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Consolidation of fear extinction involves enhancement of N-methyl
p aspartate (NIVIDA) receptor-dependent bursting in the infralimbic
region (IL) of the medial prefrontal cortex (mPFC). Previous studies
have shown that systemic blockade of metabotropic glutamate receptor
type 5 (mGluR5) reduces bursting in the mPFC and mGIuR5 agonists
enhance NIVIDA receptor currents in vitro, suggesting that mGIluR5
activation in IL may contribute to fear extinction. In the current study,
rats injected with the mGluR5 antagonist 2-methyl-6-(phenylethyl)-
pyridine (MPEP) systemically, or intra-IL, prior to extinction exhibited
normal within-session extinction, but were impaired in their ability
to recall extinction the following day. To directly determine whether
mGluR5 stimulation enhances the burst firing of IL neurons, we used
patch-clamp electrophysiology in prefrontal slices. The mGIuR5 agonist,
(RS)-2-chloro-5-hydroxyphenylglycine (CHPG), increased intrinsic burst-
ing in IL neurons. Increased bursting was correlated with a reduction
in the slow afterhyperpolarizing potential and was prevented by
coapplication of MPEP. CHPG did not increase NNMDA currents,
suggesting that an NMDA receptor-independent enhancement of
IL bursting via stimulation of mGIuR5 receptors contributes to fear
extinction. Therefore, the mGIuR5 receptor could be a suitable target
for pharmacological adjuncts to extinction-based therapies for anxiety
disorders.
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Introduction

Deficits in fear extinction are proposed as an underlying factor
in the development of anxiety disorders such as posttraumatic
stress disorder (PTSD) (Charney and Deutch 1996; Quirk et al.
2006; Rauch et al. 2006). In support of this hypothesis, recent
studies found fear extinction deficits in patients with PTSD
(Blechert et al. 2007; Milad et al. 2009). Therefore, there is
considerable interest in identifying potential targets for
pharmacological augmentation of fear extinction (Davis et al.
20006; Hofmann 2008), especially given that extinction-based
therapies are used as a treatment (Davis et al. 2006; Foa 20006,
Hofmann 2008).

Studies in rodents have shown that the infralimbic subregion
(IL) of the medial prefrontal cortex (mPFC) is particularly
important for the retrieval of fear extinction memory (Milad
et al. 2006; Quirk and Mueller 2008; Sotres-Bayon et al. 2008).
For example, lesioning (Morgan and LeDoux 1995; Quirk et al.
2000; Lebron et al. 2004) or pharmacological inactivating
(Sierra-Mercado et al. 2006; Laurent and Westbrook 2008) IL
disrupts recall of fear extinction. Furthermore, the inhibition
of N-methyl p aspartate (NMDA) receptors (Burgos-Robles et al.
2007; Sotres-Bayon et al. 2009), protein kinases (Hugues et al.
2004; Mueller et al. 2008), cannabinoid CBI1 receptors (Lin
et al. 2009), and protein synthesis (Santini et al. 2004) in IL
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during or shortly after extinction training also leads to poor
recall of fear extinction suggesting that molecular cascades in
IL are activated by extinction.

It was previously demonstrated that burst firing in IL shortly
after extinction training is important for recalling fear ex-
tinction memory (Burgos-Robles et al. 2007). Previous studies
show that activation of metabotropic glutamate receptor type 5
(mGluR5) enhances NMDA receptor currents in hippocampus
and subcortical structures (Awad et al. 2000; Mannaioni et al.
2001; Pisani et al. 2001) and increases burst firing in mPFC
(Homayoun and Moghaddam 2006). Together, these findings
suggest that mGluR5 could play a role in fear extinction by
enhancing burst firing in IL neurons. In support of this, it was
recently shown that knockout mice with deletion of mGIluR5
receptors were deficient in fear extinction (Xu et al. 2009).
However, the location and the mechanisms of mGluR5 activity
important for fear extinction are not known. To test whether
local mGIluR5 stimulation in IL is important for fear extinction
and burst activity, we examined the effect of systemic injection
and local 1L infusion of the mGluR5 antagonist, 2-methyl-6-
(phenylethyl)-pyridine (MPEP), on fear extinction. We also
examined the effect of mGIluR5 stimulation on IL neuronal
excitability using patch-clamp electrophysiology in brain slices.

Methods

Subjects

All procedures involving the use of animals were approved by the
Institutional Animal Care and Use Committee of the Ponce School of
Medicine in compliance with the National Institutes of Health
guidelines for the care and use of laboratory animals. Male Sprague-
Dawley rats (300 g) were transported from the Ponce School of
Medicine colony to a satellite facility nearby where they were housed
in transparent polyethylene cages inside a negative-pressured Bio-
bubble (Colorado Clean Room). Food was restricted until rats reached
85% of their free-feeding weight. Rats were then trained to press a bar
for food on a variable interval schedule of reinforcement (VI-60) in
order to maintain a constant level of activity against which freezing can
be reliably measured (Quirk et al. 2000). Rats were maintained on
a 12:12 h light:dark schedule.

