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Role of Medial Prefrontal Cortical Neurons and Oxytocin
Modulation in the Establishment of Social Buffering
Taesub Jung, Minji Jang and Jihyun Noh*
Department of Science Education, Dankook University, Yongin 16890, Korea

Fear-related behaviors are rigidly controlled by the medial prefrontal cortex (mPFC). The mPFC is activated by the prosocial hormone oxytocin,
which plays an important role in social buffering. We used a slice patch current-clamp recording in single- and pair-exposed rats who were subjected to electric shocks, to determine the cellular mechanism of the action of oxytocin in the mPFC under social buffering conditions. Pair-exposed
rats showed a significant reduction in both freezing and passive avoidance behaviors compared to single-exposed rats. It was observed that input
resistance in pyramidal neurons decreased in both single- and pair-exposed rats than naïve rats, but input resistance in interneurons increased in
pair-exposed rats than single-exposed rats. We found that the number of action potential (AP) spikes in the mPFC pyramidal neurons decreased
significantly in pair-exposed rats than in single-exposed rats. The pyramidal neurons in the mPFC were similarly regulated by oxytocin in singleand pair-exposed rats, while the number of AP spikes in interneurons by oxytocin decreased in single-exposed rats, but there was no significant
change in pair-exposed rats. Therefore, our findings reveal that a decrease in mPFC pyramidal neuronal activity in pair-exposed rats through social
interaction induces a reduction in fear-related behavior via obstruction of fear-memory formation; however, no such reduction was observed in
single-exposed rats. Moreover, we suggest that the oxytocin-mediated decrease in neuronal activity in the mPFC could facilitate social buffering.
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INTRODUCTION

Social buffering plays an important role as a positive factor in
the formation of social relationships and bonding [1]. Social buffering can be defined as the phenomenon of improved recovery
from stressful experiences when an organism is in the company of
members of the conspecific species; this phenomenon is observed
in rats, mice, birds, apes, and humans. Social buffering is similarly
observed in humans and improves human health as part of the
benefits of social support [2]. Social buffering affects the stabilization of the emotional state, which can function to alleviate negative
emotional behaviors such as anxiety and depression [3]. The posi-
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tive effects of this social buffering are the focus of several ongoing
studies, but the mechanism is mainly thought to be a hormonedriven one. Moreover, the mechanisms and specific brain areas associated with this phenomenon are still insufficiently understood.
The stress-induced release of corticosterone is reduced by social
buffering, while the positive effects of the social buffering process can affect conditioning or extinction of fear memory, which
is classified as a stress memory [4-6]. These social bufferinginduced stress-relieving effects are mediated by various areas of
the brain, such as the medial prefrontal cortex (mPFC), amygdala,
bed nucleus of the stria terminalis, paraventricular nucleus, and
nucleus accumbens [7]. The roles of the anterior cingulate cortex
in empathy through the mirror neuron system, the prelimbic region (PL) in social recognition, and the infralimbic (IL) cortex in
social memory suggest that the mPFC is related to social buffering
associated with oxytocin [8-10]. The oxytocin receptor-expressed
neurons are distributed in the mPFC, and social buffering can
alter the distribution, number, and function of oxytocin neurons
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[11, 12]. Moreover, social buffering induces an increase in the
oxytocin receptors in oxytocin neurons in the amygdala [13]. The
role of oxytocin as a social hormone and that of dopamine with
reward-seeking behaviors are important for social bonding and
social buffering. The mPFC plays an important role in controlling
oxytocin and dopamine neurocircuitry [14, 15]. Therefore, this
study focused on the role of mPFC neurons under social buffering
conditions and their change of oxytocin.
Microinfusion of an oxytocin agonist into the mPFC enhanced
fear extinction, whereas the oxytocin antagonist impaired fear
extinction and reversed the enhancing effect of pairing on fear
extinction [16]. One study showed that oxytocin played an important role in social recognition memory: depletion of oxytocin in
the mPFC of rats hampered their ability to distinguish between
novel mice and familiar mice [17]. Excitation of the oxytocin-sensitive PFC to the connection with the basolateral amygdala (BLA)
using in vivo optogenetic techniques eliminated the preference of
social novelty, suggesting that this circuit is required for social recognition [18]. Therefore, it is essential to verify the modulation of
the mPFC after exposure to oxytocin to understand the functions
of the latter.
Previously, pair-exposed rats who were kept in the company of
conspecific organisms for social buffering were subjected to fear
conditioning and underwent a passive avoidance test to evaluate
memory function and freezing behavior, to demonstrate whether
social buffering induces the link between fear responses and fear
memory from social stimuli during fear conditioning [19]. Previous studies have identified that pair exposure to conspecific organisms during fear conditioning helps the organism to cope with

