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Abstract

The Deakin/Graeff hypothesis proposes that different subpopulations of serotonergic neurons
through topographically organized projections to forebrain and brainstem structures modulate the
response to acute and chronic stressors, and that dysfunction of these neurons increases
vulnerability to affective and anxiety disorders, including Panic Disorder. We outline evidence
supporting the existence of a serotonergic system originally discussed by Deakin/Graeff that is
implicated in the inhibition of panic-like behavioral and physiological responses. Evidence
supporting this panic inhibition system comes from the following observations: 1) serotonergic
neurons located in the ‘ventrolateral dorsal raphe nucleus (DRVL) as well as the ventrolateral
periaqueductal gray (VLPAG) inhibit dorsal periaqueductal gray-elicited panic-like responses; 2)
chronic, but not acute, antidepressant treatment potentiates serotonin’s panicolytic effect; 3)
contextual fear activates a central nucleus of the amygdala-DRVL/VLPAG circuit implicated in
mediating freezing and inhibiting panic-like escape behaviors; 4) DRVL/VLPAG serotonergic
neurons are central chemoreceptors and modulate the behavioral and cardiorespiratory response to
panicogenic agents such as sodium lactate and CO,. Implications of the panic inhibition system
are discussed.
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1. Introduction to Panic Disorder

1.1. Symptomatology and epidemiology of Panic Disorder

Panic Disorder (PD) is classified by the occurrence of recurrent unexpected panic attacks
that are not explained by substance use or another medical condition, and are followed by
maladaptive changes in behavior and cognition for at least one month. Following a panic
attack (PA), individuals may ruminate over the consequences of future attacks (e.g., losing
control, going crazy, and adverse health conditions), which may lead the individual to avoid
situations or settings in which a PA previously occurred or where help may be unavailable.
The PA can be expected (i.e., cued) or unexpected and is characterized as a sudden episode
of intense fear or discomfort that contains four or more of the following 13 cognitive and
physical symptoms: 1) palpitations, pounding heart, or accelerated heart rate, 2) sweating, 3)
trembling or shaking, 4) sensations of shortness of breath or smothering, 5) feelings of
choking, 6) chest pain or discomfort, 7) nausea or abdominal distress, 8) feeling dizzy,
unsteady, light-headed, or faint, 9) chills or heat sensations, 10) paresthesias (numbness or
tingling sensations), 11) derealization (feelings of unreality) or depersonalization (being
detached from oneself), 12) fear of losing control or “going crazy”, and 13) fear of dying
(American Psychiatric Association, 2013).

Epidemiological surveys across the United States and many European countries suggest a
lifetime prevalence of 2-5% for PD (Angst, 1998;Goodwin et al., 2005;Kessler et al.,
2006;Kessler et al., 2005a;Kessler et al., 2012), although European countries, relative to the
United States, have lower prevalence. Moreover, according to the United States National
Comorbidity Survey Replication findings the lifetime prevalence for having an isolated PA
is a staggering 22.7% (Kessler et al., 2006). Females are more likely to suffer from PD and
PAs, although the gender difference is less prominent for attacks (Gater et al., 1998;Kessler
et al., 2005b). There is also evidence for considerable cultural differences in the prevalence
of PD and symptomatology of PAs (Craske et al., 2010;Lewis-Fernandez et al., 2010).
Individuals diagnosed with PD and PAs in general have comorbidity with other anxiety
disorders (e.g., generalized anxiety disorder (GAD), separation anxiety disorder (SAD), and
particularly with agoraphobia) and affective disorders, impulse control disorders, or
substance abuse and dependence disorders; consequently, panic vulnerability may be a
component of many anxiety, affective, and substance abuse and dependence disorders
(Biederman et al., 2001;Biederman et al., 2006;Bienvenu et al., 2006;Craske et al.,
2010;Kessler et al., 2005b;Klein, 1993;Noyes, Jr. et al., 1992;Noyes, Jr., 2001;Preter and
Klein, 2008).

In addition to psychiatric comorbidity, PD is comorbid with a number of medical disorders
such as cardiac, respiratory, and thyroid diseases (Simon and Fischmann, 2005). Because
PAs can be present in all psychiatric disorders and some medical conditions, the recently
released 5% edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-V)
now lists PAs as a specifier, i.e., a prognostic factor used to aid in the diagnosis of the
severity, course, and comorbidity of all DSM-V disorders (American Psychiatric
Association, 2013). Clearly, there is significant demand and significant unmet need for the
treatment of panic disorder; considering the ubiquity of PAs, future research should not only
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provide insight into the neurobiological mechanisms of PD and PAs, but also other
comorbid psychiatric and medical disorders.

1.2. Experimentally-induced panic: putative panicogenic agents

Unlike other mental disorders, PD is relatively unique as its pathognomonic feature, the PA,
can be experimentally-induced in PD patients, but rarely in healthy individuals, by exposure
to a rapidly expanding list of putative panicogenic agents with diverse pharmacological
profiles, including sodium lactate (Pitts, Jr. and McClure, Jr., 1967), carbon dioxide (CO;
Gorman et al., 1984), cholecystokinin tetrapeptide (CCK-4; Bradwejn et al., 1991;Bradwejn
et al., 1992), yohimbine (a,-receptor antagonist)(Charney et al., 1987), sodium bicarbonate
(Gorman et al., 1989a), caffeine (Charney et al., 1985), isoproterenol hydrochloride (Nesse
et al., 1984;Rainey, Jr. et al., 1984), meta-chlorophenylpiperazine (van der Wee et al.,
2004;m-CPP, 5-HT2C agonist; van Veen et al., 2007), and fenfluramine (a serotonin-
releasing agent; Targum and Marshall, 1989). At the very least, a well-validated panicogenic
agent should fulfill the following criteria: 1) the agent should be safe for use in humans; 2)
the agent should specifically and reliably induce PAs in PD patients, but not healthy
individuals; 3) the induced PA should be transient and reversible; 4) the PA should be
blocked by therapeutics known to be effective in treating naturally occurring PAs in PD
(e.g., selective-serotonin reuptake inhibitors, SSRIs); and 5) the induced PA should share the
symptomatology of naturally occurring PAs (Griez and Schruers, 1998;Guttmacher et al.,
1983;Kellner, 2011).

Based on these criteria and the pharmacological reactivity of the various challenges, others
have argued that some of these compounds may elicit a behavioral, cognitive and
physiological response more akin to anticipatory or conflict anxiety, fear, stress, or pain
(Griez and Schruers, 1998;Kellner, 2011;Klein, 1993). Among these candidate panicogenic
agents, the sodium lactate and CO» challenges are the most widely used and well-validated
experimental methods to induce panic (Amaral et al., 2013;Griez and Schruers, 1998;Klein,
1993); the CCK-4 challenge shows promise as an experimental model of PAs, but several
issues remain unresolved (Kellner, 2011).

1.3. Towards a Panic Disorder hypothesis: hyperventilation theories, exaggerated fear
networks, and false suffocation alarms

A unifying feature of these experimentally-induced panic attacks and naturally occurring
panic attacks is that the individual often experiences respiratory abnormalities, including
dyspnea (air hunger, breathlessness), hyperventilation and increased minute ventilation
(Sinha et al., 2000). These reports, taken together with evidence showing high comorbidity
between PD and a number of respiratory disorders (e.g., asthma, COPD; Simon and
Fischmann, 2005), led many to postulate respiratory dysfunction as having a central role in
PD. Ley’s hyperventilation theory of panic (Ley, 1985) and later updated as the dyspnea/
suffocation theory of panic (Ley, 1989), for example, proposed that acute hyperventilation
triggered PAs (or a subtype of hyperventilatory PAs, see Ley, 1992) and that the dyspnea
(air hunger, breathlessness) experienced during the PA gave rise to the intense feelings of
fear often accompanying the attack. In contrast, Klein’s false suffocation alarm theory
(1993) compellingly argued the hyperventilation accompanying panic and the chronic
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hyperventilation commonly observed in PD patients was caused by the dysfunction of a
putative suffocation alarm system, which rendered the system hypersensitive to
physiological changes predicting suffocation, including changes in arteriole partial pressure
of CO, (pCOy) or lactate levels, and when triggered resulted in a PA. The chronic
hyperventilation was thought to be a compensatory mechanism in order to keep pCO5, levels
sufficiently low so as not to trigger the hypersensitive suffocation alarm. Preter and Klein
(2008) recently updated the false suffocation alarm theory to include a role for endogenous
opioid dysfunction in reducing the sensitivity threshold of the suffocation alarm.

Attempting to explain clinical observations that both pharmacological intervention and
cognitive behavioral therapy are successful in treating PD, Gorman and colleagues (1989b)
posited a neuroanatomical hypothesis of panic consisting of a network of cortical, limbic
and brainstem structures implicated in mediating the phobic avoidance, anticipatory anxiety
and panic attacks observed in PD patients; the neuroanatomical hypothesis of PD was
revised based on preclinical rodent models identifying the neural structures mediating fear-
conditioning and avoidance behavior (Gorman et al., 2000). As Klein has repeatedly
indicated (Klein, 1993;Klein, 2002;Preter and Klein, 2008), although panic and fear share
many characteristics they have important physiological distinctions such as the lack of HPA-
axis activation in panic (Hollander et al., 1989;Kellner and Wiedemann, 1998;Levin et al.,
1987;Woods et al., 1988), which is a common neuroendocrine response to fear-related
stimuli like exposure to a predator (Blanchard et al., 1998), predator odor (Masini et al.,
2005;Masini et al., 2006), or conditioned fear (Cordero et al., 1998), and the presence of
dyspnea in panic, which rarely occurs in natural fear responses (Klein, 1993;Preter and
Klein, 2008). Although a comprehensive theory of panic disorder is still being formulated,
as we shall see next, there is unequivocal neuropsychological evidence for the dissociation
of fear and panic.

