
Research

Potentiating mGluR5 function with a positive
allosteric modulator enhances adaptive learning

Jian Xu,1 Yongling Zhu,1 Stephen Kraniotis,1 Qionger He,1 John J. Marshall,1

Toshihiro Nomura,1 Shaun R. Stauffer,2 Craig W. Lindsley,2 P. Jeffrey Conn,2

and Anis Contractor1,3

1Department of Physiology, Northwestern University Feinberg School of Medicine, Chicago, Illinois 60611, USA; 2Department

of Pharmacology, Vanderbilt University Medical Center, Nashville, Tennessee 37232, USA

Metabotropic glutamate receptor 5 (mGluR5) plays important roles in modulating neural activity and plasticity and has

been associated with several neuropathological disorders. Previous work has shown that genetic ablation or pharmacolog-

ical inhibition of mGluR5 disrupts fear extinction and spatial reversal learning, suggesting that mGluR5 signaling is required

for different forms of adaptive learning. Here, we tested whether ADX47273, a selective positive allosteric modulator

(PAM) of mGluR5, can enhance adaptive learning in mice. We found that systemic administration of the ADX47273

enhanced reversal learning in the Morris Water Maze, an adaptive task. In addition, we found that ADX47273 had no

effect on single-session and multi-session extinction, but administration of ADX47273 after a single retrieval trial enhanced

subsequent fear extinction learning. Together these results demonstrate a role for mGluR5 signaling in adaptive learning,

and suggest that mGluR5 PAMs represent a viable strategy for treatment of maladaptive learning and for improving behav-

ioral flexibility.

The ability of animals to adapt their behaviors to a changing envi-
ronment is essential for survival. Acquisition of new memories
and behavioral flexibility is inherently linked to enable the organ-
ism to modify its response to novel information. To study the
biological underpinnings of adaptive learning, a number of
behavioral models have been established that have enabled us
to better understand the circuits and molecular mechanisms in-
volved. One of the most prominent models of adaptive learning
is fear extinction in which a previously conditioned aversive
memory can be suppressed or extinguished by repeated presenta-
tion of a nonaversive stimulus. Fear extinction has been ex-
tensively investigated primarily because it serves as a model to
study the neural processes underlying behavioral exposure thera-
py, which is commonly used to address maladaptive memories
such as those associated with post-traumatic stress disorder
(PTSD). It has been proposed that biological agents that can facil-
itate fear extinction in animal models might also provide useful
therapeutic agents for human PTSD (Graham et al. 2011; Myers
et al. 2011). Agents targeting several different neurotransmitter re-
ceptor systems, including glutamate, have been demonstrated in
animal models to have potential as adjunct treatment (Myers
et al. 2011). Several of these agents target synaptic plasticity mol-
ecules, demonstrating a direct link between neural plasticity and
adaptive learning. Another model of adaptive learning is spatial
reversal, in which animals learn to form new search strategies
for repositioned targets. Although executed in different contexts,
emerging evidence suggests that fear extinction and spatial rever-
sal learning require similar molecules and share similar synaptic
mechanisms (Marsicano et al. 2002; Varvel and Lichtman 2002;
Duffy et al. 2008; Xu et al. 2009; Luscher and Huber 2010; Park
et al. 2012).

In recent studies we demonstrated that genetic ablation
of the metabotropic glutamate receptor 5 (mGluR5) in mice

disrupted fear extinction and spatial reversal learning, suggest-

ing that signaling through this receptor is required for these adap-

tive behaviors (Xu et al. 2009). In support of an important role

for these receptors in extinction learning, systemic administra-

tion or local microperfusion of mGluR5 antagonists into the

medial prefrontal cortex inhibited recall of extinction memories

(Fontanez-Nuin et al. 2010). These studies suggest that activation

of mGluR5 is a requisite for the reversal learning and thus enhanc-

ing mGluR5 signaling may facilitate the extinction of fear memo-

ry and other previously acquired memories.
There are eight G-protein coupled metabotropic glutamate

receptors in the mammalian genome and they are divided into

three groups based on their sequence homology, signal transduc-

tion pathways, and pharmacological properties. mGluR5 is a

member of the group 1 family of Gq protein-coupled glutamate

receptors and modulates neural activity via linkage to various

intracellular signaling cascades (Conn and Pin 1997). mGluR5

is expressed throughout the central nervous system (CNS), and

has been demonstrated to be involved in an array of cellular

functions, such as synaptic and cellular plasticity, which likely

underlie their contribution to memory and cognition. Cellular

signaling functions of mGluR5 are primarily mediated by the

phospholipase C pathway, activation of which leads to produc-

tion of lipid second messengers and cascades of protein phos-

phorylation (Conn and Pin 1997). mGluR5 has been proposed

to be physically connected with NMDA receptors in the postsyn-

aptic density, and activation of mGluR5 positively modulates

NMDA receptor-mediated postsynaptic currents (Sepulveda-

Orengo et al. 2013). The importance of mGluR5 signaling to

normal brain function is reflected in its association to several

neurological and neurodevelopmental disorders, including fragile

X syndrome (Dolen and Bear 2008), schizophrenia (Conn et al.

