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Abstract
Panic disorder (PD) is a severe anxiety disorder characterized by susceptibility to induction of
panic attacks by subthreshold interoceptive stimuli such as sodium lactate infusions or
hypercapnia induction. Here we review a model of panic vulnerability in rats involving chronic
inhibition of GABAergic tone in the dorsomedial/ perifornical hypothalamic (DMH/PeF) region
that produces enhanced anxiety and freezing responses in fearful situations, as well as a
vulnerability to displaying acute panic-like increases in cardioexcitation, respiration activity and
“flight” associated behavior following subthreshold interoceptive stimuli that do not elicit panic
responses in control rats. This model of panic vulnerability was developed over 15 years ago and
has provided an excellent preclinical model with robust face, predictive and construct validity. The
model recapitulates many of the phenotypics features of panic attacks associated with human
panic disorder (face validity) including greater sensitivity to panicogenic stimuli demonstrated by
sudden onset of anxiety and autonomic activation following an administration of a sub-threshold
(i.e., do not usually induce panic in healthy subjects) stimulus such as sodium lactate, CO2, or
yohimbine. The construct validity is supported by several key findings; DMH/PeF neurons
regulate behavioral and autonomic components of a normal adaptive panic response, as well as
being implicated in eliciting panic-like responses in humans. Additionally, Patients with PD have
deficits in central GABA activity and pharmacological restoration of central GABA activity
prevents panic attacks, consistent with this model. The model’s predictive validity is demonstrated
by not only showing panic responses to several panic-inducing agents that elicit panic in patients
with PD, but also by the positive therapeutic responses to clinically used agents such as
alprazolam and antidepressants that attenuate panic attacks in patients. More importantly, this
model has been utilized to discover novel drugs such as group II metabotropic glutamate agonists
and a new class of translocator protein enhancers of GABA, both of which subsequently showed
anti-panic properties in clinical trials. All of these data suggest that this preparation provides a
strong preclinical model of some forms of human panic disorders.
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1. Panic attacks and panic disorder
Anxiety disorders are the most prevalent psychiatric disorders [1], with a life time
prevalence of about 20% in the general population [2]. Currently, there is clear evidence that
anxiety disorders are a heterogeneous group. Several distinct syndromes have been
delineated, based primarily on clinical presentations. One severe anxiety syndrome is panic
disorder where recurrent ‘spontaneous’ panic attacks occur that are discrete periods of
intense fear or discomfort with at least 4 characteristic symptoms such as tachycardia,
hyperventilation or dyspnea, locomotor agitation, etc [1]. Current estimates are that about
7-10% of the population experience occasional panic attacks and about 2-5% of the
population have panic disorder (i.e., frequent and/or disabling panic attacks)[3].

Although the cause of panic disorder and associated panic attacks is largely unknown there
are predisposing factor that increase the likelihood of the development of panic attacks. The
onset of panic attacks usually occurs in late adolescence or early adulthood, and women are
twice as likely as men to develop recurrent panic attacks. Sexual maturation in adolescence
[see review [4]], and fluccuating sex hormones in women [see review [5]] appear to play a
significant role in the vulnerability to panic attacks, but other factors such as early life stress
or higher incidence of trauma such as rape in women could also account for this
vulnerability. Genetic factors also appear to play a significant role since it has been
estimated that 30-40% of monozygotic twins of persons diagnosed with a panic disorder will
experience recurrent panic attacks [6, 7].

Normally an adaptive ‘panic’ response is a survival reflex that occurs in response to an
imminent threat [8] that can be associated with either external or internal sensory stimuli
(exteroceptive- or interoceptive-cues, respectively) [9, 10]. For instance, normal panic is an
adaptive response to imminent threats that are exteroceptive (e.g., predator attacks) or
interoceptive (e.g., severe hypercapnia that leads to a suffocation sensation). However, in
patients with panic disorder, the panic attacks (i.e., aberrant panic responses) often initially
occur “spontaneously” in the absence of any obvious external threatening stimuli. Although
panic attacks are considered “spontaneous”, they can be consistently triggered in patients
with panic disorder by normal interoceptive cues. For instance, patients with panic disorder
are hyper-responsive to normal interoceptive cues [11, 12], and are also susceptible to
induction of panic attacks by subthreshold interoceptive stimuli such as 0.5 M sodium
lactate (NaLac) infusions and 7.5% CO2 inhalations, which are agents that normally do not
elicit panic attacks in healthy controls [13-15]. Patients with panic disorder are also
susceptible to precipitation of panic attacks by variety of other agents such as yohimbine,
cholecystokinin, caffeine etc. [16], all at subthreshold doses that normally do not elicit panic
attacks in most healthy controls (i.e., by subthreshold interoceptive cues). Thus, the initial
pathology in these patients appears to be an alteration somewhere in the central neural
pathways regulating normal panic response, thus rendering them susceptible to
‘spontaneous’ panic attacks [17]. These initial spontaneous attacks can eventually become
associated with contextual cues where previous panic attacks have occurred such as bridges,
crowded spaces, or situations where rapid exit is difficult [18]. This development of
cognitive bias towards threat perception [19] and conditioning of fear responses to panic
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cues [20] can lead to phobias which are the likely mechanisms underlying recurrent and
situational panic attacks in later stages of the illness. Within the anxiety disorder spectrum,
recurrent panic attacks are the hallmark of diagnosis for panic disorder, but can also occur in
other severe anxiety disorders such as post traumatic stress disorder [21], but not other
anxiety disorders such as generalized anxiety and obsessive compulsive disorders [22, 23],
or pure depressive disorders [24].

2. Neurochemical and neuroanatomical systems implicated in panic
disorder

Currently, the neuroanatomical circuits and associated neurochemicals underlying the initial
vulnerability to spontaneous panic attacks in human are poorly understood. An ongoing
hypothesis of ours is that an alteration in the central neural pathways regulating normal
panic response underlies ‘spontaneous’ panic attacks and the development of panic disorder.
If these putative brain areas that are postulated to be regulatory sites for a normal panic
response fail to properly function, this could trigger an episodic “alarm” and activate the
brain “panic circuit” resulting in a panic attack. Very little is known about such a circuit
except that structures such as the periaqueductal grey (PAG), hypothalamus, amygdala and
frontal cortex are frequently implicated [25-27]. While much is known about conditioned
fear and induction of fear responses by contextual cues, little is known about the
mechanisms underlying the vulnerability to the initial ‘spontaneous’ panic attacks, the true
etiological basis of panic disorder [28]. A number of neurochemical hypothesis are also
proposed for the etiology of panic disorder, primarily based on the therapies that work in
treating panic attacks.

