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Previous reports have demonstrated the anxiolytic effect of the potent and systemically active metabotropic glutamate subtype 5

(mGlu5) receptor antagonist 2-methyl-6-(phenylethynyl)pyridine (MPEP) in rodents. Here, we present evidence for the anxiolytic activity

of a novel mGlu5 receptor antagonist, 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP), in rats and compare its profile to the

benzodiazepine receptor agonist diazepam. MTEP occupied mGlu5 receptors in a dose-dependent manner with essentially full receptor

occupancy at the highest dose tested (10 mg/kg, i.p.). At doses appropriate for mGlu5 receptor-mediated effects, MTEP significantly

reduced fear-potentiated startle and increased punished responding in a modified Geller–Seifter conflict model consistent with an

anxiolytic-like profile. In both models, the magnitude of the anxiolytic-like response was similar to that seen with diazepam. In contrast,

MTEP decreased unpunished responding to a lesser extent than diazepam and had no effect on rotarod performance when administered

either alone or in combination with ethanol. Repeated dosing with MTEP in this model eliminated the increase in punished responding

observed with acute dosing. The present results suggest that mGlu5 receptor antagonists lack the side effects seen with benzodiazepines,

such as sedation and ethanol interaction, and provide insight into a possible role for mGlu5 receptor antagonists in the modulation of

mood disorders.
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INTRODUCTION

Glutamate is the principle excitatory transmitter in the
central nervous system and mediates fast excitatory
transmission through interactions with inotropic glutamate
receptors (NMDA, AMPA, and kainate receptors). In
addition, glutamate may also exert a more modulatory
influence over synaptic transmission through activation of
G-protein-coupled metabotropic glutamate (mGlu) recep-
tors which have a presynaptic, postsynaptic, or perisynaptic
localization (Baude et al, 1993; Petralia et al, 1996;
Shigemoto et al, 1997). To date, eight mGlu receptors have
been cloned and functionally expressed. These have been
classified into three groups based on amino-acid sequence
homology, functional coupling, and pharmacology (Conn
and Pin, 1997). The Group I family includes mGlu1 and

mGlu5 receptors; activation of these receptors stimulates
phospholipase C, resulting in phosphoinositide hydrolysis
and elevation of intracellular Ca2þ levels. Group I mGlu
receptors have also been shown to modulate ion channels
such as Kþ channels (Ikeda et al, 1995; Levy et al, 1998),
Ca2þ channels (Takahashi et al, 1996; McCool et al, 1998),
and nonselective cation channels (Zhou and Hablitz, 1997).

The specific localization and expression pattern of mGlu5
receptors in the rodent forebrain suggests an involvement
in emotional and motivational processes (Shigemoto et al,
1993; Romano et al, 1995). Investigation of the therapeutic
relevance of mGlu5 receptor has progressed with the
development of selective, noncompetitive antagonists such
as SIB-1757, SIB-1893, and 2-methyl-6-(phenylethynyl)pyr-
idine (MPEP) (Varney et al, 1999; Gasparini et al, 1999).
The potent and systemically active mGlu5 receptor antago-
nist MPEP has been shown to exhibit anxiolytic-like effects
in a variety of conditioned and unconditioned rodent
models of anxiety (Spooren et al, 2000, 2002; Tatarczynska
et al, 2001; Brodkin et al, 2002a). In addition, the lack of an
anxiolytic effect of an mGlu5 receptor antagonist in
mGlu5�/� mice and the observed anxiolytic-like phenotype
of these mice supports the suggestion that blockade of
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mGlu5 receptors in vivo causes a reduction in anxiety-
related behaviors (Brodkin et al, 2002b). Taken together,
these data strongly suggest the potential therapeutic utility
of selective mGlu5 receptor antagonists for the treatment of
anxiety in humans.

While the prototypical mGlu5 receptor antagonist MPEP
has high potency (Ki¼ 12 nM), it also has several drawbacks
including significant off-target activity and a high log D
leading to poor solubility in CSF (Cosford et al, 2003b;
Mathiesen et al, 2003). These limitations of MPEP led us to
design and synthesize the mGlu5 receptor antagonist 3-[(2-
methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) (Figure 1)
which retains the in vitro potency of MPEP (Ki¼ 16 nM),
but has superior selectivity and reduced off-target liabilities
(Cosford et al, 2003b). In the present study, we have
examined the effects of MTEP in two conditioned models of
anxiety and compared its efficacy with the benzodiazepine
receptor agonist diazepam. Since anxiety often requires
long-term pharmacological treatment, we also examined the
efficacy of MTEP following chronic dosing in the conflict
model. The results suggest that MTEP exhibits comparable
anxiolytic-like effects without disrupting motor perfor-
mance or potentiating the motor disruption induced by
ethanol, providing further insight into a potential role for
mGlu5 receptor antagonists in the treatment of anxiety.

