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Abstract
The potential anxiolytic effects of a novel positive allosteric modulator (PAM) of the metabotropic
glutamate receptor subgroup 2 (mGluR2) were investigated using a self-referencing recording
technique with enzyme-based microelectrode arrays (MEAs) that reliably measures tonic and
phasic changes in extracellular glutamate levels in awake rats. Studies involved glutamate
measures in the rat prefrontal cortex during subcutaneous injections of the following: vehicle, a
mGluR2/3 agonist, LY354740 (10 mg/kg), or a mGluR2 PAM, 1-Methyl-2-((cis-(R,R)-3-methyl-4-
(4-trifluoromethoxy-2-fluoro)phenyl)piperidin-1-yl)methyl)-1H-imidazo[4,5-b]pyridine ((+)-
TFMPIP; 1.0 or 17.8 mg/kg). Studies assessed changes in tonic glutamate levels and the
glutamatergic responses to a five minute restraint stress. Subcutaneous injection of (+)-TFMPIP at
a dose of 1.0 mg/kg (day 3: −7.1 ± 15.1 net AUC; day 5: −24.8 ± 24.9 net AUC) and 17.8 mg/kg
(day 3: −46.5 ± 33.0 net AUC; day 5: 34.6 ± 36.8 net AUC) significantly attenuated the stress-
evoked glutamate release compared to vehicle controls (day 3: 134.7 ± 50.6 net AUC; day 5:
286.6 ± 104.5 net AUC), while the mGluR2/3 agonist LY354740 had no effect. None of the
compounds significantly affected resting glutamate levels, which we have recently shown to be
extensively derived from neurons. Taken together, these data support that systemic administration
of (+)-TFMPIP produces phasic rather than tonic release of glutamate that may play a major role
in the effects of stress on glutamate neuronal systems in the prefrontal cortex.
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1. Introduction
Anxiety develops from an individual’s interpretation of stressful or fearful stimuli. When
this interferes with daily activities, it is considered a pathological condition and is classified
as an anxiety disorder (McElligott and Winder, 2009; Pasquini and Berardelli, 2009). Mood
and anxiety disorders are characterized by a variety of neuroendrocrine, neurotransmitter,
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and neuroanatomical disruptions (Martin et al., 2009) and have been characterized in several
animal models of stress and anxiety including restraint, tail pinch, and elevated plus maze
(Bagley and Moghaddam, 1997; Graeff et al., 1998; Sullivan and Gratton, 1999; Figueiredo
et al., 2003; Stevenson et al., 2003; Weinberg et al., 2007; Estanislau et al., 2010;
Sutherland et al., 2010). Current anxiety disorder treatments involve pharmacotherapy
targeted towards modulating γ-aminobutyric acid and monoamine receptors or transporter
proteins (Martin et al., 2009; Swanson et al., 2005). Unfortunately, these drugs have poor
efficacy (Martin et al., 2009) and side-effects including sedation, memory impairment,
ataxia, and physical dependence (Swanson et al., 2005; Millan, 2004; Schatzberg, 2002).
For these reasons, the search for novel therapeutic targets to treat anxiety disorders is an
ongoing endeavor.

Glutamate is widely regarded as the major excitatory neurotransmitter in the mammalian
central nervous system and has been implicated in several neurodegenerative diseases and
neuropsychiatric and anxiety disorders (Danbolt, 2001; Witkin et al., 2007; Riaza Bermudo-
Soriano et al., 2011; de la Fuente—Sandoval et al., 2011). Therefore, therapeutics targeting
glutamate receptors have pharmacotherapy potential. However, most iGluRs antagonists
induce serious side-effects in humans including memory loss, disorientation and
hallucinations (Olive, 2009) which has shifted the focus to creating ligands that target
mGluR2/3 with some success (Swanson et al., 2005).

