in the treatment of panic disorder.

Although neuroimaging studies to date in
patients with panic disorder have not implicated
fear network structures established in preclinical
models (perhaps because of methodological and
technical limitations), neuroimaging studies in
human fear conditioning have demonstrated the
importance of these structures. Early PET studies
attempting to look at changes in the brains of
healthy subjects during aversive classical (fear) con-
ditioning (62) demonstrated significant increases
in rCBF in several subcortical structures implicated
in the fear network, including the thalamus, hypo-
thalamus, and periaqueductal gray region, in addi-
tion to somatosensory and associative cortices and
the cingulate. However, most PET studies have not
found activation of the amygdala during fear con-
ditioning paradigms using subtractive PET meth-
ods (62-65). Although these studies did not find
an outright increase in amygdalar rCBF in fear
conditioning, a positive correlation between non-
specific electrodermal fluctuations (reflecting
degree of conditioning) and rCBF in the right
amygdala was reported (64).

Recently, fMRI has been used to overcome some
of the difficulties evident in PET approaches, such
as temporal sequencing and nonassociative effects,
and one group has successfully demonstrated acti-
vation of the amygdala and periamygdaloid cortical
areas during conditioned fear acquisition and
extinction (66). In addition, several investigators
have shown specific activation of the amygdala in
response to presentations of affectively negative or
fearful visual stimuli using fMRI techniques (67).
fMRI permits far better anatomical and temporal
resolution than PET or SPECT; however, its ability
to delineate deeper subcortical and brainstem struc-
tures has been limited in the past by field inhomo-
geneity. With the advent of cardiac gating and other

advances in fMRI technology, this problem is being
overcome. fMRI is therefore a logical technology to
extend to the study of patients with panic disorder,
since its superior anatomical and temporal resolu-
tion should allow the investigation of fear network
structures during a real-time panic attack.

What is specifically needed for the study of panic
disorder is a method that can provoke anxiety or
panic without causing hyperventilation-induced
hypocapnia. One possibility is to ask subjects to
inhale small amounts of CO, during brain imaging
studies. Concentrations as low as 5% in room air
have been shown to increase anxiety levels in most
subjects, with patients with panic disorder showing
significantly more anxiety and higher rates of frank
panic (21). Inhalation of CO, does produce
increases in both tidal volume and respiratory rate
(68), but because CO, is continuously supplied,
there is no opportunity for hypocapnia to develop.
The difficulty with this technique, however, is that
CO, inhalation produces a global increase in CBE,
making it unclear whether regional activation of a
network responsible for panic would once again be
obscured by blood flow changes, albeit in the oppo-
site direction as those caused by hyperventilation.
Corfield and colleagues (69) recently showed that
there are regional differences in response to CO,
inhalation, with the amygdala showing particularly
strong effects. Such preliminary findings suggest that
CO, inhalation may provide a method of overcom-
ing the problems associated with hyperventilation-
induced hypocapnia that attend most neuroimaging
studies in panic disorder reported so far.

GENETICS OF FEAR AND PANIC
DISORDER

If we accept the hypothesis that patients with
panic disorder suffer from an abnormally sensitive
fear network that includes the central nucleus of
the amygdala, hippocampus, periaqueductal gray
region, and other brainstem areas, the next issue to
address is why this is the case. One possibility is
that there is an inherited tendency for fearfulness,
perhaps manifested as a neurocognitive deficit
resulting in an abnormal response to or modula-
tion of the fear network. Once again, an appeal to
preclinical work is helpful.

