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Abstract

Rats with chronic inhibition of GABA synthesis by infusion of I-allyglycine, a glutamic acid
decarboxylase inhibitor, into their dorsomedial/perifornical hypothalamus are anxious and exhibit
panic-like cardio-respiratory responses to treatment with intravenous (i.v.) sodium lactate (NaLac)
infusions, in a manner similar to what occurs in patients with panic disorder. We previously
showed that either NMDA receptor antagonists or metabotropic glutamate receptor type 2/3
receptor agonists can block such a NaLac response, suggesting that a glutamate mechanism is
contributing to this panic-like state. Using this animal model of panic, we tested the efficacy of
CBIPES and THIIC, which are selective group 1l metabotropic glutamate type 2 receptor allosteric
potentiators (at 10-30mg/kg i.p.), in preventing NaLac-induced panic-like behavioral and
cardiovascular responses. The positive control was alprazolam (3mg/kg i.p.), a clinically effective
anti-panic benzodiazepine. As predicted, panic-prone rats given a NaLac challenge displayed
NaLac-induced panic-like cardiovascular (i.e. tachycardia and hypertensive) responses and
“anxiety” (i.e. decreased social interaction time) and “flight” (i.e. increased locomaotion) -
associated behaviors; however, systemic injection of the panic-prone rats with CBIiPES, THIIC or
alprazolam prior to the NaLac dose blocked all NaLac-induced panic-like behaviors and
cardiovascular responses. These data suggested that in a rat animal model, selective group Il
metabotropic glutamate type 2 receptor allosteric potentiators show an anti-panic efficacy similar
to alprazolam.
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Introduction

Panic disorder is a severe anxiety disorder characterized by recurring “spontaneous” panic
attacks (Weissman and Merikangas, 1986; Kessler et al., 1994; Hirschfeld, 1996; Katon et
al., 2002) that, although considered spontaneous, can be consistently provoked in the
majority of panic disorder patients by using mild interoceptive stimuli such as intravenous
(i.v.) infusions of 0.5M sodium lactate (NaLac) (Liebowitz et al., 1984) or inhalation of 7%
CO, (Gorman et al., 1994) as challenges. This suggests that the threshold for some
interoceptive stimuli to be able to induce a panic response is reduced in patients with panic
disorder, which has led to the hypothesis that the initial pathology in these patients appears
to be an alteration somewhere in the central neural pathways that are critical sites for
responding to disruptive interoceptive stimuli and regulating normal panic responses.

Although a number of limbic and autonomic regulatory centers have been implicated in the
pathophysiology of panic disorder (Gorman et al., 2000; Shekhar et al., 2003), the
dorsomedial hypothalamus (DMH) is one such panic-related site, which not only
coordinates autonomic and behavioral responses for a variety of homeostatic mechanisms
(Bernardis and Bellinger, 1998; DiMicco et al., 2002; Chou et al., 2003), but is also an
important efferent target of circumventricular organs (CVVOs) that are critical for sensing
changes in interoceptive-associated plasma parameters such as NaLac (Shekhar and Keim,
1997; Molosh et al., 2010). In light of this, Shekhar and colleagues developed an animal
model of panic disorder, where chronically disrupting the inhibitory GABAergic activity
(where GABA stands for gamma-aminobutyric acid) by infusion of the GABA synthesis
inhibitor l-allylglycine (I-AG) into the dorsomedial/perifornical hypothalamus (DMH/PeF)
produces rats that have heightened anxiety and display panic-like responses following
exposure to i.v. infusions of 0.5 M NaLac (Shekhar et al., 1996; Shekhar and Keim, 1997;
Johnson and Shekhar, 2006; Johnson et al., 2008; Johnson et al., 2010). Consistent with this,
panic disorder patients do demonstrate deficits in central GABA concentrations (Goddard et
al., 2001) and a hyperactive hypothalamus during anticipatory anxiety (Boshuisen et al.,
2002). Additionally, benzodiazepine agonists (which enhance GABA activity) attenuate
NalLac-induced panic attacks in panic patients (Pohl et al., 1994), as well as NaLac-induced
panic-like responses in panic-prone rats (Shekhar and Keim, 2000; Johnson et al., 2010).
Because they are rapid and effective, benzodiazepines have been the most widely used class
of drugs for the treatment of acute anxiety since the 1960s, yet there are significant and
common side effects, such as sedation, memory impairment and dependence (Nutt et al.,
2002; Baldwin et al., 2005; Bandelow et al., 2008; Cloos and Ferreira, 2009); therefore,
there is a great need for newer, rapidly effective anxiolytic agents without the typical
benzodiazepine side effects.

Recent evidence suggests that there is a balance between tonic GABAergic inhibition and
the glutamate-mediated excitation within the DMH/PeF that makes rats vulnerable to
NaLac-induced panic responses (Shekhar and Keim, 2000; Johnson and Shekhar, 2006).
Under basal conditions, the activity of DMH neurons is regulated by a tonic GABAergic
inhibition of the excitatory glutamatergic drive (Soltis and DiMicco, 1991). However, when
the GABAergic inhibitory tone is reduced with I-AG infusions, the glutamate-mediated
excitation appears to become prominent, leading to chronic activation and a panic-prone
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state (Johnson and Shekhar, 2006). In light of this, there is increasing recognition that
glutamatergic mechanisms may offer a potential avenue for developing new treatment for
anxiety problems such as panic disorder (Gorman, 2003).

