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Abstract

Background: Exposure to juvenile stress was found to have long-term effects on the plasticity and quality of associative
memory in adulthood, but the underlying mechanisms are still poorly understood.

Methods: Three- to four week-old male Wistar rats were subjected to a 3-day juvenile stress paradigm. Their electrophysiological
correlates of memory using the adult hippocampal slice were inspected to detect alterations in long-term potentiation and synaptic
tagging and capture model of associativity. These cellular alterations were tied in with the behavioral outcome by subjecting the
rats to a step-down inhibitory avoidance paradigm to measure strength in their memory. Given the role of epigenetic response in
altering plasticity as a repercussion of juvenile stress, we aimed to chart out the possible epigenetic marker and its regulation in
the long-term memory mechanisms using quantitative reverse transcription polymerase chain reaction.

Results: We demonstrate that even long after the elimination of actual stressors, an inhibitory metaplastic state is evident,
which promotes synaptic competition over synaptic cooperation and decline in latency of associative memory in the
behavioral paradigm despite the exposure to novelty. Mechanistically, juvenile stress led to a heightened expression of the
epigenetic marker G9a/GLP complex, which is thus far ascribed to transcriptional silencing and goal-directed behavior.
Conclusions: The blockade of the G9a/GLP complex was found to alleviate deficits in long-term plasticity and associative
memory during the adulthood of animals exposed to juvenile stress. Our data provide insights on the long-term effects of
juvenile stress that involve epigenetic mechanisms, which directly impact long-term plasticity, synaptic tagging and capture,
and associative memory.
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Significance Statement

Juvenile stress leads to diminutive cognitive function brought about by memory deficits during adulthood. The effects on learning
and memory mechanisms as a result of stress during juvenility are poorly understood. Epigenetic changes can manifest as a
result of plasticity changes due to stress and related parameters. We demonstrate in our study that a heightened expression of
the epigenetic complex G9a/GLP provoked by juvenile stress in the hippocampal CA1 pyramidal neurons brings about a meta-
plastic effect both at the cellular and systemic level. This causes synaptic competition and hence a failure in associative memory.
Inhibition of this epigenetic complex restores long-term plasticity and thereby associative memory.

Introduction

Stress alters hippocampal-dependent memory by alterations in
plasticity, firing properties of pyramidal neurons, and neuronal
morphology. Long-term potentiation (LTP), a widely studied cel-
lular correlate of memory, shows alterations due to the impact
of stress and has been demonstrated to have biphasic time-
dependent effects in various regions of the hippocampus and
brain (Shors and Dryver, 1994; Akirav and Richter-Levin, 1999;
Pavlides et al., 2002).

Depending on the age of the animal, duration of the applied
stress, point of time of stress, intensity, magnitude and fac-
tors alike, different effects are brought about (McEwen, 1998).
Epidemiological studies have pointed out that trauma during
childhood or during adolescence results in numerous stress-
related disorders in adulthood. To understand the mechanisms
of posttraumatic stress disorder better, an animal model was
developed by exposure to stressors during their pre-pubertal
phase that mimics the behavioral and physiological responses of
human juveniles leading to long-term alterations at the cellular
and behavioral level. This has been an effective translational
model for investigating trauma-related disorders and their con-
comitant predisposing factors (Tsoory and Richter-Levin, 2006).
A juvenile brain is more vulnerable to stressors compared with
newly born or adult candidates due to significant remodeling of
structures involved in emotional processing and learning mech-
anisms during juvenility (Eiland et al., 2012). This has shown to
result in heightened perception to stress among various spe-
cies during juvenility than during later or earlier phases in life,
causing abnormal limbic system development (Lee et al., 2014).
This also leads to consistent interference in coping strategies
until later stages in adulthood, thereby diminishing learning
and memory functions.

Synaptic tagging and capture (STC) is a late associative prop-
erty of LTP, which guarantees input specificity and requires the
associative setting of synaptic tags as well as the availability
of plasticity-related proteins (PRPs) that are restricted to func-
tional dendritic compartments. Related to that, “metaplasticity”
refers to manipulations that affect neurons or synapses and
that lead to altered plasticity outcomes than would have oc-
curred otherwise (Abraham and Bear, 1996). Metaplasticity has
been substantiated as a behaviorally relevant (Kirkwood et al,,
1996; Philpot et al, 2003) and inducible phenomenon regard-
less of whether this priming is brought about by neurophysio-
logical or behavioral manipulations. We previously reported
that metaplasticity induced by previous activity in the synapses
can have a bearing on the STC processes and hence on late-
associative heterosynaptic interactions (Sajikumar and Korte,
2011; Li et al., 2014).

Genetic and epigenetic after-effects of environmental ex-
periences, such as stress, have been suggested to bring about
metaplasticity, leading to alterations in the properties of plas-
ticity in the hippocampus but also in other brain areas (Avital
and Richter-Levin, 2005; Tsoory and Richter-Levin, 2006;

Jacobson-Pick et al., 2008; Bazak et al.,, 2009; Jacobson-Pick
and Richter-Levin, 2012). G9a/GLP, a pivotal part of the epi-
genetic complex, regulates a prominent histone, H3 lysine9
di-methylation (H3K9me2), and is known to play a role in tran-
scriptional silencing, DNA methylation, and heterochromatin
formation (Rea et al., 2000; Margueron et al., 2005; Vermeulen
et al,, 2007; Shinkai and Tachibana, 2011). Numerous studies
have reported its impact on environmental adaptation, motiv-
ation, drug addiction, memory consolidation, and goal-directed
behavior (Tachibana et al., 2002; Roopra et al., 2004; Maze et al.,
2010; Subbanna et al., 2013; Balemans et al., 2014; Sharma et al.,
2017; Sharma and Sajikumar, 2018). Earlier studies from our
group have demonstrated the significance of G9a/GLP complex in
neuronal plasticity and its importance in the bidirectional regu-
lation of bidirectional synaptic plasticity in a context-dependent
manner (Sharma et al., 2017; Sharma and Sajikumar, 2018).

Juvenile stress induces a long-lasting form of behavioral
metaplasticity (Schmidt et al., 2013). We now demonstrate
that juvenile stress leads to heightened expression of G9a/
GLP complex in the CA1 pyramidal neurons, affecting compe-
tition at its synapses. G9a has already been reported to nega-
tively regulate synaptic plasticity (Maze et al.,, 2010; Zhang
et al., 2016). Thus, juvenile stress-induced increased expres-
sion levels of the G9a/GLP complex may underlie its impact on
STC and, hence, the deficits seen in hippocampal-dependent
learning and memory tasks. We further report that the inhib-
ition of this epigenetic complex can reverse the effects of ju-
venile stress, restoring associative properties as demonstrated
by a rescue of STC at both the cellular and behavioral levels in
adulthood.

