ORIGINAL ARTICLE

Cerebral Cortex, December 2018;28: 4291-4304

doi: 10.1093/cercor/bhx282
Advance Access Publication Date: 9 November 2017
Original Article

Contextual Fear Extinction Induces Hippocampal
Metaplasticity Mediated by Metabotropic Glutamate

Receptor 5

Branden J. Stansley’2, Nicole M. Fisher!?, Rocco G. Gogliottil?,
Craig W. Lindsley'23, P. Jeffrey Conn’?4 and Colleen M. Niswender?24
Department of Pharmacology, Vanderbilt University, Nashville, TN 37232, USA, 2Vanderbilt Center for

Neuroscience Drug Discovery, Vanderbilt University, Nashville, TN 37232, USA, *Department of Chemistry,
Vanderbilt University, Nashville, TN 37232, USA and *Vanderbilt Kennedy Center, Vanderbilt University

Medical Center, Nashville, TN 37232, USA

Address correspondence to P. Jeffrey Conn and Colleen M. Niswender, Vanderbilt Center for Neuroscience Drug Discovery, Vanderbilt University, 1205
Light Hall, Nashville, TN 37232-0697, USA. Email: colleen.niswender@vanderbilt.edu (C.M.N), jeffrey.conn@vanderbilt.edu (P.J.C.)

Abstract

Dysregulated fear memory can lead to a broad spectrum of anxiety disorders. The brain systems underlying fear memory
are manifold, with the hippocampus being prominently involved by housing fear-related spatial memories as engrams,
which are created and stored through neural changes such as synaptic plasticity. Although metabotropic glutamate (mGlu)
receptors contribute significantly to both fear behavior and hippocampal synaptic plasticity, the relationship between these
two phenomena has not been fully elucidated. Here, we report that contextual fear extinction induces a novel form of
metaplasticity mediated by mGlus at the hippocampal SC-CA1 synapse. Further, blockade of mGlus prevents both
contextual fear extinction and expression of this metaplasticity. This form of metaplasticity was absent in a mouse model
of MECP2-duplication syndrome, corresponding to a complete deficit in extinction learning. These findings suggest that
mGlus-dependent metaplasticity within the hippocampus may play a critical role in extinction of contextual fear.
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Introduction

Fear memory is part of the normal adaptive response (Bolles
1969; Fanselow 1994); however, dysregulated fear memories
can underlie anxiety states such as post-traumatic stress disor-
der (Johnson et al. 2012). While several brain structures contrib-
ute to fear memory formation and storage, the hippocampus is
pivotal for the formation of contextual fear memory (Kim and
Fanselow 1992; Liu et al. 2012) and has more recently been
shown to be important for long-term storage of fear memories
(Goshen et al. 2011). Formation and storage of the neural
engram for fear memory is thought to be mediated within the
brain by activity-dependent changes in the efficacy of synaptic

transmission, or synaptic plasticity (Bliss and Collingridge 1993;
Takeuchi et al. 2014; Eichenbaum 2016). Indeed, changes in syn-
aptic plasticity have been demonstrated to occur after
Pavlovian fear conditioning (Sacchetti et al. 2002), as well as
simultaneously during fear learning in an inhibitory avoidance
task in rodents (Whitlock et al. 2006). Experience-dependent
changes in synaptic plasticity such as these are considered a
form of “metaplasticity,” a term for plasticity regulation that
occurs after prior synaptic activity at the specific synapse being
investigated (Abraham and Bear 1996; Abraham 2008).

At the molecular level, the G-protein-coupled metabotropic
glutamate (mGlu) receptors contribute significantly to both fear
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memory and long-term synaptic plasticity (Riedel and
Reymann 1996; Swanson et al. 2005; Gravius et al. 2006;
Niswender and Conn 2010). More specifically, mGlu receptor
subtype 5 (mGlus) plays a prominent role in many aspects of
memory formation (Rodrigues et al. 2002; Simonyi et al. 2005;
Ayala et al. 2009; Fontanez-Nuin et al. 2011; Rook et al. 2015).
For example, fear conditioning leads to a dramatic temporal
and subregion-specific upregulation of mGlus expression in the
hippocampus (Riedel et al. 2000) and pharmacological inhibition of
mGlus blocks fear conditioning (Schulz et al. 2001). Furthermore,
genetic deletion of mGlus results in impaired acquisition and
extinction of contextually conditioned fear (Xu et al. 2009) with cor-
responding deficits in hippocampal long-term potentiation (LTP)
(Lu et al. 1997). The group I mGlu receptors (mGlu; and mGlus)
have also been shown to be key mediators in another form of syn-
aptic plasticity, termed long-term depression (LTD), at the Schaffer
Collateral-CA1 (SC-CA1) synapse ex vivo (Fitzjohn et al. 1999;
Huber et al. 2001) and in vivo (Popkirov and Manahan-Vaughan
2011). Despite its critical role, the effects of contextual fear condi-
tioning on mGlu receptor-dependent synaptic plasticity in the hip-
pocampus have not been specifically investigated. Therefore, we
directly tested the hypothesis that contextual fear conditioning
leads to an enhancement in mGlu receptor-dependent LTD at the
SC-CA1 synapse. We found that fear learning does not enhance
hippocampal LTD, but instead induces a form of metaplasticity by
which mGlu receptor activation induces robust LTP at the SC-CA1
synapse 1 week after conditioning. Further studies demonstrate
that this metaplastic switch from mGlu receptor-dependent LTD to
LTP is not induced by the acquisition of conditioned fear, but
rather by fear extinction training. The administration of a selective
mGlus negative allosteric modulator (NAM) revealed that both con-
textual extinction behavior and extinction-induced metaplasticity
are dependent on mGlus receptor activation. The role of hippocam-
pal mGlus-dependent metaplasticity in mediating fear extinction
memory was strengthened by the finding that acute systemic or
direct hippocampal injection of an mGlus NAM disrupted fear
extinction recall. Finally, we found that an autism-related mouse
model that displays impaired fear extinction also exhibits a lack of
extinction-induced hippocampal metaplasticity. Taken together,
these findings provide significant evidence that a novel form of
mGlus-dependent metaplasticity within the hippocampus is in-
volved in contextual fear extinction.

