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Metabotropic glutamate receptor 7 (mGluR?7), a receptor with a distinct brain distribution and a putative role in anxiety, emotional
responding, and spatial working memory, could be an interesting therapeutic target for fear and anxiety disorders. mGluR7-deficient
(mGIluR7~'") mice showed essentially normal performance in tests for neuromotor and exploratory activity and passive avoidance
learning but prominent anxiolytic behavior in two anxiety tests. They showed a delayed learning curve during the acquisition of the
hidden-platform water maze, and three interspersed probe trials indicated that mGIuR7 /~ mice were slower to acquire spatial infor-
mation. Working memory in the water maze task and the radial arm maze was impaired in mGIuR7 '~ mice compared with mGIuR7""".
mGIuR7 '~ mice also displayed a higher resistance to extinction of fear-elicited response suppression in a conditioned emotional
response protocol. In a non-fear-based water maze protocol, mGIuR7 '~ mice displayed similar delayed extinction. These observed
behavioral changes are probably not attributable to changes in AMPA or NMDA receptor function because expression levels of AMPA and
NMDA receptors were unaltered. Extinction of conditioned fear is an active and context-dependent form of inhibitory learning and an
experimental model for therapeutic fear reduction. It appears to depend on glutamatergic and higher-level brain functions similar to
those involved in spatial working memory but functionally dissociated from those that mediate constitutional responses in anxiety tests.
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Introduction

Glutamate is the dominant excitatory neurotransmitter in the
mammalian CNS, eliciting its actions through ionotropic and
metabotropic receptors. Eight metabotropic glutamate receptor
(mGluR) subtypes have been identified and divided into three
groups based on sequence homology, pharmacology, and cou-
pling to different signaling pathways (Kew and Kemp, 2005).
Metabotropic glutamate receptor 7 (mGluR7) is a member of the
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group III family of mGluRs that bind to G; and inhibit adenylate
cyclase. It is the most highly conserved mGluR subtype in mam-
malian species (Makoff et al., 1996), abundantly expressed in
CNS regions implicated in fear and anxiety states such as amyg-
dala and hippocampus. Presynaptic mGluR7s modulate the re-
lease of neurotransmitters such as GABA, L-glutamate, and pos-
sibly monoamines (Schoepp, 2001). Specific mGluR7 ligands
were not available until recently, but studies in mGluR7-deficient
mice confirm that mGluR7 plays an important role in controlling
neuronal excitability (Sansig et al., 2001).

Fear and anxiety disorders are a major health concern (Na-
tional Institute of Mental Health, 2001), but current therapeutic
strategies based on anxiolytic drug treatment and fear extinction
procedures are ineffective in a proportion of patients, and novel
approaches to target the neuronal substrates of fear and anxiety
are definitely required (Myers and Davis, 2002; Swanson et al.,
2005; Craske et al., 2006). It is not clear, however, whether anxiety
tests that are used in preclinical studies on anxiolytic drugs, and
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extinction procedures based on the classical model of fear condi-
tioning (Pavlov, 1927), actually have a common substrate. Al-
though the neurobehavioral basis of fear acquisition is well un-
derstood (Maren, 2001), less is known about mechanisms
underlying extinction (Myers and Davis, 2002). Because extinc-
tion is now considered to be an active and context-dependent
form of learning inhibiting the expression of conditioned fear
responses (Bouton, 2002, 2004; Rescorla, 2004), it may depend
on higher-level cognitive processes similar to those involved in
working memory (Carter et al., 2003).

Along with other mGluRs, mGIuR7 could be a promising drug
target for affective disorders such as anxiety and depression (Lin-
den et al., 2002; Cryan et al., 2003; Swanson et al., 2005). Behav-
ioral studies in mGluR7-deficient mice indicate an involvement
of mGluR?7 in specific aspects of anxiety and emotional respond-
ing (Cryan et al., 2003; Mitsukawa et al., 2005). Additionally,
Holscher et al. (2004) described deficits in spatial working mem-
ory in these mice, suggesting that the model could be suitable to
investigate the association between higher-level cognitive pro-
cesses, anxiety, and fear conditioning.

In this study, we examined the role of mGluR7 in anxiety,
extinction of conditioned responses, and spatial working mem-
ory. Specific tasks were used to examine the possible involvement
of this receptor in these conceptually diverse neurobehavioral
phenomena. Different anxiety tests were included, and, in rela-
tion to the hypothetical association between these functions, we
investigated the possible concomitance of defects in spatial work-
ing memory (as a rodent model for higher-level cognitive pro-
cesses) and acquisition/extinction in the Morris water maze task
as well as in a conditioned emotional response (CER) procedure,
a controlled and well characterized method to investigate fear
conditioning (Davis, 1990).

Materials and Methods

Animals

mGIuR7~/~ mice were generated and extensively backcrossed (more
than F14 generations) to C57BL/6 background as described previously
(Sansig et al., 2001). Age-matched mGIuR7"/* littermates were used as
controls, and genotypes were confirmed by PCR. Mixed genotype groups
were kept in standard animal cages under conventional laboratory con-
ditions (12 h light/dark cycle, 22°C), with ad libitum access to food and
water (unless stated otherwise). Gender-mixed groups of animals aged
8—10 weeks were used for behavioral experiments, which were all con-
ducted during the light phase of their activity cycle. For neuromotor and
exploratory tasks (i.e., rotarod, grip strength, activity, passive avoidance,
elevated plus maze, open field, and social exploration) and CER, one
cohort of mice was tested, whereas for the remaining tasks, other naive
mice were used. All protocols have been reviewed and approved by the
animal experiments committee of the Katholieke Universiteit Leuven
and were performed in accordance with the European Community
Council Directive (86/609/EEC).

Neuromotor and visual performance

Because alterations in neuromotor and visual performance can markedly
confound performance in behavioral tests, we first assessed cage activity,
grip strength, and motor coordination and visual abilities in mGIuR7 ~/~
mice.

Cage activity. Cage activity was recorded using a laboratory-built ac-
tivity logger connected to three infrared photo beams. Mice were placed
individually in ~20 X 26 cm? transparent cages located between the
photo beams. Over a period of 24 h, activity was measured and expressed
as beam crossings for each 30 min interval.