A number of studies have now indicated that
quantitative trait loci on specific chromosomes are
associated with heightened emotionality and with
fear-conditioning in rodents. For example, Flint et
al. (70) showed that three loci on mouse chromo-
somes 1, 12, and 15 were associated with decreased
activity and increased defecation in a novel envi-
ronment. They concluded that these loci were
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responsible for heightened “emotionality” and
speculated that “there are cogent reasons for
expecting that the genetic basis of emotionality is
similar in other species and that it may underlie the
psychological trait of swusceptibility [emphasis
added] to anxiety in humans. The pattern of
behavioral effects of anxiolytic drugs in rodents
together with the results of electrophysiological
and lesion experiments suggest conservation
between species of a common neural substrate,
probably determined by homologous genes” (p.
1434). Both Wehner et al. (71) and Caldarone et
al. (72) found quantitative trait loci associated with
contextual fear conditioning in rodents on several
chromosomes, with both groups implicating chro-
mosome 1. In an editorial accompanying the
Wehner et al. and Calderone et al. studies, Flint
(73) commented that “the locus on chromosome 1
that was identified by both groups has in fact
already been shown to influence fearfulness in two
independent studies...the fact that four studies
working on such different measures of the same
trait have succeeded in identifying the same chro-
mosomal region is very encouraging” (p. 251).

Is there evidence that panic disorder is genetic?
There is no question that it is highly familial. A
number of studies have now shown that the chance
of having panic disorder is substantially elevated
over the base rate in the population if one has a
firsc-degree relative with panic disorder (74). But
this is hardly evidence of a genetic cause; one can
easily imagine that growing up with anxious rela-
tives could condition an individual to develop
heightened levels of fear, anxiety, or even panic
attacks. The next best data come from studies com-
paring the concordance rate for panic disorder
between monozygotic (identical) and between dizy-
gotic (fraternal) twins. For most medical illnesses,
finding a higher rate of concordance between
monozygotic than between dizygotic twins for a
disease implies a genetic basis. For psychiatric illness
we must make the additional assumption that par-
ents maintain as similar an environment for dizy-
gotic twins as they do for monozygotic twins. At
least three studies (75—77) have examined the con-
cordance rates for panic disorder among twins, and
all find a higher concordance for monozygotic than
for dizygotic twins, with one (75) specifically show-
ing a higher concordance rate for panic attacks than
for the syndromal disorder itself. The conclusion at
first glance seems clear: panic disorder must have a
genetic component.

A closer examination of the twin studies, how-
ever, suggests a retreat from such a broad state-
ment. In none of the studies was the concordance
rate for panic between monozygotic twins even

close to 50% (range=14%-31%). This means that
although genetically identical twins are more likely
to both have panic disorder than are twins who are
no more genetically identical than ordinary broth-
ers and sisters, there are many cases in which one
identical twin has panic disorder and the other
does not. The conclusion seems clear. If genes are
involved in causing panic disorder, they cannot be
the whole story.

Taking the preclinical studies and the twin studies
together, the most logical assumption is that what is
inherited is a susceptibility to panic, not panic dis-
order itself. It is well known that children exhibit
varying levels of anxiety and fear. Some children are
extremely anxious and have been called “behav-
jorally inhibited to the unfamiliar” by Kagan and
colleagues (78). The presence of an anxiety disorder
in childhood or adolescence confers a substantially
increased risk for having a recurrent anxiety disorder
in young adulthood (79). Nevertheless, many anx-
ious children do not develop anxiety disorders as
adults, and many people with first-degree relatives,
even identical twins, with panic disorder never have
a panic attack themselves.

The elegant behavioral genetic work of Flint and
others suggests that it is possible to inherit a vul-
nerability to fearfulness and anxiety. Further, this
may be traced to relatively few genes and may
involve areas of the brain such as the amygdala and
its projection sites or the cortical areas involved in
modulating amygdalar activity. We conclude, then,
that patients with panic disorder very likely inherit
a susceptibility to panic that has its basis in an
unusually sensitive fear network, with the central
nucleus of the amygdala playing a significant role.

ENVIRONMENTAL BASIS FOR PANIC
DISORDER

The most likely candidate for the part of panic
disorder etiology not likely to be explained by
genetics is an environmental insult. In our original
neuroanatomical hypothesis, we made a similar
claim, but since then the evidence that this is plau-
sible has increased both from animal and human
studies.