1.4. Bilateral focal lesions of the amygdala lead to increased vulnerability to CO,-evoked

panic

Urbach-Weith disease (also called lipoid proteinosis or hyalinosis cutis et mucosae) is an
extremely rare hereditary disease characterized by the infiltration of a hyaline-like material
(lipoid protein) into the skin, mucous membranes, and virtually every organ, including the
brain (Emsley and Paster, 1985). As the disease progresses to internal organs, an estimated
52% of cases have bilateral calcification of the medial temporal lobes (Emsley and Paster,
1985) resulting in considerable neuropsychiatric abnormalities (Thornton et al., 2008). In
some of these cases, the bilateral calcification is restricted to the amygdala and even select
subregions, providing unique insights into the role of the amygdala in both fear and panic
processes. Human patients with focal bilateral amygdala lesions resulting from Urbach-
Wiethe disease do not condition to aversive stimuli (Bechara et al., 1995), fail to recognize
fearful faces (Adolphs and Tranel, 2000), and demonstrate an absence of fear during
exposure to fear-provoking stimuli, including life-threatening traumatic events (Feinstein et
al., 2011). However, a recent study found that these patients have increased vulnerability to
CO,-evoked panic (Feinstein et al., 2013), suggesting that 1) the amygdala is not necessary
for CO,-evoked panic, and 2) an intact amygdala may normally inhibit panic. Furthermore,
the absence of prior spontaneous panic attacks in the lesion patients (Feinstein et al., 2013)
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suggests that amygdala dysfunction alone is not sufficient to cause spontaneous panic
attacks or panic disorder.

1.5. Functional topography of midbrain serotonergic systems: recent advances and new
opportunities

After Klein’s (1964) remarkable discovery that panic attacks were responsive to treatment
with the tricyclic antidepressant, imipramine, but not low doses of benzodiazepines, which
were effective at treating Generalized Anxiety Disorder (GAD), the path was paved for PD’s
recognition as a distinct nosological class of anxiety in the 3™ edition of the DSM
(American Psychiatric Association, 1980). Further, this led to an accumulation of clinical
data illustrating the therapeutic effects on panic of a number of drugs that target the
serotonergic system (Bell and Nutt, 1998b;Mochcovitch and Nardi, 2010;Nutt, 2005) and
the inevitable hypothesis that dysfunctional serotonergic systems may be central to the
etiology or pathophysiology of PD, or both (Bell and Nutt, 1998a;Graeff, 2004).

In 1991, Bill Deakin and Frederico Graeff first proposed the hypothesis that different
subpopulations of serotonergic neurons in the dorsal raphe nucleus (DR) and median raphe
nucleus (MnR), through topographically organized projections to different brain targets, had
unique functions that were relevant to the pathophysiology of anxiety and affective disorders
(Deakin and Graeff, 1991;Graeff et al., 1996). These different subpopulations of
serotonergic neurons included 1) serotonergic neurons within the DR projecting to the dorsal
periaqueductal gray (DPAG) that function to inhibit panic-/escape-like physiological and
behavioral responses, 2) serotonergic neurons within the DR projecting to the amygdala, that
facilitate conditioned fear and conflict anxiety-like responses, and 3) serotonergic neurons
within the MnR that increase stress resilience and mediate antidepressant-like effects
(Deakin and Graeff, 1991;Graeff et al., 1996).

We and others have made significant advances in testing this hypothesis, and have found
evidence supporting each of the three systems originally hypothesized by Deakin and
Graeff. We and others have found evidence for the following systems: 1) Panic inhibition
system, a serotonergic system in the ventrolateral part of the dorsal raphe nucleus (DRVL)/
ventrolateral periaqueductal gray (VLPAG), projecting to the DPAG, that a) is activated by
panicogenic agents, including sodium lactate (Johnson et al., 2008) and hypercapnia
(elevated atmospheric CO2; Johnson et al., 2005), b) selectively responds with increased
tph2 mRNA expression following amygdala priming (Donner et al., 2012), a model of
vulnerability to sodium lactate-induced panic attacks (Johnson et al., 2013;Sajdyk et al.,
1999), and c) is selectively dysregulated in an animal model of vulnerability to lactate-
induced panic-like responses (Johnson et al., 2004;Johnson et al., 2007). 2) Conflict anxiety
facilitation system, a serotonergic system in the midline dorsal and caudal parts of the dorsal
raphe nucleus (DRD/DRC), projecting to the basolateral nucleus of the amygdala (BLA;
Abrams et al., 2005), that is activated by anxiogenic drugs (Abrams et al., 2005), anxiety-
related neuropeptides (Staub et al., 2005;Staub et al., 2006), and anxiety-provoking stimuli
(Spannuth et al., 2011); this system is sensitized following inescapable shock in a model of
learned helplessness (Rozeske et al., 2011). 3) Stress resilence/antidepressant system, a
serotonergic system in the interfascicular part of the dorsal raphe nucleus (DRI)/MnR,
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projecting to the hippocampus (Kohler and Steinbusch, 1982) and medial prefrontal cortex
(Porrino and Goldman-Rakic, 1982), that is activated in association with antidepressant-like
behavioral responses (Lowry et al., 2007). These advances in defining topographically
organized subpopulations of serotonergic neurons provide opportunities to define, in detail,
how these different serotonergic systems are controlled by afferent control mechanisms, and
how these systems relate to emotional behaviors relevant to anxiety and affective disorders.

This review will focus on the panic inhibition system. Evidence for a panic inhibition system
involving a circuit from the CE-DRVL/VLPAG-dorsal periaqueductal gray (DPAG) (Figure
1) comes from the following observations: 1) serotonin inhibits DPAG-evoked behavioral
and sympathoexcitatory responses that mimic the symptomatology of PAs, and chronic, but
not acute, antidepressants facilitate serotonergic inhibition of panic-like responses; 2) the
DRVL/VLPAG 5-HT neurons are chemosensitive and form an important component of a
sympathomotor command center capable of modulating the behavioral, cognitive,
cardiovascular, and respiratory aspects of PD; 3) CRH neurons in the CE activate DRVL 5-
HT neurons via CRHR, receptors; and 4) panicogenic agents such as sodium lactate and
CO», activate the panic inhibition system. A major aim will be to determine how these
serotonergic neurons are differentially controlled, and how they influence panic-like
responses.

2. A putative panic inhibition system involving the amygdala, dorsal raphe

nucleus and periaqueductal gray

2.1. The DPAG mediates panic-/escape-like physiological and behavioral responses

As mentioned above, patients with focal bilateral amygdala lesions resulting from Urbach-
Wiethe disease have increased vulnerability to CO»-evoked panic (Feinstein et al., 2013),
suggesting that the neural mechanisms underlying CO»-evoked panic are downstream of the
amygdala. Furthermore, the absence of prior spontaneous panic attacks in the lesion patients
(Feinstein et al., 2013) suggests that amygdala dysfunction alone is not sufficient to cause
spontaneous panic attacks or panic disorder. Identifying brain regions that play a role in
induction of panic attacks remains an important objective. A key neural substrate for
induction of panic-like physiological and behavioral responses is the DPAG. Studies by
Fernandez de Molina and Hunsperger demonstrated that activation of the DPAG induces
defensive responses in cats, such as aggressive behavior, or escape, similar to the defensive
responses when confronted with predators (Fernandez de Molina and Hunsperger,
1962;Fernandez de Molina and Hunsperger, 1959). Stimulation of the DPAG in rats is
aversive as they readily learn to switch off the stimulus (Schenberg et al., 2001). Subsequent
studies in rodents have demonstrated that microstimulation of the DPAG induces
sympathoexciatory responses (i.e., tachycardia and hypertension) (Keay and Bandler,
2001;Schenberg et al., 1993) as well as escape or flight behaviors (Beckett and Marsden,
1997;Beckett et al., 1992;Jacob et al., 2002).

In humans, electrostimulation of the DPAG induces intense emotions including anxiety,
panic, terror, and feelings of imminent death (Nashold, Jr. et al., 1969). Consistent with
these early stimulation studies in humans, positron emission tomographic (PET) imaging
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studies have demonstrated that a distributed system, including the insular cortex, amygdala
and the tectum of the midbrain (DPAG and deep collicular layers) respond with increased
blood flow during sodium lactate-induce panic attacks (Reiman et al., 1989). A similar
network of limbic structures (e.g., anterior insula, amygdala, PAG) is activated during
hypercapnia and dyspnea (i.e., air hunger) caused by repeated inhalation of 8% CO,
(Brannan et al., 2001). The similarities between DPAG-evoked defensive behaviors and
panic attacks in humans have led to the hypothesis that DPAG-evoked innate responses are a
valid model of human panic attacks (Deakin and Graeff, 1991;Jenck et al., 1995;Schenberg
et al., 2001). Indeed, stimulation of the DPAG in rodents fails to alter stress-related HPA
axis hormones such as adrenocorticotropic hormone (ACTH) (Schenberg et al., 2008), a
relevant physiological finding considering the absence of HPA axis activation during CO»-
and lactate-induced PAs (Hollander et al., 1989;Kellner and Wiedemann, 1998;Levin et al.,
1987;Woods et al., 1988). Supporting the idea that DPAG-evoked sympathoexcitatory
responses and flight behaviors may be relevant for panic, central and peripheral application
of the panicogenic agent, CCK-4, enhances the DPAG-evoked sympathoexcitatory
responses and flight, respectively, suggesting alternate pathways for CCK-4 modulation of
DPAG-evoked tachycardia and flight (Mongeau and Marsden, 1997b). Likewise, predator-
elicited flight, a DPAG mediated behavior, is increased by panicogenic agents and reduced
by pharmacological agents successful in treating PD (Griebel et al., 1996a). These studies in
rodents and humans are consistent with the hypothesis that the DPAG elicits many of the
behavioral and physiological phenomena that are characteristic of PAs, and that DPAG-
elicited responses may be relevant for studying the neurobiology of PD.

