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Autism spectrum disorders (ASDs) are characterized by profound social cognitive deficits, including
impairments in social memory —the ability to recognize and remember familiar conspecifics. However,
the mechanisms underlying these deficits remain poorly understood. Here, we identify a distinct
population of medial prefrontal cortical neurons that encode individual conspecifics and form social
memory engram cells (SMECs) through N-methyl-D-aspartate receptor (NMDAR)-dependent long-
term potentiation (LTP). Using the Neuroligin 3 R451C knock-in mouse model of autism, we
demonstrate that disrupted NMDAR-dependent LTP impairs the formation of SMECs, leading to
social memory deficits. Notably, these deficits are rescued by a well-tolerated, once-weekly “pulsed”
administration of D-cycloserine, a partial NMDAR agonist. Our findings underscore the pivotal role of

NMDAR-dependent synaptic plasticity in social memory encoding and position NMDAR-targeted
therapies as a compelling avenue for addressing social cognitive deficits in ASDs.

Autism spectrum disorders (ASDs) represent a complex neurodevelop-
mental condition with enduring, lifelong impacts. The prevalence of ASDs
continues to rise annually, accompanied by substantial heterogeneity'.
Social memory—the ability to recognize and remember familiar con-
specifics—is essential for maintaining stable and dynamic social networks™
and is a fundamental aspect of social cognition that is impaired in ASDs*.
However, the precise mechanisms underlying social memory deficits in
ASDs remain largely unexplored, underscoring the pressing need for
research to elucidate these mechanisms and inform the development of
targeted therapeutic interventions.

The medial prefrontal cortex (mPFC), recognized as the brain’s
executive center, plays a critical role in social novelty behaviors’™". The
ability to distinguish between familiar and unfamiliar conspecifics, form
social memories, and exhibit a preference for novel conspecifics underpins
social novelty behavior in mice. Studies have indicated that a subpopulation
of prefrontal cortical neurons is essential for social memory, and manip-
ulation of these neurons can regulate social memory in mice'. The release of
corticotropin-releasing hormone from the mPFC to the lateral septum

suppresses social interaction with familiar, but not novel, mice, thereby
supporting social novelty preference”. Yet, it remains unclear whether
mPFC neurons satisfy the criteria of social memory engrams and are directly
involved in encoding individual social memories. Recent advancements in
memory engram technology allow for the discrete and genetic targeting of
subsets of activity-dependent neuronal ensembles'. Accumulating evidence
suggests that prefrontal engram cells are generated at the onset of
learning, gradually maturing over time as they undergo enduring physical
and chemical changes, ultimately becoming indispensable for memory
expression'”"". These discoveries offer a foundation for exploring the neural
mechanisms, both at cellular and synaptic levels, that facilitate the long-term
storage and retrieval of social memories within the mPFC.
Neuroplasticity,  particularly =~ N-methyl-D-aspartate  receptor
(NMDAR)-dependent long-term potentiation (LTP), plays a pivotal role in
learning and memory"~*". NMDAR function is closely associated with the
social deficits observed in ASDs, and genetic variations linked to ASDs are
located in genes encoding NMDAR subunits™ . Additionally, research has
shown that NMDAR-dependent synaptic potentiation is necessary for the
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accessibility of a prefrontal neuronal assembly in retrieving fear extinction'’,
indicating that engram cells undergo specific synaptic functional changes.
Our previous study reported that NMDAR hypofunction in the mPFC
constitute a central node in the pathogenesis of social novelty deficits in the
Neuroligin 3 (NL3) R451C knock-in (KI) mouse model of autism®’.
However, the underlying mechanisms by which NMDAR dysfunction
contributes to impairments in social memory, particularly whether through
the regulation of social engram cells, remain poorly understood.

We identified a neuronal population in the mPFC that encodes indi-
vidual conspecifics through NMDAR-dependent synaptic potentiation,
forming reservoirs for long-term social memory. In KI mice, deficits in
social memory stemmed from impaired NMDAR-dependent LTP, dis-
rupting the formation of social memory engram cells (SMECs). These
impairments were reversed by a well-tolerated, once-weekly “pulsed”
administration of the NMDAR agonist D-cycloserine. Our findings
underscore the essential role of NMDAR-dependent LTP in prefrontal
SMEC formation and highlight NMDAR-targeted therapies as a promising
avenue for addressing social memory deficits in ASDs.

Results

Chemogenetic reactivation of mPFC social exploration-
associated neurons enables social memory retrieval

To investigate whether individual information is encoded in a distinct
population of sparse neurons in the mPFC, we employed engram tech-
nology to explore the single-cell mechanisms underlying social memory. In
order to selectively label neurons associated with social exploration in the
mPFC for subsequent analysis, we utilized an adeno-associated virus
(AAV)-based RAM system. This system integrates a synthetic promoter,
activated by neuronal activity, with a downstream reporter gene regulated
by a doxycycline (Dox)-dependent Tet-off system'**”. Wild-type (WT)
mice were bilaterally injected with AAV-RAM-GFP into the mPFC and
maintained on Dox-containing drinking solution for 48 h before and after
viral injection. The mice were then switched to Dox-free drinking solution
24 h prior to and following a 10 min social interaction on Day 1, after which
they returned to Dox drinking until the subsequent social interaction, either
with the same familiar mouse or a novel mouse, for 10 min on Day 7. Brain
tissues were collected and fixed 90 min following the social interaction for
c-Fos immunostaining on Day 7 (Fig. 1A).

Our analysis revealed that, compared to controls with no social
exposure, social investigation in both groups resulted in robust labeling of
neurons within the deep layers of the mPFC, with no significant difference
between groups (Fig. 1B, Supplementary Fig. 1A), suggesting that these
labeled cells are selectively responsive to neuronal activity elicited by social
stimuli. We observed that the labeled cells predominantly accumulated in
the prelimbic region (Supplementary Fig. 1B). The identity of these captured
neurons was further confirmed through immunohistochemistry, revealing
that approximately 60% of the GFP™ neurons expressed CamKII, while 40%
expressed GADG67 (Supplementary Fig. 1C). These results collectively
underscore the predominance of excitatory neurons within the social-
labeled population. Moreover, mice re-exposed to the same familiar con-
specific exhibited an increase in overall c-Fos activation compared to those
exposed to a novel mouse (Supplementary Fig. 1D). Notably, the proportion
of reactivated neurons—defined by overlapping GFP and c-Fos signals—
was significantly greater in mice encountering the familiar individual,
suggesting the presence of “engram cells” within the mPFC that are selec-
tively re-engaged by repeated social experience (Fig. 1C).

To determine whether the putative engram cells are functionally suf-
ficient for the retrieval of social memory, we employed a dual-viral strategy,
co-injecting AAV-RAM-Cre-GFP and AAV-DIO-hM3Dgq-mCherry into
the mPFC of WT mice. After a one-week interval following the initial social
interaction, during which the stimulus mice were removed, hM3Dq-
expressing mice were administered either saline or deschloroclozapine
(DCZ), a potent and selective chemogenetic actuator, 1.5 h prior to per-
forming social memory tasks (Fig. 1D, E). These results suggest that social
memory cannot be retrieved by natural cues after one week in the saline-

treated group. In contrast, mice with artificially reactivated labeled cells
successfully retrieved social memory, as evidenced by their preference for
the novel mouse and a heightened discrimination index during the three-
chamber test (Fig. 1F, G). Taken together, these findings provide compelling
evidence that individual information is encoded in a distinct population of
sparse neurons within the mPFC, and that the reactivation of these cells is
sufficient to reinstate the retrieval of social memory.

