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Introduction: Fear memory generalization is regarded as the core characteristic
of posttraumatic stress disorder (PTSD) development. However, the mechanism
that contributes to the generalization of conditioned fear memory is still unclear.
The generalization is generally considered to be a mismatch that occurs during
memory consolidation.

Methods: Foot shocks and tones were given as unconditioned stress
and conditioned stress, respectively for fear conditioning training.
Immunofluorescence staining, western blotting and gPCR were performed
to determine the expression of different genes in amygdala of mice after fear
conditioning training. Cycloheximide was used as a protein synthesis inhibitor
and 2-methyl-6-phenylethynyl-pyridine was injected for mGluR5 inhibition.

Results: Fear conditioning using caused incremental generalization, which was
clearly observed during training. The density of c-Fos™ cells or the synaptic
p-NMDAR expression did not differ with stress intensities. Strong-shock fear
conditioning could induce significant mGLluR5 de novo synthesis in the amygdala,
which was not observed in the weak-shock group. Inhibition of mGIluR5 impaired
fear memory generalization induced by strong-shock fear conditioning, but the
generalization level induced by weak-shock training was enhanced.

Discussion: These results indicated that mGluR5 in the amygdala is critical to the
function of inappropriate fear memory generalization and suggested that this may
be a potential target for the treatment of PTSD.

fear conditioning, generalization, amygdala, GPCR, mGluR5

1. Introduction

Post-traumatic stress disorder (PTSD) is a psychiatric disorder that occurs with
delayed onset and persists over time after an individual suffered life-threatening stress.
The core symptoms of PTSD are pathological re-experience, hyperarousal, and avoidance
behaviors. Established theories suggest memory storage favor more gist-like representations
rather than detailed events, a phenomenon referred to as memory generalization. Fear
memory generalization enables animals to quickly and appropriately respond to novel
stimuli that resemble a previous experience but make them show defensive reactions to
a safe environment incorrectly in pathologic conditions (Fulton et al,, 2015; Herringa,
2017; Compean and Hamner, 2019). Clinical psychopathologic studies have identified fear
memory generalization as an important mechanism in the development of psychiatric
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disorders such as anxiety disorder, depressive disorder, and
PTSD (Lissek et al, 2014). Previous studies on fear memory
generalization were mainly based on the Pavlovian conditioning
theory, using associative learning paradigms. In these paradigms,
animals were trained to match neutral conditioned stimuli (CS)
such as experimental environment (context) or given sounds (cues)
with aversive unconditional stimuli (US) such as foot shock or
blowing. After several times of associative learning, the neutral
stimuli arouse similar negative emotional valence to that of the
aversive stimuli (Phillips and LeDoux, 1992).

The amygdala, located in the middle of the temporal lobe,
is thought to be the central hub for receiving somatosensory
information. Especially in the associative learning paradigm, it
was reported glutamatergic projections transmitted the combined
signals of US and CS to neurons in the amygdala. The CS could
selectively activate glutamatergic neurons, while the US provided
a unified depolarizing signal that activated NMDA receptors and
induced long-term potential (LTP) production (Lu et al.,, 1997;
Pape and Pare, 2010). This is considered a key process leading
to the emotional valence of the CS (Fanselow and LeDoux, 1999;
Mayford et al,, 2012), indicating the important role of the amygdala
glutamatergic system in the formation of conditioned fear memory.
However, whether and how this system participates in the fear
memory generalization remains to be defined.

Metabotropic glutamate receptor 5 (mGIuR5) is a member of
both metabotropic glutamate receptor Group I and G-protein-
coupled receptors (GPCR) family. mGluR5 is widely distributed
in the brain and is expressed on the post-synaptic and extra-
synaptic membranes of neurons. This receptor tends to cluster
around NMDARs and rapidly facilitates NMDAR-dependent LTP
production (Lujan et al, 1996; Chen et al, 2017), which may
relate to the mechanism of fear memory formation. The function
of mGIuRS5 is largely dependent on its coupling protein, Gag/11,
which initiates a cascade reaction by activating protein lipase
C (PLC). PLC hydrolyzes phosphatidylinositol and generate the
second messengers to induce activation of protein kinase C (PKC)
and the release of cytosolic calcium pool (Wang et al,, 2020). At the
same time, mGluR5 has several sites that can be phosphorylated by
PKC (Alaluf et al., 1995; Ciruela et al., 1999). Phosphorylation of
mGluR5 blocks the coupling to the G protein, preventing the signal
from being transmitted downstream (Minakami et al.,, 1997; Dhami
and Ferguson, 2006). In addition to the neuronal cell membrane,
there is another part of mGIuR5 distributing in intracellular
membrane structures such as the endoplasmic reticulum and
nuclear membrane (Jong et al., 2014). These receptors play a role
through G proteins or specific downstream signaling molecules as
well.