Results

mGlu Receptor-Dependent LTD is Converted to LTP in
the Hippocampus After Fear Conditioning

To test the effects of contextual fear conditioning on hippo-
campal mGlu receptor-dependent synaptic plasticity, mice
underwent fear conditioning, followed by one day of context
re-exposure to test for acquisition, and then sacrificed 1 week
later to assess plasticity at the SC-CA1l synapse (Fig. 1A).
Contextual fear conditioning is an associative learning para-
digm that causes a long-lasting and robust fear memory, which
manifests as freezing behavior when mice re-enter the context
associated with an aversive stimuli, in this case, a mild foot
shock (Kim and Fanselow 1992). In this study, fear conditioning
resulted in significant freezing during the fear acquisition test
(T1) 24 h later. Conversely, mice tested without previous condi-
tioning (naive), displayed little freezing behavior over the 3-min
assessment time (% freezing: naive: 2.5 + 0.5; conditioned: 63 +
5.5) (Fig. 1B). Fear behavior has been shown to be accompanied
by an enhancement of basal excitatory synaptic responses at
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Figure 1. mGlu receptor-dependent LTD is converted to LTP in the hippocampus
after fear conditioning. (A) Schematic of fear conditioning procedure. (B) Graph
representing the percent time freezing to the context on T1 (**P < 0.001, com-
pared with naive, t5 = 10.85, Student’s t test; naive n = 12, Cond n = 12). (C)
Input-output function measured at SC-CAl synapse in hippocampal slices
(black symbols, *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001 compared with
naive; P < 0.0001, F(114) = 8.77, two-way ANOVA,; naive n = 9, Cond + T1 n = 10).
(D) Paired-pulse ratio (PPR) at SC-CA1 synapse (P = 0.884, two-way ANOVA,
naive n =9, Cond + T1 n = 10). (E) Time course showing the effects of PP-LFS on
fEPSP slope in acute slices of naive (black symbols, n = 9) and Cond + T1 (gray
symbols, n = 10) mice. Representative traces (1) and (2) correspond to baseline
(1) and 60min post PP-LFS (2). (F) Averaged fEPSPs from last 5min of a 60 min
recording show significant difference in naive compared with conditioned
groups (P < 0.01, compared with naive, t(1; = 4.16, Student’s t test). Data are
expressed as mean + standard error of the mean (SEM).

the SC-CA1 synapse that can be observed across a range of
stimulus intensities (Sacchetti et al. 2001). In agreement with
this, we found that the input-output function of evoked fEPSPs
at the SC-CA1l synapse was significantly elevated in condi-
tioned mice compare to naive animals when acute slice electro-
physiology experiments were performed 1 week after fear
conditioning (Fig. 1C). No significant difference in paired-pulse
ratio (PPR) was detected in slices among the groups, suggesting
a strengthening of synaptic responses with no presynaptic
change in synaptic transmission (Fig. 1D).

Previous studies have revealed a delayed upregulation of
mGlus expression in the CA1l region after fear conditioning
(Riedel et al. 2000). Given the fact that mGlus activity
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contributes to mGlu receptor-dependent LTD at this synapse
(Huber et al. 2001; Ayala et al. 2009), we tested the hypothesis
that enhanced mGlu receptor-dependent LTD would also be
observed in the hippocampus 1 week after conditioning. For
these studies, we utilized an LTD induction paradigm consist-
ing of 1Hz paired-pulse stimulation for 900 pairs (paired-pulse
low-frequency stimulation, PP-LFS), which has been shown to
elicit mGlu receptor-dependent LTD at the SC-CA1l synapse
(Huber et al. 2000). In contrast to our hypothesis, the naive
group displayed typical LTD, while PP-LFS induced a slow-onset
LTP in slices from conditioned mice (Fig. 1E). This dramatic
shift in the response to PP-LFS from induction of LTD to LTP
was statistically significant when assessed by measuring the
average fEPSP slope from the last 5 min of the 60 min recording
(% of baseline, naive: 81.4 + 7.5; Cond + T1: 120.7 + 5.5, black vs.
grey hatched bars) (Fig. 1F). This effect was also observed when
LTD was induced by application of the group I mGlu receptor
agonist (S)-3,5-dihydroxyphenylglycine (DHPG; 25pM); DHPG-
induced LTD in slices from naive mice and LTP in slices from
conditioned mice (% of baseline, naive: 80.5 + 4.3, Cond + T1:
122 + 3.4) (Supplemental Fig. S1A). Taken together, these data
reveal that contextual fear conditioning can shift the plasticity
response, or create a metaplasticity in the hippocampus, result-
ing in the induction of LTP in response to mGlu receptor activa-
tion using stimulation protocols that typically elicit mGlu-
dependent LTD in slices from naive mice.

Fear Conditioning-Induced Metaplasticity is Dependent
on mGlus, NMDA and CB1 Receptors

To identify the specific mGlu receptor subtype responsible for
this mGlu receptor-dependent LTP, the contribution of each
group I mGlu subtype was tested pharmacologically using the
specific mGlu; and mGlus NAMs VU0469650 and 3-((2-methyl-4-
thiazolyl)ethynyl)pyridine (MTEP), respectively. Again, condi-
tioned mice were tested for fear expression and sacrificed for
electrophysiology 1 week later. Application of the mGlus NAM,
MTEP, to slices from conditioned mice during PP-LFS experi-
ments completely normalized long-term plasticity, resulting in
LTD (% of baseline, 86.30 + 4.9) (Fig. 2A). However, the mGlu,
NAM, VU0469650, did not significantly alter LTP in slices from
the conditioned group (% of baseline, 133.9 + 13.6) (Fig. 2B).
Similar results were obtained in slices from conditioned mice
when LTP was chemically induced with DHPG and blocked by
MTEP, but not VU0469650 (% of baseline, MTEP: 74.8 + 11.7;
VU0469650: 133.5 + 15.1) (Supplemental Fig. S1B, C).