Chemogenetic inhibition of mPFC social exploration-
associated neurons impairs social memory retrieval

To further investigate the underlying mechanisms of social memory, we
refined the social behavioral paradigm, enabling mice to form long-lasting
social memories. Using an AAV-based RAM system, we selectively labeled
neurons engaged in social interactions. WT mice were exposed to the same
conspecific for 10 min daily over a five-day period, with the social neurons
labeled on Day 5. After a one-week interval, the mice were reintroduced to
either the same familiar mouse or a novel conspecific for 10 min on Day 12.
Brain tissues were harvested and fixed 90 min following the social interac-
tion for subsequent c-Fos immunostaining (Fig. 2A). As the frequency of
social interactions increased, the WT mice grew progressively more familiar
with the caged unfamiliar conspecific, leading to a significant reduction in
sniffing time. On Day 12, mice exposed to the familiar conspecific continued
to show relatively low sniffing time, whereas those encountering a novel
mouse exhibited a substantial increase in sniffing duration compared to the
former group (Fig. 2B). These findings suggest that this protocol effectively
induces long-lasting social memory in mice, which remains stable for at least
7 days.

Consistent with our previous observations, analysis revealed that,
compared to controls with no social exposure during the labeling period,
social investigation in both groups led to distinct neuronal labeling within
the mPFC, with no significant difference between groups (Fig. 2C, Sup-
plementary Fig. 2A). This suggests that the labeled cells are selectively
responsive to neuronal activity induced by social stimuli. Importantly,
although the number of c-FOS-positive cells remained unaltered (Supple-
mentary Fig. 2B), the proportion of reactivated neurons—defined by the co-
localization of GFP and c-Fos signals—was significantly elevated in mice
exposed to the same familiar conspecific, relative to those encountering a
novel conspecific (Fig. 2D). These findings provide compelling evidence for
the existence of “engram cells” within the mPFC, which can be reactivated
by the same social stimuli.

To evaluate whether the putative engram cells are essential for the
retrieval of social memory, we utilized a dual-viral approach, co-delivering
AAV-RAM-Cre-GFP and AAV-DIO-hM4Di-mCherry into the mPFC of
WT mice. Mice were individually housed and exposed to the same unfa-
miliar conspecific each day over five consecutive days. After a one-week
interval, during which the stimulus mice were removed, hM4Di-expressing
mice received either saline or DCZ 1.5h prior to engaging in the social
memory tasks (Fig. 2E, F). These findings indicate that in the saline-treated
group, social memory can be reinstated by natural cues after a one-week
delay. Conversely, when the engram cells were artificially inhibited, mice
exhibited an inability to retrieve social memory, as evidenced by their lack of
preference for the novel conspecific and a marked reduction in the dis-
crimination index during the three-chamber test (Fig. 2G, H). Taken
together, these results strongly support the notion that individual con-
specific information is encoded in a specific population of sparse neurons
within the mPFC, and that the reactivation of these cells is crucial for the
retrieval of social memory.

Synaptic strength is increased in prefrontal social engram cells

To investigate the differential neural activity between putative social
memory engram cells (SMECs) and non-SMECs, we combined the RAM
system with electrophysiological recordings (Fig. 3A, B). Our analysis
revealed that SMECs exhibited markedly elevated input/output curves of
evoked a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-
receptor-mediated synaptic responses, in contrast to their neighboring non-
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Fig. 1 | Reactivating mPFC social exploration-associated neurons enables social
memory retrieval. A Experimental design for social-associated ensemble labeling.
Doxycycline was taken off 24 h before the social test on Day 1 and placed back 24 h
after it. B Left: Images of neurons in the mPFC activated during the social and control
tests on Day 1. DAPI (blue) was used to label nuclei (scale bars, 50 and 200 um). Cgl1,
cingulate cortex, area 1; PrL, prelimbic cortex; IL, infralimbic cortex. Right: The
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number of GFP-positive cells was significantly increased in the social group (Two-
tailed Mann-Whitney test,p < 0.0001). C Left: Representative images of the pre-
limbic cortex (PrL) following dual exposure to social stimuli from the familiar mice
(top) and novel mice (bottom). The cells activated by social stimuli on Day 1 were
marked with GFP (green), while the c-Fos expression induced by social stimuli on
Day 7 was revealed through immunostaining (red). Yellow arrows indicate cells co-
labeled with GFP and c-Fos (GFP" Fos™) (scale bar, 50 um). Right: A greater number
of neurons were reactivated (GFP* Fos™) during social stimuli exposure from the
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familiar mice compared to those from novel mice (Two-tailed unpaired ¢ test,
t=2.853,df = 16, p = 0.012). D Experimental design for activating social-associated
ensemble. Doxycycline was taken off 24 h before the social test on Day 1 and placed
back 24 h after it. Saline or DCZ was administered via intraperitoneal injection

90 min prior to the social behavior assessment on Day 7. E Top: Sample trace shows
validation of virus by electrophysiological recording. Bottom: Representative images
of neurons in the mPFC co-expressing hM3Dq and GFP (scale bar, 25 um).

F Representative heatmaps of three-chamber tests performed in saline- and DCZ-
treated mice. G Sniffing time (left) and difference index (right) after chemogenetic
reactivation of mPFC social exploration-associated neurons in three-chamber tests
(Left: two-way ANOVA, Interaction: F(;, 46)=4.911, p = 0.032; Drug: F(;, 46) = 0.050,
p = 0.824; Familiar vs. Novel: F(;, 46) = 12.41, p = 0.001; Right: Two-tailed unpaired ¢
test, t = 2.504, df = 23, p = 0.020). £ SEM. *p < 0.05, ***p < 0.001. n = number

of mice.

SMECs (Fig. 3C). These findings suggest that putative SMECs possess
enhanced synaptic efficacy. Additionally, the paired-pulse ratio analysis
showed no significant differences between the two groups (Fig. 3D). Fur-
thermore, we successfully induced LTP in non-SMECs, an effect that was
entirely blocked by pretreatment with the NMDAR antagonist, AP-5
(Fig. 3E), confirming the NMDAR dependence of this LTP. In contrast, LTP
induction was absent in SMEC:s (Fig. 3E), a phenomenon indicative of LTP
occlusion. This phenomenon of LTP occlusion has been interpreted as
evidence that prior learning-induced LTP imposes a ceiling on the capacity
for subsequent LTP induction within these cells'**. Collectively, these
results suggest that repeated social stimuli evoke LTP in mPFC neurons
associated with social exploration, triggering enduring physical and che-
mical alterations essential for the encoding of social memories related to
specific conspecifics—an effect that aligns with the defining characteristics
of social engram cells.

Social memory is impaired in NL3 R451C KI mouse model

of autism

We selected the classic autism model, the NL3 R451C KI mice, to explore the
specific mechanisms underlying social memory deficits in ASDs. We
investigated the deviations in social behavior exhibited by the NL3 R451C
KI mice. Consistent with our previous studies®, the KI mice displayed
normal sociability but exhibited pronounced deficits in social novelty pre-
ference during the three-chamber test (Fig. 4A). Furthermore, we employed
the previously described long-term social memory paradigm to more
comprehensively assess social memory. A subject mouse was introduced toa
novel conspecific (Stranger 1, S1) for a duration of 10 min. Over five con-
secutive days, the experimental mouse was repeatedly exposed to the same
conspecific (S1), allowing it to habituate to both the environment and the
social stimulus. One week later, the subject mouse was reintroduced to S1 to
evaluate long-term social memory. While WT mice showed diminished
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Fig. 2 | Inactivation of mPFC social exploration-associated neurons impairs
social memory retrieval. A Experimental design for social-associated ensemble
labeling. Doxycycline was taken off 24 hours before the social test on Day 5 or the
control test on Day 6 and placed back 24 h after it. B Left: Representative heatmaps
from the long-term social memory tests conducted on Day 12, depicting interactions
with familiar and novel mice, respectively. Right: Sniffing time in the open-field
arena (two-way ANOVA, Interaction: Fs 192 = 1.785, p = 0.123; Time (day): Fs,
102) = 16.43, p <0.0001; Group 1 vs. Group 2: F(y, 192) = 5.015, p = 0.027). Specifically,
* indicates significance within Group 1 (familiar), and # indicates significance within
Group 2 (novel), both relative to the Day 1 baseline. An asterisk (*) also denotes
significance between groups. C Left: Images of neurons in the mPFC activated during
the social test on Day 5 and the control test on Day 6. DAPI (blue) was used to label
nuclei (scale bars, 50 and 200 pm). Right: The number of GFP-positive cells was
significantly increased in the social group (Two-tailed Welch’s t test, t = 5.680,

df =7.224, p=0.0007). D Left: Representative images of the prelimbic cortex (PrL)
following dual exposure to social stimuli from the familiar mice (top) and novel mice
(bottom). The cells activated by social stimuli on Day 5 were marked with GFP

