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The Group | Metabotropic Glutamate Receptor mGluR5 Is Required
for Fear Memory Formation and Long-Term Potentiation in the
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The group | metabotropic glutamate receptor subtype mGIuR5
has been shown to play a key role in the modulation of synaptic
plasticity. The present experiments examined the function of
mGIuR5 in the circuitry underlying Pavlovian fear conditioning
using neuroanatomical, electrophysiological, and behavioral
techniques. First, we show using immunocytochemical and
tract-tracing methods that mGIuR5 is localized to dendritic
shafts and spines in the lateral nucleus of the amygdala (LA)
and is postsynaptic to auditory thalamic inputs. In electrophys-
iological experiments, we show that long-term potentiation at
thalamic input synapses to the LA is impaired by bath applica-

tion of a specific mGIuR5 antagonist, 2-methyl-6-(phenyle-
thynyl)-pyridine (MPEP), in vitro. Finally, we show that intra-
amygdala administration of MPEP dose-dependently impairs
the acquisition, but not expression or consolidation, of auditory
and contextual fear conditioning. Collectively, the results of this
study indicate that mGIuRS5 in the LA plays a crucial role in fear
conditioning and in plasticity at synapses involved in fear
conditioning.

Key words: mGIuR5; fear conditioning; MPEP; LTP; amyg-
dala; plasticity

Metabotropic glutamate receptors (mGluRs) modulate neural ac-
tivity via their linkage to various intracellular cascades (for review,
see Nakanishi, 1992; Pin and Duvoisin, 1995; Anwyl, 1999). The
Group I mGluRs, which consist of the subtypes mGluR1 and
mGIuRS5, appear to be especially important for synaptic plasticity
(Huber et al., 1998; Balschun et al., 1999; Kleppisch et al., 2001).
Neuroanatomical, behavioral, and electrophysiological experi-
ments have recently shown that the mGluRS subtype, in particular,
is critical for the associative strengthening of neural connections
during learning (Lu et al., 1997; Jia et al., 1998; Riedel et al., 2000).
The contribution of mGIuRS to synaptic plasticity and associative
learning may be related to the fact that it has a mutual potentiative
relationship with NMDA receptors (NMDARs) (Doherty et al.,
1997; Alagarsamy et al., 1999, 2001). In addition, these two classes
of glutamate receptors are linked via synaptic scaffolding proteins
(Ehlers, 1999; Naisbitt et al., 1999; Tu et al., 1999). These factors
allow the mGIluRS and NMDARs to work in tandem to regulate
synaptic strength and flexibility (De Blasi et al., 2001).

mGluRS is widely distributed in brain regions implicated in
memory, such as the hippocampus (Romano et al., 1995; Balazs et
al., 1997; Shigemoto et al., 1997). Transgenic mice lacking
mGluRS display a complete loss of the NMDAR-mediated com-
ponent of long-term potentiation (LTP) in the CA1 region of the
hippocampus (Lu et al., 1997; Jia et al., 1998) and show impair-
ments in memory tasks, including the acquisition and use of
spatial information in the Morris water maze (Lu et al., 1997),
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that depend on NMDAR-mediated plasticity in CA1 (Morris et
al., 1990; Tsien et al., 1996).

Consistent with the importance of mGIluRS in hippocampal-
dependent plasticity (Bortolotto et al., 1999), it has been shown
that mGIuRS plays a role in contextual fear conditioning (Lu et
al., 1997; Riedel et al., 2000), a task that requires the hippocam-
pus to form a representation of the context (Fanselow and Kim,
1994; Phillips and LeDoux, 1994; Maren and Holt, 2000).
mGluRS expression increases in the hippocampus during contex-
tual fear conditioning (Riedel et al., 2000), and transgenic mice
lacking mGIuRS are impaired in this task (Lu et al., 1997).
However, contextual fear conditioning depends not only on the
hippocampus, but also on the amygdala. The amygdala is believed
to be crucial for the formation of the association between the
conditioned stimulus (CS) and the unconditioned stimulus (US).
Thus, in contextual fear conditioning, the amygdala creates the
link between the hippocampal representation of the context and
the aversive shock (US) (LeDoux, 2000).

The integration of the CS and US also occurs in the amygdala
for cued fear conditioning, a task in which a discrete stimulus,
such as a tone, is paired with the US. In auditory fear condition-
ing, the CS and US converge in the lateral nucleus of the amyg-
dala (LA) (Romanski et al., 1993), and such convergence en-
hances the processing of the CS (Quirk et al., 1995; Rogan and
LeDoux, 1995; Paré and Collins, 2000; Maren, 2001; Repa et al.,
2001). Although systemic injection of the selective mGluRS an-
tagonist 2-methyl-6-(phenylethynyl)-pyridine (M PEP) blocks the
acquisition of cued fear conditioning (Schulz et al., 2001), it is not
known whether this effect is caused by the blockade of mGIuRS
in the LA. However, given the importance of NMDARs in the
LA to fear conditioning (Miserendino et al., 1990; Campeau et
al., 1992; Fanselow and Kim, 1994; Gewirtz and Davis, 1997; Lee
and Kim, 1998; Walker and Davis, 2000; Fendt, 2001; Rodrigues
et al,, 2001), and the interaction of mGluRS with NMDARs in
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hippocampal plasticity, it seems likely that mGIuRS also plays a
role in NMDAR-mediated fear conditioning in the LA.

In the present study, we therefore attempted to define the role
of mGluRS in fear conditioning circuits in the amygdala. First, we
examined the distribution of mGIluRS in the LA at the level of
both light and electron microscopy. Next, we administered M PEP
to amygdala slices to evaluate the effects of mGIluRS5 antagonism
on LTP in the LA in vitro. Finally, we infused MPEP into the LA
in behavioral experiments to assess the role of mGluRS in the
acquisition, expression, and consolidation of conditioned fear.
Collectively, the results of these studies provide a comprehensive
view of the role of mGluR5 in the amygdala during fear
conditioning.