Grip strength. Grip strength was measured using a device consisting of
a 10-cm-long T-shaped bar connected to a digital dynamometer (Ugo
Basile, Comerio, Italy). Mice were placed before the bar, which they
usually grabbed spontaneously, and gently pulled backwards until they
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released the bar (maximal readouts were recorded). Ten consecutive
measurements for each animal were averaged. No fatigue was observed
over this testing period.

Motor coordination. Motor coordination and equilibrium were tested
on an accelerating rotarod designed for mice (Med Associates, St. Albans,
VT). Mice were first trained at constant speed (4 rpm, 2 min) before
starting with four test trials (intertrial interval, 10 min). During these test
trials, the animals had to balance on a rotating rod (3.2 cm diameter, 5.7
cm width, 16.5 cm drop height) that accelerated from 4 to 40 rpm in 5
min, and time until they dropped from the rod was recorded (up to the 5
min cutoff).

Visual evoked potentials were recorded on a Myos 4 plus digital
EMG/EP recorder (Schwarzer, Munich, Germany) to assess whether
mGIuR7~’~ have normal vision. A platinum electrode was placed sub-
cutaneously between the eyes, and a reference electrode and a ground
lead were placed subcutaneously at the base of the skull and tail, respec-
tively. Two hundred light flash stimuli were presented, and the responses
were averaged.

Exploratory activity and defensive burying

Exploratory behavior in a novel environment was examined in the open-
field, social exploration, and elevated plus maze tests. In addition, the
marble-burying task was performed. These conflict tasks can be used to
measure anxiety-related behavior in mice.

Open-field exploration. Open-field exploration was examined using a
50 X 50 cm? square arena, which was illuminated by indirect light.
Animals were dark adapted for 30 min and placed in the arena for 10 min
each. Movements of the mice in the arena were recorded using EthoVi-
sion video tracking equipment and software (Noldus, Wageningen, The
Netherlands). Total path length and corner crossings were included as
measures of locomotor activity. These measures are highly correlated and
mainly indicate thigmotactic walking near the walls of the arena. Entries
into the center of the field were recorded as a measure of conflict resolu-
tion or anxiolysis.

Social interaction. Social interaction is another measure of anxiety (File
and Seth, 2003). The amount of time spent in social exploration was
measured in the open-field arena by placing two female mice in a cen-
trally located cage enabling visual, olfactory, and limited physical contact
with the tested male mouse. Mice started from a specific corner of the
arena, and recording of the explorative pattern began after 1 min of
adaptation. Total path lengths as well as number of entries and path
length in the center circle during 10 min trial duration were recorded as
measures of social exploration.

Elevated plus maze. The elevated plus maze was used to assess anxiety-
related exploration. The arena consisted of a plus-shaped maze with two
arms (21 X 5 cm) closed by high side walls and two arms without walls.
The maze was located 30 cm above the table surface. Mice were placed at
the center of the maze and were allowed to explore freely for 10 min.
Exploratory activity was recorded by five infrared beams (four for arm
entries and one for open-arm dwell) connected to a computerized activ-
ity logger.

Defensive burying test. The marble-burying test is another task to assess
anxiety-related behavior such as obsessive-compulsive disorders that has
shown reliable correlation with antidepressant activity (Borsini et al.,
2002; Cryan and Holmes, 2005). Whereas in many other tasks anxiolytic
behavior is characterized by increased responding (e.g., increased open-
arm entries in plus maze), the marble-burying test will actually show a
decrease in active responding (i.e., number of marbles buried) and is
therefore a good complementary test in an anxiety screening test battery
(Cryan and Holmes, 2005). Mice were placed individually in transparent
plastic cages (15 X 26 X 42 cm) containing 5 cm of sawdust and 24
identical glass marbles (~1.5 cm diameter) evenly spaced 2 cm from the
cage wall (Njung’e and Handley, 1991; Millan et al., 2000). The cages
were placed on a platform 80 cm above the floor and under bright illu-
mination. After 30 min, the mice were returned to their home cage, and
the number of marbles buried two-thirds by saw dust was counted.

Learning and memory tasks
Passive avoidance learning. Passive avoidance learning was assessed in a
two-compartment box with a shock grid (D’Hooge et al., 2005). This task
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allows measurement of avoidance behavior and learning abilities in mice.
The box consisted of an illuminated compartment and a dark compart-
ment, separated by a guillotine door. After 30 min adaptation to a dark
environment, the subject was placed in the light part, and latency to enter
the dark compartment was measured. If the subject failed to enter the
dark compartment within 5 min trial duration, it was gently probed to
enter the dark part. On entry into the dark compartment, the door was
closed and a 2 s footshock (0.2 mA) was applied. The mouse was then
removed from the box and placed in its home cage. Twenty-four hours
later, the dark-adapted mouse was again placed in the light box and
latency to enter the dark compartment was measured.

Morris water maze. Spatial memory abilities were examined in the
standard hidden-platform acquisition and retention (i.e., long-term
memory) and working memory versions of the Morris maze (Stewart
and Morris, 1993). A circular pool (diameter, 150 cm) was filled with
water, opacified with nontoxic white paint, and kept at 26°C as described
previously (D’Hooge et al., 2005). A round platform (diameter, 15 cm)
was hidden 1 cm beneath the surface of the water at a fixed position.
Swimming paths of the animals were recorded using EthoVision video
tracking equipment and software (Noldus).

Acquisition of reference memory. Each daily trial block consisted of four
swimming trials (10—15 min intertrial interval) starting randomly from
each of four starting positions. Mice that failed to find the platform
within 2 min were gently guided to the platform, where they remained for
15 s before being returned to their cages. Escape latency to find the
hidden platform, path length, swim velocity, and the time spent near the
wall (thigmotaxis) were recorded. Interspersed probe trials were con-
ducted 3 h after the last acquisition trial in a working week (usually on
Friday afternoons or after 13 trial blocks). During these probe trials, the
platform was removed from the pool, and the search pattern of the mice
was recorded for 100 s. Three such probe trials were conducted.

After establishing a stable acquisition curve and a clear preference for
the target quadrant during probe trials, the animals were subjected to
either a working memory task or an extinction task.