METHODS

In Vivo Pharmacology

All procedures involving animals were approved by the
Institutional Animal Care and Use Committee in accor-
dance with ‘The Guide for the Care and Use of Laboratory
Animals.’

In Vivo Receptor Occupancy

In vivo receptor occupancy of MTEP was determined using
methods described previously (Anderson et al, 2002). In
brief, rats were dosed i.p. with MTEP dissolved in 10% v/v
Tween–80 : 90% water (2 ml/kg injection volume). At 1 min
prior to tissue collection, [3H]-methoxy-PEPy (Cosford et al,
2003a) was administered (30 mCi/kg) through a lateral tail
vein. Animals were then euthanized and the hippocampus
was rapidly dissected on a cooled dissecting tray. The
hippocampus was immediately weighed and homogenized
in 10 v of ice-cold buffer (10 mM potassium phosphate,
100 mM KCl, pH 7.4) using a Polytron. Homogenates

(400 ml) were then filtered over GF/B membrane filters
(Whatman) and washed twice with 5 ml ice-cold homo-
genization buffer to separate bound from free radioactivity.
Filters were then counted for radioactivity using a Beckman
counter. Nonspecific binding of [3H]-methoxy-PEPy was
estimated by measuring radioactivity in washed filters
following administration of 50 mg/kg MPEP i.p.

Fear-Potentiated Startle (FPS) Model

Adult experimentally naı̈ve male Wistar rats (Charles River,
225–300 g) were used for FPS studies as described
previously (Brodkin et al, 2002a). Animals were housed in
groups of three and allowed free access to food and water.
The housing room was temperature- and humidity-con-
trolled, with a 12-h light/dark cycle (lights on at 0630 h).

Training. Animals were trained to associate light with foot
shock for 2 days prior to testing. On each training day,
animals were placed into the startle apparatus (SR-LAB, San
Diego Instruments, San Diego, CA) and exposed to 30 light
(4 W bulb; 10 s duration)þ foot shock (0.6 mA; 500 ms)
pairings delivered at 1 min intervals. Foot shocks were
delivered during the last 500 ms of the light stimulus.

Testing. After 2 consecutive days of training, animals were
administered drug or vehicle prior to being placed into the
startle apparatus. Diazepam (0.3, 1 or 3 mg/kg, s.c.; 1 ml/kg)
was administered in 10% v/v Tween 80 : 90% water 30 min
prior to testing. MTEP (0.3, 1 or 3 mg/kg, i.p.; 1 ml/kg) was
administered in 10% v/v Tween 80 : 90% water 60 min prior
to testing. The testing procedure consisted of 42 presenta-
tions of an acoustic stimulus (95 dB, 20 ms) presented 30 s
apart. A pseudo-random sequence was used to present one
half of the acoustic stimuli preceded by 10 s of the 4 W light.
The animals received no shocks on the test day. Force
transducers located under the animals in the apparatus
collected data from the acoustic startle response and
expressed the data in constant arbitrary units (units were
based on calibration with standard equipment). The data
were then separated for each animal into responses made in
the presence of the light and those made in the dark (21
light, 21 dark) and expressed as the mean response for each
animal.

Geller–Seifter Model

Adult male Sprague–Dawley rats (Harlan, 290–330 g) were
used as described previously (Brodkin et al, 2002a). Rats
were food restricted to 85% of their free-feeding body
weight. Animals were fed 2 h after completion of the
training or testing session to maintain them at 85% of their
free-feeding body weight. Animals were individually housed
with free access to water.

Training. Animals were placed into a standard operant
chamber (ENV-018M, Med Associates, St Albans, VT)
equipped with a lever, house light, speaker, food dispenser,
and a grid floor through which a shock could be delivered
from a programmable shocker. Animals were trained to
press the lever, while the house light was on for a foodFigure 1 Structure of MTEP.
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reward pellet (45 mg, BioServ, Frenchtown, NJ) during a
30 min session. The number of lever presses required to
obtain a food pellet reward was gradually increased until
the animals had obtained a stable rate of pressing 30 times
for one pellet delivery (FR-30). Once this stable rate of
responding was achieved during the unpunished compo-
nent, a second component was introduced in which each
FR-30 produced a food pellet accompanied by a foot shock
(0.50–0.80 mA for 500 ms). This punished component was
signaled by an 80-dB tone in addition to the house light. The
shock level was adjusted for each animal until a ratio of 5 : 1
for the rate of responding in unpunished vs rate of
responding in punished was attained. Once stable rates of
responding had been established in the unpunished and the
punished components, the animals were switched to the
testing schedule. Training required approximately 3–4
months. The testing schedule consisted of unpunished and
punished components, separated by a time-out component.
Each component lasted for 5 min. There was no light or tone
and no consequence for responses during the time out. This
three-component cycle was repeated twice per session.