For example, both spontaneous and laboratory-induced panic attacks can be blocked by
successful treatment of panic disorder with: 1) benzodiazepines like alprazolam [29-31]; 2)
tricyclic antidepressants [32] or monoamine oxidase (MAO) inhibitors [33] that target
monoaminergic systems in general (i.e., serotonin, norepinephrine, epinephrine, dopamine
and histamine); 3) serotonergic (SSRI) or norephinephrine (NRI) reuptake inhibitors [see
review [34]]. There is also evidence of reduced inhibitory GABAergic tone in patients with
panic disorder. For instance patients with panic disorder have reduced GABAAr binding in
the frontal cortex [35], genetic polymorphisms in the GABA synthesizing genes (glutamic
acid decarboxylase: GAD) are associated with vulnerability to panic disorder [36] and panic
patients demonstrate deficits in central GABA concentrations [37]. This most likely explains
why benzodiazepines are so effective at treating panic symptoms [34, 38-40]. Here, we will
review both the putative neuroanatomical substrates implicated in regulating a panic
response and the potential neurochemical mechanisms engaged in these circuits in the
context of this particular animal model.

3. Hypothalamus - one of the putative sites for generating panic-like
responses

Since the early studies by Bard and Hess, the hypothalamus is hypothesized to be a critical
site for generating a coordinated “defense reaction” i.e., emotional arousal appropriate for a
“fight or flight” response [41, 42], In the 1940s Hess and colleagues electrically stimulated
the hypothalamus of awake and freely moving cats and discovered that stimulation of some
parts of posterior hypothalamic regions evoked strong autonomic and somatic responses
resembling adaptive panic/defense reactions (e.g., increased blood pressure, piloerection,
arching of back) [43]. Further studies, conducted in rodents, used microelectrodes to
stimulate discrete regions of the hypothalamus and found that stimulation of DMH/PeF
elicits cardiovascular and behavioral components of the “fight or flight” response including
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hypertension, tachycardia and hyperventilation [44, 45], decreases in visceral blood flow
and increases in hindlimb blood flow (McCabe et al., 1994) and “agitated” running
proportional to stimulus intensity [46]. However, a major confound of all of these electrical
stimulation studies is that in addition to local cells, fibers of passage (e.g., fornix and nearby
mammillothalamic tracts and median forebrain bundle) also travel through these regions.
More sophisticated pharmacological studies using discrete microinjections into the
hypothalamic nuclei of rats have confirmed that stimulating or disinhibiting the DMH region
(with excitatory amino acids or GABAA receptor antagonist bicuculline methiodide,
respectively) elicits coordinated emotional arousal [47-49]. escape- [50] and anxiety- [51]
associated behavior as well as ‘panic’ associated cardiorespiratory responses (e.g.,
hypertension, tachycardia [50, 52-55].

The More specifically, blockade of inhibitory GABA neurotransmission in the DMH/PeF
elicits escape- [50] and anxiety- [51] associated behavior as well as increases in
cardioexcitation (i.e., tachycardia and pressor response), tachypnea and increases in release
of stress hormones into the plasma [e.g., catecholamines [56, 57], adrenocorticotrophic
hormone (ACTH) and corticosterone [58, 59] [see hypothetical illustration in Figure 1a].
This pattern of autonomic and respiratory responses is similar to responses observed during
panic attacks in humans [60]. These responses to site-specific stimulation of adjacent
structures such as the lateral hypothalamus (LH) or regions dorsal to the DMH/PeF do not
result in any cardiovascular response [61]. This region of the hypothalamus has since been
referred to as the hypothalamic “defense area” in light of these findings. Deep brain
stimulation of the posterior hypothalamus (that contains the DMH/PeF) of humans also
leads to tachycardia and self-reported ‘panic’ [62, 63].

4. Panic generating circuit is tonically suppressed at rest
As noted above, tonic GABA release in the DMH/PeF plays an important role in
suppressing defensive ‘panic’ responses. This section discusses neural circuits that play an
important role in regulating the tonic GABA release in the DMH/PeF. In the 1920s Cannon
and Britton found that decorticating cats produced a variety of sympathetic nervous system
responses (e.g., increases in blood pressure and plasma concentrations of stress hormones)
and defensive/panic behavior (e.g., hissing, arching of back and attempts to bite) to fairly
non-threatening stimuli [64]. Bard and colleagues discovered that transections of the cat
forebrain produced “sham rage”, but if the transection were caudal to posterior regions of
the hypothalamus, then the “sham rage” responses disappeared [65]. This led Bard to
propose that the forebrain suppresses emotional responses to inconsequential or trivial
stimuli by actions in the posterior hypothalamus, but when the organism is exposed to an
imminent threat (e.g., a conspecific male or predator) then tonic inhibition of nuclei within
posterior regions of the hypothalamus is removed and this produces a defensive ‘panic’
response. This hypothesis is supported by retrograde tracing in the DMH/PeF leading to
robust labeling in the infralimbic region of the medial prefrontal cortex [66-68]. Since most
of the projection neurons in the medial prefrontal cortex (mPFC) are glutamatergic it is
hypothesized that these neurons project to local GABAergic interneurons in the DMH/PeF
to tonically inhibit their activity, which has been determined to be the case for mPFC
projections to the amygdala. There are some compelling findings from human studies
supporting the hypotheses that panic vulnerability may result from a loss of normal
regulatory mechanisms of the limbic structures that elicit a panic response. For example,
during anticipatory anxiety, regional cerebral blood flow is reduced in the mPFC [69]. In
addition, panic patients have decreased regional cerebral blood flow [70] in the mPFC and
metabolism in the mPFC of panic disorder patients is reduced during panic attacks [71].
Furthermore, during an acute laboratory induced panic in human subjects, the first area to be
activated is the posterior regions of the hypothalamus with a corresponding reduction in the
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activation of prefrontal cortex [72]. Supporting a disruption of GABA function in panic
disorder are data showing that humans with genetic polymorphisms in the glutamic acid
decarboxylase genes are vulnerable to panic disorder [73], GABA enhancers such as
benzodiazepine agonists attenuate sodium lactate induced panic-related responses in panic
patients [74]. Panic disorder patients demonstrate deficits in cortical GABA concentrations
[37]. Furthermore, in a functional in vivo imaging study patients with panic disorder have
reduced GABAA receptor binding in the frontocortical brain regions [35].

