
ARTICLE

Adolescent social isolation induces distinct changes in the
medial and lateral OFC-BLA synapse and social and emotional
alterations in adult mice
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Early-life social isolation is associated with social and emotional problems in adulthood. However, neural mechanisms underlying
how social deprivation impairs social and emotional development are poorly understood. Recently, the orbitofrontal cortex (OFC)
and basolateral amygdala (BLA) have been highlighted as key nodes for social and emotional functions. Hence, we hypothesize that
early social deprivation disrupts the information processing in the OFC-BLA pathway and leads to social and emotional dysfunction.
Here, we examined the effects of adolescent social isolation on the OFC-BLA synaptic transmission by optogenetic and whole-cell
patch-clamp methods in adult mice. Adolescent social isolation decreased social preference and increased passive stress-coping
behaviour in adulthood. Then, we examined excitatory synaptic transmissions to BLA from medial or lateral subregions of the OFC
(mOFC or lOFC). Notably, adolescent social isolation decreased the AMPA/NMDA ratio in the mOFC-BLA synapse in adulthood, while
the ratio was increased in the lOFC-BLA synapse. Furthermore, we optogenetically manipulated the mOFC-BLA or lOFC-BLA
transmission in behaving mice and examined the effects on social and stress-coping behaviours. Optogenetic manipulation of the
mOFC-BLA transmission altered social behaviour without affecting passive stress-coping behaviour, while optogenetic
manipulation of the lOFC-BLA transmission altered passive stress-coping behaviour without affecting social behaviour. Our results
suggest that adolescent social isolation induces distinct postsynaptic changes in the mOFC-BLA and lOFC-BLA synapses, and these
changes may separately contribute to abnormalities in social and emotional development.

Neuropsychopharmacology (2022) 47:1597–1607; https://doi.org/10.1038/s41386-022-01358-6

INTRODUCTION
Because the early-life period is a critical window for brain
development, the early-life environment is thought to influence
the development of cognitive and emotional functions [1–4]. In
particular, early-life social experiences could influence individuals’
social and emotional functions in adulthood [5–7]. Human studies
have reported that early-life social adversity, such as neglect and
social deprivation, is associated with psychiatric disorders, which
include social and emotional problems such as depression [8–10].
In addition, several animal studies have reported that deprivation
of social experience in early life induces alterations of social and
emotional behaviours [11–17]. It is important to understand the
influence of early social adversity on the brain circuit for the
understanding of pathologies and the development of novel
treatments in psychiatric diseases.
The prefrontal cortex (PFC) is thought to play a crucial role in

the top-down regulation of subcortical structures involving
emotion and social cognition [18–22], and early-life social
adversity may induce social and emotional problems through
the disruption of information processing in PFC-subcortical
pathways. Recent rodent studies have mainly focused on the

medial subregion of PFC (mPFC)-subcortical circuits and reported
that early social deprivation might cause dysregulations of mPFC-
subcortical pathways and contributes to social and aggressive
abnormalities in rodents [23–27]. However, the effects of early
social isolation on subcortical pathways from other prefrontal
subregions are still unclear. The orbitofrontal cortex (OFC), a
ventral subregion of the PFC (Brodmann area 10, 11, 12, and 47
[28]), has been highlighted as a key structure for social and
emotional regulations [29–32]. Several human studies have
reported that OFC lesions alter the emotional response and
sociality [28, 33–35], and abnormal activity is observed in several
psychiatric disorders, such as depression and personality dis-
orders, which associates with a history of early life adversity [36–
39]. The OFC receives multi-sensory inputs, has reciprocal
projections to several subcortical structures and is involved in
emotional processing, decision making, and behavioural flexibility
[31, 32]. In particular, the OFC sends a dense projection to the
amygdala, which is a key structure for the generation of emotion
and social cognition [19, 31, 40, 41]. Several imaging studies have
reported that abnormal connectivity between the OFC and
amygdala was observed in patients with a history of early social
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adversity [42, 43]. Furthermore, recent optogenetic and chemo-
genetic studies have reported that manipulation of OFC-BLA
transmission impairs social and emotional behaviour in
rodents [44, 45]. Taken together, these reports suggest that social
adversity may cause OFC-amygdala disruption and contributes to
social and emotional abnormalities. However, detailed effects of
the social adversity on the OFC-BLA circuits and the causative
mechanism underlying social and emotional abnormalities remain
unknown.
The OFC is divided into further subregions, and recent studies

have suggested that these subregions have functional hetero-
geneity [46–48]. Especially, human functional imaging studies
have reported that the medial part of the OFC (mOFC) involves
positive valence, while the lateral part of the OFC (lOFC) involves
negative valence [49–51]. Based on these reports, it can be
suggested that early social deprivation may cause distinct effects
on mOFC and lOFC functions in a subregion-dependent manner,
and these changes may induce distinct emotional abnormalities.
Here, to address this hypothesis, we examined the effects of
adolescent social deprivation on the synaptic transmission in the
mOFC-amygdala and lOFC-amygdala pathways using optogenetic
and whole-cell patch-clamp methods. Moreover, we examined the
effects of optogenetic manipulation of the mOFC-BLA or lOFC-BLA
transmission on social and emotional behaviours to clarify the
relationship between OFC-amygdala transmission and behavioural
abnormalities induced by early social deprivation in mice.