Testing. Animals were tested once they had achieved stable
baseline rates of responding for 5 days (no significant trend
up or down). Animals were run on the testing procedure
Monday–Friday, with drug or vehicle treatments adminis-
tered on Tuesday and Friday. Animals displaying abnormal
rates of responding on nontreatment days (ie 420% change
from the animal’s normal baseline) were excluded from
drug testing until normal responding returned for three
consecutive sessions. For acute studies, diazepam (0.3, 1 or
1.7 mg/kg, s.c.; 1 ml/kg) was administered in 10% v/v Tween
80 : 90% water 30 min prior to testing. MTEP (1, 3 or 10 mg/
kg, i.p.; 1 ml/kg) was administered in 10% v/v Tween
80 : 90% water 60 min prior to testing. For chronic studies,
animals were dosed with vehicle 10%v/v Tween 80 : 90%
water 60 min prior to testing on day 1. MTEP (3 mg/kg, i.p.;
1 ml/kg) was administered 60 min prior to testing on day 2
and immediately after testing on days 3 and 4 at the same
dose. On day 5, MTEP (3 mg/kg, i.p.; 1 ml/kg) was again
administered 60 min prior to testing. Data were collected as
rates of responding (responses per second) from the
unpunished and the punished components and expressed
as an average over the entire session.

Rotarod Performance and Ethanol Interaction Studies

Rotarod studies were carried out in male Swiss Webster
mice (Harlan, Indianapolis, IN, 22–29 g). Animals were
housed in groups of 4 and maintained on a 12 h light : dark
schedule (lights on at 0630 h) in a temperature- and
humidity-controlled room with food and water freely
available. Prior to dosing, all mice were placed on a rotarod
revolving at 12 rpm and trained to remain on the apparatus
for 120 s. To examine the effects of MTEP, mice were dosed
with either vehicle (10% v/v Tween 80 in saline; 5 ml/kg,
s.c.) or MTEP (3–30 mg/kg, s.c.) and the latency to fall from
the rotarod was determined at various time points later.
Similar time course studies were also conducted in mice
dosed with diazepam (1–30 mg/kg, p.o.), ethanol (1–3 g/kg,
i.p.) or appropriate vehicles (5% v/v Tween 80 in water
(5 ml/kg, p.o.) or saline (10 ml/kg, i.p.), respectively) were

tested at 30 min after treatment. To examine interactions
with ethanol, mice were pretreated with either vehicle
(saline; 10 ml/kg, i.p.) or a submaximal dose of ethanol
(1.5 g/kg, i.p.) 15 min prior to administration of MTEP
(30 mg/kg, s.c.) or vehicle (10% v/v Tween 80 in water; 5 ml/
kg, s.c.). Animals were then tested for their ability to remain
on the rotarod 15 min later and the latency to fall recorded
(maximum cutoff time¼ 120 s). For comparison, separate
groups of mice were treated with diazepam (3 mg/kg, p.o.)
alone or received combined diazepam (3 mg/kg, p.o.)þ
ethanol (1.5 g/kg, i.p.) treatment and were tested for rotarod
performance 30 min later.

In vivo receptor occupancy was determined immediately
after rotarod testing. Thus, selected mice were injected via a
lateral tail vein with [3H]-methoxy-PEPy (30 mCi/kg; 5 ml/kg
injection volume in saline). After 1 min, mice were
euthanized and the right forebrain was rapidly dissected,
homogenized, and filtered as described above for rats.
Nonspecific binding of [3H]-methoxy-PEPy in mice was
estimated by measuring radioactivity in washed filters 5 min
following administration of a saturating dose of MPEP
(50 mg/kg, i.p.). To determine plasma ethanol concentra-
tions, trunk blood was collected into heparinized tubes and
spun at 8000g to obtain plasma. Ethanol concentrations in
terminal plasma samples were estimated from alcohol
dehydrogenase activity (Sigma).

MATERIALS

Diazepam (Elkins-Sinn, Cherry Hill, NJ) was diluted in 10%
v/v Tween 80 : 90% water. Ethanol (Sigma, St Louis, MO)
was diluted in saline. All other compounds, including
MPEP, MTEP, and [3H]-methoxy-PEPy, were synthesized at
Merck Research Laboratories (San Diego and Rahway, NJ).
For occupancy and behavioral studies, MTEP was dissolved
in 10% v/v Tween 80 : 90% water and administered i.p. To
define nonspecific binding in vivo, MPEP was administered
i.p. in 50% PEG400 (2 ml/kg).