both the freezing-response and the fear memory systems; however,
no study has focused on their underlying mechanism. In this study,
a pair-exposed fear model was used to investigate the role of social
buffering on the fear-related response and a whole-cell patch recording was conducted to verify the brain function mechanism of
social buffering, with a special focus on the oxytocin modulation
of the function of both pyramidal neurons and interneurons.
MATERIALS AND METHODS
Animals

Subjects were Sprague–Dawley adolescent male rats (Postnatal
Days 21~42) from Orient Bio (Seongnam, Republic of Korea).
All experiments were conducted by the guidelines of the ethics
committee of the Dankook University Ethics Committee’s Guidelines for the Care and Use of Laboratory Animals (DKU-17-033).
Rats were weaned at 21 days of age and individually housed in a
Plexiglas cage (46×23×20 cm) with wood bedding with a 12:12h light/dark cycle (lights on at 9 A.M.). For paired shock exposure,
separated weaned siblings were used. Food and water were always
available. The experiments were conducted in a sound-insulated
compartment with controlled temperature (23±1oC) and humidity (45±5%) following the experimental schematic timeline shown
in Fig. 1A. The rats were assigned to one of the following two
treated groups: (1) Single-exposed rats, which were shocked alone
in a learning session; (2) Pair-exposed rats, which were shocked
with their mate in a learning session; (3) Naïve rats, which were not
exposed to electric shock.

Fig. 1. Significant differences in
fear behaviors between single-,
pair-exposed rats and naïve rats
during the retention period. (A)
Schematic timeline of the experimental procedures. The experiment consisted of four sessions:
habituation, learning, retention,
and recording. (B) In the retention session, pair-exposed rats
and naïve rats showed a significant decrease in freezing behavior duration and step-through
latency, and a significant increase
in black-compartment preference and the number of entries
compared to single-exposed rats
(one-way ANOVA, Tukey’s posthoc test; *p<0.05, **p<0.01).
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The passive avoidance test consists of habituation, learning, and
retention session (Fig. 1A). All rats habituated the test environment 10 min. In the habituation session, rats were placed in a white
compartment and could explore both black and white compartments to estimate which compartment they preferred for 5 min.
After 1 day, rats were placed in a white compartment for 1 min
and the door which blocked gate of black and white compartment
was opened. When rats passed from the white compartment to
the black compartment, the door was closed and then rats could
not go back the white compartment again and received electrical
shock delivered through the grids (0.7 mA for 5 s; learning session)
[19]. After 1 day, rats were placed in the white compartment for 1
min and the door was opened. During the retention session, the
duration of freezing, black compartment preference, number of
the entry, and latency into the black compartment for 5 min were
measured. The passive avoidance box was cleaned with 70% ethanol after each trial.

chamber (2~4 ml/min perfusion of oxygenated ACSF at 33~35oC)
mounted on an upright microscope (Nikon Eclipse FN1, Tokyo,
Japan). Recorded action potential (AP) spikes in the mPFC region
using a borosilicate glass capillary electrode with internal solution
connected to a Multi-Clamp Amplifier (Molecular Devices, San
Jose, CA, USA). Recording pipettes were filled with intracellular
solution (in mM): 120 K-MeSO3, 10 Hepes, 0.25 EGTA, 2 MgCl2,
0.1 CaCl2, 10 Na2-Phosphocreatine, 4 Mg-ATP, and 0.3 Na-GTP
(pH 7.4). Patch pipettes (3~5 MΩ) were pulled on a Narishige
electrode puller PC-10 (Narishige, Tokyo, Japan) from Kimax borosilicate glass capillaries (TW150-4, World precision Instruments,
Inc., Sarasota, FL, USA) with an inner diameter of 1.12 mm and
an outer diameter of 1.5 mm. The analog signal was digitized by
an A/D converter (Digidata 1440A, Molecular Devices) and collected with pClamp10.7 software (Molecular Devices). Currents
were Bessel-filtered at a cut-off frequency of 5 kHz and digitally
sampled at 10 kHz. Including measuring resting membrane potential, all recording was performed in nACSF.

