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Abstract
Metabotropic glutamate receptors (mGluRs) modulate glutamatergic and GABAergic
neurotransmission. mGluR8, a member of group III receptors, is generally located presynaptically
where it regulates neurotransmitter release. Previously we reported higher measures of anxiety in
6- and 12-month-old mGluR8−/− male mice than age- and sex-matched wild-type mice and that
acute pharmacological stimulation with the mGluR8 agonist (S)-3,4,-dicarboxyphenylglycine
(DCPG) or the Positive Allosteric Modulator (PAM) AZ12216052 reduced measures of anxiety in
wild-type mice. As in humans and animals, ageing is associated with enhanced measures of
anxiety following non-social and social challenges, increased understanding of these measures and
how to potentially modulate them is particularly important in the elderly. Here we determined
whether the effects of AZ12216052 on measures of anxiety are mediated by mGluR8 using 24-
month-old mGluR8−/− and wild-type male mice. AZ12216052 also reduced measures of anxiety
in the elevated zero maze and the acoustic startle response in mGluR8−/− mice. The remaining
anxiolytic effects of AZ12216052 in mGluR8−/− mice might involve mGluR4, as the mGluR4
PAM VU 0155041 also reduced measures of anxiety in wild-type mice. In contrast, mGluR8−/−

mice show enhanced social interaction but AZ12216052 does not affect social interaction in wild-
type mice. Thus, while mGluR8 is an attractive target to modulate measures of anxiety and social
interaction, the effects of AZ12216052 on measures of anxiety likely also involve receptors other
than mGluR8.
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1. INTRODUCTION
G protein-coupled metabotropic glutamate receptors (mGluRs) modulate excitatory and
inhibitory neurotransmission [1,2]. Based on their sequence identity, pharmacological
profile and signal transduction mechanisms, 8 distinct mGluR receptors (mGluR1-mGluR8)
have been identified and classified into 3 groups. In transfected cells, mGluR8, like
mGluR4, mGluR6, and mGluR7, a member of group-III receptors, is coupled to the
inhibition of adenylyl cyclase [3,4]. In neurons, group-III receptors are generally located
presynaptically, where they regulate neurotransmitter release [5].

Because of their modulatory role, mGluRs are attractive targets for therapies aimed at
treating anxiety disorders [6]. Consistent with a role for mGluR8 in the regulation of
anxiety, increased measures of anxiety in the open field and the elevated plus maze, and an
increased acoustic startle response were seen in 6- and 12-month-old mGluR8−/− male mice
[7–9]. These effects seem age-dependent as no genotype differences were seen in the
elevated plus maze or elevated zero maze in 3-month-old mice [10]. While potential effects
of mGluR8 deficiency in utero, during postnatal development, or during early adulthood
might have contributed to the observed behavioral phenotype, they do not seem required for
the anxiety modulating effects. Acute pharmacological modulation using the mGluR8
agonist AZ12216052 in 2-month-old wild-type mice also reduced these measures of anxiety
[11]. However, without testing the potential effects of this compound in mGluR8−/− mice,
involvement of mGluR8-independent pathways cannot be excluded.

In addition to measures of anxiety assessed in the elevated zero maze and acoustic startle
tests, mGluR8 might also play a role in measures of anxiety involving social challenges,
such as those assessed in a social interaction test. In some animal models, these distinct
measures show a similar pattern. Examples include streptozotocin (STZ)-induced diabetic
animals [12], mice with a selective deletion in the Tac1 gene, encoding the neuropeptides
substance P and neurokinin A [13], and mice deficient in the tumor suppressor gene
Phosphatase and tensin homolog on chromosome ten (Pten) in limited differentiated
neuronal populations in hippocampus and cortex [14]. However, in other animal models
these distinct measures are clearly dissociated. For example, mice lacking fmr1, a mouse
model of fragile X syndrome [15], or lacking the vasopressin V1a receptor [16], show
reduced social interaction but decreased measures of anxiety in the elevated zero maze.
Differences in brain areas affected in these models might contribute to these divergent
results. For example, while hippocampal lesions reduce social interactions, they do not
affect measures of anxiety in the elevated zero maze [17].