Surgery

After bar-press training, rats were anesthetized with ketamine (8.7 mg/
100 g) and xylazine (1.3 mg/100 g) and placed in the stereotaxic frame.
After anesthesia, the skin was retracted and holes were drilled in the
skull. Rats were implanted with a single 26 gauge stainless-steel guide
cannula (Plastics One) in the mPFC as described previously (Santini
et al. 2004). Stereotaxic coordinates were 2.8 mm anterior, 1.0 mm
lateral, and 4.1 mm ventral from bregma (Paxinos and Watson 1980),
with the cannula angled 11° toward the midline in the coronal plane.
Rats were allowed 7 days to recover from surgery, after which training
was resumed.
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MPEP Infusions

For the infusions of the selective mGIluR5 blocker, MPEP, cannula
dummies were removed from guide cannulas and replaced with 33
gauge injectors, which were connected by polyethylene tubing (PE-20;
Small Parts Inc.) to 5-uL syringes mounted in an infusion pump (Harvard
Apparatus). Saline (vehicle) or MPEP (1.5 pg) was infused 30 min prior
to extinction training at a rate of 0.5 uL/min for 1 min.

Bebavioral Protocol

After successful completion of bar-press training, rats underwent fear
conditioning and extinction procedures in chambers (Coulbourn
Instruments) located inside sound-attenuating boxes (Med Associates).
Details of the apparatus have been previously described (Quirk et al.
2000). On day 1, rats received 5 habituation trials (4 kHz, 30 s, 75 dB),
immediately followed by fear conditioning that consisted of 7 tones
that co-terminated with footshocks (0.5 s, 0.43 mA). At the end of day 1,
groups were matched for acquisition levels of freezing. On day 2, rats
were returned to the same chambers and were given extinction
training that consisted of tone-alone trials (20 trials). On day 3, rats
were given 15 additional tone-alone trials. Intertrial intervals were
varied with an average intertrial interval of 3 min.

mPFC Slice Preparation

Slice recording methods were similar to our previously described studies
(Mueller et al. 2008; Santini et al. 2008). Juvenile (P19-30) and adult
(P57-62) mnaive rats were deeply anesthetized with pentobarbital
(150 mg/kg) and decapitated. The majority of electrophysiology experi-
ments were done using slices from the juvenile rats due to better slice
viability and more uniform space clamp for measuring the after-
hyperpolarization currents. To verify that the results from the juvenile
rats also apply to adult rats that were used for the behavioral
experiments, some experiments were also performed on brain slices
from adult rats. Brains were quickly removed and placed in ice-cold
artificial cerebrospinal fluid (ACSF) containing (in mM) NaCl (126), KCI
(3), NaH,PO; (1.25), MgSO; (1), NaHCOj3 (20), glucose (20), and CaCl,
(2) and bubbled with 95% O, and 5% CO,. Coronal slices including the
mPFC were cut at a thickness of 300 um with a Vibratome 1000 Plus
(Vibratome). Slices were incubated in room temperature ACSF for
at least an hour prior to experiments. After incubation, slices were
transferred to a submersion recording chamber mounted on a micro-
scope stage and perfused at 2-3 mL/min with room temperature ACSF.
Neurons were visualized with infrared video microscopy using a x40
water immersion objective on an upright EGOOFN microscope (Nikon
Instruments). Whole-cell recordings were done with glass micropipettes
pulled on a Flaming/Brown micropipette puller (Sutter Instruments)
with a resistance of 3-5 MQ when filled. The internal solution for
patch-clamp recordings was prepared containing (in mM) KCl (12),
Kgluconate (130), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(10), sodium phosphocreatine (10), biocytin (5), adenosine triphosphate
(2), and guanosine triphosphate (0.3); pH was adjusted to 7.3 with KOH
and sucrose was added to adjust osmolarity to 300 mOsm. For recordings
from adult rats, 0.5-mM ethyleneglycol-bis(2-aminoethylether)-N,N,N’,
N'-tetra acetic acid (EGTA) was included in the internal solution, since
we found in preliminary experiments on neurons from adult rats that the
number of spikes evoked by a depolarizing pulse reduced with time in
the absence of EGTA.