Brain slice preparation and slice-whole cell patch currentclamp patch recording

Distinguishing interneurons from pyramidal neurons in
mPFC, and statistical analysis

After passive avoidance test, brains were quickly removed and
immersed in an oxygenated (95% O2/5% CO2), ice-cold artificial
cerebrospinal fluid (ACSF) solution containing the following composition (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 1.3 MgSO4,
2.4 CaCl2, 26 NaHCO3, and 8 D-glucose. Coronal mPFC slices
(300-µm) were cut using a vibratome (5,100 mz-22, Campden
Instrument, England). During 15 min, brain slices were incubated
with warm (30oC) oxygenated (95% O2/5% CO2) N-Methyl-Dglucamine (NMDG) ACSF containing the following (in mM): 126
NaCl, 3 KCl, 1.25 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 26 NaHCO3,
25 D-glucose, 110 NMDG, and 80.05 HCl. Then, slices were incubated with oxygenated (95% O2/5% CO2) ACSF for >1 h at room
temperature. Recordings were performed in a submersion-type

The neurons in mPFC were divided into two types, pyramidal
neuron and interneuron. Pyramidal neuron which has a triangular
shape is relatively large in size (Cm,120~140 pF), and regulated by
interneuron, whereas interneuron which has a circular shape is
relatively small in size (Cm, 25~30 pF), and has the ability to control
pyramidal neuron [20]. To characterize pyramidal neurons and
interneurons, we determined intrinsic properties of neuron, such
as input resistance, membrane capacitance, membrane resistance
of neuron, and resting membrane potential (RMP) values (Table
1). Data were presented as mean±standard error of the mean and
analyzed using Prism 8 software (GraphPad Software Inc, USA).
For multiple comparisons, one-way repeated measures analysis of
variance (ANOVA) followed by post hoc Tukey’s multiple com-

Passive avoidance test

Table 1. Electrophysiological properties of pyramidal and interneurons in single-, pair-exposed rats and naïve rats in mPFC
Pyramidal
Cm (pA)
Rm (MΩ)
IR (MΩ)
RMP (mV)

Interneuron

Single

Pair

Naïve

Single

58.92±4.17
(n =21)
94.23±8.99**
(n =21)
140±10
(n =25)
-74.79±2.7
(n =23)

67.78±4.73
(n =18)
103.25±16.9*
(n =18)
120±6*
(n =20)
-70.58±1.54
(n =17)

56.42±3.73
(n =36)
209.29±24.78
(n =36)
180±8
(n =38)
-73±3.01
(n =7)

24.83±1.74
(n =19)
273.5±56.75
(n =19)
190±10*
(n =17)
-65.63±2.82
(n =12)

Pair
27.02±0.9
(n =17)
284.28±35.37
(n =17)
260±30##
(n =18)
-64.12±2.28
(n =17)

Naïve
30.07±3.49
(n =18)
282.04±41.32
(n =18)
250±10
(n =19)
-66.43±3.24
(n =7)

mPFC, medial prefrontal cortex; IR, input resistance; Cm, membrane capacitance; Rm, membrane resistance; RMP, resting membrane potential. Two-way
ANOVA, Bonferroni post-hoc test: *p<0.05, **p<0.01, compared with Naïve; ## p<0.01, compared with Single.
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parison test, and two-way repeated measures ANOVA followed by
Bonferroni post-hoc tests were used. Asterisks indicate statistically
significant differences among the groups.
RESULTS
Significant differences in freezing and passive avoidance
behaviors between single-, pair-exposed rats and naïve rats
during retention period

