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In social animals, the behavioral and hormonal responses to stress can be transmitted from one individual to another
through a social transmission process, and, conversely, social support ameliorates stress responses, a phenomenon referred to
as social buffering. Metaplasticity represents activity-dependent synaptic changes that modulate the ability to elicit subsequent
synaptic plasticity. Authentic stress can induce hippocampal metaplasticity, but whether transmitted stress has the same abil-
ity remains unknown. Here, using an acute restraint-tailshock stress paradigm, we report that both authentic and transmit-
ted stress in adult male mice trigger metaplastic facilitation of long-term depression (LTD) induction at hippocampal CAl
synapses. Using LTD as a readout of persistent synaptic consequences of stress, our findings demonstrate that, in a male-
male dyad, stress transmission happens in nearly half of naive partners and stress buffering occurs in approximately half of
male stressed mice that closely interact with naive partners. By using a social-confrontation tube test to assess the dominant-
subordinate relationship in a male-male dyad, we found that stressed subordinate mice are not buffered by naive dominant
partners and that stress transmission is exhibited in ~60% of dominant naive partners. Furthermore, the appearance of
stress transmission correlates with more time spent in sniffing the anogenital area of stressed mice, and the appearance of
stress buffering correlates with more time engaged in allogrooming from naive partners. Chemical ablation of the olfactory
epithelium with dichlobenil or physical separation between social contacts diminishes stress transmission. Together, our data
demonstrate that transmitted stress can elicit metaplastic facilitation of LTD induction as authentic stress.

Key words: corticosterone; hippocampus; long-term depression (LTD); metaplasticity; social buffering; social
transmission

~

Social animals can acquire information about their environment through interactions with conspecifics. Stress can induce
enduring changes in neural activity and synaptic function. Current studies are already unraveling the transmission and buffer-
ing of stress responses between individuals, but little is known about the relevant synaptic changes associated with social
transmission and buffering of stress. Here, we show that authentic and transmitted stress can prime glutamatergic synapses
onto hippocampal CA1 neurons to undergo long-term depression. This hippocampal metaplasticity is bufferable following
social interactions with naive partners. Hierarchical status of naive partners strongly affects the social buffering effect on syn-
aptic consequences of stress. This work provides novel insights into the conceptual framework for synaptic changes with social
transmission and buffering of stress.
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adaptations through the processes known as social transmission
(contagion) or social buffering (Bruchey et al., 2010; Smith and
Wang, 2014; Martin et al., 2015; Burkett et al., 2016; Sterley et al.,
2018). Classically, social transmission refers to the process
whereby a stressed individual transmits stress-related informa-
tion to naive partners by social interactions. In contrast, in the
case of social buffering, distressed individuals benefit from con-
specific consolation behaviors during or after distressing events.
These two social processes are functionally antagonistic but may
rely on shared neurobehavioral mechanisms related to social in-
formation use in treat detection (Oliveira and Faustino, 2017).
These social interactions are crucial for stress coping in social
communities, but their underlying neurobiological mechanisms
have remained elusive.

Despite the extensive evidence that implicates behavioral,
physiological, and hormonal changes in partners of stressed indi-
viduals (Bruchey et al., 2010; Martin et al., 2015; Burkett et al,,
2016), few studies have directly interrogated the synaptic changes
associated with social transmission and buffering after stress.
While a recent report demonstrated that both authentic and
transmitted stress primed glutamatergic synapses onto cortico-
tropin-releasing hormone (CRH) neurons in the paraventricular
nucleus of the hypothalamus (PVN) to undergo short-term
potentiation (STP) in response to high-frequency afferent stimu-
lation (Sterley et al., 2018), whether transmitted stress has similar
synaptic actions more broadly in other brain regions is not
known. Importantly, stress is known to alter the ability to induce
subsequent synaptic plasticity, a phenomenon called metaplastic-
ity, particularly in the hippocampus (Kim and Diamond, 2002;
Huang et al., 2005; Schmidt et al., 2013). We and others have
reported previously that, in the CA1 region of the hippocampus,
a brief experience of acute inescapable stress can impair high-fre-
quency stimulation-induced long-term potentiation (Diamond
et al.,, 1992; Kim et al.,, 1996; Shors et al., 1997; Yang et al., 2004,
2006), whereas the induction of long-term depression (LTD) by
prolonged low-frequency stimulation (LES) is facilitated (Kim et
al,, 1996; Xu et al., 1997; Yang et al., 2004, 2005). Stress-induced
hippocampal metaplasticity may therefore represent an ideal
model with which to assay the synaptic aspect of social transmis-
sion and the buffering of stress effects. In this study, we report
that the priming of hippocampal CA1 synapses in response to ei-
ther authentic or transmitted stress facilitates the induction of
LTD. Our findings also indicate that transmitted stress from
stressed subjects to naive partners is through direct social con-
tacts and probably requires the release of alarm pheromones.
The presence of naive partners can provide a social-buffering
effect on stressed subjects. Hierarchical status of naive partners
strongly affects the effectiveness of social buffering. Remarkably,
stressed subordinate subjects are not buffered by naive dominant
partners. These findings represent a further step toward under-
standing the synaptic consequences of social transmission and
buffering after stress.

Materials and Methods

Animals. Adult male C57BL/6 mice (8-10 weeks of age) were origi-
nally obtained from Charles River Laboratories but were bred in the
Laboratory Animal Center at National Cheng Kung University. Mice
were socially housed four per cage in a 12 h (lights on at 6:00 A.M.)
light/dark colony room at 25 = 1°C, and all experiments were conducted
during the light phase of the cycle. Mice had access to food and water ad
libitum, except during stress and social interaction tests. Experiments
were conducted blind to the treatment group and in compliance with
the guidelines of the National Institutes of Health Guide for the Care and
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Use of Laboratory Animals, under protocols approved by the
Institutional Animal Care and Use Committee at National Cheng Kung
University. All efforts were made to minimize animal suffering and the
number of animals used.

Acute stress protocol and social interaction assessment. One week
before the experiments, mice were housed in groups of two per cage.
Age- and weight-matched mouse pairs were randomly assigned to
receive the stress treatment or left naive. An acute unpredictable and
inescapable restraint-tailshock stress paradigm was used as described
previously (Chen et al., 2010; Hsiao et al., 2016). In the experiment, one
mouse out of the pair was removed from the home cage and was
restrained in a modified 50 ml centrifuge tube and exposed to 90 tail-
shocks (1mA for 1 s, 30-90 s apart). We selected this stress protocol
because it has been proven previously to reliably induce behavioral and
endocrine signs of stress (Kim et al., 1996; Yang et al., 2004). Naive mice
received no treatment and remained in the home cage. The stressed
mouse was held alone after the end of the stress protocol. Mice in the
nonstressed group were handled like those of the stress group, except
that they were not submitted to the restraint-tailshock procedure, the
mice being kept alone in their home cage instead. Reciprocal social
interaction between pairs of mice in the home cage was videotaped
for 30 min and tracked with the EthoVision XT video tracking sys-
tems (Noldus; RRID:SCR_000441). In some experiments, a perfo-
rated Plexiglas barrier was inserted to physically separate mice to
prevent direct contact. The following 11 behaviors were manually
scored: approach, social grooming (allogrooming), chasing, sniffing,
attacking, walking, self-grooming, digging, rearing, resting, and
nesting (Sterley et al., 2018).