MATERIALS AND METHODS

Behavioral Study: Juvenile Stress Paradigm

In all experiments, we used male Wistar rats for this study; fe-
male rats were excluded to avoid possible hormonal variations
that may affect behavior (Autry et al., 2009; Inoue, 2021). We used
a total of 95 animals for the behavioral experiments (including
contingency animals). The juvenile stress (JS) procedure consisted
of 3 sequential days of exposure to different stressors (Jacobson-
Pick and Richter-Levin, 2012). Each day involved a different stress
protocol at approximately midday (12:00 pm) as follows. Day 1:
(postnatal day [PND] 27), forced swim: 10 minutes forced swim
in an opaque circular water tank (diameter: 20 cm; height: 45 cm;
water depth: approximately 38 cm), water temperature 22°C +2°C.
Day 2 (PND 28), elevated platform stress: 100 cm above floor level
with a square transparent platform measuring 21 cmx21 cm, lo-
catedin the middle of a small closet-like room. Rats were subjected
to three 30 minutes trials with inter-trial interval of 60 minutes
in the home cage. Day 3 (PND 29), restraint box stress: rats were
placed in a metal restraining box that prevents forward-backward
movement and limits side-to-side mobility. Rats remained in the
restraining box (length: 11.5 cmxbreadth: 5.5 cmxheight: 4 cm)
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for 2 hours under dimly lit conditions (Tsoory and Richter-Levin,
2006). During the stress paradigm, the animals show behavioral
signs of stress (freezing immobilization, piloerection, urination,
and defecation). All the rats in the same cage were subjected to
the above tests at the same time to prevent isolation. The rats
were then returned to their home cages post completion of the
stress procedures and were not handled until subjecting them to
behavioral paradigm except for weekly weighing and cage saw-
dust bedding maintenance.

Ethics Approval

Efforts were made to minimize the number of animals killed.
This study was carried out in accordance with the recommenda-
tions by the Institutional Animal Care and Use Committee of
National University of Singapore (IACUC Approval no. R17-0572)
and more details can be provided on request.

Behavioral Tagging

Apparatus: Novel Open Field Exploration—The open-field appar-
atus is an arena 60.5 cm long, 60.5 cm wide, and 45 cm deep
with plastic walls and floor. A novel environment exploration
consists of a 15-minute open-field session. The animals were
handled for 2-3 days prior to the novel open field exploration
for 3-5 minutes.

Step-Down Inhibitory Avoidance (IA)—The IA apparatus is a
plexiglass box 30 cm longx25 cm widex27 cm high with a
plexiglass platform that is 24 cm longx11 cm wide x5 cm high
on the right end of a series of metal bars, which constituted
the floor of the box. In the training session, rats were placed on
the platform facing the left rear corner of the box. When they
stepped down, putting their 4 paws on the metal bars, they re-
ceived a foot shock (0.5 mA, 2 seconds pulsed). After this, the
animals were returned to their home cage. The animals were
then subjected to test sessions to measure short-term memory
(STM) (60 minutes after training) or long-term memory (LTM) (24
hours and 7 days after training). Memory was measured by com-
paring the step-down latency in the training session with that
in the test session. All rats were previously handled daily for 3-5
minutes for 3 days.

Behavioral Tagging Procedure—In this behavioral analogue of
STC, the duration between the weak and strong stimuli should
not exceed the critical time window. The IA task is a versatile
hippocampus-dependent and operant-like associative task
wherein the animals were placed on a raised platform on one
end of the series of metal bars and were trained to learn that
stepping down from this platform resulted in a foot shock
(Moncada and Viola, 2007). Latency was measured and compared
between the training and test sessions. It is the time taken for
the animal to step down from the elevated platform, indicating
the robustness of the memory from the behavioral paradigm
employed to test the ability of the animal to remember to avoid
an inhibitory task. It is given by the formula latency =time taken
for the animal to step down/total cut-off time for the task. The
same method of measurement also has been used in our re-
cent publications from our laboratory (Wong et al. 2019, 2020,
2021). Higher latency values in the test sessions indicate better
memory retention lasting since the training session (Moncada
and Viola, 2007).

Surgery and Drug Infusion—The animal was anaesthetized in
an induction chamber with 5% isoflurane (Baxter Healthcare
Corporation, Deerfield, Illinois, USA) in oxygen. The flow of the
gas mixture was adjusted to 1 L/min. Once under anesthesia,

the animal head was secured in a stereotaxic apparatus
(Stoelting Co, Wood Dale, Illinois, USA). Anesthesia was main-
tained with 2% isoflurane delivered via a nose cone. After the
head was shaved, the skin was cleaned twice with 70% ethanol
and with iodine solution in an alternating manner. A midline in-
cision was made to expose the skull. The coordinates of bregma
and lambda were taken to ensure the planarity of the skull.
This was achieved by ensuring that the Bregma dorsal ventral
and medial-lateral coordinates were within+0.2mm of the
corresponding lambda coordinates. For cannula implantation,
22-gauge cannulas were stereotaxically aimed 1.0 mm above
the pyramidal cell layer of the CA1 region of the dorsal hippo-
campus at coordinates —-3.0 mm anterior, +2.0 mm lateral, and
2.7 mm ventral from the atlas of Paxinos and Watson (Paxinos
and Watson, 1986). Animals were then housed singly and al-
lowed to recover post surgery for 4-5 days prior to the start of ex-
perimental procedures. Postoperative analgesic (buprenorphine,
0.03 mg/kg, s.c.; comparative medicine [CM], National University
of Singapore [NUS]) and antibiotic (enrofloxacin [Baytril], 10 mg/
kg, s.c.; CM, NUS) were administered twice a day for 3 and 5 con-
secutive days respectively. Postoperative weight and general
behavior (grooming, locomotion, and alertness) were observed
and recorded for at least 5 consecutive days. We used a total
of 60 animals for the chronic implantation of cannula (for both
nonstressed and stressed cohorts), which were then used for be-
havioral tagging experiments.

Microinjection—To infuse the drug, a 30-mm-gauge cannula with
its tip protruding 1.0 mm beyond that of the guide was used.
The infusion cannulas were fastened to a micro-syringe, and in-
fusions were performed over 1 minute; the cannula were left in
place for 1 additional minute to minimize backflow.
Histology—Perfusion of animals: Animals were overdosed with
urethane (1.5 g/kg, i.p.; Sigma, USA). A bilateral thoracotomy fol-
lowed by intracardial perfusion with 400 mL of sodium chloride
(0.9% w/v; VWR, Germany) and 120 mL formalin (10% v/v; VWR,
Germany) was performed. The animals were then decapitated,
and their brains were harvested and kept in 10% formalin (10%)
overnight at 4°C.

Nissl Stain—The brain was sectioned at 100-um thicknesses
using the vibratome (Leica VT 1200 Semi-Automatic Vibrating
Blade Microtome, Leica Microsystems, Germany).

The sections were placed in 0.05 M Tris-buffered saline

(Merck, Germany) and mounted onto gelatin-coated slides.
Sections were air dried and incubated in 0.5% w/v cresyl violet
stain (Sigma, USA). Sections were dehydrated and rehydrated
in increasing concentrations of ethanol and xylene respectively
with a cover slip and mounting medium. Stained sections were
viewed under the microscope to identify microinjection sites of
drug administration and electrode placements. Only data from
animals with correct cannula implants (95% of the rats) were
included in statistical analyses.
Pharmacology—BIX 01294 (BIX; 270517, Enzo Life Sciences,
Singapore), which is a selective and cell-permeable inhibitor of
G9a/GLP histone methyltransferase (Chang et al., 2009; Liu et al.,
2010), was stored as 10-mM stocks in dimethylsulfoxide (DMSO)
at —-20°C. The stocks were stored for no more than 1 week. Just
before application, the stocks were diluted to the final concen-
tration of 500 nM in artificial cerebrospinal fluid (ACSF), bub-
bled with carbogen, and bath applied to the hippocampal slices.
Because it is a light-sensitive drug, it was protected from light
during storage and bath application. For the stocks prepared
in DMSO, the final DMSO concentration was kept below 0.1%, a
concentration that has been shown to not affect basal synaptic
responses (Navakkode et al., 2004).