We compared the differences between the fear-related behaviors
of single-, pair-exposed rats and naïve rats using the passive avoidance test to determine the effect of pair-exposed social buffering
condition on electric shock-induced fear response. The schematic
timeline of the experimental procedures is presented in Fig. 1A.
In the retention session, the duration of freezing behavior
(Fig. 1B; Single, 156.7±33.95, n =9; Pair, 29.9±15.83, n =10, Naïve,
21.86±11.43, n =7; One-way ANOVA, Tukey’s post-hoc test, Single
vs . Pair, **p=0.002, Single vs . Naïve, **p=0.002) and step-through
latency for entry into the black compartment (Single, 177.9±47.29,
n =9; Pair, 27.1±16.46, n =10, Naïve, 40.29±15.61, n =7; One-way
ANOVA, Tukey’s post-hoc test, Single vs . Pair, **p=0.005, Single
vs . Naïve, *p=0.019) showed a greater decrease in pair-exposed
rats and naïve rats than that in single-exposed rats. Moreover, the
black-compartment preference (Single, 20.78±10.51, n =9; Pair,
67.3±5.8, n =10, Naïve, 61.57±8.14, n =7; One-way ANOVA, Tukey’s
post-hoc test, Single vs . Pair, **p=0.001, Single vs . Naïve, **p=0.008)
and number of entries into the black compartment (Single,
1.33±0.55, n =9; Pair, 4.5±0.7, n =10, Naïve, 4.5±1.21, n =7; One-way
ANOVA, Tukey’s post-hoc test, Single vs. Pair, *p=0.02, Single vs .
Naïve, *p=0.032) showed a greater increase in pair-exposed rats
and naïve rats than that in single-exposed rats. These results are
consistent with those of previous studies [19], suggesting that pair
exposure to conspecific organisms during fear conditioning aids
in the fear-coping mechanism in the freezing response and fear
memory behaviors to the naïve level.
Intrinsic electrophysiological properties of neurons in the
mPFC in single-, pair-exposed rats and naïve rats

Studies have suggested that the mPFC is a critical area in the circuitry that controls social behavior [21], and the PL of the mPFC
is known as a modulatory area for fear memory conditioning [22].
We assessed the effect of the pair-exposed circumstance on the
electrophysiological properties of neurons in the PL of the mPFC
to determine whether the pair-exposed social condition modulated mPFC activity.
We used current-clamp patch recording protocol to measure
intrinsic electrophysiological properties and observe spikes in
https://doi.org/10.5607/en20038