Several studies have shown that mGluR5 plays a key role
in formation and extinction of conditioned fear memory. It was
reported that systematic administration of benzamide (3-cyano-
N-(1,3-diphenyl-1H-pyrazol-5-yl) benzamide, CPDDB), a positive
mutagen of mGluR5, promoted the formation and extinction of
conditioned contextual fear memory (Hayashi, 2018). And other
studies have found that systemic inhibition of mGluR5 could
impair the formation of conditioned fear memory (Schulz et al,
2001; Shallcross et al., 2021). Studies on mGIuR5 in the limbic
system further elucidated these functions. Activation of mGluR5
in the lateral amygdala (LA) could facilitate the formation of
conditioned fear memory (Rahman et al, 2017). Activation or
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inhibition of mGluR5 in the infralimbic amygdala (IL) can promote
or inhibit the consolidation of extinction memory, respectively (Xu
et al,, 2009; Fontanez-Nuin et al, 2011). It is also reported that
activation of mGluR5 in hippocampus would enhance contextual
fear while delayed application of mGIuR5 agonist eliminated fear
enhancement (Tronson et al.,, 2010). However, it is unclear whether
mGluR5 plays a role in the generalization of conditioned fear
memory. Therefore, in this study we aimed to determine whether
and how mGIuR5 in the amygdala is involved in fear memory
generalization.

2. Materials and methods

2.1. Animals

All experiments were performed with 8- to 10-week-old male
C57BL6 mice obtained from the laboratory animal center of Sun
Yat-sen University. Mice were housed in cages of 3-5 mice each
and were kept at the standard temperature (22 + 3°C) and
the cycle of light/darkness was 12/12 h with lights on at 08:00
am. Animal experiments were conducted in accordance with the
“Guidelines for the Care and Use of Laboratory Animals” issued by
the National Institutes of Health (NIH) and approved by the Ethics
Committee of Sun Yat-sen University School of Medicine, Sun Yat-
sen University. All behavioral procedures took place during the
animal light cycle.

2.2. Surgery

Mice (22-28 g), anesthetized with sodium pentobarbital
(10 mg/kg, ip.), were mounted on a stereotaxic apparatus and
cannulas (both were obtained from RWD Life Science) were
implanted into the bilateral amygdala [anteroposterior, 1.4 mmy;
mediolateral, +3.2 mm; dorsoventral, —4.5 mm]. A 26-gauge
dummy cannula was inserted into each cannula to prevent
clogging. The mice were monitored and handled daily and were
given 7 days to recover after surgery.

For bilateral AAV injection, mice were anesthetized as
described above. A 1 wm Hamilton microsyringe containing AAV
solution was targeted to both hemispheres (100 nl of AAV solution
per side) of the amygdala [anteroposterior, 1.4 mm; mediolateral,
+3.2 mm; dorsoventral, —4.9 mm]. A microsyringe pump and
its controller were used to control the speed of injection. The
microsyringe was slowly lowered to the target site and was left in
place for an additional 5 min after injection to ensure diffusion.
The AAV solutions were injected at a constant rate of 20 nl/min.
After bilateral injection the mice were placed in a warm room until
awakening. After 14 days recovery, these mice were handled for
7 days continuously before behavior experiments.

2.3. Behavior
2.3.1. Cued fear conditioning (CFC)

For CFC training, a square metallic chamber with an electric
grid floor was used as context A. Mice were presented in context
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A and allowed free exploration for 180 s. After exploration, 1
and 5 kHz tones were delivered pseudo-randomly with an average
interval of 70 s for 5 trials. Then 1 and 5 kHz were delivered pseudo-
randomly for 10 trials with or without 1 s foot shock co-terminated,
respectively. 1 kHz tone pair with foot shock was served as the
conditioned danger cue (CS+, 75 dB, 10 s) and 5 kHz was served
as conditioned safety cue (CS-, 75 dB, 10 s, pulse-width of 0.5 s).

For the fear memory retrieval test, 24 h after CFC training mice
were presented in context B, a context-shifted chamber with glossy
walls colored by red and white transverse stripes and a flat floor.
Following 180 s free exploration, the above-mentioned tones were
delivered pseudo-randomly for 5 trials.