MATERIALS AND METHODS
Subjects

Subjects were adult male Sprague Dawley rats (Hilltop Labs, Scottdale,
PA). They were housed individually in plastic Nalgene cages and placed
on a 12 hr light/dark cycle. Food and water were provided ad libitum
throughout the experiment. All procedures were in accordance with the
National Institutes of Health Guide for the Care and Use of Experimental
Animals and were approved by the New York University Animal Care
and Use Committee.

Anatomical studies

Anterograde transport studies. Rats were anesthetized with a mixture of
ketamine (Ketaset; 120 mg/kg, i.p.), xylazine (Xyla-jet; 6.0 mg/kg, i.p.),
and medetomidine hydrochloride (Domitor; 0.5 mg/kg, i.p.) and placed
in a stereotaxic apparatus. Lysine-fixable biotinylated dextran-amine
(BDA) conjugated to tetramethylrhodamine (Micro-ruby; Molecular
Probes) was iontophoretically delivered, as described previously (Farb
and LeDoux, 1997), to the medial geniculate body and posterior in-
tralaminar nucleus (MGm/PIN) through glass micropipettes. The wound
was closed, and a reversal agent, atipamezole (Antisedan; 1 mg/kg, i.p.),
and an analgesic, butorphanol tartrate (Torbugesic, 2 mg/kg, i.p.), were
administered. The animals were allowed to recover before being re-
turned to the animal facility. The animals survived 14 d and were
perfused with fixative.

Tissue fixation. Three fixation protocols were used as described previ-
ously (Farb et al., 1995). Because labeling was consistent across fixation
conditions, the tissue analyzed for this study was fixed with acrolein to
achieve optimal mGluRS5 labeling while preserving ultrastructural mor-
phology. Naive and BDA-injected animals were anesthetized with pen-
tobarbital (120 mg/kg) and transcardially perfused with heparinized
0.9% saline, 50 ml of 3% acrolein mixed into 4% paraformaldehyde
(PFA) dissolved in 0.1 M phosphate buffer, and 450 ml of 4% PFA. The
brains were removed from the skull, blocked, and postfixed in 4% PFA
for 30 min. Blocks containing the amygdala and thalamus (if BDA
injected) were cut on a vibratome and sectioned at 40 um. Tissue sections
were treated with 1% sodium borohydride in phosphate buffer for 30 min
and rinsed with 0.1 M PBS, pH. 7.4.

BDA processing. Tissue sections designated for light microscopy and
containing the MGm/PIN and amygdala were placed in an avidin—biotin
horseradish peroxidase complex (ABC Elite Kit; Vector) solution con-
taining 0.2% Triton X-100. Amygdala sections designated for electron
microscopy were freeze-thawed (Farb and LeDoux, 1997) and placed in
ABC solution without Triton X-100. All tissue sections were incubated
overnight at room temperature, rinsed, reacted with 3,3'-
diaminobenzidine tetrachloride (DAB; Sigma-Aldrich) and 0.003%
H,0,, and rinsed with PBS. The tissue was then processed for mGluR5
immunoreactivity as described below.

Immunocytochemical labeling. Tissue sections containing the amygdala
from naive and BDA-injected animals were preincubated in PBS con-
taining bovine serum albumin (BSA) for 30 min, followed by overnight
incubation at room temperature with rabbit polyclonal antisera directed
against mGluRS (1:250; Chemicon). The following day, the tissue was
rinsed in PBS and incubated in goat anti-rabbit biotinylated IgG (Vec-
tor), ABC solution, and DAB and hydrogen peroxide. Primary and
secondary antisera incubations included 1% BSA. All incubations were
performed at room temperature with continuous agitation in PBS. Con-
trol experiments omitted either the primary antibody or substituted a
mismatched secondary, e.g., anti-mouse IgG for the anti-rabbit IgG, and
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the tissue was reacted as described above. Controls for transport studies
included analyzing naive animals for mGIluRS5 immunoreactivity and
examining the amygdala contralateral to the injection site for mGluRS
immunoreactivity.

Electron microscopic processing. Tissue sections designated for electron
microscopy were processed as described previously (Farb and LeDoux,
1997). To facilitate analysis and detection of mGluRS immunoreactivity,
tissue was not counterstained with lead citrate.

Three vibratome sections from each brain were used for analysis.
Neuronal and glial elements were classified according to the definitions
of Peters et al. (1991) and as described previously (Farb and LeDoux,
1997). To determine the proportion of thalamic afferents that synapse
onto mGIuRS5 targets, BDA-labeled terminals were photographed at a
magnification of 10-25,000X, and the target and its microenvironment
were assessed. Only those micrographs containing labeled afferents and
receptor labeling with a 27 wm? area were evaluated to avoid false
negatives attributable to inadequate penetration of antisera.

Slice electrophysiology

Electrophysiological experiments in amygdala slices were conducted as
described previously (Weisskopf et al., 1999; Bauer et al., 2002). Briefly,
male Sprague Dawley rats (3-5 weeks old) were deeply anesthetized with
halothane, and the brain was removed rapidly and transferred to ice-cold
artificial CSF (ACSF) containing (in mm): 115 NaCl, 3.3 KCI, 1 MgSO,,
2 CaCl,, 25.5 NaHCO;, 1.2 NaH,PO,, 5 lactic acid, and 25 glucose, and
equilibrated with 95% O,, 5% CO,. Coronal slices (400 pwm thick)
containing the amygdala were cut and recovered in a holding chamber at
32-34°C for 30 min and were then allowed to return to room temperature
for at least another 30 min before recording. An upright microscope
equipped with infrared differential interference contrast optics (Olym-
pus) was used to perform whole-cell patch recordings under visual
guidance. Electrodes were filled with (in mm): 130 K-Gluconate, 0.6
EGTA, 2 MgCl,, 5 KCI, 10 HEPES, 2 Mg-ATP, and 0.3 Na;-GTP. The
electrodes typically had resistances of 4—8 MQ. All cells were allowed to
remain at their resting potentials.