In one review, the two Group Il metabotropic glutamate receptors (mGIluR2/3) are shown to
be activated by excess synaptic glutamate (Nicoletti et al., 2010), while conversely, they
negatively modulate presynaptic glutamate neurotransmission (Pin and Duvoisin, 1995).
This suggests that mGIluR2/3 potentiators could possibly reduce excessive synaptic
glutamate release in panic-prone rats, to reduce panic vulnerability without altering basal
glutamate release (Johnson et al., 2005). Consistent with this hypothesis, mGIuR2/3 agonists
do reduce anxiety-associated behaviors in rodents (Monn et al., 1997; Helton et al., 1998;
Shekhar and Keim, 2000; Walker and Davis, 2002) and also have anxiolytic properties in
humans (Grillon, 2003; Schoepp et al., 2003) without any of the benzodiazepine-associated
side effects, such as sedation (Schoepp et al., 2003). Anxiolytic-like properties have also
been observed for several mGIuR2 potentiators, including CBIiPES (N-(4’-cyano-
biphenyl-3-y1)-N-(3-pyridinylmethyl)-(ethanesulfonamide hydrochloride)), which readily
reverses stress-induced changes in body temperature (Johnson et al., 2005). Recently, we
found evidence of the antidepressant and anxiolytic-like effects of the mGIuR2 potentiator
designated as THIIC (having the formula N-(4-{[3-hydroxy-4-(2-methylpropanoyl)-2-
(trifluoromethyl)phenoxy]methyl}benzyl)-1-methyl-1H-imidazole-4-carboxamide),
including the reversal of stress-induced hyperthermia and in decreased marble-burying
behavior and efficacy, in the mouse forced swim test and DRL-72 test in the rat,
respectively (Fell et al., 2011). Data generated with mGIuR2 knockout mice clearly suggest
that these effects are mediated via the mGIuR2 receptor. Also, in vitro data indicate that
mGIu2R2 potentiators suppress glutamate release under conditions of enhanced, but not
normal, glutamate release (Johnson et al., 2005) indicating that this kind of therapy could be
an advantageous approach to stabilizing glutamatergic tone with reduced side effect liability.
To further test our excessive glutamate-based hypothesis, in this study panic-prone rats were
pretreated with either vehicle, the two mGlu2 potentiators (CBIiPES and THIIC), or the
benzodiazepine alprazolam prior to exerting a panic provocation with NalLac.

Methods and materials

Animals and housing conditions

All experiments were conducted on adult male Sprague-Dawley rats (300-350 g), which
were purchased from Harlan Laboratories and were housed individually, in plastic cages
under standard environmental conditions (22 °C; 12/12 light/dark cycle; lights on at 7:00
am) for 7-10 days prior to the surgical manipulations. Food and water were provided ad
libitum. Animal care procedures were conducted in accordance with the NIH Guidelines for
the Care and Use of Laboratory Animals (US National Institute of Health Publication #80-
23), revised in 1996, and the guidelines of the IUPUI Institutional Animal Care and Use
Committee.
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Surgical procedures, cardiovascular and locomotor activity assessment, and osmotic
minipump infusions
Prior to and during surgery, rats were anesthetized with a nose cone connected to an
isoflurane system (MGX Research Machine; Vetamic, Rossville, IN). Rats were surgically
fitted with femoral arterial catheters for measurement of mean arterial blood pressure (MAP)
and heart rate (HR), and with femoral venous catheters for i.v. infusions, as previously
described (Shekhar et al., 1996).

Cardiovascular responses (i.e. MAP and HR) were measured by a femoral arterial line
connected to a telemetric probe, which contained a pressure transducer (Cat. no. C50-PXT,
Data Science International (DSI), St. Paul, MN). The C50-PXT probes also assess general
motor activity. DSI Dataquest software was used to monitor and record MAP, HR and
general motor activity, which was recorded continuously in the freely-moving conscious rats
and were expressed as a 20-min time course. Data reported for each rat are: changes in
MAP, HR and motor activity from the average of the baseline (5 min prior to the NaLac
infusion, from t = -5 min to t = -1 min).

After 3 days of recovery, the rats were tested for baseline cardiovascular responses to lactate
(see below). Following baseline testing, rats were anesthetized as stated previously and 26
gauge T-shaped cannulae (Cat. no. 3260PG, Plastics One Inc., Roanoake, VA) were directed
at the cardio-excitatory regions of the DMH/PeF (Samuels et al., 2004), based on
coordinates (from bregma: 1.2 mm posterior, +2.1 mm lateral, +9.1 mm ventral; adjusted for
approaching at a 10 degree angle toward the midline, with the stereotaxic incisor bar
elevated 5 mm above the interaural line) and cemented into place, as described previously
(Shekhar et al., 1996). The 22-gauge side arm was then attached, using PE-60 tubing, to an
osmotic minipump (prefilled with I-AG solution) and sutured into place subcutaneously, at
the nape of the neck (DURECT Corporation, Model no. 2002). The concentration of the
solutions was such that 3.5 nmol/0.5pl per hour of I-AG was continuously infused into the
DMH/PeF region, for the remainder of the given experiment.