Electrophysiology—A total of 220 slices from 115 adult male rats
(5-7 weeks) were used for the electrophysiological recordings.
Animals were housed under 12 hours light/dark conditions with
food and water available ad libitum. All experimental procedures
using animals were performed in accordance with the protocols
approved by the Institutional Animal Care and Use Committee
(IACUC) of the National University of Singapore. Briefly, the rats
were decapitated after anesthetization using CO,. The brains
were quickly removed and cooled in 4°C artificial cerebro-
spinal fluid ACSF that contained the following (in millimolars):
124 NaCl, 3.7 KCl, 1.0 MgSO,, 7H,0, 2.5 CaCl,, 1.2 KH,PO,, 24.6
NaHCO,, and 10 D-glucose, equilibrated with 95% O,-5% CO,
(carbogen; total consumption 16 L/h). Transverse hippocampal
slices (400 pm thick) were prepared from the right hippocampus
by using a manual tissue chopper. The slices were then incu-
bated at 32°C in an interface chamber (Scientific System Design,
Scientific System Design, Mississauga, ON, Canada) with an
ACSF flow rate of 1 mL/min.

Two-pathway experiments were performed in all the elec-
trophysiological recordings. Two monopolar lacquer-coated
stainless-steel electrodes (5MQ; AM Systems, Sequim, WA, USA)
were positioned at an adequate distance within the stratum
radiatum of the CA1 region for stimulating 2 independent syn-
aptic inputs S1 and S2 of one neuronal population, thus evoking
field EPSP (fEPSP) from Schaffer collateral/commissural-CAl
synapses. Pathway specificity was tested using the method de-
scribed in (Sajikumar and Korte 2011). A third electrode (SMQ;
AM Systems) was placed in the CA1 apical dendritic layer be-
tween the stimulating electrodes for recording the fEPSPs.
The signals were amplified by a differential amplifier (Model
1700; AM Systems) digitized using a CED 1401 analog to digital
converter (Cambridge Electronic Design, Cambridge, UK) and
monitored online.

After a 2-hour incubation period, a synaptic input-output
curve (afferent stimulation vs fEPSP slope) was generated. Test
stimulation intensity was adjusted to elicit a fEPSP slope of 40%
of the maximal slope response for both synaptic inputs S1 and
S2. To induce late-LTP, a “strong” tetanization (STET) protocol
consisting of 3 high-frequency stimulations of 100 pulses at
100 Hz (single burst, stimulus duration of 0.2 ms per polarity),
with an intertrain interval of 10 minutes, was used. To induce
early-LTP, a “weak” tetanization (WTET) protocol consisting of a
single stimulus train of 21 pulses at 100 Hz (stimulus duration
of 0.2 ms per polarity) was used (Sajikumar et al., 2005a; Shetty
et al., 2015). In all experiments, a stable baseline was recorded
for at least 30 minutes using four 0.2-Hz biphasic constant cur-
rent pulses (0.1 ms per polarity) at each time point before per-
forming the induction protocols.

Tissue Collection for polymerase chain reaction (PCR)—Tissues from
3 biological samples (3 male Wistar rats, 5-7 weeks old) were
prepared from the hippocampus for G9a/GLP, CREB, PKM{, BDNF,
and HDAC gene expression analysis. To validate the expression
of the above-mentioned genes, tissues from the hippocampus
were snap-frozen from stressed and nonstressed animals.

RNA Extraction and Real-Time Quantitative RT-PCR—To assess the
relative expression of G9a/GLP, CREBbp, BDNF, HDAC, and PKME,
the whole hippocampus was isolated and snap-frozen in liquid
nitrogen. We used a total of 6 animals to extract the tissues with
at least 3 from each group with and without pharmacological
microinjection of G9a/GLP blocker (for the quantitative reverse
transcription polymerase chain reaction [qQRT-PCR] experiments
corresponding to Fig. 5D and Fig. 2, respectively). Total RNA was
extracted by using an RNeasy Mini kit (cat. no. 74 106; Qiagen)
and quantified by using a spectrophotometer (NanoDrop 2000;
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Thermo Scientific). Following various treatments, RLT lysis
buffer was prepared by adding 10 uL of $-mercaptoethanol per
milliliter of RLT buffer. A total of 600 puL of RLT lysis buffer was
added to each sample, and a 1-mL syringe was used to thor-
oughly homogenize the lysate. A total of 70% ethanol was
then added to the cell lysate, mixed well, and transferred to
the RNeasy spin column. The cell lysate was centrifuged at
10 000 rpm (Rotor FA-45-24-11, Eppendorf Centrifuge 5424 R) at
room temperature for 1 minute. In the subsequent steps, RW1
and RPE buffers were added to the spin columns to remove the
unwanted materials, and flow-through was discarded after each
step. In the final step, 20 pL of nuclease-free water was added to
the spin column to elute the bound RNA. A spectrophotometer
was used to quantify RNA concentration.

cDNA synthesis was carried out by using a GoScript Reverse
Transcription System (cat no. A5000; Promega). Briefly, 1 pg of
RNA was subjected to preheating with 2 pL Oligo(dT) at 72°C for
two minutes. Reverse transcription was performed at 42°C for
one hour followed by 95°C for 5 minutes. Further, a StepOne Plus
real-time PCR system (Applied Biosystems) was used to carry
out the gRT-PCR with TagMan universal PCR master mix (cat.
no. 4304437; Thermo Scientific) and TagMan probes specific for
G9a (Rn00664802_m1; lot no. 1594469), GLP (Rn00664802_m1;
lot no. 1594 469), PKMC (Prkcz FAM, Rn01520438_m1; lot no.
P160302_001 EO1), CREB-BP (Rn00591291_m1; lot no. 1272721),
BDNF (Rn02531967_s1, Lot No. 1518959), and HDAC (Rn00664802_
m1; lot no. 1594469). The qRT-PCR was performed in 96-well
plates with an initial denaturation at 95°C for 10 minutes, fol-
lowed by 40 amplification cycles each at 95°C for 15 seconds and
then at 60°C for 1 minute. The gene expressions were measured in
duplicates and were normalized with the internal control GAPDH
(Gapdh, Rn01775763_g1; lot no. 1523580). Fold changes of gene
expressions were calculated according to the 2-AACt method.
Corticosterone Assay—The kit uses a polyclonal antibody to bind
to corticosterone in a competitive manner. Post incubation at
room temperature, the excess reagents were washed away, and
the substrate was added. Following a short incubation time, the
enzyme reaction is stopped and the yellow color that is gener-
ated is read on a microplate reader at a 405-nm wavelength. The
intensity of the yellow color and the concentration of cortico-
sterone seen either in standards or samples is inversely propor-
tional. The concentration of corticosterone is calculated using
the measured optical density. The plate reader was blanked at
the plate reader and the optical density was read at 405 nm,
preferably with a correction between 570 and 590 nm. The values
were then noted for calculation of results, and the concentra-
tion of corticosterone was calculated according to the procedure
mentioned in the respective kit—Enzo (corticosterone ELISA Kit
Catalog No. ADI-900-097 96 Well Kit).