In humans and animals, ageing is associated with enhanced measures of anxiety following
non-social and social challenges. Therefore, increased understanding of these measures and
how to potentially modulate them is particularly important in the elderly. However,
decreased social interaction in aged rodents does not seem to involve changes in Fos
expression in brain areas involved in the anxiety circuitry and known to be activated by
anxiogenic stimuli [18]. Thus also in the aged brain, no simple relationship between social
interaction and measures of anxiety involving non-social challenges is apparent.
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In this study, we used 24-month-old mGluR8−/− and wild-type mice to determine whether in
aged mice the anxiety-reducing effects of AZ12216052 seen in the elevated zero maze and
on the acoustic startle response are modulated by mGluR8. In addition, we tested the
potential role of mGluR8 in measures of anxiety involving social challenges in mGluR8−/−

and wild-type mice.

2. MATERIALS AND METHODS
2.1. Animals

Experimentally naïve two-year-old mGluR8−/− and C57BL/6J wild-type male mice were
used for elevated zero maze, acoustic startle, and social interaction testing. Adult C57BL/6J
wild-type male and female mice were used to assess the effects of AZ12216052 on social
interaction. Mice were kept on 12:12 hr light-dark schedule (lights on at 6 AM) with chow
(PicoLab Rodent Diet 20, #5053; PMI Nutrition International, St. Louis, MO) and water
given ad libitum. The mice were group-housed until one day prior to the start of behavioral
testing and subsequently singly housed. All the experiments reported here were conducted in
accordance with NIH guidelines and approved by the Institutional Animal Care and Use
Committee at OHSU.

2.2. Drugs
AZ12216052 was a gift from Astra Zeneca. The chemical structure of this compound and its
primary site of action and selectivity for mGluR8 have been described [11]. AZ12216052
was dissolved in 30% DMSO in saline and administered at 10 mg/kg, 2 hours prior to
testing. The volume of DMSO injected per mouse was 30 μl. This amount of DMSO did not
cause any detectable sickness in the mice or any effect on activity in the home cage, but it
did heighten basal anxiety-like measures. DMSO is often used to assess anti-nociceptive and
anxiolytic effects of test compounds [19] and administered i.p. did not effect the antitumor
agent paclitaxel-evoked paw withdrawal [20] or paw withdrawal latency to a thermal
stimulus [21,22]. Similarly, DMSO administered into the ventrolateral periaqueductal gray
did not affect nociception [23].

VU 0155041 (Niswender et al., 2008, Tocris, Ellisville, Missouri) was dissolved in saline
and and administered at 5, 10, or 20 mg/kg or dissolved in 30% DMSO in saline and
administered at 5 mg/kg, 2 hours prior to testing.

2.3. Behavioral Analysis
2.3.1. Elevated Zero Maze—The elevated zero maze and acoustic startle tests were
performed in the morning, between 9–11 am. The custom built elevated zero maze consisted
of two enclosed areas and two open areas, identical in length to the open and closed arms of
an elevated plus maze (35.5 cm; Kinder Scientific, Poway, CA). Mice were placed in the
closed part of the maze and allowed free access for 10 min, as described [24]. They could
spend their time either in a closed safe area or in a more anxiety-provoking open area. A
video tracking system (Noldus Information Technology, Sterling, VA) set at 6 samples/
second was used to calculate velocity, distance moved, and percent time spent in the open
areas of the maze.

2.3.2. Acoustic Startle—Acoustic startle was tested in Hamilton-Kinder (Poway, CA)
startle chambers using a paradigm sensitive to detect effects of AZ12216052 on the acoustic
startle response [11] and to detect genotype difference in the acoustic startle response of 12-
month-old wild-type and mGluR8−/− mice [9]. After a 5-min acclimation, the baseline
response was measured. Thus the baseline was defined as the amplitude measures in the
absence of any acoustic stimulus. Acoustic pulses were given, increasing from 80 dB to120
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dB, using increments of 2 dB. Each stimulus was given once and lasted 30 ms. The inter-
trial interval was varied and on average 21 sec. Startle amplitude, the maximum force in
newtons (N) or peak voltage that occurred during a 500 msec window, was used as outcome
measure. Movement independent of a startle response might result in enhanced pressure on
the sensing plate and contribute to the mean startle response. Therefore, the peak startle
amplitude rather than the mean startle response was analyzed. White noise was used for the
acoustic stimuli. Wideback background noise (72 dB) was used during testing. The acoustic
startle response, defined as the average startle amplitude in response to different intensities
from 80 dB to 120 dB was assessed.