Many classical induction paradigms used to evoke LTP at the
SC-CA1 synapse, such as high-frequency stimulation, are depen-
dent on NMDA receptor activation (Collingridge et al. 1983;
Luscher and Malenka 2012). Therefore, NMDA receptor contribu-
tion to PP-LFS-induced LTP after fear conditioning was tested
pharmacologically. Once again, mGlu receptor-dependent LTP
was evoked in slices from conditioned mice using either the
afferent stimulation PP-LFS protocol or chemically by DHPG
application in the presence of the NMDA receptor antagonist D-
(-)-2-amino-5-phosphonopentanoic acid (D-AP5). NMDA receptor
antagonism prevented mGlu receptor-dependent LTP, with
fEPSP slopes returning to baseline levels 60 min after induction
by PP-LFS (% of baseline, AP5: 97.1 + 9.5) (Fig. 2C) or DHPG (% of
baseline, AP5: 101.5 + 6.2) (Supplemental Fig. S1D).

Previous literature suggests that activation of mGlus receptors
located on postsynaptic pyramidal neurons at this synapse can
mediate a metaplasticity that enhances NMDA receptor-
dependent LTP (Xu et al. 2014). This occurs through cannabinoid

receptor type 1 (CB1) activation on GABAergic interneurons that
disinhibits the glutamatergic afferents, thus lowering the thresh-
old for LTP (Chevaleyre and Castillo 2003). Therefore, we applied
the CB1 antagonist, AM251, to slices from conditioned mice and
found that PP-LFS was unable to evoke LTP (Fig. 2D). Taken
together, these results suggest that the metaplasticity induced by
fear learning is dependent on mGlus, NMDA, and CB1 receptors
(Fig. 2E).

Contextual Fear Extinction Mediates the Shift to mGlu
Receptor-Dependent LTP in the Hippocampus

To investigate whether this mGlus-dependent metaplasticity
underlies the original fear memory, we blocked mGlus recep-
tors with a systemic injection of MTEP (5 mg/kg; intraperitoneal
[ip.]) prior to a recall trial 1 week after conditioning. MTEP
treatment prior to the recall trial did not alter fear expression 1
week after conditioning when compared with vehicle controls
(% freezing; vehicle: 53 + 6.6, MTEP: 59.63 + 7.23) (Supplemental
Fig. S2). These data, together with the studies showing that
ex vivo MTEP blocks expression of mGlus-mediated LTP in
acute slices at this time-point, suggest that mGlus-dependent
metaplasticity 1 week after fear conditioning is not related to
the expression of the conditioned fear memory.

The lack of effect of MTEP on fear recall pointed to the possi-
bility that the metaplastic switch from LTD to LTP could be
important for a different aspect of fear memory. Fear memory
is complex, and the mechanisms that drive acquisition, expres-
sion and extinction can be disparate (Abel and Lattal 2001). Our
initial behavioral studies utilized a paradigm in which animals
were fear conditioned and a test for fear memory (T1) was per-
formed 24 h later. While the T1 fear testing was required to
assess the acquisition of fear learning, this exposure to the con-
ditioning chamber in the absence of shock also serves as an
extinction session. Thus, we postulated that the hippocampal
metaplasticity measured 1 week after conditioning could be
related to extinction learning. To test this hypothesis, we per-
formed experiments in which mice were exposed to condition-
ing without re-exposure to the contextual chamber (i.e., no
expression testing) and sacrificed 1 week later to assess the
effect of fear conditioning on synaptic physiology (Fig. 3Ai). A
separate cohort of mice underwent contextual fear extinction
for 5 trials with one trial per day before being sacrificed for
electrophysiology experiments (Fig. 3Aii). Consistent with
extinction occurring during the T1 testing trial, there was a sig-
nificant decrease in freezing between T1 and T2. Freezing
behavior gradually decreased when mice underwent daily
extinction sessions over the total 5 days (Fig. 3B). Interestingly,
fear extinction, but not fear conditioning, resulted in a large
increase in the input-output function (Fig. 3C). In addition to
displaying significantly enhanced synaptic responses to a given
stimulus intensity, hippocampal slices from extinguished mice
also exhibited PP-LFS-induced LTP (% of baseline, extinction:
156.6 + 11.6) that was significantly more robust than that seen
initially in mice that only underwent a single extinction trial
(i.e., T1 only). Conversely, slices from the conditioned only
group displayed PP-LFS-induced LTD (% of baseline, Cond only:
85.9 + 5.9) (Fig. 3D, E). Overall, these experiments demonstrate
that extinction of contextually conditioned fear leads to a
robust form of metaplasticity in the hippocampus that induces
a switch in the response to PP-LFS stimulation from induction
of mGlus-dependent LTD to a novel form of mGlus-dependent
LTP.
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Figure 2. Fear conditioning-induced metaplasticity is dependent on mGlus, NMDA and CB1 receptors. (A) Time course showing the effects of PP-LFS on fEPSP slope in
acute slices from Cond + T1 mice with MTEP (1 M) perfusion throughout experiment (n = 5). (B) Time course showing the effects of PP-LFS on fEPSP slope in acute
slices with VU0649650 (10 uM) perfused throughout the entire experiment (n = 6). (C) Time course showing the effects of PP-LFS on fEPSP slope in acute slices with AP5
(50 M) perfused throughout entire experiment (n = 8). (D) Time course showing the effects of PP-LFS on fEPSP slope in acute slices with AM251 (2 M) perfused
throughout entire experiment (n = 5). Summary of averaged fEPSPs from Figures 1F and 2A-D. (*P < 0.01 compared with naive/vehicle; P = 0.0005, F(s 37 = 5.75, one-

way ANOVA). Data are expressed as mean + SEM.