Data Presentation and Statistical Analysis

The fEPSP recordings automatically saved by the recording soft-
ware (PWIN, Magdeburg) were analyzed offline. The fEPSP slopes
per time point were expressed as percentage of average baseline
values in each experiment. The time-matched, normalized data
were averaged across replicate experiments, plotted against
time as mean + SEM, and were then subjected to statistical
analysis. For fEPSP analysis, nonparametric tests were used
considering the normality violations at small sample num-
bers. Wilcoxon matched-pairs signed rank test (represented as
Wilcox test) was used when comparisons were made within a
group (a post-induction value compared with its own baseline
value). Mann-Whitney-U-test (represented as U-test) was used
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for comparisons between groups. Multiple, between-group com-
parisons for specified time-points were performed with either
1-way or 2-way ANOVA with Tukey’s or Dunnet’s post-hoc tests.
Statistical significance was assumed at P<.05. (*P<.05, *P<.01,
**P<.001, ***P<.0001). For electrophysiology, behavioral, and
biochemical experiments, P<.05 was deemed statistically sig-
nificant. All statistical analyses were performed on version 6
and 8 of the Prism software (GraphPad, San Diego, CA, USA).

RESULTS

Impairment of Behavioral Tagging in Juvenile
Stressed Rats

The corticosterone levels in the animals that underwent stress
during juvenility (Fig. 1A) were measured to establish a differ-
ence in the stress hormone levels with the control group. The
stressed rats had a higher corticosterone level (54526.3 pg/mL)
(shown in Fig. 1B) compared with the control group (35976.4 pg/
mlL), with the stressed group showing a statistically significant
difference compared with the control (P<.05). The latency was
measured for both the batches during the adulthood. Our re-
sults mimicked the trend as shown by earlier studies (Moncada
and Viola, 2007) wherein the control rats that were subjected
to an OF experience that was novel to the animal prior to the
step-down IA task showed a strong IA-LTM compared with
those that were not subjected to open field [OF], revealing that
a weak stimulus gave rise to LTM via association with a novel
experience in a protein synthesis-dependent way. This was ob-
served in all 3 time points viz. STM measured post 1 hour of the
training session, LTM measured post 24 hours of the training
session and in the case of remote memory measured post 7 days
of the training (Fig. 1D *P<.05 for post 1 hour, **P<.001 for post
24 hours, and ***P<.0001 for post 7 days). Contrary to the above
observations, in the case of stressed subjects, the exposure to
an OF did not have a promoting effect on IA-LTM compared with
the subjects that were not exposed to OF, as observed by the lack
of statistical significance in the latency measurements at dif-
ferent time points (Fig. 1D; P>.05 for post 1 hour, post 24 hours,
post 7 days of the training session).

Heightened Expression of G9a/GLP Epigenetic
Complex in Juvenile Stressed Rats

To understand the molecular underpinnings of the possible tar-
gets involved in the associative properties of memory in the case
of stressed subjects, a real-time qPCR analysis of the hippocampal
slices of both the stressed and control group revealed significant
changes in the gene expressions of possible targets (Fig. 2). G9a
and GLP expression levels were significantly increased in the case
of stressed hippocampal slices compared with the control slices
("P<.001, 1-way ANOVA). All the stressed hippocampal slices ex-
hibited a lower expression level of BDNF compared with the con-
trol group. Another interesting observation was the decreased
levels of PKMC and CrebBP in the case of stressed slices com-
pared with the control group. Thus, the stressed subjects showd
a heightened expression of G9a/GLP complex together with de-
creased BDNF and PKMC expression levels.

Impairment in STC but Not LTP in Juvenile
Stressed Rats

To understand if and how the plasticity properties in rats that
were subjected to juvenile stress were altered, we first examined

the effects of high-frequency stimulation (see methods for elab-
orate details) that induced LTP (both early and late-LTP) in the
hippocampal area CA1 of both control and stressed rats (Fig.
3C-F). A two-pathway experimental design (Fig. 3B) was used to
stimulate two independent synaptic inputs, S1 and S2, to the
CA1 pyramidal neurons from hippocampal slices to study the
effect of stress on short-term and long-term plasticity. To study
early-LTP, a single WTET (see Methods) was applied to synaptic
input S1 in both control and juvenile stressed rats (Fig. 3C,E).
Both groups displayed potentiation and in the case of juvenile
stressed rats, the potentiation was significant only until 85 min-
utes (Fig 3C; Wilcox test, P=.027) and 50 minutes (Fig. 3C; U-test,
P=.0206), whereas in control rats the potentiation lasted until
160 minutes (Fig. 3E; Wilcox test, P=.043; U-test, P=.021). In both
cases, the potentiation gradually declined to baseline level over
almost 3 hours. The baseline potentials in Figure 3C and E (blue
circles) stayed stable until the end of the recording period of 4
hours (P>.05).

Next, we probed if stress has any effect on late-LTP. Three
spaced trains of high-frequency stimulation (STET at 10-minute
intervals) in S1 led to long-lasting plasticity (late-LTP) that main-
tained for 4 hours in control and stressed animals (Fig. 3D,F; red
circles). The posttetanization fEPSPs showed statistically signifi-
cant potentiation during the entire recording period in both con-
trol (Fig. 3D; at 30 minutes Wilcox test, P=.031, U-test, P=.002;
at 180 minutes Wilcox test, P=.031, U-test, P=.002; and at 240
minutes Wilcox test, P=.031, U-test, P=.002) and stressed rats
(Fig. 3E; Wilcox test, P=.002 and U-test, P<.0001 at 30 and 180
minutes; and P=.001 at 240 minutes). The control synaptic po-
tentials recorded from S2 (Fig. 3D,F, blue circles) stayed relatively
stable during the entire recording period of 4 hours (P>.05). In
summary, neither late-LTP nor early-LTP was impaired in ju-
venile stressed rats.