Previous studies determined that the dose of I-AG that we utilized here reduces local GABA
concentrations by approximately 60%, following unilateral infusions (Abshire et al., 1988;
Shekhar et al., 1996; Shekhar and Keim, 1997; Shekhar et al., 2006), and was supported by
immunohistochemistry (Johnson and Shekhar, 2006) and increased anxiety-like behavior
(i.e. as measured by the social interaction (SI) test and elevated plus-maze (EPM)), without
increasing the cardiorespiratory responses (Shekhar et al., 2006; Johnson et al., 2008).

Social interaction test to measure anxiety responses

The social interaction (SI) test is a fully validated test of experimental anxiety-like behavior
in rats (File, 1980) and the procedure, as used in our laboratory, has been described
previously (Sanders and Shekhar, 1995; Shekhar and Katner, 1995). The apparatus itself
consists of a solid wooden box with an open roof approximately 0.9 m long x 0.9 m wide,
with walls 0.3 m high. All behavioral tests are videotaped by a camera located above the
box. The “experimental” rat and an unfamiliar “partner” rat are both allowed to individually
habituate to the box for a 5-min period, 24 h prior to each Sl test. During the Sl test, the two
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rats are placed together in the center of the box, so that the total duration (in seconds) of
non-aggressive physical contact (grooming, sniffing, crawling over and under, etc.) initiated
by the “experimental” rat is quantified over a 5-min period. A baseline Sl test was
performed 72+ h after i.v. catheterization, but prior to osmotic minipump implantation.
Another Sl test was performed 5 days following minipump infusions, and also immediately
following either saline control or sodium lactate infusions. Videotaped sessions were scored
at a later time (by SDF), whom was blind to any drug treatment.

Experiment 1: Effects on 1-AG infusion into the DMH/PeF on the local tissue
concentrations of GABA and glutamate

Adult male rats were made panic-prone by the 5-day unilateral infusions of I-AG into the
DMH/PeF, as described above. On day 5, rats were anaesthetized with isoflurane and then
decapitated; their brains were removed and frozen in isopentane that was pre-cooled
(-50°C) on dry ice; then sectioned coronally at 300 um thickness on a cryostat, placed on
glass slides that were pre-cooled on dry ice prior to the micropunching of tissue from the
hypothalamus. Next, the DMH tissue was dissected with a Microtome tissue micropunch
(inside diameter = 0.51mm) from the ipsilateral and contralateral DMH, for use in high
performance liquid chromotography (HPLC) analysis of the GABA concentrations in order
to determine the effectiveness of the I-AG pumps, and of glutamate to determine if this 1—
AG pre-treatment led to an increase in glutamate concentrations. Once micropunched, the
remaining tissue samples were frozen at —70°C.

GABA analysis—During extraction, 500 pl of 0.5M perchloric acid was added to each
sample and the samples were left to stand at 4°C for at least 24 h. Samples were then
sonicated on ice for 15 sec and centrifuged at 14,000 x g for 10 min using a microfuge. The
supernatant was decanted and alkalized with 36 pl of 10 M NaOH, briefly vortexed, and
stored at 4°C until assayed for GABA content. GABA content in the samples was measured
by HPLC with electrochemical detection following o-phthalaldehyde/sulfite derivatization
(Bourdelais and Kalivas, 1991). Briefly, samples were loaded into an autosampler and 20 pl
of sample was mixed with 20 pl of derivatizing reagent. After a period for a 5 min reaction,
samples were automatically injected onto a C-18 column (cat. no. HR-80, ESA) with a
mobile phase of 100 MM monosodium ortho-phosphate and 25% methanol, at a pH of 4.6
and at 40°C. GABA was detected at E2 set at 50 nA using a Coulochem Il coulometric
detector with potential settings of: guard cell +700mv, E1 +400mV, and E2 +650mV. Peak
areas were calculated and values determined by comparison with a standard curve.

Glutamate analysis—Glutamate levels in tissue extracts were measured by HPLC
separation and electrochemical detection of the o-phthaldialdehyde (OPA)-mercaptoethanol
derivative, using a modification of the method used by Donzanti and Yamamoto (1988).
Briefly, 10 pl of supernatant from the tissue extract was transferred into assay tubes and
placed in an autosampler tray at 4°C. Ten 10 pl of 10 uM homoserine standard was added to
each sample, then the sample was derivitized by the addition and mixing of 20 pl of an
OPA/B-mercaptoethanol reagent. At 90 seconds after the addition of the reagent, 10 pl of the
sample-reagent mixture was injected onto an HPLC column (3um, C-18 column, 150 x
2mm). Separations were carried out isocratically, with a mobile phase containing 0.1 M
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sodium phosphate dibasic (pH 6.75) and 25% methanol, at a flow rate of 410 pl/min and a
column temperature of 40°C. Electrochemical detection was performed by an ESA
Coulochem 11 system with a dual electrode, set at 300 mV on channel 1, to preoxidize
undesirable analytes and 600 mV on channel 2 for oxidization of the glutamate derivative.
Peak areas were calculated based on standard curves and adjusted for the value of the
internal standard.