pyramidal neurons and fast-spiking (FS) interneurons. There was
not significantly different resting membrane potential among
three groups in pyramidal neurons and interneurons (Table 1).
We estimated I~V curve to compare electric properties and neuron types among assigned groups (Fig. 2A). We measured input
resistance (IR), membrane capacitance (Cm) and membrane resistance (Rm) of pyramidal neurons and interneurons in single-,
pair-exposed rats and naïve rats. Cell type had a significant effect
(F (1,131)=57.18, p<0.0001) and the effects of IR (F (2,131)=6.24,
p<0.01) and cell type×IR interaction (F (2,131)=4.62, p<0.05) also
had a significant effect, as determined by the two-way ANOVA.
The IR of pyramidal neurons significantly decreased in pairexposed rats compared to naïve rats, and the IR of interneuron
significantly decreased in single-exposed rats compared to pairexposed and naïve rats (Table 1). Cell type had a significant effect
(F (1,113)=90.53, p<0.0001), but the effects of Cm (F (2,113)=0.85,
p>0.05) and cell type×Cm interaction (F (2,113)=1.68, p>0.05)
were not significant, as determined by the two-way ANOVA. The
Cm of interneurons significantly decreased compared to that of the
pyramidal neurons, but there was no significant difference among
assigned groups (Table 1). The effect of cell type was significant (F
(1, 113)=29.88; p<0.0001), but the effects of Rm (F (2, 113)=2.42;
p=0.09) and cell type×Rm interaction (F (2, 113)=2.19; p=0.116)
were not significant, as determined by the two-way ANOVA. The
Rm of interneurons significantly increased compared to that of
the pyramidal neurons, and the pyramidal neurons increased significantly in naïve rats compared to single- and pair-exposed rats
(Table 1).
The number of action potential (AP) spikes in the pyramidal
neurons and interneurons were investigated among single-, pairexposed rats and naïve rats. The number of AP spikes in pyramidal
neurons revealed significant differences between in pair-exposed
rats and naïve rats at 100 and 200 pA current injection (Fig. 2B
Left ; Single: 50 pA, 3.57±1.19, n =23, 100 pA, 8.52±2.14, n =23,
200 pA, 21.78±2.5, n =23; Pair: 50 pA, 0.59±0.41, n =17, 100 pA,
11.58±1.9, n =17, 200 pA, 25.7±2.67, n =17; Naïve: 50 pA, 4.36±1.23,
n =33, 100 pA, 11.58±1.9, n =33, 200 pA, 25.7±2.67, n =33; Bonferroni post-hoc test, 100 pA: Pair vs . Naïve,*p=0.023, 200 pA: Pair vs .
Naïve, *p=0.047). There was a considerably significant increase in
the number of AP spikes in the interneurons in pair- and singleexposed rats compared to that in naïve rats especially at 200
pA current injection (Fig. 2B Right ; Single: 50 pA, 11.167±5.25,
n =12, 100 pA, 45.17±11.79, n =12, 200 pA, 117.42±17.17, n =12;
Pair: 50 pA, 6.41±2.88, n =17, 100 pA, 49.12±11.04, n =12, 200 pA,
101.82±13.41, n =12; Naïve: 50 pA, 12.94±3.47, n =18, 100 pA,
24.11±6.12, n =18, 200 pA, 37.94±10.16, n =18; Bonferroni posthoc test, 200 pA: Single vs . Naïve, ####p<0.0001, Pair vs . Naïve,
www.enjournal.org
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Fig. 2. I~V curve and difference
of number of spikes in single-,
pair-exposed rats and naïve rats.
(A) Left , Voltage responses to a
depolarizing or hyperpolarizing
pulse about 50, 100 and 200 pA
to estimate electrophysiological
properties (Top ) and the representative sample of pyramidal
neuron and interneuron pattern
(Bottom ). Right , I~V curve in
pyramidal neuron and interneuron showed different slope. (B)
There was a significant difference
between the number of AP spikes
in the pyramidal neurons of naïve
rats and pair-exposed rats at 100
and 200 pA current injection (Pair
vs . Naïve, Bonferroni post-hoc
test, *p<0.05), whereas the number of AP spikes in the interneurons was increased in single- and
pair-exposed rats compared to
naïve rats at 200 pA current injection (Pair vs . Naïve, ****p<0.0001;
Single vs . Naïve, ####p<0.0001;
Bonferroni post-hoc test).

****p<0.0001). These data indicate that the number of AP spikes
in the interneurons significantly increased in single- and pairexposed rats, but the number of AP spikes in pyramidal neurons
significantly decreased in only pair-exposed rats compared with
naïve rats.
Reduction of AP spikes number in pyramidal neurons in
both single-, pair-exposed rats and naïve rats by oxytocin

To determine the alteration in the oxytocin-induced patterns in
the pyramidal neurons, we compared the alteration in the number
of AP spikes induced by oxytocin among single-, pair-exposed rats
and naïve rats. Because when oxytocin treated, there showed both
patterns of change in the number of spikes, increase and decrease
pattern [18, 23, 24], we differentiated and analyzed the pattern
of oxytocin-induced spikes and checked the dominant pattern
compared between single- and pair-exposed rats. Two patterns of
oxytocin-induced changes were observed in pyramidal neurons in
assigned rats: increase and decrease (Fig. 3).
In single-exposed rats, 10 of the 25 cells showed an increasing
pattern (Control, 20.7±4.7; Oxytocin, 22.3±5.19; n =10; *p=0.037,
Paired t -test), and 15 showed a decreasing pattern (Control,
21.4±2.5; Oxytocin, 16.8±2.7; n =15; **p=0.002, Paired t -test; Fig.
3A). All spike pattern number in pyramidal neurons of single-
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exposed rats significantly decreased by the application of oxytocin
(Control, 21.12±2.34; Oxytocin, 19±2.63; n =25; *p=0.039, Paired
t -test; Fig. 3B). In pair-exposed rats, 4 the 19 cells showed an increasing pattern (Control, 15.25±1.8; Oxytocin, 16.75±1.7; n =4;
*p=0.014, Paired t -test), and 15 showed a decreasing pattern (Control, 18.2±2.02; Oxytocin, 14.33±1.64; n =15; ****p<0.0001, Paired
t -test; Fig. 3C). Total spike pattern number in pyramidal neurons
of pair-exposed rats significantly decreased by oxytocin (Control,
17.58±1.64; Oxytocin, 14.84±1.35; n =19; **p=0.001, Paired t test; Fig. 3D). These findings indicate that oxytocin-induced AP
spikes in pyramidal neurons tended to decrease in both singleand pair-exposed rats, but no difference was observed between the
oxytocin-induced alteration pattern in the number of AP spikes in
the pyramidal neurons of single- and pair-exposed rats.
Oxytocin-induced changes in the number of AP spikes in
the interneurons in single-, pair-exposed rats and naïve
rats