2009), Parkinson’s related dyskinesia (Johnson et al. 2009), anxi-

ety, depression, and addiction (Carroll 2008). The potential of

mGluR5 as a therapeutic target for these diseases has led to a con-

certed effort to produce selective ligands for these receptors.
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Several studies have demonstrated that positive allosteric modula-
tors (PAMs) of mGluR5 can enhance synaptic plasticity assayed in
vitro (Ayala et al. 2009) and hippocampal dependent memory
tasks (Balschun et al. 2006; Ayala et al. 2009; Fowler et al. 2013).

Here we tested whether administration of a selective mGluR5
PAM could enhance adaptive learning. PAMs represent a novel
class of therapeutic agent that have advantages over orthosteric
agonists because of their higher subtype specificity, achieved
by targeting the nonconserved regions of different receptors,
and also because of their use dependency as they only exert their
influence on receptors after activation by the endogenous
ligand. ADX47273 is a recently identified potent and selective
mGluR5 PAM that has been demonstrated to increase mGluR5
function in both in vitro and in vivo assays (Liu et al. 2008;
Ayala et al. 2009). Here we found that systemic administration
of ADX47273 enhanced two distinct forms of adaptive learning:
ADX47273 enhanced fear extinction learning when administered
during the memory retrieval–reconsolidation phase. Separately,
ADX47273 also improved reversal learning in the Morris Water
Maze (MWM). We propose that mGluR5 PAMs are potentially a
useful co-therapy for treatment of certain forms of anxiety disor-
ders and for improving behavioral flexibility.

Results

mGluR5 PAM enhances reversal learning in the MWM
In prior work we had found that mGluR5 knockout mice are im-
paired in reversal learning in the MWM, suggesting that signaling
through this receptor is crucial to this form of adaptive learning
(Xu et al. 2009). We tested whether enhancing mGluR5 signaling
with ADX47273 can affect reversal learning in the MWM.
Wild-type mice (C57/bl6) (n ¼ 25) randomly divided in two
groups (n ¼ 12 for vehicle group, n ¼ 13 for drug group) under-
went a training procedure consisting of 3 d (D1–D3) of visible
platform training (three trials per day), followed by 7 d (D4–
D10) of hidden platform training (three trials per day) and 4 d
of reversal training (D11–D14) (Fig. 1A). As expected, in these
tests when no drug was administered both groups performed
equally well in the visible (two-way repeated-measures [RM]
ANOVA, F(1,23) ¼ 1.29, P . 0.05) (Fig. 1B) and hidden platform
task (two-way RM ANOVA, F(1,23) ¼ 0.01, P . 0.05) (Fig. 1C).
Animals were then trained on D11 and D12 to find a hidden plat-
form that was moved to the quadrant opposite its original posi-
tion. This first reversal training set comprised of seven trials
divided in 2 d (three trials on reversal 1 day 1 [R1D1] and four trials
on R1D2). Thirty minutes before each trial, animals were admin-
istered either ADX47273 (15 mg/kg i.p.) or vehicle. Upon comple-
tion of trials on the first reversal training, we performed a second
set of reversal training that also comprised of seven trials over 2 d
(R2D1 and R2D2) by moving the platform position a further time.
In all, each animal underwent 14 trials during the two sets of re-
versal training. Averaged escape latency for each trial is shown
in Figure 1D. We found that the ADX47273 group performed bet-
ter than the vehicle group, displaying significantly shorter escape
latencies (two-way RM ANOVA, F(1,23) ¼ 5.073, P , 0.05) (Fig. 1D).
The enhanced performance was more pronounced in the first two
trials each day, whereas by the final session on each training day
the vehicle and ADX47273 group performed equally well (Fig.
1D). Analysis of path lengths also revealed a significant enhance-
ment of reversal spatial learning by ADX47273 (data not shown),
whereas no difference was detected in swimming speed between
the two groups (Fig. 1E). Three probe tests were conducted on
D11 (to test memory after hidden platform learning) and on
D13 and D15 (to test memory after each round of reversal learn-
ing). These probe tests revealed no difference between the two

groups, suggesting that ADX47273 has no effect on spatial long-
term memory (LTM) once animals have acquired the tasks (data
not shown). Together these results demonstrate that administra-
tion of mGluR5 PAMs can enhance distinct forms of adaptive spa-
tial learning in mice.

ADX47273 does not enhance single-session fear extinction
mGluR5 knockout mice have deficits in fear extinction, a form of
adaptive learning that is critical to the appropriate response to
fearful stimuli and which can go awry in anxiety disorder such
as post-traumatic stress disorder (Rauch et al. 2006). General
memory processes, including fear extinction, can be partitioned
into three distinct phases: acquisition, consolidation, and retriev-
al, and the mGluR5 PAM ADX47273 might differentially affect
these phases. First, to determine if ADX47273 has effects on the
acquisition of fear extinction, we administered ADX47273 prior
to single-session fear extinction training in a contextual fear ex-
tinction paradigm. Pilot experiment using the same dose of
ADX47273 (15 mg/kg) as we had previously used in the MWM re-
versal failed to show effects when administered prior to extinction
(data not shown). We therefore used a higher dose of ADX47273