(green), while the c-Fos expression induced by social stimuli on Day 12 was revealed
through immunostaining (red). Yellow arrows indicate cells co-labeled with GFP
and c-Fos (GFP* Fos™) (scale bar, 50 pm). Right: A greater number of neurons were
reactivated (GFP* Fos™) during social stimuli exposure from the familiar mice
compared to those from novel mice (Two-tailed Mann-Whitney test, p = 0.036).

E Experimental design for inhibiting social-associated ensemble. Saline or DCZ was
administered prior to the social behavior assessment. F Top: Sample trace shows
validation of virus by electrophysiological recording. Bottom: Representative images
of neurons in the mPFC co-expressing hM4Di and GFP (scale bar, 25 pum).

G Representative heatmaps of three-chamber tests performed in saline- and DCZ-
treated mice. H Sniffing time (left) and difference index (right) after chemogenetic
inhibition of mPFC social exploration-associated neurons in three-chamber tests
(Left: two-way ANOVA, Interaction: F(;, ¢9) = 8.497, p = 0.005; Drug: F(;, 60 = 0.259,
p =0.613; Familiar vs. Novel: F(;, 69) = 23.56, p < 0.0001; Right: Two-tailed unpaired t
test, t = 2.425, df = 30, p = 0.022).All data were mean + SEM. */°p < 0.05,

**["p < 0.01, ¥**p < 0.001. n = number of mice.
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Fig. 3 | Synaptic strength is enhanced in prefrontal social engram cells.

A Experimental design for social-associated ensemble labeling. Doxycycline was
taken off 24 hours before the social test on Day 5 and placed back 24 h after it.

B Electrophysiological experimental design for recording labeled neurons in layers
V/VI and adjacent unlabeled neurons of the mPFC on Day 12, with a concentric
bipolar electrode positioned in layers II/III. C Representative traces (left) and sta-
tistical graph (right) of Input-output curves of evoked AMPA-receptor-mediated
synaptic responses recorded from RAM™ and nearby RAM™ pyramidal neurons in
the mPFC (two-way ANOVA, Interaction: Fs, 12,) = 2.064, p = 0.074; Stimulus
intensity: Fs, 125 = 22.68, p < 0.0001; RAM vs. RAM": F(;, 125 = 19.38, p < 0.0001;
n =13 and 11 neurons recorded from 4 mice). D Representative traces (left) and
statistical graph (right) of PPR recorded from RAM" and nearby RAM' pyramidal

neurons in the mPFC (two-way ANOVA, Interaction: F4, g9y = 0.824,p = 0.513;
Interval: F(y, go) = 6.596, p = 0.0001; RAM vs. RAM": E(;, g0 = 0.786, p = 0.378;

n =11 and 9 neurons recorded from 4 mice). E High-frequency stimulation fails to
induce NMDAR-dependent LTP in the RAM " pyramidal neurons in the mPFC.
Top: Representative traces of averaged EPSCs recorded 5 minutes before (dark
traces) and 25 min after (light traces) LTP induction. Below: Changes in EPSC
amplitude induced by 100 Hz stimulation and quantification of EPSCs 25 min after
stimulation compared to the respective values before stimulation in RAM’, RAM"
+AP5 and RAM™ pyramidal neurons (one-way ANOVA, Between columns:

F2, 21)=19.96, p < 0.0001; RAM vs. RAM ™ +APS5: p <0.0001; RAM vs. RAM":
p=0.0001; n, number of neurons recorded from 6 mice per group).All data were
mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

interest in S1 due to increased familiarity, they retained curiosity towards the
newly introduced conspecific, S2 (Fig. 4B). In contrast, the KI mice
demonstrated significantly prolonged interactions with S1 on Days 4, 5, and
11, indicative of impaired social memory, despite exhibiting normal socia-
bility. Both WT and KI mice spent comparable amounts of time with S1 on
Day 1 and with S2 on Day 12 (Fig. 4B), underscoring the memory-specific
deficit in the KI mice.

Impaired NMDAR-dependent LTP disrupts the formation of
social engram cells in the mPFC of NL3 R451C Kl mice

To investigate the specific mechanisms underlying the social memory deficit
in the KI mice, we first employed an AAV-based RAM system to selectively
label neurons engaged in social interactions (Fig. 5A). In contrast to WT
mice, there was no significant difference in the number of social-labeled cells
in the mPFC of the KI mice (Fig. 5B). Furthermore, the proportion of
reactivated neurons exhibiting co-expression of GFP and c-Fos signals in
response to exposure to a familiar conspecific was similar in both KI and

WT mice (Fig. 5C). These findings indicate that there is no aberration in the
number of cells engaged during social interactions in the mPFC of KI mice,
which aligns with the absence of changes in social motivation, and suggests
that the information regarding specific social partners is encoded within
these putative engram cells.

So, which specific process is disrupted, leading to the social memory
deficit in the KI mice? We have previously reported that NMDAR hypo-
function occurs in both pyramidal neurons and PV-positive interneurons
within the mPFC of NL3 R451C KI mouse model of autism®. We next
sought to determine whether NMDAR-dependent synaptic plasticity is
altered in these KI mice, as we have previously suggested that the formation
of social memory engram cells requires LTP. Using in vitro whole-cell
patch-clamp recordings, we applied a LTP induction protocol to evoke
synaptic plasticity in pyramidal neurons (Fig. 5D). Our results revealed a
significant impairment of LTP induced by high-frequency stimulation in the
KI mice (Fig. 5E). To assess the potential for rescue, we treated acute mPFC
brain slices from the KI mice with D-cycloserine, a partial agonist at the
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Fig. 4 | Social memory is impaired in NL3 R451C KI mouse model of autism.
A Top: Representative heatmaps of the three-chamber tests performed in the WT/
KI mice. Bottom: The KI mice exhibited social novelty deficits, as analyzed by the
three-chamber sociability (Left) and social novelty (Right) tests (Left: two-way
ANOVA, Interaction: Fy, 55) = 3.982, p=0.055; WT vs. KI: F(y, 35 =0.247,

p =0.623; Empty vs. Stranger 1: F(j, 35) = 59.66, p < 0.0001; Right: two-way
ANOVA, Interaction: Fy, 55y = 5.053, p=0.032; WT vs. KI: F(, 35) = 0.045,

p =0.834; Stranger 1 vs. Stranger 2: F(;, 35y = 12.71, p =0.001). B Top: Repre-
sentative heatmaps of the long-term social memory tests performed in the WT/KI
mice. Bottom: The KI mice exhibited impaired long-term social memory (two-way
ANOVA, Interaction: F, 112) = 1.015, p = 0.420; Time (day): F, 112) = 0.890,
p=0.505 WT vs. KI: F(j, 112) = 31.03, p <0.0001).All data were mean + SEM.