We were then curious to know the associative inter-
actions, STC, in stressed animals. STC at the cellular level can
be studied using the weak-before-strong experimental para-
digm in which protein synthesis-independent plasticity such
as early-LTP can be induced in S1 up to 60 minutes prior to
protein synthesis-dependent late-LTP induction in S2 (Frey
and Morris, 1998; Li et al., 2014). Here, early-LTP was induced
by WTET in S1 (red circle) followed by late-LTP in S2 (blue
circle) by STET post 60 minutes of the WTET induction. The
expression of STC was not observed in juvenile stressed rats
(Fig. 3G) because the tags set by early-LTP at S1 were unable to
capture the PRP triggered by late-LTP at S2 that resulted in a
phenomenon akin to synaptic competition (Sajikumar et al.,
2014). Late-LTP in S2 showed statistically significant potenti-
ation up to 130 minutes (P=.015 at 130 minutes, Wilcox test)
after the induction but gradually declined post 130 minutes
and stayed at baseline values. Consequently, early-LTP in S1
failed to maintain statistically significant potentiation post 60
minutes of WTET induction in S1 (Fig 3G, red circles, P=.046
at 60 minutes, Wilcox test). In contrast, expression of STC
was observed in the control rats (Fig. 3H, where the early-LTP
showed a significant potentiation immediately after WTET
and was able to successfully capture proteins produced from
the input at S2 that was induced using STET. The potentials
at S1 and S2 increased post induction and expressed statis-
tically significant potentiation until the end of the recording
(S1, Wilcox test, P=.031 at 30 minutes; P=.015 at 120 and 240
minutes; in S2, P=.002, at 120 and 240 minutes). In short, the
STC experiments revealed that the rats subjected to juvenile
stress were unable to preserve the associative properties at
the activity-induced synapses compared with the control rats.
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stress show higher corticosterone levels in adulthood compared with control. Histogram showing corticosterone levels of rats in the adult stage that were subjected
to juvenile stress and those that were not (control). The rats exposed to juvenile stress show statistically significant higher corticosterone levels (54526.3 pg/mL) than
those of the control group (35976.4 pg/mL) (*P<.05). (C) Illustration of behavioral tagging phenomenon. (D) Spatial novelty does not promote inhibitory avoidance-long
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task, and the different groups were analyzed using 1-way ANOVA (n=12). Control group with and without behavioral tagging (BT) represented in black stripes and black
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**P<.001; and for post 7 days, ***P<.0001. Juvenile stress group with and without behavioral tagging represented in red stripes and red showing no significant statistical
difference among the groups (P>.05).
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Figure 2. Histogram showing rt-PCR data for the expression of various genes
during juvenile stressed animals: G9a, GLP, BDNF, HDAC3, CrebBP, and PKMzeta
from hippocampal tissues isolated from animals of different groups: control
(animals subjected to step-down inhibitory avoidance [IA] task), control + tag-
ging (animals subjected to spatial novelty for a duration of 15 minutes, 1 hour
prior to the IA task), juvenile stress (animals subjected to a 3-day consecu-
tive stress paradigm during P27-28-29, after which they were subjected to the
training of step-down inhibitory avoidance task), and juvenile stress + tagging
(juvenile stressed animals similar to those of previous group that were exposed
to spatial novelty prior to the IA-task). Data show that the juvenile stressed
group has heightened expression of G9a and GLP levels compared with the con-
trol batch as represented by the respective statistical significance shown in the
histogram. The histogram for G9a showing values of *P<.05 (.0288) for control
vs juvenile stress group; ***P<.05 (.0002) for control vs behavioral tagging group
for G9a; *P<.05 (.0036) for juvenile stress vs behavioral tagging group for G9a;
*P<.05 (.0128) for behavioral tagging vs juvenile stress + tagging group for G9a.
The histogram for GLP has the following P values for the corresponding groups:
control vs juvenile stress batch showing *P<.05 (P=.0247); control vs (juvenile
stress + tagging) group with a value of ***P<.0001; control vs behavioral tagging
group showing ****P<.0001; juvenile stress vs behavioral tagging showing ***P<.05
with a value of P=.0002; behavioral tagging vs juvenile stress + behavioral tag-
ging group showing ***P<.0001. The BDNF molecule shows significant P values
only for control vs juvenile stress batch *P<.05 with a value of P=.0348 and for
the control vs (juvenile stress + behavioral tagging) group *P<.05 with a value of
P=.0209; nonsignificant P values were observed for the comparisons of control
vs behavioral tagging group, juvenile stress vs behavioral tagging group, juvenile
stress vs (juvenile stress + behavioral tagging) group, and behavioral tagging vs
juvenile stress + (behavioral tagging) group. The HDAC3 molecule shows the fol-
lowing P values for control vs juvenile stress batch **P<.05 (P=.0004); juvenile
stress vs behavioral tagging group showing **P<.05 (P=.002); juvenile stress vs
juvenile stress + behavioral tagging) group showing *P<.05 (P=.0114). CrebBP
shows the following P values for control vs juvenile stress group: ****P<.0001
while juvenile stress vs behavioral tagging group showed **P<.05 (P=.0019);
juvenile stress vs juvenile stress +behavioral tagging) group shows **P<.05
(P=.0037). PKMz did not show any significant P values among the comparison
of different groups. n=4 for the control group, juvenile stress group, and behav-
ioral tagging group, and n=3 for the juvenile stress + behavioral tagging group.

Rescue of STC Phenomenon With G9a/GLP
Blockade in Acute Hippocampal Slices of Juvenile
Stressed Rats

Given that epigenetic regulation of synaptic plasticity and
associativity was shown earlier by (Sharma et al,, 2017) only in
healthy brains, wherein the blockade of G9a/GLP complex pro-
motes STC by increasing BDNF signaling in the hippocampus in
an activity-dependent manner, we were curious to explore the
alterations after juvenile stress. Keeping in mind the heightened
expression of G9a/GLP in the hippocampal slices of juvenile
stressed rats from the gene expression analysis and also given
the failure of associative properties, we were eager to inspect if
the blockade of G9a/GLP might restore the plasticity and asso-
ciative properties in the juvenile stressed rats. To study late-LTP
under G9a/GLP blockade in juvenile stress rats, STET was ap-
plied in S1 (red circle) after a stable baseline of 30 minutes, and
500 nM of G9a/GLP blocker (BIX 01294 trihydrochloride hydrate,
BIX) was bath applied for a total duration of 60 minutes starting

from 30 minutes prior to induction until 30 minutes post in-
duction of STET. The posttetanization fEPSPs showed statistic-
ally significant potentiation during the entire recording period
(Fig. 4A; Wilcox test, P=.003 at 30, 60, 120, and 180 minutes;
and P=.0117 at 240 minutes) and (U-test, **P<.0001 at 30 and
60 minutes; P=.001 at 180 minutes; P=.009 at 240 minutes). The
control synaptic potentials recorded from S2 (Fig. 4A, open cir-
cles) stayed stable during the entire recording period of 4 hours
(P>.05).

Next, we studied STC in stressed hippocampal slices. After a
stable baseline of 30 minutes, an early-LTP was induced in S1 by
WTET (red circle) followed by late-LTP in S2 (blue circle) by STET
at 60 minutes. Blockade of G9a/GLP was brought about by the ap-
plication of BIX (500 nM) at 30 minutes post induction of WTET
at S1 until 30 minutes post induction of STET at S2 for a total
duration of 60 minutes. Interestingly, statistically significant LTP
was maintained up to 5 hours in both S1 and S2, and early-LTP
was transformed to late-LTP expressing STC (Fig. 4B; Wilcox,
P=.007 at 30, 180, and 300 minutes), and late-LTP in S2 showed
statistically significant potentiation immediately after induc-
tion and remained statistically significant until the end of the
recording (Fig. 4B; Wilcox test, P=.015 at 120 minutes, P=.015 at
180 minutes, P=.007 at 240 minutes, and P=.007 at 300 minutes).