Working memory task in Morris water maze. On a subset of animals
(n =12 and 17 for mGIuR7""* and mGIuR7 /"~ respectively) a test of
working memory was administered. In this test, the location of the hid-
den platform was changed between each trial block. Each daily trial block
consisted of five swimming trials of 2 min: the first trial was regarded as a
cue trial, followed by four swimming trials (30 min intertrial interval),
which were used to calculate average escape latency. For the first six trial
blocks, the position of the platform during cue and during the following
four swimming trials was the same (spatial cue experiment). In an addi-
tional experiment of six trial blocks, we changed the position of the
platform for the four swimming trials to the opposite quadrant of the one
in the cue trial (uncued experiment).

Extinction of reference memory in Morris water maze. A different subset
of animals (1 = 14 and 14 for mGIuR7*/* and mGIuR7 "/~ respectively)
performed an extinction task with removed platform. Each trial block
consisted of four swimming trials of 100 s (10 min intertrial interval)
starting randomly from each of four starting positions. Two, three, and
three trial blocks were performed on 3 consecutive days. Time in target
quadrant, path length, swim velocity, time spent floating [defined as
swim velocity <5 cm/s (Lattal et al., 2003)], and the time spent near the
wall (thigmotaxis) were recorded.

Radial arm maze. Working memory was assessed using a radial arm
maze. In contrast to the water maze, the radial arm maze has been more
commonly used to assess working memory abilities (based on proximal
cues in a less aversive environment). The dark gray polyvinyl chloride
arena consisted of a central round platform (diameter, 40 cm) from
which eight enclosed arms (40 X 8 cm with a 5-cm-high wall) radiated.
Manually operated guillotine doors allowed the closing of individual
arms. At the end of each arm, a small food cup inserted in a hole con-
tained the food bait. The maze was situated 80 cm above the floor and
comprised extramaze cues as well as different black-and-white signs
posted at the arm entrances. A large cylinder made of black paper was
placed on the platform at the start of the trial, and the mouse was placed
inside the cylinder. After 10 s, the trial was started by lifting the paper
cylinder to allow access to the arms. After 5 d of handling and habituation
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to the maze (5 min/d), subjects were trained in the standard radial maze
tasks (eight choices) in one daily session. Each food cup contained a food
bait (chocolate-covered Rice Krispies; Kellogg’s, Battle Creek, MI), and
the mouse was to obtain all food pellets within 5 min. The session ended
when the subject either retrieved all eight food pellets or 5 min had
passed. No visit or a repeat visit to an arm was counted as an error. After
obtaining a stable rate of two or less errors per run, mice were tested in a
delayed non-matching-to-sample test for working memory assessment.
Four randomly assigned arms were baited; the subject was placed on the
platform and time to collect all four baits was measured. After retrieval of
all four baits, the subject was replaced in its home cage for 1 h. With all
arms accessible but only the previously closed arms now baited, the sub-
ject was again placed on the platform. Time to retrieve all four food
pellets was recorded, as well as errors of visiting unbaited arms and revisit
of baited arms.

Fear conditioning: CER procedure

Instrumental learning and acquisition and extinction of CER were tested
in an automated operant chamber (Coulbourn Instruments, Allentown,
PA) essentially as described previously (Van Dam et al., 2000). Before the
start of training, the animals were placed on a food restriction schedule to
keep their body weights at 80-90% of their free-feeding weights. They
were then trained by gradual shaping to nose poke for food pellets (Noyes
precision pellets; Research Diets, New Brunswick, NJ). During the 30
min training sessions, mice were able to obtain food pellets by using the
nose-poke device inside the cages. Mice received food rewards during all
trials throughout the experiment, but the reinforcement schedule was
gradually changed to arrive at a stable response rate. Training started
with five continuous reinforcement (CRF) sessions (i.e., every nose poke
was rewarded), followed by six fixed ratio (FR) sessions (three FR-5
sessions and three FR-10 sessions, in which every fifth and every 10th
nose poke was rewarded, respectively), ending with six variable interval
(VI) sessions, VI-30s (i.e., an average interval of 30 s was interposed
between reinforced responses). Rate of nose poking in each session was
recorded. Next, a cued fear conditioning procedure was superimposed
on the instrumental responding (CER procedure) (Davis, 1990). In eight
CER acquisition sessions, 0.2 mA shocks were presented with arandom 3
min interval. Shocks were signaled by 20 s auditory SonAlert signals,
which coterminated with the 0.2 s shock, while nose poking continued to
be reinforced on a VI-30 s schedule. In eight post-CER extinction ses-
sions, 20 s SonAlert signals were again presented with random 3 min
intervals but were no longer followed by shock, while nose poking con-
tinued to be reinforced as before. For each CER and post-CER session,
rate of nose poking during the auditory cues was compared with rate of
nose poking during the interstimulus intervals by means of a suppression
ratio (SR), given as follows: SR = RRyp/(RR¢yg + RRygp), with RR g
and RRg; representing mean response rates in the presence and absence
of the auditory cues, respectively. As such, an SR of 0.5 indicates complete
lack of suppression (equal response rates in the presence and absence of
the cues), whereas an SR of 0 indicates complete suppression (complete
lack of responding in the presence of the cues).