Social dominance tube test. The tube test was conducted as described
previously (Wang et al., 2011). Pairs of male mice were matched for age,
body weight, and anxiety-like behavior in the open-field test. It used a
transparent acrylic tube (length, 30 cm; internal diameter, 3 cm), which
is sufficient enough to permit one adult mouse to pass through without
reversing its direction. For training, each mouse was released at alternat-
ing ends of the tube and ran through the tube. When the mouse
retreated or stopped moving for a certain period of time, it was gently
pushed by touching its back with a plastic stick. Each mouse was given
in eight training trials on each of 2 successive days. Social ranks were
evaluated with three trials per day for 3 consecutive days. During the test
trial, two mice were released simultaneously into the opposite ends and
care was taken to ensure that they met in the middle of the tube. The
mouse that first retreated from the tube within 2 min was designated the
“loser” of that trial. The tube was thoroughly cleaned with 70% ethanol
and dried between each trial. From trial to trial, the mice were released
from each end alternatively. The intertrial interval was 5min. We used
winning times as the index for dividing mice into the dominant and sub-
ordinate categories. A mouse winning at least two times in three trials
across 3 consecutive days was declared the dominant mouse, and the
paired mouse was declared the subordinate mouse.

Olfactory preference test. An olfactory preference test was conducted
to assess olfactory function as previously described (Kobayakawa et al.,
2007). Mice were individually placed into a clean plastic cage (37.5 x
17 x 18 cm) without bedding and were habituated to the cage for 15 min
before the test. In the test session, mice were exposed to distilled water
or peanut buffer in sequence, separated by a 10 min intertrial interval.
One hundred microliters of distilled water or peanut butter (10%) was
applied onto an opaque filter paper (3 x 3 cm) and attached to a random
corner in the cage. On each test trial, one odor was exposed to 3 min.
The mouse was allowed to freely explore the field and recorded using a
digital video camera, and scoring was performed with the EthoVision
XT video tracking systems. To analyze olfactory performance, the total
exploratory time spent with the peanut butter subtracted from the time
spent with water was calculated. The chamber was thoroughly cleaned
with 70% ethanol following each trial to remove any residual olfactory
traces.

Hippocampal slice preparations and electrophysiological recordings.
Hippocampal slices were prepared as previously described (Chen et al.,
2010; Hsiao et al., 2016). Immediately after a 30 min social interaction,
mice were anesthetized with isoflurane (Rhodia Organique Fine Ltd)
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Figure 1.

test.

and decapitated, and hippocampal slices (400 m) were prepared using a
vibrating blade microtome (model VT1000S, Leica Biosystems). The sli-
ces were placed in a holding chamber of artificial CSF (aCSF) containing
the following (in mm): 117 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2 MgCl,, 25
NaHCO;3, 1.2 NaH,POy, and 11 glucose at pH 7.3-7.4 and equilibrated
with 95% O,-5% CO, then maintained at room temperature for at least
1 h before use.

For recordings, one slice was transferred to a submersion-type re-
cording chamber and continuously perfused with oxygenated aCSF at a
flow rate of 2-3 ml/min at ~32°C on a fixed stage. The extracellular field
potential recordings were conducted using an Axoclamp-2B amplifier
(Molecular Devices). Microelectrodes were pulled from microfiber-
containing glass capillary tubing (outer diameter,1.0 mm) on a
Brown-Flaming electrode puller (Sutter Instruments) and were filled
with 1 M NaCl. The responses were low-pass filtered at 2 kHz, digitally
sampled at 10kHz (Digidata 1320A, Molecular Devices), and ana-
lyzed with pCLAMP 8.0 software (Molecular Devices). Field EPSPs
(fEPSPs) were evoked in CA1 stratum radiatum by extracellular stim-
ulation of Schaffer collateral/commissural afferents at 0.033 Hz using
a bipolar tungsten stimulating electrode. The stimulation strength
was adjusted to elicit a response having amplitude that was 30% —
40% of the maximum spike-free response. The slope of fEPSP was
measured from ~20-70% of the rising phase using the least-squares
regression. LTD was induced by 900 pulses delivered at 1Hz. The
magnitude of LTD was calculated as percentage of the change of
fEPSP slope 50-60 min after LTD induction compared with baseline
fEPSP (10 min before LTD induction). LTD was defined as being
present when the fEPSP slope displayed >10% decrease in magnitude
of its baseline value.

Chemical ablation of the olfactory epithelium. To chemically ablate
the olfactory epithelium, mice were subjected to intraperitoneal injection
of a single dose of dichlobenil (2,6-dichlobenzonitrile; 150 mg/kg body
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Acute stress facilitates the induction of LTD in the CA1 region of the hippocampus. A, Schematic showing the ex-
perimental design and timeline. Naive mice remained in the home cage (HC) for 120 min. The stressed mice were exposed
to an inescapable restraint—tailshock stress for 60 min, and then were kept alone in their home cage for 30 min before slice
preparation. B, Bar graph comparing serum corticosterone levels in naive male mice and stressed male mice. C, Input—output
curve of fEPSP (V/s) versus stimulus intensity (1LA) at Schaffer collateral-CA1 synapses in slices from naive and stressed male
mice. D, Summary of experiments showing the induction of hippocampal CA1 LTD by a prolonged LFS (1Hz for 15 min) at
Schaffer collateral-CAT synapses in slices from naive and stressed male mice. E, Bar graph illustrating the proportion of indi-
viduals that express LTD or no LTD in naive and stressed groups. F, A significant positive linear correlation is evident between
the serum corticosterone levels and LTD expression. G, Bar graphs comparing the average magnitudes of LTD in slices from
naive and stressed male mice at different time points (0.5-24 h) after the termination of stress. The magnitudes of LTD
were measured at 50—60 min after LFS. Representative traces of fEPSPs were taken at the time indicated by number. Dash
lines show the level of baseline. Data represent the mean = SEM. Numbers in parentheses represent animals examined.
#p < 0.05 and s p < 0.001 compared with naive mice by two-tailed unpaired Student's ¢ test or Bonferroni's post hoc
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weight; Sigma-Aldrich) dissolved in DMSO as
previously described (Lazarini et al., 2012). The
levels of chemical lesion in the main olfactory
epithelium tissues were evaluated based on the
expression of olfactory marker protein (OMP)
within the glomerular layer of the olfactory
bulb (OB). For immunofluorescence staining,
mice were deeply anesthetized with 5% isoflur-
ane and transcardially perfused with ice-cold
0.1 m PBS followed by buffered 4% paraformal-
dehyde (PFA). After the perfusion, isolated
brains were immersed in 4% PFA for 24 h at 4°
40 C and then immersed in the solution contain-
ing 30% sucrose, kept at 4°C for at least 48 h

O Naive
@ Stress

*kk
30 x* before slicing. Coronal slices were sectioned to
§20 * a 20 um thickness, and rinsed twice for 5 min
= at 25°C in 0.1 M. Na borate, pH 8.5, and then
10 incubated in the primary antibodies against
(] OMP (1:300, rabbit monoclonal IgG; catalog
O Nave o5 3 12 24  7ab183948, Abcam) with background-reducing

components (catalog #S3022, DAKO) overnight
at 4°C, followed by an incubation with the Alexa
Fluor-conjugated secondary antibody for 2 h at
room temperature. The nuclei were visual-
ized using DAPI (1:5000; Sigma-Aldrich)
staining. Fluorescence microscopic images
of neurons were obtained using an confocal
microscope (FluoView FV1000, Olympus).
All images were imported into NIH Image]
software (RRID:SCR_001935) for analysis,
and all the parameters used were kept con-
sistent during capturing.

