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ABSTRACT
BACKGROUND: The medial prefrontal cortex (mPFC) is essential for social behaviors, yet whether and how it en-
codes social memory remains unclear.
METHODS: We combined whole-cell patch recording, morphological analysis, optogenetic/chemogenetic
manipulation, and the TRAP (targeted recombination in active populations) transgenic mouse tool to study the
social-associated neural populations in the mPFC.
RESULTS: Fos-TRAPed prefrontal social-associated neurons are excitatory pyramidal neurons with relatively small
soma sizes and thin-tufted apical dendrite. These cells exhibit intrinsic firing features of dopamine D1 receptor–like
neurons, show persisting firing pattern after social investigation, and project dense axons to nucleus accumbens.
In behaving TRAP mice, selective inhibition of prefrontal social-associated neurons does not affect social
investigation but does impair subsequent social recognition, whereas optogenetic reactivation of their projections
to the nucleus accumbens enables recall of a previously encountered but “forgotten” mouse. Moreover,
chemogenetic activation of mPFC-to-nucleus accumbens projections ameliorates MK-801–induced social memory
impairments.
CONCLUSIONS: Our results characterize the electrophysiological and morphological features of social-associated
neurons in the mPFC and indicate that these Fos-labeled, social-activated prefrontal neurons are necessary and
sufficient for social memory.

https://doi.org/10.1016/j.biopsych.2020.08.023
Social memory is a fundamental social cognition process that
is impaired in schizophrenia and autism (1,2). Previous studies
have shown that the ventral CA1 and dorsal CA2 regions in the
hippocampus are essential for social memory (3–5). However,
it appears that the medial prefrontal cortex (mPFC) is also
involved in social memory (6–8).

The mPFC is a key regulator in social cognition (2,7), opti-
mizing social responses via its connectivity with diverse
subcortical structures (9). It has been proposed that the mPFC
plays a unique role in the encoding and retrieval of memories
(10–12), but how a short-term memory including social mem-
ory might be maintained either by persistent activity in a subset
of neurons or by dynamic (time-varying) activity across a neural
population remains a debate (13–15). Accumulating evidence
suggests that prefrontal engram cells (such as those labeled by
immediate-early gene c-Fos) are produced at the onset of
learning, gradually mature over time, and then become crucial
for expression of memory (16,17). Indeed, immediate-early
gene c-Fos expression correlates with social behaviors
(18,19). However, these findings do not directly support
whether prefrontal activation is causal for social behaviors.
Surprisingly, nonspecific inhibition of the mPFC does not affect
social investigation (20,21). Thus, the specific role of these
Fos-labeled neurons in mPFC is not clear. A strong
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relationship between prefrontal c-Fos expression levels and
fear memory engrams was demonstrated (16,17). Fos
expression is often recognized as memory engram cell marker,
and reactivated c-Fos–tagged neurons enable retrieval of
stored memory information (22–25). Therefore, we hypothesize
that c-Fos–expressing prefrontal neurons during social inves-
tigation serve a mnemonic function.

Here, we report the discovery of a subpopulation of thin-
tufted D1 receptor (D1R)–expressing and nucleus accumbens
(NAc)–projecting pyramidal neurons in the mouse suggesting
that the mPFC that is preferentially involved in social memory.
Using a novel transgenic mouse tool, TRAP (targeted recom-
bination in active populations) (26), in combination with phys-
iological and morphological analysis, and optogenetic/
chemogenetic manipulation, we found that the activity of these
Fos-labeled, social-activated prefrontal neurons is necessary
and sufficient for social memory encoding.
METHODS AND MATERIALS

Detailed methods are described in Supplement 1. Single-
housed male mice were used (Discussion in Supplement 1).
FosCreER mice with expression of Cre-dependent AAV
(adeno-associated virus) constructs (opsin or DREADDs
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[designer receptors exclusively activated by designer drugs])
or FosTRAP (FosCreER;Ai14) mice were given 4-OHT
(4-hydroxytamoxifen) (50 mg/kg intraperitoneal) 90 minutes
after social exposure to TRAP social investigation–associated
neurons (SINs). The social discrimination test (SDT) and
three-chamber test were used to assess social preference and
social memory. For chemogenetics, mice received a 5-mg/kg
intraperitoneal injection of clozapine-N-oxide (CNO) 30 mi-
nutes before the tests. For optogenetic inhibition of SINs, 470-
nm continuous light pulses were applied. For patch-clamp
recordings, fluorescently labeled neurons were identified and
recorded. After ex vivo recordings, the brain slices were fixed
in 4% paraformaldehyde, then processed for morphological
analysis with Neurolucida 9 (MBF Bioscience, Williston, VT).
Immunofluorescence was performed as described
previously (27).