The foot shock intensity included 0, 0.4, and 1.2 mA, which
were marked as Control, weak-shock (WS), and strong-shock (SS),
respectively (Figures 1A, B). To avoid odor interference, 75%
ethanol and 4% acetic acid solution were used as a background odor
during training and test, respectively. The activity of the mice in
the chamber was recorded by the FreezeFrame system (Actimetrics
Inc., Wilmette, Evanston, IL, USA). The average percentage of
freezing (defined as immobility) during tones delivered was

10.3389/fnbeh.2023.1072642

calculated. Changepoint detection was applied to analyze the CFC
training data. A changepoint was defined as a certain statistical
feature (distribution type and distribution parameter) that changed
at a certain time point under the influence of systemic factors
rather than accidental factors in a sequence or process. In the
present study, we detected the changepoints of freezing during CFC
training to determine after how many foot shocks the freezing to
both CS+ and CS- of mice increased systematically (Killick and
Eckley, 2014). So that we can infer the time points when these mice
establish the basic fear reflex.

The discrimination index (DI) was calculated for evaluating the
level of fear generalization (Xu and Stidhof, 2013; Hao et al., 2023).
For individual animal, it was defined as:

Ntrial
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2.3.2. Open field test (OFT)

The open field tests were processed in a top-opened acrylic
chamber (50 cm x 50 cm), which was placed in a soundproof
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Fear conditioning by foot shock of different intensities caused incremental generalization. (A,B) Fear conditioning paradigm (15 mice in each group).
(C) On day 1, no significant difference was found in the freezing to CS+ between WS and SS groups (two-way ANOVA, F; 43 = 33.45, p < 0.0001,
Tukey's multiple comparisons test). (D) Mice in SS group had higher freezing to CS- than that in WS group (two-way ANOVA, F» 43 = 7.377,

p = 0.0018, Tukey's multiple comparisons test). *psicontrol vs ss] = 0.0131, *peicontrol vs ss] = 0.0125, **p71control vs ws) = 0.0022,

**D71control vs s5] = 0.0001, **pgcontrol vs 5] = 0.0066, *Pg(control vs s5) = 0.0227. (E) No significant difference was found in changepoint between WS
and SS groups. (F) On day 2, SS group had significantly higher freezing than control and WS group (two-way ANOVA, F» 43 = 65.87, p < 0.0001.
Tukey's multiple comparisons test, CS- ***picontrol vs ws) < 0.0001, ***picontrol vs 551 < 0.0001, ***ppws vs ss; < 0.0001, CS+ ****picontrol vs

ws) < 0.0001, ***picontrol vs ss1 < 0.0001, ***pws vs ss) = 0.0045). (G) Mice in SS group had significantly lower DI (unpaired two-tailed Student
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box. The mouse was placed in the center of the chamber at
the beginning of the OFT. The activity trace was recorded for
5 min with an overhead video-tracking system (Shanghai Jiliang
Software Technology Co., Ltd). The time mice spent in the
center area, the total distance, and the velocity were calculated
and analyzed.

2.4. Drug infusion

2-methyl-6-phenylethynyl-pyridine(MPEP, CAS: 96206-92-7,
Aladdin®) was dissolved in saline at 0.016 mg/ml. Cannula
dummies were removed from guide cannulas and replaced with
26-gauge injectors, which were connected by polyethylene tubing
(RWD Life) to 1000-ul microliter syringes mounted in a CMA
402 Microdialysis Syringe Pump. Saline or MPEP was infused
30 min before CFC training at a rate of 0.1 wl/min for 2 min.
Cycloheximide (CHX) was dissolved in saline at 50 pg/pl
(Quadagno, 1976). 200 nl solution or saline was injected as
described above.

2.5. Western blotting

The amygdala was dissected and frozen in liquid nitrogen
immediately and stored at —80°C for later analysis. Synaptic
and cytosolic fractions were obtained as described by Holz et al.
(2019). In brief, all tissues were mechanically homogenized with
homogenization buffer (320 mM sucrose, 4 mM HEPES [pH 7.4],
2 mM EDTA) and centrifuged at 800 g for 10 min at 4°C to
generate total (S1) and nuclear fraction (P1). Synaptic (P2) and
cytosolic (S2) fractions were obtained by centrifugation of SI at
10000 g for 20 min at 4°C. The synaptic fraction was lysed in lysis
buffer (50 mM Tri-HCI [pH 6.8], 1.3% SDS, 6.5% glycerol, 100 pM
sodium orthovanadate). A phosphatase and protease inhibitor
cocktail (Sigma-Aldrich, 100x) was added into those buffers just
before use.