One compound that has been developed for potential anxiolytic pharmacotherapy is
LY354740. LY354740 is a conformationally constrained analog of L-glutamate that acts as
a mGluR2/3 agonist and readily crosses the blood-brain barrier (Schoepp et al., 2003), but
does not have selectivity between the two receptor subtypes (Schoepp et al., 1999). It binds
at the N-terminus ligand recognition site of Group II receptors with nanomolar potency (Kd:
48 nM and 94 nM in rats and humans, respectively) and no appreciable activity was
observed at other glutamate receptor subtypes (Monn et al., 1999, 1997; Schoepp et al.,
1999). An initial clinical study in humans evaluating LY354740 indicated a decrease in the
number and severity of panic episodes in patients diagnosed with panic disorder (Schoepp et
al., 2003). However, a follow-up study reporting adverse events including convulsions and
nausea was discontinued (Dunayevich et al., 2008).

mGluR2/3 couples via Gi/Go to inhibit adenylyl cyclase activity and is localized to pre- and
post-synaptic neurons while mGluR3 is localized to post-synaptic neurons and inhibits
glutamate release (Witkin et al., 2007; Schoepp et al., 2003). These receptors are
predominantly located in forebrain regions commonly associated with anxiety and fear
including the hippocampus, amygdala, and PFC (Dunayevich et al., 2008).Compounds that
act as mGluR2/3 agonists and allosteric modulators have shown anxiolytic-like effects in
rodents (Witkin et al., 2007; Johnson et al., 2005; Fell et al., 2011) and humans
(Dunayevich et al., 2008). Unfortunately, the high level of conservation at the agonist
binding site has hindered the development of mGluR Group II subtype specific drugs (Rowe
et al., 2008).Positive allosteric modulators (PAMs), on the other hand, may overcome these
obstacles. They can be designed with no agonist activity, act as weak partial agonists, or
increase potency and efficacy when an agonist is present (Rowe et al., 2008). Additionally,
several PAMs have been identified with specificity for mGluR2 over mGluR3 (Bonnefous et
al., 2005; Hu et al., 2004; Johnson et al., 2003; Zhang et al., 2011), such as the novel
compound 1-Methyl-2-((cis-(R,R)-3-methyl-4-(4-trifluoromethoxy-2-
fluoro)phenyl)piperidin-1-yl)methyl)-1H-imidazo[4,5-b]pyridine ((+)-TFMPIP), showing
good brain penetration and excellent pharmacokinetic properties in rodents (Figure 1;
(+)-17e in Zhang et al., 2011). In vitro assays using a HEK cell line transfected with human
or rat mGluR2 showed (+)-TFMPIP EC50 values of 31 and 35 nM for the human and rat
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receptor, respectively, and displayed robust in vivo efficacy in two rodent psychosis models
(Zhang et al., 2011).

The present studies were carried out to study stress-evoked glutamate release in the PFC of
awake rats and the effects of drugs that affect mGluR2/3’s. Changes in both tonic and phasic
glutamate release were measured using an enzyme-based MEA that is selective for
measuring glutamate with low limits of detection, fast temporal resolution (Burmeister et al.,
2004, 2002, 2000; Burmeister and Gerhardt 2001) and minimal damage to surrounding brain
tissue (Hascup et al., 2009). MEAs were chronically implanted into the PFC of 3 month-old
rats allowing us to reliably measure changes in extracellular glutamate levels over several
days (Hascup et al., 2008; Rutherford et al., 2007) without the effects of anesthesia that are
known to alter extracellular glutamate levels (Rutherford et al., 2007). The recordings of
glutamate were carried out in the infralimbic region of the PFC, a clinically relevant brain
area (Dunayevich et al., 2008; Pratt, 1992), to determine how LY354740 or (+)-TFMPIP
affect restraint stress-evoked changes in extracellular glutamate.