2.3.3. Social Interaction—In this task, the amount of time that a ‘test’ mouse spends
exploring the ‘stimulus’ mouse is used to measure social investigation. Twenty-four hours
prior to testing all test and stimulus mice were singly housed to encourage exploration
during the subsequent testing. To avoid potential genotype differences in social interactions
between test and stimulus mice, genotype-matched mice were used as pairs of stimulus and
test mice. Testing began one hour after the onset of the active cycle. All testing occurred in
the same room where the mice were housed to minimize stress during transportation that
could influence social behaviors. To begin the trial, the ‘test’ mouse home cage was gently
moved under a video camera and was topped with a thin sheet of clear plexiglass. Following
a 10-minute acclimatization period, the stimulus mouse was carefully presented into the test
mouse’s home cage and the subsequent behaviors were recorded for 5 minutes using
Ethovision XT software (Noldus Information Technology, Wageningen, The Netherlands).
The behavior was then manually scored from the video using Button Box software
(Behavioral Research Solutions, LLC, Wisconsin, USA). The amount of time that the test
mouse spent sniffing the head/neck, torso, and ano-genital region, and the amount of time
spent following the stimulus mouse but not sniffing was scored as a continuous
measurement. Since these measures are highly correlated, the total time exploring across all
investigation types was used as the primary outcome measure. The total investigation type
across each of 5 consecutive 1-minute time-bins was analyzed to determine if investigation
increased or decreased over time. Also, the cumulative time investigating across all time
bins was calculated. The former was analyzed using 2-way repeated-measures ANOVA with
time-bin as the within-subjects factor and genotype (wild-type vs. mGluR8−/−) as the
between-subjects factor. The total investigation time was analyzed using an independent
samples Student’s t-Test.

2.3.4. Statistical analysis—Data are expressed as mean ± SEM. Differences among
means were evaluated by ANOVA, followed by Student’s t-test or Tukey-Kramer posthoc
tests, as indicated, using GraphPad Prism software (San Diego, CA). For the acoustic startle
response, startle intensity was used as factor in the analysis. For all analyses, the null
hypothesis was rejected at the 0.05 level.

3. RESULTS
3.1. Effects of AZ12216052 on measure of anxiety in the elevated zero maze and acoustic
startle response of mGluR8−/− and wild-type mice

Previously, we reported that in 2-month-old mice AZ12216052 reduced measures of anxiety
in the elevated zero maze and reduced the acoustic startle response [11]. To confirm whether
these effects are modulated by mGluR8, we tested the effects of AZ12216052 on measures
of anxiety of 24-month-old mGluR8−/− and wild-type mice in the elevated zero maze and
acoustic startle response. Surprisingly, AZ12216052 (10 mg/kg) reduced measures of
anxiety of mGluR8−/− and wild-type mice in the elevated zero maze (Fig. 1). These effects
on measures of anxiety were not due to potential changes in activity levels. AZ12216052 did
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not affect the velocity or distance moved of the mice in either genotype. There was also an
effect of genotype (F (1, 26) = 8.356, p < 0.01) with higher measures of anxiety in
mGluR8−/− than wild-type mice.

Acoustic startle was assessed using a paradigm sensitive to detect effects of AZ12216052 on
the acoustic startle response [11] and of genotype differences in the acoustic startle response
of 12-month-old wild-type and mGluR8−/− mice [9]. In addition to the elevated zero maze,
AZ12216052 reduced the acoustic startle response of mGluR8−/− and wild-type mice
without having effects on the baseline response (Fig. 2).