MATERIALS AND METHODS
Detailed procedures are described in Supplementary Information.

Animals
Male C57BL/6 J mice (purchased at 3 weeks of age, 4 weeks of age at viral
injection surgery, CLEA, Tokyo, Japan) were used. Animals were housed
under controlled temperature (23 ± 1 °C) and light (12 h light/dark cycle, light

onset at 08:00 AM) conditions with food and water ad libitum. Our
experimental procedures complied with the guidelines of the National
Institute of Neuroscience and the National Centre of Neurology and Psychiatry
and were approved by the Institutional Animal Investigation Committee
(approval number: 2021037). For social isolation, the socially isolated mice (IS)
were housed singly in clear plastic cages (17 cm× 24 cm× 12 cm, CL-0103-2
Mouse TPX, CLEA) from adolescence to adulthood (3–9 weeks of age, Fig. 1A).
Control mice (G) were housed in groups of 3–4 in cages of the same size as IS
mice during the same period. All individual cages were placed in the same
rack in the same room and were not covered by any kind of opaque shroud.
Thus, visual, auditory, and olfactory information from other cages was not fully
obstructed. During 8–9 weeks of age, the mice performed behavioural and
electrophysiological tests. Different animals were used for the behavioural and
electrophysiological tests.

Behavioural tests
All behavioural tests were conducted during the light phase of the
illumination cycle (between 10:00 a.m. and 16:00 p.m.). On the day of the
test, the animals were transported to the testing room and left in their
home cages for at least 1 h before the test. The animals in the experimental
and control groups were tested alternately to avoid diurnal variation bias.

Stereotaxic surgery
Mice were anaesthetized by intraperitoneal injection of ketamine (100mg/
kg) and xylazine (20mg/kg) and head-fixed using a stereotaxic instrument
(Narishige, Tokyo, Japan). Virus solutions (AAV5-CaMKIIa-EYFP, AAV5-
CaMKIIa-ChR2-EYFP, AAV5-CaMKIIa-eNpHR3.0-EYFP obtained from Univer-
sity of North Carolina Vector Core, and AAV5-CaMKIIa-hM3D(q)-mcherry,
obtained from Addgene) were pressure-injected into the mOFC or lOFC
using a 10 μL Hamilton syringe driven by an infusion pump (UMP-3, World
Precision Instruments, FL, USA). Four to five weeks after the viral injection,
the mice were subjected to behavioural and electrophysiological experi-
ments. For optogenetic manipulation in behaving mice, a dual-LED optic
cannula (TeleLCD-B-5-500-6.2 or TeleLCD-Y-5-500-6.2, BRC Nihon Biore-
search, Hashima, Japan) was implanted into the BLA 3 weeks after the AAV
injection. After the surgery, the mice were housed individually and given
7 days to recover prior to behavioural testing.

Fig. 1 Adolescent social isolation decreased social behaviour and increased passive stress-coping behaviour in mice. A Time schedule of
the experiments. Subjected mice (IS group) were singly housed in plastic cages during adolescence (3–8 weeks of age) and subjected to
behavioural tests in adulthood (8 weeks of age~). Control mice (G group) were housed in groups of 3–4 in the plastic cages during the same
period. B Time spent in the centre area in the OFT. t(22) = −1.258, p= 0.222, unpaired t test. C Time spent in the open arm in the EPM. t(22)=
0.2737, p= 0.787, unpaired t test. D Percentage of social investigation in the SIT. The social investigation ratio was calculated as follows: (time
spent investigating the mice cage / [time spent investigating the mice cage+ time spent investigating the empty cage]) x 100. t(22) = 4.209, p
< 0.001, unpaired t test. E Time of immobility in the FST. t(22)=−2.167, p= 0.041, Student’s t test. F Time of immobility in the TST. t(15.307)=
−2.166, p= 0.046, unpaired t test. Open bars represent group-reared mice (G, n= 12). Filled bars represent socially isolated mice (IS, n= 12). *:
p < 0.01, ***: p < 0.001.
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Electrophysiology
Whole-cell patch-clamp recordings were performed as previously
described [44, 52]. The animals were anesthetised with sevoflurane
between 10:00 a.m. and 15:00 p.m. and the acute slices were prepared
immediately. Brain coronal slices (300 μm thick) containing the amygdala
were prepared in artificial cerebrospinal fluid (aCSF; containing 125mM
NaCl, 4.4 mM KCl, 1.5 mM MgSO4, 1.0 mM NaH2PO4, 26 mM NaHCO3, 10
mM glucose, 2.5 mM CaCl2); pH 7.4, 290–300mOsm/L using a linear slicer
(Dosaka EM Co., Ltd., Kyoto, Japan). Before being transferred to a recording
chamber, the slices were maintained for at least 30 min at room
temperature in aCSF. During recording, brain slices were perfused (3.0
ml/min, gravity flow) with aCSF maintained at 28–32 °C. Patch-clamp