The  protein  concentration  was  measured by
spectrophotometry at 580 nm using an absorbance reader
(E1x800, BioTek Instrument, Inc). All the samples were heated at
65°C for 10 min before being loaded onto 4-12% Bis-Tris gels
(GenScript) in the running buffer (GenScript) and separated at
80°CV for 2 h on ice. Activated PVDF membrane with methanol
for 10 min and rinse with transfer buffer before preparing the stack.
The proteins were then transferred to a polyvinylidene fluoride
membrane (ISEQ00010, Millipore) at 70 V for 30 min using a
Tanon trans blot system. Membranes were then blocked using
5% Difco™ Skim Milk (232100, BD) in 0.1% TBST (TBS-Tween
20) for 2 h at room temperature and incubated with the mGIuR5
(ab76316, Abcam, 1:1000) and GAPDH (2118S, CST, 1:6000)
primary antibody overnight at 4°C. Membranes were washed
with 0.1% TBST 3 times for 10 min each, incubated with the
secondary antibody (7074S, CST) for 1 h at room temperature,
and subsequently washed 3 times for 5 min each. For signal
detection, the membranes were incubated with Pierce ECL
Western Blotting Substrate (WBULS0100, MERCK) for 5 min
and then imaged using a GeneGnome XRQ Chemiluminescence
Imaging System.
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2.6. RNA extraction and quantitative
polymerase chain reaction (qPCR)

The amygdala of conditioned mice was separated immediately
after CFC training. The total RNA was extracted and purified
using HP Total RNA Kit (R6812-01 OMEGA bio-tek). Reverse
transcription was conducted with the Color reverse transcription
kit (A0010CGQ EZBionscience, USA) and qPCR was performed
by 2 x color SYBR Green qPCR Master Mix (A0012-R2ROX2
plus EZBionscience, USA). Primer sequences are listed in
Supplementary Table 1.

2.7. Immunohistochemistry and imaging
analysis

To evaluate the activity of the neurons in the amygdala, the cfos
expression on neurons was calculated in the amygdala. Mice were
sacrificed 90 min after fear conditioning. Brian slices (thickness of
each slice was 40 um) separated by 240 pm were immunostained
with rabbit anti c-Fos antibody (1:500, 2250S, CST) followed
by Alexa Flour 555 conjugated anti-rabbit IgG (1:2000, 44138,
CST) and DAPI (1:5000, CAS: 28718-90-3, Sigma®). Images were
acquired using Leica upright fluorescence microscope (DM6B)
using 20x objective and a pixel size of 72 nm. The boundaries of
subregions of the amygdala were based on the mouse brain atlas.
The c-Fos™ neurons were counted by Image] software.

2.8. Statistical analysis

The thresholds for significance were placed at *p < 0.05,
**p < 0.01, and ***p < 0.001. All data were shown as mean
and SEM unless stated otherwise. Unpaired Student’s ¢-test, two-
way ANOVA, and one-way ANOVA followed by a Turkey’s
multiple comparison or a Fisher’s LSD test were performed using
GraphPad Prism 9.

3. Results

3.1. Fear conditioning with increasing
foot shock intensity caused incremental
fear generalization

To address how foot shock contributes to cued fear memory,
different intensities of foot shock were delivered to mice. During
CEC training, there was no significant difference between the WS
and SS groups compared to the control group in freezing to CS+,
although the freezing level was higher in both WS and SS groups
(Figure 1C). As to CS-, both WS and SS groups showed significantly
higher freezing levels compared to the control, especially in the last
5 CS- trials (Figure 1D). Changepoint analysis showed that neither
to CS+ nor CS-, there was no significant difference between the
WS and SS group compared to the control group in changepoint
(Figure 1E). During the test, both WS and SS groups showed
significantly higher freezing levels of both CS+ and CS- compared
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to the control group (Figure 1F). Although, the SS group had
significantly higher freezing levels of CS+ and CS- compared to the
WS group (Figure 1F). The DI of the SS group was significantly
lower compared to the WS group (Figure 1G). These results
indicating due to the intensities increase of foot shock stress, fear
memory of threat cue (CS+) was generalized to safe cue (CS-). It
suggested that the ability to distinguish between threat and safe
was damaged by severe stress stimuli, and the time point when
the damage started differs during stress happened might be the
determination of the extent of fear memory generalization.