3.2. Effects of VU 0155041 on measure of anxiety of wild-type mice in the elevated zero
maze

The remaining anxiolytic effects of AZ12216052 in mGluR8−/− mice might involve
mGluR4-mediated signaling. Although up to 30 μM AZ12216052 had no effect in GTPγS
binding assays using membranes prepared from mGluR4-expressing GHEK cells [11], in a
more crude Fluorometric Imaging Plate Reader (FLIPR) assay, mGluR4 transfected cells did
show a response to AZ12216052. Therefore, we assessed the potential effects of the
mGluR4-selective PAM VU 0155041 on measures of anxiety of adult wild-type mice using
the same experimental condition of a 2-hr interval between drug administration and
behavioral testing that was used for the AZ12216052. When dissolved in saline, VU
0155041 reduced measures of anxiety at 5 mg/kg, but not at 10 or 20 mg/kg (Fig. 3). VU
0155041 did not affect the velocity or distance moved of the mice, thus its effects on
measures of anxiety are not due to changes in activity levels. Since we found that DCPG
reduced measures of anxiety in the elevated zero maze in the presence, but not in the
absence, of 40% DMSO [11], we assessed the effects of VU 0155041 at 5 mg/kg in the
presence of DMSO as compared to saline. The anxiety-reducing effects of VU 0155041
were similar under both conditions (DMSO: 12.75 ± 2.22; DMSO-VU 0155041: 19.13 ±
1.52, t (14) = 2.467, p < 0.05, n = 8 mice/treatment).

3.3. mGluR8−/− mice show enhanced social interaction
To determine whether mGluR8 also plays a role in regulating anxiety under social
conditions, we assessed social interaction in 24-month-old mGluR8−/− and wild-type mice.
In contrast to measures of anxiety in the elevated zero maze, mGluR8−/− showed more
social interaction than wild-type mice (Fig. 4). Since we found that AZ12216052 reduced
measures of anxiety in the elevated zero maze and reduced the acoustic startle response [11],
we next assessed potential effects of AZ12216052 on social interaction of adult male and
female mice. AZ12216052 did not affect social interaction in male or female mice (Fig. 5).

4. DISCUSSION
The data of the current study show that AZ12216052 also reduced measures of anxiety in
the elevated zero maze and the acoustic startle response in mGluR8−/− mice. These effects
might involve mGluR4, as the mGluR4 PAM VU 0155041 reduced measures of anxiety in
wild-type mice. In contrast to measures of anxiety in the elevated zero maze and the acoustic
startle response, mGluR8−/− mice show enhanced social interaction while AZ12216052
does not affect social interaction in wild-type mice. These data support opposing role of
mGluR8 in measures of anxiety involving non-social and social challenges.

AZ12216052 reduced measures of anxiety in the elevated zero maze and the acoustic startle
response. The magnitude of the pharmacological effect, as compared to vehicle injection,
was similar in both genotypes for both outcome measures. These data support that effects of
AZ12216052 on measures of anxiety involve receptors other than mGluR8.
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Both vehicle-treated genotypes spent a relative low percentage of time in the anxiety-
provoking areas of the elevated zero maze. This is unlikely required to detect enhanced
measures of anxiety in mGluR8−/− mice, as Linden et al. [7] only found increased measures
of anxiety in mGluR8−/− mice in the elevated plus maze under less anxiogenic conditions.
Based on their results, they hypothesized that higher room illumination levels increased the
anxiety of both wild-type and mGluR8−/− animals, masking the effect caused by the lack of
the mGluR8 receptor. However, heightened anxiety levels might be required to detect
effects of AZ12216052 on measures of anxiety, consistent with the notion that this
compound is a positive allosteric modulator rather than a traditional agonist. Previously, we
showed only anxiolytic effects of DCPG under conditions of elevated anxiety-like behavior
[11].

In contrast to the genotype difference in measures of anxiety in the elevated zero maze, we
did not see a genotype difference in the acoustic startle response in 24-month-old mice. It is
possible that the genotype difference in the acoustic startle response observed at 6 and 12
months of age [8,9] is age-dependent and not therefore not seen at 24 months of age.
However, as the younger mice tested were not injected, we cannot exclude that potential
effects of vehicle injections in the current study might have masked a genotype difference in
24-month-old mice.