recordings were taken from pyramidal-shaped principal neurons, which
were surrounded by ChR2-EYFP-positive fibres in the BLA. To activate
ChR2, blue light (465 nm) was delivered to the recorded cell through a 63x
objective lens (duration = 0.1 −3 ms, 1.8–70.7 × 10-7 J under the objective
lens [52]), using an LED lamp (LEX-2B, BrainVision, Tokyo, Japan). Patch
electrodes (resistance 4-7 MΩ) were filled with a solution containing 105
mM CsOH, 30mM CsCl, 10 mM HEPES, 0.5 mM EGTA, 1 mM MgCl2, 12 mM
Na-phosphocreatine, 3 mM Mg-ATP, 0.5 mM Na-GTP, 0.1 mM spermine, 1
mM QX-314, pH 7.3 with gluconic acid, 295 mOsm/L for the measurement
of synaptic response and 105mM K-gluconate, 30 mM KCl, 10mM HEPES,
0.5 mM EGTA, 1 mM MgCl2, 12 mM Na-phosphocreatine, 4 mM Mg-ATP,
0.5 mM Na-GTP, pH 7.3, 295 mOsm/L for the measurement of intrinsic
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excitability. The electrophysiological signal was amplified and filtered at 5
kHz using a MultiClamp 700B patch-clamp amplifier (Axon Instruments,
Union City, CA, USA). Data were digitised at 50 kHz and acquired using
ClampX software (version 10.6, Axon Instruments).

Optogenetic stimulation in behaving mice
To optogenetically manipulate OFC-BLA transmissions in behaving mice,
we virally expressed ChR2 for activation or NpHR for inhibition, into the
mOFC or lOFC. Control mice were expressed EYFP in the mOFC or lOFC.
Then, optogenetic stimulation was performed using a wireless optogenetic
stimulation system (Teleopto, BRC Nihon Bioresearch) through LED optic
cannula implanted into BLA. Blue light (470 nm, 10-16mW, 10ms, 10 Hz for
ChR2 [44]) or yellow light (590 nm, 7–14mW, for NpHR [53]) was delivered
under the control of an LED remote controller (TeleRemocon, BRC Nihon
Bioresearch) and an electronic stimulator (SEN-7203, Nihon Kohden, Tokyo,
Japan). In the SIT, the mice were subjected to optical stimulation during a
5min test session on the first day and without optical stimulation for 5 min
on the next day. In the TST, mice were performed the test without optical
stimulation in the first half (3 min) of the test session and with stimulation
in the second half (3 min). In the OFT, the mice were subjected to optical
stimulation in the first half (3 min) of the test session and did not receive
stimulation in the second half (3 min).

Statistical analyses
Bar graphs represent the mean ± standard error of the mean. Each grey dot
represents an individual value. All statistical analyses were performed using
the EZR statistical software [54]. All data were analysed using the Shapiro-
Wilk test to examine the sample distribution and using the F-test to
examine homoscedasticity. Statistical comparisons between two groups
were performed using two-sided unpaired t tests for Gaussian distribution
or the Mann–Whitney U test for non-Gaussian distribution. For the
unpaired t tests, homoscedastic and heteroscedastic data were analysed
using the Student’s t test and Welch’s t test, respectively. For multiple
comparisons, homoscedastic and heteroscedastic data were analysed by
one-way ANOVA followed by Tukey’s honestly significant difference post
hoc test and Kruskal-Wallis test followed by Steel-Dwass test, respectively.
The effect of drugs on the amplitude of the EPSC was analysed using a
repeated-measures ANOVA followed by an unpaired t test. Statistical
significance was set at p < 0.05.

RESULTS
Adolescent social isolation altered social and stress-coping
behaviours in adulthood
To deprive early-life social experience, we applied the adolescent
social isolation paradigm to male mice and performed behavioural
and electrophysiological analyses in socially isolated mice (IS) and
control mice (G) after maturation (Fig. 1A). Social isolation did not
induce a significant effect on the body weight at 8 weeks of age
(Fig. S1A). To evaluate the effect of social isolation on anxiety-like
behaviours, we performed the open-field test (OFT) and elevated
plus-maze (EPM) test. Social isolation did not induce significant
effects on the time in the centre area (Fig. 1B) and spontaneous
locomotor activity (Fig. S1B) in the OFT. Correspondingly, social

isolation did not significantly alter the time in the open arm
(Fig. 1C) and spontaneous locomotor activity (Fig. S1C) in the EPM.
These data suggest that adolescent social isolation does not alter
anxiety-like behaviours and spontaneous activity. Then, we
performed the social interaction test (SIT) to evaluate the effect
of social isolation on social behaviour. As previously reported
[11, 15, 17], social isolation decreased social preference, which was
shown by the ratio of exploring the cage containing an unfamiliar
mouse to exploring the empty cage during the SIT (Fig. 1D). Next,
we performed the forced swim test (FST) and tail suspension test
(TST) to evaluate the effect of social isolation on passive stress-
coping behaviour. As previously reported [13, 14], social isolation
increased the immobility in the FST and TST (Fig. 1E, F). These data
suggest that adolescent social isolation decreases sociality and
increases passive stress-coping behaviours in mice.