2. Materials and Methods
2.1 Animals

Male Sprague Dawley rats (351.8 ± 7.7 grams at experiment commencement) were obtained
from NOVA-SCB (Scanbur, Sweden). Animals were housed in pairs in a 12 hour light/dark
cycle at a constant room temperature of 23 °C with ad libitum access to food and water.
Animals were treated in accordance with protocols approved by the animal Ethical
Committee of Stockholm, the Federation of European Laboratory Animal Science
Associations and all procedures were conducted in conformity with the Karolinska
Institutet’s Guidelines. Efforts were made in order to minimize the number of animals used
and reduce their suffering. Animals were allowed at least one week to acclimate to the
testing environment and researchers prior to experiments. All appropriate animal care was
performed by the animal resource center staff. Following implantation surgery, rats were
individually housed under the same conditions.

2.2 Microelectrode Arrays for Measures of Glutamate
MEAs were assembled and selected for in vivo recordings as previously described
(Burmeister et al., 2002, 2000). Preparation of the MEA for recording has been extensively
described in Hascup et al., 2006 and Burmeister et al., 2002. Briefly, the platinum recording
sites were dip coated with Nafion® (Sigma-Aldrich Corp., St. Louis, MO) to repel anions
(Burmeister and Gerhardt, 2001). Two of the MEA recording sites were coated with an L-
glutamate oxidase (EC 1.4.3.11; Seikagaku America, Inc., East Falmouth, MA; GluOx)
coating solution (Nickell et al., 2005). In order to induce cross-linking of GluOx and
increase adhesion to the MEA, glutaraldehyde and BSA (Sigma-Aldrich Corp., St. Louis,
MO) were added to the GluOx solution. The GluOx layer is required to measure glutamate,
as it causes the enzymatic break-down of glutamate to α-ketoglutarate and the electroactive
reporter molecule, H2O2. When a potential of +0.7 V vs. a Ag/AgCl reference electrode was
applied, H2O2 was oxidized yielding two electrons at the MEA platinum recording surface
per molecule of glutamate oxidized by the enzyme. The resulting current was amplified and
recorded by a FAST16 mkI recording system (Quanteon, LLC, Nicholasville, KY). The
remaining two MEA recording sites (self-referencing or sentinel sites) were coated similar
to the glutamate recording sites, except the coating solution did not contain GluOx. This
meant the sentinel sites could not record glutamate but could record any electroactive
interferents not repelled by Nafion®. When the current recorded on the sentinel sites was
subtracted from the current on the glutamate recording sites, the resulting signal represents
resting glutamate levels in brain tissue or tonic glutamate release (Burmeister and Gerhardt,
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2001; Burmeister et al, 2002; Hascup et al., 2010; Hascup et al., 2011). For details on
preparing and constructing the head pedestal (consisting of the MEA, miniature connector,
connecting wires, and the miniature Ag/AgCl reference electrode) see Hascup et al., 2006,
Rutherford et al., 2007, Hascup et al., 2008, Hascup et al., 2009, Hascup et al., 2010, and
Hascup et al., 2011.

2.3 MEA Calibration
MEAs were calibrated to determine their sensitivity and selectivity against ascorbic acid as
previously described (Nickell et al., 2005). Briefly, constant potential amperometry was
performed using a FAST16 mkI system designed for recording simultaneously from the
four, independent channels with a final gain of 200 pA/V (at +0.7 V vs. a Ag/AgCl reference
electrode). The tip of the modified MEA was placed in a continuously stirred solution of
0.05 M PBS (pH 7.4). A recirculating water bath (Gaymar Co.) maintained a constant
calibration temperature of 37°C to allow the enzyme layer to function optimally relative to
in vivo conditions. Calibrations were performed using a final buffer concentration of 250 µM
ascorbic acid from a stock solution of 20 mM ascorbic acid and stepwise additions of 20
mM glutamate yielding 20, 40, and 60 µM final glutamate concentrations, respectively.
Selectivity ratios for glutamate over ascorbic acid were calculated in addition to the slope
(sensitivity), limit of detection (LOD, based on a signal-to-noise ration of 3:1), and linearity
(R2) for glutamate for all MEAs. The MEAs were also tested with dopamine (2 µM final
concentration) and H2O2 (8.8 µM final concentration) as test substances. MEAs were only
used if the Pt recording sites had in vitro responses to H2O2 within 20% of each other. For
this study, we used 32 MEAs consisting of 62 functioning glutamate recording sites. MEAs
had an average sensitivity of 5.3 ± 0.3 pA/µM, selectivity ratio of 84.2 ± 18.9 to 1, and LOD
of 0.3 ± 0.04 µM.