5. Development of panic-vulnerable rats
If DMH/PeF is indeed one of the sites regulating a panic-like response, then it could be
predicted that rats that have a dysfunction of GABA in this region would show a
susceptibility to ‘panic-like’ responses. They would also be predicted to exhibit
physiological arousal by sodium lactate (NaLac) infusions similar to patients with panic
disorder. To induce GABA dysfunction in the DMH/PeF, a GABA synthesis inhibitor (l-
allylglycine:l-AG) is unilaterally infused into the DMH/PeF via an osmotic minipump filled
with l-AG. Allylglycine is the precursor to 2-keto-4-pentanoic acid, which is a nonspecific
inhibitor of isoforms of glutamic acid decarboxylase (i.e., GAD65 and GAD67). In order to
inhibit the synthesis of GABA, allylglycine must first be transformed into its active form, 2-
keto-4-pentenoic acid by amino acid oxidase enzymes [75-77]. For example, In vivo
systemic administration of l-AG into rats reduces levels of GABA throughout the brain [78],
but in vitro l-AG does not affect GAD activity [77, 79]. Although the amino acid oxidases
are expressed throughout the brain, there are two isoforms that are selective in their
substrates, such that one of them only oxidizes the l-form of an amino acid while the second
is selective to the d-form the amino acids. In the forebrain and diencephalon, only the L-
form selective amino acid oxidase is predominant. Thus, only l-AG significantly blocks the
synthesis of GABA in the hypothalamus and d-AG serves as an inactive pharmacological
control [80, 81]. Previous studies have determined that the dose of l-AG utilized here is
subthreshold to the dose that acutely reduces local GABA concentrations [based on
microdialysis study [52] but chronically reduces GABA levels to by approximately 60%
following unilateral infusions as determined by enzyme assays [50, 82-84] and supported by
immunohistochemistry [85]. In most cases, the l-AG infusion leads to increases anxiety-like
behavior [i.e., as measured by the social interaction (SI) test and elevated plus-maze (EPM)]
without altering baseline cardiorespiratory activity [50, 82-84]. However, following
exposure to subthreshold cues such as 0.5 M sodium lactate [68, 82-88] or subthreshold
doses of yohimbine [82] that are known to provoke panic attacks in humans suffering from
panic disorder, the rats have increased anxiety-like behavior (greater than already present
from l-AG infusion) and marked and rapid increases in cardioexcitation (evidenced by either
tachycardia and/or a pressor response), tachypnea and an increase in general locomotor
activity [see Figure 2 reproduced with permission from [68]].

This animal model of panic disorder has now been established for over 15 years and has
robust face, predictive, and construct validity. As noted above, the model recapitulates many
of the phenotypics features of human panic disorder. The model’s predictive validity is
demonstrated by responses, similar to those observed in subjects with panic disorder, to both
panic-inducing agents (e.g. sodium lactate, yohimbine, and inhalations of CO2) and anti-
panic effects of therapeutic agents such as alprazolam [86, 89] and group II metabotropic
glutamate agonists [88]. Further predictive validity comes from a study that recently used
this hypothalamic animal model and determined that a novel GABA enhancer drug showed
anti-panic properties preclinically and in later clinical trials [90]. The construct validity of
this model is supported by the fact that neural circuits of the DMH/PeF regulate behavioral
and autonomic components of an adaptive panic/defense response in rats [91], and are
implicated in eliciting panic-like responses in humans [92] and animals [93]. Furthermore,
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panic disorder subjects have reported deficits in central GABA activity [37] and
pharmacological restoration of central GABA activity prevents panic attacks [67], which is
consistent with GABA reductions in key brain areas resulting in panic vulnerability as
demonstrated with this animal model.

6. Afferent pathways for the classic panic-inducing interoceptive stimuli
6. 1 Sodium lactate sensory pathways

The DMH/PeF has extensive projections to and from several circumventricular organs
(CVOs)[94, 95], which are areas in the CNS that lack a blood-brain barrier and express
“sensors” to detect changes in osmolarity, sodium concentrations and other plasma
parameters [96]. These anatomical connections suggest a potential mechanism by which
information about many peripheral plasma parameters can be directly relayed to the DMH/
PeF. Among the three major CVOs that are connected to the DMH/PeF, the region of the
antero 3rd ventricle [A3Vr; containing the organum vasculosum lamina terminalis (OVLT),
the median preoptic nucleus (MnPO), and anteroventral periventricular nucleus (AVP)] has
particularly dense connections with the panic-generating region of the DMH/PeF [87]. The
A3Vr cells are also highly responsive to intravenous infusions of sodium lactate at doses
used to provoke panic in the panic model [68]. We have previously mapped out functional
cellular responses in brain regions implicated in the sensing of sodium lactate (i.e., A3Vr)
and in the regulation of components of the panic response in the panic model [see Figure 3
reproduced with permission from [68]]. The importance of the A3Vr in sensing changes in
plasma sodium lactate in the panic model was confirmed when injecting tetrodotoxin into
the A3Vr but not in another CVO (i.e., subfornical organ) blocked sodium lactate induced
panic responses in the panic model [97]. Furthermore, directly injecting a small amount (100
nl) of NaLac into the A3Vr of panic vulnerable rats elicited panic-associated
cardiorespiratory and behavioral responses [83].