Adolescent social isolation induced distinct postsynaptic
changes and intrinsic excitability in the mOFC-BLA and lOFC-
BLA pathways in adulthood
Recently, optogenetic and chemogenetic studies have demon-
strated that mOFC-BLA and lOFC-BLA pathways involve the
regulation of social and passive stress-coping behaviours
[44, 45]. Hence, the adolescent social isolation paradigm might
disrupt synaptic transmission in the mOFC-BLA and lOFC-BLA
pathways and alter social and stress-coping behaviours in mice. To
confirm the projection pattern from the mOFC and lOFC to the
BLA in mice, we injected AAV vectors expressing EYFP or mCherry
into the mOFC and lOFC in the same hemisphere (Fig. S2A, B),
respectively. Four weeks after injection, we observed the
projection sites in the BLA. We found that mOFC sends strong
projections to medial and dorsal parts of the BLA, while lOFC
projects to the entire BLA (Fig. S2C). Then, we isolated mOFC-BLA
and lOFC-BLA excitatory synaptic transmissions using optoge-
netics and patch-clamp methods. To isolate the OFC-BLA
transmission, we injected an AAV vector expressing a ChR2 into
the mOFC or lOFC in mice (Fig. 2A, C, S3A). Four to five weeks after
the injection, ChR2-expressing axon terminals were observed in
the BLA (Fig. 2C). We conducted whole-cell recordings in BLA
pyramidal neurons in acute brain slices obtained from these mice.
ChR2-expressing axons were activated by local blue light
irradiation, and light-evoked synaptic transmissions were recorded
(Fig. 2B). We then examined the effects of adolescent social
isolation on the mOFC-BLA and lOFC-BLA excitatory transmissions
using this method in adulthood. First, we measured the relative
ratio of AMPA receptor (AMPAR)-mediated currents to N-methyl-
D-aspartate receptor (NMDAR)-mediated currents in excitatory
transmissions (AMPA/NMDA ratio) to provide a history of past
plasticity in excitatory synapses [55] (Fig. S3B). Notably, social
isolation decreased the AMPA/NMDA ratio in the mOFC-BLA
synapse (Fig. 2D, E) while increased in the lOFC-BLA synapse
(Fig. 2I, J). In the amygdala, synaptic strengthening is associated

Fig. 2 Adolescent social isolation induced distinct effects on postsynaptic properties in the medial and lateral OFC-BLA pathways. A Time
schedule of the experiments. B Schematic representations of the optogenetic isolation of mOFC-BLA or lOFC-BLA synaptic transmissions in
the acute brain slice. C Representative photographs of ChR2-EYFP expression in the viral injection site in the mOFC (left top) or lOFC (right top,
scale bar: 1 mm) and projection axon terminals in the BLA (left and right bottom, scale bar 250 μm). D Representative traces of AMPAR (at −70
mV) and ANPA/NMDA-mixed EPSCs (at +40mV) in the mOFC-BLA synapse obtained from G (left) and IS mice (right). NMDAR-EPSC is
measured at 60ms after blue light stimulation. E The AMPA/NMDA current ratio in the mOFC-BLA synapse. t(22)= 6.042, p < 0.001, unpaired t
test. G n= 12 cells, IS: n= 12 cells from 3 mice. F Representative traces of AMPAR-EPSC in the mOFC-BLA synapse at various holding potentials.
G The current-voltage relationship in the mOFC-BLA synapse (at all holding potentials, p > 0.05, unpaired t test or Mann–Whitney U test).
H The rectification index (EPSC amplitude at −60mV / EPSC amplitude at +60mV) in the mOFC-BLA synapse. t(20)= 0.419, p= 0.680,
unpaired t test. G: n= 11 cells from 4 mice, IS: n= 12 cells from 3 mice. I Representative traces of AMPAR- and ANPA/NMDA-mixed EPSCs in the
lOFC-BLA synapse. J The AMPA/NMDA current ratio in the lOFC-BLA synapse. t(21)=−3.906, p < 0.001, unpaired t test. G: n= 11 cells, IS: n=
12 cells from 3 mice. K Representative traces of AMPAR-EPSC in the lOFC-BLA synapse at various holding potentials. L The current-voltage
relationship in the lOFC-BLA synapse (at holding potentials + 20, +40, and +60mV, p < 0.01, unpaired t test). M The rectification index in the
lOFC-BLA synapse. t(13.538)=−4,238, p < 0.001, unpaired t test. G: n= 10 cells, IS: n= 12 cells from 3 mice. Open bars represent G mice. Filled
bars represent IS mice. Scale bar: 20 ms, 100 pA. **: p < 0.01, ***: p < 0.001.
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with the synaptic insertion of inwardly rectifying calcium-
permeable AMPARs (CP-AMPARs) [56]. To examine whether CP-
AMPARs were presented into the OFC-BLA synapse, we measured
the current-voltage relationships of AMPARs and examined
inward-rectification, an indicator of the presence of CP-AMPARs,
in the mOFC-BLA and lOFC-BLA synapses. Social isolation reduced
the amplitude of the outward current in the AMPAR excitatory
postsynaptic current (EPSC) (Fig. 2K, L) and increased the
rectification index in the lOFC-BLA synapse (Fig. 2M) but not in
the mOFC-BLA synapse (Fig. 2F–H). Similarly, social isolation
increased the sensitivity to the CP-AMPARs blocker, NASPM in the
lOFC-BLA synapse, but not in the mOFC-BLA synapse (Fig. S4A, B).
These results indicate that adolescent social isolation promoted
synaptic insertion of CP-AMPARs in the lOFC-BLA but not in the
mOFC-BLA pathways. Taken together, these data suggest that
adolescent social isolation induces distinct changes in postsynap-
tic properties in the mOFC-BLA and lOFC-BLA pathways in mice. In
addition, we examined the effect of social isolation on the paired-
pulse ratio, an indicator of presynaptic short-term plasticity, and
found that social isolation did not induce significant effects in
mOFC-BLA and lOFC-BLA synapses (Fig. 3A–D).
Moreover, we examined the effects of intrinsic excitability in