2.4 MEA Pedestal Implantation
Following a successful calibration of the MEA, rats were anesthetized with 2–3 %
isoflurane, and placed in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). Animal
body temperature was maintained at 37°C with a heating pad (Braintree Scientific,
Braintree, MA). The animals’ eyes were coated with artificial tears (The Butler Company,
Columbus, OH) to help maintain moisture and prevent infection. Prior to incision, the skin
directly on top of the animals head was wiped with Betadine solution to keep the incision
area clean and to prevent infection. The skin on top of the rat’s head was reflected. Three
small holes were drilled in the skull in the adjacent quadrants of where the MEA was
implanted for placement of stainless steel scull screws. A fourth hole was drilled
contralateral from the recording site for insertion of the miniature Ag/AgCl reference
electrode. Next, three small stainless steel screws (Small Parts, Inc) were threaded into the
skull to serve as anchors and care was taken so that the screw tips did not touch brain tissue.
A 2 mm×2 mm craniotomy was performed over the right PFC and a glutamate selective
MEA pedestal assembly was implanted in the PFC (MEA tip coordinates: AP: +3.2 mm;
ML: 0.8 mm, DV: −5.0 mm vs. bregma) with the incisor bar set so that the skull was level
(approximately −2.3 mm), based on the atlas of Paxinos and Watson (2007). The assembly
was secured with approximately four layers of dental acrylic (Lang Dental MFG, Wheeling,
IL), making sure to cover as much of the MEA as possible. The dental acrylic had a smooth
texture and excess acrylic was removed from the skin surface. Rats were allowed to recover
for three days prior to initial recordings.

2.5 Recording Protocol
Typical recording sessions involved allowing the rat to freely roam around the recording
chamber for 30 minutes to acclimate to the surroundings before connecting the pedestal to
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the RatHat amplifier and starting data acquisition. Once the recordings were started, the rat
was given a minimum additional 90 minute acclimation period, or until a stable baseline was
established on the recording and sentinel sites. Once a stable baseline was obtained, rats
received s.c. injections (2 ml/kg) of either vehicle (5% DMSO and 5% cremophor in 0.9%
physiological saline), LY354740 (10 mg/kg), (+)-TFMPIP (1 mg/kg), or (+)-TFMPIP (17.8
mg/kg) on days 3 and 5 post-implantation (rats received the same injection on day 5 as on
day 3). LY354740 and (+)-TFMPIP were synthesized at Pfizer Central Research, Groton,
CT. Doses were based on previously published reports in rats (Schoepp et al., 2003; Zhang
et al., 2011), and expressed as free base of the drug. One hour following the s.c drug
injection, rats underwent a 5 minute restraint stressor, where rats were wrapped in a
restrictive towel and held continuously for five minutes. Rats were weighed on days 0, 3, 4,
and 5 post-implantation. Following recording sessions on day 5, rats were anesthetized with
isoflurane followed by decapitation.