Previous clinical studies conducted on panic disorder patients suggest that increased sodium,
not lactate or osmotic stress, may be the critical change for provoking panic attacks. For
instance, i.v. infusions of hypertonic (0.5M) NaLac, sodium chloride (NaCl) [98] or sodium
bicarbonate [99] provoke equivalent panic associated responses in panic disorder patients.
Furthermore, panic disorder patients are significantly more likely to have a panic attack
following i.v. infusions of hypertonic NaCl rather than lactate dissolved in dextrose [100].
Consistent with this, we recently determined that sodium was the specific sensory
component of sodium lactate challenge that is critical for provoking panic in our panic
model [87]. Utilizing whole-cell patch clamp preparations, we also showed that bath
applications of NaLac (positive control), but not lactic acid (lactate stimulus) or D-mannitol
(osmolar stimulus) increased firing rates of DMH/PeF projecting neurons in the A3Vr that
were retrogradely labeled from the DMH/PeF. These neurons are also most likely
glutamatergic cells [87]. The cellular mechanism by which neurons in the A3Vr detect
changes in sodium concentrations may be through specialized sodium X channel (NaX) that
are expressed in the A3Vr and have been shown to be critical for drinking behavior
associated with salt intake [101, 102]. Recently, Grob and colleagues have shown that
neurons in the MnPO region express NaX channels that are excited by local application of
hypertonic NaCl, but not changes in osmolarity [103] which fits the phenotype of the
neurons that project to the DMH/PeF. Overall, these data are consistent with the hypothesis
that Na+ is exciting glutamatergic neurons in the A3Vr through Nax receptors that project to
the DMH/PeF region to elicit panic-responses in panic-prone rats.
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6.2 Carbon dioxide sensory pathways
Mild elevations of CO2 in the blood (i.e., hypercapnia) can occur from hypoventilation.
Mild changes in hypercapnia initially lead to an increase in respiration activity to help “blow
off” excess CO2 without much conscious awareness of the change [see review [104]].
However, if CO2 levels continue to increase there is a sense of “suffocation” and additional
physiologic responses are initiated, including adaptive behavioral, autonomic, and
neuroendocrine responses. For instance, exposing rats to mild hypercarbic gas [e.g., 7% CO2
[105]] increases respiration rate that reduces hypercapnia without mobilizing other
components of a “panic-like” response. However, exposing rats to higher concentrations of
hypercarbic gas (e.g., ≤10% CO2) elicits additional components of a panic-associated
responses as evidenced by increases in sympathetic activity [106], blood pressure [107],
anxiety-like behaviors [108, 109] and mobilization of the hypothalamic-pituitary-adrenal
(HPA) axis [110-112]. Mild changes in hypercapnia from exposure to air containing 5-7%
CO2 that increases respiratory activity in healthy humans provokes panic attacks in the
majority of patients with panic disorder [113-115]], which suggests they are hyper-
responsive to CO2. This hyper-reactivity to hypercapnia could be a relevant trigger of panic
attacks in environmental settings where ambient CO2 levels are increasing and where panic
attacks are known to occur such as people with asthma or obstructive lung diseases, and
even physically healthy panic patients trapped in closed spaces such as an elevator with
groups of people exhaling high levels of end tidal CO2 (approximately 5-6%, compared to
atmospheric concentrations of CO2 that are less that 0.05%).

Overall, this hyper-sensitivity to hypercapnia has led to a hypothesis that a respiratory center
abnormality in the brain leads to false suffocation alarms [116]. CO2 readily crosses the
blood-brain barrier to directly interact with specialized central chemoreceptive neurons [117,
118] that are critical for regulating breathing in response to mild hypercapnia [104]. Orexin
producing neurons found only in the dorsomedial/perifornical (DMH/PeF) and adjacent
lateral hypothalamus (LH) [119] also display CO2/H+-sensitive properties, but with lesser
chemosensitivity [120], suggesting that they may respond to only panic threshold
hypercapnia. As mentioned previously, a loss of inhibitory GABAergic tone in the DMH/
PeF leads to a hyperactive ORX system in our panic model [86], which could lead to
hyperactive responses to mild hypercania. Further evidence of orexin involvement is that
prepro-ORX knockout mice have blunted respiratory responses to 5-10% hypercarbic gas
exposure, and injecting wild type mice with an ORX1 receptor antagonist attenuates
hypercapnic-induced respiratory responses [121]. In a recent publication, we have also
determined that pretreating rats with an ORX1 receptor antagonist attenuates panic-
associated anxiety behavior and pressor responses following a panic threshold exposure to
hypercapnic gas (20%CO2)[122]. Finally, humans with episodes of severe hypercapnia
(such as patients with COPD, bronchitis or asthma) have significant comorbidity with severe
anxiety and sympathetic arousal, both of which can make management of these patients
difficult. In a recent preclinical study, COPD was modeled in rats by exposing them to
chronic cigarette smoke [123] which induced COPD-associated lung pathology (i.e.,
coalesced alveoli and thickened bronchiolar walls). Ex vivo analyses revealed that there was
a 100% increase in hypothalamic ORXA protein expression; and heightened medullary
responses phrenic nerve responses to ORXA. In a recent clinical study, plasma orexin A
levels [orexin A crosses the blood brain barrier with ease [124]] were over 100% higher in
COPD patients with hypercapnic respiratory failure compared to control subjects [125].
Overall, orexin neurons in the DMH/PeF could be a critical substrate in the hyper-reactivity
to hypercapnia seen in in patients with panic disorder, but also in severe hypercapnic
episodes see in conditions such as COPD.
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7. Efferent DMH/PeF pathway for induced panic
We have extensively characterized the afferent pathways that activate the DMH/PeF region
following sodium lactate infusions [83, 87], some of the mechanisms within the DMH/PeF
that regulate the panic-like response [82, 85, 88, 89, 126], as well as identifying the efferent
pathways from the DMH/PeF implicated in the panic-like response using c-Fos
immunohistochemistry [see Figure 3 reproduced with permission from [68]].