Histoblot analysis of AMPA and NMDA receptor

protein expression

Brains from three wild-type (mGIuR7*/*) and three mGluR7-deficient
transgenic (mGIuR7 /") adult mice were used to determine changes in
the distribution of AMPA- and NMDA-type ionotropic glutamate recep-
tor (iGluR) subunit proteins, using an in situ blotting technique (histo-
blot) (Kopniczky et al., 2005). In brief, animals were deeply anesthetized
and decapitated, and the brains were quickly frozen in isopentane and
stored at —80°C until sectioning. Horizontal cryostat sections (10 wm)
were apposed to nitrocellulose membranes, which were previously
moistened with 48 mwm Tris base, 39 mm glycine, 2% (w/v) SDS, and 20%
(v/v) methanol for 15 min at room temperature. After blocking in 5%
(w/v) nonfat dry milk in PBS, nitrocellulose membranes were DNase I
treated (5 U/ml), washed, and incubated in 2% (w/v) SDS and, 100 mm
B-mercaptoethanol in 100 mwm Tris-HCI, pH 7.0, for 60 min at 45°C to
remove adhering tissue residues. After excessive washing, blots were re-
acted with affinity-purified anti-GluR1-GluR4 (Pickard et al., 2000) and
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anti-NR1 NMDA receptor (Molnar et al., 1995) subunit-specific anti-
bodies (0.5 ug/ml) in blocking solution overnight at 4°C. The bound
primary antibodies were detected with alkaline phosphatase-conjugated
anti-rabbit IgG secondary antibody (Tonnes etal., 1999). To facilitate the
identification of structures and cell layers, adjacent cryostat sections were
stained with cresyl violet. Digital images were acquired by scanning the
membranes using a desktop scanner. Image analysis and processing were
performed using the Adobe Photoshop software (Adobe Systems, San
Jose, CA). When processing the images, each was treated identically to
allow comparison of pixel densities in different hippocampal and cortical
regions. The pixel density of immunoreactivity was measured by an ex-
perimenter blind to the experimental conditions using a previously es-
tablished quantification strategy (Kopniczky et al., 2005). Briefly, open
circular cursors with a diameter of 0.30 mm were placed on the striatum
(eight circles) and perirhinal cortex (four circles; asillustrated in Fig. 7A),
and smaller circles (diameter, 0.10 mm) were placed at adjacent positions
along the stratum oriens (eight circles), stratum radiatum (six circles),
stratum lacunosum moleculare (seven circles), stratum moleculare of
dentate gyrus (12 circles), hilum of dentate gyrus (six circles), and stra-
tum lucidum of CA3 (seven circles; as illustrated in Fig. 7B). The average
of 10 background determinations (performed near the brain protein-
containing areas of the immunostained nitrocellulose papers) was sub-
tracted from the average pixel densities measured within various hip-
pocampal regions. After background corrections, the average pixel
density for the whole subregion of the hippocampus or cortex from one
animal counted as one n. Differences between the corresponding hip-
pocampal regions of mGIuR7*"* and mGIuR7 /" animals were assessed
using a two-way ANOVA and further compared with the Bonferroni’s
post hoc test, at a minimum confidence level of p < 0.05.

Statistical analysis

Data are presented as mean * SEM. Differences between mean values
were determined using two-tailed f tests or ANOVA procedures with
Bonferroni’s corrections for post hoc comparisons. Differences of p <
0.05 were considered significant.

Results

Neuromotor and visual performance

A group of 16 mGIuR7 '~ and 14 mGIuR7*"" were tested in
neuromotor tests, exploratory behavior, passive avoidance, and
CER.

No gross behavioral differences between the mGIuR7*/* and
mGIuR7 '~ mice were observed, including normal breeding be-
havior. Also, no differences were observed in neuromotor and
cage activity tests between mGIuR7""" and mGIuR7 /~ mice.
Cage activity was almost the same in mGIuR7"’* (total counts
per24h,11,785 = 1361) asin mGIuR7 ™~ mice (11,749 = 1235).
Grip strength was also not different between mGIuR7 /" (455 +
24 mN) and mGIuR7 ™'~ (426 * 24 mN) mice, and mGIuR7*'*
stayed on average 172 = 19 s on the rotarod compared with 186 =
16 sin mGIuR7 '~ mice (difference not significant).

Recordings from dark-adapted visual evoked potentials
showed a distinguished peak at 45.83 ms (peak latency) with
similar amplitude for both genotypes (data not shown), indicat-
ing that mGIuR7 /" visual sensitivity was not different from
mGIuR7 ™",

Exploratory activity

In the open-field and social exploration tasks, mGIuR7 '~ mice
showed a tendency to cover longer distances (path length) and
enter the center more often than mGIuR7*’™ (Table 1). These
differences in the open-field tests were not significant, but the
elevated plus maze test definitely revealed that mGIuR7 /" ani-
mals were more actively exploring the arena than wild-type lit-
termates, expressed by a larger total number of arm entries in the
mGIuR7~'~ group (F, 56 = 10.932; p = 0.002) (Fig. 1A). Nota-
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Table 1. Summary of exploratory behavior in mGluR7 '~ and mGIuR7*"* mice

mGluR7 "+ mGluR7 "~
(n=14) (n=16)
Open field
Total path length (cm) 1896 =+ 170 2116 = 420
Corner entries 43 +4 37+5
Entries in center n=*2 13+4
9% path length in center n=x2 Mn=x2
Social exploration
Total path length (cm) 2818 = 316 2982 = 437
Corner entries 39+3 27 £ 4
Entries in center 26+ 4 29 %5
% path length in center 3=*5 31£5
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Figure 1.  Elevated plus maze performance and marble-burying task in mGIuR7 "™ (black
bars) and mGluR7 /"~ (white bars) mice. Total number of arm entries were recorded duringa
10 mintrial (4) as well as time spent in the open arms (B) and number of crossings into the open
versus closed arms (C). mGIuR7 ~/~ mice were generally more active during this test but also
showed anxiolytic-like behavior because they spent more time and entered more in the open
arms than mG/uR7 ™. The marble-burying task revealed significantly fewer marbles buried
by mGIuR7 "~ Values are expressed as mean *+ SEM; **p < 0.01, significant difference
between mGluR7*/* and mGIuR7 "~ values.

bly, mGIuR7~’~ animals spent more time in the open arms than
wild types (F(, 55y = 6.308; p = 0.015) (Fig. 1 B) and also showed
relatively more open-arm activity compared with mGIuR7*/*
littermates (F, sy = 10.202; p = 0.002) (Fig. 1C). These latter
measures indicate that the increase in open-arm exploration in
the mGIuR7 /"~ group cannot be reduced to increased locomotor
activity. The assessment of behavior in the elevated plus maze was
done in two different experimental groups at two different time
points. The data were not different and were pooled, resulting in
a group of n = 28 and 30 for mGIuR7 """ and mGIluR7 /",
respectively.