2.6 Data Analysis
The FAST16 mkI system recorded amperometric data averaged to 1 Hz resolution for all
four recording channels. Unless otherwise noted, calibration data, in conjunction with a
MATLAB graphic user interface program developed by Quanteon, LLC (Lexington,
Kentucky), was used to calculate resting glutamate. Resting glutamate levels were calculated
by taking a 60 second baseline average prior to drug treatments so fluctuations from
spontaneous increases or decreases in glutamate spillover did not lead to inaccurate resting
glutamate level determinations. All other analyses were performed using GraphPad Prism®

software. A one-way analysis of variance (ANOVA) followed by a Tukey’s post-hoc or a
two-way ANOVA followed by a post-hoc Bonferroni correction was used as indicated. Data
are shown as mean ± standard error of the mean (SEM) and significance is defined as p <
0.05.

Results
Effect of Drug on Rat Body Weight

Prior studies have shown that the mGluR2/3 agonists can cause nausea (Dunayevich et al.,
2008). Therefore, studies first addressed the effects of the drugs on body weight. Rat
weights were recorded on days 3, 4, and 5 post-implantation, prior to glutamate recording
sessions and drug administration on each day, and expressed as a percentage of their day 0
weight (immediately following MEA implantation). Each group (one drug per group) of rats
received subcutaneous injections of either vehicle (5% cremophor, 5% DMSO, in 0.9%
physiological saline), LY354740 (10 mg/kg), (+)-TFMPIP (1 mg/kg), or (+)-TFMPIP (17.8
mg.kg) on days 3 and 5 post-implantation. There were no significant differences in weight
observed in rats receiving either dose of (+)-TFMPIP (1 mg/kg or 17.8 mg/kg) compared to
vehicle on any of the three days tested (Figure 2). There was also no difference in weight on
day 3 post-implantation between vehicle and LY354740 rats (Figure 2A). However, there
was a significant (*p<0.05) decrease in weight on day 4 post-implantation in rats receiving
the LY354740 drug (−0.8 ± 1.5%) approximately 24 hours prior compared to vehicle treated
rats (3.7 ± 0.9%; Figure 2B). However, on day 5 post-implantation, approximately 48 hours
after drug administration, the weight loss was regained and was within normal levels
compared to vehicle treated rats (Figure 2C).

Effects of Drugs on Tonic or Resting Levels of Glutamate
Stable baseline recordings were established in all rats prior to subcutaneous administration
of either vehicle, LY354740 (10 mg/kg), (+)-TFMPIP (1 mg/kg), or (+)-TFMPIP (17.8
mg.kg) on days 3 and 5 post-implantation. By subtracting the self-referencing site values
from the glutamate recording site values we were able to determine tonic, or resting,
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glutamate levels. Sixty second averages immediately prior to drug injection were used to
determine tonic glutamate (day 3: 11.2 ± 1.7 µM; day 5: 10.2 ± 2.1 µM). These values were
then used to determine the change in glutamate levels compared to a 60 second average 1
hour following drug administration. No significant changes were observed in any of the
treatment groups (Figure 3). Thus, we observed no changes in tonic glutamate release
following drug administrations.