Data Analysis and Statistics

The percent receptor occupancy was calculated by first
expressing the specific binding value from each animal as a
percentage of specific binding of the vehicle group, then
subtracting that value from 100 (ie % occupancy¼ 100–%
vehicle binding). Nonlinear regression analysis (Graphpad
Prism, San Diego, CA) was used to calculate the dose of
MTEP which occupies 50% of the receptors (ED50).
Differences in receptor occupancy between dosing groups
and vehicle were determined by analysis of variance and
Dunnett’s t-test. Data collected from FPS sessions were
analyzed using two-way repeated-measures ANOVA with
Student–Newman–Keuls post hoc comparison procedure.
ED50 values were calculated by taking the difference scores
between the startle amplitude in the light minus the startle
amplitude in the dark and interpolating a dose which
reduced the difference to 50% of that observed in the vehicle
control group. Data from Geller–Seifter sessions were
divided into the separate unpunished and punished
components due to the bimodal distribution of the data
from each session. Data from each component were
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analyzed using a one-way repeated-measures ANOVA,
followed by Student–Newman–Keuls post hoc multiple
comparison procedure. Data from rotarod studies were
analyzed by one-way or two-way repeated-measures ANO-
VA, followed by Dunnett’s t-test or Tukey’s multiple post
hoc comparisons.

RESULTS

In Vivo Receptor Occupancy

MTEP produced marked occupancy of mGlu5 receptors in
the hippocampus following systemic dosing in rats
(Figure 2). The ability of MTEP to occupy mGlu5 receptors
was dose-dependent and at 1 h post-administration the dose
required to occupy 50% of mGlu5 receptors (ED50) was
1.2 mg/kg. Essentially full receptor occupancy (9873%) was
achieved with the 10 mg/kg dose of MTEP.

Effect of MTEP and Diazepam in the FPS Model

A significant difference between the response in the light
between the vehicle-treated animals and the drug-treated
animals was observed with diazepam and MTEP, indicative
of an anxiolytic effect. At the dose of 3 mg/kg, diazepam
significantly decreased the startle amplitude in the light vs
vehicle (Po0.05; Figure 3a). The startle amplitude in the
presence of the light was significantly larger (Po0.05) than
the startle amplitude in the dark in animals treated with
vehicle, 0.3 and 1 mg/kg (but not 3 mg/kg) diazepam. At
doses of 1 and 3 mg/kg, MTEP significantly decreased the
startle amplitude in the light vs vehicle (Po0.05; Figure 3b).
The startle amplitude in the presence of the light was
significantly larger (Po0.05) than the startle amplitude in
the dark in animals treated with vehicle, 0.3 and 1 mg/kg
(but not 3 mg/kg) MTEP. The potencies of MTEP and
diazepam in decreasing the potentiation of startle were
similar, with ED50 values of 0.7 and 0.9 mg/kg, respectively.

Effect of MTEP and Diazepam in the Geller–Seifter
Conflict Model

Acute studies. Both MTEP and diazepam caused a
significant dose-dependent increase in the rate of punished
responding compared to vehicle (Figure 5a and b). MTEP
increased the rate of punished responding at 3 mg/kg
(Po0.05) and at 10 mg/kg (Po0.01). Diazepam increased
the rate of punished responding at 0.3 mg/kg (Po0.01),
1 mg/kg (Po0.01), and 1.7 mg/kg (Po0.05). Diazepam was
not administered at 3 mg/kg as in the potentiated startle
study, since it produced a near-complete suppression of
responding in both the unpunished and punished compo-
nents (data not shown). Diazepam significantly decreased
the rate of unpunished responding at 1.7 mg/kg (Po0.01)
(Figure 4a). MTEP also significantly decreased the rate of
unpunished responding at 10 mg/kg, the highest dose tested
(Po0.01) (Figure 4b), although the effect was less marked
than that seen with diazepam (Figures 4 and 5).

Chronic studies. MTEP increased the rate of punished
responding at 3 mg/kg (Po0.05) on day 2, the first day of

Figure 2 Occupancy of mGlu5 receptors following systemic adminis-
tration of vehicle or MTEP in rats. Receptor occupancy in hippocampus was
assessed 1 h following i.p. administration of MTEP and [3H]-methoxy-PEPy
(30 mCi/kg, i.v.) was used for labeling mGlu5 receptors (administered 1 min
prior to tissue collection). Hippocampal tissue was dissected, homogenized,
and filtered. Specific binding values were expressed as a percent of vehicle
and subtracted from 100 to obtain % occupancy values. The values
represent the mean7SEM (n¼ 3–4 rats/group). *Po0.05 versus vehicle by
analysis of variance and Dunnett’s t-test.

Figure 3 The effect of diazepam (a) and MTEP (b) on FPS. Closed bars
represent the mean startle amplitude in the dark and open bars represent
the mean startle amplitude in the light7SEM (n¼ 8 Wistar rats per bar
set). *Po0.05 compared within the dose group to startle amplitude in the
dark. #Po0.05 compared to the vehicle control group startle in the light.