Electrophysiology

After incubation, pyramidal neurons were recorded in the whole-
cell mode. The changes in intrinsic excitability were assessed with a
patch-clamp amplifier (MultiClamp 700A, Axon Instruments). Single
neurons were visually identified using a video camera (Dage MTI)
connected to the Nikon E600 microscope. Resting membrane potential
was measured after achieving whole-cell configuration, and cells with
a membrane potential more depolarized than -50 mV were discarded.
Recordings were filtered at 4 kHz, digitized at 10 kHz, and saved to
a computer using pCLAMP9 software (Axon Instruments). Membrane
potentials were not corrected for the junction potential. After
establishing a whole-cell current-clamp recording, 800-ms depolarizing
current pulses were injected every 15 s and adjusted to evoke 3-4
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spikes. After a stable 5-min baseline, the selective mGluR5 agonist, (RS)-
2-chloro-5-hydroxyphenylglycine (CHPG), at concentrations of 100 or
500 pM was bath-applied for 5 min. The number and frequency of
action potentials evoked by each pulse were measured. The slow
afterhyperpolarizing potential (SAHP) was measured as the average
potential during a 50-ms period beginning 280 ms after the end of the
800-ms depolarizing pulse (Santini et al. 2008). AHP currents were
evoked by giving 800-ms depolarizing steps from -50 to 0 mV and
measured as the area under the curve during a 1-s period beginning at
the peak of the AHP current. Voltage-clamp recordings were not
compensated for series resistance, but changes in series resistance
were continuously monitored and recordings were eliminated from
analysis if the series resistance changed by more than 15%. Input
resistance was measured as the difference between baseline and the
average voltage response during a 100-ms period beginning 700 ms
after the beginning of a 1-s hyperpolarizing step.

To record NMDA receptor-mediated excitatory postsynaptic cur-
rents (EPSCs) and excitatory postsynaptic potentials (EPSPs), slices
were perfused with ACSF in which the MgSO4 concentration was
reduced to 0.1 mM to relieve the Mg block of the NMDA receptors.
We added 100-uM picrotoxin and 10-pM 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) to block y-aminobutyric acid (GABA,) and o-amino-
3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)/kainate receptors,
respectively. A monopolar electrode was used to stimulate glutamater-
gic fibers impinging on the apical dendrites of layer V pyramidal
neurons in IL every 15 s. NMDA EPSCs were recorded in neurons
voltage-clamped at -60 mV. NMDA EPSPs were recorded in neurons
manually held at -60 mV by injecting negative current.

MPEP was purchased from Tocris, apamin was purchased from
Sigma-Aldrich, and CHPG was purchased from Ascent Scientific.

Statistical Analysis

To quantify conditioned fear, the total time spent freezing during the
30-s tone was measured and converted to percent freezing. The
majority of the experiments were analyzed from digitized videos using
commercial software (FreezeScan, Clever Systems). The last infusion
experiment was hand-scored by a blinded observer, due to a 1-year
lapse in Freezescan availability when Dr Quirk’s laboratory moved to
another institution. Data were averaged in blocks of 2 trials. Group
comparisons were made between the averages of the first 4 trials of
extinction recall on day 3. Electrophysiological data were analyzed using
Clampfit 9.2 (Axon Instruments). Traces illustrating the number of spikes
evoked by depolarizing pulses are single traces. All other data were
analyzed from averages of 5 consecutive measurements. Data were
compared using Student’s rtest, paired #test, or repeated-measures
analysis of variance (ANOVA) (Statistica, Statsoft). After a significant main
effect, post hoc comparisons were done using Tukey’s test. Values are
reported as the mean * the standard error of the mean.

Results

Systemic Blockade of mGluR5 Impairs Recall of Fear
Extinction

First, we examined whether activation of mGIuR5 is necessary
for fear extinction. On day 1, rats were conditioned with 7
tone-shock pairings. The next day rats received intraperitoneal
injections of MPEP (10 mg/kg) or saline 30 min prior to
extinction training that consisted of 20 tone-alone trials. This
dose of MPEP blocks mPFC burst firing (Homayoun and
Moghaddam 2006) and occupies about 90% of mGluR5 binding
sites in vivo (Anderson et al. 2002). MPEP neither affect fear
expression or extinction learning (Fig. 1) nor affect the rate of
bar-pressing for food (14 presses/min, MPEP; 12 presses/min,
saline; £=-0.495; P=0.312). The following day, however, MPEP-
injected rats were severely impaired in their ability to recall
extinction compared with saline-injected rats. Repeated-
measures ANOVA across the 2 groups revealed a main effect
of group (Fy20 = 22.97; P = 0.0001), of trial (Fy4280 = 18.44;
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Figure 1. Systemic or IL blockade of mGIuR5 impairs recall of fear extinction. (4)
Percent freezing to the tone for saline-injected rats (n = 10) and rats injected
intraperitoneally with 10 mg/kg MPEP (n = 12). MPEP-treated rats showed more
freezing on day 3; *P < 0.001. (B) A coronal drawing (bregma, 3.20 mm) showing
placements of injector tips for all rats that received IL infusions. (C) Percent freezing
to the tone for saline-infused rats (n = 12) and rats infused with 1.5 pg in 0.5-uL
MPEP into IL {n = 16); *P < 0.01. Arrow indicates the time of the injection.