Experiment 2: Systemic injections of CBIPES or alprazolam

5 days following I-AG infusion onset, in a counterbalanced design, sets of six rats each
received an intraperitoneal (i.p.) injection of either CBIiPES, 30mg/kg in 0.2ml/100g volume
of 10% DMSO in ddH,0; THIIC, 10 or 30 mg/kg; alprazolam 3 mg/kg; Tocris, in 0.2ml/
100g of 10% DMSO in ddH-O; or control vehicle (0.2ml/100g volume of 10% DMSO in
ddH,0) 30 min prior to a NaLac challenge.

Experiment 3: Systemic injections of THIIC

Histology

Five days following onset of I-AG infusion, in a counterbalanced design, sets of six rats
each received an i.p. injection of either vehicle control (0.2ml1/100g volume DMSO),
10mg/kg THIIC, or 30mg/kg THIIC in 0.2ml/100g volume DMSO, exactly 30 min prior to
the NaLac challenge.

Following experiments, all rats were anesthetized and decapitated; their brains were
removed and frozen, then sectioned (30um) and placed on slides; and these were stained
with Neutral Red dye for determination of injection cannulae placements.

Statistical analyses

Each dependent variable for in vivo analyses (i.e. Sl duration, activity, HR and MAP) was
analyzed using a one-way ANOVA with repeated measures with drug treatment as the main
factor and time in repeated measures, as well. In the presence of significant main effects,
between subject post-hoc tests were conducted using a parametric Tukey’s test, and the
within-subjects time effects were assessed using a Dunnett’s one-way analysis, with the time
just prior to the i.v. infusion used as the control. Each dependent variable for ex-vivo
analyses (i.e. GABA and glutamate concentrations) was analyzed using a one-tailed paired t-
test. Statistical significance was accepted with p < 0.05. All statistical analyses were carried
out using SPSS 13.0 (SPSS Inc., IL, USA) and Systat 5.02 for Windows (SYSTAT Inc.,
Evanston, IL, USA), plus all graphs were generated using SigmaPlot 2001 for Windows
(SPSS Inc., IL, USA), while the figure-plate illustrations were done using CorelDraw
version 12 for Windows.
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Results

Experiment 1: Effects of 1-AG in the DMH/PeF on local tissue concentrations of GABA and
glutamate

Unilateral infusions of a GABA synthesis inhibitor (I-AG) into the DMH/PeF, over 5 days,
reduces GABA (t(6) = 5.6, p <0.001) as seen in Figure 1(a) and increases glutamate (t(6) =
2.0, p<0.05), as seen in Figure 1(b), as per analysis of 300uM micro-punches obtained from
frozen coronal sections of the DMH/PeF ipsilateral to the infusion site, as compared to the
contralateral control site, which is indicated by the * symbol (n = 7/group).

Experiment 2: Effects of CBIPES or alprazolam on NaLac-induced anxiety-like social
behavior and panic-associated cardio-excitatory responses in panic-prone rats

Anxiety-associated behavior—An ANOVA with a Tukey’s posthoc test revealed
significant differences between the groups (treatment effect F(3 »3)= 11.8, p <0.001, n = 6/
group), as seen in Figure 2(a), where the alprazolam or the CBIPES drug blocked NaLac +
I-AG-induced anxiety behavior (i.e. reductions in social interaction times).

Cardiovascular activity responses—An overall ANOVA with time as a repeated
measure detected a treatment by time interaction for the change in HR (F(3g 266) = 4.8, p
<0.001), as seen in Figure 2(b), and MAP (F 38 266) = 2.9, p <0.001, data not shown) when
comparing the I-AG + NaLac + vehicle group to the I-AG + NaLac + CBiPES or 20mg
groups, when looking at all time-points over the 20 min period. A within-subjects analysis
of HR and MAP changes revealed that lactate increased HR (F(19,100) = 4.6, p < 0.002) and
MAP (F(19,100) = 2.4, p < 0.005) from the baseline, over time, in only the I-AG +NaLac +
vehicle-treated rats (see the asterisk on graphs). A radio-telemetry probe battery
malfunctioned (evidenced by HR, and MAP data that was outside the physiological range)
prior to the CBIPES injection; therefore, there was n = 6 for the vehicle group, n = 6 for the
alprazolam group and n =5 for the CBIiPES group. There was no significant difference in
baseline (5 min prior to intravenous infusion) MAP (F 3 22)= 0.6, p = 0.594) between groups
(see legends on figures with baseline data +/— SEM); however, an ANOVA with a
subsequent Tukey's posthoc test did reveal that prior to NaLac infusion the baseline HR was
significantly lower in the alprazolam-treated rats, as compared to all other groups (F3 19) =
5.2, p=0.009).