Stimuli (150 usec duration) were delivered through bipolar stainless
steel electrodes placed in the ventral striatum, just medial to the LA.
This stimulating protocol activates fibers that originate, at least in part,
in the auditory thalamus (Weisskopf et al., 1999). Confounds introduced
by polysynaptic responses were controlled for by keeping the stimulation
intensity at a minimum to produce a reliable EPSP without also recruit-
ing polysynaptic responses or spiking, by computing percentage increase
of the initial slope of the EPSP and by excluding any data that demon-
strated a change in EPSP latency after LTP induction. Baseline re-
sponses were monitored at 0.1 Hz. After stabilization of baseline re-
sponses, LTP was induced by a tetanus protocol that consisted of a 30 Hz
tetanus (100 stimuli, given twice with a 20 sec interval). For each cell, the
stimulation intensity for LTP induction was the same as that used to elicit
baseline EPSPs. Only cells with membrane potentials greater than —60
mV and action potentials that exceeded 0 mV were included in this study.

Picrotoxin (75 uM) was included in the bath in all experiments to block
fast GABAergic transmission but was not observed to produce epilepti-
form bursting in the amygdala. MPEP was made up in 100% DMSO
stock solution and diluted 1000 times into the superfusing ACSF, yield-
ing a final concentration of 40 um MPEP. MPEP was washed out 10-15
min after LTP induction. In all experiments, the slope of the EPSP was
measured, and LTP for each time point was expressed as a percentage of
the preinduction baseline.

For the analysis of LTP, the values for the initial slope of the EPSP
recorded during the last 15 min of the recording session (minutes 35-50)
were averaged into a single score for each cell. The amount of potenti-
ation was analyzed by comparing these values with the preinduction
values and testing with a paired Student’s ¢ test. Comparison of the
amount of potentiation between groups (vehicle vs drug) was tested with
a two-tailed, independent Student’s ¢ test. To analyze the effects of
MPEP on transmission at thalamic input synapses, we compared the
initial slope of the EPSP at minutes 20-30 (last 10 min) and compared it
with the last 10 min of baseline using a paired (correlated samples)
Student’s ¢ test.

Behavioral procedures

Behavioral procedures were conducted as described previously (Ro-
drigues et al., 2001). Rats were anesthetized with a mixture of ketamine
(100 mg/kg, i.p.), xylazine (6.0 mg/kg, i.p.), and medetomidine (0.5
mg/kg, i.p.) and implanted bilaterally with 7 mm, 22 gauge stainless steel



Rodrigues et al. « mGIuR5 Blockade Disrupts Fear Conditioning and LTP

guide cannulas aimed at the LA (Plastics One). The guide cannulas were
fixed to screws in the skull with dental cement and a dummy cannula,
which extended 0.5 mm from the guide, was inserted into each guide to
prevent clogging. After surgery, rats were administered butorphanol
tartrate (2.0 mg/kg, i.p.) and atipamezole (1.0 mg/kg, i.p.) for analgesia
and reversal of the anesthetic. Rats were given at least 5 d to recover
before experimental procedures.

Rats were divided into different groups to test the effects of intra-LA
infusion of MPEP on the acquisition, expression, and consolidation of
fear conditioning. For each infusion, a total volume of 0.5 ul of an MPEP
solution or an equivalent amount of saline vehicle (0.9%) was infused
into each amygdala at a rate of 0.25 ul/min using 28 gauge infusion
cannulas that extended 1.0 mm from the base of the guide. After the
infusion, the cannulas were left in place for an additional 1 min to allow
the solution to diffuse away from the cannula tip. The dummy cannulas
were then replaced, and the rat was returned to its home cage. Infusions
occurred 20-30 min before conditioning and testing for the acquisition and
expression experiments, and 20-30 min before conditioning and immedi-
ately after conditioning for the post-training infusion experiment.

On the day before conditioning, rats were habituated to the training
and testing chambers and to dummy cannula removal for a minimum of
10-15 min. The next day, rats were trained with the presentation of five
pairings of a 20 sec tone CS (5 kHz, 75 dB) that coterminated with a foot
shock US (0.5 sec, 0.5 mA). The intertrial interval (ITI) varied randomly
between 90 and 120 sec.

Fear responses conditioned to the tone CS and the conditioning
apparatus (context) were tested separately. Responses conditioned to the
tone CS were measured in a novel test chamber [for details, see Ro-
drigues et al. (2001)]. A test of short-term memory (STM) and long-term
memory (LTM) was performed 1 and 24 hr after fear conditioning,
respectively. For both tests, rats were exposed to three test tones (20 sec,
5 kHz, 75 dB; ITI = 100 sec) after a brief acclimation period to the test
chamber. For the context test, rats were placed in the conditioning
chamber and allowed to explore for 5 min, after which the duration of
freezing was measured every other 30 sec for an additional 5 min. Testing
for tone and contextual memory was approximately the same total length
(10 min).

To verify injector tip location, rats were anesthetized with an overdose
of chloral hydrate (600 mg/kg, i.p.) and perfused transcardially with 10%
buffered formalin. The brains were postfixed in 30% sucrose in 10%
buffered formalin and subsequently blocked, sectioned on a cryostat or
microtome at 50 wm, and stained for Nissl with thionin. Sections were
coverslipped with Permount and examined under light microscopy for
injector tip penetration into the amygdala.

RESULTS

mGIuRS5 is localized to dendritic shafts and spines

in the LA and is postsynaptic to auditory

thalamic afferents.