Adrenalectomy and corticosterone replace-
ment. Adrenalectomy (ADX) was performed
through bilateral dorsal incisions under iso-
flurane anesthesia as previously described
(Chen et al., 2010; Hsiao et al., 2016). ADX
mice received corticosterone replacement
(10 pg/ml in 0.9% saline) via their drinking water immediately after
surgery. Corticosterone was first dissolved in 100% ethanol and
then diluted 1000 times in drinking water containing 0.9% saline.
Mice were used for experiments for at least 2 weeks after surgery.
Control mice underwent a sham surgery by using the identical pro-
cedure as the ADX mice, except that the adrenal glands were not
removed. Successful ADX was verified by measurement of the serum
corticosterone levels. Only mice with baseline serum corticosterone
concentrations <1 ug/dl were considered successful and were used
in the subsequent experiments.

Corticosterone assay. Trunk blood was collected immediately after
decapitation with anesthesia into an Eppendorf tube and allowed to
coagulate at 4°C for 1 h. Samples were centrifuged at 2000 x g at 4°C for
15min, and serum was aliquoted and frozen at —20°C until analysis.
Determination of corticosterone level in serum was performed using a
commercially available enzyme immunoassay kit (catalog #ADI-900—
097, Enzo Life Sciences; RRID:AB_2307314) according to the manufac-
turer instructions. All assays were performed in duplicate, and average
values were reported.

Hippocampal cannula implantation and drug injection. Mice were
bilaterally implanted under deep pentobarbital (50 mg/kg, i.p., supple-
mented as required) anesthesia with 28 gauge guide cannulas (Plastics
One) in the dorsal hippocampus as previously described (Tsai et al.,
2019). Coordinates for mice were —2.3 mm posterior to bregma, =1.5
mm bilateral to midline, and 1.8 mm ventral to brain surface according
to adult mouse brain stereotaxic atlas (Franklin and Paxinos, 2008). The
cannulas were fixed to the skull with dental cement. Dummy cannulas
(33 gauge) were inserted into each guide cannula following the surgery
to prevent clogging. Mice were allowed to recover from surgery for 2
weeks before cannula infusion and stress experiments. The NMDA re-
ceptor antagonist aminophosphonovalerate (APV; 3.2 ug) was bilaterally

Time after stress (h)
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administered into the hippocampus at the rate
of 0.25 pl/min (0.5 pl/side) 20 min before stress
exposure by using a 33 gauge needle that con-
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sidered as significant at p < 0.05.

Results

Acute stress induces metaplasticity of
LTD at Schaffer collateral-
CAlsynapses

Subjecting adult male mice to acute stress
(Fig. 1A) significantly increased serum
corticosterone levels compared with na-
ive controls (naive controls: 6.5 * 0.7

Schematic showing the experimental design and timeline. Male adult mice were housed in pairs for at least 1 week. In the
experiment, the subject mouse was removed, exposed to a restraint—tailshock stress paradigm for 90 min, and then returned
to its home cage and allowed to freely interact with the naive partner for 30 min before slice preparation. B, Summary of
experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral-CA1 synapses in slices from non-
stressed male mice and naive male partners. ¢, Summary of experiments showing the grand mean LTD magnitudes at
Schaffer collateral-CA1 synapses in slices from stressed male mice and naive male partners. D, Summary of experiments
showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral—CA1 synapses in slices from stressed male mice.
E, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral-CA1 synapses in sli-
ces from naive male partners. F, Bar graph comparing serum corticosterone levels in stressed male mice and naive male part-
ners. G, Bar graph illustrating the proportion of individuals that express LTD or no LTD in stressed and naive partner groups.
Representative traces of fEPSPs were taken at the time indicated by number. Dash lines show the level of baseline. Data rep-

pg/dl; n =11; stressed mice: 24.0 £ 3.3
pg/dl; n=11; toue = 5.23, p<<0.001,
two-tailed unpaired Student’s t test; Fig.
1B), confirming that our experimental restraint-tailshock
stressor activates hypothalamus-pituitary-adrenal responses
as described previously (Yang et al., 2005; Hsiao et al., 2016).
To examine the effect of stress on the induction of LTD at
Schaffer collateral-CA1 synapses, we performed extracellular
fEPSP recordings in ex vivo hippocampal slices from naive
and stressed mice. To determine whether the basal glutama-
tergic synaptic transmission was altered by stress, stimulus—
response relationships for fEPSPs obtained from naive and
stressed mice were compared. As shown in Figure 1C, stimu-
lus—response curves of fEPSPs were not significantly differ-
ent between slices from mice 30 min after stress (n=4) and
naive treatment (n=3, Fgs) = 0.05, p=0.99; two-way
ANOVA). To assess stress-related alterations in LTD induc-
tion, we chose a prolonged LFS (1 Hz for 15 min) protocol,
which failed to induce significant LTD at Schaffer collateral-

resent the mean = SEM. sp << 0.05 compared with no LTD partner mice by two-tailed unpaired Student’s  test.

CAL1 synapses in hippocampal slices from adult mice under
control conditions (Milner et al., 2004; Khoo et al., 2019). In
accordance with previous results (Yang et al., 2005; Hsiao et
al., 2016), when LTD was assessed 50 min after the end of LFS,
slices from stressed male mice exhibited a robust LTD (28.7 =
2.6%, n=12) compared with slices from naive controls (1.8 *
2.4%, n=6, p=0.001; Mann-Whitney U test; Fig. 1D). Our
observations demonstrate that LTD occurred in 100% of slices from
stressed male mice and no LTD occurred in 100% slices from naive
controls (Fig. 1E). In addition, akin to the results of adult male rats
(Yang et al., 2004), there was a significant positive linear correlation
between the levels of serum corticosterone and LTD expression
(p=0.02; Fig. 1F). To verify how long the effect of stress persists, hip-
pocampal slices were prepared at different time points after stress,
and then LTD was examined. The facilitation of LTD by stress was
significantly observed in slices from 0.5 to 12 h post-stress intervals,
but not in slices from 24 h post-stress interval (naive, n==6; 0.5 h,



Leeetal. @ Social Transmission and Buffering of Stress

J. Neurosci., February 10,2021 - 41(6):1317-1330 - 1321

examine social transmission and buffering of
stress-induced metaplasticity.