Figure 4 The effect of diazepam (a) and MTEP (b) on unpunished
responding in the Geller–Seifter assay. Bars represent the mean rate of
responding7SEM recorded over the entire session (n¼ 12 Sprague–
Dawley rats per dose–effect curve). *Po0.01 or **Po0.001 compared to
within-subject vehicle control.
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administration. On day 5, following 3 days of administra-
tion of MTEP at 3 mg/kg, MTEP did not significantly
increase the rate of punished responding when adminis-
tered at 3 mg/kg prior to the session. The rate of punished
responding on day 5 was significantly reduced compared
to day 2 (Po0.05). There was no effect on punished
responding on days 3 and 4, nor was there any effect on
unpunished responding during the chronic studies.

Effect of MTEP and Diazepam on Rotarod Performance
and Potential for Ethanol Interactions in Mice

To examine the effects of MTEP on motor coordination,
mice were pre-trained to remain on a rotarod revolving at
12 rpm for 120 s, after which rotarod performance was
re-assessed at various time points after dosing. For
comparison, the effects of diazepam and ethanol were also
examined. As expected, oral administration of diazepam
dose-dependently impaired performance with significant
reductions in time spent on the rotarod seen 30 min after
dosing with 10 and 30 mg/kg (Table 1). At the highest dose
tested (30 mg/kg, p.o.), the deficits in rotarod performance
were profound and long lasting, with significant effects still
apparent up to 120 min later. A significant reduction in time
spent on the rotarod was also observed in the first 30 min
after dosing with 3000 mg/kg (i.p.) ethanol in mice (Table 1).
In contrast, pretreatment with MTEP had no effect on
rotarod performance at the doses tested (Table 1).

To examine potential interactions with ethanol, mice were
dosed with a subthreshold dose of 1500 mg/kg (i.p.) ethanol,
15 min prior to MTEP (30 mg/kg, s.c.) and then tested for
rotarod performance 15 min later (ie 30 min post-ethanol).
For comparison, separate groups of mice received either
a subthreshold dose of diazepam (3 mg/kg, p.o.) or com-
bined treatment with diazepam (3 mg/kg, p.o.)
þ ethanol (1500 mg/kg, i.p.) 30 min prior to testing. As
expected, combined treatment with diazepamþ ethanol
produced a marked reduction in time spent on the rotarod,
which was greater than the sum of the effects of either

Figure 5 The effect of diazepam (a) and MTEP (b) on punished
responding in the Geller–Seifter assay. Bars represent mean rate of
responding7SEM recorded over the entire session (n¼ 12 Sprague–
Dawley rats per dose–effect curve). *Po0.05 or **Po0.01 compared to
within-subject vehicle control.

Table 1 Mice were Trained to Remain on a Rotarod Revolving at 12 rpm for 120 s, After which They were Dosed with Either Vehicle or
Test Compound and Retested at Various Time Points. Results are Expressed as the Mean7SEM Latency (s) to Fall from the Rotarod
(n¼ 7–8 mice/group). Data were Analyzed by Two-way Repeated-Measures Analysis of Variance, Followed by One-way Analysis of
Variance with Dennett’s t-Test at Each Time Point; *Po0.05 Compared to Vehicle-Treated Mice

Latency to fall from Rotarod (s)

Drug dose (mg/kg) 15 mm 30 mm 60 mm 90 mm 120 mm

Diazepam 0 ND 11573 11177 11971 11574

1 104710 96714 106712 120

3 87717 88716 89713 11674

10 37715* 73722 90718 103713

30 1778* 48720 31716* 61721*

Ethanol 0 ND 11078 11377 10877 109711

1000 10779 107713 95714 11673

1500 120 100710 106710 106712

2000 11475 103712 120 120

2500 80713 11576 12070.4 120

3000 62722* 54721* 108713 107714

MTEP 0 120 11872 11970.6 11971 ND

3 120 11872 11971 120

10 120 120 120 11971

16 120 11971 11971 11971

30 120 11871 11871 120
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treatment alone (Figure 7a). In contrast, treatment with
MTEP per se or combined treatment with ethanolþMTEP
had no effect on rotarod performance (Figure 6a).

On completion of behavioral testing, selected mice were
dosed i.v. with [3H]-methoxy-PEPy to determine in vivo
receptor occupancy. Nonspecific binding (ie 100% receptor
occupancy) was determined in a separate group of mice
dosed with MPEP (50 mg/kg, i.p.) 4 min prior to injection of
the radiolabel. At the dose of 30 mg/kg (s.c.), MTEP fully
occupied forebrain mGlu5 receptors and occupancy was
similar in both vehicleþMTEP- or ethanolþMTEP-treated
mice (Figure 7b). In addition, plasma ethanol concentra-
tions were identical (0.08%) in ethanol/vehicle- and ethanol/
MTEP- (30 mg/kg) treated animals, indicating that MTEP
had no effect on ethanol metabolism (data not shown).