Figure 1. ADX47273 enhanced reversal learning in the MWM. (A)
Schematic of experimental design for MWM. D1–D3 animals were
trained with a visible platform. D4–D10 mice were subjected to a
hidden platform test. For D11 and D12, the platform was moved to the
opposite quadrant, and mice were trained in reversal learning for two con-
secutive days with a total of seven trials. Finally, the platform was again
moved to the opposite quadrant and mice were allowed seven trials for
2 d to relearn the new location (D13 and D14). Twenty to 30 min prior
to each reversal trial, animals were injected with ADX47272 or vehicle.
Three probe tests were conducted on D11, D13, and D15 at the begin-
ning of each day (data not shown). (B, C) Escape latency of the mice
during each day of the visible platform (B) and hidden platform test
(C). (D) Escape latency during the reversal test. Drug group, n ¼ 13;
vehicle group, n ¼ 12. (#) Two-way RM ANOVA, P , 0.05. (E) Swim
speeds during the reversal test.
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in these experiments (30 mg/kg) that has previously been demon-
strated to be the optimal concentration for alleviating deficits
in an animal model of psychosis (Schlumberger et al. 2009).
Animals were randomly divided into a drug group (n ¼ 12) and
a vehicle group (n ¼ 12). On Day 1, animals of both groups re-
ceived three footshocks during fear training (Fig. 2Ai). On Day
2, animals were administered either ADX47273 (30 mg/kg) or ve-
hicle 30 min before being returned to the fear inducing condition-
ing chamber for within-session extinction in the presence of the
drug or vehicle. Both vehicle and drug groups demonstrated fear
extinction that was not different between the two groups (two-
way RM ANOVA, F(1,22) ¼ 0.1067, P . 0.05) (Fig. 2Aii). On Day
3, both groups were returned to the conditioning chamber for 6
min without drug administration to assess their extinction mem-
ory. There was no difference between the drug group and vehicle
group in freezing (two-way RM ANOVA, F(1,22) ¼ 0.18, P . 0.05)
(Fig. 2Aiii), suggesting that PAM administration prior to a sin-
gle day within-session extinction training has no effect on fear
extinction.

We performed similar experiments (Fig. 2B) to test whether
ADX47273 has effects on the extinction of tone-cued fear memo-
ry. On Day 1, animals (n ¼ 16) were conditioned with three pair-
ings of tones and co-terminating footshocks (Fig. 2Bi). On Day
2, animals were administered either ADX47273 (30 mg/kg) (n ¼
8) or vehicle (n ¼ 8) 30 min prior to being introduced to a new
context (context 2, extinction chamber) and presented with 15
1-min tones of 1-min interval without footshocks. Freezing per-
centage during each tone presentation is presented in Figure
2Bii. Evidently, the ADX47273 group did not demonstrate any dif-
ference in freezing behavior in the within-session fear extinction
period (two-way RM ANOVA, F(1,14) ¼ 0.038, P . 0.05) (Fig. 2Bii).
On Day 3, both groups were returned to the extinction chamber

and were tested for their fear extinction memory using a single
3-min tone presentation. Again there was no difference in the
freezing of mice in either group (two-way RM ANOVA, F(1,14) ¼

1.79, P . 0.05) (Fig. 2Biii). Therefore, mGluR5 PAM administered
prior to extinction training has no effect on single-session extinc-
tion of either tone-cued or contextual fear memory.

Multi-session extinction is not enhanced

by co-administration of ADX47273
In the next experiment, we tested whether ADX47273 would be
effective in a multi-trial contextual fear memory extinction para-
digm. Mice were again divided into a drug group (n ¼ 9) and a ve-
hicle group (n ¼ 8). On Day 1, animals were conditioned with
three footshocks (Fig. 3Ai). On the next seven consecutive days,
animals of both groups were returned to the conditioning cham-
ber for 6 min each day without footshocks. Thirty minutes before
this daily extinction training, animals were administered either
ADX47273 (30 mg/kg i.p.) or vehicle. Freezing in both groups de-
creased during the multi-session extinction training; however,
there was no difference observed in the freezing of mice in either
group (two-way RM ANOVA, F(1,15) ¼ 0.36, P . 0.05) (Fig. 3Aii).

To test whether ADX47273 affected reconsolidation of fear
memory, we changed the timing of ADX47273 administrationFigure 2. Prior administration of ADX47273 did not enhance single-

session fear extinction. (Ai–Aiii) Freezing during contextual fear condition-
ing on Day 1 (Ai); 30-min contextual fear extinction on Day 2 (Aii); and 6
min of LTM test on Day 3 (Aiii). Drug group, n ¼ 12; vehicle group, n ¼
12. (Bi–Biii) Freezing during tone cued fear extinction. Fear conditioning
(three tone–shock pairings) on Day 1 (Bi); tone-cued fear extinction on
Day 2 (15 tones of 1 min at 2-min intervals, shown are freezing during
tone presentations) (Bii); and tone-cued LTM test on Day 3 (3-min tone
after 3 min of acclimation) (Biii). Drug group, n ¼ 8; vehicle group, n ¼ 8.