Transmission and buffering of stress-
induced metaplasticity following social
interactions

Using the metaplastic facilitation of LTD
as a readout of the enduring synaptic con-
sequence of stress, we conducted experi-

ments to determine the effect of social
interactions on stress-induced hippocam-
pal metaplasticity. To this end, male adult
mice were housed in pairs for at least 1
week before the start of the experiment. In
the experiment, the subject mouse was
removed, exposed to an unpredictable and
inescapable restraint-tailshock stress para-
digm for 90 min, and then returned to its
home cage and allowed to freely interact
with the partner for 30min (Fig. 2A).
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Figure 3. Hierarchical status of naive partners affects the buffering of metaplastic LTD following social interac-

tions with a conspecific. A, Cartoon of mice engaged in the social confrontation tube test. Schematic showing the
experimental design and timeline. In the experiment, subordinate (rank 2) mouse was subjected to a restraint—tail-
shock stress paradigm for 90 min, and then returned to its home cage and allowed to freely interact with dominant
(rank 1) mouse for 30 min before slice preparation. B, Summary of experiments showing the grand mean LTD mag-
nitudes at Schaffer collateral-CA1 synapses in slices from stressed subordinate mice and naive dominant partners.
C, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral-CA1 syn-
apses in slices from stressed subordinate mice. D, Summary of experiments showing the induction of hippocampal
CA1 LTD by LFS at Schaffer collateral-CA1 synapses in slices from naive dominant partners. E, Bar graph comparing
serum corticosterone levels in stressed subordinate mice and naive dominant partners. F, Bar graph illustrating the
proportion of individuals that express LTD or no LTD in stressed subordinate and naive dominant groups.
Representative traces of fEPSPs were taken at the time indicated by number. Dash lines show the level of baseline.
Data represent the mean = SEM. *p < 0.05 compared with no LTD partner mice by two-tailed unpaired Student’s

t test.

n=12;3h,n=3;12h, n=3; 24 h, n=3; F4p) = 2.18, p<0.001,
one-way ANOVA; Fig. 1G). We further explored whether sex differ-
ences exist in the facilitatory effect of stress on LTD induction.
We observed no LTD in slices from either stressed (4.8 =
2.8%, n=4) or naive (1.0 £ 2.7%, n=3, p=0.25; Mann-
Whitney U test; data not shown) female mice. However, akin
to the results from adult male mice, serum corticosterone lev-
els were significantly higher in stressed female mice than in
naive female mice (naive controls: 4.7 * 1.0ug/dl, n=3;
stressed mice: 22.8 = 5.9 ug/dl, n=4; t(5) = 2.61, p=0.04, two-
tailed unpaired Student’s  test; data not shown). Collectively, these
results suggest that acute stress can prime hippocampal CA1 gluta-
matergic synapses to undergo LTD in adult male mice, but not in
adult female mice, similar to reports in rats (Yang et al, 2005;
Huang et al, 2012). Therefore, only male mice were used to

Following social interactions, mice were
killed and hippocampal slices were pre-
pared for examining LTD induction. In
control experiments, we observed no sig-
nificant LTD in slices from either non-
stressed subjects (5.2 £ 5.7%, n=3) or
naive partners (0.7 = 2.6%, n=3; p=0.94,
Mann-Whitney U test; Fig. 2B). However,
LTD was successfully induced in slices
from both stressed subjects (20.6 * 4.9%,
n=13) and naive partners (16.5 * 5.0%,
n=13). When comparing the grand mean
LTD magnitudes, no significant difference
was observed between groups (p=0.57,
Mann-Whitney U test; Fig. 2C). Notably,
a significant difference in the grand mean
LTD magnitude was observed between na-
ive controls (Fig. 1D) and nonstressed na-
ive partners (p=0.03; Mann-Whitney U
test; Fig. 2C). Across the population
(n=13), we observed that a subpopulation
of stressed subjects (n=6/13) displayed
obvious LTD, whereas a subpopulation of
stressed subjects (n=7/13) showed no
LTD (Fig. 2D). In addition, we found that
LTD was evident in slices from 54% (n="7/
13) of naive partners (Fig. 2E). Although
there was a trend toward a decrease in the
levels of serum corticosterone in no LTD-
expressing stressed mice, the difference did not achieve statistical
significance when compared with LTD-expressing stressed mice
(LTD, n=6; no LTD, n=7; tq1 = 1.94, p=0.08, two-tailed
unpaired Student’s ¢ test; Fig. 2F). However, a significant increase
in serum corticosterone level was observed in LTD-expressing
naive partners when compared with no LTD-expressing naive
partners (LTD, n=7; no LTD, n=6; t;) = 2.21, p=0.04, two-
tailed unpaired Student’s ¢ test; Fig. 2F). These findings support
the notion that stress can be transmitted from a stressed subject
to a naive partner through social interactions, and naive partners
can provide social buffering to the stressed subjects. Our obser-
vations demonstrate that, in a male-male dyad, stress transmis-
sion happened in nearly 54% of naive partners and stress
buffering occurred in ~54% of stressed mice (Fig. 2G).
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Hierarchical status affects
transmission and buffering of stress-
induced metaplasticity following

social interactions

Given that hierarchical status greatly
influences social interactions and vulner-
ability to stress (Wang et al, 2014;
Larrieu et al, 2017; Williamson et al,
2017; Kunkel and Wang, 2018), we won-
dered whether preexisting dominance
hierarchies may affect the vulnerability to
social transmission or buffering of hippo-
campal metaplasticity after stress. To this
end, we applied a social confrontation
tube test, a reliable paradigm to mea-
sure dominant behavior in rodents
(Wang et al., 2011), to validate social
dominance in male mice housed in
pairs. In the first experiments, a subor-
dinate mouse was subjected to stress
and a dominant mouse was assigned as
naive partner (Fig. 3A). Following
social interactions, we found that LTD
was reliably induced in slices from
both stressed subordinate mice and
dominant naive partners. When com-
paring the grand mean LTD magni-
tudes, no significant difference was
observed between stressed subordinate
mice (26.1 * 3.1%, n=10) and domi-
nant naive partners (21.3 * 4.5%,
n=10; p=0.25; Mann-Whitney U test;
Fig. 3B). Across the population, we found
that LTD was reliably induced in slices
from all stressed subordinate mice (n = 10;
Fig. 3C) and 60% (1 =6/10) of dominant
naive partners (Fig. 3D). The levels of
corticosterone were significantly higher
in LTD-expressing dominant naive part-
ners than no LTD-expressing dominant
naive partners (LTD, n=6; no LTD,
n=4; tg = 2.65, p=0.03, two-tailed
unpaired Student’s ¢ test; Fig. 3E). Using
LTD induction as a metaplastic readout,
our observations demonstrate that stress
transmission happened in nearly 60% of
dominant naive partners, and no stress

buffering occurred in stressed subordinate mice (Fig. 3F).
In complementary experiments, dominant mice were sub-
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Figure 4. Hierarchical status does not alter the transmission of metaplastic LTD following social interactions with a conspe-
cific. A, Cartoon of mice engaged in the social confrontation tube test. Schematic showing the experimental design and time-
line. In the experiment, dominant (rank 1) mouse was subjected to a restraint—tailshock stress paradigm for 90 min, and then
returned to its home cage and allowed to freely interact with a subordinate (rank 2) mouse for 30 min. B, Summary of experi-
ments showing the grand mean LTD magnitudes at Schaffer collateral-CAT synapses in slices from stressed dominant mice
and naive subordinate partners. ¢, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer
collateral-CA1 synapses in slices from stressed dominant mice. D, Summary of experiments showing the induction of hippo-
campal CAT LTD by LFS at Schaffer collateral-CA1 synapses in slices from naive subordinate partners. E, Bar graph comparing
serum corticosterone levels in stressed dominant mice and naive subordinate partners. F, Bar graph illustrating the proportion
of individuals that express LTD or no LTD in stressed dominant and naive subordinate groups. Representative traces of fEPSPs
were taken at the time indicated by number. Dash lines show the level of baseline. Data represent the mean = SEM.
#:4p < 0.01 compared with no LTD partner mice by two-tailed unpaired Student’s ¢ test.