P <0.0001), and a significant trial by group interaction (Fy4 250
=5.95; P < 0.001). Post hoc analysis confirmed that the MPEP-
injected group froze more than saline controls in trials 2-5
(values of P < 0.01). These results suggest that the endogenous
activation of mGIluR5 during extinction learning is essential for
consolidation of fear extinction.

Local Blockade of mGluR5 in IL Impairs Recall of Fear
Extinction

MPEP’s disruption of extinction recall resembles the pattern of
effects of IL blockade of NMDA receptors (Burgos-Robles et al.
2007; Sotres-Bayon et al. 2009) or beta adrenergic receptors
(Mueller et al. 2008). Therefore, to determine whether mGIuR5
stimulation in IL is necessary for recall of fear extinction, we
infused MPEP (1.5 pg) or saline locally into IL at the same time
point as the systemic experiment (30 min prior to extinction;
Fig. 1B,C). When infused into the amygdala, this dose of MPEP
was previously shown to disrupt fear conditioning (Rodrigues
et al. 2002) and synaptic plasticity (Zheng et al. 2008). Similar
to our systemic finding, MPEP-infused rats showed normal
extinction learning, but were impaired in their recall of
extinction memory the following day. Repeated-measures
ANOVA on day 3 revealed a main effect of group (F s =
2.92; P=0.009), of trial (F 15, = 2.24; P=0.03), and a significant
trial by group interaction (¥ g, = 2.92; P = 0.006). Post hoc

analysis confirmed that the rats receiving MPEP infusions froze
more than saline controls in trials 2-4 (values of P < 0.01). These
results indicate that mGIluR5 activation in IL during extinction
training is necessary for consolidation of fear extinction. Note
that local infusion of MPEP resulted in a smaller impairment of
extinction than systemic administration, suggesting that mGIluR5
activation in brain areas other than IL may also be necessary for
consolidating the extinction memory.

Activation of mGluR5 Enbances the Intrinsic Excitability
of IL Neuromns from Juvenile Rats

To examine whether mGIluR5 activation increases the intrinsic
excitability of IL neurons, we measured the number of action
potentials elicited by a depolarizing current pulse using whole-
cell patch-clamp recordings in mPFC slices. Due to better slice
viability, we initially examined IL neurons from P19-23 rats.
After obtaining a stable baseline of 3-4 spikes, we applied the
selective mGluR5 agonist CHPG (Fig. 24,B). Perfusion of 500-
UM CHPG significantly increased the number of spikes (216
32% of baseline, = 3.02; degrees of freedom [df] 7; P < 0.01).
The effect of CHPG was concentration-dependent as 100-uM
CHPG produced a significant but smaller increase in the
number of spikes (162 * 9% of baseline, # = 6.93; df 6, P <
0.001). As shown in Figure 2B, the CHPG-induced enhance-
ment in spikes was prevented by pretreatment with 100 pM of
the selective mGIuR5 antagonist MPEP (94 = 8% of MPEP alone;
t= 1.02; df 4; P = 0.18), indicating that the enhancement was
mediated through mGIuRS5 receptors. As an in vitro measure of
the ability of IL neurons to fire bursts of action potentials in
vivo, we measured the duration of the interval separating the
first 2 spikes (Santini et al. 2008). As shown in Figure 2C,
application of CHPG significantly decreased the interspike
interval (68 = 7% of baseline, ¢ = 2.36; df 7; P = 0.008). These
results suggest that selective activation of mGIuR5 increases
the intrinsic excitability of IL neurons and enhances their
ability to fire bursts of action potentials.

As indicated in Table 1, CHPG did not significantly increase
input resistance (110 * 5% of baseline, = 2.02; df 7; P = 0.09),
but did depolarize the IL neurons from a baseline of -56 * 1
to -53 £ 1 mV (¢ = 6.24; df 7; P = 0.0004).

mGluR5 Decreases the Slow AHP

In the hippocampus and sensorimotor cortex, it has been
shown that activation of mGIuRS5 increases intrinsic excitability
through a reduction in Ca**-dependent K currents underlying
the AHP (Mannaioni et al. 2001; Sourdet et al. 2003). In IL
neurons, we measured the AHP as the average potential during
a 50-ms period 280 ms after an 800-ms depolarizing pulse
(Santini et al. 2008). Figure 3A4-C shows that the AHP was
significantly reduced during CHPG perfusion (-76 * 64% of
baseline, t = 2.83; df 6; P = 0.015). In fact, the AHP was
converted to an afterdepolarizing potential in 3 of 7 neurons.
As indicated in Figure 3C, the CHPG-induced reduction in the
AHP was prevented by pretreatment with 10-uM MPEP (92 *
3% of MPEP alone; t = 0.42; df 4; P = 0.35).