*p <0.05, ¥*p < 0.01, ***p < 0.001. n = number of mice.

glycine-binding site of NMDARs. Remarkably, 20 uM DCS effectively
restored both NMDAR function® and LTP in the mPFC of the KI mice
(Fig. 5E). Collectively, these results demonstrate that NMDAR-dependent
LTP of pyramidal neurons is profoundly impaired in the mPFC of the KI
mice. In addition, we also recorded theta-burst stimulation (TBS)-induced
LTP and low-frequency (1 Hz)-induced long-term depression (LTD) in
mPFC pyramidal neurons, finding that both forms of plasticity were
impaired in KI mice compared to WT controls (Supplementary Fig. 3),
suggesting a convergent vulnerability in synaptic plasticity across different
induction paradigms.

Further investigation through whole-cell patch-clamp recordings
on PV-positive interneurons revealed that the magnitude of LTP
induced by high-frequency stimulation in these cells was significantly
greater than in pyramidal neurons, reaching approximately 223%
(Fig. 5F). Notably, LTP in PV" interneurons was markedly sup-
pressed in the KI mice, although there was a clear trend towards
enhancement—albeit not statistically significant—upon treatment
with a higher concentration of 60 uM DCS (Fig. 5F). These data
strongly suggest a profound blockade of neuroplasticity within the
mPFC of the KI mice. Moreover, prior classification of the labeled
neuronal populations revealed that the majority of these cells were
pyramidal neurons. Accordingly, we focused our subsequent
experiments on further elucidating the neuroplasticity within pyr-
amidal neurons.

Collectively, these findings suggest that while the KI mice exhibit no
deficits in social motivation, and the number of cells activated in the mPFC
in response to specific social partners remains intact, these cells fail to
mature into authentic social engram cells due to impaired NMDAR-
dependent LTP. This disruption ultimately prevents the formation of social
memory in these mice.

D-cycloserine is optimal for “pulsed” once-weekly
administration

To determine the most effective dosing regimen for addressing social
memory deficits in autism, we first sought to investigate whether the ther-
apeutic effect of DCS could be sustained over several days, despite its rapid
metabolic clearance. We conducted an experiment to assess the enduring
impact of a single intraperitoneal injection of 20 mg/kg DCS on mPFC
deficits in the KI mice after a span of three days (Fig. 6A). Notably, this
treatment successfully restored the NMDA/AMPA ratio in pyramidal
neurons within the mPFC of the KI mice (Fig. 6B, C). Furthermore, we
observed that the NMDAR-dependent LTP in pyramidal neurons was also
rescued by a single DCS injection, three days post-administration (Fig. 6D).
These findings underscore the lasting restorative effects of a single dose of
D-cycloserine.

Given the potential for agonist-induced desensitization of the glycine-
binding site with daily DCS administration’’, we sought to explore whe-
ther “pulsed” dosing would mitigate such concerns. Given the prolonged
restorative effects of DCS on mPFC deficits in the KI mice, we next inves-
tigated its impact on social behavior deficits, with particular focus on the
duration of its efficacy following a single acute intraperitoneal injection. This
has profound implications for clinical therapeutic strategies. To this end, we
performed three-chamber social preference tests and measured the NMDA/
AMPA ratio as well as LTP in pyramidal neurons at one and three weeks
following a single intraperitoneal DCS injection in young adult mice
(Fig. 6E). In saline-treated controls, the KI mice exhibited significant deficits
in social novelty preference. However, DCS administration effectively
ameliorated these deficits one week after injection (Fig. 6F, G, Supple-
mentary Figs. 4A,B). Interestingly, the therapeutic effects on social behavior
were no longer observed three weeks post-injection (Fig. 6H, I, Supple-
mentary Figs. 4C and 4D). Electrophysiological assessments revealed that
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Fig. 5 | Impaired NMDAR-dependent LTP disrupts the formation of social
engram cells in the mPFC of NL3 R451C KI mice. A Experimental design for
social-associated ensemble labeling. Doxycycline was taken off 24 hours before the
social test on Day 1 and placed back 24 h after it. B Left: Images of neurons in the
mPFC of the WT/KI mice activated during the social tests on Day 1. DAPI (blue)
was used to label nuclei (scale bars, 50 and 200 um). Cgl, cingulate cortex, area 1;
PrL, prelimbic cortex; IL, infralimbic cortex. Right: The number of GFP-positive
cells did not change in the KI group (Two-tailed unpaired t test, t = 0.397, df = 10,
p =0.700; n, number of mice). C Left: Representative images of the prelimbic cortex
(PrL) of the WT (top) and KI (bottom) mice following dual exposure to social
stimuli from the same mice. The cells activated by social stimuli on Day 1 were
marked with GFP (green), while the c-Fos expression induced by social stimuli on
Day 7 was revealed through immunostaining (red). Yellow arrows indicate cells co-
labeled with GFP and c-Fos (GFP* Fos™) (scale bar, 50 um). Right: The number of
reactivated (GFP" Fos") neurons during social stimuli exposure was not changed in
the KI mice compared to the WT mice (Two-tailed unpaired t test, t = 0.506, df = 10,
p = 0.624; n, number of mice). D Cartoon diagram of whole-cell recordings in layer
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V/VIneurons of the mPFC, with a concentric bipolar electrode placed in layer II/III.
E Top: Sample traces of averaged EPSCs recorded 5 minutes before (dark traces) and
25 min after (light traces) LTP induction. Below: Changes in EPSC amplitude
induced by 100 Hz stimulation and quantification of EPSCs 25 min after stimula-
tion compared to the respective values before stimulation in pyramidal neurons of
WT mice, KI mice, and KI slices treated with 20 uM D-cycloserine (one-way
ANOVA, Between columns: F,, 2,y = 6.486, p = 0.006; WT vs. KI: p = 0.049; KI vs.
KI-DCS: p =0.006; n in each bar, number of neurons recorded from 5 mice per
group). F Top: Sample traces of averaged EPSCs recorded 5 min before (dark traces)
and 25 min after (light traces) LTP induction. Below: Changes in EPSC amplitude
induced by 100 Hz stimulation and quantification of EPSCs 25 min after stimula-
tion compared to the respective values before stimulation in PV" interneurons of
WT mice, KI mice, and KI slices treated with 60 pM D-cycloserine (one-way
ANOVA, Between columns: F,, 19y = 3.750, p = 0.042; WT vs. KI: p = 0.034; KI vs.
KI-DCS: p = 0.379; n in each bar, number of neurons recorded from 5 mice per
group).All data were mean + SEM. *p < 0.05, **p < 0.01.

the rescue effect of a single DCS dose on NMDAR hypofunction in the
mPFC of the KI mice persisted for at least one week (Fig. 6]), suggesting the
involvement of transcriptional and expression mechanisms. However,
therapeutic efficacy diminished by the third week (Fig. 6]). Additionally, we
found that NMDAR-dependent LTP in pyramidal neurons was similarly
restored one-week post-DCS administration but was no longer sustained at
three weeks (Fig. 6K), mirroring the pattern observed for NMDAR function.

These results indicate the necessity of evaluating the resistance induced
by long-term weekly administration. To address this, both WT and KI mice
received a weekly intraperitoneal injection of D-cycloserine (20 mg/kg) or
an equivalent volume of saline for three consecutive weeks, followed by
behavioral and electrophysiological assessments one-week post-

administration (Fig. 7A). We explored the efficacy of “pulsed” once-weekly
DCS administration. Remarkably, DCS remained effective in reversing
social novelty deficits in KI mice one week after completing three con-
secutive weekly doses (Fig. 7B, C, Supplementary Fig. 5). Furthermore, the
therapeutic effects of DCS on the NMDA/AMPA ratio and NMDAR-
dependent LTP in pyramidal neurons were in parallel with its impact on
social novelty preference (Fig. 7D, E).