The oxytocin-induced patterns in interneurons revealed patterns
of increase and decrease in single- and pair-exposed rats (Fig. 4). In
single-exposed rats, 4 of the 16 cells showed an increasing pattern
(Control, 113.5±20.89; Oxytocin, 121±22.33; n =4; *p=0.036, Paired
t -test), and 12 showed a decreasing pattern (Control, 125.8±15.45;
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Fig. 3. Similar changes in the pattern of oxytocin-induced AP spike number in pyramidal neurons in single- and pair-exposed rats. (A, B) Singleexposed rats. (C, D) Pair-exposed rats. (A, C) Representative AP spike traces in pyramidal neuron to a depolarizing pulse (200 pA current injection for
1s) in the absence (Control) and the presence of oxytocin (Oxytocin), and a graph of the statistical values (Left , increase; Right , decrease) are shown (Paired
t -test, *p<0.05, **p<0.01; ****p<0.0001). AP, action potential. (B, D) Total number of AP spikes (Paired t -test, *p<0.05, **p<0.01).

Oxytocin, 96.83±17.59; n =12; **p=0.001, Paired t -test; Fig. 4A).
Total number of spikes in interneuron significantly decreased in
single-exposed rats by oxytocin (Control, 122.8±12.45; Oxytocin, 102.9±14.23; n =16; **p=0.008, Paired t -test; Fig. 4B). In pairexposed rats, 4 of the 17 cells showed an increasing pattern (Control, 72±24.26; Oxytocin, 109.8±15.74, n =4; *p=0.03, Paired t -test),
and 13 cells showed a decreasing pattern (Control, 120.2±12.31;
Oxytocin, 103.2±14.08; n =13; ***p=0.001, Paired t -test; Fig. 4C).
There was no significant difference in total number of spikes in interneuron of pair-exposed rats by oxytocin (Control, 108.8±11.79;
Oxytocin, 104.7±11.19; n =17; p>0.05, paired t -test; Fig. 4D).
These results show that the number of AP in the interneurons
decreased in single-exposed rats by oxytocin, whereas this pattern
by oxytocin was not corresponding in pair-exposed rats, suggesting that oxytocin is regulated in different ways in the interneurons
of single- and pair-exposed rats.

https://doi.org/10.5607/en20038

Difference in the patterns of oxytocin-induced change in
the number of AP spikes in interneurons between single-,
pair-exposed rats and naïve rats