Evoking AHPs by prolonged depolarizing pulses produces 2
underlying currents. One is the In,aup that is blocked by the
small conductance (SK) K" channel antagonist apamin, and the
other is the L,yp that is slower, apamin-insensitive, and blocked
by norepinephrine (Sah and Faber 2002). The stimulation of
mGIuR5 can reduce both the I, yp (Sourdet et al. 2003) and
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Figure 2. Activation of mGIuR5 increases the intrinsic excitability of IL pyramidal neurons in juvenile rats. (4) Traces showing the number of spikes evoked by a current pulse during
baseline, perfusion with the mGIuR5 agonist, CHPG (500 pM), and washout in an IL neuron from a P19 rat. (B) Time course showing that CHPG (bar) increased the number of spikes
(n = 8). The increase in spikes was blocked by the mGIuR5 antagonist MPEP (100 pM, unfilled circles). (C) Time course demonstrating that CHPG also decreased the first interspike

interval.

Table 1
Electrophysiological properties of IL neurons

Input resistance (% of baseline) Membrane potential (mV)

Pre-drug CHPG Pre-drug CHPG
Juvenile 100 = 0 110 =5 -56 = 1 -3 = 1%
Adult 98 + 1 112 = 3% -61 =1 -57 = 2%

*P < 0.05.

the Lapp (Mannaioni et al. 2001; Sah and Faber 2002), leaving in
doubt the exact mechanism. To compare the effect of CHPG on
these 2 currents, we measured current directly in voltage-clamp
mode to reveal the time course of the underlying currents.
Consistent with blockade of L,gp, CHPG perfusion reduced the
slower component of the AHP currents (26 = 11% of baseline,
t=6.45; df 2; P = 0.02), but left a faster component unblocked
(Fig. 3D-F). The slow component was also blocked by 100-uM
norepinephrine (68 £ 15% of baseline, ¢ = 2.24; df 4; P = 0.04,
Fig. 3E). In both cases, adding 100-nM apamin blocked the
remaining faster component. These results suggest that mGIluR5
stimulation increases the number of evoked spikes and
enhances burst firing in IL by closing the Ca**-dependent K*
channels underlying the sAHP.

mGluR5 Increases the Intrinsic Excitability of IL Neurons
Jrom Adult Rats

Since our behavioral data were from adult rats (~90 days old)
and the electrophysiology experiments used slices from
juvenile rats less than 24 days old, we examined whether
mGIuR5 also increases the intrinsic excitability of IL neurons
from adult rats (P57-62). Figure 4 shows that CHPG increased
the number of spikes (186 * 12% of baseline, = 7.22; df 6; P <
0.001), reduced the first interspike interval (67 % 10% of
baseline, ¢ = 3.87; df 6; P = 0.008), and reduced the sAHP (69 *
10% of baseline, t= 3.41; df 6; P= 0.01) in layer 5 IL pyramidal
neurons from adult rats. As shown in Table 1, CHPG also
increased the input resistance (112 = 3% of baseline, = 4.53; df
6; P = 0.003) and depolarized the IL neurons (-61 = 1 mV
[baseline]; -57 = 1 mV [CHPG]; ¢ = 4.98; df 6; P = 0.002). Thus,
mGluR5 similarly increases the intrinsic excitability of IL
neurons from both juvenile and adult rats.

mGIluR5 Does Not Increase NMDA Receptor Synaptic
Currents in IL

Given the importance of NMDA receptor activity in IL for
consolidation of the extinction memory (Burgos-Robles et al.
2007) and the documented enhancement of NMDA receptor

Page 4 of 9 IL mGluR5 Modulates Extinction -+ Fontanez-Nuin et al.