The DMH/PeF region has extensive efferent projections to many sites that are critical for
behavioral and physiological responses associated with stress, anxiety and fear. The putative
efferent pathways utilized for generating the different components of the panic responses
following sodium lactate infusions are hypothesized to be the following structures: 1)
Paraventricular nucleus (PVN) for stress hormone release and sympathetic activation [58,
127-129]; 2) BNST [130-132] for anxiety-like responses; 3) Lateral septum (LS) [131]
which may be critical for anxiety and enhancement of aversively conditioned responses by
DMH/PeF activation [133]; 4) DPAG for locomotor and flight responses [131, 134]; 5) The
NE systems of the locus ceruleus (LC) and 5-HT systems of the dorsal raphe nucleus (DRN)
to regulate arousal; and 6) Brainstem regions such as the lateral parabracial nucleus [LPBN:
[135, 136]] for regulating respiratory responses, 7) rostroventrolateral medulla for pressor
responses [RVLM: [137]], 8) raphe pallidus for tachycardia [RPa: [138]] and also 9)
sympathetic mobilization through regions of the spinal cord [139] for mobilizing
sympathetic activity and 8) nucleus of the solitary tract (nTS) for desensitizing
parasympathetic autonomic responses [see review [140]]. In addition, there are poorly
understood pathways that we have not listed here. For example, nausea is a common
symptom associated with acute panic attacks and the robust activation of area postrema [see
Figure 3 and [68]] and the emetic pathways may be involved in generating the symptoms of
nausea during a panic attack. There are also many redundant pathways to elicit many of
these responses within this panic circuit. For example, ‘anxiety’ responses can be elicited
from the BNST, amygdala, hippocampus or lateral septum. Similarly, sympathetic
mobilization can be induced via several brain stem centers. However, in this animal model
of panic a unique subset of DMH/PeF efferent pathways appears to be activated during the
panic-like response induced by panic inducing stimuli such as sodium lactate [68].

7.1 Anxiety and fear mobilization during panic
Following sodium lactate infusions, several limbic structures (i.e., the BNST, LSV and
several subnuclei of the amygdala) are selectively activated during panic-like responses
[68]. Although other studies have demonstrated that the BNST regulates autonomic activity
[141], the BNST’s role may depend on the context since we previously determined that
pharmacological inactivation (GABAA receptor agonist) of the rostro-caudal BNST region
blocked the anxiety-associated behavior in the panic model but did not alter sodium lactate
provoked cardiorespiratory activation, providing strong support for the hypothesis that the
BNST selectively regulates anxiety behavior, but not panic-like cardiorespiratory responses
in the panic model presented here [68]. Consistent with this finding, chronic disinhibition of
the BNST with l-allyglycine or chronic excitation with CRF agonist urocortin 1 produced
rats with high anxiety , but unlike the rats with l-AG in the DMH/PeF region, these animals
were not vulnerable panic-like responses following sodium lactate infusions [142].

Although fear and phobia development has not been fully studied yet in this panic model,
robust cellular responses occur in the central amygdala (CeA) in rats that display panic-
associated cardiorespiratory responses following sodium lactate [68]. This strong CeA
response could indicate the onset of conditioned fear memories [see review [143]] that and
the formation of secondary phobia following initial panic attacks in panic disorder patients
[144, 145]. We do however see that there is significant contextual fear that develops in the

Johnson and Shekhar Page 8

Physiol Behav. Author manuscript; available in PMC 2013 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



panic prone animals in the defensive burying test (Shekhar et al., unpublished results),
suggesting that they are more susceptible to induction of conditioned fears and show delayed
extinction.

7.2 Sympathetic mobilization during panic
Identification of the efferent pathways from the DMH/PeF implicated in the sympathetic
mobilization were mapped using c-Fos expression in l-AG and d-AG infused into the DMH/
PeF region and then challenged with either normal saline or hypertonic sodium lactate
infusions (Johnson, 2008). We identified activation of multiple autonomic regulatory
regions including the dorsal cap of the PVN (i.e. PaDC), the RVLM (spefically C1
adrenergic neurons) and the RPa. Some of the other autonomic regulatory sites responded to
sodium lactate infusion (i.e. RPa, LC noradrenergic and C1 and C2 adrenergic neurons),
while yet other brainstem regions associated with sympathetic mobilization failed to respond
to sodium lactate or l-AG (e.g., subdivisions of the PAG, etc.). There are several putative
ways the DMH could potentially induce cardioexcitatory responses following sodium lactate
infusions in l-AG-treated rats (see Fig. 1b, 2 for a hypothetical model for DMH-mediated
cardioexcitatory responses). The DMH/PeF could drive hypertensive responses at efferent
targets such as the PaDC, SON, RVLM or sympathetic regions of the spinal cord. The
DMH/PeF directly innervates the PaDC, SON [95] and also sympathetic regions of the
spinal cord [139]. Neurons in the PaDC also directly innervate sympathetic regions of the
spinal cord [146]. Yet another explanation is that C1 adrenergic neurons were firing at a
higher rate in sodium lactate+l-AG-treated rats, relative to sodium lactate+d-AG-treated rats,
even though sodium lactate induced a similar level of c-Fos expression in C1 adrenergic
neurons in the RVLM similarly in both d-AG and l-AG treated rats challenged with lactate.
Consistent with a role for the RVLM/C1 adrenergic cell groups in DMH/PeF-mediated
cardiovascular responses, pressor responses, elicited from disinhibition of the DMH, can be
severely attenuated by microinjecting muscimol into the RVLM [137]. Tachycardia
responses following l-AG+sodium lactate infusions are most likely being mobilized by a
combination of direct and indirect projections from the DMH/PeF to sympathetic
preganglionic neurons.

7.3 Parasympathetic coordination during panic
In order for the sympathetic limb of the autonomic nervous system to simultaneously induce
hypertension and tachycardia, the baroreflex mechanism which stimulates vagal
parasympathetic output and inhibits the sympathetic output needs to be desensitized [see
review [140]]. The nTS region is critical for the baroreflex [147] and contains
parasympathetic motor neurons. The DMH/PeF directly innervates the nTS [137], and
electrical or chemical [see review [140]] stimulation of the DMH/PeF decreases the
sensitivity of the baroreflex through a GABAergic mechanism in the nTS [148]. This circuit
represents an adaptive means of inhibiting the baroreflex during “fight or flight” responses
and exercise [149]. The nTS also contains numerous GABAergic neurons [150] which could
be dampening parasympathetic activity by inhibiting acetylcholinergic vagal preganglionic
neurons. This notion is supported by recent evidence that stimulation of nTS neurons in vitro
inhibits DMV neurons [151, 152].