The difference between the oxytocin-induced alteration in
the number of AP spikes between single-, pair-exposed rats and
naïve rats was compared to that of the controls to statistically
clarify the change in AP spikes induced by oxytocin. Pyramidal
neurons showed an oxytocin-induced reduction in the number
of AP spikes in all assigned rats (Left , Pyramidal neuron: Single,
−2.12±0.97, n =25; Pair, −2.74±0.7, n =19, Naïve, −7.29±2.99, n =7,
Pyramidal: *p<0.05; Right, Interneuron: Single, −19.88±6.49, n =16;
Pair, −4.12±6.74, n =17, Naïve, −18.57±13.12, n =7; Tukey’s multiple
comparison test; Fig. 5). Interneurons showed a reduction in the
number of AP spikes in single-exposed rats and naïve rats, but
there was the lack of a significant difference in AP spikes in pairexposed rats by oxytocin. In summary, a decreased pattern of AP
number by oxytocin in the pyramidal neurons was observed in
naïve rats than single-, pair-exposed rats, whereas in interneurons,
there was a decreased pattern of AP number by oxytocin in single-
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Fig. 4. Alteration in the number of oxytocin-induced AP spikes in interneurons in single- and pair-exposed rats. (A, B) Single-exposed rats. (C, D) Pairexposed rats. (A, C) Representative AP spike traces to a depolarizing pulse (200 pA current injection for 1s) in the absence (Control) and the presence
of oxytocin (Oxytocin), and a graph of the statistical values (Left , increase; Right , decrease) are shown. (B, D) Total number of AP spikes (Paired t -test,
*p<0.05, **p<0.01, ***p<0.001). AP, action potential.

in interneurons of pair-exposed rats, the change of the number of
AP spikes and an increase of input resistance also might possibly
contribute to fear reduction. The different oxytocin effect of interneuron in pair-exposed rats compared with single-exposed rats
and naïve rats would offer the possibility that oxytocin plays a key
role in social buffering reducing the fear response (Fig. 6).
DISCUSSION
Fig. 5. Comparison of the oxytocin-induced changes in the number of
AP spikes in single-, pair-exposed rats and naïve rats. Difference between
the number of AP spikes in the oxytocin-treated and control conditions.
In pyramidal neurons, there was a reduction in difference of AP # in all
assigned groups (One-way ANOVA, Tukey’s multiple comparison test;
*p<0.05; Left , Pyramidal neurons; Right , Interneurons). AP, action potential.

exposed rats and naïve rats, but no difference in pair-exposed rats.
In summary, pair-exposed rats exhibited a decrease in the number of AP spikes in the pyramidal neurons compared with singleexposed rats, suggesting that decreased neuronal activity elicited
by social interaction induced a decreased fear response. Moreover,
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This study verified the positive role of social buffering using the
pair-exposed model, and determined its underlying mechanisms
using the passive avoidance test and whole-cell patch currentclamp recording. A reduction in freezing behavior and increase in
black-room preference was observed in the pair-exposed condition in the retention session of the behavioral test, suggesting that
social interaction and social buffering (through pairing) induced
a reduction in fear memory formation. The number of AP spikes
in the interneurons in mPFC of single- and pair-exposed rats was
not significantly different, but a significant decrease was observed
in the number of AP spikes in the pyramidal neurons of pair-ex-
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Fig. 6. Summary to illustrate the role of neurons in the mPFC in social buffering and the mechanism in reducing the fear response. Decreased pyramidal neuronal activity in pair-exposed rats produces a decreased fear response. Differential oxytocin-mediated interneuronal activity would produce
a social buffering action. Latency, step-through latency into black compartment; Preference, black compartment preference; Entry #, number of entries
into black compartment; IR, input resistance; PN, pyramidal neuron; IN, interneuron; # AP, number of action potential spike; OT, oxytocin.