Our findings support that “pulsed” once-weekly administration of
DCS represents a viable and well-tolerated regimen. From both a
mechanistic and behavioral standpoint, we have demonstrated that this
dosing strategy is optimal for mitigating social memory deficits in the KI
mouse model.
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Fig. 6 | Long-term rescue effects of D-Cycloserine on mPFC deficits and social
behaviors in NL3 R451C KI mice. A The flowchart of electrophysiological tests for
examining of rescue effect three days after D-cycloserine administration. Sample
traces (B) and bar graph (C) of measurements of NMDA/AMPA receptor
response ratios recorded from pyramidal neurons in the mPFC of P60-P70 mice
three days after one-dose saline or D-cycloserine administration (two-way
ANOVA, Interaction: F; g1y =1.228, p = 0.271; Drug: F;, g1y = 4.355, p = 0.040; WT
vs. KI: F(y, g1y = 5.658, p = 0.020; n, number of neurons recorded from 4 saline-
treated littermates and 4 DCS-treated littermates, respectively). D Top: Sample
traces of averaged EPSCs recorded 5 min before (dark traces) and 25 min after (light
traces) LTP induction. Below: Changes in EPSC amplitude induced by 100 Hz
stimulation and quantification of EPSCs 25 min after stimulation compared to the
respective values before stimulation in pyramidal neurons of the KI mice three days
after one-dose administration of saline or D-cycloserine (Two-tailed unpaired t test,
t=2.135, df = 20, p = 0.045; n in each bar, number of neurons recorded from

4 saline-treated KI mice and 8 DCS-treated KI mice, respectively). E The flow chart
of three-chamber/electrophysiological tests for examining the rescue effect one
week or three weeks after D-cycloserine administration. F-I Representative heat-
maps (F and H) and statistical bar charts (G and I) illustrating the results of the
three-chamber social interaction tests conducted in WT/KI mice, one or three weeks

D <
i
250
E PN 20 ms 400 %
3 200- 8 ?
= 25 90
8 150 5%
< @ o 200 of
S 100 yey® Httwt's Es ago0
9 &< 100
G 507 4 Tetanus 2x (100 Hz, 1) © Kisaline-3d
0 ® KI-DCS-3d 0
T T T T T T 1 o )
5 0 5 10 15 20 25 30 & \,00
Time (min) & ¥
KI-DCS-1w DCS/ Three-chamber/
Saline Electrophysiology —

'I 1/3 week

Sociability test

(0]

1.0
3 B 3
kel o 'g
g | 2F Ed&
9 0.5 Q
o 5
R £
S o0 e
KI-DCS-3w Saline  DCS
I Sociability test
1.0 o x 1.
.% F 0.
o 2
9] 20
[ 2o
£ &
8 a
-0.5
Saline DCS Saline DCS
250 3 M Kl mice
TE PN sl I
~ | I020ms 250
g20 {Eﬁ b g_2009 ,
8 150 Eﬁﬁﬁ}ﬁﬁi 122U ES 150 g g
§ ®, © Q
2 o o Bl 1o
& 504 1 « iiBesse 0 0
Tetanus 2 x (100 Hz, 1s) s K-DOS-3w 0
0 T T T T T T 1 @ $
5 0 5 10 15 20 25 30 Og" Og"’
Time (min) Q7 9

following a single administration of Saline/DCS (two-way ANOVA. For one-week
data, p = 0.736 [interaction], p = 0.139 [drug], and p = 0.596 [gene]; p = 0.008
[interaction], p = 0.324 [drug], and p = 0.083 [gene]; for three-week data, p = 0.985
[interaction], p = 0.077 [drug], and p = 0.521 [gene]; p = 0.575 [interaction],
p=0.657 [drug], and p < 0.0001 [gene]; n in each bar, number of mice). See also
Supplementary Fig. 4 for sniffing time. J Sample traces (left) and bar graph (right) of
measurements of NMDA/AMPA receptor response ratios recorded from pyramidal
neurons in the mPFC of P60-P70 mice one week or three weeks after a single dose
D-cycloserine administration (two-way ANOVA, Interaction: F;, s5) = 8.930,

P =0.004; 1w vs. 3w: Fysg) = 4.197, p = 0.045 WT vs. KI: F(; sg) = 2.228, p = 0.141;
n, number of neurons recorded from 4 littermates treated with DCS for 1 week and 4
littermates treated with DCS for 3 weeks, respectively). K Top: Sample traces of
averaged EPSCs recorded 5 minutes before (dark traces) and 25 min after (light
traces) LTP induction. Below: Changes in EPSC amplitude induced by 100 Hz
stimulation and quantification of EPSCs 25 minutes after stimulation compared to
the respective values before stimulation in pyramidal neurons of the KI mice one
week or three weeks after a single dose administration of D-cycloserine (Two-tailed
unpaired t test, t=2.729, df = 12, p = 0.018; # in each bar, number of neurons
recorded from 5 mice per group).All data were mean + SEM. *p < 0.05,

**p <0.01, ¥**p < 0.001.
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physiological tests for examining the rescue effect of DCS administration once a
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neurons in the mPFC of P60-P70 mice one week after three consecutive weeks of
DCS administration (two-way ANOVA, Interaction: F;, 77 = 5.693, p = 0.020;
Drug: Fq, 77)=1.172, p = 0.282; WT vs. KI: F(y, 77 = 2.553, p = 0.114; n, number of
neurons recorded from 4 saline-treated littermates and 4 DCS-treated littermates,
respectively). E Top: Sample traces of averaged EPSCs recorded 5 min before (dark
traces) and 25 min after (light traces) LTP induction. Below: Changes in EPSC
amplitude induced by 100 Hz stimulation and quantification of EPSCs 25 min after
stimulation compared to the respective values before stimulation in pyramidal
neurons of the KI mice one week after three consecutive week administration of
saline or D-cycloserine (Two-tailed Mann-Whitney test, p = 0.011; n in each bar,
number of neurons recorded from 5 mice per group).All data were mean +

SEM. *p < 0.05.

Discussion

In summary, our study provides compelling evidence that the mPFC har-
bors social engram cells, which are activated during social interactions and
undergo NMDAR-dependent LTP, leading to enhanced synaptic function
that regulates social memory. A single mutation in neuroligin 3 disrupts
NMDAR-dependent LTP, thereby preventing the formation of social
memory engram cells for specific conspecifics, which culminates in social
memory deficits. Remarkably, these deficits can be ameliorated by DCS and
the optimal therapeutic regimen is a “pulsed” once-weekly administration.
These findings highlight the crucial role of NMDAR-dependent LTP in
social memory formation during social exploration and underscore the
therapeutic potential of targeted pharmacological interventions for alle-
viating ASD-related social impairments.

Utilizing activity-dependent cell labeling and functional manipulation
techniques, we identified a distinct neuronal population encoding social
memory information. In contrast to other forms of episodic memory, social
memory in rodents is typically detectable only within hours of memory
formation through behavioral assays™”. To facilitate the formation of long-
term social memories, such as those lasting a week, we exposed the mice to
repeated social interactions on five consecutive days, thereby reinforcing the
learning process. Notably, this social memory remained retrievable one
week later through natural cues. Functional manipulation further confirmed
the necessity and sufficiency of these identified neurons for the retrieval of
social memory. Comparison of experimental conditions revealed that,
regardless of whether the mice remembered the previously encountered
conspecifics one week later, the proportion of re-activated neurons involved
in social exploration remained unchanged, showing no significant

differences. This may reflect the limitations of c-FOS staining, which allows
for the quantification of activated neurons during social exploration but
does not reveal the precise patterns of neuronal activity during the social
process. It is plausible that when social memory can be retrieved and social
novelty behaviors are exhibited, the re-activated SMECs may display sig-
nificantly enhanced activity patterns due to structural and biological
alterations within these cells.