Effect of Drugs on Glutamate Release Caused by Restraint Stress
Additional studies were carried out to determine if the mGluR2/3 drugs had effects on
restraint stress-induced glutamate release. Following measures of the baseline or tonic
release of glutamate, we performed a five minute restraint stress 1 hour after subcutaneous
injections of either vehicle, LY354740 (10 mg/kg), (+)-TFMPIP (1 mg/kg), or (+)-TFMPIP
(17.8 mg.kg) on days 3 and 5 post-implantation. Separate animal groups were studied for the
4 treatment groups. Figures 4 and 5 show the average glutamate signals (solid line) and
SEM (shaded area) from each of the four groups on days 3 and 5 post-implantation,
respectively. There was an obvious difference in the dynamics of extracellular glutamate
levels in the control animals as compared to the LY354740 and (+)-TFMPIP (17.8 mg/kg)
treated rats on day 3 post-implantation (Figure 4A, 4B, 4D), with the highest dose of (+)-
TFMPIP showing the most dramatic decrease compared to vehicle control. On day 5 post-
implantation, the glutamate dynamics during the restraint stress appear different in all three
experimental drug groups compared to vehicle (Figure 4E-H). Notably, a large decrease was
observed in control animals on day 3 immediately prior to the restraint stress. This
corresponds temporally with the experimenter opening the recording chamber door. The
decrease was also observed in control animals on day 5, however, the decrease was much
smaller compared to day 3. Quantitation of these signals involved examination of the net
area under the curve for the entire 5 minutes of the restraint stress. On day 3, we observed
significantly decreased net area in (+)-TFMPIP (1 mg/kg; −7.1 ± 15.1; *p<0.05) and (+)-
TFMPIP (17.8 mg/kg; −46.5 ± 33.0; **p<0.01) treated rats compared to vehicle treated
animals (134.7 ± 50.6) (Figure 5A). We also observed significant decreases in net area
stress-induced glutamate release on day 5 from the low dose of (+)-TFMPIP (1 mg/kg;
−24.8 ± 24.9; *p<0.05) and the higher dose of (+)-TFMPIP (17.8 mg/kg; 34.6 ± 36.8;
*p<0.05) compared to vehicle (286.6 ± 104.5), and a trend of decreased net area with
LY354740 (p=0.09) compared to vehicle (Figure 5B). Interestingly, similar to tonic
glutamate levels, the effects of restraint stress tended to be larger, but were not significantly
different, in the vehicle treated group at day 5 compared to day 3, as well as in the high (+)-
TFMPIP (17.8 mg/kg) treated rats (Figure 6). This could be due to a sensitization or priming
effect. However, no significance was observed between days 3 and 5 within treatment
groups (based on a within group paired t-test for each treatment group, α=0.05).

Discussion
Stress is a complicated phenomenon in animals and humans and glutamate
neurotransmission is clearly involved with the CNS manifestations of stress. In these studies
we used a novel recording technique that allows for accurate and reliably measurements of
both tonic and phasic changes in glutamate in the PFC of behaving animals. We used this
improved technology to investigate the potential anxiolytic effects of (+)-TFMPIP, a novel
PAM of the mGluR2. Further, the effects of (+)-TFMPIP were compared to the mGluR2/3
agonist LY354740. Similar to results reported on another mGluR group II, LY487379
(Nikiforuk et al., 2010), resting glutamate levels were unchanged 1 hour following
injections of drugs or vehicle on days 3 and 5, indicating that neither LY354740 nor (+)-
TFMPIP had a significant effect on tonic glutamate levels in the PFC when given
systemically. We also examined the effects of LY354740 and (+)-TFMPIP on the phasic
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glutamate release by applying a five minute restraint stressor one hour following the
subcutaneous injection of either of the compounds. Our data support that (+)-TFMPIP (1 or
17.8 mg/kg) produced a significant reduction in stress-induced glutamate that was the
greatest on day 5 of our studies. Our recent studies have shown as well that tail pinch stress-
induced release of glutamate is abolished following locally-applied tetrodotoxin, supporting
the neuronal origin of the glutamate signals recorded by the MEA technology (Hascup et al.,
2010). Thus, these data suggest that the novel PAM drug is affecting transient glutamate
regulation and not the resting or tonic levels of glutamate.

We also examined the stress response quantitatively using the net area of the stress-induced
glutamate signal. There were no significant changes in area under the curve in rats receiving
LY354740 on days 3 or 5 compared to vehicle controls. However, both doses of the novel
PAM drug, (+)-TFMPIP (1.0 and 17.8 mg/kg) resulted in significant decreases in phasic
glutamate on days 3 and 5 compared to vehicle controls, further supporting the potential role
of (+)-TFMPIP as an anxiolytic treatment. Interestingly, similar to tonic glutamate findings,
(+)-TFMPIP (17.8 mg/kg) tended to produce a greater decrease in the total amount of stress
induced glutamate release on day 5 compared to day 3. These increases observed in
glutamate peak area, or the change in glutamate associated with the stress, were much more
dramatic than those seen from tonic glutamate. Although not significant, LY354740 and (+)-
TFMPIP (1.0 mg/kg) were both slightly more effective at diminishing the stress response on
day 5 compared to the same treatments on day 3. Taken together, these data support that the
mGluR2 PAM, (+)-TFMPIP, was more effective than the mGluR2/3 agonist, LY354740, at
alleviating stress-induced glutamate release in the PFC of awake rats.