Previous studies have shown that mGIuRS is widely distributed in
brain regions implicated in certain forms of memory, including
the hippocampus and cortex (Romano et al., 1995; Shigemoto et
al., 1997). In the hippocampus, it is mostly localized in postsyn-
aptic densities and dendritic spines but is also expressed in pre-
synaptic terminals and on astrocytes (Romano et al., 1995; Balazs
et al., 1997). However, no study to date has examined the ultra-
structural localization of mGIluRS in the amygdala. To this end,
we first used light microscopy to verify the presence and distri-
bution of mGIuRS in the LA. We then used electron microscopy
to determine the ultrastructural localization of mGIuRS and its
relationship to auditory thalamic afferents.

Light microscopy

Figure 14 shows the distribution of mGluRS5 within the LA. The
amount of mGIluRS immunoreactivity in the dorsal division of
the lateral nucleus is similar to staining in the ventrolateral
division but less robust than the ventromedial division. Immuno-
labeling in the LA was not as robust as in adjacent regions, e.g.,
the amgydala—striatal transition region, or the central nucleus of
the amygdala. However, higher-power Nomarski optics (40X)
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(Fig. 14, inset) reveal the presence of many labeled cells, their
proximal dendrites, and punctate processes scattered throughout
the amygdala. Frequently, the labeled cell bodies contained
puncta dispersed throughout the cytoplasm. In contrast to the
LA, where only the proximal dendrites of labeled cells were seen,
the distal dendrites of cells in the basal nucleus of the amygdala
and endorpiriform cortex were observed.

Electron microscopy
Consistent with the findings of previous studies (Farb and Le-
Doux, 1997), BDA reaction product was confined to axon termi-
nals; DAB reaction product in dendritic or somatic elements was
not seen. BDA labeling was dense and homogeneously distributed
throughout the terminal, and most of the identifiable afferents
formed asymmetric synapses onto small distal dendritic processes.
The intracellular distribution of mGIluRS immunoreactivity
within the L A was comparable to other brain regions (Romano et
al., 1995; Negyessy et al., 1997; Hubert et al., 2001). As in the
hippocampus and cortex, mGluRS in the LA is primarily local-
ized to postsynaptic regions near the synapse. mGluRS5 labeling
was seen along the intracellular surface of somata, dendrites,
dendritic spines, and glia. When dendritic labeling was extensive,
the peroxidase product rimmed the microtubules and was seen
throughout the dendrite. However, frequently only a patch of
immunoreactivity that corresponded to the synaptic or spinous
portion of a dendrite was seen (Fig. 1B,C). The immunoperoxi-
dase was often observed to reside on the extrasynaptic portions of
the postsynaptic density (PSD) (Fig. 1D). Axon terminals were
rarely labeled, and when labeled, immunoperoxidase appeared in
small, discrete patches. One hundred twenty-one BDA-labeled
terminals were counted, and these terminals formed 126 asym-
metric synapses. Most (124 of 126; 98%) of these synapses oc-
curred on small dendrites or dendritic spines. Fifty-six percent
(71 of 126) of these synapses occurred on dendritic processes that
were immunoreactive for mGluRS.

In vitro application of MPEP to amygdala slices
impairs NMDAR-dependent long-term potentiation in
the LA

In the next series of experiments, we used an in vitro slice
preparation to induce LTP in the LA to examine the impact of
mGluRS5 blockade on synaptic plasticity in the LA. In these
experiments, we measured LTP at “thalamic” input synapses to
the LA by placing stimulating electrodes in the ventral striatum,
which contains, in part, fibers that originate in the auditory
thalamus and terminate in LA (LeDoux et al., 1990) (Fig. 24).
Given the role of NMDARs in fear conditioning (Miserendino et
al., 1990; Campeau et al., 1992; Fanselow and Kim, 1994; Gewirtz
and Davis, 1997; Lee and Kim, 1998; Walker and Davis, 2000;
Fendt, 2001; Rodrigues et al., 2001) and the contribution of
mGluR5 to NMDAR-mediated plasticity (Anwyl, 1999), we
chose to use a 30 Hz tetanus, an LTP induction protocol that has
recently been shown to be NMDAR dependent (Blair et al., 2001;
Bauer et al., 2002).

Neurons in the LA can be classified into two main types. Most
are spiny with a pyramidal morphology, have relatively broad
action potentials, and show marked spike-frequency adaptation
(Rainnie et al., 1991; McDonald 1992; Paré et al., 1995). A
smaller fraction of cells are aspiny and have relatively higher
resting membrane potentials, faster action potentials, and no
spike frequency adaptation (Paré et al., 1995; Mahanty and Sah,
1998). All of the data in this study were obtained from putative



5222 J. Neurosci., June 15, 2002, 22(12):5219-5229 Rodrigues et al. « mGIuR5 Blockade Disrupts Fear Conditioning and LTP

Figure 1. Light and electron micrographs illustrate mGluRS immunolabel in the amygdala. A, Low-power (4X) photomicrograph shows the distribution
of mGluRS immunoreactivity in the amygdala and adjacent regions. The labeling in the dorsal division of the lateral nucleus (LAd) is comparable to
staining in the ventrolateral division (LAv/) but is less robust than the ventromedial division (LAvm) of the lateral nucleus or in the amygdala—striatal
transition area (A4St). The basal nucleus of the amygdala (B) and the endorpiriform cortex (En) are also shown. The trapezoid corresponds to the region
sampled for electron microscopic analysis, and the asterisk corresponds to the region shown at higher magnification in the inset. Inset, Higher-power
Nomarski optics (40X) reveal labeled cell bodies (arrow) and cytoplasmic puncta (small arrows). Proximal dendritic processes (arrowhead) and puncta
(open arrowhead) are also seen within the neuropil. The asterisk corresponds to the region shown in the low-magnification panel. B, Electron micrograph
shows immunolabel restricted to the spinous portion (Labeled spine) of a large dendrite. Arrowheads indicate the unlabeled synapses made by unlabeled
terminals (uf). C, Unlabeled terminals (uf; and ut,) appear to contact the spinous portion of the dendrite, which is immunolabeled (*). mGIluRS
immunolabel (open arrowheads) is also seen in discreet patches within a dendrite. An immunolabeled glial process (G; arrowhead indicates immunolabel),
a labeled spine (LSp), and an unlabeled terminal are also shown. D, A labeled spine (LSp) receives a synapse from a BDA-labeled terminal. Asterisk
indicates the presence of immunolabel. An unlabeled terminal (uf), an unlabeled spine (usp), and an unlabeled synapse (arrowheads) are shown for
comparison. Scale bars: 4, 150 um; inset, 25 wm; B-D, 500 nm.