Figure 3. ADX47273 administered prior to or after multi-session extinc-
tion did not enhance fear extinction. (Ai,Aii) Effects of prior administration
of ADX47273 on extinction. Freezing during contextual fear conditioning
(three footshocks) on Day 1 (Ai) and contextual extinction training during
seven consecutive days (Aii). ADX47273 or vehicle was administered 30
min prior to training. Drug group, n ¼ 9; vehicle group, n ¼ 8. (Bi–Biii)
Effects of post-extinction administration of ADX47273. Contextual fear
conditioning on Day 1 (Bi) and multi-session extinction training during
seven subsequent consecutive days. ADX47273 or vehicle was adminis-
tered immediately after training (Bii). (Biii) LTM test performed 1 mo
after extinction. Drug group, n ¼ 12; vehicle group, n ¼ 11.
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to follow extinction training. Animals were again conditioned
with three footshocks on Day 1 (Fig. 3Bi). From Day 2 to Day 8,
we performed multi-session extinction experiments in which an-
imals were briefly returned to the conditioning chamber for 6 min
each day without footshocks. ADX47273 was administered imme-
diately following each extinction session (Fig. 3Bii). Again we
found that ADX47273-treated animals had similar freezing during
the multi-session extinction training (two-way RM ANOVA,
F(1,21) ¼ 0.38, P . 0.05) (Fig. 3Bii), suggesting that ADX47273
did not affect reconsolidation of fear memory in this multi-
session extinction paradigm. When animals were tested again
(6-min exposure to the conditioning chamber) after 1 mo, the
two groups showed similar levels of freezing again (t-test, t(21) ¼

0.24, P . 0.05) (Fig. 3Biii), indicating that long-term fear memory
was not disrupted. Together, these results demonstrate that the
mGluR5 PAM had no effect in a multi-session fear extinction par-
adigm when administered either before or after training in con-
textual fear extinction.

mGluR5 PAM during reactivation–reconsolidation

window enhances extinction
Memories are stabilized after consolidation, but it has been pro-
posed that memories might be vulnerable to disruption or editing
when they are actively retrieved (Nader et al. 2000). Reactivating
fear memory shortly before performing extinction training ren-
ders the memory labile. Intervention during this reconsolidation
window can facilitate subsequent fear extinction in both rodents
(Monfils et al. 2009; Clem and Huganir 2010) and humans (Kindt
et al. 2009; Schiller et al. 2010). Based upon this, we reasoned
that ADX47273 might be more effective in fear reduction when
given during the retrieval–reconsolidation window. We first test-
ed whether the insertion of a single retrieval trial by itself facilitat-
ed extinction in mice in our experiments. Mice were assigned into
a retrieval group (n ¼ 10) and a nonretrieval group (n ¼ 10). On
Day 1 of the experiment, animals were trained in a standard asso-
ciative aversive task in which footshocks were paired with a tone
(Fig. 4A). On Day 2, both groups were brought to in a novel con-
text (extinction chamber) for a total of 6 min. A single tone
presentation (180 sec) was given only to the retrieval group but
not the nonretrieval group (Fig. 4B). A recent study using a
reconsolidation-based protocol found that mice required more ro-
bust CS presentations to undergo fear extinction (Clem and
Huganir 2010), and therefore in our experiments we elected to
use a longer tone (180 sec) as a strong CS reminder to potentially
produce a more robust behavioral extinction. Animals were im-
mediately returned to their home cages after this single retrieval
trial and 60 min later they were reintroduced to the extinction
chamber where they underwent a single session, multi-trial ex-
tinction protocol. In order to match total time of tone exposure
for the two groups, 12 tones (60 sec) were presented to the retriev-
al group and 15 tones were given to nonretrieval group (Fig. 4C).
On Day 3, mice were returned to the extinction context where a
single tone (180 sec) was presented (Fig. 4D). The two groups re-
sponded equally to the tone, suggesting there was no effect of
the single retrieval trial by itself on extinction memory in this
paradigm (two-way RM ANOVA, F(1,18) ¼ 0.003, P . 0.05). On
Day 4, mice were placed in the training context (context 1) to
test for the renewal of conditioned fear after extinction training
(Fig. 4E). To minimize contextual freezing, tone presentation
was given 60 sec after introduction instead of 180 sec (Fig. 4E).
Again we found no difference in the amount of freezing time be-
tween the retrieval group and nonretrieval group (two-way RM
ANOVA, F(1,18) ¼ 0.159, P . 0.05). Therefore, under our experi-
mental conditions, a single retrieval trial did not enhance fear ex-
tinction in mice.

To test whether administration of ADX47273 during the re-
trieval–reconsolidation window had effects on fear extinction
we repeated the training protocol just described. On Day 1, the
two groups of animals (vehicle group, n ¼ 20; ADX47273 group,
n ¼ 19) were conditioned with three tone–footshock pairings
(Fig. 5Ai). On Day 2, the tone-cued memory was reactivated by a
single tone presentation (180 sec) in a novel context (context 2,
extinction chamber); both groups displayed similar freezing to
the tone presentation (two-way RM ANOVA, F(1,37) ¼ 0.41, P .

0.05) (Fig. 5Aii). Animals were then returned to the home cages
after this single retrieval trial and 30–45 min later were admin-
istered ADX47274 (30 mg/mL, i.p.) or vehicle. Mice were allowed
to remain in their home cages for an additional 15–30 min be-
fore being reintroduced to the extinction chamber where they
underwent a single session extinction protocol (Fig. 5Aiii).
ADX47274 did not enhance within-session extinction (two-way
RM ANOVA, F(1,37) ¼ 0.87, P . 0.05) and freezing in both groups
declined at a similar rate over the extinction trials (two-way RM
ANOVA F(14,518) ¼ 0.84 for treatment–time interactions, P .