Contextual Fear Extinction and Hippocampal
Metaplasticity are Prevented by mGlus Antagonism

To further investigate the relationship between mGlus-depen-
dent metaplasticity and fear extinction, we tested the effects of
mGlus receptor blockade in vivo during extinction learning.
Using the contextual fear extinction paradigm (Fig. 4A), we
found that mice that were administered MTEP (5mg/kg; i.p.)
prior to each extinction session did not extinguish freezing
behavior over the 5 trials (T1-T5) (Fig. 4B). This is consistent
with studies utilizing mGlus knockout mice, which display defi-
cits in contextual fear extinction (Xu et al. 2009). Importantly,
MTEP administration to behaviorally naive mice did not affect
basal freezing (Supplemental Fig. S3). Electrophysiology studies
performed on acute slices from MTEP-treated mice revealed
that the input-output function and LTD were both similar to
that of behaviorally naive mice (Fig. 4C-E). These data confirm

previous findings that mGlus contributes to fear extinction reg-
ulation (Xu et al. 2009; Fontanez-Nuin et al. 2011; Sethna and
Wang 2014) and reveal that (1) contextual fear extinction is
accompanied by mGlus-dependent metaplasticity at the hippo-
campal SC-CA1 synapse, (2) inhibition of extinction learning
prevents the expression of this form of metaplasticity, and (3)
blocking the metaplastic shift to mGlus-dependent LTP pre-
vents extinction learning.

Contextual Fear Extinction and mGlu Receptor-
Dependent LTP is Restored Following Termination

of MTEP Treatment

The finding that an mGlus NAM inhibits both extinction learn-

ing and mGlus-dependent metaplasticity raises the exciting
prospect that development of this novel form of mGlus-
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fEPSPs from last 5 min of recording (gray bar in (D)) show significant difference in slices from mice that underwent extinction compared with conditioned only (**P <

0.001, t13 = 5.63, Student’s t test). Data are expressed as mean + SEM.

mediated metaplasticity is required for acquisition of extinction
learning. To test the hypothesis that acquisition of extinction
learning is suppressed acutely by MTEP, we determined whether
termination of mGlus antagonism would allow for extinction
learning and expression of mGlu receptor-dependent LTP. Mice
were contextually conditioned and underwent 10 days of extinc-
tion training, with MTEP treatment prior to T1-T5 and vehicle
treatment prior to T6-T10 (Fig. SA). As in previous experiments,
mice treated with MTEP did not extinguish contextual fear behav-
ior during extinction sessions T1-T5. However, the same cohort of
mice demonstrated a statistically significant decrease in freezing
when MTEP was replaced by vehicle for extinction sessions Té6-
T10 (Fig. 5B). In addition, termination of MTEP treatment restored
PP-LFS-induced LTP in hippocampal slices from these mice
(Fig. 5C). These results further support the role of mGlus-mediated
extinction learning in creating this hippocampal metaplasticity.

Spontaneous Recovery of Contextual Fear Corresponds
to a Loss of mGlu Receptor-Dependent LTP
Taken together, the data presented above indicate that a meta-

plastic switch from mGlus-dependent LTD to LTP may be inte-
gral to the acquisition and expression of fear extinction

learning. However, if this mGlus-dependent metaplasticity is
directly tied to expression of extinction learning, we would pre-
dict that the expression of mGlus-mediated LTP would be
absent in animals after recovery of the conditioned fear.
Indeed, after termination of fear extinction training, animals
spontaneously recover the original fear memory over time
(Rescorla 2004). To assess the effect of spontaneous recovery on
mGlu receptor-dependent LTP, we extinguished fear behavior
in a cohort of mice and performed a test for spontaneous recov-
ery after a 30-day delay (Fig. 6A). Mice recovered the majority of
the conditioned fear memory 30 days after the last extinction
session (Fig. 6B). Basal hippocampal synaptic transmission, as
measured by the input-output function, was significantly
decreased 30 days after T5 compared with 1 day after T5
(Fig. 6C). Moreover, mGlu receptor-dependent LTP was lost 30
days after T5, corresponding to the loss of fear extinction recall
(Fig. 6D; % of baseline: 99.38 + 3.6). This is especially interesting
in light of previous studies showing that activation of mGlus
and protein synthesis contribute to inhibition of spontaneous
recovery of fear memory in rats and mice (Mao et al. 2013).
Taken together, these data suggest that the metaplasticity
allowing for mGlu receptor-dependent LTP represents a neural
correlate of the extinction memory within the hippocampus.
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Contextual Fear Extinction Recall is Disrupted by mGlus
Antagonism

To more directly test the hypothesis that mGlus receptor-
dependent LTP is related to the extinction memory, we extin-
guished previously conditioned mice for 5 days (T1-T5) with
vehicle, and on the sixth day of extinction (T6) mice were pre-
treated with the mGlus NAM MTEP (5mg/kg; i.p.) (Fig. 7A).
Systemic blockade of mGlus abolished recall of the extinction
memory as indicated by increased freezing on T6 compared
with T5 (Fig. 7B). To determine whether this is mediated by
blockade of mGlus in the hippocampus, we directly targeted
the dorsal hippocampal CA1 through bilateral infusion (Fig. 7C).
Vehicle was infused prior to T1-T5, and MTEP (1 pg) prior to T6.
Here, we found that mGlus blockade by direct infusion of the
hippocampus was sufficient to significantly disrupt fear extinc-
tion, although not to the extent of systemic injection (Fig. 7D).
These results provide evidence for the necessity of hippocam-
pal mGlus activation in area CA1 of the hippocampus for the
recall of contextual fear extinction memory.

MECP2 Duplication Syndrome Model Mice Display
Impairments in Contextual Fear Extinction and mGlus-
Dependent Metaplasticity

Genetic overexpression of the transcriptional regulator MECP2 in
mice has been shown to result in hippocampal synaptic plasticity
alterations as well as impairments in contextual fear conditioning
and extinction learning (Collins et al. 2004; Na et al. 2012). The
current findings put forth the intriguing possibility that deficits in
extinction learning in MECP2-overexpressing mice could reflect