posed rats. A decrease in the number of AP spikes in the pyramidal
neurons of pair-exposed rats is suggestive of a social interaction
effect via pairing, which is consistent with previous research that
reported that the excitation/inhibition balance maintained by the
FS interneurons in the mPFC is essential for social interaction and
sociability [25]. The decrease in the activity of the pyramidal neurons reduced the activity of BLA in the mPFC-BLA circuit, which
may have resulted in a decrease in the fear response. Moreover, the
oxytocin-induced AP modulation in interneurons of pair-exposed
rats was different compared to that of single-exposed rats and
naïve rat (Fig. 6). We opine that oxytocin plays a key role in social
interaction, and predict the possibility that single-exposed rats
would act similar to pair-exposed rats, i.e., exposure to oxytocin
in the mPFC would reduce the fear response in single-exposed
rats. Therefore, it is necessary to determine the role of oxytocin in
single-exposed rats in future studies.
Social animal models can be divided into social buffering with
positive effects and social contagion with negative effects [26].
Also, it can be affected their familiar or housing condition. In this
study, the familiar pair-exposed condition was less likely to form
the fear memory than the single-exposed condition after the application of electric shock. Therefore, the pair-exposed condition
in this study provided more of a social buffering effect than a
social contagion effect. Previous studies have also shown that the
application of social buffering to the fear expression session or
learning session reduces the animals’ freezing behavior compared
to the isolated condition [27, 28]. Therefore, we think that social
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buffering not only reduces the formation of fear memory but can
also affect the increase in fear extinction.
Oxytocin, which is a social hormone, is one of the social buffering factors that mitigate stress [3]. In human studies, the provision
of social support and oxytocin exposure resulted in higher levels
of calmness and decreased anxiety [29]. Moreover, it is thought
that oxytocin action, via the mPFC, suppresses neuronal activity
related to fear memory and activates neuronal activity related to
fear extinction [30]. Hence, oxytocin plays an important role in
fear memory in the mPFC and is, thus, vital to the study of the
mechanism of action of oxytocin in the mPFC.
The E/I balance in the mPFC is thought to be a crucial mechanism for the functioning of the mPFC. E/I imbalance can inhibit
the connection between the mediodorsal thalamus and mPFC,
thereby inducing abnormalities in sociability [21]. Another study
suggested that social behavior deficits improved with an increase
in the activity of FS interneurons and a decrease in the activity
of pyramidal neurons, which achieved the E/I balance [31]. E/I
imbalance can result in diseases such as autism and schizophrenia
and is thought to play a role in memory formation or in the persistence of the disturbance mechanism. This study suggests another
mechanism that can interfere with memory formation against new
negative stimuli.
The mPFC consists of two types of neurons: pyramidal neurons
and interneurons. Generally, GABAergic interneurons that regulate pyramidal neurons are classified into regular spike nonpyramidal, FS interneurons, and low-threshold spiking (LTS) interneu-
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rons [32, 33]. FS interneurons (former name: PV interneuron) and
LTS interneurons (former name: somatostatin interneurons) can
be distinguished by the shape of AP spike [34]. FS interneurons are
thought to play an important role in social interaction; hence, they
are strongly expected to contribute to the effects of social buffering
[25]. FS interneurons were mainly targeted in this study; our results suggest that the pattern difference in interneurons represents
the difference in the functionality of the mPFC itself, resulting in a
change in the fear behavior. However, it is necessary to differentiate
between the different types of interneurons and determine their
mechanisms in detail in future studies.
Several factors can indicate a change in the number of AP spikes.
The first is the change in the resting membrane potential (RMP).
A change in the number of AP spikes due to changes in the RMP
caused by oxytocin would be expected; however, significant differences were not observed in the RMP of the assigned rats in
this study. Other studies reported that the number of AP spikes
increased after oxytocin exposure, while no change was observed
in the RMP [24]. Second, oxytocin may have changed the threshold of the AP, which may have indicated a change in the number
of spikes. Other studies reported that injection of the oxytocin
agonist TGOT into the anterior olfactory nucleus neurons resulted in a reduced threshold for the increase in the spike rate [35].
Finally, oxytocin can induce the influx of calcium through various
channels, which can result in a change in the AP, if calcium is introduced through channels, such as N-type voltage-gated calcium
channels or transient receptor potential vanilloid (TRPV) 2 and
TRPV4, among others [36, 37]. Such oxytocin-induced changes in
the AP spike have a variety of causes, and future verification of this
aspect will determine the mechanism by which oxytocin may have
affected the AP spike.
In summary, this study confirmed that the formation of the fear
response and fear memory was reduced under the pair-exposed
condition, i.e., social buffering, while the number of AP spikes in
pair-exposed rats decreased in the PL of the mPFC compared to
that in single-exposed rats. Future studies are needed to determine
how the coordination between the mPFC-BLA circuit connections affects social buffering in the fear condition, thereby identifying social buffering mechanisms at the neural network level.
The synaptic level of E/I balance must be demonstrated to clarify
the role of interneurons in social buffering in detail. We also think
that the direct association between oxytocin and social buffering
presented in this study can be clearly determined if the modification of behavioral patterns by social buffering via treatment with
oxytocin agonists and antagonists is identified in vivo .
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