Additionally, we observed robust functional plasticity and LTP
occlusion in the tagged neurons, further reinforcing the existence of social
memory engrams within the mPFC. While social engram cells have been
identified in various brain regions, including the mPFC", hippocampus™,
and thalamic reticular nucleus™, the intracellular signaling pathways med-
iating the plastic changes of these engram cells remain elusive. Our previous
work demonstrated that NL3 R451C KI mice exhibit deficits in social
novelty preference’. Since the social novelty test does not incorporate a
defined learning phase or delay period, we performed a more specific assay
for social memory—the long-term social memory test—and found that KI
mice exhibited impaired social memory. The R451C mutation in Neuroligin
3, a postsynaptic cell adhesion molecule at both excitatory and inhibitory
synapses, leads to NMDAR hypofunction®. Consequently, the KI mice fail to
induce NMDAR-dependent LTP in neurons associated with social stimuli,
thereby impeding the maturation of these cells into bona fide SMECs for
specific conspecifics. Accordingly, within the KI context, it is more precise to
refer to the RAM-labeled neurons as “social exploration-associated neu-
rons” rather than fully established SMECs. In our study, we assessed global
NMDAR-dependent LTP in mPFC pyramidal neurons and PV* inter-
neurons, without selectively isolating social exploration—associated subsets
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during electrophysiological recordings. Thus, the plasticity deficits we
observed reflect a broad impairment spanning these neuronal classes in KI
mice. We posit that the LTP deficits in these neurons arise not from LTP
occlusion (as observed in WT SMECs) but rather from a fundamental
disruption of NMDAR-dependent plasticity mechanisms. Notably, even the
unlabeled neuronal populations in KI mice exhibited comparable impair-
ments in LTP. Strikingly, administration of the NMDAR partial agonist
DCS restored neuroplasticity, rescuing the social memory deficits observed
in KI mice. Given that neuroplasticity underpins higher-order cognitive
processes such as learning and memory****, these findings position DCS as a
promising therapeutic candidate for ameliorating memory and learning
impairments, particularly in the context of interventions predicated on
experience-dependent plasticity.

In addition to pyramidal neurons, our findings reveal that NMDAR-
dependent LTP is likewise attenuated in PV" interneurons. Notably,
treatment with 60 pM D-cycloserine exhibited a marked trend toward
restoring LTP in these interneurons, although statistical significance was not
yet achieved—possibly due to the need for higher concentrations or pro-
longed pre-incubation. This raises the intriguing possibility that recovery of
synaptic plasticity within PV* interneurons contributes to the behavioral
rescue observed following DCS treatment. PV interneurons play a central
role in governing network oscillations and mediating feed-forward inhibi-
tion, both of which are indispensable for ensuring the temporal precision of
cortical activity and for regulating information flow within prefrontal
circuits™”’. Restoration of PV-LTP may therefore enhance the functional
integration of inhibitory control, fostering more coherent oscillatory
dynamics and stabilizing excitation-inhibition balance during task execu-
tion. These network-level refinements may act synergistically with the
reinstatement of pyramidal LTP to normalize circuit output, thereby facil-
itating the observed behavioral recovery. Future studies employing cell-
type-specific manipulations will be essential to disentangle the relative
contributions of excitatory and inhibitory plasticity to the therapeutic effi-
cacy of DCS.

The NMDAR has emerged as a promising therapeutic target for certain
forms of ASDs and schizophrenia™*. The NMDAR partial agonist DCS has
been shown to improve sociability in various mouse models of ASDs, as well
as in children with ASDs****. However, as previously noted, DCS does not
consistently yield positive effects in either ASD patients or animal
models***. This inconsistency may be attributed to the small sample sizes in
clinical trials. Additionally, differences in outcomes may arise from whether
NMDAR hypofunction is present in ASD patients or mice at the time of
DCS administration. Animal models of ASDs exhibit bidirectional
NMDAR dysfunction, and correcting this deficit can ameliorate ASD-like
behaviors, suggesting that either direction of deviation in NMDAR function
contributes to ASD pathophysiology™. Therefore, in the treatment of ASD
patients, it is essential to select appropriate interventions based on the
specific alterations in NMDAR function, emphasizing the importance of
precision medicine.

A partial agonist, such as DCS, is less likely to induce undesirable
excitotoxic effects or desensitization of the glycine-binding site, especially
with chronic administration, compared to full agonists. Thus, exploring the
longest effective dosing period of DCS without reducing receptor sensitivity
or causing other side effects is crucial. In a double-blind randomized trial
with 20 older adolescents and young adults with ASDs, two DCS dosing
strategies (50 mg daily vs. 50 mg weekly) were tested over 8 weeks, with a
2-week follow-up after discontinuation. Statistically and clinically sig-
nificant improvements were observed on the Social Responsiveness Scale
and the Aberrant Behavior Checklist, particularly in the subscales of
“lethargy/social withdrawal” and “stereotypic behavior™**". However, the
specific mechanisms underlying the differential efficacy of these dosing
strategies remain unclear. The half-life of DCS varies between 8 and 12 h,
depending on renal function®. Our results suggest that a single dose of DCS
can effectively rescue NMDAR function and NMDAR-dependent LTP in
the KI mice for at least one week, supporting the notion that “pulsed” once-

weekly administration is both optimal and well-tolerated, although the
precise molecular mechanisms warrant further investigation.

Methods

Animals

To facilitate electrophysiological recordings of PV* interneurons, CB6-
Tg(Gad1-EGFP)G42Zjh/] (G42; Jackson Laboratory strain 007677) mice
were crossed with B6;129—ngn3"“15“d/] (Neuroligin-3 R451C knock-in;
Jackson Laboratory strain 008475) mice, both maintained on a C57BL/6]
background. Because the Nlgn3 gene resides on the X chromosome,
experimental cohorts were generated by crossing heterozygous mutant
females with WT males, thereby producing both WT and KI male off-
spring for downstream analyses. In some experiments, only WT (C57BL/
6 J) mice purchased from Shanghai SLAC Laboratory were used. Animals
were randomly assigned to experimental groups. For some experiments,
recordings were randomly collected from littermate mice. All mice were
maintained under a 12 h light/dark cycle at 22-25°C, with ad libitum
access to tap water and standard chow. Four or five mice were housed per
cage. Young adult male mice (2-3 months old) were used in all experi-
ments. We have complied with all relevant ethical regulations for animal
use. All experimental procedures were approved by the Laboratory Ani-
mal Welfare and Ethics Committee of Hangzhou Normal University, and
by the Institutional Animal Care and Use Committee of Zhejiang
University.

Slice preparation

Mice were deeply anesthetized with sodium pentobarbital (75 mg/kg, i.p.)
and decapitated. The brain was quickly removed and placed in ice-cold,
high-sucrose artificial cerebrospinal fluid (ACSF) containing (in mM):
194 sucrose, 30 NaCl, 4.5 KCl, 1.2 NaH,PO,, 26 NaHCO, 10 glucose, 0.2
CaCl,, and 2 MgCl,, oxygenated with 95% O, and 5% CO,. Coronal slices
(300 pm thick) containing PFC were cut on a vibratome (Leica VT1200S).
The slices were stored in a submerged holding chamber for 25-35 min at
34 °C in oxygenated ACSF to maintain a pH of approximately 7.4, and were
then kept at room temperature until use. The ACSF consisted of (in mM):
119 NaCl, 2.5 KCl, 11 glucose, 1.0 NaH,POy,, 26.2 NaHCOs3, 2.5 CaCl,, and
1.3 MgCl,.