Concerns with new pharmacotherapies are adverse events, which can be difficult to monitor
in animal models. One common adverse event is weight loss.We observed a significant
weight loss with 10 mg/kg dose of LY354740 (−0.8 ± 1.5%) compared to vehicle treated
rats (*p<0.05, 3.7 ± 0.9%) 24 hours post-treatment. To our knowledge, this post-treatment
weight loss has not been previously reported in animals. But, a recent double blind, placebo-
controlled clinical trial of LY354740 found that nausea was the most prevalent treatment-
emergent adverse event in patients suffering from generalized anxiety disorder (Dunayevich
et al., 2008). The prevalence of nausea increased with dose and was double to triple that of
patients receiving placebo. Unfortunately, the weight loss in rats treated with 10 mg/kg of
LY354740 was an unexpected finding and food consumption was not monitored in this
study. We hypothesize that rats treated with LY354740 were nauseous and would not eat
thus contributing to the weight loss. No weight loss was observed in rats receiving either the
low or high dose of (+)-TFMPIP. Regardless, the fact that rats receiving subcutaneous
injection of (+)-TFMPIP showed significantly reduced stress-induced glutamate release in
the PFC coupled with no change in weight indicates this mGluR2 PAM may provide
anxiolytic activity without nausea as an adverse event.

This was the first study using second-by-second recording methods to examine the effects of
LY354740 on the in vivo extracellular concentrations of glutamate in the rat PFC. Our data
showed that subcutaneous injection of LY354740 (10 mg/kg) did not affect resting
glutamate levels compared to controls nor did it significantly attenuate glutamate release
from immobilization stress (a rodent model of anxiety), which is in contrast to other reports.
Marek and colleagues (2000) demonstrated that LY354740 could block evoked excitatory
glutamate responses in layer V pyramidal cell of the PFC in a dose-dependent manner and
this was thought to underlie its effect in behavioral models of anxiety and stress (Schoepp et
al., 2003). Also, Helton and colleagues (1998) demonstrated that oral administration of
LY354740 suppresses expression of fear-potentiated startle (a human model of anxiety) in
rats without disrupting acquisition or retention of memory. However, Linden and colleagues
(2004) showed that subcutaneous injection of LY354740 increased c-fos expression in the
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PFC and several other brain regions associated with stress and sensory perception. They
explained that the c-fos induction was due to an undetermined effect of LY354740 on the
central nervous system (Linden et al., 2004). Since subcutaneous injection of LY354740
induces c-fos expression, this may explain why stress-induced glutamate release after
administration of LY354740 was similar to vehicle controls.