A naive, gender-mixed group of mice (n = 28 and 30 for
mGIuR7*"* and mGIuR7 ', respectively) were tested in the
marble-burying task. mGIuR7 '~ buried significantly fewer mar-
bles during the 30 min trial than their wild-type littermates
(Fi1.56) = 16.33; p < 0.001) (Fig. 1D).
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Learning and memory tasks

In the passive avoidance task, mGIuR7 ’~ had a reduced latency
to enter the unknown dark compartment compared with
mGIuR7™* [33 s (11.75/105) and 20 s (13/44) expressed as me-
dian (25/75 percentile) for mGIuR7*"* and mGIuR7 /", respec-
tively], but the difference was not significant (Kruskal-Wallis
one-way ANOVA; p = 0.772). After the experience of a foot-
shock, both groups would not enter the dark compartment
within the allotted 5 min.

A naive gender-mixed group of mice were assessed in the
Morris water maze task (n = 26 and 31 for mGluR7"™’* and
mGIuR7 '~ respectively). During the acquisition trial blocks,
both groupslearned the position of the hidden platform, which is
revealed by a significant main effect of trial block (F,, 456, =
68.914; p < 0.001). However, mGIuR7 /" animals displayed a
significant delay in acquiring this task compared with their wild-
type littermates (F(, 55) = 11.348; p < 0.005) (Fig. 2A), with no
significant interaction ( p = 0.092). This effect can only partly be
explained by the slightly but significantly lower swim speed of
mGIuR7 ™/~ (F1,37) = 7.455; p = 0.01) (Fig. 2B, inset). In con-
trast, the time spent near the wall, a measure for thigmotaxis,
decreased in a similar manner to the latency over the 13 acquisi-
tion trials, but ANOVA revealed no significant effect between
mGIuR7""* and mGIuR7 /. At the end of a trial week, probe
trials were performed in the afternoon (i.e., after trial block 5, 10,
and 13) (Fig. 2C). Whereas mGIuR7 /" displayed a clear prefer-
ence for the target quadrant already after 10 trial blocks, the
mGIuR7 '~ needed at least three more trial blocks to show a
reliable target quadrant preference, which is revealed in a signif-
icant difference between genotypes in time spent in target quad-
rant during probe trial 2 (F(, 55) = 7.382; p = 0.009). The statis-
tical analysis over all three probe trials using ANOVA with probe
trial and genotype as variables found significant main effects of
probe trial (F(, 44 = 9.361; p < 0.001) and genotype (F; j54) =
11.811; p < 0.005), without reliable interaction. The results from
the three probe trials suggest that mGIuR7 """ mice were some-
what quicker to acquire information about the location of the
platform than mGIuR7 /"~ mice.

Working memory was assessed in the Morris water maze by
daily changing the location of the hidden platform. In the cued
trials (Fig. 3A), mGIuR7 /~ mice were consistently slower in
finding the hidden platform than their mGIuR7 ™™ littermates
(F(1,20) = 4.708; p < 0.05), whereas in the uncued trials (Fig. 3B),
both mGIuR7 ™~ and mGIuR7"’" displayed the same latency to
find the hidden platform. We also measured the savings between
swim 1 and 2 by subtracting the individual latencies and averag-
ing the group mean savings over the 6 d trial period (Fig. 3C).
Overall, mGIuR7""* show an increased saving from swim 1 to 2
when compared with mGIuR7 ~/~, but this difference is not sig-
nificant because of the large variations (10.52 * 3.6 and 3.9 = 3.2
for mGIuR7""" and mGIuR7’~, respectively). However, the
comparison between cued and non-cued trials reveals that
mGIuR7*"* display a significantly increased saving in cued trials
(F(1.127) = 7.312; p < 0.01). In contrast, mGIuR7 '~ show no
difference in saving whether a cue is presented or not (F(, ;75 =
0.417; p = 0.5). This suggests that mGIuR7""" are solving the
matching-to-position task better because of a superior short-
term memory, whereas mGIluR7 ’~ show equal performance in
both trial setups.

In the extinction trials, a significant difference in swimming
behavior was observed. Over 3 extinction days, the time spent in
the target quadrant was significantly reduced to chance level (Fig.
4A). ANOVA with day and genotype as variables revealed a
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Figure 2.  Fixed-platform water maze performance in mG/uR7 "~ mice and wild-type lit-

termates. All mice learned to find the submerged platform during 13 consecutive trial blocks
(A), but, when measuring the mean escape latency, it took mGluR7 /™ (open circles) signifi-
cantly longer than mGluR7™/™ (filled squares) to find the hidden platform (n = 26 -31 per
group), which is only partly attributable to the reduced swim speed in mGIluR7 "~ (see inset).
In contrast, when measuring the time the animals spent near the wall, both groups quickly
abandoned the thigmotactic behavior (B; difference not significant) and searched actively for
the hidden platform. Three interspersed probe trials (P1-P3) were performed to evaluate
whether the animals had developed spatial preference for the target quadrant (C). Total time in
each quadrant (i.e., target, black bar; opposite target, gray bar; adjacent 1and 2, white bars) is
plotted for each probe trial, expressed as mean + SEM. Whereas mGIuR7** show a clearly
established preference for the target quadrant already at probe 2, mGluR7 /"~ show a signifi-
cant preference for target quadrant only at probe 3. **p << 0.01, significant preference for the
target quadrant.
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Figure 3.  Assessment of working memory in the water maze task in mGluR7"™"™ (filled
circles) and mGluR7 "~ (open circles) mice. In daily trial blocks of five swims, mice had to find
a hidden platform with daily changing location of the platform. During the cued matching-to-
position experiment (first swim indicates platform location for the following 4 swims),
mGluR7™"™" mice found the hidden platform slightly faster than mGluR7 ~/~ mice (4; p <
0.05). During the uncued experiment (platform location during first swim opposite location of
the following 4 swims), both genotypes needed a similar amount of time to find the hidden
platform (B). Data are means == SEM for swim 2—5, averaged by genotype. Savings in escape
latency between swim 1and 2 during cued matching-to-position experiment was increased in
mGluR7*/* mice, butthe difference was not significant (C). The comparison between cued and
uncued experiment revealed that mGIuR7 */* (black bars) display a significantly larger saving
when presented with a cue than without ( p << 0.01), whereas mGIuR7 "~ (white bars) show
similar performance. Values are means = SEM for individual swim 1—swim 2 latencies aver-
aged over 6 trial days.