Since stimulation of the DPAG elicits the entire spectrum of defensive behaviors, e.g.,
aggression, flight, freezing, jumping, rearing, squealing, and vocalization (Beckett and
Marsden, 1997;Beckett et al., 1992;Brandao et al., 2008;Fanselow, 1994;Sandner et al.,
1987) and physiological responses, e.g., tachycardia, hypertension (Keay and Bandler,
2001;Schenberg et al., 1993), that resemble predator exposure (Blanchard et al.,
1986b;Blanchard et al., 1998;Blanchard and Blanchard, 1989) and human panic attacks
(Del-Ben and Graeff, 2009;Schenberg et al., 2001), it is important to note that the
subdivisions of the PAG are highly interconnected and the DPAG provides substantial
projections to the DRVL/VLPAG region (Cameron et al., 1995a;Cameron et al.,
1995b;Jansen et al., 1998;0Kka et al., 2008). This raises the possibility that the DPAG may
inhibit the activity of the DRVL/VLPAG serotonergic panic inhibition system. Consistent
with this notion is the hypothesis that the DPAG and DRVL/VLPAG regions have opposing
functions, with the former eliciting active coping responses and the latter coordinating
reactive (passive) coping strategies (Fanselow, 1994;Jansen et al., 1998;Keay and Bandler,
2001;Vianna and Brandao, 2003). Considering these coping strategies often evoke mutually
exclusive behavioral and physiological responses (e.g., flight vs. freeze or tachycardia vs.
bradycardia), the idea of the DPAG inhibiting the panic inhibition system merits further
investigation.

2.2. Evidence for a suffocation alarm system in the PAG

Further support for the PAG as a key structure in panic-like physiological and behavioral
responses comes from studies that show activation of PAG central chemoreceptors
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following localized administration of potassium cyanide (KCN) increases c-Fos labeling
throughout the PAG (Hayward and Von Reitzenstein, 2002) and evokes behavioral arousal,
cardiovascular responses, and hyperventilation (Franchini et al., 1997;Franchini and Krieger,
1993). Local application of KCN into the PAG activates PAG chemoreceptors and elicits
chemoreflex responses through its inhibition of mitochondrial cytochrome c oxidase;
therefore, KCN is a potent inhibitor of cellular respiration, in effect depriving the cell of
utilizing oxygen (i.e., anoxia). The added benefit of using KCN, rather than hypoxic
conditions, is its selectivity when applied locally because it eliminates the possiblility of
activating peripheral afferents (e.g., baroreceptors), which, in turn, could activate PAG
central chemoreceptors (Hayward and VVon Reitzenstein, 2002). On the other hand,
hypercapnia caused by exposure to CO, appears to selectively activate a subpopulation of
PAG neurons in the caudal VLPAG (Johnson et al., 2010a; Teppema et al., 1997).

In order to better delineate the role of the PAG-evoked responses to anoxia and hypercapnia,
an elegant study by Schenberg and colleagues (2012) investigated the effects of
administration of either CO5, or KCN, or a combination of both on spontaneous or DPAG-
stimulated behavior in animals with or without prior electrolytic lesion of the DPAG. Slow
infusions of low doses of KCN alone evoked spontaneous defensive behaviors and
potentiated DPAG-stimulated flight behaviors (e.g., galloping), and the effects of KCN were
blocked by prior DPAG lesion; conversely, CO, alone increased behavioral arousal and
attenuated DPAG-stimulated behaviors, possibly due to activation of neurons in the VLPAG
and adjacent DRVL (Teppema et al., 1997) that are known to inhibit DPAG output (see
section 3 in this review and also; Johnson et al., 2004;Pobbe and Zangrossi, Jr.,
2005;Schimitel et al., 2012;Stezhka and Lovick, 1994). Moreover, CO5 given in
combination with KCN did not block KCN-evoked behaviors, which would be predicted
given the antagonistic effects of CO, or KCN alone, but rather paradoxically, CO, facilitates
KCN-evoked behaviors (Schimitel et al., 2012). As suggested by the authors, these data
provide evidence that the PAG may be the neuroanatomical substrate for Klein’s suffocation
alarm system as this region contains an anoxia-sensitive alarm system that is hypersensitive
to concomitant hypercapnia resulting from CO, exposure (Schimitel et al., 2012).

2.3. Serotonin acts in the DPAG to inhibit panic-/escape-like physiological and behavioral

responses

According to the Deakin/Graeff Hypothesis (Deakin and Graeff, 1991;Graeff et al., 1996),
serotonergic systems arising from the DR and projecting to the amygdala facilitate
conditioned fear and conflict anxiety-like behaviors, while serotonergic systems arising from
the DR and projecting to the DPAG inhibit innate panic-/escape-like behaviors. Stimulation
of the DR, including the DRVL/VLPAG, DRV, and DRD subregions, increases 5-HT 14-
fold in the DPAG in addition to blocking escape in the elevated T-maze (Viana et al., 1997).
The anti-panic effects appear to be mediated by 5-HTy 5 and 5-HT,a receptors as intra-
DPAG microinjections of antagonists at these receptors block the effects of DR stimulation
on escape (Pobbe and Zangrossi, Jr., 2005). Intra-DPAG injections of 5-HT1 and 5-HT,a
receptor agonists (de Bortoli et al., 2008;de Bortoli et al., 2006;Jacob et al., 2002;Zanoveli et
al., 2005;Zanoveli et al., 2007), but not 5-HT ¢ receptor agonists (Yamashita et al., 2011),
inhibit escape behaviors, either following electrical stimulation of the DPAG, or as assessed
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in intact, unstimulated, rats exposed to the elevated T-maze. Intra-DPAG injections of 5-
HT14 and 5-HT,p receptor antagonists in the absence of electrical stimulation of the DPAG
have no effect on escape behaviors (de Paula Soares and Zangrossi, Jr., 2004;Nogueira and
Graeff, 1995;Yamashita et al., 2011;Zanoveli et al., 2010), suggesting that there is little or
no tonic serotonergic influence on DPAG-mediated escape behaviors. All of these studies
were conducted in the elevated T-maze. Escape provoked by exposure to an ethologically
relevant threat, like a predator in the mouse defense battery test, another well-validated
model of panic (Griebel et al., 1996b), is also attenuated by intra-DPAG microinjection of 5-
HT1a and 5-HT,p receptor agonists (Pobbe et al., 2011).

An important question from these studies is how 5-HT inhibits DPAG-mediated behaviors
through 5-HT 5 and 5-HT5a receptors, which have opposing receptor signaling pathways.
5-HT 14 receptors couple to Gj/G, and mediate inhibitory neurotransmission, whereas 5-
HT;a receptors couple preferentially to Gg/11 and mediate excitatory neurotransmission
(Hoyer et al., 2002). Microinjections of 5-HT 4 receptor agonists into the DPAG inhibit
neuronal firing of a subpopulation of neurons, presumably local glutamatergic “on” cells or
the projection neurons themselves (Brandao et al., 1991;Brandao et al., 2008). In contrast,
the majority of 5-HT,a receptor expression in the DPAG is localized to GABAergic neurons
(Brandao et al., 1991;Griffiths and Lovick, 2002), and the anti-escape effects of local
microinjection of DOI, a 5-HT,x receptor agonist, are blocked by intra-DPAG
microinjection of bicuculline, a GABA receptor antagonist (de Oliveira et al., 2011).
Together, these data suggest that serotonin acts via inhibitory 5-HT1 4 receptors on local
glutamatergic “on” cells or projection neurons, and via stimulatory 5-HT,a receptors on
inhibitory GABAergic neurons in the DPAG, to inhibit panic-/escape-like responses.

2.4. Chronic treatment with antidepressant drugs acts to potentiate the anti-panic effects
of serotonin in the DPAG

Current therapies in panic disorder include antidepressants, e.g., selective serotonin reuptake
inhibitors (SSRIs), monoamine oxidase inhibitors, such as phenelzine, and tricyclic
antidepressants, such as imipramine (Nutt, 2005). Benzodiazepines are also used, although
there are concerns about long term use due to the potential for tolerance, abuse, dependence,
and withdrawal (Nutt, 2005). If the serotonergic inhibition of the DPAG plays a central role
in panic disorder, anti-panic drugs should facilitate serotonergic signaling within the DPAG,
and this effect should be evident in a time course, 3-4 weeks, that coincides with the time
course of clinical efficacy (Nierenberg, 2000;Schneier, 1990). This is indeed the case.
Chronic (21 day), but not acute, treatment with fluoxetine (de Bortoli et al., 2006), sertraline
(Zanoveli et al., 2007), or imipramine (Jacob et al., 2002;Mongeau and Marsden, 1997a)
increases the inhibitory effects of intra-DPAG 5-HT4 and 5-HTa receptor agonists on
escape behaviors. Treatment with buspirone, a partial 5-HT1 5 receptor agonist that is used
for treatment of generalized anxiety disorder (Connor and Davidson, 1998) but does not
have therapeutic value in the treatment of panic disorder (Nutt, 2005), has no effect on these
measures (de Bortoli et al., 2006;Zanoveli et al., 2005).

Interestingly, pindolol, a B-adrenergic receptor antagonist and 5-HTq a receptor partial
agonist, given in combination with paroxetine, is reported to hasten the onset of action and
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enhance treatment responsivity in depression and anxiety disorders like PD. Rats treated
with this pindolol-paroxetine combination show increased escape latencies in the elevated T-
maze, a panicolytic effect, which is blocked by pretreatment with the 5-HT1 5 receptor
antagonist, WAY-100635 (Sela et al., 2011). Another model revealed that DPAG-evoked
flight behaviors (e.g., galloping) are sensitive to the actions of panicolytic and panicogenic
drugs, with these drugs reducing and facilitating DPAG-evoked behaviors, respectively
(Schenberg et al., 2001). In this model, chronic (21 days), but not acute treatment with
clomipramine or fluoxetine raised the threshold of DPAG-evoked flight behaviors, including
galloping, indicative of a panicolytic effect of chronic antidepressant treatment (Vargas and
Schenberg, 2001).

In addition to enhanced sensitivity of 5-HT1 and 5-HT 4 receptors in the DPAG following
chronic treatment with fluoxetine, chronic treatment with fluoxetine, but not buspirone,
increases serotonin release in the DPAG and inhibits escape-like behaviors in the elevated
T-maze, an anxiolytic behavioral effect that is prevented by intra-DPAG microinjection of
the 5-HT1 5 receptor antagonist, WAY-100635 (Zanoveli et al., 2010). Together, these data
suggest that both increased serotonin release within the DPAG and increased sensitivity of
5-HT1a and 5-HT,, receptors in the DPAG contribute to the anti-panic effects of chronic
antidepressant treatment.