DISCUSSION

The need for novel therapeutic agents for the treatment of
anxiety is well documented (for reviews, see Argyropoulos
et al, 2000; Lydiard, 2000). Anxiety disorders are the most
prevalent form of psychiatric disorders in the United States,
exacting a significant financial and emotional toll on society
(DuPont et al, 1996).

Current pharmacological treatment strategies usually
involve the use of benzodiazepines, serotonin reuptake
inhibitors (SSRIs), or the 5HT-1A partial agonist, buspir-
one. Problems with sedation, abuse, tolerance, dependence/
withdrawal, as well as cognitive impairment, are causes of
concern with the use of benzodiazepines (Shader and
Greenblatt, 1993). Issues with longer onset of symptom
relief (4–6 weeks) as well as side effects including nausea,
insomnia, restlessness, agitation, weight gain, and sexual
side effects are associated with the use of SSRIs as
anxiolytics (Davidson et al, 1999; Lydiard et al, 1996).
Similarly treatment with buspirone is also characterized by
a delayed onset of anxiolytic activity as well as gastro-
intestinal side effects (Rakel, 1990). Thus, a novel, fast-
acting anxiolytic, without the liabilities associated with

Figure 6 The effect of chronic MTEP (3 mg/kg, i.p.) treatment on (a)
unpunished and (b) punished responding in the Geller–Seifter assay. Bars
represent mean rate of responding7SEM recorded over the entire session
(n¼ 14 Sprague–Dawley rats). *Po0.05 compared to vehicle control on
day 1; #Po0.05 compared to MTEP pretreatment on day 2.

Figure 7 (a) Potentiation of ethanol effects on rotarod performance in
mice treated with MTEP or diazepam. Animals were dosed with either
vehicle (Veh; open bars) or ethanol (1500 mg/kg, i.p.; hatched bars) 15 min
prior to vehicle (Veh) or MTEP (30 mg/kg, s.c.) and tested on the rotarod
15 min later. For comparison, separate animals received diazepam (DIAZ;
3 mg/kg, p.o.)þ vehicle (open bars) or diazepamþ ethanol (hatched bars)
30 min prior to testing. Results are expressed as the mean7SEM latency (s)
to fall from the rotarod (n¼ 7–8/group). Data were analyzed by one-way
analysis of variance followed by Tukey’s t-test; *Po0.05 compared to
vehicleþ vehicle-treated mice; #Po0.05 compared to vehicleþ diazepam-
treated mice. (b) In vivo mGlu5 receptor occupancy in mice. Immediately
after testing on the rotarod selected mice (n¼ 5–6/group) were dosed i.v.
with [3H]-methoxy-PEPy. Nonspecific binding was defined in mice dosed
with 50 mg/kg, i.p., MPEP (n¼ 2). Results are expressed as the mean
%7SEM mGlu5 receptor occupancy in mouse forebrain.
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current pharmacotherapies, would offer significant advan-
tages in the treatment of anxiety-related disorders.

Previous reports have shown that the mGlu5 receptor
antagonist, MPEP, has anxiolytic-like activity in a variety of
conditioned and unconditioned models of anxiety (Spooren
et al, 2000; Schulz et al, 2001; Tatarczynska et al, 2001;
Brodkin et al, 2002a). Owing to the well-documented off-
target effects of MPEP, we wished to establish unambigu-
ously that the observed anxiolytic effects are mediated by
antagonism of mGlu5 receptors. A critical component of
this process is the ability to correlate in vitro potency and in
vivo occupancy of the mGlu5 receptor with in vivo efficacy
in models of anxiety. This was accomplished by: (1) design
and synthesis of the potent and highly selective mGlu5
receptor antagonist MTEP; (2) use of an in vivo receptor
occupancy assay and (3) assessment of the anxiolytic
activity of MTEP in two models of conditioned anxiety:
the FPS and Geller–Seifter conflict models at doses relevant
for mGlu5 receptor blockade.