General motor activity responses—Although a within-group, over time ANOVA did
not detect an increase in motor activity from baseline following the lactate challenge (F(3 20)
=2.9, p=0.061), between-group analyses detected that the I-AG + NaLac + vehicle group
did have higher locomotor activity post NaLac exposure, than the other groups did at the 5—
10 min (F(2,14) = 13.6, p < 0.001) and 10-15 min (F(,14) = 4.7, p < 0.05) interval post
NaLac challenge (see Figure 2(c) for details from subsequent Tukey’s posthoc tests). There
were also no significant differences in the baseline (5 min prior to intravenous infusion)
activity (F(322)= 0.4, p = 0.721) between groups (see the legends on figures, with baseline
data +/- SEM).
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Experiment 3: Effects of THIIC on NaLac-induced anxiety-like social behavior and panic-
associated cardio-excitatory responses in panic-prone rats

Anxiety-associated behavior—An ANOVA with a Tukey’s post-hoc test revealed that
there were significant differences between groups of six individuals, with a treatment effect
(F2,15= 6.2, p = 0.004) seen between Figure 1(a) and Figure 3(a), where the THIIC drug
blocked the NaLac + I-AG -induced anxiety behavior (i.e. there were reductions in social
interaction times observed).

Cardiovascular activity responses—An overall ANOVA with time as a repeated
measure did not detect a treatment by time interaction (F(3g 266)= 1.4, p = 0.058) or a time
effect (F(19,266)= 1.1, p = 0.356) for the change in HR, when comparing the I-AG + NalLac +
vehicle group to the I-AG + NaLac + either 10 or 30mg/kg THIIC groups, if looking at all
the time points over the 20-min period. Nor was there an overall within-subject treatment
effect seen (F(2,14= 2.7, p = 0.100); however, if the analysis for HR is restricted to looking
only at the 5-min baseline and post-NaLac time points of 6-15min, then there was a
significant treatment x time interaction (Fog 196)= 1.9, p = 0.006), as seen in Figure 3(b). A
within-subject analysis of HR changes revealed that NaLac increased HR from baseline over
time in only I-AG + NaLac + vehicle -treated rats (F(19,95)= 3.7, p < 0.001), as is also seen
in Figure 3(b). No significant change in MAP (F(19 380)= 0.6, p = 0.975) was noted (data not
shown). A radio-telemetry probe battery malfunctioned (evidenced by HR data that was
outside the physiological range) prior to the 10mg/kg THIIC injection; therefore, n = 6 rats
were in the vehicle group, only n =5 in the 10mg/kg group and n = 6 for the 30mg/kg group,
for HR. Also, no significant differences in baseline (5 min prior to intravenous infusion) HR
(Fe,17)= 0.2, p=0.795) nor MAP (F(2,17)= 0.3, p = 0.773) between groups (see legends on
figures, with baseline data +/— SEM).

General motor activity responses—No significant change in locomotor activity
(Fo,60) = 1.4, p=0.223) was noted, as is shown in Figure 3(c). No significant differences in
baseline (5 min prior to intravenous infusion) activity (F(2 17)= 0.04, p = 0.964) between
groups occurred, either (see Figure legends with baseline data +/- SEM).

Osmotic minipump probe placement

All minipump cannulae placements resided in regions of the DMH/PeF and posterior
hypothalamus (PH), known to be cardioexcitatory, as is seen in Figure 4 (Samuels et al.,
2004; Shekhar and Keim, 1997). Although there was some tissue damage at the site of
implantation, this damage was minimal and it was observed equally in the control and
experimental groups, with the majority of cells in the DMH/PeF/PH still remaining intact,
surrounding the infusion site and histologically staining with methyl green (data not shown).

Discussion

Extensive previous studies demonstrate that chronic inhibition of GABA synthesis in the
DMH/PeF leads to a panic-prone state in rats. We previously demonstrated that subsequent
increases in local glutamatergic activity are in part responsible for this state (Johnson and
Shekhar, 2006). In this study, we obtained more direct confirmation that blocking of GABA

J Psychopharmacol. Author manuscript; available in PMC 2015 January 21.



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

1duosnuely Joyny vd-HIN

Johnson et al.