stressed dominant mice (LTD, n=5; no LTD, n=6; t) = 1.26,
p=0.24, two-tailed unpaired Student’s ¢ test; Fig. 4E). However,
there was a significantly higher level of corticosterone in LTD-

jected to stress and subordinate mice were assigned as naive part-
ners (Fig. 4A). Following social interactions, we found that LTD
was reliably induced in slices from both stressed dominant mice
and subordinate naive partners. When comparing the grand
mean LTD magnitudes, no significant difference was observed
between stressed dominant mice (22.7 = 8.0%, n=11) and sub-
ordinate naive partners (10.8 = 4.1%, n=11; p=0.22; Mann-
Whitney U test; Fig. 4B). Across the population, we found that
dominant mice subjected to stress can be separated into two sub-
populations, one of which (n=5/11) displayed obvious LTD and
the other (n=6/11) showed no LTD (Fig. 4C). In addition, we
found that LTD was evident in slices from 45% (n=5/11) subor-
dinate naive partners (Fig. 4D). The levels of corticosterone were
not significantly different between LTD- and no LTD-expressing

expressing subordinate naive partners than no LTD-expressing
subordinate naive partners (LTD, n=5; no LTD, n=6; t«) =
4.49, p=10.002, two-tailed unpaired Student’s ¢ test; Fig. 4E). Our
observations demonstrate that, in a male-male dyad, stress trans-
mission happened in ~45% of subordinate naive partners and
stress buffering occurred in nearly 55% of stressed dominant
mice (Fig. 4F).

Social behaviors are required for transmission and buffering
of hippocampal metaplasticity after stress

We next explore how the transmission and buffering occur
between stressed subjects and naive partners by quantifying
interactive behaviors between pairs in their home cage during a
30 min period. We were able to identify 11 types of behaviors
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behavioral mechanisms underlying the
communication of stress-related informa-
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Attack tion between animals (Sterley et al,
2018), these two interactive behaviors

could potentially account for the trans-
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mission and buffering of hippocampal
metaplasticity after stress. To test this
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possibility, we assessed the impact
of social grooming on social buffering
of stress and of anogenital sniffing

on social transmission of stress. The

amount of social grooming in no LTD-

expressing stressed subjects was signifi-

cantly higher than that in LTD-express-
" ing stressed subjects (LTD, n=9; no
LTD, n=11; t4g = 3.63, p=0.002, two-
tailed unpaired Student’s ¢ test; Fig. 5C). In
addition, LTD-expressing naive partners
spent more time engaged in anogenital
sniffing than did no LTD-expressing naive
partners (LTD, n=15; no LTD, n=14;
taz) = 4.09, p=0.0003, two-tailed unpaired
Student’s ¢ test; Fig. 5D). These results sug-
gest that investigative behaviors involving
direct contact are required for transmission
and buffering occurred between stressed
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Figure 5.  Transmission and buffering of metaplastic LTD require investigative behavior. A, Schematic showing 11 types of

behaviors that include both social (approach, social grooming, chasing, sniffing, and attacking) and nonsocial behaviors (walk-
ing, self-grooming, digging, rearing, resting, and nesting). B, Pie chart analysis of social and nonsocial behaviors of mouse
dyads in 30 min epochs in home cage. p < 0.05 and == p < 0.001 by y* test. €, Bar graph comparing the percentage of
time spent in social grooming behavior toward stressed mice with or without LTD induction. D, Bar graph comparing the per-
centage of time engaged in anogenital sniffing behavior in naive partners with or without LTD induction. Data represent the
mean = SEM. Numbers in parenthesis represent animals examined. s:p << 0.01, s:p < 0.001 compared with no LTD-

expressing mice by two-tailed unpaired Student’s  test.

that include both social [approach, social grooming (allogroom-
ing), chasing, sniffing, and attacking] and nonsocial behavior
(walking, self-grooming, digging, rearing, resting, and nesting;
Fig. 5A). While seven behaviors were observed, there were a
number of differences between stressed subjects and naive part-
ners. Notably, stressed subjects spent their time mostly in walk-
ing, self-grooming, digging, rearing, and resting, whereas naive
partners performed more interactive behaviors, such as sniffing,
chasing, and allogrooming. Conversely, partners spent signifi-
cantly more time engaged in social behaviors (p <0.001, x*
test; Fig. 5B). In pairing with stressed subjects, naive partners
performed more social behaviors in pairing with no-LTD
stressed subjects than in pairing with LTD-expressing stressed sub-
jects (p=0.03, x” test; Fig. 5B). Since previous work has shown that
anogenital sniffing (snout toward the anogenital area of a partner)
and social grooming (grooming directed to a partner) are potential

subjects and naive partners.

To further establish the link between
investigative behaviors and social trans-
mission of stress-induced metaplasticity,
a stressed subject was separated, with a
naive partner using a transparent perfo-
rated Plexiglas barrier during the period
of social interactions (Fig. 6A). We found
that LTD was evident in slices from all
stressed mice (29.8 * 3.5%, n=7; Fig.
6B), whereas no reliable LTD was
observed in slices from naive partners
(5.8 = 49%, n=7; p=0.001, between
stressed mice and naive partners, Mann—
Whitney U test; Fig. 6C). In addition,
stressed mice separated from partners by
Plexiglas barrier showed an increase in
corticosterone levels; however, naive
partners failed to mount a corticosterone
response (stress, n=7; partner, n="7;
taa) = 4.59, p < 0.001, two-tailed unpaired
Student’s f test; Fig. 6D). Our observations
demonstrate that neither stress transmission nor stress buffering
occurred between stressed subjects and naive partners with a bar-
rier to prevent direct physical contact during social interactions
(Fig. 6E).

Given the above results implicating a significant role of ano-
genital sniffing in social transmission of stress from stressed sub-
jects to naive partner, we reasoned that alarm pheromones
released from the anogenital area of stressed subjects lead to
transmitted stress (Kiyokawa et al., 2004; Inagaki et al., 2009). To
test this prediction, we used dichlobenil to chemically ablate the
olfactory epithelium of naive partners (Fig. 7A; Lazarini et al,
2012). We conducted olfactory preference test to confirm the
effectiveness of sensory deafferentation in dichlobenil-treated
mice. We measured the total time spent investigating the filter
papers scented with peanut butter and water. Control mice spent
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significantly more time in sniffing the A
filter paper scented with peanut butter
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than the filter paper scented with dis-
tilled water. Conversely, dichlobenil-
treated mice showed no significantly
greater attraction to peanut butter than
to distilled water. A significant differ-
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drastic decrease in the OMP immunore-
activity following administration of
dichlobenil (Fig. 7C). No significant dif-
ference was observed between vehicle-
and dichlobenil-treated mice in locomo-
tor activity assessed by an open field test
(data not shown). To evaluate social
transmission and buffering after stress, a
control mouse was subjected to stress
and a dichlobenil-treated mouse was
assigned as a naive partner. We found
that LTD was evident in slices from all
stressed mice (41.3 * 4.8%, n=>5; Fig.
7D), whereas we failed to find reliable LTD in slices from dichlo-
benil-treated naive partners (1.2 % 4.8%, n=5; p=0.001 between
stressed mice and naive partners, Mann-Whitney U test; Fig. 7E).
In addition, stressed mice showed an increase in corticosterone lev-
els; however, dichlobenil-treated naive partners failed to mount a
corticosterone response (stressed mice, n=5; partners, n=>5; tg =
9.69, p < 0.001, two-tailed unpaired Student’s t test; Fig. 7F). Our
observations demonstrate that neither stress transmission nor stress
buffering occurred between stressed subjects and dichlobenil-
treated naive partners (Fig. 7G).