MTEP is a noncompetitive mGlu5 receptor antagonist
which potently blocks glutamate-induced calcium influx in
recombinant cell lines expressing the human mGlu5
receptor (IC50¼ 5 nM) and potently displaces [3H]-meth-
oxy-PEPy binding to rat cortical membranes (Ki¼ 16 nM;
Cosford et al, 2003b). Furthermore, extensive counter-
screening in a wide variety of in vitro assays has shown that
MTEP is highly selective and lacks any known off-target
activity (Cosford et al, 2003b). Thus, MTEP was inactive in
functional assays at NMDA NR2B receptors (at 4300 mM),
mGlu1, mGlu2, mGlu3, or mGlu7 receptors (10 mM), and
was inactive in binding assays against a large panel of
receptors including adenosine, adrenergic, dopamine,
GABA, NMDA, AMPA, histamine, muscarinic, nicotinic,
and 5HT receptors (10 mM). Furthermore, MTEP (100 mM)
failed to potentiate L-AP4-induced responses in CHOnfat

cells expressing the human mGlu4 receptor (unpublished
observations), while MPEP clearly potentiated this response
at concentrations of 10 mM and above, confirming published
findings (Mathiesen et al, 2003). These data suggest that
MTEP is superior to MPEP as a pharmacological tool for
examining the therapeutic utility of mGlu5 receptor
antagonists.

In the present study, we have used the FPS assay to
explore the effects of MTEP. This model is commonly used
to assess anxiety in laboratory animals (for a review, see
Davis et al, 1993) and involves training animals to associate
the presentation of a cue (light) with the administration of a
mild foot shock. Following conditioning, startle reflex
responses to brief acoustic stimuli are recorded, which are
greater when acoustic stimuli are presented in the presence
of the cue (light) than when presented in darkness. This
elevated startle response is defined as FPS and is reduced by
commonly used anxiolytics such as benzodiazepines (eg
Davis, 1979) as well as mGlu5 receptor antagonists such as
MPEP (Schulz et al, 2001; Brodkin et al, 2002a). In this
report, both diazepam and MTEP decreased FPS with
similar potencies (ED50 ¼ 0.7 mg/kg, i.p., and 0.9 mg/kg, s.c.
for MTEP and diazepam, respectively). Furthermore, MTEP
was more potent at reducing FPS in the rat compared to
the prototypical mGlu5 receptor antagonist MPEP
(ED50¼ 5 mg/kg, i.p.; Brodkin et al, 2002a). Most impor-
tantly, there was excellent agreement between the potency

of MTEP in the FPS assay and the doses of MTEP required
to occupy mGlu5 receptors in brain as determined using in
vivo radioligand binding (receptor occupancy ED50¼ 1 mg/
kg, i.p.). These data suggest that efficacy in the FPS test can
be detected at a dose (1 mg/kg, i.p.) giving B50% receptor
occupancy and that maximal efficacy is observed at 490%
occupancy (3 mg/kg, i.p.). Given that anxiolytic-like effects
are observed at doses appropriate for mGlu5 receptor
occupancy in vivo, these results strongly suggest that mGlu5
receptor blockade is responsible for the behavioral effects of
MTEP.

In the present study, we also examined MTEP in the
Geller–Seifter conflict assay, a second ‘anxiety model’
commonly used to evaluate the therapeutic potential of
novel compounds (eg Yasumatsu et al, 1994; Cervo et al,
2000; Brodkin et al, 2002a). In this assay, the operant task of
lever pressing is rewarded with food. The animal is taught
that, in the presence of a previously neutral cue (tone in this
case), responding will result in food reward accompanied by
a mild foot shock. Responding is recorded for both the
unpunished component of the assay as well as the punished
component. An anxiolytic effect of a compound is observed
as an increase in the rate of responding in the punished
component compared to vehicle controls. In this study,
MTEP produced a 5.9-fold increase in punished responding,
which was similar to the maximal response induced by
diazepam (5.4-fold) and superior to that previously
reported for MPEP (three-fold increase; Brodkin et al,
2002a). Furthermore, MTEP significantly increased pun-
ished responding at doses producing 490% mGlu5
receptor occupancy, suggesting that higher receptor occu-
pancy is required to show efficacy in this assay compared to
the FPS test. Nevertheless, the effective dose range is
consistent with that required to occupy mGlu5 receptors in
vivo, and is also consistent with a role for mGlu5 receptors
in mediating this response. While a response to stress in
humans may manifest itself as an acute syndrome, such as
panic attack, anxiety is a chronic condition that often
requires continued pharmacological treatment. We there-
fore explored the efficacy of MTEP in the conflict assay after
multiple treatments at the minimally effective dose of
3 mg/kg. After 3 days of MTEP administration, the degree
of punished responding was diminished such that there was
no significant difference between the punished responding
on day 5 and the vehicle treatment on day 1. These results
appear to contradict the observations of other researchers
in which tolerance to an mGlu5 receptor antagonist (MPEP)
was not observed in anxiety and depression assays after
repeated administration (Pilc et al, 2002). Pilc et al (2002)
utilized MPEP in the Vogel conflict assay at a dose that
produces approximately 35% receptor occupancy. In the
conflict studies reported here, a dose of MTEP occupying
490% of the mGlu5 receptors was administered. This
considerably increased level of receptor occupancy com-
bined with the higher specificity of MTEP compared with
MPEP may explain the differing results we observed. This
tolerance does not appear to be due to changes in either
pharmacokinetics or receptor occupancy as repeated dosing
with MTEP at 3 mg/kg did not lead to altered plasma levels
nor a reduction in receptor occupancy levels compared with
acute dosing (unpublished observations). Furthermore,
repeated administration of the mGlu5 receptor antagonist
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MTEP did not alter the number nor the sensitivity of mGlu5
receptors in vitro compared to acute administration
(unpublished observations). It has been previously reported
that MPEP is effective in a model of Parkinson’s disease
following chronic but not acute administration (Breysse
et al, 2002). Therefore, it remains to be seen whether
tolerance is an assay-specific phenomenon of MTEP or if it
will extend to other areas as well. However, these data are
consistent with our observation on chronic dosing of a
mGlu5 receptor antagonist from a different structural class
in the rat FPS assay where tolerance was also observed
(Roppe et al, in press). This highly potent and selective
compound, 3-(5-pyridin-2-yl-2H-tetrazol-2-yl)benzonitrile,
was dosed i.p. 60 min prior to testing in the FPS assay at
10 mg/kg for 5 consecutive days. Anxiolytic activity was
reduced by approximately 50% on day 2 of testing with a
complete loss of anxiolytic activity by day 4.