0.05) (Fig. 5Aiii). On Day 3, mice were returned to the extinction
context and tested for their fear extinction memory. A single tone
of 180 sec was presented. We found that the ADX47273-treated
group froze to a much lesser degree to tone than vehicle-treated
animals (two-way RM ANOVA, F(1,37) ¼ 7.61, P , 0.01). There
was no overall difference in basal levels of freezing prior to the
tone presentation (two-way RM ANOVA, F(1,37) ¼ 0.16, P . 0.05)
(Fig. 5Avi). Therefore, ADX47273 facilitated fear extinction
when administered shortly after retrieval. We tested a subgroup
of these animals again after 30 d (without drug) for spontane-
ous fear recovery (n ¼ 15 from ADX group, n ¼ 16 from vehicle-
treated group). Curiously, however, we found that the two groups
froze equally before tone (two-way RM ANOVA, F(1,29) ¼ 1.01,
P . 0.05) and upon tone presentation (two-way RM ANOVA,
F(1,29) ¼ 1.09, P . 0.05) (Fig. 5Av). Thus, although mGluR5 PAM

Figure 4. Single retrieval trial alone did not enhance fear extinction. (A)
Freezing during tone-cued fear conditioning in Day 1. (B) Freezing in the
extinction context. Single CS presentation (180 sec) was given only to the
retrieval group but not to the nonretrieval group. (C) Within-session fear
extinction after the single retrieval trial. The retrieval group received 12
1-min tones at 2-min intervals, and the nonretrieval group received 15
tones. (D) Fear extinction memory test for spontaneous recovery in the ex-
tinction context. Animals were given a single 3-min tone after 3 min of ac-
climation. (E) Fear renewal test conducted in the fear acquisition context.
On Day 4, animals were returned to the fear acquisition chamber and re-
ceived a single 3-min tone presentation. Retrieval group, n ¼ 10; nonre-
trieval group, n ¼ 10.
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administration specifically during a retrieval–reconsolidation
window enhances extinction memory 24 h after extinction, the
treatment does not affect long-term spontaneous recovery of the
fear response.

In a separate group of animals, we tested whether ADX47273
administered in conjunction with a single retrieval trial could af-
fect fear renewal. After training, animals were exposed to a single
retrieval trial and administered vehicle (n ¼ 7) or ADX47273 (n ¼
8) and then underwent extinction as before. There was no diffe-
rence between the two groups in fear acquisition in Day 1 (two-
way RM ANOVA, F(1,13) ¼ 0.14, P . 0.05) (Fig. 5Bi), and retrieval
(two-way RM ANOVA, F(1,13) ¼ 0.002, P . 0.05) (Fig. 5Bii) and ex-
tinction (two-way RM ANOVA, F(1,13) ¼ 0.0196, P . 0.05) in Day 2
(Fig. 5Biii). On Day 3 after extinction, mice were placed into the
training context (context 1) to test for the renewal of conditioned
fear. The renewal test on Day 3 was 4 min in duration with a single
tone presentation (180 sec) started at 60 sec (Fig. 5Biv). We found
that the drug-treated group froze to a much lesser degree to tone
than vehicle animals (two-way RM ANOVA, F(1,13) ¼ 4.49, P ¼
0.05) (Fig. 5Biv). Taken together our results demonstrate that
that ADX47273 administered during the retrieval–reconsolida-
tion window suppresses both short-term spontaneous recovery
and fear renewal.

ADX47273 enhances mGluR5-mediated long-term

depression in the hippocampus
mGluR5 signaling has been demonstrated to play several roles in
cellular plasticity and excitability. To determine the specificity
of ADX47273, we examined how this mGluR5 PAM affected a
well-studied form of hippocampal plasticity. Previously it has
been demonstrated that paired-pulse low frequency stimulation
(PP-LFS) induces a form of long-term depression (LTD) in the
CA1 of the hippocampus that is independent of NMDA receptor
activation, but dependent on mGluR5 activation (Kemp and

Bashir 1997; Huber et al. 2001). We therefore made recordings
of field excitatory postsynaptic potentials (fEPSPs) from hippo-
campal slices and examined PP-LFS LTD at Schaffer collateral-
CA1 synapses. In slices from wild-type (mGluR5+/+) animals,
PP-LFS induced a small but significant depression of the synaptic
response. Thirty-five to 45 min after induction the fEPSP was
significantly depressed compared to the baseline level (88.1+

5.96%, n ¼ 7 slices from four mice) (Fig. 6A). In an interleaved
experiment, PP-LFS-induced LTD was significantly enhanced
when ADX47273 (10 mM) was present (68.4+2.8%, n ¼ 6 slices
from four mice). Statistical analysis revealed a significant effect
of ADX47273 (t-test, P , 0.05) (Fig. 6A). In recordings in slices
from mGluR5 knockout mice (mGluR52/2) PP-LFS did not
produce an appreciable depression of the synaptic response
(96.6+7.17%, n ¼ 7 slices from four mice) and, importantly,
ADX47273 did not enhance LTD in mGluR52/2 slices (91.7+

2.75% n ¼ 6 slices from four mice, P . 0.05, t-test) (Fig. 6B). This
demonstrates both that mGluR5 is required for PP-LFS in the
CA1 and that ADX47273 selectively enhances mGluR5 signaling.