highly significant main effect for day (F,, ,4) = 28.052; p < 0.001)
and genotype (F, ;5 = 3.952; p = 0.05), indicating that, over 3 d
of extinction trials, the mice abandon their spatial preference for
one quadrant and change their search pattern. This is also illus-
trated by the time spent near the wall (Fig. 4 B), which increases in
both groups over the 3 extinction days. However, mGIuR7 """
were much quicker to adopt a new search strategy than their
mGIuR7~’~ counterparts. ANOVA with day and genotype as
variables revealed a significant main effect for day (F, .4 =
16.154; p < 0.001) and genotype (F(, 55, = 20.15; p < 0.001), with
no reliable interaction. In parallel, over the 3 extinction days,
swim speed was significantly reduced (F, 75, = 4.75; p = 0.011),
but no difference between the genotypes was observed ( p = 0.08)
(Fig. 4 D). Whereas swim speed reduced over the extinction days,
the amount of time spent floating increased slightly but signifi-
cantly (F, ,5) = 4.325; p = 0.017) (Fig. 4C).

A naive gender-mixed group of mice were assessed in the
radial arm maze task (n = 18 and 12 for mGluR7™’* and
mGIuR7~'~, respectively). Over several weeks, subjects were
trained to retrieve pellets from food wells located in an eight-arm
radial maze (Fig. 5). Non-visits or repeat visits during a trial were
counted as errors. mGIuR7 " mice quickly learned to retrieve all
eight food pellets within five training trials in the radial arm maze
task and maintained a low error margin throughout the acquisi-
tion period. Conversely, mGIuR7 /~ showed variable and incon-
sistent ability to learn to retrieve food pellets from the maze, and
there was a significant difference in number of errors between the
genotypes (F(, ,5) = 9.868; p = 0.004).
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Figure 4.  Extinction of spatial reference memory in Morris water maze. After both groups
had learned the position of the hidden platform by swimming preferentially in the target quad-
rant during probe trials, 3 extinction days were performed with the platform removed. Two,
three, and three trial blocks per day were conducted, each trial block consisting of four swim
trials. Already on day 2, both groups quickly abandon the preference for the former target
quadrant (). A detailed analysis of the swim paths revealed a very different search strategy
between the two groups. Whereas mGluR7 ™™ (filled squares) quickly stopped searching in
the center and started swimming closer to the wall, mGluR7 "~ (open circles) continued to
search in the center for the platform and display less thigmotactic behavior (B). That this is part
of an active searching strategy is also indicated by the relatively small increase of floating
behavior (€) and reduction in swim speed (D).
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Figure 5. Radial arm maze acquisition performance in mGluR7 "~ (open circles) and
mGluR7 /" (filled circles). Over several weeks, subjects were trained to retrieve pellets from
food wells located in the eight arms of the radial maze. Non-visits or repeat visits were counted
aserrors, and a trial lasted 5 min or until all pellets were retrieved. mGluR7 ™/ mice were faster
in learing to retrieve all pellets compared with mGluR7 "~ mice ( p = 0.004), which were
more variable and inconsistent in their performance. Values are means = SEM of counted
errors.

However, in the delayed, non-matching-to-sample task, no
difference in error performance was observed between the two
genotypes (data not shown).

CER acquisition and extinction

The CER task for fear conditioning revealed significant differ-
ences between the two genotypes. During the initial training ses-
sions (Fig. 6A), both genotypes displayed a robust increase of
nose poking and reached stable performance (1620 nose pokes/
min) during the final VI-30s trials. Throughout the initial ses-
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Figure 6.  Food-rewarded operant conditioning and CER in mGIuR7 /"~ (open symbols) and wild-type (filled symbols) mice.
During the operant sessions (4), food-deprived mice were trained to nose poke for food pellets by positive reinforcement (CRF,
FR-5 and FR-10, and VI-30s trials). On establishing a stable response rate, eight CER acquisition trials (B) were followed by eight
CER extinction trials (C). Both genotypes displayed similar response suppression during the acquisition trials, but, during extinc-
tion, mGluR7*/* mice resumed instrumental responding significantly faster than mGIuR7 "~ (see Results). Values are

means & SEM.

sions, mGIuR7 /"~ mice displayed a slightly higher response rate
than their mGIuR7"/" littermates (F,; 55, = 4.69; p = 0.04), but
genotype did not interact with session. In the eight CER sessions
(acquisition of conditioned fear), both genotypes displayed a
rapid suppression of nose poking, reaching almost complete sup-
pression by the second CER trial (Fig. 6 B). During eight subse-
quent tone-alone trials (Fig. 6C), both groups gradually resumed
nose poking (F; 155y = 39.15; p < 0.001). Fear-elicited suppres-
sion during these latter trials proved more resistant to extinction
in the mGIuR7 ™/~ than in mGIuR7 ™™ littermates (F, ,¢, = 5.91;
p = 0.022). The significant interaction between session and ge-
notype (F(; 155 = 2.85; p = 0.008) indicates that mGIuR7 '~
started from a similar level as controls but lagged approximately
three sessions behind in recovery from conditioned fear and
eventually attained extinction of fear-elicited suppression equiv-
alent to mGIuR™*"* mice.