neurons receiving input from the mOFC and lOFC (Fig. S3C, S5A).
Interestingly, adolescent social isolation decreased action poten-
tial frequency (Fig. S5B, C) and increased the magnitude of after
depolarization in mOFC-target neurons (Fig. S5H). Meanwhile,
lOFC-target neurons showed increased action potential frequency
and input resistance (Fig. S5I, J, M) and decreased magnitude of
after depolarization (Fig. S5O).
Notably, the lOFC projects to mOFC projecting (medial and

dorsal parts) and non-projecting areas (lateral and ventral parts) in
the BLA (Fig. S2B). We separately analysed the AMPA/NMDA ratio
and intrinsic excitability in the lOFC-BLA pathway focusing on
putative mOFC projecting and non-projecting areas in the BLA.
Social isolation increased the AMPA/NMDA ratio in both these
areas in the BLA (Fig. S6A). In addition, lOFC-target neurons in
mOFC non-projecting area in the BLA increased intrinsic
excitability by the social isolation. While, lOFC-target neurons in
mOFC projecting area did not significantly alter intrinsic
excitability by the social isolation (Fig. S6B).

mOFC-BLA transmission modulated social behaviour but not
passive stress-coping behaviour
In electrophysiological tests, we found that adolescent social
isolation induced synaptic changes in the mOFC-BLA and lOFC-
BLA pathways, and these changes might contribute to alterations

in social and passive stress-coping behaviours. To address the
possible causal relationship between the OFC-BLA transmission
and social and stress-coping behaviours, we optogenetically
manipulated the mOFC-BLA or lOFC-BLA transmission during the
SIT and TST (Figs. 4A–C, S7A, B, 5A, B, S8A, B).
First, we examined whether mOFC-BLA inactivation induces

abnormalities in social and stress-coping behaviours in group-
reared mice. On the first day of the SIT, LED light was applied to
the subjected mice during the test session, revealing that the
NpHR-expressing mice (G-mOFCNpHR) showed decreased social
preference compared with the EYFP-expressing mice (G-mOF-
CEYFP) (Fig. 4D). On the next day, the mice were subjected to the
SIT without LED application, and there were no significant
differences in social preference and locomotor activity between
G-mOFCEYFP and G-mOFCNpHR mice (Fig. 4D, E). In the TST, the
mice were subjected to the test without the LED application
during the first half of the session and with the LED application
during the last half of the session. There was no significant
difference in immobility between the G-mOFCEYFP and
G-mOFCNpHR mice in both light-off and light-on periods (Fig. 4F).
Next, we examined whether the mOFC-BLA activation rescues
behavioural abnormalities in IS mice. We expressed ChR2 in the
mOFC and applied blue LED light into the BLA of mice during the
SIT and TST. In the light-on period, EYFP-expressing IS mice (IS-
mOFCEYFP) showed decreased social preference compared with
EYFP-expressing G mice (G-mOFCEYFP), and ChR2-expressing IS
mice (IS-mOFCChR2) showed increased social preference compared
with IS-mOFCEYFP mice (Fig. 4G). In the light-off period, both IS-
mOFCEYFP and IS-mOFCChR2 showed decreased social preference
compared with G-mOFCEYFP mice without significant changes in
locomotor activity (Fig. 4G, H). In the TST, IS-mOFCEYFP and IS-
mOFCChR2 mice showed greater immobility than G-mOFCEYFP

mice, and there was no significant difference in immobility
between IS-mOFCEYFP and IS-mOFCChR2 mice in both light-off and
light-on periods (Fig. 4I). These results suggest that a decrease in
the mOFC-BLA transmission could induce social deficits, and
mOFC-BLA activation would alleviate the social deficits in IS mice
without an effect on the stress-coping behaviour.

lOFC-BLA transmission modulated passive stress-coping
behaviour but not social behaviour
Then, we examined whether lOFC-BLA activation induces
abnormalities in social and stress-coping behaviours in group-
reared mice. ChR2-expressing (G-lOFCChR2) mice did not show
significant changes in social preference and locomotor activity
compared with EYFP-expressing (G-lOFCEYFP) mice in the SIT in

Fig. 3 Adolescent social isolation did not induce significant effects on the paired-pulse ratio in both mOFC-BLA and lOFC-BLA synapses.
A Representative traces of EPSCs in the mOFC-BLA synapse evoked by paired optical stimulation (50ms interval) at −70mV. B The paired-
pulse ratio in the mOFC-BLA synapse at 50, 100, 250, 500ms pulse-interval (at all pulse intervals, p > 0.05, unpaired t test or Mann–Whitney U
test). G: n= 14 cells from 4 mice. IS: n= 14 cells from 6 mice. C Representative traces of EPSCs in the lOFC-BLA synapse evoked by paired
optical stimulation (50ms interval) at −70mV. D The paired-pulse ratio in the lOFC-BLA synapse (at all pulse intervals, p > 0.05, unpaired t test).
G: n= 14 cells from 3 mice, IS: n= 14 cells from 5 mice.
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both light-on and light-off periods (Fig. 5C, D). On the other hand,
consistent with our previous study [44], G-lOFCChR2 mice showed
increased immobility in the TST during the light-on period but not
off period compared with G-lOFCEYFP mice (Fig. 4E). Finally, we
examined whether lOFC-BLA inactivation rescues behavioural