Discussion

Multiple mechanisms have been proposed to contribute to adap-
tive learning (Davis et al. 2006; Quirk et al. 2010). Genetic or phar-
macological disruption of mGluR5 signaling causes deficits in fear
extinction and reversal learning in the MWM, suggesting that
mGluR5 activation is required for these two distinct forms of
adaptive learning (Xu et al. 2009; Fontanez-Nuin et al. 2010).
Here we demonstrate that enhancing mGluR5 signaling by ad-
ministration of a selective mGluR5 PAM during a memory retriev-
al–reconsolidation window is particularly effective in facilitating
adaptive learning that underlies fear extinction. Unexpectedly,
ADX47273 had no effect when it was administered before or after
extinction in a standard paradigm. One possibility to explain this
is that the drug needs to be present during the consolidation or

Figure 5. ADX47273 administration coupled to a single retrieval trial enhances fear extinction. (Ai) Freezing during tone-cued fear conditioning in Day
1. (Aii) Tone-cued freezing upon a single CS presentation (180 sec) on Day 2 (retrieval). (Aiii) Within-session fear extinction after the single retrieval trial.
The extinction protocol consisted of 15 1-min tones at 2-min intervals. (Aiv) Fear memory test in the extinction context on Day 4 (short-term spontaneous
recovery). (Av) Fear memory test in the extinction context after 1 mo (long-term spontaneous recovery). (Ai–Aiv) Drug group, n ¼ 19; vehicle group, n ¼
20. (Av) Drug group, n ¼ 15; vehicle group, n ¼ 16. (Bi–Biii) Freezing during tone-cued conditioning (Bi), retrieval trial (Bii), and extinction (Biii). (Biv)
Renewal test conducted in the fear acquisition context (context 2,). Drug group, n ¼ 7; vehicle group, n ¼ 8. (#) Two-way RM ANOVA, P , 0.05, (##)
P , 0.01, (∗) post-hoc Bonferroni test, P , 0.05.
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reconsolidation process and a single administration in the two
standard paradigms is not effective during the memory consolida-
tion process, which may occur many hours after the extinction
training and after the drug has been metabolized (Schlumberger
et al. 2009).

Previous in vitro studies have demonstrated that ADX47273
has no activity at any of the other mammalian mGluRs (Glu1-8)
(Liu et al. 2008). In a previous study we demonstrated that
ADX47273 can enhance DHPG-induced LTD in rat hippocampal
slices (Ayala et al. 2009). To further demonstrate that ADX47273
has a selective effect on mGluR5 signaling, we examined PP-LFS
induced LTD; an mGluR5-mediated form of plasticity in slices
from wild-type mice LTD was enhanced by the mGluR5 PAM.
But, as expected for a selective mGluR5 ligand, no effect was ob-
served in slices from mGluR52/2 mice (Fig. 6). While further cir-
cuit analysis is required to demonstrate how mGluR5 signaling
contributes to fear extinction, these results further confirm that
ADX47273 is a useful tool for investigating the behavioral and cel-
lular roles of mGluR5.

Memory processes are complex, but it is evident that memo-
ries are not formed as permanent structures but can be edited and
modified in dynamic ways. Once information has been encoded
and stored, it can be retrieved. Brief retrieval of recent memories
triggers a reconsolidation process during which the memory be-
comes labile and susceptible to modifications (Nader et al. 2000;
Sara 2000; Alberini 2005; Inda et al. 2011). This dynamic nature
of the memory process suggests that intervention during periods
of retrieval and reconsolidation can be used to alter maladaptive
memory, and may represent a way to facilitate the extinction of
unwanted memories such as traumatic fear. It has been reported
that even administering a single retrieval trial shortly before fear

extinction training can lead to persistent attenuation of fear
memories in both rodents and human subjects (Monfils et al.
2009; Clem and Huganir 2010; Schiller et al. 2010). Exposure
to a single retrieval trial with the subsequent ability to suppress
renewal or spontaneous recovery of fear would have significant
clinical implications for behavioral therapy regimes; however,
these findings have not been universally accepted, with several re-
cent studies failing to replicate the original findings (Chan et al.
2010; Costanzi et al. 2011; Ishii et al. 2012). In our control exper-
iments we also examined whether an isolated retrieval trial before
the extinction session could suppress spontaneous recovery (in
the extinction context [Fig. 4D]) or renewal (in the fear context
[Fig. 4E]). In each case we found no effect of the retrieval trial by
itself but, interestingly, when ADX47273 was administered dur-
ing the reactivation–reconsolidation window, reduced freezing
was observed in subsequent tests for spontaneous recovery and re-
newal of fear (Fig. 5) suggesting that intervention with mGluR5
PAMs may be useful as an adjunct to increase the effectiveness
of reconsolidation-based behavior therapies which are used to
address maladaptive memory such as traumatic fear. Recently,
the b-adrenergic receptor antagonist propranolol administered
in combination with memory retrieval was found to have a similar
effect (Przybyslawski et al. 1999; Brunet et al. 2008; Kindt et al.
2009; but also see Tollenaar et al. 2009; Muravieva and Alberini
2010). Given the clinical significance of reconsolidation-based
behavioral therapy regimes for humans, finding adjuncts to facil-
itate the editing of memories will provide important tools for
co-therapy. Our study provides evidence that mGluR5 PAMs
may be one such drug class. It should be noted, however, that in
these experiments we found that at a later timepoint of 1 mo post-
extinction, normal spontaneous recovery was observed indicating
that fear memory was not completely erased with our current ex-
perimental regime (Fig. 5Av). Future studies will be required to
determine if more robust retrieval–extinction protocols with dif-
ferent drug regimens will produce more significant suppression of
spontaneous recovery.