an underlying deficit in the mGlus-dependent synaptic plasticity
changes that are induced in response to extinction training. Thus,
we performed a series of studies using MECP2 duplication syn-
drome model mice (MeCP2-Tgl), which express approximately 2-
fold more MeCP2 protein compared with wild-type (WT) litter-
mates (Collins et al. 2004), to confirm the loss of extinction lean-
ing and determine whether these mice have a corresponding
deficit in mGlus-dependent metaplasticity. Consistent with a pre-
vious report (Collins et al. 2004), we found MeCP2-Tg1 mice exhib-
ited increased contextual fear expression on T1 compared with
WT littermates (% freezing, WT: 22.83 + 8.78, MeCP2-Tgl: 61 +
7.75), a difference likely attributable to changes in acquisition
learning as opposed to pain sensitivity, given that we measured
no differences in nociception between genotypes. Additionally,
MeCP2-Tg1 mice did not display any overt physical impairment as
animal weight and time spent freezing prior to foot shock was
comparable to that of WT littermate controls (Supplemental
Fig. S4). The low level of freezing on T1 in the WT littermates ren-
dered subsequent fear extinction difficult to achieve. Therefore,
we increased the number of foot shocks in our conditioning para-
digm for the WT littermates (see Experimental Procedures), which
increased T1 freezing in WT to levels more comparable to that of
MeCP2-Tgl mice. As demonstrated in similar models (Na et al.
2012), MeCP2-Tgl mice displayed a lack of extinction learning in
contrast to WT littermates, which displayed significant reduction
of freezing from T1-T5 (Fig. 8A, B). Therefore, MeCP2-Tg1 mice pro-
vide a useful model to examine how genetic alterations that lead
to impaired extinction learning may induce corresponding deficits
in hippocampal metaplasticity.

In our initial electrophysiological characterization of hippo-
campal slices, we discovered that behaviorally naive MeCP2-Tg1
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mice have impairments in synaptic transmission as indicated MeCP2-Tgl mice displayed enhanced PPR, as described previ-
by a decreased input-output function of fEPSPs at the SC-CA1 ously (Collins et al. 2004), suggesting a decrease in presynaptic
synapse (Supplemental Fig. S5A). Furthermore, slices from release probability (Supplemental Fig. S5B). To our knowledge,
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hippocampal LTD has not been reported for MeCP2 overexpres-
sing mice; therefore, we first investigated PP-LFS-induced LTD
in hippocampal slices from naive MeCP2-Tg1l and WT littermate
mice. While WT littermate control mice did show modest LTD
(% of baseline, WT: 84.5 + 9.7), the MeCP2-Tg1 mice did not dis-
play any change from baseline 60 min after induction (% of
baseline, MeCP2-Tg1: 98.8 + 9.8) (Supplemental Fig. S5C, D). To
improve our ability to detect differences in LTD, we next used
50puM DHPG to induce LTD in MeCP2-Tgl and WT littermate
slices. We found a statistically significant attenuation in DHPG-
induced LTD when we compared MeCP2-Tgl with WT slices (%
of baseline, WT: 489 =+ 6.1, MeCP2-Tgl: 70.8 =+ 7.0)
(Supplemental Fig. S5E, F). This plasticity impairment is likely
attributable to functional deficits in mGlus as opposed to
changes in expression, as the analysis of hippocampal mGlus
immunoreactivity using Western blots did not reveal differ-
ences between behaviorally naive MeCP2-Tgl and WT litter-
mate mice (Supplemental Fig. S6A). These results confirm this
mouse model to have significant basal synaptic transmission
and plasticity impairments and reveal the novel finding that
LTD is also disrupted in mice that overexpress MeCP2. More
importantly, in keeping with our current findings, the extinc-
tion impairment in MeCP2-Tgl mice corresponded to the
absence of hippocampal metaplasticity after extinction train-
ing, as MeCP2-Tg1l mice did not display mGlu-dependent LTP (%
of baseline, extinction: 90.85 + 8.6) in contrast to WT littermates
(% of baseline, extinction: 156.6 + 5.7) (Fig. 8C, D). We further
attempted to correlate these plasticity deficits with changes in
mGlus protein expression using whole hippocampal prepara-
tions. However, there were no significant effects of extinction
either in WT or MeCP2-Tgl mice on hippocampal mGlus
expression (Supplemental Fig. S6B-D). Nonetheless, these data
provide further validation that contextual fear extinction and
hippocampal mGlu-dependent metaplasticity are linked.

Discussion

Although there is significant evidence for mGlu receptor regula-
tion of both hippocampal plasticity and conditioned fear
behavior, the relationship between these two highly overlap-
ping phenomena has not been fully elucidated. The current set
of studies demonstrates that contextual fear extinction induces
a novel form of metaplasticity in the hippocampus. Together,
these findings indicate that mGlus activation during extinction
is crucial for this hippocampal metaplasticity, and in turn, this
mGlus-dependent metaplasticity may mediate subsequent
extinction behavior.

Synaptic plasticity provides an activity-dependent mecha-
nism through which the brain creates neural engrams to store
and retrieve memories (Martin et al. 2000; Takeuchi et al. 2014),
and is well documented through structural morphology and
electrophysiological measures to occur after associative learn-
ing (Sacchetti et al. 2001; Fukazawa et al. 2003; Fischer et al.
2004; Lamprecht and LeDoux 2004; Song et al. 2012). In the cur-
rent studies, extinction learning caused a fundamental change
in the hippocampal plasticity response, or metaplasticity,
resulting in an mGlus-dependent switch from LTD to LTP after
PP-LFS (Fig. 1). The dependence of this metaplasticity on mGlus
is in line with the role of group I mGlu receptors in hippocam-
pal plasticity, as they have been shown to be involved in both
LTP and LTD at the SC-CA1 synapse (Lu et al. 1997; Volk et al.
2006). At the molecular level, the lack of mGlu; dependence is
not surprising given the fact that synaptic expression of mGlus,
but not mGlu,, is upregulated after contextual fear conditioning

in the CA1l region (Riedel et al. 2000). The absence of PPR
changes after conditioning also suggests these effects on syn-
aptic transmission are likely due to postsynaptic mechanisms,
consistent with data from mGlus knockout mice demonstrating
a lack of change in PPR compared with WT controls (Lu et al.
1997).