3. The DRVL/VLPAG serotonergic system, a critical node in panic
physiology

3.1. DRVL/VLPAG serotonergic neurons form part of a sympathootor command center

As chronic treatment with fluoxetine inhibits escape behavior via increased serotonin release
in the DPAG, and sensitizes 5-HT1 and 5-HT, receptors in the DPAG, an important
question is, where does serotonergic innervation of the DPAG originate? Studies by
Zangrossi and colleagues (2005) have shown that disinhibition (resulting in increased
activity) of serotonergic neurons in the DR inhibits escape behaviors in the elevated T-maze,
an anti-panic effect, and this effect can be prevented by prior inhibition of 5-HTq A receptors
in the DPAG. Retrograde tracing studies have shown that innervation of the DPAG
originates in the DRVL/VLPAG region (Stezhka and Lovick, 1997). Serotonergic neurons
in this region are anatomically positioned to modulate the fight-or-flight response; they are
part of a sympathomotor command center, projecting, via multisynaptic pathways, to both
the adrenal medulla, and the sympathetically deinnervated gastrocnemius muscle (Kerman et
al., 2006). We have shown that this group of serotonergic neurons is strongly activated by
panicogenic stimuli, such as sodium lactate (Johnson et al., 2008) and as we will discuss
next, hypercapnia (Johnson et al., 2005).

3.2. DRVL/VLPAG and medullary serotonergic neurons are central chemosensory

receptors

A compelling body of evidence suggests serotonergic neurons in both the midbrain and
medullary raphe nuclei are critical for chemosensitive responses to small decreases in pH
due to increased arteriole pCO,, and form an important component of a network of neural
structures controlling the behavioral and respiratory response to hypercapic stimuli (Guyenet
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et al., 2013;Hodges and Richerson, 2010;Richerson, 2004). George Richerson and his
colleagues have shown using perforated patch clamp recordings that serotonergic neurons in
the medullary raphe (Wang et al., 2001) and DR (Severson et al., 2003) are highly CO,/pH
sensitive in vitro. Confocal imaging revealed these chemosensitive medullary raphe and DR
5-HT neurons are closely associated with large branches of the basilar artery confirming
these neurons are ideally positioned to sense small fluctuations in arterial pCO, (Bradley et
al., 2002;Severson et al., 2003). Since this evidence was generated using in vitro slice
preparations, it is important to note that our lab and others have revealed these 5-HT neurons
are chemosensitive in vivo. Inhalation of 20% CO, for 5 min increases c-Fos expression
predominantly in a subpopulation of rat DR serotonergic neurons located in the DRVL/
VLPG region (Johnson et al., 2005). Likewise, extracellular single-unit recordings in freely
moving cats reveal subpopulations of 5-HT neurons in the raphe obscurus (ROb), raphe
pallidus nuclei (RPa) (Veasey et al., 1995) as well as the DR (Veasey et al., 1997) that
increase their firing rates in response to hypercapnia. These data clearly illustrate that
serotonergic neurons in the midbrain (e.g., DRVL/VLPAG) and medullary raphe nuclei
respond to hypercapnia both in vitro and in vivo.

Recent studies are providing details about the contribution of these chemosensitive
serotonergic systems in controlling the behavioral and ventilatory responses to hypercapnic
challenge. The genetic deletion of all serotonin neurons in mice severely impairs behavioral
arousal to hypercapnic challenge (e.g., 10% CO»), while arousal to hypoxia, sound, or air
puff remains unaltered, thus ruling out the possibility of a general impairment in arousal
(Buchanan and Richerson, 2010). Furthermore, Susan Dymecki, George Richerson and
colleagues (2011) using a pharmacogenetic approach expressed the synthetic G protein-
coupled receptor Di in all serotonergic neurons in order to silence 5-HT neurons prior to
CO3, challenge. They report that neuronal silencing of 5-HT neurons attenuates the normal
increase in ventilation caused by hypercapnia. These findings were recently corroborated in
an in situ juvenile rat brainstem preparation that retained phrenic nerve output similar to the
patterns observed during breathing in vivo (Corcoran et al., 2013). Exposure of the rat
brainstem preparation to a mildly hypercapnic perfusate increases phrenic nerve discharge,
evidence of increased ventilation as this nerve innervates the diaphragm, and this
hypercapnia-induced increase in nerve discharge is attenuated by prior application of the 5-
HT14 agonist, 8-OH-DPAT, and the 5-HT,a antagonist, ketanserin (Corcoran et al., 2013).
These treatments have the net effect of reducing 5-HT neurotransmission via 5-HT1a
receptor mediated autoinhibition or blockade of postsynaptic 5-HT,a receptor activity,
suggesting that 5-HT alters phrenic nerve discharge in part through stimulation of 5-HTx
receptors. These studies, taken together, provide compelling evidence that the serotonergic
neurons in the DRVL/VLPAG and medullary raphe nuclei are chemosensitive to pH/CO,
and play an important role in mediating the behavioral arousal and increased respiration in
response to hypercapnia.

3.3. DRVL/VLPAG serotonergic neurons are activated by panicogenic agents and altered in
rodent models of chronic anxiety states

Consistent with a role for DRVL/VLPAG serotonergic neurons in inhibition of panic-like
responses, we have shown that, while infusions of sodium lactate in control rats activate
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these neurons, infusions of sodium lactate fail to activate DRVL/VLPAG serotonergic
neurons in rats made panic-prone following infusions of the GABA synthesis inhibitor, L-
allylglycine, into the dorsomedial hypothalamus (Figure 2) (Johnson et al., 2007;Johnson et
al., 2008). While control rats show no cardiovascular or anxiety-like behavioral responses to
sodium lactate infusions that are similar to clinical sodium lactate infusions (Liebowitz et
al., 1986), as measured by mean arterial pressure (MAP), heart rate (HR), respiratory rate
(RR), and behavior in the social interaction test, panic-prone rats respond with decreased
social interaction (an anxiogenic effect observed with or without sodium lactate infusion)
and with increased sodium lactate-induced MAP, HR, and RR (Johnson et al., 2007). We
hypothesize that these panic-like physiological responses are due to a failure to activate
DRVL/VLPAG serotonergic neurons, thus disinhibiting DPAG projection neurons
mediating panic-like responses. It’s important to note that sodium lactate infusion had no
effect on c-Fos expression in other subsets of serotonergic neurons, such as those in the
conflict anxiety-related DRD.

In addition to these findings in a rat model of PD, we have demonstrated selective
dysregulation of DRVL/VLPAG serotonergic neurons in 3 rat models of chronic anxiety
states. First, we have shown that amygdala priming (using 5 x daily bilateral infusions of 6
fmol urocortin 1 into the BL) in male rats, which results in a chronic anxiety-like state as
measured in the social interaction test, resulted in increased expression of tph2, encoding
Tph2, the rate-limiting enzyme in biosynthesis of serotonin, selectively in the DRVL/
VLPAG serotonergic neurons and the caudal DRV serotonergic neurons (which have also
been shown to project to the DPAG (Stezhka and Lovick, 1994;Vertes, 1991)), but not in
any other subdivision of the DR (Donner et al., 2012). In addition, tph2 mRNA expression
was highly correlated with anxiety-like behavior in the social interaction test (r = 0.729; p =
0.001) (Donner et al., 2012). Second, we have shown that social defeat increases tph2
mMRNA expression, but only in the DRVL/VLPAG serotonergic neurons, and only in rats
previously exposed to maternal separation (Gardner et al., 2009). This increase in tph2 in the
DRVL/VLPAG serotonergic neurons may play a role in the shift from a proactive emotional
coping style to a reactive emotional coping style, which is observed following repeated
defeat (Gardner et al., 2005;Paul et al., 2011). Consistent with this hypothesis, we have
found that c-Fos expression in DRVL/VLPAG serotonergic neurons, but not DRD
serotonergic neurons, is correlated with the duration of freezing behavior during social
defeat (Paul et al., 2011). Third, we have shown that female rats, but not male rats,
previously exposed to adolescent social isolation show decreased tph2 mMRNA expression
selectively in the DRVL/VLPAG and DRV serotonergic neurons as adults (Lukkes, Lowry
et al., unpublished, and (Lukkes et al., 2013)). Decreased tph2 expression in the DRVL/
VLPAG serotonergic neurons, if reflective of decreased serotonergic neurotransmission,
would be predicted to result in vulnerability to panic-like responses to panic-inducing
agents. Indeed, other studies have shown that female rats, but not male rats, exposed to
neonatal maternal separation show an increased hypercapnic ventilator response to CO, as
adults (Dumont et al., 2011;Genest et al., 2007). Furthermore, recent studies in mice have
shown that an unstable maternal environment (cross-fostering during postnatal day 2 (PD2)-
PD5) results in increased sensitivity to CO, during development and adulthood, relative to
normally-reared mice (D’Amato et al., 2011). Finally, in humans, events involving

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Paul et al.

Page 13

childhood separation from caregivers or an unstable parental environment are associated
with heightened CO, sensitivity and increased risk for panic disorder in adulthood (Battaglia
et al., 1995;Klein, 1995).

3.4. A CE/DRVL/VLPAG circuit mediating expression of contextual fear (freezing) and
inhibition of panic-/escape-like physiological and behavioral responses

As mentioned above in section 1.4., patients with focal bilateral amygdala lesions resulting
from Urbach-Wiethe disease do not condition to aversive stimuli (Bechara et al., 1995).
However, a recent study found that these patients have increased vulnerability to CO,-
evoked panic (Feinstein et al., 2013), suggesting that 1) the amygdala is not necessary for
CO»,-evoked panic, and 2) an intact amygdala may normally inhibit panic. In addition, panic
patients have reduced amygdala gray matter volume (Asami et al., 2009;Hayano et al.,
2009). These findings in humans are consistent with rodent studies showing that the
amygdala, including the BL and central nucleus of the amygdala (CE), mediate expression
of contextual fear (freezing behavior), probably via the amygdala-VLPAG pathway (Amaral
and Price, 1984;LeDoux et al., 1988;Martinez et al., 2006;Nader et al., 2001), and mediate
post-DPAG stimulation freezing (Martinez et al., 2006). Our own data support the
hypothesis that a CE-DRVL/VLPAG serotonergic system mediates expression of contextual
fear and, consequently, inhibits panic/escape-like responses. We found that exposing rats to
the context where they received fear conditioning 24 h earlier resulted in a strong activation
of DRVL/VLPAG serotonergic neurons, but not serotonergic neurons in other subregions of
the DR, including the conflict anxiety-related DRD/DRC (Spannuth et al., 2011).