We also found that administration of ADX47273 enhanced
reversal learning in the MWM. In this case mGluR5 PAM admin-
istered directly before the reversal training decreased the latency
with which the animals relearned the position of the platform.
This enhancement of adaptive learning in a very different context
suggests that mGluR5 may have effects more generally on adap-
tive learning and behavioral flexibility. Recent studies using a
different mGluR5 PAM, CDPPB, have demonstrated that enhance-
ment of mGluR5 function increases extinction of conditioned
place preference to cocaine (Gass and Olive 2009), or extinction
of an operant self-administration task (Cleva et al. 2011). In this
study, CDPPB enhanced extinction of cocaine self-administration
when administered prior to, or after, each extinction session, sug-
gesting that CDPPB may facilitate both the acquisition and con-
solidation of the extinction process (Cleva et al. 2011). In a
second study by the same group, CDPPB did not affect extinction
of methamphetamine-seeking behavior, suggesting that the ef-
fects of mGluR5 PAMs may not generalize to extinction of all
drug-seeking behavior (Widholm et al. 2011). Differences in the
efficacy of the drug in facilitating different types of learning be-
haviors may be due to the intrinsic properties of different types
of memories, the properties of which might dictate the tolerance
to behavioral and pharmacological modifications (Milner et al.
1998). Finally, in addition to extinction of fear and drug-related
memory and spatial memories, mGluR5 PAMs have also been
found to increase behavioral flexibility in animal models of schiz-
ophrenia (Stefani and Moghaddam 2010). Therefore, it appears
that mGluR5 PAMs can enhance several forms of adaptive learn-
ing processes and there may be some shared general mechanisms
between these different forms of memory.

Figure 6. ADX47273 enhances PP-LFS induced LTD in the CA1 region
of the hippocampus. (A) Normalized fEPSP slopes recorded in CA1 from
slices from wild-type mice. Interleaved experiments were performed in
the presence of vehicle or ADX47273. LTD was significantly enhanced
in the presence of the mGluR5 PAM. The PP-LFS protocol consisted of
900 pairs of stimuli (40-msec inter-stimulus interval) delivered at 1 Hz
for 15 min. (B) PP-LFS failed to induce LTD in slices taken from
mGluR52/2 mice. ADX47273 had no effect on mGluR52/2 slices.
PP-LFS protocol consists of 900 pairs of stimuli (40-msec inter-stimulus in-
terval) delivered at 1 Hz for 15 min.
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The synaptic bases for adaptive learning mechanisms are not
known; however, several cellular processes have been identified
which correlate with fear extinction learning. Studies in the later-
al amygdala have proposed that LTD and removal of surface AMPA
receptors contribute to fear extinction (Lin et al. 2000, 2003;
Clem and Huganir 2010; Kim et al. 2010). LTD in the amygdala
is dependent on NMDA receptor activity and thus may be modu-
lated by Group 1 mGluRs (Luscher and Huber 2010). Therefore,
ADX47273 given during the retrieval–reconsolidation window
may facilitate the removal of AMPA receptors from synapses in
the lateral amygdala or hippocampus, both brain regions that
are known to contribute to fear extinction memory. Another
possibility is that ADX47273 may exert its actions in the infralim-
bic region of the medial prefrontal cortex, a region where
mGluR5 activation has been proposed to contribute to fear extinc-
tion (Fontanez-Nuin et al. 2010; Sepulveda-Orengo et al. 2013).
These possibilities are not mutually exclusive and it is possible
that mGluR5 signaling in multiple brain regions contributes to
fear extinction. Further studies are necessary to determine the
neural circuits and the cellular basis for the involvement of
mGluR5 in fear extinction.

Adaptive memory processes are required for many different
forms of learning and maladaptive recruitment of these processes
can contribute to diverse pathophysiologies. It is interesting to
speculate that similar cellular processes are required for distinct
forms of adaptive learning with an important role for mGluR5
signaling in each of these forms of memory. In sum, these results
further demonstrate the involvement of mGluR5 signaling in
adaptive learning, and suggest that mGluR5 PAMs may represent
a viable strategy to improve the effectiveness of extinction-based
behavioral therapy for anxiety disorders, the treatment of drug ad-
diction, and for improving behavioral flexibility.