While mGlu receptor-dependent LTD induced by either
afferent PP-LFS or group I mGlu agonism is typically NMDA
receptor-independent (Huber et al. 2000), enhancing high-
frequency stimulation-induced LTP through “priming” or acti-
vating mGlu receptors (Bortolotto et al. 1994; Cohen et al. 1998;
Raymond et al. 2000; Ayala et al. 2009) may involve interaction
with postsynaptic NMDA receptors (Moutin et al. 2012). This is
highlighted by research utilizing mGlus knockout mice, which
display a reduction in the NMDA receptor component of LTP
(ia et al. 1998). In the current studies, the PP-LFS-induced LTP
seen after contextual fear extinction was NMDA receptor-
dependent (Fig. 2), suggesting that the metaplasticity caused by
fear extinction may alter the synaptic environment so that
mGlu activation leads to the recruitment of NMDA receptors,
resulting in LTP. Our data point to mGlus activation inducing
release of cannabinoids, leading to CB1 receptor activation and
subsequent disinhibition of glutamatergic afferents at the SC-
CA1l synapse that facilitates NMDA receptor-dependent LTP
(Fig. 2), as described previously (Chevaleyre and Castillo 2003).
While this mechanism enhances NMDA receptor-dependent
LTP, it does not necessarily require direct modulation of NMDA
receptors by mGlus. Instead, the disinhibition allows greater
depolarization during afferent stimulation and thus facilitates
LTP. However, we cannot rule out mGlus interaction with
NMDA receptors through structural connections with scaffold-
ing proteins such as Homer and Shank (Tu et al. 1999).
Interestingly, mRNA encoding certain scaffold proteins associ-
ated with mGlus, such as Homerla, have been reported to be
increased after fear conditioning (Mahan et al. 2012), perhaps
leading to enhanced mGlus/NMDA receptor interaction in the
current studies.

It is important to note that the PP-LFS-induced LTP after
fear extinction described here is in fact a novel form of mGlu-
dependent LTP, which does not recapitulate all of the aspects
of similar forms of LTP. For example, previous studies have
shown that broad mGlu activation pharmacologically results in
a slow-onset LTP that is NMDA receptor-independent
(Bortolotto and Collingridge 1995). In addition, low-frequency
stimulation for a short duration results in a slow-onset LTP
in vivo that is mGlus, but not NMDA, receptor-dependent
(Lante et al. 2006). The PP-LFS-induced LTP described in the cur-
rent studies also develops with a slow-onset; however, the later
component of LTP is NMDA receptor-dependent, similar to the
time-course in which NMDA-dependent LTP is produced by
high-frequency stimulation protocols (Collingridge et al. 1983).
Taken together, future studies will be required to fully address
possible mechanisms by which NMDA receptors contribute to
this form of experience-induced metaplasticity.

Behaviorally, the contribution of NMDA receptors to fear
extinction is well known and is in agreement with our data. For
example, pharmacological antagonism of NMDA receptors pre-
vents fear extinction learning in rodents (Baker and Azorlosa
1996; Santini et al. 2001; Liu et al. 2009) while NMDA receptor
partial agonists such as p-cycloserine enhance the consolida-
tion of extinction memory (Ledgerwood et al. 2003). Fittingly,
mGlus activity can regulate NMDA receptor currents in hippo-
campal pyramidal neurons (Mannaioni et al. 2001), providing
support for the novel finding that mGlus activity-dependent
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fear extinction induces a metaplasticity involving NMDA
receptors.

We have also identified fear extinction, as opposed to fear
expression, to be critical for inducing this form of hippocampal
metaplasticity (Fig. 3). Moreover, in our current studies, mGlu
receptor-dependent LTP correlated positively with fear extinc-
tion and not fear expression, as inhibition of fear extinction
with MTEP or through spontaneous recovery resulted in loss of
mGlu receptor-dependent LTP (Figs 4 and 6). These results
point to mGlus-dependent metaplasticity as being crucial for
extinction acquisition and recall, although the specific time
course by which these metaplastic effects are engaged after
fear learning needs to be further investigated. These results are
reinforced in light of the fact that mGlus antagonism has been
shown to be anxiolytic in certain rodent assays (Tatarczynska
et al. 2001), suggesting that enhanced fear behavior during
extinction in MTEP-treated mice is not a result of anxiogenic
effects of the drug.

The relationship between extinction behavior and metaplas-
ticity was substantiated by the lack of extinction-induced
metaplasticity in a mouse model that overexpresses MeCP2,
which acquired but did not extinguish contextual fear behavior
(Fig. 8). Importantly, these mice have been shown to have
enhanced homeostatic forms of LTP (Collins et al. 2004), illus-
trating that the plasticity deficits in MeCP2-Tg1 mice are specific
to the extinction-induced metaplastic shift from LTD to LTP
and not LTP in general. From a preclinical standpoint, these
data reveal important potential neural mechanisms underlying
the autism-related disorder, MECP2-duplication syndrome.
Indeed, proper MeCP2 dosage in the brain is critical for normal
synaptic plasticity function (Chao and Zoghbi 2012). Given that
MeCP2 is a transcriptional regulator, MeCP2 overexpression
likely acts upstream of mGlus activity and leads to dysregula-
tion metaplasticity and fear extinction behavior. While further
studies are needed to fully elucidate these mechanisms, previ-
ous work has highlighted GABA, receptor involvement in hip-
pocampal plasticity impairments found in similar mouse
models of MeCP2 overexpression (Na et al. 2014). Our data
showing a reduction in DHPG-induced LTD suggests a dysfunc-
tion of mGlus receptors, which has been noted recently in other
MeCP2-related disorder models in our lab and by others
(Bedogni Gigli et al. 2015; Gogliotti et al. 2016; Tao et al. 2016).
This is in line with previous studies demonstrating that MeCP2
modulates homeostatic plasticity through mGlus-dependent
mechanisms (Zhong et al. 2012). The lack of mGlus expression
changes in MeCP2-Tgl mice (Supplemental Fig. 6) further illus-
trates that the alterations in mGlus-plasticity seen in MeCP2-
Tgl mice are likely related to functional deficits. However, the
absence of expression change in WT mice after extinction also
suggests that perhaps changes occur specifically to synaptic
fractions of mGlus within the CA1 area, as described previously
(Riedel et al. 2000), but are undetectable in our whole-
hippocampus preparation.

Previous literature indicates that activation of mGlus is
important for contextual fear extinction, as mGlus knockout
mice display deficits in extinction (Xu et al. 2009). Furthermore,
pharmacological inhibition of mGlus activity with MPEP pre-
vents appetitive extinction learning in the absence of context
change (Andre et al. 2015). Enhancement of mGlus activity
through positive allosteric modulation (PAM) can increase the
rate of extinction in certain paradigms of fear conditioning or
drug reinforcement (Cleva et al. 2011; Kufahl et al. 2012; Sethna
and Wang 2014). However, these results are not unanimous
across all forms of extinction learning or laboratories (Xu et al.