currents by mGluR5 agonists (Awad et al. 2000; Mannaioni et al.
2001; Benquet et al. 2002; Huang and van den Pol 2007), we
examined the effect of CHPG on NMDA receptor-mediated
EPSCs in IL pyramidal neurons from juvenile (P28-30) and
adult (P57-62) rats, in response to stimulation of layer 2. NMDA
receptor-mediated EPSCs were isolated by blocking GABA, and
AMPA/kainate receptors with picrotoxin and CNQX in the
bath, respectively. As shown in Figure 54,8, 500-uM CHPG did
not enhance the NMDA receptor-mediated EPSCs in either
juvenile (97 * 5% of baseline, 7= 0.658; df 8; P = 0.53) or adult
(95 £ 1.6% of baseline, ¢ = 0.87; df 6; P = 0.42) rats. Therefore,
mGluR5 receptor stimulation does not directly enhance NMDA
receptor currents in IL neurons. Although mGIluR5 stimulation
did not directly enhance the NMDA receptor currents, the
increase in intrinsic excitability produced by mGluR5 stimula-
tion could still enhance NMDA receptor-mediated depolariza-
tion (Doherty et al. 1997; Ugolini et al. 1999; Pisani et al. 2001).
To test this possibility, we examined the effect of CHPG on
NMDA receptor-mediated EPSPs. On average, CHPG did not
significantly enhance the NMDA receptor-mediated EPSPs in
juvenile (137 * 34% of baseline, £=-1.35, df 6, P= 0.23) or adult
(92 £ 13.4% of baseline; t= 0.36; df 8; P=0.715) rats (Fig. 5C-F).
However, testing cells individually showed that CHPG signif-
icantly increased NMDA EPSPs in 4 of 7 neurons from the
juvenile rats and in 1 of 5 neurons from the adult rats (paired
ttest, P < 0.01). Thus, although mGIuR5 stimulation does not
enhance NMDA receptor-mediated currents or depolarization
in the entire population of IL neurons, mGluR5 stimulation did
enhance NMDA receptor-mediated depolarization in a subset
of IL neurons, especially in juveniles.

Taken together, our results suggest that mGluR5 agonists
may be useful for enhancing fear extinction. However, the
development of better mGIuRS5 agonists may be necessary since
simply infusing 500-uM CHPG into IL prior to fear extinction
did not enhance acquisition or recall of fear extinction
(Supplementary Fig. 1).

Discussion

In this study, we examined the role of mGIuRS5 receptors in
extinction of conditioned fear and IL excitability. Our main
findings are 1) systemic inhibition of mGIuR5 prior to
extinction learning prevented the recall of the extinction
memory 24 h later without affecting fear expression or
extinction learning, 2) localized infusion of the mGIuR5
blocker into IL produced a similar effect, 3) pharmacological
activation of mGIuR5 increased the ability of IL pyramidal
neurons to fire bursts through a reduction in their sAHP

0T0Z ‘9T 1snBny uo Ausianiun preareH 1e B1o sfeuinolplojxo:102199//:dny woly papeojumod


Supplementary Fig. 1
http://cercor.oxfordjournals.org

A B CHPG G
BASELINE ‘OC? 150 < 100
P 5 100+ =g 8 g —————————— £
' cHPe | omv & , g s0
2 [} -8t 38 *
2 9 T8 5 0
| 2w £ 50 : e £
S [ S — E -100 | oy 590
% 50 =
5 E0) 5 @199
11 Time (min.) Pre-drug  CHPG MPEP/CHPG
D E F
BASELINE BASELINE GE.T
CHPG | 20 pA NE 0 pA 100 j=rmrmemrmememememee —
APAMIN i g
3500 \ APAMIN P— gl
B
= .
% 50 "
S
3 251 i
o
=4
< o

CHPG Apamin
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Figure 4. CHPG also increases the intrinsic excitability of IL pyramidal neurons from adult rats. (4) Traces showing the number of spikes evoked by a current pulse during
baseline, perfusion with CHPG (500 pM), and washout in a pyramidal neuron from a P60 rat. (B) Time course demonstrating that CHPG (bar, n = 7) increased the number of
spikes. (C) Time course showing that CHPG reduced the first interspike interval. (D) Time course showing that CHPG reduced the sAHP.

currents, and 4) mGIuR5 agonists did not enhance NMDA
receptor-mediated currents or depolarization in adult IL
neurons. Our behavioral and electrophysiological results suggest
that mGluR5-mediated enhancement of IL burst firing through
reductions in the sAHP is necessary for recall of fear extinction.