Several studies have now suggested that disrup-
tions of early attachment to parents may be associ-
ated with the later development of panic disorder.
For example, using data from the Epidemiological
Catchment Area study, Tweed et al. (80) reported
that adults whose mothers died before they were age
10 were almost seven times more likely than those
without a history of early maternal death to be diag-
nosed with agoraphobia with panic attacks. Those
adults whose parents separated or divorced before
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age 10 also had a greater likelihood of being diag-
nosed with agoraphobia with panic attacks—almost
four times the rate of those without a history of
early parental separation. Stein et al. (81) found that
patients with panic disorder reported more
instances of childhood sexual and physical abuse
than did healthy comparison subjects. The idea that
disrupted emotional attachments with significant
caregivers during childhood may be a risk factor for
panic disorder is consonant with the clinical obser-
vation that patients with panic disorder are unusu-
ally sensitive to perceived, threatened, or actual
separations. Indeed, patients with panic are less
likely to experience a panic attack when surrounded
by trusted companions. One study showed that
having a companion present reduced the likelihood
of a panic attack during CO, inhalation (82). This
is striking because our attempts to reduce the rate of
panic during CO, inhalation by cognitive manipu-
lation have not proven successful (83).

The preclinical literature now strongly indicates
that early disruptions of the attachment between
infants and mothers (in animals fathers rarely play
a substantial role in rearing offspring) produce
long-lived behavioral and biological changes. For
example, Michael Meaney, Paul Plotsky, and others
(84-87; Plotsky et al., unpublished 1996 presenta-
tion) have shown that in rodents, alterations in
mother-offspring interactions produce changes in
the infant’s subsequent hormonal and physiological
responses to stress that endure throughout the life-
time. These altered responses appear to be medi-
ated at least in part by changes in central CRF
function. Furthermore, these changes vary across
different genetic strains of rodent so that “in rela-
tively hardy animals the early-life manipulations
may have less obvious effects” (85).

Andrews, Rosenblum, Coplan, and colleagues
(88-90; Coplan et al., unpublished 1997 presenta-
tion) have pursued an interesting behavioral para-
digm in nonhuman primates. Infant bonnet
macaques are exposed to either a low foraging
demand condition, in which mothers are given
immediate direct access to food, or a variable forag-
ing demand condition, in which, at randomly
selected intervals, the mother is forced to search for
food, thus interfering with her attention to the
infant. Both infant and mother receive adequate
nutrition in both conditions. It is of interest that
infants exposed to the variable foraging demand
condition do not seem particularly distressed while
the mother searches for food, but the mothers
appear stressed, and some begin to neglect the emo-
tional needs of the infant over time. The infants
raised under the variable foraging demand condition
appear normal in most respects, but they exhibit

more fearfulness and less social gregariousness
throughout their lives when compared to animals
raised under low foraging demand conditions (88).
As adults, the animals raised under the variable for-
aging demand condition also exhibit increased CRF
levels in CSF (89), exaggerated behavioral response
to noradrenergic stimulation, blunted behavioral
response to serotonergic agonists (90), and blunted
growth hormone response to a clonidine treatment
condition (Coplan et al., unpublished 1997 presen-
tation). Thus, even years after a relatively subtle dis-
ruption of maternal-infant interaction, animals
whose mothers underwent an uncertain variable for-
aging demand condition are fearful and shy and
show evidence of enduring biological disruption.

There is evidence that experiencing traumatic
events during childhood and adulthood is associ-
ated with the development of panic disorder
(91-94). Nevertheless, our model asserts that
patients with panic disorder, by virtue of a geneti-
cally imposed abnormality in the intrinsic brain
fear network, are more susceptible to the effects of
trauma, particularly those involving separation and
disrupted attachment, than are individuals without
panic disorder. That recent traumatic stress may
also play a role in stimulating the onset of panic is
clearly compatible with this model. This abnor-
mality could take a number of forms, including
tonic autonomic hyperactivity or a neurocognitive
defect that would prevent the appropriate interpre-
tation of fear network signals and/or the appropri-
ate cortical feedback to limit anxiety and panic
responses. Hence, we propose an interaction
between life stress and genetic susceptibility as the
root cause of panic disorder in adults.