3.2. Density of c-Fos™ cells failed to
distinguish the intensity of stress

To determine the functional response of the amygdala during
cued fear memory acquisition, we observed the neuronal activation
in the LA, basal lateral nucleus of the basal lateral amygdala (BL),
and central nucleus of the amygdala (CE) during training by
immunostaining of neuronal activity marker c-Fos (Figure 2A).
Imaging analysis showed that compared with the control group,
the density of the c-Fos™ cell population was significantly higher
in both WS and SS mice in the BL. Such an increase was
also observed in posterior LA. No significant difference was
found in the CE except one layer. However, there was no
significant difference between the WS and SS group in the
three subregions of the amygdala (Figure 2B). These results
indicated that CFC training caused the amygdala activation, but
the activation level did not increase with the enhancement of foot
shock intensity.

3.3. Chemo-genetic inhibition of
amygdala impaired the level of fear
memory rather than generalization

To further explore the relationship between activation of the
amygdala and fear memory generalization, we expressed the human
M4 muscarinic (hM4) receptor in the amygdala (Figure 3A).
Clozapine N-oxide (CNO) was injected intraperitoneally 30 min
before a SS CFC training. There was no difference in freezing to
CS-, but the freezing to the second CS+ block of the control group
was significantly higher than that of the hM4Di group (Figure 3B).
Changepoint analysis showed that mice in the hM4Di group had
a delayed fear response to CS+, indicating that mice needed more
shocks before reaching the highest fear response when the BLA
was inhibited (Figure 3C). At 24 h after conditioning, the cued
fear memory was measured as described above. Freezing responses
to CS- and CS+ of the hM4Di group were both significantly
lower compared to the control group (Figure 3D), while the
DI remained unaltered (Figure 3E). Meanwhile, the open-field
test showed locomotory ability and anxiety level of the hM4Di
group were not significantly different from those of the control
group (Supplementary Figure 1). The results above suggested
that the overall activation level of the amygdala is not related
to the extent of fear memory generalization but the intensity
of fear memory, and this alteration in intensity is not due
to anxiety.
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3.4. mGluRS5 expression alteration caused
by fear conditioning was time- and stress
intensity- dependent

We tested whether mGluR5 was modulated by foot shock stress
and whether this modulation was affected by shock intensities. To
start with, CFC training was performed as above. The amygdala
was isolated bilaterally at 0, 8, or 24 h after training, and then P2
and S2 fractions were obtained through differential centrifuge as
described above.

Western blotting showed that after SS fear conditioning, the
level of S2 mGluR5 dimer immediately increased significantly
compared to the other groups. At the same time, we found
that PKC-a (a downstream protein of mGluR5) showed similar
expression patterns (Figure 4A). At 8 h after fear conditioning,
however, the level of S2 mGluR5 dimer in the SS group showed
a significant decrease compared with the other two groups
(Figure 4B). This phenomenon continued until 24 h after fear
conditioning (Figure 4C), but S2 PKC-a protein expression
decreased to the normal level in the SS group after 8 h.

Although multiple studies on mGluR5 are based on the
hypothesis that the synaptic part of this receptor is a major
participator of various neuronal processes. We found that after
fear conditioning, the expression of P2 mGluR5 had no significant
alteration (Figures 4D-F). Given the mGluR5 might alter neuronal
synaptic plasticity by regulating NMDA receptor phosphorylation
levels (Chen et al., 2017), we further examined the expression levels
of p-NMDA (p-GluN2) receptor and glutamine synthetase (GS)
in the synaptic part. The P2 p-GluN2 expression in the amygdala
of the SS group did not decrease until 8 h after training, and
then remained at a relatively low level. Meanwhile, there was
not significant difference in GS expressions in the amygdala P2
fractions was detected among the groups at different time points
after fear conditioning (Supplementary Figure 2).

These results indicated that S2 mGIuR5 protein increased
rapidly, but then continuously decreased after SS CFC training,
while WS did not cause significant changes in the expression of
mGluR5 and its downstream protein. The expression of p-NMDAR
showed a delayed alteration after training without the ability to
distinguish the impact of shock intensity.