Page 9

synthesis in the DMH/PeF not only decreased local GABA concentrations, but this decrease
in GABA was accompanied by an increase in local glutamate concentrations. This was not
surprising, since antagonizing GABA synthesis in the DMH/PeF would decrease the
conversion of glutamate to GABA locally, so it is a likely explanation for the increased
glutamate tone. We also previously showed that pre-injecting NMDA receptor antagonists
into the DMH/PeF (to inhibit the postsynaptic effects of glutamate) does block NalLac-
induced panic responses (Johnson and Shekhar, 2006). Thus, the increase in local
glutamatergic tone within the DMH/PeF, as well as other postsynaptic sites, supports the use
of a mGIuR 2 potentiator such as CBIiPES or THIIC in subsequent experiments, to see
whether they could reduce the consequences of the excess synaptic glutamate, thus reduce
vulnerability to feeling panic. In the present study, we found that the mGIuR2 potentiators
CBIPES or THIIC, when given as a pre-treatment, were each as effective a pre-treatment as
the anti-panic drug benzodiazepine alprazolam in blocking NaLac-induced anxiety-like
behavior, as well as panic-like increases in cardioexcitation, suggesting that the mGIuR 2
potentiators could possibly become clinically effective antipanic agents in humans. The
effective doses used in the present study correlated with potency in other animal models for
treatment of anxiety/depression in both the rat and mouse (Johnson et al., 2005; Fell et al.,
2011). Rats that were pre-treated with alprazolam had significantly lower baseline HRs prior
to NaLac challenge than those rats given either the control vehicle, CBIiPES or THIIC,
which suggested that mGIuR 2 potentiators may have fewer of the kind of side effects
associated with benzodiazepines. These data are consistent with a previous study where pre-
treating panic-prone rats with LY354740, an mGIluR2/3 agonist, attenuated NaLac-induced
panic responses (Shekhar and Keim, 2000); however, in addition to limiting the release of
glutamate, a review mentions that LY 354740 is also known to alter postsynaptic excitability
through actions at the group Il mGIuR3 (Swanson et al., 2005). Our present findings
suggested that blocking the release of glutamate by a presynaptic mechanism through
treatment with mGIuR2 potentiators may be therapeutic in treating panic disorder. This
novel approach would not only be a significant improvement over therapy with
benzodiazepines such as alprazolam, but this treatment may potentially have even fewer
side-effects than the less selective mGlu2/3 agonists.

The present report adds to a wide variety of preclinical and clinical studies which suggest
that panic vulnerability could partially be explained by glutamate-mediated hyperexcitation
in brain regions such as the DMH/PeF, or other panic-generating sites such as the amygdala
(Sajdyk and Shekhar, 2000; Shekhar et al., 2003) or the dorsal periaqueductal gray (DPAG),
which is proposed to be a critical locus for the “suffocation alarm system” in response to
NaLac or hypoxia (Schimitel et al., 2012) and, if hyperactive, could contribute to what Klein
terms “false suffocation alarm,” to trigger panic attacks (Klein, 1993; Schenberg et al.,
2001). In light of this, there is increasing recognition that glutamatergic mechanisms may be
a potential avenue to develop for new treatments for anxiety problems such as panic disorder
(Gorman, 2003). For instance, the noncompetitive NMDA antagonist MK-801 (Xie and
Commissaris, 1992) and the competitive NMDA antagonist AP—7 (Plaznik et al., 1994) are
both shown to reduce anxiety-like and panic-associated behavior in rats. Still, although these
previously reviewed preclinical trials with NMDA receptor antagonists appear to reduce
anxiety, human clinical trials with NMDA receptor antagonists (e.g. Dizolcilpine (MK-801),
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Cerestat (CNS-1102), Selfotel (CGS-19755) and D-CPPene) demonstrated they are not a
realistic therapy, in light of their numerous undesired side-effects (Parsons et al., 1999). The
adverse side effects that are most commonly reported are the ability of certain NMDA
receptor antagonists to induce psychotomimetic effects (e.g. phencyclidine) and having
sedative effects at high doses (e.g. ketamine). These adverse effects are unfortunate, because
NMDA antagonists have shown promising therapeutic applications for acute (e.g. stroke and
trauma) and chronic (e.g. Alzheimer’s and Parkinson’s disease) neurodegeneration
disorders, anxiety, depression and chronic pain (Parsons et al., 1999).

According to a review by Swanson and Schoepp (2002), more recent preclinical research
had greater success, by targeting mGIuRs to treat anxiety with fewer side effects. The
mGIuR family of glutamate G-protein-coupled receptors are classified into three major
groups, based on molecular structure, function and pharmacology: group I (mGIuR 1 and 5),
group Il (mGIuR 2 and 3) and group 111 (mGIuR 4,6-8) receptors (Nicoletti et al., 2010).
The mGIuR 2/3 potentiators such as LY 354740 or LY 379268 have shown anxiolytic action
in several anxiety models, such as: fear induced potentiated startle (Monn et al., 1997;
Helton et al., 1998; Walker and Davis, 2002), elevated plus maze (Monn et al., 1997; Helton
etal., 1998), and in addition, LY354740 reduces NaLac-induced panic responses in panic-
prone rats (Shekhar and Keim, 2000). Furthermore, in humans the mGlu2/3 potentiatiors
have anxiolytic properties in fear-potentiated startle (Grillon, 2003) and CO»-induced panic
attacks (Schoepp et al., 2003). However, because the mGlu 3 receptors are located
postsynaptically and also on glia, it suggests that targeting of mGlu 2 receptors, which are
activated by an excess synaptic glutamate (Nicoletti et al., 2010) to negatively modulate
presynaptic glutamate neurotransmission (Pin and Duvoisin, 1995) would potentially be
more selective in reducing an excessive synaptic glutamate release in the DMH/PeF of
panic-prone rats, to reduce panic vulnerability without altering the basal glutamate release
(Johnson et al., 2005). Our current study data clearly show that the mGIuR2 potentiators
used were as effective as a benzodiazepine in blocking the full spectrum of NaLac-induced
panic responses in panic-prone rats. Clinical studies will be needed to determine whether
mGIuR2 potentiators such as CBIiPES or THIIC can effectively treat severe human anxiety
disorders, such as panic disorder, with fewer side effects than those associated with other
clinically-approved anxiolytics.