Figure 6.

The requirement of corticosterone for stress-induced LTD
induction in subjects and partners

Next, we determined whether the facilitation of LTD by authen-
tic stress and by transmitted stress relies on the same neurobio-
logical mechanisms. Previous work from our laboratory has
shown that corticosterone mediates the facilitation of LTD af-
ter acute stress in rats (Yang et al., 2004, 2005). To assess the
role of corticosterone in authentic stress- and transmitted
stress-mediated effects, we performed the experiments in male
mice that received bilateral ADX (Fig. 8A). In the first experi-
ment (group I), a control mouse was subjected to stress and an
ADX mouse was assigned as a naive partner to determine
whether corticosterone is necessary for transmitted stress-medi-
ated LTD. ADX administered in a naive partner had no effects
on allogrooming (2.9 = 1.0%, n=>5; Fig. 8B) or anogenital sniff-
ing behavior (1.2 = 0.3%, n =5; Fig. 8C), compared with LTD-
expressing stressed mice (3.9 £ 0.7%, n=9; t(12 = 0.79, p=0.44,
two-tailed unpaired Student’s ¢ test) and no LTD-expressing na-
ive partners (1.1 = 0.2%, n=14; t;;) = 0.21, p=0.84, two-tailed

Time (min)

Stress Partner

Direct behavioral contact is required for transmission and buffering of metaplastic LTD. A, Schematic show-
ing the experimental design and timeline. In the experiment, the subject mouse was removed, exposed to a restraint—
tailshock stress paradigm for 90 min, and then returned to its home cage with a perforated Plexiglas barrier to prevent
direct behavioral contact for 30 min. B, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS
at Schaffer collateral-CA1 synapses in slices from stressed mice. ¢, Summary of experiments showing the induction of
hippocampal CAT LTD by LFS at Schaffer collateral-CA1 synapses in slices from naive partners. D, Bar graph comparing
serum corticosterone levels in stressed mice and naive partners. E, Bar graph illustrating the proportion of individuals
that express LTD or no LTD in stressed and naive partner groups. Representative traces of fEPSPs were taken at the
time indicated by number. Dashed lines show the level of baseline. Data represent the mean = SEM. s::kp < 0.001
compared with LTD-expressing stress mice by two-tailed unpaired Student’s ¢ test.

unpaired Student’s f test), respectively. We found that LTD was
evident in slices from 100% of stressed mice (37.6 = 2.9%, n = >5;
Fig. 8D,]), whereas no reliable LTD was observed in slices from
ADX-naive partners (0.5 = 4.1%, n=5; p=0.008 between
stressed mice and naive partners, Mann-Whitney U test; Fig.
8E,]). In addition, stressed mice showed an increase in corticos-
terone levels; however, ADX-naive partners failed to mount a
corticosterone response (stress, n=5; partner, n=>5; tg) = 6.89,
p <<0.0001, two-tailed unpaired Student’s t test; Fig. 8K). We
next examined whether corticosterone is necessary for authentic
stress-mediated LTD. For this purpose, an ADX mouse was sub-
jected to stress and a control mouse was assigned as a naive part-
ner (group II). ADX administration in stressed mice had no
effects on allogrooming (8.5 * 3.4%, n = 5; Fig. 8B) or anogenital
sniffing behavior (0.8 % 0.2%, n=>5; Fig. 8C), compared with
LTD-expressing stressed mice (3.9 = 0.7%, n=9; t42 = 1.78,
p=0.10, two-tailed unpaired Student’s ¢ test) and no LTD-
expressing naive partners (1.1 * 0.2%, n=14; ty; = 0.82,
p=042, two-tailed unpaired Student’s ¢ test), respectively.
Consistent with our previous findings (Yang et al., 2004, 2005),
we failed to observe LTD in slices from stressed ADX mice
(0.1 * 4.6%, n=5; Fig. 8F,]). We observed no reliable LTD in sli-
ces from naive partners (2.2 *£ 3.1%, n=5; p=0.52 between
stressed mice and naive partners, Mann-Whitney U test; Fig. 8G,
]). Neither stressed ADX mice nor naive partners showed an
increase in serum corticosterone levels (stressed mice, n=5; part-
ner, n=>5; tg, = 0.76, p=0.47, two-tailed unpaired Student’s ¢ test;
Fig. 8K). Finally, ADX mice were assigned as stressed subject and
naive partner (group III). ADX administration in both stressed
mice and naive partners had no effects on allogrooming (5.5 =
2.5%, n=4; Fig. 8B) or anogenital sniffing behavior (0.7 = 0.2%,
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Figure 7.  Chemical ablation of the olfactory epithelium of naive partners prevents the transmission of metaplastic
LTD from stressed subjects to naive partners. A, Schematic showing the experimental design and timeline. In the
experiment, the partner mouse received dichlobenil (150 mg/kg) by intraperitoneal injection on day 1 and the olfac-
tory preference test was used to assess of olfaction on day 9. On day 14, the subject mouse was removed, exposed to
a restraint—tailshock stress paradigm for 90 min, and then returned to its home cage and allowed to freely interact
with the dichlobenil-treated partner for 30 min before slice preparation. B, Bar graph comparing the total exploratory
time spent with the peanut butter subtracted from the time spent with distilled water in the olfactory preference
test between control and dichlobenil-treated mice performed at day 9 after lesion. Numbers in parenthesis represent
animals examined. C, Representative images of OMP immunostaining in the glomerular layer (GL) of the olfactory
bulb of control and lesioned mice. Data were replicated in five mice of each group. D, Summary of experiments show-
ing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral-CA1 synapses in slices from stressed mice. E,
Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral-CA1 synapses
in slices from naive partners. F, Bar graph comparing serum corticosterone levels in stressed mice and naive partners.
G, Bar graph illustrating the proportion of individuals that express LTD or no LTD in stressed and naive partner
groups. Representative traces of fEPSPs were taken at the time indicated by number. Dashed lines show the level of
baseline. Data represent the mean * SEM. s:p < 0.01, s:p < 0.001 compared with control or LTD-expressing
stress mice by two-tailed unpaired Student’s ¢ test.

n=4; Fig. 8C), compared with LTD-expressing stressed mice
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p=0.06, two-tailed unpaired Student’s ¢
test; Fig. 8K). Our observations demon-
strate that neither stress transmission nor
stress buffering occurred between stressed
ADX mice and naive partners (Fig. 8L).
Collectively, these results suggest that corti-
costerone is necessary for the facilitation of
LTD by authentic and transmitted stress.
We further asked whether LTD plays
a role in social transmission of stress.
Previous work from our laboratory has
shown that pharmacological blockade of
NMDA receptors during stress can pre-
vent stress-induced facilitation of LTD
induction in rats without affecting stress-
induced elevation in plasma corticoster-
one (Yang et al., 2008). Therefore, we test
whether prevention of LTD by NMDA
receptor antagonist in stressed mice may
influence the induction of LTD in naive
partners. To this end, we bilaterally
injected the subjects with a NMDA re-
ceptor antagonist APV (3.2nug, 0.5pl/
side) into the CA1 region of the hippo-
campus, 20min before stress. In the
control group, the subjects received ve-
hicle injections before stress (Fig. 9A).
When comparing the grand mean LTD
magnitudes, no significant difference
was observed between vehicle-treated
stressed subjects (11.2 = 3.1%, n=10)
and naive partners (12.0 = 2.8%, n=10;
p=0.89, Mann-Whitney U test; Fig.
9B). We found that NMDA receptor
antagonism in stressed subjects blocked
LTD induction; however, significant
LTD was induced in slices from some
naive partners (Fig. 9C). When compar-
ing the grand mean LTD magnitudes,
there was a trend of difference between
APV-treated stressed subjects (2.2 =
1.5%, n=11) and naive partners (9.8 *
3.2%, n=11; p=0.08, Mann-Whitney U
test; Fig. 9C). Across the population
(n=10), we observed that a subpopula-
tion of vehicle-treated stressed subjects
(n=6/10) displayed obvious LTD (17.1 *
3.2%), whereas a subpopulation of
stressed subjects (n=4/10) showed no
LTD (24 %= 1.3%; Fig. 9D). In pairing
with vehicle-treated stressed subjects, we
found that LTD (21.3 = 1.9%) was evi-
dent in slices from 40% (n=4/10) naive
partners (Fig. 9E). In pairing with APV-