3.5. Increase of mGIluRS5 expression was
de novo protein synthesis

To determine the mechanism in cytosolic mGIuR5 protein
increase, we examined the mRNA expression of GRM5 and
its relative genes including Frmpd4, Ncdn, Tamalin, Pik3rl,
and Homerl using reverse transcriptase quantitative polymerase
chain reaction. Results showed that SS CFC training caused an
enhancement in GRM5 mRNA expression and inhibited Homerl, a
mGluR5 binding protein, transcription in the amygdala. However,
we failed to detect a significant difference in GRM5 mRNA
expression between the WS and SS group, indicating there might
be GRM5 expression enhancement below the statistical threshold
after WS fear conditioning. The mRNA expression of the remaining
genes remained basically unchanged (Figure 5A).
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c-Fos™ cells in amygdala after fear conditioning. (A) c-Fos immunofluorescent in the amygdala (4 mice in each group). (B) c-Fos™ cells density in
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Given the transcription enhancement of GRMS5 after SS fear
conditioning, we hypothesized that the increase of S2 mGluR5
protein is due to de novo protein synthesis. To prove this
hypothesis, mice were randomly divided into three groups. Saline
was injected into the mice (labeled as control-saline group) that
did not receive foot shock. Then, CHX-saline solution or same-
volume saline was injected to the SS group, respectively (labeled
as SS-CHX or SS-saline) (Figure 5B). We found that increase
of mGluR5 and PCK-a caused by SS fear conditioning was not
interfered with cannulas implant and saline injection. Meanwhile,
CHX injection significantly inhibited the increase of mGluR5 and
PKC-a expression, compared with saline injection (Figures 5C, D).
These data suggested there was a de novo mGluR5 synthesis in the
amygdala during fear conditioning.

3.6. Inhibition of mGLluRS during fear
conditioning has a stress intensity
dependent effect on fear memory
generalization

Based on the above data, we assumed that mGluR5 might take
a key part in fear generalization. To further explore the functional
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relationship between mGluR5 and fear memory generalization,
we implanted cannulas into the bilateral amygdala of mice again
(Supplementary Figure 3A). MPEP/saline solution or saline was
injected into the amygdala 30 min before fear conditioning. The
open-field test showed locomotory ability and anxiety level of
the MPEP group were not significantly different from those of
the control group (Supplementary Figures 3B, C). No significant
difference was found in freezing to CS- or CS+ (Figures 6A, B) and
changepoint (Figures 6C, D) between the MPEP group and saline
group during CFC training, regardless of SS or WS. During the test,
MPEP did not change the fear response of mice to CS+ regardless
of SS or WS. However, MPEP injection could significantly diminish
fear response to CS- with an increase in DI after WS CFC training,
indicating fear generalization level was decreased (Figure 6E).
When SS was presented as unconditional stress, the fear response
to CS- of the MPEP group was contrarily increased with decreased
DI, suggesting that fear generalization was enhanced (Figure 6F).

4. Discussion

The fear response of animals during the training has
been regarded as the fear effect induced by acute stress

frontiersin.org


https://doi.org/10.3389/fnbeh.2023.1072642
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

Xuan et al.

10.3389/fnbeh.2023.1072642

A B
100 *xk
@
-§ — Control
5 — hM4Di
2 50
b=
=
N
o
2
&
5 4 3 2 4 0 1 2 3 4 5 6 7 8 9
CS+ during trainning
100
@
£
=
5 — Control
£ 50 — hM4Di
f=2
g
N
o
L
&
-
5 4 3 -2 4 0 1 2 3 4 5 6 7 8 9
CS- during trainning
[ D *kk *% E
8 4 *x
s [_| 100 & 1.0
— - % o o Control
.08
Ee o £ 3 ) |¥ g & ﬁ O hM4Di ns
2 ° - 2 s e =2 0.6 M
§4q o $24 oo m g 50 & o g
©2 ooo ©14 oo " [ Bo —gﬁ— o
oo o £ = 9
& o% m 8©° o
0 T T 0 T T 0 T T T 0.0 T T
Control hM4Di Control hM4Di Context B CS- CS+ Control hM4Di
CS- during training CS+ during training test test

FIGURE 3

Chemo-genetic inhibition of amygdala impaired fear memory rather than fear generalization. (A) Images of hM4Di and control virus expression in
the amygdala (red: mCherry, blue: DAPI). (B) Freezing to CS+ decreased under amygdala inhibition (two-way ANOVA, Fy 14 = 2.25, p = 0.1558,
Tukey's multiple comparisons test, ***p,cs4, cTr vs hm4pi] < 0.0001). Freezing to CS- was not affected (two-way ANOVA, Fq 14 = 0.3796,

p = 0.5477). (C) Inhibition of amygdala caused a delay on changepoint of fear response to CS+ during training (CS+ unpaired two-tailed Student
t-test, Two-tailed, t = 3.130, df = 14, **p = 0.0074), but did not influence the changepoint of fear response to CS- (CS- unpaired two-tailed Student
t-test, Two-tailed, t = 0.7864, df = 14, p = 0.4448). (D,E) Test after 24 h, amygdala inhibition caused fear memory impairment, but DI was not
affected (test, two-way ANOVA, Fy 13 = 13.64, p = 0.002, **pjcs—) = 0.0008, **pics4) = 0.007. DI, unpaired two-tailed Student t-test, Two-tailed,

t =1.693, df = 13, p = 0.1143).