The CE, especially the medial (CeM) subdivision, sends direct projections to the DR,
including the DRVL/VLPAG subregion (Peyron et al., 1998a;Rizvi et al., 1991). Based on
chronic recording of the CE in behaving rats, Paré and colleagues have proposed that
conditioned freezing depends on increased CeM responses to the CS (Duvarci, 2011).
Although the functional consequences of the putative activation of a CE-DR circuit are not
yet clear, electrical stimulation of the CeM, specifically, results in bradycardia, hypotension,
and behavioral quiescence (Cox et al., 1987;Kapp et al., 1982), physiologic, and behavioral
respsonses that are also observed following stimulation of the DRVL/VLPAG region (Keay
and Bandler, 2001). Collectively, these responses are consistent with an “anti-panic-like”
effect of CE/DRVL/VLPAG serotonergic stimulation, preventing panic-like physiological
responses (tachycardia, hypertension) and behavioral responses (flight/escape). Consistent
with a role for the amygdala in inhibition of panic-like responses, Schenberg and colleagues
found that kindling of the BL attenuated DPAG-evoked escape behavior (galloping)
(Tannure et al., 2009), considered to be a model of PAs (Schenberg et al., 2001). Together,
these data suggest that the increased tph2 expression selectively within DRVL/VLPAG
serotonergic neurons that we observed following urocortin 1 priming of the BL is likely
dependent on increased activity of a CE/DRVL/VLPAG pathway. This hypothesis is
consistent with findings that priming of the BL using repeated injections of CRH increases
fear-potentiated startle, which is dependent on the CE (Walker et al., 2003;Walker and
Davis, 1997), but does not increase light-enhanced startle (Bijlsma et al., 2011), which is
dependent on the bed nucleus of the stria terminalis (Walker et al., 2003;Walker and Davis,
1997).
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4. Neuropeptide modulation of the panic inhibition system
4.1. CRH projections from the CE activate DRVL/VLPAG serotonergic neurons via CRHR2

We hypothesize that the neural mechanism underlying the proposed activation of DRVL/
VLPAG serotonergic neurons by the CE involves a subpopulation of CRH neurons that
projects to and activates the DRVL/VLPAG via CRH type 2 receptors (CRHR2). The DR
contains abundant CRH-immunoreactive (ir) fibers that display a topographical distribution.
The CRH-ir fibers are preferentially distributed in the dorsolateral region caudally, which
encompasses the DRVL/VLPAG subregion, and the ventromedial subdivision rostrally
(Kirby et al., 2000;Lowry et al., 2000;Valentino et al., 2001). Immunohistochemical staining
shows these CRH-ir fibers are in close proximity to tryptophan hydroxylase (TPH)-ir
neurons, suggesting CRH has direct actions on serotonergic neurons Examination of the
ultrastructural characteristics of CRH-ir terminals using electron microscopy reveals
heterogeneity of CRH synapses in different subregions of the DR. In the dorsolateral
regions, the CRH-ir terminals frequently associate with dendrites and the synapses are
characterized as asymmetric (typel), which are excitatory; whereas in the ventromedial
subdivision, the CRH-ir fibers favor contact with axon terminals and the synapses are more
frequently symmetric (type 2), which are thought to be inhibitory (Valentino et al., 2001).
The regional heterogeneity of CRH-ir synapses in the DR is consistent with
electrophysiological reports suggesting that serotonergic neurons in the DRVL/VLPAG
have increased intrinsic excitability properties that render them more susceptible to stress-
induced activation (Crawford et al., 2010).

Electrophysiological recordings of putative 5-HT neurons reveal CRH has both excitatory
and inhibitory effects that depend on the subregion and dose of CRH administered (Kirby et
al., 2000;Lowry et al., 2000;Valentino et al., 2001). These CRH terminals can influence DR
activity via both CRH type 1 receptors (CRHR1) and CRHR2, which are expressed
throughout the DR (Chalmers et al., 1995;Day et al., 2004;De Souza et al., 1985;Lukkes et
al., 2011;Potter et al., 1994), and, in the case of CRHR2, colocalize with serotonergic
neurons (Day et al., 2004;Lukkes et al., 2011). These studies provide clear evidence that
CRH fibers densely innervate the DR, including the DRVL/VLPAG subregion, and have
complex actions on both serotonergic and nonserotonergic neurons via CRHR1 and CRHR2.

Neuroanatomical and tract-tracing studies suggest the CE as the origin of a portion of these
CRH terminals in the DR. The vast majority of CRH-expressing neurons in the CE are
located in the lateral (CeL) subdivision of the CE, with only moderate amounts expressed in
the CeM subdivision (Cassell et al., 1986;Gray and Magnuson, 1992;Sakanaka et al.,
1986;Veening et al., 1984;Wang et al., 2011). Although the DRVL/VLPAG subregion
primarily receives input from the CeM, sparse projections from the CeL exist (Oka et al.,
2008;Petrovich and Swanson, 1997;Rizvi et al., 1991). Moreover, Gray and Magnuson
(1992) using a combined immunohistochemical and retrograde tract tracing approach show
CRH neurons in both the CeL and CeM directly innervate the DRVL/VLPAG subregion.
Since CRH neurons in the CeL also send projections to the CeM, BnST, and hypothalamus
(Petrovich and Swanson, 1997;Sakanaka et al., 1986), it is possible that CeL CRH neurons
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alter DRVL/VLPAG serotonergic neurons through indirect pathways (see section 4.2 and
4.3).

A growing body of evidence suggests these CRH projections from the CeM and CeL are
implicated in fear-related behavioral responses in part through activating the DR, including
DRVL/VLPAG serotonergic neurons. Priming of the BLA, a structure critical for processing
fear-related stimuli and gating output of the CE (Adolphs, 2013;LeDoux et al., 1988), by
repeated urocortin 1 (UCNL1) injections increases anxiety-like behavior and elevates tph2
MRNA in the DRVL/VLPAG (Donner et al., 2012). Microinjection of urocortin 2 (UCN2),
a neuropeptide in the CRH family and a selective CRHR2 agonist, directly into the DR
activates serotonergic neurons and increases extracellular 5-HT in DR projection regions
like the BLA (Amat et al., 2004). This is consistent with electrophysiological findings
revealing that UCNZ2 increases serotonergic neuronal firing rates via CRHR2 stimulation
(Pernar et al., 2004). Direct microinjection of CRH into the DR increases freezing, which is
associated with serotonin release in the CE (Forster et al., 2006), a structure innervated by
the DRVL/VLPAG (Rizvi et al., 1991). We and others have demonstrated that increases in
serotonin release following injections of CRH into the DR can be prevented by blockade of
DR CRHR2 (Forster et al., 2008;Lukkes et al., 2008). These data suggest a hypothetical
model in which CRH-expressing neurons in the CE act on CRHR2 in the DR to activate
DRVL/VLPAG serotonergic neurons projecting to the DPAG, thus inhibiting panic-like
responses (Figure 1).

4.2. BnST CRH neurons activate the conflict anxiety facilitation system

Although CRH neurons in the CE project directly to the DRVL/VLPAG subregion (Gray
and Magnuson, 1992), many of the CRH-ir fibers in the central gray region are spared
following electrolytic lesions of the CE (Sakanaka et al., 1986), suggesting other structures
provide significant CRH input to the DRVL/VLPAG. Both the CeM and CeL send
substantial projections to the BnST (Dong et al., 2001;Petrovich and Swanson, 1997) and
these tracts terminate in regions of the BnST that contain CRH neurons (Gray and
Magnuson, 1992;Moga et al., 1989). Furthermore, these BnST CRH neurons densely
innervate the DRVL/VLPAG subregion, suggesting the BnST may modulate the panic
inhibition system directly (Gray and Magnuson, 1992). A variety of stressors elevate CRH
MRNA in the BnST (Choi et al., 2006;Funk et al., 2006;Kim et al., 2006) and this nucleus is
considered to be a critical node in mediating anxiety-like behavioral responses (Davis et al.,
2010;Davis and Shi, 1999;Hammack et al., 2009;Rosen and Schulkin, 1998). Sink and
colleagues (2013) report that overexpression of CRH within the BnST using a lentiviral
vector modulates conditioned anxiety (i.e., sustained fear-potentiated startle), but not
unconditioned anxiety (i.e., elevated plus-maze), and these behavioral changes may be due
to compensatory changes resulting in decreased CRHR1 receptor expression within the
BnST and decreased CRHR2 receptor expression within the DRD. As we mentioned in
section 1.5, the DRD is an important component of a conflict anxiety facilitation system that
has reciprocal projections to forebrain limbic structures involved in eliciting anxiety-like
behavior responses such as the BnST (Fox and Lowry, 2013;Hale and Lowry, 2011;Lowry
et al., 2008;Paul and Lowry, 2013). Although beyond the scope of this review, it is worth
mentioning that serotonergic modulation of BnST activity and anxiety-like behavior is
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complex and involves several BnST neuron types, multiple 5-HT receptor subtypes (e.g., 5-
HT1a, 5-HToa, 5-HTyc, and 5-HT7), as well as the relative receptor expression patterns
during both normal and pathological anxiety states (Guo et al., 2009;Hammack et al., 2009).

Consistent with the notion that the BnST facilatates anxiety-like behavior, priming of the
BnST by repeated stimulation of BnST CRH receptors using UCN1 produces long-lasting
increases in anxiety-like behavior in the social interaction test, while sodium lactate
infusion, which is a potent panicogen, fails to alter cardiovascular measures in BnST primed
rats (Lee et al., 2008). Likewise, chronic disinhibition of the BnST by repeated infusion of
the GABA synthesis inhibitor, L-allylglycine, increases anxiety-like behavior, while sodium
lactacte-induced cardiorespiratory responses are unaltered (Sajdyk et al., 2008). These
studies suggest the BnST is implicated in mediating anxiety-like behavior, reminiscent of
generalized anxiety in humans, but not panic-like behavioral and physiologic responses.
Future studies should elucidate the functional role, if any, that BnST CRH neurons have in
modulating the activity of the panic inhibition system via their projections to the DRVL/
VLPAG serotonergic neurons.