excitatory cells in the LA, on the basis of these electrophysiolog-
ical properties. The average (=SD) resting membrane potential,
input resistance, and membrane time constant for the 30 recorded
cells were —67.1 = 3.0 mV, 160 * 34.5 M(), and 18.3 = 5.3 msec,
respectively.

The results of the in vitro experiments can be seen in Figure 2.
Bath application of 40 um MPEP blocked the induction of LTP
induced by the tetanus (Fig. 2B). The control group showed
143 £ 10.2% potentiation of baseline, which was significantly
different from baseline (15, = 4.32; p < 0.05; n = 9). The MPEP

group showed 100 * 6.2% potentiation, which was not signifi-
cantly different from baseline (p > 0.05; n = 8) but was signifi-
cantly different from vehicle controls (¢;5, = 3.75; p < 0.05).
To determine whether MPEP affects baseline synaptic trans-
mission in the LA, we next examined the effects of 40 um M PEP
on the initial slope and maximum amplitude of EPSPs induced by
thalamic stimulation (Fig. 2C). MPEP was added to the super-
fusing ACSF after a baseline period of at least 10 min. An
analysis of the size of the initial slope of the EPSPs 15-20 min
after MPEP application showed no significant effects of the drug
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Figure 2. Impaired amygdala LTP by MPEP. A4, Schematic of the amygdala slice preparation, showing placement of stimulating and recording
electrodes. Afferent fibers from the auditory thalamus enter the LA medially, coursing through the ventral part of the striatum just above the central
nucleus. Recordings were made just below the site of termination of auditory thalamic fibers terminating in the dorsal portion of the LA. IC, Internal
capsule; OT, optic tract; EC, external capsule. B, Mean (=SE) percentage EPSP slope (relative to baseline) in cells treated with vehicle (n = 9; ll) or
40 um MPEP (n = 8; A). Traces from an individual experiment before and 50 min after tetanic stimulation are shown in the inset. C, Mean (+SE)
percentage EPSP slope (% of baseline) in cells (n = 6) before and after treatment with MPEP (40 uMm; solid bar). Traces from an individual experiment
before and 25 min after application of MPEP are shown in the inset. D, Percentage maximum depolarization of the NMDAR component of the EPSP
across a range of stimulation intensities (20-140 nA) after bath application of 10 um CNQX alone (n = 3; W), CNQX and 40 um MPEP (A), or CNQX,
MPEP, and 50 um APV (O). Representative traces evoked by 120 nA stimulation are shown superimposed below (I = CNQX, 2 = CNQX and MPEP,
3 = CNQX, MPEP, and APV). E, Percentage maximum depolarization of the NMDAR component of the EPSP across a range of stimulation intensities
(20-140 pA) after bath application of 10 um CNQX alone (n = 4; ), CNQX and 200 uM MPEP (A), or CNQX, MPEP, and 50 um APV (O).
Representative traces evoked by 120 pA stimulation are shown below the figure.

(98.1 = 10.2%; p > 0.05; n = 6). Thus, blockade of mGluR5
impairs NMDAR-dependent LTP at thalamic input synapses in
the LA, without affecting routine synaptic transmission.

have found that concentrations of MPEP up to 100 um have no
significant effect on NMDAR currents (Gasparini et al., 1999).
The key question, however, is whether 40 um MPEP has an effect
on NMDAR currents in our specific preparation. To test this, we
examined the effects of MPEP on the NMDAR component of
synaptic potentials in LA neurons. Previous studies have shown

MPEP does not act as a direct antagonist of the
NMDA receptor at the concentrations that impair
NMDAR-dependent LTP in the LA

Recent studies have shown that MPEP at concentrations as low as
10 pMm can directly decrease NMDAR currents in cultured corti-
cal neurons (O’Leary et al., 2000). Because we used 40 um MPEP
in our in vitro LTP experiments, it is thus not possible to conclude
unambiguously that the LTP impairment that we observed (Fig.
2B) is caused exclusively by blockade of mGluRS5 receptors.
However, the concentration used in cultured neurons may or may
not be relevant to our preparation. Furthermore, other studies

that in the presence of the AMPA receptor blocker CNQX, there
is still a residual excitatory response elicited in LA neurons by
synaptic stimulation that is sensitive to the NMDAR antagonist,
DL-2-amino-5-phosphonovaleric acid (APV) (Weisskopf and Le-
Doux, 1999). Thus, we measured the amplitude of this residual
synaptic response in the presence of CNQX (10 um) across a
range of stimulation intensities (20-140 nA) before and after
bath application of either 40 or 200 um MPEP, or MPEP and 50
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uM APV. For all experiments, CNQX was washed on first,
followed by MPEP (40 or 200 uMm), and finally by APV. Ten
minutes passed between each drug application and the generation
of the input—output (I/O) curves. For each cell, data were ex-
pressed as the percentage of the maximum depolarization, which
was typically evoked by the 140 wA stimulation intensity in
CNQX alone. For analysis we compared the slope of each 1/0O
curve, as well as the X-intercept at half of the maximum intensity.