Electrophysiology

Whole-cell recordings were performed in the medial prefrontal cortex,
encompassing the anterior cingulate, prelimbic, and infralimbic regions.
Individual slices were transferred to a recording chamber and continuously
perfused with ACSF (2 ml/min) oxygenated with 95% O, and 5% CO, and
maintained at 34 + 2 °C. EGFP-expressing PV basket interneurons were
identified based on two criteria: a round/oval shape and soma diameter
>10 pm, and the presence of multipolar dendritic trees lacking apparent
apical and/or basal dendrites. The series resistance (R,) was 10-20 MQ and
monitored on-line throughout experiments; the data were discarded when
the R, changement was over 20%.

For NMDA/AMPA experiments in layer V/VI neurons, a concentric
bipolar electrode was placed in layer II/IIL. The recording pipettes (3-5 M)
were filled with an internal solution containing (in mM): 115 CsMeSO,, 20
CsCl, 10 HEPES, 2.5 MgCl,, 4 Na-ATP, 04 Na,-GTP, 10 NaPho-
sphocreatine, 0.6 EGTA and 5 QX-314 (pH 7.2; 290-310 mOsm). Picro-
toxin (100 uM; MCE, China, HY-101391) was included throughout to block
GABA, receptor-mediated currents. Pyramidal neurons were voltage-
clamped at —70 mV, and excitatory postsynaptic currents (EPSCs) were
evoked at 0.1 Hz. AMPA receptor-mediated EPSCs were recorded at
—70 mV, and 30 consecutive responses were recorded after stable baseline.
After recording AMPA receptor-mediated EPSCs, holding potential was
changed to +40 mV to record NMDAR-mediated EPSCs. 30 consecutive
traces were averaged to obtain mean current trace of AMPA and NMDAR-
mediated EPSCs. NMDAR-mediated EPSC currents were measured 50 ms
after stimulus.
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For paired-pulse ratio (PPR) recordings, cells were held at —70 mV.
Picrotoxin (100 uM; MCE, China, HY-101391) was consistently applied to
block GABA 4 receptor-mediated currents. PPR was calculated as the ratio
of the amplitude of the second eEPSC to that of the first. To calculate the
mean PPR, we recorded 15-30 individual traces, calculated the PPR for each
trace, and averaged the results. The intervals of the first and second eEPSC
were 30, 50, 100, 150 and 200 ms. For AMPA receptor-mediated EPSC
input-output recordings, cells were recorded at —70 mV. We recorded
15-30 consecutive responses at varying stimulus intensities and averaged
them separately.

For whole-cell LTP recordings, AMPA receptor-mediated EPSCs were
recorded at —70 mV. Picrotoxin (100 uM; MCE, China, HY-101391) was
consistently present to block GABA, receptor-mediated currents. After
recording a stable baseline for 5 min, a single high-frequency stimulus (HES;
100 Hz for 1 s) was continuously used twice to induce LTP while cells were
depolarized to 0 mV. In some cases, LTP was induced by three trains of
theta-burst stimulation (each train consisting of four bursts of 5 pulses at
100 Hz delivered at 200 ms intervals) separated by 30 s, paired with four
60 ms depolarization steps to —10 mV. These induction protocols were
applied within 10 min to achieve the whole-cell configuration and avoid the
“wash-out” of LTP. Recording was continued for a further 30 min to
monitor the LTP process. The LTP magnitude was determined by the
averaged eEPSC amplitudes during the 25-30 min after LTP induction
compared with those during the 2-5 min baseline. In some experiments,
50 uM D-AP5 (MCE, China, HY-100714A) were added to the bath solution
to block NMDARs and prevent LTP induction.

For whole-cell LTD recordings, recording pipettes were filled with
solution containing (in mM): 145 K-gluconate, 5 NaCl, 1 MgCl,, 0.2 EGTA,
10 HEPES, 2 Mg-ATP and 0.1 Na;-GTP (pH 7.2; 290-310 mOsm). After
obtaining stable EPSCs for at least 5 min, LTD was induced by 300 pulses at
1 Hz paired with postsynaptic depolarization at —45 mV.

All recordings were made with an Axon 700B amplifier and 1550B
digitizer (Molecular Devices, Sunnyvale, CA, USA). Responses were filtered
at 3 kHz, digitized at 10 kHz and analyzed using Clampfit 10.4 (Molecular
Devices).

Immunohistochemistry

Animals were deeply anesthetized with an overdose of sodium pentobarbital
(=100 mg/kg, i.p.) and then transcardially perfused with saline, followed by
4% paraformaldehyde in phosphate buffered saline (PBS, 0.01 M, pH 7.4,
4°C). Intact brains were extracted and post-fixed in 4% paraformaldehyde
(Sigma, 441244) overnight at 4 °C, and then cryoprotected in 25% sucrose
(Solarbio, S8271) solution (pH 7.4) for 48 h. The tissue was coronal sec-
tioned at 30 um on a sliding freezing microtome (Thermo Scientific
CryoStar NX50). For c-Fos staining, sections were blocked in PBS con-
taining 5% bovine serum albumin (BSA; Sigma, V900933) and 0.7% Triton
X-100 (Solarbio, T8200) overnight at 4 °C, and then incubated in a mixture
of primary antibody in PBS containing 5% BSA and 0.7% Triton X-100 in
room temperature for 4 h. For CamKII and GAD67 staining, sections were
blocked in PBS containing 5% BSA and 0.3% Triton X-100 overnight at 4 °C,
and then incubated in a mixture of primary antibody in PBS containing 5%
BSA and 0.3% Triton X-100 for 2 days at 4 °C. After 3 times of rinses in PBS
per 10 min, tissues were incubated with secondary antibody in PBS for 2 h,
washed with PBS for 3 times, mounted using Mowiol mounting medium
(Sigma, 81381), and imaged under a fluorescence microscope.

Microscopy, image processing and analysis

Slides were visualized under the OLYMPUS VS200 microscope. Images
were captured with the same parameters and were analyzed blindly. Brain
regions were defined by the Mouse Brain in Stereotaxic Coordinates
(interaural 5.58 mm, bregma 1.78 mm for the mPFC). Signals were counted
from 2-5 slices per mouse at the labeled Bergman position. The control and
experimental groups were processed in parallel and samples from at least 3
groups of mice were analyzed.

Antibodies

The following antibodies were using: c-Fos (1:800; rabbit, ABclonal,
A24620), CamKII (1:50; goat, Invitrogen, PA5-19128), GAD67 (1:400;
mouse, Sigma, MAB5406). Secondary antibodies were purchased from
Invitrogen (Goat anti-Rabbit DyLight-550, 1:1000, 84541; Donkey anti-
Goat Alexa Fluor-647, 1:1000, A-21447; Goat anti-Mouse Alexa Fluor-594,
1:1000, A-11005).

Microinjection

For induction, mice were rapidly anesthetized with isoflurane (5%; RWD,
China, R510-22-10) in an induction chamber. They were then maintained
under deep anesthesia with isoflurane (1-2%, as needed) and secured in a
stereotaxic frame. Local analgesia was provided by subcutaneous infiltration
of bupivacaine (0.25%, <20 pL; MCE, China, HY-B0405) along the incision
line. An incision was made in the skin over the skull to expose the bregma,
lambda, and the target injection site. The stereotactic coordinates relative to
bregma (AP + 1.90 mm, LM + 0.40 mm, DV -2.3 mm) were used for AAV
injections. Two small drill holes were made in the skull over the injection site
to expose the brain. The AA Vs used in this study were diluted to ~10"* vector
genomes (v.g.)/mL and purchased from BrainVTA Ltd., Wuhan.