abnormalities in IS mice using NpHR and yellow LED light. In the
SIT, both EYFP-expressing (IS-lOFCEYFP) and NpHR-expressing IS
(IS-lOFCNpHR) mice showed decreased social preference compared
with G-lOFCEYFP mice, but there was no significant difference in
social preference between IS-lOFCEYFP and IS-lOFCNpHR mice in
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both light-on and light-off periods (Fig. 5F). There was also no
significant difference in locomotor activity in both light-on and
light-off periods (Fig. 5G). In the TST, IS-lOFCNpHR mice showed
decreased immobility compared with IS-lOFCEYFP mice during the
light-on period but not during the light-off period (Fig. 5H). These
results suggest that hyperactivation of lOFC-BLA transmission
could enhance passive stress-coping behaviour, and lOFC-BLA
inhibition could alleviate the increased passive stress-coping
behaviour in IS mice without an effect on social preference.
Notably, mOFC-BLA and lOFC-BLA manipulation did not change
spontaneous activity and the time in the centre area in the OFT
(Fig. S9).

DISCUSSION
In the present study, we focused on projecting pathways from two
distinct subregions of the OFC (mOFC and lOFC) to the BLA and
examined the effect of adolescent social isolation on synaptic
transmission in these two pathways after maturation. We found
that adolescent social isolation induced distinct postsynaptic
changes in the mOFC-BLA and lOFC-BLA pathways, as shown by
the increment or decrement of the AMPA/NMDA ratio. Notably,
optogenetic manipulations of these two pathways demonstrated
that the mOFC-BLA and lOFC-BLA projections modulated social
and stress-coping behaviours, respectively. These results suggest
that mOFC-BLA and lOFC-BLA transmissions could separately
modulate social and emotional behaviours, and adolescent social
isolation might alter these behaviours through postsynaptic
modifications in these pathways. This is the first study to compare
the effects of social isolation on mOFC-BLA and lOFC-BLA synaptic
transmissions. Our findings provide novel insights into the
orbitofrontal functional heterogeneity and identify neural circuit
mechanisms underlying the early social deprivation-induced
behavioural changes.

Adolescent social environment has an impact on the
development of medial and lateral OFC-BLA circuits
Our results demonstrated that adolescent social isolation results in
the mOFC-BLA and lOFC-BLA synaptic abnormalities in adulthood.
It is generally accepted that adolescence is a critical window
period for experience-dependent development or reorganization
of neuronal circuits [57, 58]. The synaptic development of the PFC-
amygdala circuit is also achieved during this period [59, 60]. In
addition, rodent social play behaviour emerges and reaches its
peak during adolescence [61], and several studies have demon-
strated that adolescent social play or interaction with conspecific
alters neural activity in PFC regions, including the OFC in rodents
[62, 63]. It is possible that deprivation of adolescent social
interaction by isolation disrupts the social experience- and
activity-dependent synaptic development or reorganization of
neuronal circuits in the mOFC-BLA and lOFC-BLA pathways.

In this study, we investigated adolescent social isolation but did
not examine the effect of social isolation in adulthood. It is
possible that social isolation in adulthood also induces changes in
OFC-BLA circuits. However, previous studies demonstrated that
social isolation in early adolescence but not in late-adolescent or
adulthood induced social deficits [17, 64]. In addition, another
study reported that social isolation in adolescence, but not
adulthood, disrupted instrumental response updating, which
involves OFC function [65]. Together with the present findings,
social isolation in adolescence, which corresponds with the
developmental window of the PFC-amygdala circuit, might have
a greater impact on OFC-BLA function than adult isolation.
Moreover, previous studies have reported that the length of social
isolation is important for increments of passive stress-coping
[13, 66]. To further understanding the effects of social isolation on
OFC-BLA function and development, detailed studies focusing on
the timing and duration of social isolation are needed.

Adolescent social isolation induces distinct changes in
postsynaptic properties and intrinsic excitability in the mOFC-
BLA and lOFC-BLA pathways
Human imaging and lesion studies have suggested that the mOFC
is involved in positive emotion and social processing [33, 51], and
a previous animal study demonstrated that BLA projecting
neurons in the mOFC regulate social behaviour in mice [45]. In
this study, we found that adolescent social isolation-induced
postsynaptic changes, as shown by the decrease in the AMPA/
NMDA ratio in the mOFC-BLA synapse. AMPARs are the primary
mediators of fast excitatory transmission, and AMPA/NMDA ratio is
a proxy for glutamatergic synaptic strength in the amygdala [67].
Our data suggest that adolescent social isolation decreases the
efficiency of postsynaptic excitatory transmission in the mOFC-
BLA synapse and induces social deficits. This possibility was
supported by our results demonstrating that mOFC-BLA synaptic
inhibition by optogenetics induced social deficits in control mice
similar to socially isolated mice. A previous study reported that
peri-adolescent stress induced abnormal functional connectivity
mOFC and medial and central amygdala and abnormalities in
social and aggressive behaviours in rats [68]. Similarly, our finding
emphasised the impact of adolescent environment on mOFC-
amygdala function and social behaviour.
On the other hand, it has been suggested that the lOFC is

involved in negative emotion processing [51]. In addition, our
previous study demonstrated that the lOFC-BLA pathway reg-
ulates passive stress-coping [44]. In this study, we found that
adolescent social isolation induced postsynaptic changes, as
shown by the increase in the AMPA/NMDA ratio in the lOFC-BLA
synapse, contrary to the mOFC-BLA synapse. This result suggests
that adolescent social isolation increases the efficiency of
postsynaptic excitatory transmission in the lOFC-BLA synapse
and leads to an increment of passive stress-coping. This possibility