Priming stimulation by the inhibitors of G9a/GLP complex
has been proven from recent studies in our laboratory to
reinforce early-LTP to late-LTP for at least 4 hours (Sharma
et al., 2017). If an induction of early-LTP, which is a protein
synthesis-independent process, could lead to late-phase LTP
in the presence of G9a/GLP blockade, we gathered it will be
of significance to discern epigenetic regulation of plasticity
and associative properties under altered metaplastic states
brought about by juvenile stress as well. Thus, as a control,
we investigated the effect of G9a/GLP blockade on early-LTP in
the case of juvenile stress. A single WTET (the same procedure
as in the case of Fig. 4B) was applied to synaptic input S1 (red
circle) with the application of BIX (500 nM) at 30 minutes post
induction of WTET at S1 until 90 minutes, for a total duration
of 60 minutes. The potentiation at S1 displayed statistical sig-
nificance until 115 minutes (Fig. 4C; Wilcox test, P=.037) and
90 minutes (Fig. 4C; U-test, P=.024). The potentiation from 95
minutes onwards did not show any statistical significance
and displayed a gradual decline to baseline level over a time
period of almost 3 hours. The baseline potentials (blue circles)
stayed stable until the end of the recording period of 4 hours
(P>.05).

Rescue of Deficits in Step-Down IA Task on
Inhibition of G9a/GLP in Juvenile Stressed Rats

Having established the rescue of associativity in vitro as a result
of G9a/GLP blockade, we aimed to probe the effects of its inhib-
ition on physiology at the systemic level as well. Hippocampal
administration of G9a/GLP blocker (BIX; see supplemental Fig. 1)
was performed prior to subjecting the animals to the behavioral
experiments. In the stress group, the animals injected with BIX
showed a statistical significance in the latency of step-down IA
learning task compared with those injected with vehicle (P<.05,
1-way ANOVA,; Fig. 5B), whereas in the case of the control group,
there was no statistical significance in the animals injected with
BIX compared with those injected with vehicle (P>.05, 1-way
ANOVA; Fig. 5C). In summary, the batch subjected to stress
showed a rescue effect in the aversive learning and memory
task compared with the control group when hippocampal G9a/
GLP was inhibited.


http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyac008#supplementary-data
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Figure 3. (A) Timeline of experiments spanning stress paradigm and acute slice experiments from the hippocampal slices of these stressed animals. (B) Schematic rep-
resentation of the positioning of electrodes in CA1 region of a transverse hippocampal slice. Recording electrode (rec) positioned in CA1 apical dendrites was flanked
by 2 stimulating electrodes, S1 and S2, in the stratum radiatum (sr) to stimulate 2 independent Schaffer collaterals (Sc) inputs to the same neuronal population. (C)
Induction of early-LTP by weak tetanization (WTET- single arrow) in control slices (n=5) expressed transient potentiation; Control potentials from S2 remained stable
throughout the recording (blue circles) in both cases. (D) Induction of late-LTP by strong tetanization (STET, triple arrows) in control slices (n=5) expressed late-LTP,
which maintained until the end of recording. (E) Induction of early-phase LTP by weak tetanization (WTET, single arrow) in juvenile stressed slices lasting only 2-3
hours (n=9) expressing transient potentiation similar to that seen in the control slices. (F) Juvenile stressed slices also maintaining stable potentials until the end of
the recording (n=10). Control potentials from S2 remained stable throughout the recording (blue circles) in all cases. (G) Expression of synaptic tagging and capture in
juvenile stressed slice, both S1 (red circles) and S2 (blue circles), although they showed induction, failed to maintain late-LTP and started declining post 130 minutes
in S2 (blue circles, P=.015 at 130 minutes, Wilcox test) after the STET induction and post 60 minutes at S1 after WTET induction (red circles, P=.046 at 60 min, Wilcox
test). (H) Expression of synaptic tagging and capture showing late-LTP in both synaptic inputs S1 and S2, hence expressing STC in control slices (n=5). Posttetanic po-
tentiation in both synaptic inputs stayed statistically significant till the end of the recording period of 4h (P<.05). Representative fEPSP traces 30 minutes before (closed
line), 60 minutes after (dotted line), and 240 minutes after (hatched line) WTET/STET are depicted. Calibration bars for fEPSP traces in all panels are 3 mV/5 ms. Arrows
indicate the time points of STET. “n” represents number of slices always derived from more than 3 biological variants.

We were curious to understand if and how the blockade of We wanted to correlate further those expression levels with
G9a/GLP in the intra-CA1l region in the hippocampus brings the molecular mechanisms of rescue in associativity seen both
about an alteration in the expression of related target genes. in vitro and in vivo. In addition, it would help to attest to the



584 | International Journal of Neuropsychopharmacology, 2022

A

200-
BIX 3mV
1 Bzzz2 S
=150+
o
[
o
u
100-
S$1 S2
' AU\
50 g - S1

) LI DAL L DL DL LA DL BN B |
-60 -30 0 30 60 90 120 150 180 210 240
Time (min)

200 BIX

BzZzzzA

=150+
o
(72
o
L

100

J o S1
50 WTETT TTTSTET o S2
I L] T T T L] L] T T T 1
60 -30 0 30 60 90 120 150 180 210 240

C Time (min)

200+

BIX

1504
o
(72 4
o
: —

100 e

s1 s2
T e ~ o s
50
WTET -o- S2

L] L] T T T L] T T T T 1
-60 -30 0 30 60 90 120 150 180 210 24
Time (min)

Figure 4. (A) Induction of late-phase LTP by strong tetanization (STET, triple
arrows; S1 in red circles) in juvenile stressed slices with the application of 500 nM
concentration of BIX for a total duration of 60 minutes (30 minutes prior to the in-
duction of STET until 30 minutes after induction of STET) resulted in the mainten-
ance of stable late-LTP until the end of the recording (n=7). Control potentials from
S2 remained stable throughout the recording (blue circles). (B) Weak-before-strong
(WBS) paradigm in the presence of 500 nM concentration of BIX (30 minutes post
induction of WTET until 30 minutes after induction of STET for a total duration
of 60 minutes) resulted in late-LTP in both synaptic inputs S1 and S2, hence ex-
pressing STC in the juvenile stressed slice (n=8). (C) Control experiment for the
WBS tagging experiment in juvenile stressed slices in presence of BIX of that seen
in B, early-LTP was induced in S1 using WTET in the presence of BIX, but the po-
tentiation at S1 (red circles) displayed statistical significance until 115 minutes
(Wilcox test, P=.037) and 90 minutes (U test, P=.024). The potentiation from 95 min-
utes onwards did not show any statistical significance and displayed a gradual de-
cline to baseline level over almost 3 hours. The baseline potentials in (blue circles)
stayed stable till the end of the recording period of 4 hours (P>.05). Representative
fEPSP traces 30 minutes before (closed line), 60 minutes after (dotted line), and 240
minutes after (hatched line) WTET/STET are depicted. Calibration bars for fEPSP
traces in all panels are 3 mV/5 ms. Arrows indicate the time points of STET. “n”
represents number of slices always derived from more than 3 biological variants.