The distribution of mGlu 2 receptors may give insight into where CBiPES may exert its
panicolytic effects without the adverse side-effects that are associated with NMDA receptor
antagonists. The mGIuR2 mRNA (Ohishi et al., 1993a, 1993b) and protein (Neki et al.,
1996; Petralia et al., 1996) are present in the hypothalamus and are particularly dense in
limbic (e.g. basolateral amygdala) and cortical areas in rats, as well as in the brainstem
structures through which NalLac may drive the autonomic (e.g. raphe, reticular nuclei) and
respiratory (e.g. lateral parabrachial nucleus) responses in panic-prone rats (Johnson et al.,
2008). Within the hypothalamus, the mGluR2 mRNA (Gu et al., 2008) and mGIuR2/3
protein (Petralia et al., 1996) is dense in the zona incerta, which is found dorsal to the
DMH/PeF region. Therefore, some of the panicolytic properties of the mGIuR 2 potentiators
used here could derive from reducing excess glutamate in the DMH/PeF region of panic-
prone rats, as well as efferent targets of the DMH/PeF (see the hypothetical illustration in
Figure 5). Consistent with this hypothesis, we previously showed that local injections of
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NMDA glutamate receptor antagonists into the DMH/PeF of panic-prone rats prior to a
NaLac challenge blocks the NaLac-induced panic responses (Johnson and Shekhar, 2006).
The anxiolytic effects of NMDA receptor antagonists in the DMH/PeF may be state
dependent, because under normal conditions, when the tonic GABAergic inhibition is intact
in the DMHY/PeF, reducing glutamate excitation with direct injections of glutamate receptor
antagonists into the DMH/PeF will increase exploratory behavior, but have no effect on
anxiety-related behavior, as is measured by an elevated plus-maze test or Vogel conflict test
(Jardim and Guimaraes, 2004).

Alternatively, the panicolytic effects of the CBIPES or THIIC compounds may be due to
blocking of the NaLac-induced cardioexcitatory activity, by inhibiting peripheral
cardiovascular activity. An argument against this is that beta-blockers, which reduce NaLac-
induced cardioexcitatory (HR and MAP) responses in patients with panic disorder (Price et
al., 1995) or after the DMH/PeF activation model of panic (Shekhar and Katner, 1995), do
not block self-reported panic responses in humans (Price et al., 1995) nor anxiety-associated
behavior in rats (Shekhar and Katner, 1995).

In conclusion, our present studies confirmed that disrupting GABA synthesis in a panic-
generating hypothalamic site (i.e. DMH/PeF) produced panic-prone rats, which also
coincided with an increase in local glutamate activity. Furthermore, pre-treating these panic-
prone rats with one of the selective group Il mGlu receptor agonists like CBIiPES, THIIC, or
the currently-used benzodiazepine alprazolam did block NaLac-induced panic-like
responses, as was indicated by the increased social anxiety, increased locomotor activity and
cardio-excitation. These animal study data suggest that mGIuR2 potentiators could become a
novel anti-panic drug that is as effective as alprazolam, but acts without some of the adverse
effects typical of benzodiazepines.
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Figure 1.

Unilateral infusions of a GABA synthesis inhibitor, I-allylglycine (I-AG), into the

DMH/PeF over 5 days: (a) reduces GABA (t(6)= 5.6, p < 0.001, left graph) and increases (b)

glutamate (t(6)= 2.0, p < 0.05, right graph), as assessed in 300uM micro-punches from

frozen rat coronal sections of the DMH/PeF ipsilateral to the infusion site, as compared to
the contralateral control site, and as indicated by the symbol * (n = 7/group; p< 0.05, ina
one-tailed paired t-test).
GABA: gamma-aminobutyric acid; DMH/PeF: dorsomedial/perifornical hypothalamus.
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Figure 2.

Systemic injections of the benzodiazepine Alprazolam or CBIPES attenuates lactate-induced
changes (from 5 min baseline) in (a) anxiety-associated behavior (reduced Sl), (b)
tachycardia, and (c) general locomotor activity in rats made panic-prone with chronic
reductions of GABA synthesis in the DMH/PeF (i.e. by local I-AG infusion). There was no
significant baseline HR or general locomotor activity between groups (see legends on

figures with baseline HR +/— SEM).

Gray shaded area represents the duration of intravenous (i.v.) lactate infusions. The a, b and
¢ symbols in Figures (b) and (c) and the * symbol in Figure 2(b) indicate between-subject
differences using a Tukey’s HSD posthoc test that was protected with an ANOVA. *
indicates within-subject time points that are significantly different than at the =5 min pre-
lactate infusion time point, using a one-way Dunnett’s posthoc test (n= 6,6,6 and 5 for each

respective group).