Fig. 4 mOFC-BLA pathway modulates social but not passive stress-coping behaviour. A Time schedule of the experiments. B Schematic
representations of the viral injection and LED optic fibre placement for optogenetic manipulation of the mOFC-BLA transmission.
C Representative photograph of ChR2-EYFP expression in the injection site (left, scale bar: 1 mm) and ChR2-EYFP-expressing axon terminal
from the mOFC and optic fibre tips in the BLA (right, scale bar: 250 μm). Asterisk represents the fibre tip. D The experimental procedure for
optogenetic manipulation of the mOFC-BLA pathway during the SIT (left). The mice were subjected to the test with optical stimulation on the
first day (On) and without the stimulation on the second day (Off ). The percentage of social investigation in the SIT with mOFC-BLA
inactivation (right). E The total distance travelled in the SIT with mOFC-BLA inactivation. Open bars represent group-reared EYFP-expressing
mice. (G-mOFCEYFP, n= 13). Filled bars represent group-reared NpHR-expressing mice (G-mOFCNpHR, n= 12). F The experimental procedure for
optogenetic manipulation during the TST (left). The mice were subjected to the test without optical stimulation in the first half (3 min) and
with optical stimulation in the second half (3 min) of the test session. The time of immobility in the TST with mOFC-BLA inactivation (right).
G-mOFCEYFP: n= 12, G-mOFCNpHR: n= 12. G The percentage of social investigation in the SIT with mOFC-BLA activation. H The total distance
travelled in the SIT with mOFC-BLA activation. Open bars represent EYFP-expressing group-reared mice (G-mOFCEYFP: n= 16). The shaded bar
represents EYFP-expressing isolated mice (IS-mOFCEYFP, n= 16). Filled bars represent ChR2-expressing isolated mice (IS-mOFCChR2, n= 15).
I The time of immobility in the TST with mOFC-BLA activation. G-mOFCEYFP: n= 16, IS-mOFCEYFP: n= 14, IS-mOFCChR2: n= 15. *: p < 0.05, ***: p
< 0.001. All statistical values are described in Supplementary Table S1.
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Fig. 5 lOFC-BLA pathway modulates passive stress-coping but not social behaviour. A Schematic representation of optogenetic
manipulation of the lOFC-BLA transmission. B Representative photograph of ChR2-EYFP expression in the injection site (left, scale bar: 1 mm)
and ChR2-EYFP-expressing axon terminal from the lOFC and optic fibre tips in the BLA (right, scale bar: 250 μm). The asterisk represents the
fibre tip. C Experimental procedure for optogenetic manipulation of the lOFC-BLA pathway during the SIT (left). Percentage of social
investigation in the SIT with lOFC-BLA activation (right). D Total distance travelled in the SIT with lOFC-BLA activation. Open bars represent
group-reared EYFP-expressing mice. (G-lOFCEYFP, n= 13). Filled bars represent group-reared ChR2-expressing mice (G-lOFCChR2, n= 11). E The
experimental procedure for optogenetic manipulation during the TST (left). The time of immobility in the TST with lOFC-BLA activation (right).
G-lOFCEYFP: n= 13, G-lOFCChR2, n= 11. F Percentage of social investigation in the SIT with lOFC-BLA inactivation. G Total distance travelled in
the SIT with lOFC-BLA inactivation. Open bars represent EYFP-expressing group-reared mice (G-lOFCEYFP, n= 13). The shaded bar represents
EYFP-expressing isolated mice (IS-lOFCEYFP, n= 13). Filled bars represent ChR2-expressing isolated mice (IS-lOFCNpHR, n= 15). H Time
of immobility in the TST with lOFC-BLA inactivation. G-lOFCEYFP: n= 13, IS-lOFCEYFP: n= 12, IS-lOFCNpHR: n= 15. *: p < 0.05, **: p < 0.01,
***: p < 0.001. All statistical values are described in Supplementary Table S2.
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was supported by our results demonstrating that the lOFC-BLA
synaptic activation by optogenetics increased passive stress-
coping in control mice similar to socially isolated mice. In addition,
we found adolescent social isolation increased inward-rectification
of AMPARs current, an indicator of synaptic recruitment of CP-
AMPARs, in the lOFC-BLA synapse. CP-AMPARs were reported to
have Ca2+ permeability and implied to contribute to the plasticity
of synaptic transmission and structure [69, 70]. Our previous study
demonstrated that stress-induced recruitment of CP-AMPARs in
the lOFC-BLA pathway contributed to increased passive stress-
coping in mice [44]. Similarly, CP-AMPARs-induced changes in
synaptic transmission or plasticity might increase passive stress-
coping behaviour in socially isolated mice.
In addition to synaptic changes, we found that adolescent social