2013). Discrepancies between previous studies in regard to the
efficacy of mGlus PAMs in enhancing extinction may be due to
behavioral paradigm differences or to the individual pharmaco-
logical properties of specific mGlus PAMs used. Certainly,
mGlus PAMs can display unique signal bias (Rook et al. 2015),
and may have differential effects on hippocampal mGlus activ-
ity during extinction; this is a topic that should be investigated
in future studies. Nevertheless, our current findings define a
neural mechanism by which mGlus activity during extinction
learning results in a hippocampal metaplasticity that correlates
with extinction expression.

In addition to the novel effects described here in the hippo-
campus, there is also previous research demonstrating the impor-
tance of mGlus receptor-mediated plasticity within the mPFC in
contributing to fear extinction (Fontanez-Nuin et al. 2011,
Sepulveda-Orengo et al. 2013). Together, our data supplement this
previous research that suggests a seemingly parallel contribution
of mGlus to fear extinction in the mPFC. It may be that hippocam-
pal mGlus activity is more important for extinction of contextual
fear, whereas mPFC mGlus activity may contribute more to extinc-
tion of auditory-induced fear conditioning. Alternatively, it may be
that these limbic structures act in concert during both types of
extinction learning through long-projecting neuronal connections
(Preston and Eichenbaum 2013). Indeed, the hippocampus and
mPFC have been shown to be co-activated during recall of fear
extinction in humans (Milad et al. 2007). By acting in concert, the
extinction engram may be stored continuously between struc-
tures. This is evidenced by the fact that direct infusion of MTEP
into the hippocampus only partially impaired fear extinction
recall, while systemic MTEP administration caused fear extinction
recall to be fully blocked (Fig. 7), suggesting other mGlus-contain-
ing brain structures, such as the mPFC or amygdala, might also be
involved. The hippocampus is thought to gate contextual informa-
tion through its projections to both the mPFC and the amygdala
(Maren 2011). There are direct, albeit sparse, projections from the
dorsal hippocampus to mPFC, which are functionally relevant for
fear behavior (Ye et al. 2016). In addition to structural connectivity,
mGlus is expressed in the hippocampus, mPFC and amygdala, and
has been demonstrated to modulate different aspects of fear
memory and plasticity within each respective area (Lu et al. 1997,
Gravius et al. 2006; Kim et al. 2007; Rudy and Matus-Amat 2009;
Fontanez-Nuin et al. 2011). In a simplistic view, mGlus activation
could possibly be thought of as a molecular lynchpin, unifying
these limbic structures during fear extinction processes.

The discovery of this extinction-induced metaplasticity, and
its mGlus dependence, allows for insight to be gleaned about
the neural mechanisms mediating fear extinction. While draw-
ing causation between neural plasticity and memory is a diffi-
cult task, applying a theoretical framework to empirical data
can strengthen associative correlations. The shift in frequency-
response after fear extinction is highly reminiscent of seminal
studies on experience-dependent plasticity changes in the
visual cortex (Kirkwood et al. 1996; Rittenhouse et al. 1999). Like
those studies, our current data fit with the prominent BCM
(Bienenstock, Cooper and Munro) theory (Bienenstock et al.
1982), which posits that a “sliding” modification threshold
keeps the synapse in a useful dynamic range given the history
of postsynaptic firing. Therefore, after episodes of low postsyn-
aptic activity, the modification threshold shifts to the left,
enabling LTP to be more likely to occur (Abraham 2008; Cooper
and Bear 2012). In keeping with our current data, mGlus activa-
tion has been shown to shift the modification threshold
ex vivo, as bath applying a low concentration of the group I
mGlu agonist DHPG results in a leftward-shift of the entire
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frequency-response of long-term plasticity at the SC-CA1 syn-
apse (van Dam et al. 2004). Overall, these studies combine to
indicate that mGlus activity during contextual extinction may
work to keep the synapse in a functionally primed state and
allow the persistence of the extinction memory engram within
the hippocampus.

Experimental Procedures

Drugs

3-((2-Methyl-1,3-thiazol-4-yl)ethynyl)pyridine hydrochloride
(MTEP) and D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5),
(S)-3,5-dihydroxyphenylglycine (DHPG) and AM251 were pur-
chased from Tocris (Minneapolis, MN). VU0649650 was synthe-
sized at the Vanderbilt Center for Neuroscience Drug Discovery
according to previously published methods (Lovell et al. 2013).
All drugs used for electrophysiology experiments were diluted
in artificial cerebrospinal fluid (aCSF). MTEP was diluted in 10%
Tween 80 or water for behavioral experiments.

Animals

All of the animals used in the present study were group housed
with food and water given ad libitum and maintained on a 12-h
light/dark cycle. Animals were cared for in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. All studies were approved by the Institutional
Animal Care and Use Committee for Vanderbilt University School
of Medicine and took place during the light phase. The 8-10 weeks
old C57BL6/] (Jackson Labs strain #000664) male mice or 6-10
weeks old FVB-Tg(MECP2)1Hzo/] (Jackson Labs strain #008679)
male mice were used for all studies.

Surgery

Mice were anesthetized by isoflurane gas (2% isoflurane in 100%
oxygen) and placed in a stereotaxic frame (Kopf Instruments,
Tujunga, CA). The skin was retracted and holes were drilled in
the skull. Mice were implanted with bilateral stainless-steel
guide cannulas (Plastics One) in the dorsal hippocampus as
described previously (Kenney et al. 2012). Stereotaxic coordinates
in relation to bregma were —2.5 mm posterior, +1.8 mm medio-
lateral, and —1.5 mm ventral. Mice were allowed 7 days to recover
from surgery, after which, behavioral training was initiated.
Injection site placement was verified immediately following the
last behavioral trial.