A common undesirable side effect of benzodiazepines as
therapeutics for anxiety is their sedative properties (Shader
and Greenblatt, 1993). Sedative effects could be mistaken
for anxiolysis in the FPS assay, although in this study
neither diazepam nor MTEP significantly reduced the startle
amplitude in the dark phase (ie when the animal is not
expecting to receive a shock). Additionally, the unpunished
component of the Geller–Seifter assay serves as an internal
control to detect nonspecific drug effects as shown by a
decrease in the rate of responding during the unpunished
component. As expected, treatment with diazepam pro-
duced a clear, dose-dependent decrease in unpunished
responding, which was significant at the highest dose tested
(1.7 mg/kg). In the case of MTEP, a modest reduction was
apparent, which was less than that seen with diazepam and
only observed at a dose (10 mg/kg, i.p.) giving 100%
receptor occupancy. These data might suggest that mGlu5
antagonists have a lower propensity to reduce motor
performance compared to benzodiazepines, an assumption
that was further examined using the rotarod test. Perfor-
mance on the rotarod is adversely affected by sedative
agents and is therefore often used to evaluate the motor
disruptive effects of compounds, including anxiolytics (eg
Hascoët and Bourin, 1997; Volke et al, 1998). As expected,
given the well-documented motor impairment produced by
benzodiazepines, treatment with diazepam dose-depen-
dently reduced the time spent on the rotarod, with long-
lasting disruptions seen at the highest doses. Furthermore,
co-administration of diazepam with a submaximal dose of
ethanol markedly impaired rotarod performance consistent
with the well-known ability of alcohol to potentiate the
sedative/ataxic effects of benzodiazepines in humans
(Maickel and Nash, 1986; Hu et al, 1987). In contrast,
treatment with MTEP had no effect on rotarod performance
per se and did not impair performance when combined with
ethanol administration. It is notable that a dose of 30 mg/kg
of MTEP was required for 100% receptor occupancy in
mice, while 100% receptor occupancy can be obtained with
a dose of 10 mg/kg of MTEP in rats. Anderson et al (2003)
have discussed these findings in detail. In brief, mGlu5
receptors were occupied for a shorter period of time and
plasma drug levels were lower in mice as compared to rats.
It is postulated that this observed difference could be due to
variances in absorption or metabolism of the compounds.
Given that MTEP was tested at a dose producing 100%

mGlu5 receptor occupancy in vivo, these results suggest that
mGlu5 receptor antagonists are less likely to produce
sedation and interact with ethanol compared to benzodia-
zepines. However, additional studies to evaluate the
propensity for abuse and cognitive impairment as well as
the extent of tolerance will also be important to fully explore
the potential utility of mGlu5 receptor antagonists in the
treatment of anxiety disorders.

CONCLUSIONS

The current study demonstrates that the novel mGlu5
receptor antagonist MTEP displays an anxiolytic profile
similar to diazepam in the rat FPS and Geller–Seifter tests.
Furthermore, when compared to diazepam, MTEP displays
efficacy in anxiety models with no observed interaction with
ethanol and a reduced propensity to induce motor
impairment. In all of the assays, it was possible to
unambiguously correlate efficacy with occupancy of MTEP
at mGlu5 receptors in vivo. Further studies are warranted as
it is unknown if the tolerance observed in these studies
would extend to other assays as well as to human patients. If
tolerance is found to be species specific, these data provide
compelling evidence supporting the utility of mGlu5
receptor antagonists in the treatment of anxiety in humans.
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