The finding that panic-related conditions exhibit parasympathetic and sympathetic
imbalance, and baroreflex disruption is not surprising [see review [153]]. Panic disorder
patients have higher baseline HR than controls [154, 155] and electrocardiograms in panic
disorder patients reveals sympathetic dominance and parasympathetic withdrawal [156,
157]. Patients with panic disorder also show disrupted baroreceptor function that persists
even when they are in remission [158].
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8. Neurochemical mechanisms within the DMH/PeF that regulate panic as
putative therapeutic targets
8.1 Glutamate receptor activation is necessary for panic response generation

The current evidence suggests that there is a balance between tonic GABAergic inhibition
and glutamate mediated excitation within the DMH/PeF that makes rats vulnerable to
NaLac-induced panic responses [85, 88]. Under basal conditions, the activity of DMH/PeF
neurons is regulated by a tonic GABAergic inhibition of excitatory glutamatergic drive
[159]. However, when the GABAergic inhibitory tone is reduced with l-AG infusions, the
glutamate-mediated excitation appears to become prominent, leading to chronic activation
and a panic-prone state [85]. In light of this, there is increasing recognition that
glutamatergic mechanisms may be a potential avenue to develop new treatment for anxiety
problems such as panic disorder [160].

Group II metabotropic glutamate receptors (mGluR 2 and 3) are expressed on presynaptic
terminals of glutamatergic neurons [161] which reduce synaptic release of glutamate when
glutamate binds to them [see review [162]], thus negatively modulating presynaptic
glutamate neurotransmission. This suggests that mGluR 2/3 potentiators could potentially
reduce excessive synaptic glutamate release in panic-prone rats to reduce panic vulnerability
without altering basal glutamate release [163]. Using our panic model, we determined that
pretreating panic-vulnerable rats with either a specific mGLUR2/3 allosteric agonist [88] or
a more selective mGluR2 agonist (i.e., CBiPES or THIIC) (unpublished data) attenuates
panic responses (see Figure 4]. This is consistent with a previous data showing that
mGluR2/3 allosteric agonists reduce anxiety-associated behaviors in rodents [88, 164-166]
and also has anxiolytic and antipanic properties in humans [167, 168] without
benzodiazepine associated side effects such as sedation [168].

8.2 Benzodiazepines agonists and inverse agonists modulate DMH/PeF activity and panic
responses

As shown previously, acute blockage of tonic GABAergic inhibion in the DMH/PeF leads to
panic responses, whereas a subtler chronic inhibition of GABA tone leads to panic
vulnerability in our model. We have also shown that restoring GABAergic tone in panic
vulnerable rats just prior to a sodium lactate challenge blocks panic responses [68]. The
concept of loss of GABAergic tone resulting in a panic-prone state implied in the preclinical
animal model is also implicated in humans with panic disorder where reduced GABA levels
are seen in the brain [35, 37]. Also, supporting disruption of GABA function in panic
disorder are data showing that genetic polymorphisms in the GAD genes are associated with
vulnerability to panic disorder [36].

This most likely may also explains why GABA enhancers such as benzodiazepines are so
effective in rapidly treating panic symptoms [74]. Benzodiazepines such as alprazolam also
have rapid anti-panic properties in the DMH/PeF model of panic vulnerability [86, 88],
which could be partially attributed to restoring GABAergic tone in the DMH/PeF (see
Figure 4].

8.3 The NE arousal system input into the DMH/PeF is a critical component of panic
responses

Activation of norepinephrine (NE) locus ceruleus (LC) neurons is postulated to mobilize
anxiety and panic responses in humans [see recent review [169]]. There is also evidence that
the NE system is hyperactive in patients with panic disorder [170-172]. For instance,
patients with panic disorder (compared to controls) have exacerbated anxiety and
cardiovascular responses following pharmacological enhancement of NE release with an
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oral 20mg dose of yohimbine (an alpha 2 adrenoreceptor antagonist). Yohimbine
(intravenous) also provokes panic attacks in 70% (40% experienced flashbacks) of combat
veterans with post-traumatic stress disorder (PTSD), while having minimal effects on
control subjects [173].

The DMH/PeF may be an important relay site for LC induced panic responses. The DMH/
PeF is densely innervated with noradrenergic terminals which most likely largely represent
LC input [see [174]]. Both stress-related stimuli and panicogenic drugs such as beta
carbolines (e.g., FG-7142) or yohimbine cause increases in NE release in the DMH/PeF [see
review [175]] and fear-potentiated startle tests in rats also leads to increases in NE levels in
the DMH [176]. Futhermore, acute disinhibition of the DMH/PeF with bicuculline
methiodide (BMI, a GABAA receptor antagonist) causes panic responses that coincide with
an increase in local extracellular NE levels [126]. This NE release in the DMH/PeF
following GABAA receptor inhibition appears to play an important role in DMH/PeF
mediated panic responses, since lesioning NE terminals in the DMH/PeF (using 6-
hydroxydopamine neurotoxin) results in a significant blunting of the panic response to local
disinhibition with BMI [126]. Furthermore, panic associated autonomic responses elicited
by LC stimulation are attenuated in rats with lesions of the hypothalamus that contain the
DMH/PeF [177]. Finally, yohimbine hypersensitivity is also present in the hypothalamic
panic model, where panic prone rats, but not controls, display panic associated behavior and
cardiovascular responses following intravenous yohimbine challenges [82] and
noradrenergic systems such as the LC are highly sensitive to interoceptive stimuli such as
NaLac in the hypothalamic panic model [68].