(39 = 0.7%, n=9; ty; = 0.86, p=0.41, two-tailed unpaired
Student’s ¢ test) and no LTD-expressing naive partners (1.1 *
0.2%, n=14; t6 = 1.07, p=0.31, two-tailed unpaired Student’s ¢
test), respectively. We failed to observe LTD in slices from either
stressed ADX mice (0.7 = 4.8%, n=4; Fig. 8H,J) or ADX-naive
partners (1.9 = 3.2%, n=4; p = 0.87 between stressed mice and na-
ive partners, Mann-Whitney U test; Fig. 81]). Neither stressed
ADX mice nor naive partners showed an increase in serum corti-
costerone levels (stressed mice, n=4; partner, n=4; t, = 2.43,

treated stressed subjects, we observed that a subpopulation of na-
ive partners (n=5/11) displayed obvious LTD (19.0 = 3.2%),
whereas a subpopulation of naive partners (n=6/11) showed no
LTD (0.8 = 1.8%; Fig. 9F). Our observations demonstrate that
stress transmission happened in ~40% of naive partners in pairing
with vehicle-treated stressed subjects and in nearly 45% of naive
partners in pairing with APV-treated stressed subjects (p=0.47,
X’ test; Fig. 9G). These observations demonstrate that LTD does
not affect social transmission of stress.
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Figure 8.  Adrenalectomy prevents metaplastic LTD in both stressed subjects and naive partners. A, Schematic illustration of the experimental design. B, Bar graph comparing the percentage
of time spent in social grooming behavior in stressed subjects and naive partners with or without ADX. C, Bar graph comparing the percentage of time engaged in anogenital sniffing behavior
in stressed subjects and naive partners with or without ADX. D, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral-CA1 synapses in slices
from stressed mice. E, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral-CAT synapses in slices from ADX-naive partners. F, Summary of
experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral-CA1 synapses in slices from ADX stressed mice. G, Summary of experiments showing the induction of
hippocampal CAT LTD by LFS at Schaffer collateral—CA1 synapses in slices from naive partners. H, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer
collateral-CA1 synapses in slices from ADX stressed mice. /, Summary of experiments showing the induction of hippocampal CAT LTD by LFS at Schaffer collateral—CA1 synapses in slices from
ADX-naive partners. J, Bar graphs comparing the average magnitudes of LTD in slices from stressed mice and naive partners with or without ADX. K, Bar graph comparing serum corticosterone
levels in stressed mice and naive partners with or without ADX. L, Bar graph illustrating the proportion of individuals that express LTD or no LTD in stressed and naive partner groups with or
without ADX. Representative traces of fEPSPs were taken at the time indicated by number. Dash lines show the level of baseline. Data represent the mean = SEM. Numbers in parentheses rep-
resent the animals examined. *#p < 0.07 and *3p < 0.001 compared with no LTD-expressing partner mice by Mann—Whitney U test or two-tailed unpaired Student’s ¢ test.

Discussion Faustino, 2017; Kiyokawa et al., 2018; Monfils and Agee, 2019).
Social species can acquire information about their environment ~ Stress can trigger enduring changes in the ability of synapses to
through conspecific interactions. The transmission and buffering ~ exhibit synaptic plasticity, resulting in metaplasticity (Kim and
of stress responses between conspecifics are broadly observed =~ Diamond, 2002; Huang et al., 2005; Schmidt et al., 2013). While
and highly conserved phenomena (Gunnar et al., 2015; de Waal =~ numerous studies have documented that the behavioral and hor-
and Preston, 2017; Debiec and Olsson, 2017; Oliveira and  mone responses of stress can be transmitted to naive individuals,
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The prevention of LTD in stressed mice does not influence the induction of LTD in naive partners. A, Schematic showing
the experimental designs and timeline. Male adult mice were housed in pairs for at least 1 week. In the experiment, the subject
mouse was removed, was received bilateral injections of vehicle (Veh; PBS) or APV (3.2 g, 0.5 pul per side) in the dorsal hippocam-
pus, was exposed to a restraint—tailshock stress paradigm for 90 min, and then retumed to its home cage and allowed to freely
interact with the naive partner for 30 min before slice preparation. B, Summary of experiments showing the grand mean LTD magni-
tudes at Schaffer collateral-CA1 synapses in slices from vehicle-treated stressed male mice and naive male partners. €, Summary of
experiments showing the grand mean LTD magnitudes at Schaffer collateral—CA1 synapses in slices from APV-treated stressed male
mice and naive male partners. D, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collat-
eral-CA1 synapses in slices from vehicle-treated stressed male mice. £, Summary of experiments showing the induction of hippo-
campal CAT LTD by LFS at Schaffer collateral—CA1 synapses in slices from naive male partners in pairing with vehicle-treated
stressed mice. F, Summary of experiments showing the induction of hippocampal CA1 LTD by LFS at Schaffer collateral—CA1 synapses
in slices from naive male partners in pairing with APV-treated stressed mice. G, Bar graph illustrating the proportion of individuals
that express LTD or no LTD in naive partner and stressed mice received either Veh or APV treatment. Representative traces of fEPSPs

were taken at the time indicated by number. Dashed lines show the level of baseline. Data represent the mean = SEM.

this study provides the first demonstration that male mice rely

on social interactions with others to transmit stress-induced hip-
pocampal metaplasticity from stressed subjects to partners. We
have demonstrated that both authentic and transmitted stress
prime glutamatergic synapses onto hippocampal CAl neurons
to undergo LTD. This hippocampal metaplasticity is bufferable
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following social interactions with naive
partners. Hierarchical status affects the
vulnerability to social buffering of stress
effects. In particular, we found that inves-
tigative behaviors involving direct con-
tacts are essential for the emergence of
transmission and buffering of stress-
induced metaplasticity.