The invocation of adverse life events may help us
understand why anxious children may grow up to
be depressed, have one or more of a number of dif-
ferent anxiety disorders, or exhibit no psy-
chopathology at all. It is possible that a similar
genetic vulnerability is common to several of these
conditions and whether, or which, one of them is
actually expressed in adult life depends on the kind
of environmental influences to which a child is
exposed. The same fear network that we have
posited to be abnormal in panic disorder may also
function abnormally in social phobia, PTSD, gen-
eralized anxiety disorder, or depression. The rela-
tionships among the different parts of the network
may differ, however, among these disorders. Such a
theory would explain the commonly observed high
levels of comorbidity among anxiety disorders and
between anxiety and depression. It would also
explain why the same medications are effective for
all of these conditions—presumably because all
involve some hyperactivity of the amygdala and its
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projections—but cognitive behavioral therapies dif-
fer, perhaps because of different degrees of abnor-
mality in the hippocampus and prefrontal cortex.

This hypothesis imposes learned reactions and
unconscious emotional states onto genetic vulnera-
bility. It predicts in at least two ways that psy-
chotherapy of several types should be useful in
treating panic disorder. First, we will argue that
phobic avoidance represents a type of contextual
learning analogous to that seen in fear-conditioned
animals. This learned phenomenon has its neural
basis in the memory systems of the hippocampus.
Second, we will argue that sensitivity to separation,
fear of impending doom and death, and overreac-
tion to somatic cues are mediated by higher corti-
cal centers. In both cases, behavioral, cognitive,
and possibly psychodynamic therapies play a role
in modifying these systems.

CONTEXTUAL LEARNING IN PANIC
DISORDER

As we noted in our introduction, one of the puz-
zles in understanding panic disorder is the frequent
observation that even when patients report few or
no panic attacks, they still exhibit avoidant behav-
ior. This has led to the widespread recommenda-
tion that clinical trials examining antipanic
treatments should measure the effect of the puta-
tive treatment on more domains than just the
reduction in frequency or severity of panic attacks
(95). A patient who has stopped having attacks but
will not leave the house is probably not appropri-
ately considered a responder to treatment.

It is well known that animals who have under-
gone a fear-conditioning experience also become
conditioned to the context in which the experience
occurred (96). For example, a rat conditioned to
have the same behavioral and autonomic reaction
to a tone as was elicited by mild electrical shock
will also demonstrate these reactions when simply
placed in the cage in which the conditioning exper-
iment took place, even without presentation of the
tone. This contextual conditioning is known to
require intact hippocampal neurons (97). If after
conditioning to the tone has occurred the amyg-
dala is lesioned, the animal will no longer exhibit a
fearful response to the tone but will respond fear-
fully when placed back in the cage. If on the other
hand, the hippocampus is lesioned, the animal
maintains the response to the tone but no longer
responds to placement in the cage.

The analogy with patients with panic disorder
appears obvious. Phobic avoidance arises, in part,
from an association of panic attacks with the con-
text in which they occurred. Patients who have

had, for example, a panic attack in a car while driv-
ing over a bridge in rush hour traffic remain fearful
of cars, traffic, and bridges. This can generalize to
any situation in which egress is not immediately
possible and help not automatically available. It is
of interest that clinicians observe that some
patients treated with medication no longer panic
but still maintain some level of phobic avoidance.
This may improve over time as deconditioning
occurs, but in many patients it becomes a lifelong
problem despite adequate pharmacological treat-
ment. Such patients often require and do well
when offered behavioral therapy aimed at desensi-
tizing them to feared contexts.

Perhaps the reaction of the patient with panic to
minor physical discomfort also represents a kind of
contextual fear conditioning. Many patients with
panic disorder are unbearably sensitive to relatively
trivial somatic sensations such as mild dizziness,
increase in heart rate, or slight tingling in a limb.
Although it is difficult to make analogies with ani-
mal models of fear conditioning, it is plausible that
somatic sensation is a kind of context that becomes
capable of triggering panic over time.

Cognitive behavioral therapy for panic disorder
focuses, in part, on eliminating contextual fear by
desensitizing the patient to both physical and
somatic cues for panic (98). This may represent an
effect on memory mediated by the hippocampus.
Imaging studies should be very helpful in deter-
mining if this is indeed the case.