Application of 40 um MPEP had no effect on the slope of the
I/O curve (Fig. 2D) (CNQX = 0.76 = 0.03; CNQX + 40 um
MPEP = 0.72 £ 0.07; p > 0.05; n = 3). The X-intercept was also
not affected (CNQX = 76.05 = 1.28; CNQX + 40 um MPEP =
76.02 = 5.2; p > 0.05). Application of APV, however, did signifi-
cantly affect the slope of the I/O curve (CNQX + 40 mm MPEP +
50 mm APV = 0.127 = 0.07; 1,y = 8.20; p < 0.05).

At the higher concentration (200 um), MPEP was observed to
have a small yet significant effect on the slope of the I/O curve
(Fig. 2E) (CNQX = 0.87 = 0.08; CNQX + 200 um MPEP =
059 = 0.11; ¢35, = 3.31; p < 0.05; n = 4). There was still a
significant difference, however, between the MPEP and APV
curves (CNQX + 200 um MPEP + 50 um APV = 0.03 = 0.03;
tzy = 5.49; p < 0.05). Thus, at very high concentrations, the
NMDAR component of the EPSP in the LA appears to be
modestly affected by MPEP. However, because there is no effect
at the concentration that we used in our LTP experiments (40
uM), it cannot be argued that the impairment that we have
observed in our LTP experiments is caused by direct blockade of
NMDAR:s.

Intra-LA infusion of MPEP dose-dependently impairs
acquisition, but not expression, of fear conditioning
Previous studies have shown that systemic administration of
MPEP impairs Pavlovian fear conditioning, as measured with the
fear-potentiated startle paradigm (Schulz et al., 2001). In the
present experiments, we examined the role of mGluRs in the LA
in fear conditioning to contextual and auditory stimuli. In the
initial series of experiments, rats were infused with vehicle or one
of two doses of MPEP (0.15 or 1.5 pg per side) before training
and tested for both STM (at 1 hr) and LTM (at 24 hr) of auditory
and contextual fear conditioning. In subsequent experiments, rats
were infused with the highest dose of MPEP (1.5 ug per side)
before testing to examine the effect of MPEP on fear expression.
In each experiment, freezing scores across trials did not signifi-
cantly differ and were therefore averaged for each rat into a single
score. Scores were then expressed as a percentage of total CS
presentation or observation time. All data were analyzed using
ANOVA and Duncan’s multiple range post hoc t tests.

Pretraining infusions

MPEP infusions before conditioning produced a dose-dependent
impairment in freezing for both tone and contextual STM at 1 hr
after conditioning (Fig. 34). The ANOVA for tone memory
scores showed a significant effect for group (F, 1, = 203.6; p <
0.01), and post hoc t tests showed that the two MPEP groups
differed from the vehicle group (p < 0.01). The STM data in the
context test exhibited a similar pattern. The ANOVA revealed a
significant effect for group (F(, 5y = 35.32; p < 0.01), and post hoc
¢ tests showed that the low and high doses of MPEP produced a
significant decrease in freezing behavior (p < 0.01) compared
with vehicle controls. Furthermore, the high-dose group froze
significantly less than the low-dose group (p < 0.05), suggesting
a dose-dependent effect of MPEP in the LA.
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These differences were also evident in the LTM tests per-
formed 24 hr after conditioning in which a dose-dependent im-
pairment in auditory and contextual fear was found. The
ANOVA for tone LTM freezing scores displayed a significant
effect for group (F(,,1y = 40.28; p < 0.01), and, compared with
controls, post hoc t tests showed that both doses of MPEP pro-
duced an impairment in freezing (p < 0.01). Likewise, the
ANOVA for contextual LTM showed a significant effect for
group (Fo,yy = 11.20; p < 0.01), and ¢ tests showed that both
doses of MPEP caused a deficit in contextual fear conditioning
(p < 0.05). As with STM, a comparison of the LTM freezing
scores for the low- and high-dose groups revealed a dose-
dependent effect of MPEP (p < 0.05). (Fig. 34, bottom).

Pretesting infusions

In contrast to pretraining infusions, intra-amygdala infusions of
MPEP before testing did not produce a significant effect in
freezing for either tone or contextual conditioning (Fig. 3B) at
either 1 or 24 hr after training. Animals that received the highest
dose of MPEP expressed similar levels of freezing to controls in
the tone and context tests. The ANOVAs for tone and context
STM and LTM showed no significant effects of this drug on
performance (p > 0.05) (Fig. 3B). Thus, MPEP appears to affect
acquisition, but not expression, of contextual and auditory fear
conditioning.

Immediate post-training intra-LA infusion of MPEP has
no effect on the consolidation of fear conditioning
In the studies described above, pretraining infusions of MPEP led
to a deficit of STM and LTM of both tone and contextual fear
conditioning. This impairment could be attributable to a failure
to learn during acquisition or a failure to consolidate learning in
the time after training (McGaugh, 2000). To distinguish between
these alternatives, we performed immediate post-training infu-
sions of MPEP after conditioning. In this experiment, rats re-
ceived vehicle before training and either vehicle or the highest
dose of MPEP (1.5 ug per side) immediately after training.
The results of the post-training infusions can be viewed in
Figure 4. In contrast to the findings of the previous experiments
in which rats received pretraining infusion of MPEP, post-
training infusions had no significant effect on retention of tone
and context STM and LTM tests (p > 0.05). Thus, the effects of
MPEP appear to be specific to the acquisition phase of fear
conditioning.

Histology

Cannula placements for the intra-amygdala infusions are shown
in Figure 5. Figure 54 shows the cannula placements for rats that
received MPEP infusions before training. Figure 5B shows the
cannula placements for rats that received M PEP infusions before
testing. Finally, Figure 5C shows cannula placements for rats that
received MPEP immediately after training. Cannula injector tips
were observed throughout the rostrocaudal extent of the LA, and
only rats with cannula tips at or within the boundaries of the LA
were included in the data analysis.