GABA: gamma-aminobutyric acid; DMH/PeF: dorsomedial/perifornical hypothalamus; I-
AG: l-allylglycine; Veh: vehicle control; Lac: lactate; Alpr: Alprazolam; CBIiPES: (N-(4’-
cyano-biphenyl-3-yl)-N-(3-pyridinylmethyl)-(ethanesulfonamide hydrochloride)); HR: heart
rate; HSD: honestly significant difference; t: time; BsIn: baseline; BPM: beats per minute;

SEM: Standard error of the mean; Sl: social interaction.
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Figure 3.
(a) Systemic injections of the highest dose of THIIC attenuated NaLac-induced anxiety

behavior (as measured by reduced social interaction times) in rats made panic-prone with
chronic reductions of GABA synthesis in the DMH/PeF (i.e. local I-AG infusions). The *
symbol in Figure 3 (a) indicates between-subject differences using a Tukey’s posthoc test
protected with an ANOVA. (b) Systemic injections of both doses of the THIIC attenuated
NalLac-induced tachycardia in rats made panic-prone with chronic reductions of GABA
synthesis in the DMH/PeF (i.e. I-AG infusions). (c) NaLac did not elicit an increase in
general motor activity. There was no significant baseline HR or general locomotor activity
between groups (see Figure legends for baseline HR and activity +/— SEM).

Symbols a and b in Figure 3(b) indicate the between-subject differences, using a Tukey’s
posthoc test protected with an ANOVA. The * symbol in Figure 3(b) indicates within-
subject time points that are significantly different that the 1 min pre-NaLac infusion time
point, using a one-way Dunnett’s posthoc test.

THIIC: N-(4-{[3-hydroxy-4-(2-methylpropanoyl)-2-

(trifluoromethyl)phenoxy]methyl}benzyl)-1-methyl-1H-imidazole-4-carboxamide); NaLac:

sodium lactate; GABA: gamma-aminobutyric acid; DMH/PeF: dorsomedial/perifornical

hypothalamus; I-AG: I-allyglycine; HR: heart rate; Lac: lactate; Veh: control vehicle; Bsin:

baseline; BPM: beats per minute.
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Figure4.
Coronal brain sections of the rat that illustrate the rostrocaudal distribution of unilateral

placement of a minipump filled with the glutamic amino acid decarboxylase inhibitor I-
allylglycine (I-AG, as represented by circles) from experiments testing the drugs CBIiPES
and alprazolam, denoted by black circles, and THIIC, denoted by open white circles.
Numbers at bottom right of illustrations represent the distance from bregma.

PH: posterior hypothalamus; DMH: dorsomedial hypothalamus; PeF: perifornical
hypothalamus; mt: mammillothalamic tract.
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Figure5.
Summary schema of glutamatergic and GABAergic input into the DMH/PeF and important

efferent brain regions implicated in the regulation of panic-like responses. GABAergic and
glutamatergic neurons are represented by circles attached to dashed or solid lines,
respectively. Sources of GABA include local interneurons, which are tonically driven by
glutamatergic input from mPFC (Bard and Mountcastle, 1948) as well as efferent brain
regions such as the LS and mPOA (Feldblum et al., 1993; Risold and Swanson, 1997;
Thompson and Swanson, 1998; Grob et al., 2003; Molosh et al., 2010). Glutamatergic input
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which excites the DMH/PeF region appears to arise from afferent sites such as CVOs (e.g.
MnPO/OVLT and SFO (Richard and Bourque, 1992; Grob et al., 2003; Molosh et al.,
2010)). Afferent targets of the DMH/PeF that are implicated in the regulation of panic-like
responses are also listed (Johnson et al., 2008; Chamberlin and Saper, 1994; Thompson et
al., 1996; Fontes et al., 2001; Chen et al., 2004). The Group Il mGIuRs 2 and 3 are
predominantly expressed presynpatically (Shigemoto et al., 1997) and they negatively
modulate glutamate neurotransmission (Pin and Duvoisin, 1995), acting on postsynaptic
NMDAR (Johnson and Shekhar, 2006).

ACTH: adrenocorticotropic hormone; BNST: bed nucleus of the stria terminalis; CVO:
circumventricular organ; DMH/PeF: dorsomedial/perifornical hypothalamus; GABA:
gamma-aminobutyric acid; Glu: glutamatergic; GIuR2: glutamate receptor 2; IML.:
intermediolateral cell column of spinal cord; LC: locus coeruleus; LS: lateral septum;
mPFC: medial prefrontal cortex; mGIuR: metabotropic glutamate receptor; MnPQO: median
preoptic nucleus; mPOA: medial preoptic area; NaLac: sodium lactate; NMDAR: N-methyl-
D-aspartic acid receptor; nTS: nucleus of solitary tract; OVLT: organum vasculosum lamina
terminalis; PBN: parabrachial nucleus; PVVN: paraventricular hypothalamic nucleus; RVLM:
rostroventrolateral medulla; SFO: subfornical organ.
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