isolation decreased intrinsic excitability in neurons receiving mOFC
inputs, but increased it in neurons receiving lOFC inputs in the BLA.
It is possible that these changes in intrinsic excitability also
contribute to abnormalities in social and stress-coping behaviours.
Notably, adolescent social isolation induced distinct synaptic

and changes in the mOFC-BLA and lOFC-BLA pathways. The
difference in the prefrontal subregion-dependent responsivity to
the early social environment may contribute to the distinct
synaptic changes. In fact, it was reported that lOFC neurons had
an increased dendritic spine density [65], while the density of
dendritic spines was decreased by social isolation in mPFC
neurons [71]. Further, in rats, adolescent stress decreased glutamic
acid decarboxylase 65/67 expression in the mOFC, but not in the
lOFC [72]. It is also possible that the mOFC and lOFC have different
cellular responsiveness to social isolation, and it might lead to
distinct synaptic changes in the downstream pathways in the BLA.

Distinct modulation of the mOFC-BLA and lOFC-BLA pathways
on social and passive stress-coping behaviours
In this study, the mOFC-BLA optogenetic manipulation modulated
social behaviour without affecting passive stress-coping beha-
viour, while the lOFC-BLA manipulation altered passive stress-
coping behaviour without affecting social behaviour. These results
suggest that the mOFC and lOFC would separately modulate
social and stress-coping behaviours. This pathway-selective
modulation effect of the mOFC and lOFC on social and passive
stress-coping behaviours might be due to the heterogeneity of
downstream BLA neurons. Several studies have indicated that
dissociable neuronal subsets within the BLA have different
functions, and these subsets induce distinct synaptic plasticity
by reward or aversive conditioning [67, 73]. Notably, a single-cell
imaging study reported that some subsets of BLA neurons were
activated during social interaction [74]. mOFC neurons might
preferentially project to these social subsets of neurons, while the
lOFC might project to others within the BLA. Moreover, these
separated neuronal subsets may separately modulated social and
passive stress-coping behaviours.
We observed a distinct spatial arrangement of mOFC and lOFC

projections in the BLA. These data indicated that neurons in medial
and dorsal parts of the BLA received inputs from both the mOFC
and lOFC. Meanwhile, neurons in ventral and lateral parts of the BLA
preferentially receive inputs from the lOFC but not mOFC. These
differences might contribute to separate mechanisms of regulation
of social and stress-coping behaviours, where social isolation
induces distinct changes in synaptic transmission and intrinsic
excitability in the mOFC-BLA and lOFC-BLA pathways. Interestingly,
several studies have demonstrated that neurons in the medial and
dorsal BLA preferentially project to the nucleus accumbens, involved
in reward and social processing, while neurons in the lateral and
ventral BLA project to the central amygdala, involved in aversive
behaviours [67, 73, 75]. Future functional imaging or electrophysio-
logical recordings focusing on input-output specificity or the spatial
arrangement in the BLA by anterograde and retrograde transsy-
naptic methods may clarify this issue.

Clinical implications of early social deprivation-induced
alterations in the OFC-BLA pathway
In human functional imaging studies, abnormal activities in the
mOFC, lOFC, and amygdala were observed in patients with
psychiatric disorders that are associated with early-life social
adversity [42, 43]. In the present study, we showed that early social
deprivation could change excitatory transmissions in the OFC-
amygdala synapse. These synaptic changes might underlie
abnormal functional connectivity. This speculation raises the
possibility that manipulation of the neuroplasticity in the mOFC-
BLA and lOFC-BLA circuits could provide an effective therapeutic
approach for early social adversity-related psychiatric symptoms.
Interestingly, high frequency transcranial direct current stimula-
tion or repetitive transcranial magnetic stimulation could target
the mOFC or lOFC neural activity, and it has been reported that
these manipulations have some positive effects on patients with
obsessive-compulsive and depressive disorders [76–78]. These
non-invasive neuromodulation therapies also might be effective
for emotional and social problems in social adversity-related
psychiatric disorders.

Limitations and future implications
In this study, we found that social isolation caused changes in
synaptic transmission and excitability in OFC-BLA pathways.
However, how the mOFC-BLA and lOFC-BLA circuits are activated
during social behaviour and immobility in vivo and the effects of
social isolation are still unclear. Although a previous study using
fiberphotometry showed activation of BLA projecting neurons in
the mOFC during social approach [45], further research on OFC-
BLA activity during behaviour with fiberphotometry or unit
recordings is needed to improve our understanding of OFC-BLA
functions in social and stress-coping behaviours, and the effect of
social isolation.
Another limitation of the present study is that we used only

male mice. However, several studies have reported sex differences
in the effects of social isolation in rodents [25, 79, 80]. Therefore, to
understand whether social isolation induces sex-related changes
in OFC-BLA circuits, further research in female mice is warranted.
In addition, the behavioural and electrophysiological tests were

performed in different animals in this study. However, behavioural
testing followed by electrophysiological analysis in the same
animals allows to better examine correlations or perform clustered
analysis. In the future, these experiments may allow a further
understanding of the effect of social isolation on OFC-BLA
function.
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