RESULTS

A Subpopulation of Prefrontal Neurons Is Activated
During Social Investigation

The mPFC has been implicated in various social behaviors in
both humans (28,29) and rodents (21,30). We first character-
ized the prefrontal cortical neurons in young adult mice (8–12
weeks) during a simple social investigation task for 5 minutes
in their home cages (Figure S1A in Supplement 1). We found
that c-Fos was significantly increased in the prelimbic (PL)
region after social investigation of a novel conspecific
(Figure S1B, C in Supplement 1). Immunostaining revealed that
99% of activated cells were NeuN-positive cells (Figure S1D, E
in Supplement 1), and 94% were colocalized with excitatory
cell maker CaMKIIa (calcium/calmodulin-dependent protein
kinase IIa) (Figure S1D, E in Supplement 1) (31). We also found
little colocalization of GABAergic (gamma aminobutyric acid-
ergic) interneuron subtypes with c-Fos–labeled neurons
(Figure S2 in Supplement 1, DetailedResults 1 in Supplement 1).
These results suggested that social exposure induces a robust
activation of glutamatergic pyramidal neurons in the mPFC.

Inhibition of SINs in the mPFC Impairs Social
Memory

We repeated the social investigation task with FosTRAP
(FosCreER; Ai14) mice, which captured transiently active
neurons with Cre-dependent expression of tdTomato by spe-
cific stimuli via administrating tamoxifen (26). The SINs in the
FosTRAP mice were captured by administering the 4-OHT 90
minutes after social exposure in their home cage (Figure 1A).
As 4-OHT is effective for about 6 hours, the animals were left in
the cage undisturbed until the TRAPing window closed. This
enabled permanent and stable tdTomato expression after 7
days (26). We found that compared with 4-OHT–treated home
cage control animals that received no social exposure, social
investigation activity resulted in robust labeling of cells in deep
layers of the mPFC (Figure 1B, C), consistent with a previous
report (26). The lack of labeling in home cage control animals
suggests that the labeled cells are specific to activity induced
by social exposure. Like their wild-type littermates, the
FosTRAP mice showed normal behavior in the social investi-
gation that occupied w50% of the total observation period
(Figure 1D), implicating no influence of CreER transgene on
522 Biological Psychiatry March 1, 2021; 89:521–531 www.sobp.org/j
social investigation behaviors. In contrast, without 4-OHT in-
jection, few labeled cells were detected in the mPFC, indi-
cating the specific labeling by 4-OHT pairing (Figure S3 in
Supplement 1).

To further examine the roles of these TRAPed mPFC SINs in
social behaviors, we injected AAV1-containing Cre-dependent
novel soma-targeted Guillardia theta anion-conducting chan-
nelrhodopsins (stGtACR2) into the PL region of the FosCreER
mice (32). This allowed us to inhibit the cell bodies of SINs
optically and selectively in the PL region without interfering
with the downstream axonal terminal regions of these neurons.
After 1-week recovery from surgery, the mice were given a 4-
OHT injection 90 minutes after exposure to a conspecific to
TRAP SINs with stGtACR2 (Figure 1E). A subpopulation of
social stimuli–responding PL neurons expressed stGtACR2-
FusionRed (Figure 1F). Illumination of the PL region in slices
with blue light (470 nm) resulted in remarked inhibition of action
potential generation in these stGtACR2-expressing neurons
(Figure 1G), as previously reported (32).

To determine whether the TRAPed SINs are functionally
necessary for social-related behaviors, we tested whether in-
hibition of these neurons influenced social behaviors in two
tasks. The nature of rodents determines that they prefer
interacting with novel conspecifics, rather than familiar ones
(Detailed Results 2 in Supplement 1). In the SDT, the subject
mouse was exposed to a novel, juvenile stimulus mouse for
5minutes on trial 1; after 1 hour, it was re-exposed to either the
same (familiar) mouse or a novel stimulus mouse for 5minutes
on trial 2 (Figure 1H). Surprisingly, we found that optical inhi-
bition of SIN cell bodies in the PL region did not affect social
investigation time in trial 1 (Figure 1I), suggesting an intact
social motivation. In contrast, in trial 2, continuous inhibition of
SINs impaired social discrimination of familiar versus novel
social stimuli. This discrimination requires an intact social
memory, the ability to recognize a previously encountered
familiar mouse. These data indicate that TRAPed SINs are
necessary to support social memory but not social motivation.