ROLE OF HIGHER CORTICAL CENTERS
IN PANIC DISORDER

Beyond contextual learning, patients with panic
disorder frequently exhibit widespread catastrophic
thinking (99) and an increased risk for the devel-
opment of major depression (100). They can
become tied to “phobic partners,” sometimes
maintaining attachments that are not in their best
interest because of an exaggerated fear that separa-
tion will cause life-threatening consequences. The
toll on the patient and significant others can be
substantial, and marital discord among patients
with panic disorder is frequently observed (101).

There are many neuroanatomical sites that likely
subserve the cognitive and relationship difficulties
that ultimately may be the worst part of panic dis-
order. We have suggested that cortical sites, particu-
larly those that process higher-order sensory
information such as the medial prefrontal cortex,
are important in modulating anxiety responses. As
LeDoux has suggested (102), psychotherapy may
work, in part, by strengthening the ability of these

Cortical pl‘OjCCtiOHS to assert reason over automatic
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behavioral and physical responses. Medications, in
our opinion, are only pardally helpful in reversing
the incessantly gloomy predictions of patients with
panic disorder or in helping them rearrange rela-
tionships that are based on safety and dependency.
Depending on the severity of these problems, which
often correlates with how long a patient has had
panic disorder, psychotherapy becomes invaluable.

We propose then that psychotherapies that are
effective for panic disorder, including cognitive
behavioral therapy and possibly psychodynamic
treatment, operate upstream from the amygdala and
exert powerful inhibitory effects on a variety of
learned responses. At least in the case of cognitive
behavioral therapy, for which most evidence now
exists, these treatments are capable of reducing the
frequency of panic attacks themselves and also of
decreasing phobic avoidance and catastrophic think-
ing (103). Dynamic therapy may be most helpful for
dealing with the effects of early disruptions in
parental/child attachments that appear important
for some patients in the development of panic disor-
der, but this requires empirical validation.

CONCLUSIONS

We are left with a model for panic disorder that
asserts, exactly as did our original neuroanatomical
hypothesis, that medication and psychotherapy can
both be effective treatments for panic disorder and
that they operate at different levels of the brain.
Beyond this, the revised hypothesis presented here
is substantially altered from the original. Using
information from preclinical science, we now
hypothesize that patients with panic disorder
inherit an especially sensitive central nervous system
fear mechanism that has at its center the central
nucleus of the amygdala and includes the hip-
pocampus, thalamus, and hypothalamus, as well as
the periaqueductal gray region, locus ceruleus, and
other brainstem sites. Medications such as SSRIs
may reduce panic attacks by decreasing the activity
of the amygdala and interfering with its ability to
stimulate projection sites in the hypothalamus and
brainstem. Once the physiologic/somatic symp-
toms of anxiety are lessened, there is a secondary
reduction in anticipatory anxiety and phobic avoid-
ance. Cognitive behavioral and other effective psy-
chotherapies most likely operate upstream from the
amygdala, reducing phobic avoidance by decondi-
tioning contextual fear learned at the level of the
hippocampus and decreasing cognitive misattribu-
tions and abnormal emotional reactions by
strengthening the ability of the medial prefrontal
cortex to inhibit the amygdala.

This model suggests many experimental tests.

We have already outlined the promise of neu-
roimaging studies in detailing the exact neu-
roanatomical substrates for panic and phobic
avoidance and also the sites of action of effective
therapies. Genetic research should be targeted at
uncovering susceptibility genes, rather than
attempting to find genes for panic disorder itself.
The continued development of animal models will
help elucidate the exact neural mechanisms that
translate early rearing stress into permanent disor-
ders of behavior and neurobiology.

Although many aspects of our revised neu-
roanatomical hypothesis are likely to prove incor-
rect, it is our profound hope that it will stimulate a
renewed interest in basic and clinical research of anx-
iety disorders such as panic. In our opinion, anxiety
disorders are among the most likely psychiatric dis-
turbances to yield to modern scientific inquiry. The
results should be better treatment for our patients.
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