4.3. Interactions between CRH, hypocretinergic/orexinergic, and serotonergic systems:
implications for anxiety and panic

4.3.1. Hypothalamic hypocretinergic/orexinergic and extended amygdala CRH
neurons comprise a stress-sensitive circuit—The neuropeptides, hypocretin-1/
orexin-A (hcrt-1/orx-A) and hypocretin-11/orexin-B (hcrt-2/orx- B), were discovered over 15
years ago and were initially thought to be critical for feeding behavior due to their location
in the lateral hypothalamus (LH) and perifornical hypothalamus (PeF), regions long known
to elicit feeding (de Lecea et al., 1998;Sakurai et al., 1998). Since then, studies have
documented a myriad of functions attributed to the hypocretins/orexins, including roles in
sleep and wakefulness, energy homeostasis, reward, sensory modulation, endocrine
function, autonomic control, cognition, and motivated behavior (Carrive, 2013;de Lecea,
2010;Koob and Le, 2008;L.i et al., 2014;Sakurai and Mieda, 2011;Sellayah and Sikder,
2013;Tsujino and Sakurai, 2013). These hcrt/orx neurons are potently activated by diverse
stressors such as cold exposure (Ida et al., 2000;Sakamoto et al., 2004), peripheral
inflammation (Watanabe et al., 2005), immobilization (Ida et al., 2000;Sakamoto et al.,
2004), restraint (Reyes et al., 2003;Winsky-Sommerer et al., 2004), foot shock (Watanabe et
al., 2005;Zhu et al., 2002), novelty stress (i.e., brightly lit novel environment; Berridge et al.,
1999) and high-arousal waking (i.e., diurnal novelty-stress; Espana et al., 2003), and are
thought to coordinate the behavioral, neuroendocrine, and cardiorespiratory stress response
(for reviews see, Berridge et al., 2010;Carrive, 2013;Kuwaki, 2011;Winsky-Sommerer et al.,
2005;Zhang et al., 2006). The hypocretinergic/orexinergic system is ideally positioned to
control multiple components of the stress response through widespread projections to
cortical, limbic, brainstem and spinal cord structures, including, but not limited to, the CE,
BnST, rostral and caudal raphe nuclei, and PAG (for a more comprehensive list of orexin
efferents see, Li et al., 2014;Nambu et al., 1999;Peyron et al., 1998b;Sakurai, 2007;Sakurai
and Mieda, 2011).
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Hypocretins/orexins may control the behavioral and physiologic response to stress through
interactions with extrahypothalamic CRH systems located in extended amygdala structures
like the CE and BnST. Application of hcrt-1/orx-A and hcrt-2/orx-B to an in vitro slice
preparation excites a population of “low threshold burst“ neurons located in the CeM
through activation of postsynaptic hcrt-2/orx-2 receptors (Bisetti et al., 2006). It is unclear
what neurochemical phenotype these CeA neurons comprise, however, a portion of them
may be CRH neurons because i.c.v. administration of hcrt-1/orx-A, relative to saline control,
results in increased immunohistochemical staining of c-Fos, a marker of neuronal activity, in
CE CRH-ir neurons (Sakamoto et al., 2004). In regards to the BnST, microinjection of
hert-1/orx-A directly into the BnST evokes action potentials in a subset of BnST neurons
and increases anxiety-like behavior in the elevated plus-maze and social interaction test
(Lungwitz et al., 2012). These behavioral alterations may be mediated by hcrt-1/orx-A
interactions with glutamate as prior treatment with the NMDA antagonist, AP5, or the
AMPA receptor antagonists, CNQX and DNQX, completely or partially blocks the increase
in anxiety-like behavior, respectively (Lungwitz et al., 2012). This supports the notion that
the hcrt/orx system activates a subset of BnST neurons to promote anxiety-like behavioral
responses, although future studies will need to determine whether hcrt/orx targets BnST
CRH neurons. Consistent with this evidence of hcrt/orx interacting with CRH systems, i.c.v.
microinjection of hrct-1/orx-A dose-dependently reinstates previously extinguished cocaine-
seeking behavior (and food-seeking behavior), an effect that can be blocked by i.c.v.
pretreatment with the nonselective CRH receptor antagonist, D-Phe-CRH (Boutrel et al.,
2005). Furthermore, pretreatment with the hcrt-1/orx-1 receptor antagonist, SB-334867,
abolishes stress (foot shock)-induced reinstatement of cocaine-seeking behavior, suggesting
hert/orx may modulate the brain reward system through its actions on brain stress circuitry
(Boutrel et al., 2005).

Evidence also suggests that the CRH system modulates the activity of hcrt/orx neurons. The
LH/PeF contains dense CRH-ir fibers that are apposed to hcrt/orx neurons, which also
express both CRHR1 and CRHR2 (Winsky-Sommerer et al., 2004;Winsky-Sommerer et al.,
2005). Electrophysiological recordings suggest CRH depolarizes hcrt/orx neurons and this
activation can be blocked by the CRHR1 antagonist, astressin (Winsky-Sommerer et al.,
2004;Winsky-Sommerer et al., 2005). Supporting the role of CRHR1-induced activation of
hcrt/orx neurons, the stress-induced activation of hcrt/orx neurons, as measured by elevated
c-Fos, is severely diminished in genetically engineered mice that lack CRHR1 (Winsky-
Sommerer et al., 2004;Winsky-Sommerer et al., 2005). The origin of these CRH-ir fibers
that contact hcrt/orx neurons is unclear, but evidence suggests a portion of the CRH input
comes from the extended amygdala. In an elegant retrograde tracing study, Sakurai and
colleagues (2005) mapped the input to hcrt/orx neurons by constructing a transgenic mouse
line expressing a fusion protein exclusively in hcrt/orx neurons. This protein is taken up by
terminals that form synapses with hcrt/orx neurons and then retrogradely transported to
neuronal cell bodies, thus allowing the visualization of GFP in neurons that project
specifically to hcrt/orx neurons. This technique revealed projections from the subdivisions
of the BnST (i.e., ventral lateral) and CE (CeM and CeL) that contain CRH neurons.
Traditional anterograde and retrograde tract tracing studies confirm these projections from
the BnST and CE (Nakamura et al., 2009;Yoshida et al., 2006) and in the case of the CE,
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some of these projections to the LH contain CRH (Sakanaka et al., 1986). Most of the
terminals arising from the CE are immunoreactive for glutamic acid decarboxylase, an
enzyme necessary for GABA synthesis (Nakamura et al., 2009), which is not surprising
since CE output neurons are thought to be comprised primarily of GABAergic neurons.
Taken together, these studies suggest hypocretinergic/orexinergic neurons in the LH/PeF
and CRH neurons in the CE and BnST comprise a stress-sensitive circuit capable of
modulating arousal, reward, and many aspects of the stress response.

4.3.2. A hypocretinergic/orexinergic-serotonergic circuit implicated in stress,
anxiety and panic—The hypocretinergic/orexinergic system has extensive projections to
brainstem serotonergic systems originating in both the rostral (e.g., DR and median raphe
nuclei, MnR) and caudal (e.g, raphe magnus, obscurus and pallidus) raphe nuclei,
positioning this network to control the behavioral and autonomic response to anxiety-, fear-,
and panic-provoking stimuli (Nambu et al., 1999;Peyron et al., 1998b). Microinjection of the
retrograde tracer, WGA-apo-HRP-gold (WG), into distinct subregions of the DR has
revealed topographically organized projections from hypothalamic hcrt-1/orx-A neurons
(Lee et al., 2005). Following WG injections into the rostral DR, double labeled hcrt-1/orx-A
neurons are located in the dorsal half of the LH as well as the dorsomedial hypothalamus
(DMH). Injections in the intermediate DR, an area including the DRD and DRV
subdivisions, result in double-labeled hcrt-1/orx-A neurons in the ventromedial LH, PeF,
and dorsal to the PeF. The DRC receives hcrt-1/orx-A projections from the PeF and the
posterior hypothalamus (PH). Finally, the lateral wings of the DR, which corresponds to the
DRVL/VLPAG subregion, has projections from the ventral LH and PeF, with sparser
projections from the dorsal LH and area dorsal to the PeF. Relative to other DR subregions,
the DRVL/VLPAG contains the highest density of hcrt/orx-ir fibers (Nambu et al.,
1999;Peyron et al., 1998b). There is no difference in the contralateral or ipsilateral pattern of
projections to the DRVL/VLPAG, although the regions of the hypothalamus contralateral to
the injection site contain approximately 50-70% fewer labeled cells (Lee et al., 2005). These
topographically organized hypocretinergic/orexinergic projections to specific subregions of
the DR may have important functional implications for how stress and panicogenic stimuli
modulate serotonergic systems (see below).

Consistent with diffuse hcrt/orx projections to the serotonergic raphe nuclei, both hcrt/orx-1
and -2 receptors, which are linked to Gq-proteins, are found in rostral and caudal raphe
nuclei, and are especially abundant in the DR (Cluderay et al., 2002;Greco and Shiromani,
2001;Hervieu et al., 2001;Kilduff and de Lecea, 2001;Marcus et al., 2001;Trivedi et al.,
1998). In the DR, in vivo and in vitro electrophysiological studies suggest hcrt/orx has
predominantly direct excitatory effects on serotonergic neurons that are mediated in part by
hert/orx-1 and -2 receptors (Brown et al., 2001;Brown et al., 2002;Kohlmeier et al.,
2008;L.iu et al., 2002; Takahashi et al., 2005;Wang et al., 2005), although indirect inhibitory
effects on serotonergic neurons are also observed likely through GABAergic interneurons
(Liu et al., 2002). This is in agreement with immunohistochemical and immunocytochemical
studies revealing hcrt/orx-ir fibers associate with both serotonergic and GABAergic neurons
within the DR (Liu et al., 2002;Wang et al., 2005). The relative expression pattern of
hert/orx receptors on serotonergic and nonserotonergic neurons may explain the differential
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effects of hert/orx infusion on extracellular 5-HT in the DR and MnR. For example, infusion
of hert-1/orx-A, which has equal affinity for both hcrt/orx-1 and-2 receptors, increases
extracellular 5-HT in the DR, but has no effect in the MnR; whereas infusion of hcrt-2/orx-
B, which has a 10-fold higher selectivity for the hcrt/orx-2 receptor, slightly elevates
extracellular 5-HT in both the DR and MnR (Tao et al., 2006). Lastly, it is important to note
that serotonergic systems innervate the hcrt/orx system, especially serotonergic neurons in
the MnR, paramedian raphe nucleus, RPa, RMg, and minimal input from the DR (Sakurai et
al., 2005). This serotonergic input strongly hyperpolarizes hcrt/orx neurons through
postsynaptic 5-HT1 4 receptors, suggesting this hcrt/orx-5-HT circuit forms a negative
feedback cycle (Muraki et al., 2004;Yamanaka et al., 2003). The functional purpose of a
hypocretinergic/orexinergic-serotonergic circuit is unclear, but evidence suggests it is
important for modulating arousal, sleep/wake states, physiologic and behavioral responses to
stress, and dysfunction of this circuit may be implicated in anxiety and panic.