Our data show that in addition to measures of anxiety in the elevated zero maze and acoustic
startle tests, mGluR8 plays an opposite role in measures of anxiety involving social
challenges. mGluR8−/− mice show enhanced social interaction but increased measures of
anxiety in the elevated zero maze and acoustic startle response. Interestingly, the pattern of
these changes is the opposite pattern seen in mice lacking the vasopressin V1a receptor [16].
Vasopressin has been shown to play a critical role in social interaction and pair bonding and
regulation of anxiety under nonsocial challenges [16,25,26]. These data suggest that in
mGluR8−/− mice enhanced vasopressin-mediated signaling might mediate the opposing
effects on measures of anxiety involving social and non-social challenges. In contrast to
measures of anxiety involving non-social challenges, acute pharmacological administration
of AZ12216052 did not affect social interaction in wild-type mice. As the level of social
interaction in 2-year-old mGluR8−/− mice was similar to that seen in adult wild-type mice
but much higher than in 2-year-old wild-type mice, we cannot exclude that AZ12216052
might enhance social interaction under conditions of reduced levels of social interaction.
This suggests that mGluR8 modulation might only be effective in reducing social anxiety
levels when the levels are elevated. Alternatively, it is possible that AZ12216052 does not
affect social interaction in wild-type mice because the receptor(s) it acts upon in addition to
mGluR8 compensate for mGluR8-mediated signaling. Finally, it is possible that in contrast
to measures of anxiety involving non-social challenges, effects of mGluR8 deficiency in
utero, during postnatal development, or during adulthood are required for modulating social
interaction.

In summary, AZ12216052 reduces measures of anxiety in the elevated zero maze and the
acoustic startle response in mGluR8−/− and wild-type mice but does not affect social
interaction in wild-type mice. mGluR8−/− mice show enhanced social interaction but
increased measures of anxiety in the elevated zero maze and the acoustic startle response.
While the PAM AZ12216052 shows great promise as pharmacotherapy for anxiety
disorders, especially for the significant portion of patients with anxiety disorders showing
benzodiazepine insensitivity [27–30], increased efforts are warranted to determine the
mechanisms underlying the behavioral effects of mGluR8 and AZ12216052.
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Figure 1.
AZ12216052 reduces measure of anxiety of mGluR8−/− and wild-type mice in the elevated
zero maze (F (1, 26) = 5.721, p < 0.05). *p < 0.05 versus vehicle-treated genotype-matched
mice. AZ12216052 did not affect velocity of the mice in either genotype. n = 16 wild-type
and n = 12 mGluR8−/− mice.
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Figure 2.
AZ12216052 reduces the acoustic startle response of mGluR8−/− and wild-type mice (F (1,
27) = 4.963, p < 0.05). A. Stimulus intensity startle magnitude responses. B is baseline. B.
Acoustic startle responses collapsed across stimulus intensities. *p < 0.05, effects of
AZ122016052 on acoustic startle response. There was no effect of AZ122016052 on the
baseline startle response. n = 16 wild-type and n = 13 mGluR8−/− mice.
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Figure 3.
VU 0155041 reduces measure of anxiety of wild-type mice in the elevated zero maze. Wild-
type male mice were injected with saline (n = 14) or VU 0155041 at a dose of 5 (n = 8), 10
(n =16), or 20 (n = 8) mg/kg and behaviorally tested 2 hours later. At 5 mg/kg, VU 0155041
reduced measures of anxiety in the elevated zero maze (t (20) = 2.211, p < 0.05). *p < 0.05.
VU 0155041 did not affect velocity of the mice.
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Figure 4.
mGluR8−/− mice show enhanced social interaction. A. Time course of social interaction.
There was an interaction between time bin and genotype (F (1, 59) = 9.349, p < 0.01). B.
Social interaction data collapsed over the 5-min test session. t (10) = 4.750, p < 0.001. *p <
0.001. n = 8 wild-type and n = 8 wild-type stimulus mice; 4 mGluR8−/− test mice and n = 4
mGluR8−/− stimulus mice.
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Figure 5.
AZ12216052 does not affect social interaction of wild-type male or female mice. n = 12
male and n = 10 female wild-type test mice.
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