(Wiltgen and Silva, 2007; Zhou et al.,, 2017). However, our study
showed that during acquisition, after the presence of stress, the
animals rapidly developed a freezing response to the acoustic
stimulus (CS+) paired with foot shock. This response is different
from the avoidance response of animals running away produced
when they are exposed to electric stimuli (US), such as jumping
and escaping. It resembles the freezing response exhibited during
the retrieval test, indicating that at this time the classic conditioned
fear memory reflex has been initially established (LeDoux, 2014).
Meanwhile, the fear responses to unpaired sound stimuli (CS-) are
also gradually established during the training process. The peak fear
responses among the control, WS, and SS group are significantly
different, and are generally consistent with the pattern of the mice’s
response to the two sound stimuli during retrieval. Generalization
has long been regarded as memory inaccuracy or a mismatch based
on information processing and comparison during consolidation
(Poldrack and Packard, 2003; Zaki et al., 2003; Poldrack and Foerde,
2008). But our results suggested that the fear generalization and the
formation of conditioned fear memory could begin simultaneously
from the acquisition, rather than from the consolidation stage. Even
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in the acquisition process, the level of fear generalization has been
determined to some extent.

Based on the dual pathway hypothesis of fear learning and
expression, the amygdala is central to the conditioned fear response
(Lissek et al,, 2010). So, we tried to investigate the relationship
between the amygdala activation levels during the fear conditioning
and the level of fear memory generalization. Ghosh and Chattarji
have reported the so-called “generalized cells” during retrieval,
whose responses to CS- and CS+ are different. They thought that
the process of generalization was a transformation of “specific cells”
into “generalized cells” without new cells recruitment. In this study,
we found the density of c-Fos™ cell did not change following stress
enhancement, which somehow proves Ghosh’s opinion. Then we
attempted to inhibit this transformation process with chemical
genetic techniques. Under strong foot shock, inhibition of the
amygdala significantly impaired conditioned fear memory but had
no significant effect on the level of fear memory generalization.
These results indicate that robustly inhibiting the amygdala cannot
prevent the transformation of “specific cells” into “generalized cells”
but impair the ability to form conditioned fear responses.
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Previous studies have shown that memory formation requires
two phases of protein synthesis, an initial phase that begins
during or after training, and a second phase that begins 3-
6 h after training. The formation of multiple memories such
as olfactory recognition memory and social fear memory can
be impaired due to the inhibition of early de novo protein
synthesis by administering a protein synthesis blocker 20-30 min
before training (Bourtchouladze et al,, 1998). Given the density
of c-Fos™ cells in the amygdala after training does not change
significantly in response to changes in stress intensity, we speculate
that there may be alterations in the expression characteristics
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of certain molecules in the amygdala during training, which is
responsible for “recording” the intensity of stress, influencing or
even determining the level of conditioned fear generalization, since
during consolidation these mice are confined in home-cage and
cannot receive stress intensity information again.

A growing body of evidence indicates that mGIuR5 in the
amygdala plays an important role in multiple stages of conditioned
fear memory formation and retrieval. In the present study, we
found that there were distinct molecular processes occurring
in the cytoplasm and synapses of amygdala cells after fear
conditioning. The expression level of cytosolic mGluR5 dimer
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increased rapidly after SS training, following a rapid decrease
within a few hours. In contrast, the expression level of synaptic
mGluR5 remained relatively stable after training. To further
investigate the relationship between mGluR5 expression and
synaptic plasticity, we examined the changes in p-NMDA receptor
expression levels in synapses, and found that the decrease in the
expression level of synaptic p-NMDA receptor at 8 and 24 h could
not distinguish WS and SS.