Recent evidence suggests the hypocretinergic/orexinergic system is implicated in the
pathophysiology of panic disorder. Chronic disinhibition of the DMH/PeF using a GABA
synthesis inhibitor makes rats susceptible to panicogenic agents such as sodium-lactate,
which elicits panic attacks in humans with panic disorder, and behavioral and sympathetic
responses that resemble a panic attack in panic-prone rats, but not control rats (Shekhar et
al., 1996). In panic-prone rats (i.e., rats with chronic intra-DMH/PeF microinjection of L-
allylglycine, a GABA synthesis inhibitor), administration of sodium lactate activates orexin
neurons, as measured by elevated c-Fos expression, and increases physiologic and
behavioral indices of panic-like responses, including increased anxiety-like behavior,
arousal, heart rate, and mean arterial pressure (Johnson et al., 2010b). Moreover, these
panic-like responses are attenuated by prior intra-DMH/PeF injection of a gene silencer
(siRNA) that targets the gene encoding hcrt/orx or systemic pretreatment with the selective
hert-1/orx-1 antagonist, SB334867 (Johnson et al., 2010b). The lactate-induced increase in
anxiety-like behavior is likely due to hcrt-1/orx-A altering BnST activity as microinjection
of SB334867 directly into the BnST blocks this effect (Johnson et al., 2010b). Consistent
with a role of hcrt/orx mediating panic-like responses in panic-prone rodents, human
patients with panic disorder have elevated levels of hcrt/orx in the cerebrospinal fluid
(Johnson et al., 2010b). These findings taken together with evidence of dense hcrt/orx
projections having both excitatory and inhibitory actions on serotonergic and GABAergic
DRVL/VLPAG neurons (Lee et al., 2005;Liu et al., 2002;Nambu et al., 1999;Peyron et al.,
1998b;Wang et al., 2005) as well as the failure of sodium lactate to activate serotonergic
neurons in the DRVL/VLPAG panic inhibition system (Johnson et al., 2008) in panic-prone
rats, raise the possibility that hcrt/orx neurons inhibit the serotonergic neurons in the DRVL/
VLPAG panic inhibition system via GABAergic interneurons. Considering the role of the
BnST in anxiety and its connections with the DRD (see section 4.2), the increase in anxiety-
like behavior observed in panic-prone rats may involve activation of a conflict anxiety
facilitation system involving hcrt/orx activation of BnST CRH neurons that project to DRD
serotonergic neurons. Future studies should investigate the role of hcrt/orx neurons in
orchestrating the activity of functionally distinct serotonergic systems.
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5.1. Panicogenic agents activate a distributed network of anxiety-, fear- and panic-related
brain regions

5.1.1. Acid-sensing ion channels in the amygdala: implications for fear and
panic—The final consideration is how panicogenic agents, such as CO, and sodium lactate,
potentiate the activity of the panic inhibition system (CE/DRVL/VLPAG/DPAG pathway),
in concert with activation of panic-inducing circuits. It’s highly likely that the mechanisms
involved are different for different panicogens. CO, causes acidosis (Richerson, 2004) and
may interact with acid-sensing ion channels in the BL to activate the CE/DRVL/VLPAG/
DPAG pathway; the absence of this panic inhibition signaling pathway in patients with
bilateral lesions of the amygdala may account for the increased vulnerability to CO,-induced
panic attacks in these patients (Feinstein et al., 2013). Consistent with this hypothesis, the
acid sensing ion channel ASIC1a is abundantly expressed in the BL, and knockout of
ASICla results in a loss of context-dependent fear memory, as measured by freezing
(Coryell et al., 2008). Local expression of ASIC1a in the BL of ASIC1a—/— mice rescues
context-dependent fear memory, but not the unconditioned fear response to predator odor
(Coryell et al., 2008). Conversely, transgenic overexpression of ASICla enhances fear
conditioning (Wemmie et al., 2004). Exposure of mice to hypercapnic acidosis (e.g. 5 or
10% CO») results in increased CO,-evoked freezing, CO,-potentiated contextual fear (e.g.,
freezing), avoidance of CO,, and reduced time in the center of an open-field arena, all of
which are blocked by genetic elimination of ASIC1a (Ziemann et al., 2009). Further,
expressing ASIC1la in the BL of ASIC1la—/- mice using an adeno-associated virus restored
the CO,-evoked freezing, highlighting the specificity of the effects. Sophisticated
developments in MRI methods, including the amide proton transfer (APT) and T in the
rotating frame (T1p) techniques (Jokivarsi et al., 2010;Jones et al., 2006;Makela et al.,
2001;Zhou et al., 2003), now allow for measurement of small changes in brain pH by
detecting the transfer of hydrogen ions (H™) between water and proteins. A recent study
shows widespread alterations in mouse and human brain pH following inhalation of 5%
CO2, relative to breathing room air (Magnotta et al., 2012). The method is also sensitive
enough to detect pH changes related to normal function; for example, a visual task (e.g.,
flashing checkerboard) causes localized acidosis, as measured by brain lactate and pH, in the
visual cortex (Magnotta et al., 2012). These studies, taken together with evidence that PD
patients, but not healthy individuals, show an elevated visual cortex lactate response to a
similar visual task (Maddock et al., 2009), and reports documenting the anxiolytic effects of
ASIC inhibitors in several preclinical rodent models (Dwyer et al., 2009), highlight the
importance of pH in both normal and abnormal brain function. Overall, these data are
consistent with the hypothesis that ASICs in the BL detect changes in pH/pCO2 and
modulate fear-related behavior accordingly, likely via descending projections to the CE/
DRVL/VLPAG/DPAG pathway in order to promote contextual or cued fear (e.qg., freezing)
and inhibit DPAG-flight behaviors.

5.1.2. Acid-sensing ion channels are expressed throughout the panic
inhibition system—Although most of the research into the role of ASICs in CO,-
mediated behavioral and physiological responses emphasizes ASICs in the BL, ASICla is
also expressed in a distributed system of structures implicated in anxiety, fear and panic,
including the central and medial nuclei of the amygdala, bed nucleus of the stria terminalis
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(BnST), cingulate cortex, somatosensory cortex, habenula, lateral hypothalamus, and,
moreover, ASICla is particularly enriched in the PAG, including the region encompassing
serotonergic neurons in the DRVL/VLPAG (Coryell et al., 2007). Therefore, ASICs are
expressed throughout the panic inhibition system. This would be predicted considering the
evidence in patients with focal bilateral amygdala lesions, who display deficits in fear
conditioning (Bechara et al., 1995), but increased vulnerability to CO,-evoked panic
(Feinstein et al., 2013). Indeed, these data are consistent with the idea that contextual or
cued fear, which is measured as an increase in freezing, is mediated in part through ASICla
activation of BL projecting neurons that activate the CE/DRVL/VLPAG/DPAG panic
inhibition systemin order to facilitate freezing and inhibit escape. An important direction for
future research will be to determine if serotonergic neurons in the DRVL/VLPAG express
ASICs and how they contribute to the behavioral and physiological responses to panicogenic
agents.

5.1.3. Sodium lactate-induced panic activates angiotensin Il neurons—Sodium
lactate, in stark contrast, causes alkalosis, not acidosis (Peskind et al., 1998). Clinical studies
have demonstrated that it is likely that hypernatremia (increased blood sodium
concentrations) mediate sodium lactate-induced panic, as equimolar sodium chloride was
just as effective in inducing panic attacks as sodium lactate (Peskind et al., 1998). Together
with Shekhar and colleagues, we have proposed a role for angiotensin 11, possibly derived
from angiogensin ll-synthesizing neurons in circumventricular organs, in sodium lactate-
induced panic (Johnson et al., 2013;Shekhar et al., 2006;Shekhar and Keim, 1997). Direct
iontophoretic application of angiotensin 1l in the BL increases neuronal firing rates
(Albrecht et al., 2000), and we have shown that sodium lactate-induced panic-like responses
in the amygdala priming model can be prevented by intra-BL injections of the angiotensin |1
receptor antagonist, saralasin (Johnson et al., 2013).

5.1.4. Serotonergic neurons express two-pore domain K* TASK channels
capable of sensing fluctuations in extracellular pH—The recently discovered two-
pore domain K* TASK (TWIK-related acid sensitive K* channel) channels are important
contributors to the resting membrane potential and provide a buffer towards depolarization
(Enyedi and Czirjak, 2010). Two types of TASK channels, TASK1 and TASK2, are unique
in relation to other TASK channel family members because these channels are sensitive to
changes in extracellular pH, both acidosis and alkalosis, within the physiological range
(Enyedi and Czirjak, 2010;Talley et al., 2000). Acidosis inhibits TASK channels and
consequently increases membrane excitability; alkalosis, on the other hand, excites TASK
channels and resists membrane depolarization (Enyedi and Czirjak, 2010).

Serotonergic neurons of the dorsal raphe nucleus (including the DRVL/VLPAG) and
medullary raphe nuclei express TASK1 and TASK3 mRNA transcripts and whole-cell
voltage clamp recordings identify a K* conductance characteristic of TASK channels that is
sensitive to pH (Washburn et al., 2002). Interestingly, TASK channels, similar to other
background K* channels, are inhibited by a number of neurotransmitter systems, including
the serotonergic system, in order to facilitate depolarization of the membrane potential
(Talley et al., 2000). The mechanism behind 5-HT’s ability to inhibit the activity of TASK
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channels remains elusive; however, preliminary evidence suggests it involves coupling with
5-HT,c receptors, which are linked to Gg/11 and mediate excitatory neurotransmission
(Figure 3).