DISCUSSION

The family of mGluRs is classified into three different groups
(groups I-IIT) on the basis of sequence similarities, signal trans-
duction systems, and pharmacological profiles (Schoepp and
Conn, 1993; Anwyl, 1999). Group I mGluRs have been shown to
be especially important in synaptic plasticity in various experi-
mental paradigms (Huber et al., 1998; Balschun et al., 1999;
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Figure 3. Effects of pretraining and pretesting intra-amygdala infusions of MPEP on STM and LTM. A4, Top, Outline of general behavioral procedures
for pretraining intra-amygdala infusions of MPEP for STM testing followed by LTM testing. Bottom, Mean (+SE) percentage freezing for tone and
contextual STM and LTM in rats given bilateral intra-amygdala infusions of vehicle (n = 8), 0.15 ug MPEP (n = 7), or 1.5 pg MPEP (n = 8) before
training. B, Top, Outline of general behavioral procedures for procedures for pretesting intra-amygdala infusions of MPEP for STM testing followed by
LTM testing. Bottom, Mean (=SE) percentage freezing for tone and contextual STM and LTM in rats given bilateral intra-amygdala infusions of vehicle

(n = 8) or 1.5 ug MPEP (n = 8) before testing.

Kleppisch et al., 2001). Several studies have determined that
group I mGluRs are vital for learning and LTP, using agents that
target both mGIuR1 and mGIuRS subtypes (Bashir et al., 1993;
Wilsch et al., 1998; Balschun et al., 1999; Bortolotto et al., 1999;
De Blasi et al., 2001). However, it is now possible to more
specifically address the precise role of mGluRS because of the
availability of the new subtype-specific mGIluRS antagonist,
MPEP. In the present study, we used neuroanatomical, electro-
physiological, and behavioral methods to examine the role of
mGIuRS in the amygdala. We focused on the LA, the sensory
gateway into the amygdala and a critical site of plasticity in fear
conditioning (for review, see LeDoux, 2000).

Our neuroanatomical analyses revealed that mGIluRS is pre-
dominantly located in postsynaptic structures in the LA. More
than half of the counted BDA-labeled thalamic afferents from the
MGm/PIN formed synapses on mGluR5-immunoreactive den-
drites and dendritic spines of LA neurons, indicating that this
receptor is in a key position to modulate auditory information
that arrives to the LA. This proportion of labeling is similar to
that found for functional NMDARs in LA spines (Farb and
LeDoux, 1997). In addition, a large fraction of mGIuRS was

postsynaptic to unlabeled afferents, suggesting that this receptor
may also be involved in the processing of cortical, intra-
amygdalar, or other sensory information. mGIuRS was very rarely
seen in terminals, suggesting that its role in the LA is primarily
postsynaptic.

The postsynaptic localization of mGluRS5 is consistent with the
findings of a number of studies that have shown that mGIuRS
interacts with other glutamate receptors, especially NMDARs
(Naisbitt et al., 1999). For example, the group I agonists produce
a potentiation of NMDA currents (Aniksztejn et al., 1991; Fitz-
john et al., 1996; Yu et al., 1997; Pisani et al., 2001) that is
inhibited by MPEP (Mannaioni et al., 2001) and absent in
mGluRS5-deficient mice (Pisani et al., 2001). NMDARSs appear to
potentiate mGluR5-mediated responses, as well, by reversing
desensitization of mGIuRS (Alagarsamy et al., 1999, 2001). Thus,
mGIluRS and NMDARs seem to be involved in a reciprocal
positive feedback relationship that has important implications for
the modulation of synaptic plasticity (De Blasi et al., 2001).
MPEDP has also been shown to reduce NMDA-evoked whole-cell
current and decrease the duration of opening of NMDARsS re-
corded in the outside-out patch configuration in cultured rat
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Figure 4. Effects of immediate post-training intra-amygdala infusions of
MPEP on the consolidation of STM and LTM. Top, Outline of general
behavioral procedures for post-training intra-amygdala infusions of
MPEP for STM testing followed by LTM testing. Bottom, Mean (*=SE)
percentage freezing for tone and contextual STM and LTM in rats given
bilateral intra-amygdala infusions of vehicle (n = 7) or 1.5 ug MPEP (n =
8) immediately after training.

cortical neurons (O’Leary et al., 2000). However, recordings from
Xenopus oocytes expressing human NMDARs suggest that
MPERP has no significant effect on NMDARs alone (Gasparini et
al., 1999). Furthermore, MPEP reduces neural responses in the
thalamus to a selective mGIuRS agonist, compared with those
evoked by NMDA, indicating that MPEP is a selective mGluRS
antagonist in vivo (Salt and Binns, 2000). Together with our
observation that MPEP had no significant effect on the NMDAR
component of the EPSP in LA neurons at concentrations that
effectively impair LTP, these findings collectively suggest that the
effect of MPEP on NMDAR-mediated plasticity is not caused by
direct antagonism of NMDARs. Rather, the findings are consis-
tent with the idea that mGluRS modulates the normal function of
the NMDAR and plays a role in setting the tone of NMDAR-
mediated activity (Alagarsamy et al., 1999).

Recent studies have shed light on how mGIluRS may commu-
nicate with NMDARSs via physical interactions with various scaf-
folding proteins. For example, it has been shown that Homer
proteins, which are rapidly and transiently induced by stimuli that
induce LTP (Brakeman et al., 1997; Kato et al., 1997), are
involved in the targeting of mGluRS to synaptic sites (Ango et al.,
2000). Homer proteins have been shown to bind with Shank

Rodrigues et al. «+ mGIuR5 Blockade Disrupts Fear Conditioning and LTP

proteins, which function as part of the NMDAR-associated
PSD-95 complex (Naisbitt et al., 1999). The Homer—Shank inter-
action has been proposed to function by localizing mGluRs in
proximity to NMDARSs (Tu et al., 1999) and may be the cause of
the perisynaptic localization of mGluRS5 in the LA (in this study)
and the hippocampus (Lujan et al., 1996). This may also contrib-
ute to examples of glutamate receptor cross talk for which the
physical proximity of molecules may be important (Aniksztejn et
al., 1991; Ben-Ari et al., 1992; Otani and Connor, 1998).