There is a complex interaction between mGluR5 and NMDAR.
Activation of mGIuR5 promotes NMDAR-mediated response
enhancement through the PKC signaling pathway. Although it
does not directly induce NMDAR-dependent LTP production, it
can lower the threshold of LTP production and enhance neuronal
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excitability (Chen et al., 2011). The activation of NMDA receptors
phosphorylates mGluR5 through the PKC signaling pathway.
Phosphorylation then reduces themGluR5 functional level, forming
a feedback regulation (Alagarsamy et al.,, 2002). The qPCR result
demonstrated a significant enhancement in GRM5 transcription in
the amygdala following SS training, which was generally consistent
with the western blotting results. The CHX injection significantly
inhibited mGluR5 dimers and monomers, and then increased
PKC-a by SS fear conditioning, indicating that these proteins
are synthesized de novo during the training. We think that after
fear conditioning, neurons in the amygdala will rapidly synthesize
mGluR5, and then its expression level will be continuously
suppressed by the negative feedback mechanism and kept at a
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Inhibition of MGLuR5 during fear conditioning leaded to a stress intensity dependent alteration on fear memory generalization. (A,B) Significant
differences were not found in fear response to CS+ or CS- between control group and MPEP group regardless of the given foot shock intensity (A),
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(CS+[WS], unpaired two-tailed Student t-test, Two-tailed, t = 0.000, df = 10, p > 0.9999; CS-[WS], unpaired two-tailed Student t-test, Two-tailed,
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lower level (Francesconi and Duvoisin, 2000; Dhami and Ferguson,
2006). Interestingly, the results from Jong et al. (2014) support
that mGluR5 on the endoplasmic reticulum and nuclear membrane
surface can perform its specific functions through intracellular
signaling pathways. These results suggest that the amygdala may
"record” the individual stress magnitude through intracellular

expression level of mGIuR5 during fear conditioning, thereby
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determining the extent of specific or generalized conditioned fear
memory.

Given the level of NMDAR phosphorylation did not change
with stress intensities and generalization levels of mice, we further
investigated the role of mGIuR5 in cued fear memory generalization
by intracranial injection of MPEP. Gold and Wrenn (2012)
found that CHX only inhibited high-intensity stress-triggered
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conditioned fear, but CHX had no effect on low-intensity
shock-triggered conditioned fear responses, suggesting that
the stress-intensity-dependent modulation of conditioned fear
memory may be related to the process of de novo protein synthesis.
In the present study, the WS CFC did not increase the levels of
mGluR5 expression during conditioned fear memory formation,
while inhibition of mGIuR5 with MPEP significantly inhibited
generalization of conditioned fear memory, suggesting that
mGluR5 promotes generalization of conditioned fear memory
under physiological conditions. In contrast, after SS CFC, mGluR5
was rapidly synthesized, and the expression level of mGluR5 in
the cytoplasm increased significantly, while the expression level of
mGluRS5 in the synaptic part did not, suggesting that the mGluR5
function on the synaptic surface may be in a state of inhibition
and further inhibition of mGluR5 at this time would promote the
generalization of conditioned fear memory in animals. Thus, it
is hypothesized that the physiological function of mGIuRS5 is to
promote the generalization of conditioned fear memory; during
SS CEC training, mGluR5 function was inhibited and mGluR5
expression levels increased through a feedback mechanism, of
which the mechanism needs further exploration.

Schulz et al. (2001) found that systematic administration of
MPEP 60 min prior to conditioned fear memory training inhibited
the formation of conditioned fear memory. But this study showed
that the intracranial administration of MPEP prior to training did
not affect the level of response to CS+ during training or retrieval
test. MPEP may act on the amygdala and other brain regions such
as the prefrontal cortex, which participate in the acquisition of
conditioned fear memory. mGluR5 in the amygdala is not directly
involved in regulating the formation of specific conditioned fear
memory, and the inhibitory effect of MPEP on the formation of
specific fear memory may be mediated by inhibiting mGIuR5 in
other brain regions.

In addition, it has been suggested that mGluR5 rapidly
dimerizes after intracellular synthesis of monomers and is
transferred intracellularly as a dimer (Parnot and Kobilka, 2004).
However, Wang et al. (2020) observed the presence of mGluR5
monomers in adult brains. It has also been reported that mGluR5
undergoes aggregation and depolymerization in response to
external signals in vivo (Harney et al, 2006; Sun et al, 2020).
In our study, we observed mGIuR5 monomers in both synaptic
and cytoplasmic fractions of the amygdala by western blotting.
Although the expression levels of mGluR5 monomers in the
cytoplasm were not statistically significantly different between
different groups at different stages after training, the trend of
mGluR5 monomers in both cytoplasmic and synaptic fractions is
basically the same as that of dimers, which supported the view of
Parnot and Kobilka (2004) to a certain extent.

In summary, our study confirms that the level of fear
generalization is determined during training. mGluR5 in the
amygdala can serve as a molecular marker to define the stress
intensity dependent fear generalization and play a significant role
in the modulation of that. In the future, we will explore the
mechanism of how mGluR5 regulates fear generalization in a stress
intensity dependent manner. The findings of this study endorse our
further understanding of the mechanism of PTSD and may propose
new therapeutic strategies.
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