Materials and Methods

Animals
Animals used in all behavioral experiments were male C57/bl6
wild-type mice at the age of 2–4 months. Animals were either
directly acquired from Jackson Laboratory or generated by
breeding pairs established at Northwestern University. For elec-
trophysiology experiments, mGluR52/2 mice and littermates
(mGluR5+/+) were used (Xu et al. 2009). The mutant strain has
been backcrossed to C57/bl6 wild-type mice for at least six gener-
ations. Animals were group housed in a room with 14-h light/
10-h dark cycle. Food and water were provided ad libitum. All ex-
periments were approved by the Institutional Animal Care and
Use Committees at Northwestern University.

Materials
ADX47273 was custom synthesized as previously described (Ayala
et al. 2009; Engers et al. 2009) and was dissolved in a vehicle
consisting of 45% w/v 2-hydroxypropyl-b-cyclodextrin (Sigma-
Aldrich) by sonication. Drug and vehicle were administrated in-
traperitoneally in all experiments.

Fear conditioning
Fear conditioning cages (30 cm L × 30 cm W × 25 cm H) were
constructed of clear Plexiglas. The floors of the cages were
equipped with stainless steel rods designed for shock delivery to
mice. The chambers were cleaned with 70% ethanol before and af-
ter use. An automated video tracking system (Limelight) was used
to monitor mice in the fear conditioning paradigm. Contextual
fear conditioning training consisted of 3 min of baseline monitor-
ing followed by three footshocks (0.7 mA, 1 sec) given at 1-min
intervals. For tone-cued fear conditioning training, animals re-
ceived three pairs of 20-sec tone (85 dB, 2900 Hz) co-terminated
with 1-sec footshock (0.7 mA) given at 1-min intervals. Contextu-

al fear extinction and fear memory tests were conducted in the
same conditioning chamber and with the same visual cues.
Tone-cued fear extinction and fear memory tests were conducted
in a novel context that had a different cage floor (white plastic),
altered shape (circular), changed size (25 cm in diameter), altered
wall pattern, and a novel scent (Clidox) wiped on the walls. All ex-
periments were conducted in sound-attenuated chambers.

Morris Water Maze
The Morris Water Maze experiments were conducted as previously
described, with some modification (Xu et al. 2009). A water tank
(120-cm diameter) was filled with water at room temperature.
The water was made opaque with white nontoxic Crayola wash-
able paint. A transparent platform (8 × 13 cm) was submerged
1 cm below the surface of opaque water. An automated video
tracking system was used to record the swim path, velocity, and
time taken to reach the platform (latency) or the time spent in
each zone. Mice were first trained to find the visible platform for
three consecutive days (three trials per day, Days 1–3). Mice that
failed to find the platform within 60 sec were placed onto the plat-
form. Mice were allowed to remain on the platform for 15 sec after
each trial. Hidden platform training was conducted 1 d after the
completion of the visible platform training. Mice were trained
for 7 d (three trials per day, Days 4–10) to find the submerged plat-
form at a fixed position (center of NE quadrant) with the aid of dis-
tal cues in the testing room. For reverse platform training the
hidden platform was moved from the NE quadrant to the SW
quadrant without changing the distal visual cues. Mice were
trained to find this new platform location for 2 d (Days 11 and
12, three trails on Day 11 and four trials on Day 12). After this first
round of reverse training, the platform was again moved to the op-
posite quadrant (NE) and mice were allowed seven trials for 2 d to
relearn the new location (Days 13 and 14).

Electrophysiology
Animals were anaesthetized and rapid cardiac perfusion was per-
formed with ice-cold sucrose artificial cerebrospinal fluid (ACSF)
solution containing (in mM) 85 NaCl, 2.5 KCl, 1.25 NaH2PO4,
25 NaHCO3, 25 glucose, 75 sucrose, 0.5 CaCl2, and 4 MgCl2, equil-
ibrated with 95% O2 and 5% CO2 before decapitation and removal
of the brain. Transverse hippocampal slices were made from the
ventral hippocampus and transferred to a holding chamber, ini-
tially at 26˚C, for 1 h; during this time the slicing solution was ex-
changed for a normal ACSF solution containing (in mM) 125
NaCl, 2.4 KCl, 1.2 Na2PO4, 25 NaHCO3, 25 glucose, 1 CaCl2,
and 2 MgCl2, and gradually allowed to return to room tempera-
ture. Individual slices were transferred to a recording chamber
and visualized under DIC optics. For field recordings electrodes
were fabricated from borosilicate glass at a resistance of 3–5 MV

and filled with regular ACSF. EPSPs were evoked using a glass elec-
trode placed in the stratum radiatum to stimulate Schaffer collat-
eral inputs to CA1. Data were collected and analyzed using
pClamp 9 software (Axon instruments). The PP-LFS LTD induc-
tion protocol consisted of 900 pairs of stimuli (40 msec inter-
stimulus interval) delivered at 1 Hz for 15 min. Sampled data
were analyzed offline using Clampfit 9.2. All fEPSP slopes were
normalized to the average slope calculated during 20 min of base-
line prior to PP-LFS.

Statistical analyses were conducted with GraphPad Prism.
For the multiple trial experiments, two-way repeated-measures
ANOVA (RM ANOVA) were conducted to assess the effects of
both drug treatment and sessions/trials. Post-hoc Bonferroni
pairwise comparisons were performed when significant effects
were found by two-way ANOVA. Differences between two means
were assessed with t-tests. Data are presented as mean+SEM.
Differences were considered significant when P , 0.05.
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