Our results are in agreement with a recent transgenic study
demonstrating that knockout of mGIluR5 prevents fear extinc-
tion across days (Xu et al. 2009). We extend their findings by
showing that the extinction deficits were unlikely to be due to
developmental changes caused by the absence of mGIuR5
receptors (Hannan et al. 2001; Wijetunge et al. 2008). We also
demonstrate that mGIuR5 appears to be important for

consolidation rather than initial acquisition of fear extinction.
The lack of effect of MPEP on freezing during acquisition of
fear extinction is consistent with previous work showing that
mGIuR5 blockade does not affect fear expression (Rodrigues
et al. 2002). Furthermore, we also provide evidence that the
modulation of extinction by mGluR5 occurs locally in IL.
Different subtypes of mGluRs modulate different aspects of
fear extinction. Local blockade of mGluR1 receptors, a group I
mGIuR subtype, in the amygdala impairs acquisition of fear
extinction suggesting that mGluR1 stimulation induces plas-
ticity critical for extinction learning in the amygdala (Kim et al.
2007). Consistent with this, mGIluR1 receptors appear to
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Figure 5. mGIuR5 effects on NMDA receptor-mediated EPSCs or EPSPs in IL slices from juvenile and adult rats. (4,8) Time courses showing NMDA EPSC amplitudes during
baseline, application of CHPG (500 pM; bar), and washout. Traces show average EPSCs in IL neurons from a P28 (4) and a P60 (B) rat. (C,0) Time courses showing NMDA EPSP
amplitudes during baseline, application of CHPG, and washout. Traces show average EPSPs in IL neurons from a P28 (C) and a P60 (D) rat. (£,F) NMDA EPSP amplitudes of all
neurons from the juvenile and adult rats during baseline and perfusion of CHPG. Black filled circles indicate EPSPs that were increased by CHPG (P < 0.01).

mediate extinction-induced depotentiation of thalamic inputs
to the lateral amygdala (Kim et al. 2007). In contrast, our results
suggest that the other group I mGluR subtype, mGIuR5,
modulates plasticity required for recall of fear extinction in
IL. In addition to group I mGluRs, group II and III mGluRs also
modulate fear extinction. Group II mGluR stimulation in the
lateral amygdala depotentiates cortical inputs and mimics
extinction of fear potentiated startle (Lin et al. 2005)
suggesting a role in extinction learning plasticity. Stimulation
of the group II mGluR subtype, mGluR7, enhances fear
extinction (Fendt et al. 2008), but the location and mechanism
of this modulation are unknown. Thus, all 3 groups of mGluRs
modulate fear extinction with mGluR1 and group II mGluRs
modulating extinction learning in the amygdala while mGIluR5
mediates extinction plasticity in IL.
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Numerous studies indicate that while IL is not important for
the acquisition of fear extinction, it is critical for recall of the
extinction memory (Quirk and Mueller 2008). For proper recall of
extinction, various events must occur in IL including activation of
NMDA receptors (Santini et al. 2001; Burgos-Robles et al. 2007),
the mitogen-activated protein kinase pathway (Hugues et al
2004), protein kinase A (Mueller et al. 2008), and protein
synthesis (Santini et al. 2004). Our current findings show that
recall of fear extinction also requires IL activation of mGIuR5,
which increases the intrinsic excitability of IL neurons. This
suggests that the consolidation process requires receptor-
mediated enhancement of IL intrinsic excitability, which could
be mediated by mGIluR5 or noradrenergic beta receptors (Mueller
et al. 2008). Indeed, we previously observed that extinction
increases intrinsic excitability in IL (Santini et al. 2008).
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The increase in intrinsic excitability induced by mGluR5
stimulation could enhance consolidation of the extinction
memory by increasing IL bursting. Consistent with previous
studies in other structures (Mannaioni et al. 2001; Ireland and
Abraham 2002; Young et al. 2008), we observed that mGIuR5
stimulation in IL reduces the Lagp suggesting that stimulation of
mGIuR5 closes Ca**-dependent K* channels that underlie the
sAHP (Lancaster and Adams 1986; Sah and Faber 2002). The
mGluR5-mediated reduction in the SAHP enhanced the intrinsic
ability of IL neurons to fire bursts of high-frequency action
potentials. Therefore, mGIuR5 blockade may have disrupted fear
extinction by reducing bursting in IL that is required for
consolidation of fear extinction (Burgos-Robles et al. 2007). In
support of this possibility, blocking mGIuR5 reduces burst firing
of mPFC neurons in vivo (Homayoun and Moghaddam 2000).