decline in levels of G9a and GLP that we hoped to see as a re-
sult of its pharmacological hippocampal inhibition. There was
a decrease in the expression of G9a and GLP seen in the hippo-
campus collected from the stressed animals injected with the
G9a/GLP blocker compared with those collected from both
stressed as well as nonstressed animals either injected with
vehicle or with neither the drug/vehicle (sham) (P<.05, 1-way
ANOVA,; Fig. 5D). We also observed a decrease in CrebBP levels
in the stressed animals with G9a/GLP blockade compared with
the stress batch injected with vehicle (P<.05, 1-way ANOVA;
Fig. 5D). BDNF showed no significant difference, though there
was a decrease observed in the levels between stressed and
nonstressed slices (Fig. 5D). Effect of stress significantly re-
duced the expression of CrebBP (Fig. 2); although there seems
to be a similar trend in Figure 5D, it is not statistically signifi-
cant. HDAC3 showed a significant reduction in expression after
stress (Fig. 2), but no significant change in that pattern was ob-
served after G9a/GLP blockade (Fig. 5D). We note some minor
differences between the effects of juvenile stress as shown
in Figure 2 and those in Figure 5D (mainly regarding HDAC3).
These disparities are likely to result from the differences in the
experiences the animals may have been through until the time
of the qRT-PCR. Nevertheless, the effects of BIX (preventing the
increase in G9a and GLP aftermath of stress, which is the em-
phasis of this study) are clearly observed.

DISCUSSION

The Yerkes-Dodson law postulates that an optimal level of
stress results in maximal performance of a complex cogni-
tive task, though the law also underscores that the inverted-
U-effect shifts to a linear relationship when the task is simple
(Calabrese, 2008). The effects of stress largely depend on various
parameters such as its intensity, duration, chronicity, control-
lability, and predictability (Lupien et al., 2007). Increased stress
intensity results in enhanced fear memory in simple cognitive
tasks, as observed in studies employing classical Pavlovian con-
textual and cued fear conditioning (Cordero et al., 2002; Rau
et al., 2005). Impairments in memory due to high levels of stress
on spatial tasks have been shown to be mediated by the action
of glucocorticoids in the hippocampus and BLA (Roozendaal
et al.,, 2003; Roozendaal et al., 2004). Rapid nongenomic synaptic
modifications, as well as long-term genomic changes triggered
by glucocorticoids in response to stress, engage multiple intra-
cellular signalling pathways, glutamate neurotransmission, and
neurotrophic factor-mediated long-term responses that directly
affect synaptic transmission, plasticity, learning, and memory
(Popoli et al., 2011).

We focus here on LTP because IA-LTM is consolidated through
LTP-specific PRPs and because PRPs are integral to mechanisms
of synaptic tagging (Whitlock et al., 2006).

It has been shown that weak IA-LTM depends on PRP syn-
thesis triggered by novel OF exposure (Moncada and Viola, 2007).
The failure in juvenile stressed rats to see the effect of prior ex-
posure to a novel field in weak IA-LTM hints at an interference
with the processes of PRP synthesis or to a paucity of available
PRPs at the synapses. It is well known that a tag is transient
for only approximately 1-2 hours, and its half-life may be af-
fected bidirectionally by metaplasticity (Li et al., 2014). An in-
hibitory metaplastic state due to stress may possibly confer
further reduced half-life of tags/PRPs resulting in an incon-
gruous time window between both, rendering the tags inactive
by the time the PRPs are made available for capture and thereby
preventing STC.
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Figure 5. (A) Timeline of experiments that encompass stress paradigm, surgery of chronic canula implant followed by microinjection of G9a/GLP inhibitor (BIX), be-
havioral tagging paradigm, and test sessions of step-down inhibitory avoidance task to measure latency in memory after blockade of epigenetic complex G9a/GLP. (B)
Graph from the stressed group representing latency measurements of step-down inhibitory avoidance task with the administration of BIX (represented in red: red-BIX,
pink - saline, no color-sham) compared with (C). Control group (represented in black; black- BIX and grey- saline, no color- sham). Latency measurements show stat-
istically significant difference between the BIX administered group with that of saline and sham control (***P<.0001) post 1 hour (*P<.01), post 24 hours, and (*P<.05)
post 7 days, whereas the control batch does not show any significant difference between the BIX/Saline/Sham control batches. (D) Histogram showing rt-PCR data
for the same set of genes in the tissues isolated from hippocampus post the administration of BIX in the intra-CA1 hippocampal site (OPEN bar- Sham animals from
control group (No Stress + Sham), Diagonally striped bar- control animals injected with saline (No stress + Saline), Grey bar- stressed control animal (Stress + Sham),
horizontally striped bar- stressed animals injected with saline (Stress + Saline), black bar- stressed animals injected with BIX (Stress + BIX). Data represents statistically
significant difference showing lower levels of G9a and GLP in the hippocampal tissues of juvenile stressed animals that were administered with epigenetic blocker
BIX in comparison to that of saline and sham animals. A decrease was observed for groups of stress sham in comparison with non-stress saline *P<.05 (P=.0472); we
observed a significant decrease in G9a on comparing groups of stress sham with stress BIX *P<.05 (P=.0191); stress saline group vs stress + BIX group shows a sig-
nificant decrease in G9a with a P-value of *P<.05 (P=.0317); while the comparisons of stress saline vs non-stress saline and stress + BIX vs non-stress saline show no
statistically significant decrease in G9a levels, stress sham vs non-stress sham shows *P<.05 (P=.0181) and non-stress sham vs stress saline group shows a significant
decrease *P<.05 (P=.0478). There is a significant decrease in the expression levels of GLP shown in the histogram for various groups. Stress Sham vs Stress BIX shows
a significant value of *P<.05 (P=.0615) while the stress sham vs non-stress saline shows *P<.05 with a P-value of .0349; stress saline vs non-stress saline shows *P<.05
(P=.0716); while stress + BIX vs non-stress saline does not show any significance, stress saline vs stress BIX shows a statistically significant decrease in GLP expression
*P<.05 (P=.0069); stress saline vs non-stress sham shows a significant decrease in GLP, *P<.05 (P=.0471). n=3 for all the 5 groups in the histogram.
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Long-term metaplastic effects of juvenile stress are suggested
to involve epigenetic manipulations (Schmidt et al., 2013). The
G9a/GLP complex is suggested to mediate epigenetic effects on
plasticity and memory (Pang et al., 2019). Increase in G9a/GLP has
been shown to cause a decrease in the levels of PKM{ (Sharma
and Sajikumar, 2018). Our gene expression profile points to
heightened levels of G9a/GLP in the stressed hippocampal slices,
which may be linked to the decrease in PKM{ observed in our
studies. Because associative properties have been demonstrated
with just the presence of PKMC (Sajikumar et al., 2005b; Sajikumar
and Korte, 2011), a lack of STC in our study relates to reduced
contribution of PKMC. We previously demonstrated that BDNF is
a critical regulator of late plasticity and STC during the inhibition
of G9a/GLP complex, and earlier reports propose BDNF and its re-
ceptor TrkB to be PRP and synaptic tag, respectively (Korte et al.,
1995; Korte et al., 1996; Barco et al., 2005; Lu et al. 2011; Sharma
et al., 2017). Here, an increase in G9a/GLP corresponds with a de-
crease in BDNF levels, suggesting it to be one of the relevant PRPs
missing for the mediation of STC. Earlier studies have reported a
negative correlation between BDNF expression and chronic stress
that led to the suggestion that dysregulation of GR-mediated
pathway may cause disruption of BDNF expression and signaling
(Dumanet al., 1997; Nestler et al., 2002). Accordingly, it may be
suggested that the activation of GR-dependent mechanisms
brings about an increase in G9a/GLP levels. The prior evidence of
the metaplastic nature of G9a/GLP, together with the findings that
inhibition of this complex modifies the neural network by ren-
dering synapses prone to potentiation mediated through PKM{¢
(Sharma and Sajikumar, 2018), led us to examine the effects of
blocking G9a/GLP on rescuing the impairment of associativity
seen following juvenile stress exposure.