To confirm these results, we manipulated TRAPed SINs
during the three-chamber test (Figure 1J). We found that optical
inhibition of SINsdid not change social preference (Figure 1K,M)
but impaired the preference for a novel mouse (Figure 1L, N),
consistent with the social memory deficits observed in the SDT.
We also confirmed that the deficits were not attributable to al-
terations in general recognition/novelty, as optically silencing
SINsdidnot affect performance in anovel object recognition test
(Figure S4 in Supplement 1). These data suggest that mPFC
SINsdonot regulate novelty in general, demonstrating a specific
role for SINs in regulating social novelty specifically. A further
question raised by these findings is whether these SINs repre-
sent a specific subpopulation of neurons in the mPFC.
Morphological and Electrophysiological
Characterization of SINs in the mPFC

We then characterized the properties of SINs in layer 5 (L5) of the
PL region by investigating the soma and proximal dendrite
morphology. L5 pyramidal neurons in the mPFC are largely
segregated into dopamine D1R–expressing (D1R1) and D2

receptor–expressing (D2R1) neurons morphologically and
physiologically (33–35). The L5 pyramidal neurons from
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http://www.sobp.org/journal


Figure 1. FosTRAP captures SINs that are impli-
cated in social memory. (A) Strategy for labeling SINs in
FosTRAP mice (left) and schematic of TRAPing of SINs
by pairing social exposure with 4-OHT, resulting in
permanent tdTomato expression (right). (B) Represen-
tative microscopic images of the PL region from social-
exposed or home cage control TRAP mice, (C) showing
increased TRAPed cells in a social group (p , .0001).
(D) Quantification of social investigation behaviors of
TRAP mice and their littermate WT control animals. (E)
Experimental timeline for optogenetic inhibition of SINs.
(F) Schematic showing AAV1-SIO-stGtACR2-
FusionRed injection and representative confocal image
of SIO-stGtACR2-FusionRed expression in the PL re-
gion. Scale bar = 200 mm. (G) Representative whole-cell
current-clamp recording of a stGtACR2-expressing
neuron silenced by blue light application (473 nm, 400
ms, 2 mW). (H) Schematic illustrating the 2-trial open-
field social discrimination test with optical stimulation
(continuous illumination, 6–8 mW at the fiber tip). (I)
Total sniffing time by the resident toward intruder in
familiar-intruder group (left) and novel-intruder group
(right) (n = 8 mice, each group) in the social discrimi-
nation test. Mice with SIN inhibition showed impaired
social memory. (J) Schematic illustrating the three-
chamber social preference test (left) and social novelty
test (right) with optical stimulation (continuous illumina-
tion, 6–8 mW at the fiber tip). Social preference levels
based on (K) total sniffing time (left) and (M) time dif-
ference (sniffing the mouse enclosure minus sniffing the
empty enclosure) in the social preference of three-
chamber test. Mice with SIN inhibition showed normal
sociability (n = 8 mice, each group). Social discrimina-
tion levels based on (L) total sniffing time (left) and (N)
time difference (sniffing the familiar mouse enclosure
minus sniffing the novel mouse enclosure) in the social
novelty of three-chamber test. Mice with SIN inhibition
showed impaired social novelty discrimination. Signifi-
cance for multiple comparisons: (C) Mann-Whitney U
test, (D, M, N) unpaired t test; (I, L) 2-way analysis of
variance, post hoc, Bonferroni; (K) Kruskal-Wallis test,
post hoc, Dunn. *p, .05; **p, .01; ***p, .001; ****p,

.0001. Data were expressed as mean6 SEM. D, dorsal;
E, empty; F, familiar; f.t., fiber tip; IL, infralimbic; L,
lateral; M, medial; N, novel; PL, prelimbic; S, social; SIN,
social investigation–associated neuron; TRAP, targeted
recombination in active populations; V, ventral; WT,
wild-type.
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age-matched transgenic mice expressing tdTomato under D1R
promoter (D1-Tom) or D2R promoter (D2-Tom) were used as
comparison groups (Figure 2A), and SINs were TRAPed as
described above. The somas of SINs were significantly smaller
than D2-Tom neurons and slightly larger than D1-Tom neurons
(Figure 2B; Detailed Results 3 in Supplement 1). The apical
dendrite diameters of SINs were also significantly smaller than
D2-Tom neurons but comparable to the D1-Tom neurons
(Figure 2C).