In contrast to our findings, several studies have shown that
the stimulation of mGIuR5 receptors enhances NMDA re-
ceptor-mediated currents and depolarization (Awad et al
2000; Mannaioni et al. 2001; Pisani et al. 2001; Benquet et al.
2002; Huang and van den Pol 2007), while we observed no
effect on NMDA currents. This discrepancy could be due to
developmental differences, as many of the previous studies
used rats and mice less than 21 days old (Ugolini et al. 1999;
Awad et al. 2000; Mannaioni et al. 2001; Benquet et al. 2002;
Huang and van den Pol 2007). Consistent with this, NMDA
receptor-mediated EPSCs in nucleus accumbens slices from
juvenile Spraque-Dawley rats (100-170 g; ~30-40 days post-
natal) were not affected by agonists that stimulate mGIuR5
receptors (Martin et al. 1997). Our finding that CHPG enhanced
NMDA receptor EPSPs more often in juvenile than adult rats
supports a developmental loss of mGluR5-mediated enhance-
ment of NMDA receptor activity. In addition, many of the
previous studies examined the effects of mGIluR5 agonists on
responses to application of NMDA (Ugolini et al. 1999; Awad
et al. 2000; Mannaioni et al. 2001; Pisani et al. 2001; Benquet
et al. 2002) rather than synaptic activation of NMDA receptors,
raising the possibility that NMDA receptors located outside the
synapses may be more sensitive to potentiation by mGIuR5
stimulation as previously suggested (Ireland and Abraham
2009). It is also important to note that mGluR5 receptor
activation may enhance NMDA receptor intracellular signaling,
even without increasing NMDA currents. Co-activation of
mGluR5 and NMDA receptors in striatal neurons produces
a synergistic increase in phosphorylated ERK that requires
interactions with the intracellular scaffolding proteins, PSD-95
and Homer1b/c, which lead to phosphorylation of transcrip-
tion factors, Elk-1 and CREB (Yang et al. 2004). Consistent with
this, extinction of tone fear conditioning activates ERK in IL
(Kim et al. 2009) and infusion of ERK inhibitors into IL disrupts
the recall of fear extinction (Hugues et al. 2004). In addition,
synaptic plasticity occurs at lower stimulation levels during co-
activation of mGIluR5 and NMDA receptors due to a synergistic
activation of protein kinase Cy (Codazzi et al. 20006).

Based on our results, we propose the following model of
extinction-induced plasticity in IL. During extinction learning,
glutamatergic inputs from the amygdala, hippocampus, and
medial dorsal thalamus release glutamate that stimulates
mGIuR5 in IL. Concurrently, norepinephrine, released from
the locus coereleus during extinction (Hugues et al. 2007),
stimulates beta adrenergic receptors in IL (Mueller et al. 2008).
The stimulation of mGIuR5 and beta adrenergic receptors leads
to a prolonged reduction of the sAHP (Gereau and Conn, 1994)

that enhances burst firing. The bursts of action potentials could
strengthen synapses from IL neurons onto their downstream
targets, such as the intercalated neurons in the amygdala
(Quirk et al. 2003; Likhtik et al. 2008), and could also enhance
synapses onto IL neurons via back propagating spikes (Kampa
et al. 2007). During extinction recall, the IL neurons would
more strongly activate their targets to inhibit fear expression.
It should be noted that mGluR5 may produce other effects
in IL that are important for the plasticity required for recall
of fear extinction. For example, the synaptic stimulation of
mGluR5 receptors in mPFC slices induces the production of
endocannabinoids that stimulate cannabinoid CB1 receptors
(Lafourcade et al. 2007). Since recall of fear extinction is
disrupted by cannabinoid CB1 receptor blockade in IL (Lin
et al. 2009), it is possible that mGluR5 enhances fear extinction
recall via indirect stimulation of cannabinoid CB1 receptors.
Although infusion of MPEP into IL disrupted extinction
recall, this does not exclude the possibility that mGluR5
receptors in other structures are important for fear extinction.
Consistent with this possibility, we found a larger impairment
with systemic mGIluR5 blockade than with IL infusions. MPEP-
infused into the amygdala disrupts fear conditioning (Rodrigues
et al. 2002); therefore, it is possible that amygdalar mGluR5
receptors are also important for fear extinction. In addition,
mGluR5 receptors in the ventral tegmental area (Renoldi et al.
2007) or locus coeruleus (Romano et al. 1995) could be
involved. The activation of mGIluRS5 in the ventral tegmental area
induces the release of dopamine in the mPFC (Renoldi et al
2007) and systemic MPEP reduces cortical norepinephrine
release (Page et al. 2005). Since blocking either D4 dopamine
receptors (Pfeiffer and Fendt 2006) or beta adrenergic receptors
(Mueller et al. 2008) in the mPFC disrupts fear extinction recall,
the enhanced effect of systemic MPEP could be due to blockade
of mGIuRS in the ventral tegmental area or locus coeruleus.
One possible implication of our findings is that mGIuR5
agonists could be used for the treatment of anxiety disorders,
particularly PTSD. Currently, the treatment for PTSD includes
extinction-based exposure therapy (Foa 20006). Since PTSD has
been correlated with hypofunctioning of the mPFC (Rauch et al.
2000), activation of the mPFC with mGIuR5 agonists combined
with behavioral therapy could lead to better retention of the
extinction memory. Positive allosteric modulators of mGluR5
receptors shown to enhance extinction of conditioned place
preference (Gass and Olive 2009) could serve this role.
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