Characterization of AMPA and NMDA receptor protein
expression in control and mGIuR7 '~ mice brain samples
To identify possible differences in the expression pattern of
AMPA and NMDA receptors, adjacent horizontal sections of
whole unfixed mGIuR7 """ and mGIuR7 '~ brains were blotted
onto nitrocellulose membranes before immunostaining as de-
scribed previously (Tonnes et al., 1999). This histoblot method is
a reliable and convenient way to compare the regional distribu-
tion and expression pattern of different receptor proteins in the
brain (Kopniczky et al., 2005). An antibody raised against the
conserved transmembrane 3—4 linker region was used to recog-
nize all AMPA receptor subunits (GluR1-GluR4 flip and flop)
(Pickard et al., 2000). To study the expression pattern of NMDA
receptor proteins, the NR1 subunit was investigated, which is an
essential component of all known NMDA receptor heterooli-
gomers. The AMPA receptor subunits GluR1-GluR4 were local-
ized in strata oriens, radiatum, and lacunosum-moleculare of
CA1-CA3, in the molecular layer of the dentate gyrus, and in the
superficial layers of neocortex (Fig. 7C). The NR1 NMDA recep-
tor subunit immunoreactivity was prominent in the strata oriens
and radiatum of CAl, in the outer molecular layer of the dentate
gyrus, and in the superficial layers of neocortex (Fig. 7D).
Densitometry analysis was performed to compare the immu-
noreactivity in the corresponding hippocampal and cortical re-
gions of mGIuR7""* and mGIuR7~'~ brains. There were no de-
tectable changes in the density of GluR1-GluR4 AMPA receptor
and NR1 NMDA receptor subunit staining in any of the brain
regions investigated (Fig. 7C,D).
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Discussion
Fear and anxiety disorders are a major

0.5 . . .
e public health concern (National Institute
’ of Mental Health, 2001). These disorders
0.3 . .
are often resistant to current therapeutic
0.2 approaches such as anxiolytic drug treat-
0.1 ment and cognitive behavior therapy.
0.0 Novel treatment strategies are required,

and manipulations of the glutamatergic
Trials system through mGluRs are widely con-
sidered the most promising avenue (Swan-
son et al., 2005). In the present study, we
uncovered specific differences between
mGIuR7 '~ mice and their wild-type lit-
termates in anxiety-related tests and fear
conditioning. We found a significant im-
pairment in reference memory acquisition
and spatial working memory. Further-
more, we found a resistance to extinction in a Morris water maze
task as well as in an emotional response model in mGIuR7 "/~
mice. These latter findings are of particular importance in view of
a putative neurocognitive association between working memory
and extinction, the involvement of mGluR?7 in fear and anxiety-
related behaviors, and their possible implications for the psycho-
pharmacological and behavioral treatment of fear and anxiety
disorders (LeDoux, 1998).

Previous studies of mGIuR7 '~ mouse brains established the
lack of gross histological abnormalities or compensatory changes
in mGluR4 or mGluR8 expression (Sansig et al., 2001). Our
present results show that changes in AMPA and NMDA receptor
expression, which could also have contributed to the mGIuR7 /"~
behavioral phenotype (Falls et al., 1992), did not occur in
mGIuR7~'~ mice either.

Working memory defects

The moving platform water maze and radial arm maze protocols
are used to assess working memory in laboratory rodents
(Hodges, 1996). In rodent tasks, working memory defines a cog-
nitive process to store and manipulate information relevant only
for a short period of time or within a session (Dudchenko, 2004).
Our present observations support a critical role of mGIluR7 in
spatial working memory functioning. The results of the initial
water maze training indicate a deficit in task acquisition, but,
after continued training, mGIuR7 '~ mice eventually reached
similar proficiency levels as wild-type controls. Most signifi-
cantly, the results of the moving-platform trials specifically show
a spatial working memory deficit. During the cued, matching-to-
position trials, mGIuR7 """ benefited from being cued to the lo-
cation of the platform in the first trial, whereas mGIuR7 '~ were
less able to use such working memory information, which was
confirmed by more savings between swim 1 and 2 in mGIuR7*/*.
During the uncued trials, in which the first trial did not refer the
animals to the actual position of the escape platform, perfor-
mance turned out to be similar in both genotype groups, and
savings in both groups were reduced or negative.

It was demonstrated previously that matching-to-position
working memory performance in water maze was especially sen-
sitive to hippocampal impairment (Astur et al., 2002; Ferbin-
teanu et al., 2003; de Hoz et al., 2005). A specific role of the
glutamatergic system therein is supported by findings of memory
impairment caused by blocking of hippocampal NMDA recep-
tors (Steele and Morris, 1999). Holscher et al. (2004) observed
deficits in spatial working memory in mGIuR7 '~ mice, whereas
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their long-term memory performance was
unaltered in a radial arm maze. Our data
expand this to working memory deficits in
spatial cue experiments using the water
maze and further support the crucial in-
volvement of mGIuR7 and other gluta-
mate receptors in various memory pro-
cesses (Riedel et al., 2003).

Delayed extinction of
conditioned responses
A second important new finding was the
delayed extinction in mGIuR7~’~ mice of
learned spatial preference in the Morris
water maze and of conditioned fear re-
sponses in the CER procedure. In contrast,
expression or acquisition of conditioned
fear appeared to be unaltered. The only
other evidence for a role of group III
mGluR in fear and anxiety-related behav-
ior comes from studies in mGIuR7 /'~
mice displaying reduced shock-induced
freezing and impaired conditioned taste
aversion (Masugi et al., 1999) and reduced
anxiety in the elevated plus maze and sev-
eral depression-like behaviors (Cryan et
al., 2003). In contrast to group III mGluR,
the involvement of group I or group II re-
ceptors in fear and anxiety-related behav-
ior is relatively well established (Swanson
etal.,, 2005). Injection of group I (mGluR1
and mGluR5) antagonists elicited dose-
dependent anxiolytic behavior in elevated
plus maze, social exploration, and defen-
sive burying, as well as inhibited fear-
potentiated startle and contextual fear
conditioning (Spooren et al., 2000; Tatarc-
zynska et al., 2001; Pietraszek et al., 2005).
In contrast, administration of a group II
agonist evoked anxiolytic activity in the el-
evated plus maze (Monn et al., 1997; Helton
etal., 1998), whereas elevated plus maze per-
formance and social interaction were unal-
tered by injecting a group II antagonist
(Chaki et al., 2004). In summary, it now ap-
pears that all three mGluR groups are impor-
tant mediators of fear and anxiety.
Impairments in fear conditioning have
been reported to coincide with anxiolytic
behaviors in rodents (Weiss et al., 2000).
In mGluR7/~ mice, we presently show
anxiolytic-like behavior in the elevated plus
maze and marble-burying task that is disso-
ciated from their delayed fear extinction. Al-
though these observations seem paradoxi-
cal, serotonin-3A receptor knock-out
mice, part of a group of well established
anxiety models, also displayed decreased
anxiety in the elevated plus maze, unal-