The rescue effects seen with the inhibition of G9a/GLP
complex substantiates the notion of metaplastic synaptic modi-
fication brought about by epigenetic alterations induced by
exposure to juvenile stress, which subsequently affects the be-
havioral response during the memory task. This is observed at
both the cellular and systemic levels from the rescue effects seen
with the inhibition of G9a/GLP complex. Synaptic competition is
important in learning tasks that involve discrimination, but it is
imperative amid synapses in times of limited available resources
(von der Malsburg, 1973; Skorheim et al., 2014). We have demon-
strated earlier a “winner-take-all” scenario using multiple path-
ways to simulate conditions of competition, which compromise
the stabilization of plasticity (Sajikumar et al., 2014). While a
memory trace may persist in 1 pathway by the virtue of PRPs
made available from another pathway, potentiation of an add-
itional pathway triggers competition over PRPs, which is suffi-
cient to prevent persistence of memory traces on all pathways
(Sajikumaret al., 2014). Competition could involve a wide range
of physiologically restricted factors such as receptor molecules,
surface area, energy resources, and plasticity factors such as tags
and PRPs. If juvenile stress exposure induces scarcity of such
factors, it would reduce the probability of successful competi-
tion and thus of STC. This could result from long-term juvenile
stress-induced epigenetic alterations (Schmidt et al.,, 2013). In
line with that, we found that in slices from juvenile stressed ani-
mals, early-LTP during the inhibition of G9a/GLP does not get re-
inforced to late-LTP, as found in control slices from one of the
earlier studies in our laboratory (Sharmaet al., 2017).

Exposure to severe or acute stress has been shown to have
negative consequences on neuronal morphology in the hippo-
campus, leading to dendritic atrophy and loss of excitatory syn-
apses in CA1, CA3, and dentate gyrus (Magarinos and McEwen,
1995; McEwen, 2000; Vyas et al., 2002). Earlier findings suggest

that GluN2B containing NMDARs regulate H3K9me2 levels
through ERK activation in the lateral amygdala during fear
memory formation. GluN2B subunit activation serves to pro-
mote H3K9me?2 levels by either facilitating the recruitment of H/
KMT-G9a to the gene promoter or by preventing the recruitment
of H/KDM-LSD1 at the G9a promoter. Thus, inhibiting G9a could
impair fear memory while its activation could enhance it and
thus enable bidirectional regulation (Gupta-Agarwal et al., 2014).
Whether a similar epigenetic mechanism regulated by NMDAR
signaling contributes to our current findings in the hippo-
campus, at a different time frame, and related to a different as-
pect of memory requires further investigation. Supporting that
possibility is the finding that inhibition of NMDAR alters DNA
methylation to a level sufficient to drive differential BDNF tran-
script regulation in the hippocampus and a corresponding def-
icit in memory formation (Lubinet al., 2008b).

Earlier studies reported that GR-mediated mechanisms, acti-
vated by high stress, activating extra-synaptic NR2B-containing
NMDA receptors (otherwise called GluN2B) facilitated the endo-
cytosis of GluA2-containing AMPA receptors, which caused
hippocampal long-term-depression (LTD) and impaired spatial
memory retrieval (Yang et al., 2005; Lubin et al., 2008a; Howland
and Cazakoff, 2010). We have recently demonstrated that G9a/
GLP acts as a bidirectional switch that, when turned on, fa-
cilitates the expression of metabotropic glutamate receptor-
dependent LTD (mGluR-LTD) and when turned off, promotes
the expression of LTP (Sharma and Sajikumar, 2018). N-methyl-
D-aspartic-acid receptor-dependent LTD and mGluR-LTD are
2 forms of LTD that coexist in hippocampus (Oliet et al., 1997;
Massey and Bashir, 2007). Although mGIuR-LTD is implicated in
the encoding of novelty and object recognition memory (Jo et al.,
2006; Massey and Bashir, 2007; Kemp and Manahan-Vaughan,
2008), evidence points to behavioral deficits in the case of ex-
cessive or aberrant mGluR-LTD (Ronesi and Huber, 2008; Li et al.,
2009; Waung and Huber, 2009).

Conclusion

Further investigation is required to assess if G9a/GLP levels en-
gendered by juvenile stress brings about increased probability
of LTD and how the manipulation at this level relates to re-
ceptor (whether NMDAR or mGlIuR) dependent mechanisms to
transpose the synaptic modifications for restoring homeostasis.
Interestingly, with the inhibition of G9a/GLP, the bidirectional
switch morphs from mGluR-mediated LTD to facilitating the ex-
pression of LTP, suggesting a possible involvement of mGluR-LTD
in the depotentiation of synapses. This is also the case in the
presence of juvenile stress. Because an involvement of mGIluR
(Type-1 mGluRs) has shown to be independent of NMDARs for
the establishment of LTP via Arc signaling (Wang et al., 2016), it
will be important to examine whether this LTP and the modi-
fied STC phenomenon, which occurs with the inhibition of
G9a/GLP in stressed animals, are mediated through mGluRs or
through NMDARSs.

Metaplasticity has been regarded as a pivotal mechanism
that integrates homeostatic and Hebbian plasticity in health and
disease (Liet al., 2019). Multiple signaling pathways are modified
in the process of arriving at a new status quo during homeo-
static synaptic plasticity, thus setting the sliding threshold for
Hebbian plasticity at individual synapses. The current find-
ings clearly demonstrate that a blockade of G9a/GLP leads to
a restorative effect at the behavioral level, indicating a role for
G9a/GLP-dependant epigenetic effects in long-term behavioral
metaplasticity.
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Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.

Supplemental Figure

Representation of the microinjection site (intra-CA1l region in
the right hippocampus). 45 mM BIX was prepared in alcian blue
dye-saline solution and microinjected through the posterior
canula of the canula assembly. Diagrams adapted from Paxinos
and Watson (2007) with the corresponding anterior-posterior
co-ordinates as follows: —-3.0 mm anterior, + 2.0 mm lateral,
and 2.7 mm ventral showing in-vivo behavioral experiment
with chronic canula implanted in 6-7 weeks old male Wistar
rats wherein BIX is microinjected in the intra-CA1 hippocampal
site (right hippocampus) 1 hour prior to the behavioral tagging
experiments.
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