Very little is known about the synap-
tic consequences of transmitted stress.
An earlier study using acute footshock
stress has shown that authentic and
transmitted stress primed glutamatergic
synapses onto PVN CRH neurons to
induce STP (Sterley et al., 2018). Our
results complement these findings by
showing that transmission and buffering
of synaptic changes after stress are also
evident at hippocampal CA1l synapses.
Our data, however, suggest a slightly
more complicated scenario than previ-
ously thought (Sterley et al., 2018). We
provide novel evidence that heterogene-
ity exists across individuals in vulnerabil-
ity to synaptic consequences of social
transmission and buffering of stress.
Notably, only a portion of naive partners
expressed transmitted stress in the pairs
with stressed subjects. Such individual
differences may be partly attributed to
different levels of social interactions
between stressed subjects and partners.
Regardless of individual differences, we
found that transmitted stress triggers
enduring hippocampal metaplasticity in
exactly the same way as authentic stress.
This notion is supported by the observa-
tion that LTD was significantly reduced
in slices from stressed subjects and part-
ners receiving ADX, implying that corti-
costerone is necessary for stress-induced
facilitation of LTD (Fig. 8). In agreement
with this, we have found that authentic
and transmitted stress resulted in increased
serum corticosterone levels. Elevated circu-
lating corticosterone levels, which dampen
the glutamate uptake by activating gluco-
corticoid receptors, have been identified as
a prominent mechanism underlying stress-
induced facilitation of LTD in hippocam-
pal CALl region (Yang et al., 2004, 2005).
Our results demonstrate that the basal glu-
tamatergic synaptic transmission was not
altered by acute stress (Fig. 1C). This find-
ing seems inconsistent with observa-
tions made in a previous study, which
reported that corticosterone can rap-

idly tune synaptic NMDA receptor through membrane dy-
namics (Mikasova et al., 2017). The cause of this inconsistency
across studies is unclear, but it may be related to the use of dif-
ferent systems (in vivo animal model vs in vitro hippocampal
cultures). Our findings are consistent with those of a previous
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study showing lack of effect of acute stress on the synaptic
input-output relationship in the CA1 region of rat hippocam-
pus (Chaouloff et al., 2007). It is noteworthy that the synaptic
mechanism underlying authentic or transmitted stress-
induced priming of glutamatergic synapses onto PVN CRH
neurons to express STP, as found in the study by Sterley et al.
(2018), required CRHRI activity. This discrepancy could be
caused by the distinct types of metaplasticity (LTD vs STP)
and brain regions (hippocampus vs PVN) examined among
studies.

Animals can convey information about their emotional state
through chemosignals, ultrasonic vocalizations, and overt
changes in behaviors (Zalaquett and Thiessen, 1991; Sotocinal et
al,, 2011; Brudzynski, 2013). Previous studies have documented
that stressed animals can release social pheromones from the
anal glands to alarm or attract nearby conspecifics (Kiyokawa et
al., 2006, 2013; Kiyokawa, 2017). Although we did not identify
the specificity of alarm pheromones, they are likewise critical
for the social transmission of stress-induced hippocampal
metaplasticity from stressed subjects to partners. Three main
findings support this notion. First, partners that spend more
time engaged in sniffing toward the anogenital region of
stressed subjects showed reliable LTD (Fig. 5). Such direc-
tional sniffing behavior toward stressed conspecifics has
been reported previously (Bruchey et al., 2010; Knapska et
al., 2010; Sterley et al., 2018). Second, hippocampal slices
from partners physically separated from stressed subjects
during social interaction failed to induce LTD (Fig. 6).
Third, chemical ablation of the olfactory epithelium in part-
ners with dichlobenil blocked sniffing behavior toward
stressed subjects and failed to show reliable LTD (Fig. 7).
Our results also demonstrate that social buffering effect by
partners is related to allogrooming behavior toward stressed
subjects. Indeed, LTD was not reliably induced in slices from
stressed subjects that received more allogrooming from part-
ners. This observation is consistent with the view that more
social contact may provide the chemosensory or somatosen-
sory cues to evoke hypothalamic oxytocin release in the pro-
motion of social buffering of stress responses (Smith and
Wang, 2014).

Social interactions between individuals are not equal and
could be influenced by dominant-subordinate relationships
(Beery and Kaufer, 2015; Kingsbury et al., 2019). Our study sug-
gests that the preexisting hierarchical status strongly affects vul-
nerability to social buffering effects. Interestingly, we found that
no stress buffering occurred in stressed subordinate mice when
paired with their naive dominant partners. By contrast, social
buffering is evident in stressed dominant mice in the pairs with
naive subordinate partners. These findings are consistent with
previous work suggesting that socially dominant male C57BL/6
mice engage in more social interactions with conspecifics com-
pared with subordinate male mice (Kunkel and Wang, 2018).
While we cannot exclude the involvement of other prosocial
behaviors in mediating social buffering, our finding supports
allogrooming as the predominant neurobehavioral mechanism
underpinning this social process. We confirmed that subordinate
naive partners engaged in less social grooming behavior than
dominant naive partners toward their respective stressed sub-
jects. Indeed, allogrooming is often interpreted as an affiliative
function promoting positive social relationships and reducing
perceived stress (Clark and Schein, 1966; McFarlane et al., 2008).
Nonetheless, the vulnerability to social transmission of stress
was not significantly affected by the dominant-subordinate
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relationship between stressed subjects and naive partners. Thus,
social transmission and buffering of stress responses cannot sim-
ply be viewed as complementary social processes. Although
insufficient data are available to completely support this notion,
we observed that social transmission and buffering of hippocam-
pal metaplasticity after stress can occur independently of each
other in a male-male dyad.

It remains unclear whether there are sex differences in vul-
nerability to social transmission and buffering of stress.
Interestingly, Sterley et al. (2018) demonstrate that social buf-
fering is more effective in females than males. Since both
authentic and transmitted stress were unable to induce reliable
LTD at hippocampal CA1 synapses of female mice, this form
of metaplasticity is not appropriate to address this issue.
Although the exact cause of this sex bias remain unclear, pre-
vious work in our laboratory has demonstrated that the organ-
izational effect of testosterone on brain development at birth
is important for the expression of this sexual dimorphism
(Huang et al., 2012). Further studies are needed to clarify this
issue.

Metaplasticity serves to maintain synaptic function within
a dynamic range of modifiability, and the neural network at
an appropriate level for information processing and storage
(Abraham, 2008; Schmidt et al., 2013). An important question
concerns the possible behavioral consequences of transmitted
metaplasticity. Considering that stress-induced facilitation of
LTD may adjust output plasticity through synchronized spikes
and spontaneous unitary discharges to other brain structures
under stressful conditions (Cao et al., 2004), it is likely that
transmitted LTD may contribute to the storage of information
about stressful events. Thus, it is reasonable to speculate that
social animals may use this transmitted metaplasticity to edit
their neural networks to prepare adequately for coping with
stress exposure without costly first-hand experience of threats
(Sterley et al., 2018). The facilitation of LTD by stress can also
be interpreted as a direct modulation of LTD induction mech-
anisms. Previous studies have provided evidence that stress
and corticosterone can enhance L-type Ca®" channel currents
(Mamczarz et al., 1999; Chameau et al., 2007) and that hippo-
campal CA1 LTD can be blocked by the inhibition of L-type
Ca’" channels (Niehusmann et al, 2010; Normann et al.,
2018). It will be interesting to test whether a direct modulation
of Ca’" channels by corticosterone is involved in stress-
induced facilitation of LTD.

In conclusion, we provide evidence that stress enables the
induction of metaplasticity at hippocampal CA1 synapses and
that such stress-induced hippocampal metaplasticity can be
transmitted from stressed subjects to naive partners via social
interactions in a male-male dyad. The presence of naive part-
ners can provide social buffering of synaptic consequences af-
ter stress. Unraveling the factors that confer the transmission
and buffering of synaptic changes of stress may offer an op-
portunity to develop novel therapeutic strategies for treatment
of stress-related psychiatric disorders, especially anxiety and
depression symptoms, after learning about traumatic experi-
ences from others.
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