Using ex vivo patch-clamp recording, in agreement with
previous studies (34,35), we found that adult D1-Tom and D2-
Tom neurons exhibited several distinct electrophysiological
characteristics (Table S1 in Supplement 1). Notably, both SINs
and D1R1 cells showed lower Ih (the hyperpolarization-acti-
vated nonspecific cation current) and little rebound depolari-
zation versus D2R1 cells in L5 (Figure 2D–F, Table S1 in
Supplement 1). Consistently, social-exposed mice showed a
Biological P
significantly higher percentage of colocalization of c-Fos/
D1R1 neurons versus D2R1 cells (Figure 2G–K). These results
indicated that social experience preferentially recruited D1R1
cells in the mPFC. Furthermore, similar to inhibiting SINs, in-
hibition of D1R1 cells in the mPFC using inhibitory hM4Di-
DREADDs impaired social novelty without affecting social
preference, whereas silencing D2R1 cells affected neither
social preference nor social novelty (Figure S5 in Supplement
1), consistent with previous studies (30,36). Our results sug-
gest that mPFC SINs that are required for social memory may
represent a subpopulation of D1R-expressing neurons.

SINs That Project to the NAc Show Increased
Intrinsic Burst Firing Induced by D1R-NMDA
Coactivation

In the frontal cortex, some pyramidal neurons exhibit burst
firing initiated by prior learning experience (37), a potential
sychiatry March 1, 2021; 89:521–531 www.sobp.org/journal 523
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Figure 2. Morphological and electrophysiological
properties of layer 5 SINs and characterization of PL
neurons activated in social investigation. (A) Repre-
sentative confocal images displaying soma and prox-
imal dendrites of SINs and D1R1 and D2R1 neurons
in layer 5 of the PL region. Comparison of (B) the
neuronal soma size (mm2) and (C) apical dendrite
diameter (mm) among three groups. (D) Representative
traces from SINs and D1R1 and D2R1 layer 5 pyra-
midal neurons in response to a hyperpolarizing current
step and a depolarizing current injection. Black arrows
highlight the prominent voltage sag and rebound ADP
in D2R1 neurons. (E, F) Intrinsic electrical property
differences in (E) percent sag and (F) ADP among
groups. (G) Timeline of the experimental procedure for
the behavioral test. (H) Representative single-channel
and overlay confocal micrographs of a D1-Tom
mouse section immunostained for the c-Fos from the
social group. Yellow arrowheads indicate the overlap of
D1R-containing cells and c-Fos–stained cells in social
mice (scale bar = 50 mm). (I) Percent colocalization of c-
Fos with D1-Tom (n = 5 animals per group, 2-tailed
unpaired t test, ****p , .0001). (J) Representative
single-channel and overlay confocal micrographs of
D2-Tom (red) and c-Fos staining (green) in social mice.
Yellow arrowheads indicate the overlap of D2R-
containing cells and c-Fos–stained cells (scale bar =
50 mm). (K) Quantification of the percentage of D2-Tom
cells that were also c-Fos-positive (n = 5 mice per
group, p . .05, Mann-Whitney U test). Significance for
multiple comparisons: (B, C, E, F) Kruskal-Wallis test,
post hoc, Dunn, **p , .01; ***p , .0001. Data are
expressed as median 6 interquartile range. (I) Two-
tailed unpaired t test, ****p , .0001. Data are
expressed as mean 6 SEM. ADP, afterdepolarization;
D1-Tom, tdTomato-labeled D1 receptor–expressing
cells; D1R, D1 receptor; D1R1, D1R expressing; D2-
Tom, tdTomato-labeled D2 receptor–expressing cells;
D2R, D2 receptor; D2R1, D2R expressing; ns, not
significant; PL, prelimbic; SIN, social investigation–
associated neuron; TRAP, targeted recombination in
active populations.
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neural mechanism that may underlie information retention in
the PFC (38,39). To investigate the effect of social experience
on the neuronal firing patterns, we used FosTRAP mice to label
the SINs. As predicted from their identification as D1R1 cells,
SINs responded robustly to D1R agonist SKF81297 (Figure S6
in Supplement 1). The number of action potentials was
significantly increased during SKF81297 application. In
contrast, SKF81297 did not affect the action potential number
in unTRAPed neurons in the same FosTRAP mice (Figure S6A–
C in Supplement 1). These data further support that SINs ex-
press functional D1Rs.