In summary, we found that LY354740 treatment did not significantly affect tonic glutamate
levels or restraint stress-induced release of glutamate in the prefrontal cortex of awake rats.
However, the fact that either dose of (+)-TFMPIP reduced stress-evoked glutamate release,
without altering resting glutamate levels, may indicate that this compound is a potential
candidate for use as an anxiolytic that may affect anxiety without producing unwanted
effects on glutamate signaling in cortical areas. Future studies are needed to better
understand the effects of novel glutamate drugs, such as the mGluR2 PAM, (+)-TFMPIP and
their potential use for the treatment of anxiety and other disorders of the CNS.
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Figure 1.
Stereochemical structures of mGluR2/3 agonists, L-glutamic acid and LY354740 (A), and
PAM (+)-TFMPIP (B). Schematic representation of an mGluR2/3 receptor (C) illustrating
the extracellular N-terminal agonist binding domain connected to the transmembrane
heptahelical domain. The extracellular portion of the heptihelical transmembrane domain
contains the binding site for allosteric modulators.
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Figure 2.
Effects of systemic drug administration on whole animal weights. Male Sprague-Dawley
Rats were weighed immediately following MEA implantation on day 0 and prior to
recording sessions on days 3, 4, and 5. On days 3 and 5, rats received a single subcutaneous
injection (2 ml/kg) of either vehicle (n=8), LY354740 (10 mg/kg; n=9), (+)-TFMPIP (1 mg/
kg, n=7), or (+)-TFMPIP (17.8 mg/kg, n=9). Weights on days 3 (A), 4 (B), and 5 (C) were
expressed as a percentage of their day 0 weight. Rats treated with LY354740 showed
significant weight loss on day 4. *p<0.05 based on a one-way ANOVA with a Tukey’s post-
hoc test.

Hascup et al. Page 14

J Neurochem. Author manuscript; available in PMC 2014 March 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effects of mGluR drugs on resting glutamate levels. Resting glutamate levels in PFC were
recorded for 60 minutes following a single subcutaneous injection (2 ml/kg) of either vehicle
(n=6), LY354740 (10 mg/kg; n=8 (day 3), 6 (day 5)), (+)-TFMPIP (1 mg/kg, n=7 (day 3), 6
(day 5)), or (+)-TFMPIP (17.8 mg/kg, n=6). The difference in pre-injection and 60 minute
post-injection glutamate values were examined on days 3 and 5 post implantation. No
significant differences were observed for any treatment group compared to vehicle on either
day or between days 3 and 5 within a treatment group (based on a 2-way ANOVA).
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Figure 4.
Phasic glutamate release after stress #1 (A-D) and after stress #2 (E-H). Shown are average
traces (solid line) ± SEM (shaded area) of the glutamate response to a 5 minute restraint
stress (indicated by solid bar) applied 60 minutes following a single subcutaneous injection
(2 ml/kg) of either vehicle (A, E; n=6), LY354740 (B, F; 10 mg/kg; n=8), (+)-TFMPIP (C,
G; 1 mg/kg; n=6), or (+)-TFMPIP (D, H; 17.8 mg/kg; n=6, 5, respectively) on day 3 post-
implantation (A-D) or day 5 post-implantation (E-H). On day 3, glutamate release during the
stressor was inhibited by the rats treated with (+)-TFMPIP (17.8 mg/kg). On day 5,
glutamate release was affected in all treatment groups compared to vehicle control.
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Figure 5.
Phasic glutamate release area for the duration of the 5 minute restraint stress, which
occurred 60 minutes following a single subcutaneous injection (2 ml/kg) of either vehicle
(n=6), LY354740 (10 mg/kg; n=8 (day 3), n=6 (day 5)), (+)-TFMPIP (1 mg/kg, n=6), or (+)-
TFMPIP (17.8 mg/kg, n=6) on day 3 (A) and 5 (B) post-implantation. There was no change
in stress response in the LY354740 treated rats. However, both doses of the (+)-TFMPIP
drug produced significant decreases in the stress response on days 3 and 5. *p<0.05,
**p<0.01 based on a one-way ANOVA with a Tukey’s post-hoc test.
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Figure 6.
Phasic glutamate area for the duration of the 5 minute restraint stress, which occurred 60
minutes following a single subcutaneous injection (2 ml/kg) of either vehicle (n=6),
LY354740 (10 mg/kg; n=8 (day 3), n=6 (day 5)), (+)-TFMPIP (1 mg/kg, n=6), or (+)-
TFMPIP (17.8 mg/kg, n=6) comparing days 3 and 5 post-implantation. Paired t-tests were
performed to determine changes within treatment groups. No significant differences were
observed within treatment groups for any of the four treatments on days 3 and 5.
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