8.4 CRF inputs to the DMH/PeF may be an important signal in the panic response
In addition to endocrine functions [178], the neuropeptide corticotropin releasing factor
(CRF) is synthesized (and released) in other extra-hypothalamic brain regions [179, 180]],
where it acts as a neurotransmitter/neuromodulator to coordinate behavioral and autonomic
responses to stress. Central injections of CRF mobilizes “panic/defense” responses in
rodents [181, 182], and clinical evidence suggests that polymorphisms in CRF1 receptor
gene may be associated with panic vulnerability [183]. Overall this suggests that the CRF
system could be an important therapeutic target for panic disorder [184]. We recently
determined that systemically pretreating panic vulnerable rats with a centrally active highly
specific and selective CRF1 receptor antagonist attenuated sodium lactate induced panic
responses [[89] see Figure 4]. Our finding is consistent with other reports where this same
CRF1 receptor antagonist had anxiolytic-like effects in rodents [185-188], which suggests
that the CRF1 receptor may be a novel target for the treatment of acute panic and/or anxiety
symptoms. However in a recent clinical trial, patients with generalized anxiety disorder did
not show improvement of primary outcome measures following treatment with the CRF1
antagonist pexacerfont, compared to placebo group [189]. There are significant differences
in symptoms and underlying pathological causes between panic disorder and GAD [1] and
CRF1 receptor antagonists may be efficacious in the treatment of panic disorder symptoms.
For instance, profound cardioexcitatory responses occur during panic attacks which are
more specific for panic disorder compared to other anxiety disorders such as GAD, and in
our preclinical study the highest dose of the CRF1 receptor antagonist was as effective as a
benzodiazepine in blocking panic-associated cardioexcitatory responses [89].

9. The phenotype of neurons in the DMH/PeF that mobilize panic
9.1 Orexin synthesizing neurons

An important question is what neurons are impacted by removal of local GABA inhibition
in the DMH/PeF region that makes rats display increases in anxiety-like behavior and panic-
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like physiology. An enticing candidate is a group of ORX producing neurons found only in
the DMH/PeF region and adjacent lateral hypothalamus (LH)] [119, 190] These ORX
producing neurons are critical for maintaining wakefulness and vigilance [191], contain
GABAA receptor subunits [192] are inhibited by GABAA receptor agonist muscimol [193]]
and excited by bicuculline methiodide [194]]. Regions of the brain which are critical for
anxiety-related (unconditioned) stress responses such as the BNST [143, 195, 196] contain
extensive orexinergic fibers [119] and ORX1 (ORX1R) [197] and 2 receptors (ORX2R)
[198]. Central ORX release also appears to mobilize centrally mediated sympathetic
responses. Intracerebroventricular (icv) injections of ORX produces tachycardia,
hypertension and increases in renal sympathetic activity and plasma concentrations of NE
and epinephrine [199, 200]. Furthermore, mice lacking prepro ORX have attenuated
cardioexcitatory responses following disinhibition of the DMH/PeF [201], and specific
lesions of ORX neurons (ulilizing a ORX-saporin technique) reduces conditioned fear-
induced tachycardia and hypertention [202]. Other line of evidence comes from studies
assessing the role of ORX in parasympathetic regions such as the RVLM, and NTS/DMV
complex that are innervated with ORX containing fibers and express ORX 1 and 2 receptors
[190]. The pressor responses elicited from disinhibition of the DMH/PeF appears to be
mediated via the RVLM [137]. Injecting ORX into the RVLM elicits tachycardia [203, 204]
and hypertension [203-205]. Furthermore, ORX dose-dependently increases firing rates of
RVLM neurons in vitro [206] and ORX containing fibers are in close apposition to RVLM
neurons expressing the ORX1R [204] and tyrosine hydroxylase (i.e. C1 adrenergic neurons)
[205]. The DMH also directly innervates the nTS [137], and electrical [207] or chemical
[140] stimulation of the DMH/PeF lowers the sensitivity of the baroreflex presumably by
regulating activity in the nTS region. Recent studies have shown that ORX may also
modulate the baroreflex through actions in the nTS complex. ORX perfusions onto nTS
slices excites and inhibits the majority of nTS neurons [190], respectively. Furthermore,
ORX can enhance inhibitory input to the dorsal motor nucleus of the vagus arising from the
nTS and elicit tachycardia and pressor responses [190].

9.2 Angiotensin synthesizing neurons
We previously demonstrated that injecting an angiotensin II (A-II) type 1 receptor (AT1r)
antagonist losartan or the nonspecific A-II receptor antagonist saralasin into the DMH/PeF
of “panic-prone” rats prior to sodium lactate challenge blocked the entire panic responses
[82]. In addition, direct injections of A-II into the DMH/PeF of these “panic-prone” rats also
elicited panic-like responses, which were blocked by pretreatment with saralasin.
Microinjections of saralasin into the DMH did not block the panic-like responses elicited by
i.v. infusions of the noradrenergic agent yohimbine or by direct injections of NMDA into the
DMH/PeF, suggesting that angiotensin release in the DMH/PeF may be associated with the
initial sodium lactate signal to the DMH/PeF.

10. Conclusions
Acute activation of DMH/PeF leads to panic-like behavior and increased cardiorespiratory
responses in rats. After chronically inhibiting GABA synthesis in the PeF/DMH of rats with
l-AG, a GABA synthesis inhibitor, sodium lactate challenges produce anxiety as measured
by social interaction, elevated plus maze, open field test and freezing in defensive probe
burying test, as well as acute panic-like responses such as increased “flight”-like
locomotion, increased respiration, increased heart rate, and increased mean arterial pressure
responses following intravenous sodium lactate infusions. This animal model of panic
vulnerability (see Figures 2 and 4] has provided an excellent preclinical system with robust
face, predictive and construct validity. The model recapitulates several of the key
phenotypic characteristics of PD (face validity), including greater sensitivity to panicogenic
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stimuli demonstrated by sudden onset of anxiety and autonomic activation following a
administration of a sub-threshold (i.e., do not usually induce panic in healthy subjects)
stimulus such as sodium lactate, CO2, or yohimbine. The construct validity is supported by
several key findings; DMH/PeF neurons regulate behavioral and autonomic components of
the “fight or flight” response, as well as being implicated in eliciting panic-like responses in
humans. Additionally, Patients with PD have deficits in central GABA activity and
pharmacological restoration of central GABA activity prevents panic attacks, consistent with
this model. The model’s predictive validity is demonstrated by not only showing panic
responses to several panic-inducing agents that elicit panic in patients with PD, but also by
the positive therapeutic responses to clinically used agents such as alprazolam and
antidepressants that attenuate panic attacks in patients. More importantly, discovery of novel
drugs to treat panic have been identified by this model such as group II metabotropic
glutamate agonists and a new class of translocator protein enhancers of GABA, both of
which subsequently showed anti-panic properties in clinical trials [90]. All of these data
suggest that this preparation provides a strong preclinical model of some forms of human
panic disorders.
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Highlights