Studies investigating serotonergic modulation of the mammalian startle reflex illustrate
interactions between 5-HT,¢c and TASK channels. This reflex is well characterized and
involves giant neurons located in the caudal pontine reticular formation (PnC), which
receive converging sensory inputs, integrate this information, and send direct projections to
spinal motor neurons involved in eliciting startle (for reviews see, Koch, 1999;Yeomans et
al., 2002). There is ample evidence suggesting serotonergic systems are modulated by
acoustic stimuli and in turn modulate aspects of the acoustic startle response, including
serotonergic neurons in the medullary raphe (e.g., RPa and raphe magnus nucleus, RMg; for
a review, see Davis, 1980), MnR (Daugherty et al., 2001;Dilts and Boadle-Biber, 1995), and
the anxiety-related DRD (Spannuth et al., 2011) and DRC (Evans et al., 2009). Weber and
colleagues (2008) demonstrate that PnC giant neurons express bothTASK3 channels and 5-
HT,¢ receptors; moreover, acidosis (pH = 6.4) inactivates TASK3, and this effect can be
mimicked by stimulation of 5-HT,¢ receptors. This suggests serotonergic neurons gate PnC
giant neuron excitability via coupling of 5-HT,¢ receptors with TASK3, which inactivates
these channels in order to permit membrane depolarization to enhance startle (Weber et al.,
2008). Considering that TASK channels have a chemosensory role in the retrotrapezoid
nucleus (Wang et al., 2013), a critical structure for the central chemorespiratory reflex
(Guyenet et al., 2008), as well as in the carotid bodies (Buckler and Turner, 2013), the
primary location of peripheral chemoreceptors, an important objective for future research
will be to determine the role of TASK channels in serotonergic chemosensation and in turn
how serotonergic neurotransmission modulates TASK activity.

6.1. Conclusion

Over twenty years ago Deakin and Graeff proposed that functionally distinct subpopulations
of serotonergic neurons located in the DR and MnR modulate aspects of defensive behavior
through topographically organized projections to forebrain limbic structures and brainstem
structures involved in the fight-or-flight response. Dysfunction of these pathways results in
failure to adapt to stress and vulnerability to affective and anxiety disorders, including PD
(Deakin and Graeff, 1991;Graeff et al., 1996). In this review, we have outlined evidence for
a putative panic inhibition system, one of the original pathways discussed by Deakin and
Graeff, which consists of a circuit involving CRH neurons in the CeA that project to DRVL/
VLPAG serotonergic neurons. These DRVL/VLPAG serotonergic neurons facilitate
freezing behavior and restrain panic-related behaviors (e.g., flight/escape) elicited by DPAG
stimulation. Several converging lines of evidence support this hypothesis, including
observations that serotonin inhibits DPAG- evoked behavioral and sympathoexcitatory
responses that mimic the symptomatology of PAs, and that chronic, but not acute,
antidepressant treatment potentiates serotonergic inhibition of panic-like responses.
Serotonergic neurons in the DRVL/VLPAG are chemosensitive and ideally positioned to
modulate diverse aspects of the behavioral and cardiorespiratory responses to panicogenic
agents. Lastly, developments in our understanding of the neurobiological mechanisms of
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conditionied fear suggest a CE/DRVL/VLPAG pathway mediates freezing, the primary
behavioral index of fear in contextual and cued fear conditioning.

6.1.1. A panic-inhibition system: implications for anxiety, fear, and panic—The
evidence presented here for a CE/DRVL/VLPAG/DPAG panic-inhibition system together
with the observations that Urbach-Wiethe patients who have bilateral focal lesions of the
amygdala show deficits in fear conditioning with a concomitant vulnerability to CO,-evoked
panic (see section 1.4), suggest that the amygdala may normally inhibit panic and that fear
and panic are dissociable states, rather than panic being an exaggerated fear state. The
distinction between fear and panic, however, is often obfuscated, especially in rodent models
of anxiety-, fear-, and panic-related behavior. The notion that contextual or cued fear stimuli
activate a CE/DRVL/VLPAG/DPAG to promote freezing, while inhibiting DPAG-evoked
escape/flight behaviors — in other words, fear inhibits panic — is supported by contemporary
theories on the hierarchical organization of defensive behavior.

Based on ethologically relevant models of defensive behavior in mice and rats, Blanchard
and colleagues (2001;1986a;1989) argue that the behavioral responses toward threatening
stimuli such as a predator are organized in hierarchical levels based on the proximity and
presence of threat as well as constraints imposed by the environment (e.g., lack of escape
routes). In a novel environment or an environment where a predator was previously
encountered rodents will typically engage in risk assessment behaviors to determine the
nature of any potential threats. If a predator is detected and there is a suitable escape route
than flight ensues; however, if there are no available escape routes and the predator is at a
sufficiently safe distance that attack is not imminent, then the rodent proceeds to the next
line of defense, termed distal threat, which involves freezing in order to avoid detection by
the predator. The last level of defense, called proximal defense, is initiated when the
predator comes into close contact with the prey and may strike, which results in defensive
threat and attack behaviors. This framework of defensive behavior is echoed in McNaughton
and Corr’s (2004) two dimensional defense system theory, which postulates that the
dimensions of defensive approach and defensive avoidance interact with defensive distance
(i.e., distance of threat) to dictate the selected behavioral coping strategy. The evidence
outlining a putative CE/DRVL/VLPAG/DPAG panic inhibition system that facilitates
conditioned fear-related behaviors like freezing, while inhibiting panic-related behaviors
like escape is consistent with these models of defensive behavior. This is not surprising
considering that freezing and flight are mutually exclusive behaviors located on opposite
ends of the behavioral response spectrum to distal and proximal threat. A system whereby
fear (i.e., freezing) reduces panic (i.e., flight) has clear adaptive value as engaging in
freezing behavior while inhibiting flight would decrease the probability of being detected by
a predator or engaging in potentially life-threatening physical confrontation.
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Figure 1.

Hypothetical model illustrating amygdala inhibition of panic via activation of a serotonergic
panic inhibition system in the DRVL/VLPAG. Stress-induced elevation of corticotropin-
releasing factor (CRF) within the basolateral amygdala (BL) acts on CRF receptor type 1
receptors (CRFR1), leading to hyperexcitability of BL projection neurons that target the
central amygdaloid nucleus (CE). Projections from the CE release CRF into the DRLV/
VLPAG, activating excitatory CRFR2 in the DR, resulting in activation of DRVL/VLPAG
serotonergic neurons. Increased serotonergic signaling from the DRVL/VLPAG on
postsynaptic 5-HT 14 and 5-HT;p receptors inhibit the dorsal PAG (DPAG), inhibiting
panic/escape-like fight-or-flight responses. Panicogenic agents including CO, and sodium
lactate activate the amygdala, activating the panic inhibition system. Abbreviations: 5-HT1a,
5-Hydryoxytryptamine type 1A receptor; 5- HT,a, 5-Hydryoxytryptamine type 2A receptor;
ASICla, acid sensing ion channel 1a; BL, basolateral amygdala; CE, central nucleus of the
amygdala; CO,, carbon dioxide; CRH, corticotropin-releasing hormone; CRHR2,
corticotropin-releasing hormone type 2 receptor; DPAG, dorsal periaqueductal gray; DRVL/
VLPAG, ventrolateral part of the dorsal raphe nucleus/ventrolateral periaqueductal gray;
GABA, y-aminobutyric acid; H*, hydrogen ion. Coronal brain diagrams reproduced from
Paxinos and Watson (1998) by permission of Elsevier.
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Figure 2.
Effects of sodium lactate infusion (0.5 M sodium lactate, i.v.) or 0.9% saline over 15 min,

similar to clinical lactate infusions,(Liebowitz et al., 1986) on c-Fos expression in
tryptophan hydroxylase (Tph)-immunoreactive (ir) neurons in the DRVL/VLPAG in control
rats (intra-DMH D-allylglycine; inactive enantiomer) or panic prone rats (intra-DMH L-
allylglycine; 3.5 nmol per 0.5 ul per hour over 5 days) delivered via osmotic minipump.
Whereas sodium lactate infusion increased c-Fos expression in D-allylglycine treated
control rats, it had no effect in L-allylglycine-treated panic prone rats. Abbreviations: d-AG,
D-allylglycine; I-AG, L-allylglycine; Lac, sodium lactate; Sal, saline. **p < 0.01, Fisher’s
Protected Least Significant Difference test. Open bars, total number of TPH-ir neurons.
Numbers indicate % of TPH-ir neurons that were c-Fos-ir. Reprinted from Johnson et al.,
(2008) by permission of SAGE.
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Figure 3.
Schematic depicting pH- and serotonin-mediated inactivation of TASK channels. (A) At

rest, TASK channels leak K* ions into the extracellular space to establish the resting
membrane potential and provide a countervailing force to depolarizing currents. (B)
Acidosis (e.g., CO, inhalation) increases the concentration of hydrogen ions, which bind an
extracellular loop of the TASK channel to inactivate TASK, thus increasing membrane
excitability. Likewise, activation of 5-HT,c receptors causes the dissociation of Gg/11 a; the
G protein a-subunit (Gg/11) can inactivate the TASK channel directly by binding the C-
terminus. It is unclear whether other factors in this signaling pathway inactivate TASK
(Enyedi and Czirjak, 2010). Abbreviations: 5-HT, 5-Hydroxytryptamine (serotonin); 5-
HT2C, 5-Hydryoxytryptamine type 2C receptor; agq/11, G-protein subunit a; 8, G-protein
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subunit B; DAG, diacyl glycerol; v, G-protein subunit y; H*, hydrogen ion; IP3, inositol

1,4,5-trisphosphate; K*, Potassium ion; PIP2, phospholipid phosphatidylinositol 4,5-
bisphosphate; PLC, phospholipase C; TASK, TWIK-related acid sensitive K* channel.
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