Contextual Fear Conditioning and Extinction

Mice were fear conditioned to the context by methods previ-
ously described (Rook et al. 2015). Briefly, mice were placed in a
sound-attenuating conditioning chamber with a shock grid
(Med Associates, St. Albans, VT) in the presence of 1mL, 10%
vanilla odor cue. Following a 3-min habituation period, mice
were exposed to two 1s, 0.7 mA foot shocks spaced 30s apart.
The only deviation from this paradigm was for experiments
that involved WT littermate controls for the MeCP2-Tgl mouse
line. In these experiments, WT littermate mice received 4 foot
shocks in order to enhance percent time freezing (Fig. 7). Mice
were removed from the context immediately after the last foot
shock. Test 1 (T1) occurred 24h later, mice were placed back
into the same shock chamber with a 10% vanilla odor cue with-
out foot shock and the percent of time spent freezing during a
3-min testing period was assessed by video motion detection
software (Video freeze; Med Associates, St. Albans, VT).
Conditioned mice underwent both days of training (Cond + T1)

whereas naive mice experienced T1 alone (Fig. 1). To assess the
effects of conditioning alone (Cond only), mice were condi-
tioned without T1 (Fig. 2). For all groups, mice were returned to
housing room for 1 week before electrophysiology experiments
were conducted.

Extinction trials consisted of the same protocol and condi-
tions used for the test day (T1); 5 trials with 24h Intertrial-
interval (T1-T5). For behavioral pharmacology experiments,
each extinction session was preceded by i.p. injections 30 min
prior to the session with vehicle (1 mL/kg of 10% Tween 80) or
MTEP (5 mg/kg). For the infusions of the selective mGlus NAM,
MTEP, cannula dummies were removed from guide cannulas
and replaced with 33 gauge injectors, which were connected by
polyethylene tubing to 10-mL syringes mounted in an infusion
pump (Harvard Apparatus). Water (vehicle) or MTEP (1.0 pg) was
infused 30 min prior to extinction training at a rate of 0.5pL/
min for 1 min.

Acute Slice Electrophysiology

Mice were anesthetized with isoflurane and brains were rapidly
removed and submerged in ice-cold sucrose cutting buffer con-
taining: 230 mM sucrose, 2.5 mM KCl, 8 mM MgSOy, 0.5 mM CaCl,,
1.25 mM NaH,PO,, 10 mM glucose, and 26 mM NaHCO; saturated
with 95%/5% O,/CO,. Coronal slices 400 pm thick were cut using a
Compresstome™ VF-200 (Precisionary Instruments). Slices were
transferred to a holding chamber containing N-methyl-p-gluca-
mine (NMDG)-HEPES recovery solution (in mM, 93 NMDG, 2.5 KC],
1.2 NaH,PO,, 30 NaHCOs, 20 HEPES, 25 p-glucose, 5 sodium ascor-
bate, 2 thiourea, 3 sodium pyruvate, 10 MgSO,, 0.5 CaCl,, pH 7.3,
305 mOsm) for 15 min at 31°C. Slices were then transferred to a
room temperature modified artificial cerebral spinal fluid (ACSF)
containing (in mM) 126 NaCl, 1.25 NaH,POy, 2.5 KCl, 10 p-glucose,
26 NaHCOs3, 2 CaCl, and 1 MgSO,, and 600 pM sodium ascorbate
for at least 1h. Subsequently, slices were transferred to a sub-
mersion recording chamber and continuously perfused (2mL/
min) with ACSF continuously bubbled with 95%/5% O,/CO, at 31°
C. Glass electrodes were pulled using a Flaming/Brown micropi-
pette puller (Sutter Instruments, CA) (resistance of 3-5MQ with
ACSF). A concentric bi-polar stimulating electrode was positioned
near the CA3-CA1 border and paired-pulse field excitatory post-
synaptic potentials (fEPSPs) were evoked (200 ps duration, every
20s spaced 20-500ms apart) by placing a glass recording elec-
trode in the stratum radiatum of CA1. Input-output curves were
generated for each slice and the stimulation intensity was
adjusted to 50% of the maximum response for subsequent
experiments. PPR were calculated as the ratio between the slope
of the second fEPSP divided by the slope of the first fEPSP. Drugs
were dissolved in either DMSO (<0.05% final) or water and then
diluted to the appropriate concentration in ACSF. Chemically
induced LTD was induced by the application of DHPG (25 or
50 pM) for 10 min. Synaptically evoked mGlu receptor-dependent
LTD was induced by paired-pulse low-frequency stimulation (PP-
LFS) consisting of 900 pairs of stimuli (50-ms interstimulus inter-
val) delivered at 1Hz. For all electrophysiological experiments,
the slopes of 3 consecutive sweeps were averaged and normal-
ized to the average slope during the baseline period. Data were
digitized using a Multiclamp 700B, Digidata 1322A, and pClamp
10 software (Molecular Devices). Multiple slices (n) were used per
mouse with at least 3 mice contributing to each group.

Western Blotting
Western blots were performed using standard quantitative fluores-
cent western blotting techniques (Odyssey). Hippocampal tissues
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were dissected from WT or MeCP2-Tgl mice after behavioral
assays. Twenty-five micrograms of total protein was loaded per
well for mGlus blots. Antibodies were diluted in Odyssey block
(LiCor #927-40000) and used at the following concentrations:
mGlus (Millipore #AB5675, 1:1000); Tubulin (E7, DHB, 1:4000); Goat
Anti-Mouse 680 (LiCor # 926-68020, 1:5000); Goat Anti-Rabbit 800
(LiCor #926-32211, 1:5000). mGlus immunoreactivity was normal-
ized to the loading control, Tubulin.

Statistical Analyses

Adequate sample size was determined based on previous
experiments of conditioned fear behavior (Gogliotti et al. 2016)
and acute slice electrophysiology (Ayala et al. 2009) in mice, as
borne out the by results. Statistical analyses were performed
using Graphpad Prism Version 5.01. The Bartlett’s multiple
sample test was used to determine equal variance. All data
shown represent mean + SEM. Statistical significance between
groups was determined using unpaired or paired Student’s t
tests, one- or two-way ANOVA with Bonferroni’s post hoc test,
and one- or two-way repeated measures ANOVA with
Bonferroni’s post hoc test, as specified in the figure legends.
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