The involvement of mGluRs in hippocampal LTP is controver-
sial and seems to depend on the strength of the induction protocol
used, the history of synaptic plasticity of the cell, as well as the
overall level of internal Ca** (Little et al., 1995; Wilsch et al.,
1998; Bortolotto et al., 1999). Although no studies have specifi-
cally addressed the role of mGluRs in LTP induction in the LA,
it is known that mGluRs can contribute to transmission in the
basal nucleus of the amygdala (Rainnie et al., 1994). Our electro-
physiological results show that MPEP blocks the induction of
LTP in the LA with a tetanus protocol. This type of stimulation
relies mainly on NMDARs for LTP induction (Huang and Kan-
del, 1998; Blair et al., 2001; Bauer et al., 2002) and was thus
chosen to address the influence of mGluR5 on NMDAR-
dependent LTP in the LA. The block of LTP by MPEP was most
robust 30 min after tetanus, suggesting that mGluR5 may be
involved in the initiation of downstream second messenger path-
ways and a modulation of NMDAR activity, as opposed to the
alteration of simple ionic gating. Because baseline transmission
was not affected by MPEDP, it is likely that the LTP blockade is
caused by the inhibition of the increase of intracellular Ca** and
the activation of intracellular events that allow for synaptic
strengthening.

Previous studies have shown that systemic administration of
mGIuRS5 antagonists impairs fear conditioning as measured with
the fear-potentiated startle paradigm (Schulz et al., 2001). In the
present study, we gave rats intra-L A infusions of MPEP to assess
the involvement of mGluRs in the LA in auditory and contextual
fear conditioning. The findings indicated that mGIluRS is critical
for the acquisition of fear memories, as illustrated by a significant
decrease in freezing behavior in rats given pretraining infusions.
The fact that this impairment was evident at both 1 and 24 hr
after training implies that MPEP blocked a fast cascade of events
necessary for fear learning and STM. Furthermore, the failure of
MPEP to influence the expression of fear memories implicates
mGluRS function in the learning, but not the retrieval, of fear
memories and also rules out potential nonspecific effects of
MPEP on sensory processing at the time of training. These
findings are in agreement with the electrophysiological data,
which show that MPEP impairs LTP but not baseline transmis-
sion, and with recent data that show that systemic administration
of MPEP has no effect on the expression of fear-potentiated
startle (Schulz et al., 2001). Furthermore, post-training infusions
of MPEP failed to affect either STM or LTM, which implies that
mGluRS is key for the acquisition, but not the consolidation, of
fear conditioning. These findings complement those of previous
studies that have demonstrated a role for NMDARs in fear
acquisition and STM formation in the conditioning (Miserendino
et al., 1990; Campeau et al., 1992; Fanselow and Kim, 1994; Lee
and Kim, 1998; Walker and Davis, 2000; Rodrigues et al., 2001),
raising the possibility that mGluRS might contribute to fear
memory formation in the LA via its close interaction with
NMDARs.

The evidence of impaired acquisition and STM of fear condi-
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Figure 5. Cannula placements. 4, Cannula tip placements from rats infused with vehicle (black squares), 0.15 ng MPEP ( gray circles), or 1.5 ug MPEP
(white circles) before training. B, Cannula tip placements from rats in infused with vehicle (black squares) or 1.5 ug MPEP (white circles) before testing.
C, Cannula tip placements from rats infused with vehicle (black squares) or 1.5 ug MPEP (white circles) immediately after training.

tioning in our experiments is consistent with that of other studies
that show mGIuR5 to be linked to fast Ca®*- and second
messenger-mediated activity at postsynaptic locations. Both
mGluR1 and mGlIuRS, for example, are positively coupled to
phospholipase C, activation of which leads to the production of
inositol 1,4,5-trisphosphate and diacylglycerol. These products
are required for the release of Ca" from intracellular stores and
the stimulation of protein kinase C (PKC) (Nakanishi, 1994).
PKC, in turn, is involved in various functions, including the
induction of LTP and learning (Kennedy and Marder, 1992).
Importantly, PKC is involved in the modulation of both mGluRS
and NMDAR activity (Anwyl, 1999; Alagarsamy et al., 2001; De
Blasi et al., 2001). In addition, mGluRS5 in astrocytes has been
shown to induce Ca*" oscillations via PKC phosphorylation
(Nakahara et al., 1997; Nakanishi et al., 1998), which represents a
glutamate-mediated bidirectional communication between neu-
rons and astrocytes that is important for plasticity (Pasti et al.,
1997). In behavioral studies, transgenic mice lacking the B iso-
form of PKC have been shown to have a deficit in both auditory
(white noise) and contextual fear conditioning (Weeber et al.,
2000). In addition, PKC inhibition has been shown to block the
acquisition, but not consolidation and retrieval, of conditioned
taste aversion (Sacchetti and Bielavska, 1998). The role of amyg-
dala PKCs in the acquisition and STM formation of fear condi-
tioning has not been established and is an important question for
future studies.

In conclusion, mGluRS5 appears to play a sophisticated role in
a wide variety of neural functions, including learning, memory,
and plasticity. This can be attributed to its close association with
NMDARs and Ca®"-mediated activities and its localization to
postsynaptic sites. Our neuroanatomical, behavioral, and electro-
physiological findings show that mGluRS5 plays a key role in LTP
and fear memory formation in the LA, possibly via its linkage to
NMDAR-mediated plastic changes at postsynaptic sites.
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