For RAM labeling, AAV2/9-RAM-d2TTA:TRE-EGFP (PT-0627) was
bilaterally injected (500 nL per hemisphere). For CRAM activation experi-
ments, AAV2/9-RAM-d2TTA:TRE-Cre-EGFP (PT-2625) and rAAV-hSyn-
DIO-hM3D(Gq)-mCherry (PT-0019) were bilaterally injected (600 nL per
hemisphere). For CRAM inhibition experiments, AAV2/9-RAM-d2TTA:-
TRE-Cre-EGFP (PT-2625) and AAV2/9-hSyn-DIO-hM4D(Gi)-mCherry
(PT-0020) were bilaterally injected (600 nL per hemisphere).

Behavioral tests

All behavioral assays were performed with age-matched male mice litter-
mates (8-12 weeks). All behavior studies were performed during day times
(light-on periods). Mice were handled daily for at least 3 min per day for
7 days until mice were habituated to the operator.

Three-chamber social interaction assay

Three-chambered apparatus was 60 x 40 x 25 cm with a 20 cm-wide center
chamber and 20 cm-wide side chambers. In the first phase, a subject mouse
was placed in the apparatus and was allowed to explore the environment
freely for 10 min for habituation. After 10 min, the mouse was gently guided
to the center chamber, and the two entrances to the center chamber were
blocked while a stranger C57BL/6 ] mouse (Stranger 1) was placed in one
container. The position of stranger 1 was alternated between tests to prevent
side preference of the object mouse. The two entrances were then opened to
allow the subject mouse to explore the new environment freely for 10 min.
In the third phase, stranger 2 was placed in the other empty container and
the subject mouse again freely explored all three chambers for 10 min. All
stranger mice were males at the same age and previously habituated to the
plastic cage during the previous day for 30 min. The box was wiped with
75% ethanol and air-dried between mice. The videos were recorded by a
video camera, and the sniffing time was calculated manually and blindly by
others. Sniffing time was defined as each instance in which a mouse’s nose
touched the container or was oriented toward the container and came
within 4 cm of distance. In addition to sniffing time, we also calculated the
deference index, which represents a numerical difference between times
spent exploring the targets (Stranger1 vs. Empty, or Stranger 2 vs. Stranger
1) divided by total time spent exploring both targets.

Long-term social memory assay

A 40 x 40 x 40 cm open field box was used for this task. During the habi-
tuation phase (days 1-5), a subject mouse was placed in the box with a
stranger C57BL/6 ] mouse (Stranger 1, S1) contained in a small container.
The animals were allowed to freely explore the cage and interact with Stranger
1 for 10 min. At the end of each trial, the experimental and stimulus mice were
returned to their home cages. For five consecutive days, the experimental
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mouse was exposed to the same conspecific (S1) and habituated to the
environment and the social stimulus. After one week, the subject mouse was
placed in the box with Stranger 1 again to test long-term social memory. Day
12 consisted of the novelty phase, during which a nonfamiliar conspecific
(Stranger 2, S2) was placed in the cage with the experimental mouse for
10 min to allow social interaction. In total, the experimental mice were
exposed to two different conspecifics: one social stimulus repeatedly pre-
sented from days 1-5 (habituation phase, S1) and day 11 (long-term social
memory test phase, S1), as well as a second mouse on day 12 (novelty phase,
S2). The box was wiped with 75% ethanol and air-dried between mice.
Sniffing time was defined as each instance in which a mouse’s nose touched
the container, or was oriented toward the container and came within
4 cm of it.

Engram labeling

For RAM or CRAM labeling, mice were maintained on doxycycline (Dox,
60 mg/L; Selleck, S4163) in their drinking water following AAV injections.
Animals were transitioned to Dox-free water 24 h before and after the
labeling phase. To selectively manipulate social memory-tagged neurons,
DCZ (50 pg/kg, i.p.; MCE, China, HY-42110) was administered 90 min
prior to behavioral assessments.

Before labeling, mice were singly housed for one week. To label social
memory engram cells, mice were introduced to a novel stimulus (C57BL/6 J,
6-7 weeks old male mice; Stranger 1) within their home cages, minimizing
neuronal labeling due to environmental noise. A researcher closely mon-
itored interactions, and any mice exhibiting aggressive behavior were
excluded from further experimentation. To visualize social memory
engrams, subject mice were allowed to interact with the social stimulus for
10 min. After this interaction period, the subject and stimulus mice were
separated for one week. For immunofluorescence staining of engram cells,
mice were re-exposed to either the familiar stimulus (Stranger 1) or a novel
stimulus (Stranger 2) for 10 min, 90 min before sacrifice. For chemogenetic
activation of engram cells, subject mice were allowed a one-hour interaction
with the social stimulus for labeling.

An alternative labeling method was employed in conjunction with a
long-term social memory assay. Prior to labeling, mice were individually
housed for one week. During this period, the mice were exposed to a con-
fined C57BL/6 ] mouse (Stranger 1, S1) within a small enclosure placed in
the open-field arena or in homecages containing freely moving novel mice,
across five distinct sessions. Social memory engram cells were labeled during
the fifth exposure. After this interaction, the subject and stimulus mice were
separated for one week. For immunofluorescence staining of engram cells,
mice were re-exposed to either the familiar stimulus mouse (S1) or a novel
stimulus (Stranger 2, S2) for 10 min, 90 min before sacrifice. For chemo-
genetic inhibition of engram cells, subject mice were allowed a one-hour
interaction with the social stimulus for labeling.

Drug application
In the LTP recording experiments, D-cycloserine (MCE, China, HY-B0030;
20 uM for pyramidal neurons and 60 uM for PV" interneurons) was bath-
applied for 20 min prior to and throughout the entire recording session.
WT and KI mice received intraperitoneal injections of D-cycloserine
(20 mg/kg) or an equivalent volume of saline either one week or three weeks
before the three-chamber assays. In a separate set of behavioral experiments,
WT and KI mice were administered intraperitoneal injections of
D-cycloserine (20 mg/kg) or an equivalent volume of saline once weekly for
three consecutive weeks, beginning one week prior to the three-chamber
assays.

Statistics and reproducibility

Before starting experiments, based on our previous behavioral studies, we
estimated the sample size by using G*Power software. For each experimental
cohort undergoing immunohistochemical and electrophysiological analyses,
data were obtained from a minimum of three biological replicates (individual
mice), ensuring the robustness and reproducibility of the findings. An

evaluator blinded to the group assignments performed the assessment and
analyzed the data. Only animals with correct virus injection were included in
the analysis; no further animals or data points were excluded. Offline analysis
of whole-cell patch-clamp data was performed using Clampfit 10.4. Statistical
analyses were conducted using Graphpad Prism 10. Unless otherwise spe-
cified, comparisons between two groups were made using an unpaired, two-
tailed Student’s t-test. Multiple comparisons were performed using either a
one-way ANOVA or a two-way ANOVA. All data are presented as the
mean + SEM. In all cases, p <0.05 was considered statistically significant.
*p < 0.05,%*p < 0.01, ***p < 0.001. Data sets are available at Mendeley Data®.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Numerical source data for all figures are provided in Supplementary Data 1
and in the dataset by Cao, Wei; Li, Zhiyuan (2025), “Social Memory Engram
Formation Impairment in Neuroligin-3 R451C Knock-in Mice is Caused by
Disrupted Prefrontal NMDA Receptor-Dependent Potentiation”, Mende-
ley Data, V1, doi: 10.17632/v2twstbh3c.1. Correspondence and requests for
materials should be addressed to Wei Cao or Baoming Li.
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