• This article reviews a rat hypothalamic model of panic disorder

• The face, predictive and construct validity of the panic disorder model

• The role of the dorsomedial/perifornical hypothalamus in adaptive and
pathological panic

• Neurochemical systems implicated in adaptive and pathological panic

• How existing and novel panicolytic drugs may treat panic disorder symptoms
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Collectively, the sections mentioned previously led to the hypothesis that chronic
disruption of GABA inhibition in the DMH/PeF that is below the threshold of inducing
panic could model a inhibition of the DMH/PeF, which could produce rats that are
vulnerable to displaying panic-like behavioral and physiological responses to ordinarily
mild interceptive stimuli.
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Figure 1.
Illustrates a mid-sagittal image of the rat brain showing the neural circuits that mobilize
panic-associated behavior and cardiorespiratory responses following either: a) rapid loss of
GABA inhibition with a GABAA receptor antagonist (i.e., bicuculline methiodide), or b)
chronic infusion of a GABA synthesis inhibitor (i.e., l-allyglycine) followed by an
intravenous sodium lactate infusion. The top right panel in fig. 1a-b illustrates a coronal
brain section with subnuclei of the hypothalamus delineated by dashed lines with reference
to a standard stereotaxic atlas of the rat brain [208]. The perifornical hypothalamus (PeF) is
just dorsal to the fornix (f), and the dorsomedial hypothalamus (DMH) collectively contains
the dorsal hypothalamic area (DA), and the dorsomedial hypothalamic nucleus (DMN). The
gray circle in the panel indicates the target sites for injections/infusions and estimated
diffusion distances [209]. Additional abbreviations: ac, anterior commissure; BNST, bed
nucleus of the stria terminalus; LH, lateral hypothalamus; mt, mammillothalamic tract; nTS,
nucleus of the solitary tract; pc, posterior commissure; PBN, parabrachial nucleus; RVLM,
rostroventrolateral medulla.
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Figure 2.
The effect of GABA synthesis inhibition in the DMH/PeF region with l-allylglycine (l-AG:
or inactive isomer d-AG) and i.v. sodium lactate (or isotonic saline control) infusions on
anxiety-like behavioral and cardiorespiratory responses. a) Social interaction (SI) time pre
and post l-AG (GABA synthesis inhibitor)- or d-AG (control isomer) treatment in rats also
receiving i.v. infusions of saline (Sal) or lactate (Lac). Change in b) mean arterial blood
pressure (MAP), c) respiration rate (RR), d) and heart rate (HR) from 5 min baseline post-
i.v. infusion. Bars or lines represent the mean + S.E.M. Figure 4-c adapted by permission
from [68].
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Figure 3.
Drawings illustrating cellular responses [i.e. numbers of c-Fos-immunoreactive (ir) cells
with each black dot = 1 c-Fos-ir cell] from each of four treatment groups from figure 2
[columns respectively represent d-allylglycine (d-AG) inactive isomer into DMH/PeF+ i.v.
isotonic saline infusion (Sal), d-AG+i.v. sodium lactate infusion (Lac), GABA synthesis
inhibitor l-allyglycine (l-AG) into DMH/PeF+Lac, and l-AG+Lac] in key subregions
involved in: a) sensing plasma perameters such as sodium lactate (i.e., organum vasculosum
lamina terminalis, OVLT); b) panic generating site (i.e., DMH/PeF); c) unconditioned
anxiety (i.e., bed nucleus of the stria terminalis, BNST); d) conditioned fear and
sympathoexcitation (i.e., central, CeA; basolateral, BLA; and lateral, LA; amygdala); e)
respiratory regulation (i.e., parabrachial nucleus, PBN); f) baroreceptor desensitization (i.e.,
nucleus of the solitary tract, nTS; dorsal motor nucleus of the vagus, DMV). Gray solid lines
indicate the outline of the brain section and blood vessels. Black solid lines indicate white
matter tracts or cranial nerves. Black dashed lines indicate the brain nuclei. A standard rat
stereotaxic atlas of the brain was used to determine, bregma, and delineated areas
[210]Columns 3-4 has increased anxiety, and column 4 also had cardiorespiratory responses
(see Figure 2 for details). Figure 3a-f adapted by permission from [68]. See also [68] article
for additional information.
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Figure 4.
Hypothetical schema of the sensory and neurochemical mechanisms by which panicogenic
stimuli triggers panic-like responses in the hypothalamic panic model. Sources of GABA in
the DMH/PeF that are inhibited by l-allyglycine include local interneurons, which are
tonically driven by glutamatergic input from medial prefrontal cortex (mPFC) [41, 65].
Elevated plasma levels of Na+ from sodium lactate infusion are “sensed” by specialized
NaX ion channels [101, 102] that are highly expressed in the anterior 3rd ventricle region
(A3Vr) [103]. The AV3r contains many DMH/PeF projecting glutamatergic (Glu) neurons
[87] which (following a hypertonic Na+ Challenge) excites the DMH/PeF region to mobilize
panic-like responses. This figure also illustrates how other panic provoking stimuli such as
hypercapnia [via CO2 sensitive K+ channels (TASK) [120]], cortocotrophin releasing factor
(CRF) [89], isoproterenol, [211], cholecystokinin (CCK)[212], and yohimbine, caffeine and
FG-7142 [213]] increase neuronal responses in the DMH/PeF. Afferent targets of the DMH/
PeF which are implicated in the regulation of panic-like responses are also listed [see [68]
CNS responses in panic model and also (Chamberlin and Saper, 1994;Chen et al.,
2004;Fontes et al., 2001;Thompson and Swanson, 1998)]. GABAergic and glutamatergic
neurons are represented by circles attached to dashed or solid lines, respectively.
Abbreviations: BNST, bed nucleus of the stria terminalis; CBT, cognitive behavioral
therapy; IML, intermediolateral cell column of spinal cord; LC, locus coeruleus; nTS,
nucleus of solitary tract; PBN, parabrachial nucleus; RVLM, rostroventrolateral medulla.
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