tered open-field exploration, and enhanced fear-induced freez-
ing (Bhatnagar et al., 2004). This is also in accordance with fear
extinction being inhibited by anxiolytic benzodiazepine receptor

ligands (Harris and Westbrook, 1998).
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Figure 7. Comparison of AMPA and NMDA receptor subunit protein expression in control and mGIuR7 /" brains. A, Nissl-
stained adjacent sections were used to identify the different brain regions after immunostaining. Cyclamen and dark blue dots
indicate the sampling sites for striatum (8 circles with a diameter of 0.3 mm) and the perirhinal cortex (4 circles with a diameter of
0.3 mm), respectively. B, Schematic diagram illustrating the sampling method used to compare immunoreactivities in different
hippocampal regions (for details, see Materials and Methods). The colors represent layers of the hippocampal formation: red,
stratum oriens (S0); green, stratum radiatum (SR); yellow, stratum lacunosum-moleculare (SLM); plum, stratum moleculare of
dentate gyrus (SM); blue, hilum of dentate gyrus (H); lila, stratum lucidum of CA3 (SL); pink, striatum (ST); dark blue, perirhinal
cortex (PR). Density readings were taken by placing open circular cursors with a diameter of 0.1 mm at the indicated adjacent
positions along SO (8), SR (6), SLM (7), SM (12), H (6), and SL (7). C, D, Representative histoblots of corresponding regions of
mGluR7*/* and mGIuR7 "~ brainsimmunostained with antibodies against GluR1—GIuR4 (€) or NR1 (D) iGIuR subunit proteins.
Forillustration proposes, grayscale histoblot images were converted to color gradients using gradient mapping. Scale bars, 1 mm.
The bar diagrams indicate the pixel density levels (arbitrary units) in various hippocampal and cortical regions in mGIuR7 /"
(open bars) and mGluR7 "~ (filled bars) animals for the indicated iGluR subunit proteins. Quantitative comparison revealed no
significant differences ( p > 0.05).

Concurrence of working memory and extinction

The cognitive basis of extinction is a matter of debate, but it has
been demonstrated that the disappearance of the conditioned
response does not reflect a parallel disappearance of the underly-
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ing conditioned stimulus—unconditioned stimulus association at
the cognitive, representational level. Instead, extinction treat-
ment generates new (inhibitory) context-dependent learning
(Bouton, 2002, 2004). In human subjects, concurrent working
memory performance interferes with Pavlovian fear condition-
ing, indicating that fear response acquisition in humans is a
learning phenomenon that may also depend on higher-level cog-
nitive processes (Carter et al., 2003). Concurrence of deficits in
working memory and conditioned fear extinction in mGIuR7 "/~
mice suggests that suppression of conditioned fear during extinc-
tion training may rely on working memory resources, similar to
other forms of fear suppression in rats (Beckers et al., 2006).

Our suggestion of a role of mGluR in extinction is consistent
with current knowledge about the relevant signaling pathways
and neuroanatomical regions. Extinction requires an intact glu-
tamate receptor signaling pathway and induces gene expression
and protein synthesis in the basolateral amygdala, hippocampus,
and insular cortex (Berman and Dudai, 2001; Lu et al., 2001;
Myers and Davis, 2002; Walker et al., 2002; Quirk and Gehlert,
2003; Szapiro et al., 2003; Vianna et al., 2003). Intra-amygdala
infusion of an NMDA antagonist blocks conditioned fear extinc-
tion (Falls et al., 1992), and amygdalar NMDA receptors are in-
volved in the acquisition but not in the expression of fear re-
sponses (Miserendino et al., 1990). This suggests that acquisition
and extinction share a common mechanism, but Cain et al.
(2002) argued that the neuroplasticity underlying extinction in-
volves L-type voltage-gated calcium channels rather than NMDA
receptors. This and other evidence indicates that some processes
underlying extinction might be distinct from those involved in
acquisition or expression of fear responses (Cain et al., 2002;
Barrett et al., 2003; Anglada-Figueroa and Quirk, 2005).

Specific CNS regions are involved during extinction, includ-
ing prefrontal cortex, medial thalamus, and hippocampus
(Maren, 2001; Barrett et al., 2003). Metabolic mapping during
extinction revealed extensive interaction between several tha-
lamic nuclei and hippocampal formation, which was negatively
correlated to prefrontal cortex activation (Barrett et al., 2003).
There is considerable overlap between the neuroanatomical dis-
tribution of mGluR7 and brain regions involved in fear response
conditioning, most strikingly those involved in extinction. Ki-
noshita et al. (1998) showed a distinct distribution pattern of
mGluR7 with abundant expression in several telencephalic re-
gions, most prominently the amygdalo-hippocampal area and
the entire neocortex, with low expression levels in diencephalon,
brainstem, and cerebellar cortex. The deficit observed in
mGIuR7 '~ mice during the CER experiment affects behavioral
inhibition of conditioned fear but obviously not, or to a lesser
degree, initial acquisition of the fear response. This may relate to
the different brain structures putatively underlying acquisition
(amygdala) and extinction (hippocampus and prefrontal cortex).
Notably, hippocampus and prefrontal cortex are also involved in
working memory processes that contribute to memory consoli-
dation (Ranganath et al., 2005).

Conclusion

The present findings indicate that mGluR7 could be involved in
the neurobiological mechanism(s) underlying the conceptually
diverse phenomena of anxiety, fear extinction, and spatial work-
ing memory, but, at present, there is little literature support for
such a common mechanism. Nevertheless, recent studies re-
vealed that theta activity in hippocampus was increased in
mGIuR7 '~ mice and that this alteration of rhythmic activity was
associated with the working memory defect (Holscher et al.,
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2005). It has been demonstrated that increases in the amygdalo-
hippocampal area also coincide with fear conditioning and ex-
pression of anxiety and fear-related responses (Seidenbecher et
al., 2003). We presently show that anxiety, extinction of condi-
tioned responses, and working memory are indeed impaired in
mGIuR7~’~ mice, and mGluR7 involvement in these neurobe-
havioral phenomena is thus suggested.
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