Coactivation of NMDA receptor and D1R is necessary for
in vivo persistent neuronal firing in the PFC (40,41). We thus
coapplied NMDA and SKF81297 to initiate burst firing in the
mPFC slices as a previous study reported (37). The recorded
neurons exhibited 3 firing patterns: no firing, regular firing, or
burst firing (Figure 3A). To test whether persistent firing pattern
is correlated to social stimuli and is specific to SINs, we set up
4 groups: 2 groups of nonselective neurons from wild-type
mice that underwent social encounter or home cage control
and another 2 groups of SINs from FosTRAP mice with or
524 Biological Psychiatry March 1, 2021; 89:521–531 www.sobp.org/j
without social exposure. We found that only SINs exhibited a
significant higher rate of bursting and regular firing after social
investigation, similar to that seen in the frontal cortex for motor
learning (37) (Figure 3B, Detailed Results 4 in Supplement 1).
These results suggest that SINs show an increased possibility
of persistent firing.

To explore the possibility that distinct projection-defined
subpopulations of SINs may undergo differential firing pat-
terns, we tested NAc- and basolateral amygdala (BLA)–
projecting prefrontal neurons, as these connections are
essential for social recognition (42,43), and they are
anatomically and molecularly distinct despite their similar
passive and firing properties like D1R1 cells (20,31,44). We
first determined whether SINs directly project to the NAc
and BLA. A Cre-dependent mCherry reporter was pre-
expressed in the PL region of FosCreER mice, and SINs
were labeled by pairing social investigation with 4-OHT in-
jection, as shown in Figure 1E. After 3 weeks, TRAPed SINs
were observed in the PL region, and their strong mCherry-
labeled terminals were detected in both the NAc and BLA
(Figure 3C).
ournal
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Figure 3. SINs exhibited increased burst firing
induced by coactivation of NMDA and D1R. (A)
Representative traces of SINs activity in response to
a combination of NMDA (8 mM) and dopamine D1R
agonist SKF81297 (10 mM) including no firing (black),
regular firing (blue), and burst firing (red) patterns. (B)
SINs exhibited increased burst firing patterns after
social re-exposure. Social re-exposure did not affect
the composition ratio of 3 cell types with distinct
firing patterns in WT mice (c2

2 = 0.5451, p . .05).
The number of neurons exhibiting burst firing was
increased in SINs after social re-exposure compared
with the neurons of home cage control animals (c2

2 =
9.84, **p , .01). (C) Cre-dependent mCherry AAVs
were injected into the PL region of FosCreER mice.
Three weeks after TRAPing, SINs were detected in
the PL region (upper right) while terminals were
detected in NAc (lower left) and BLA (lower right)
(mCherry signals in terminals were enhanced by anti-
RFP antibody). (D) AAV8-DIO-mCherry was injected
into the PL region, and CTB-488 was injected into
the NAc or BLA of FosCreER mice, to quantify NAc-
projecting (lower left) and BLA-projecting SINs (lower
right) in the PL region. Scale bar = 20 mm. (E)
Quantification of the proportion of BLA-projecting
and NAc-projecting neurons among SINs (n = 5
mice per group). **p, .01, unpaired t test. Recording
conducted from (F) NAc-projecting and (G) BLA-
projecting neurons in slice and representative traces
showing neurons activity upon 2200-pA and 1200-
pA current pulses. (H) The number of burst firing
patterns was significantly increased in NAc-projecting
neurons compared with BLA-projecting neurons after
social investigation (NAc-projecting n = 5 of 10 cells
[50.0%] vs. BLA-projecting n = 0 of 9 cells [0%]) (c2

2 =
7.947, *p = .0188). (I) Reconstructive images of
biocytin-labeled non-social, SIN-BLA, and SIN-NAc
neurons in the PL region, (J) showing a small
tuft field span in NAc-projecting SINs compared with
non-social cells (*p , .05). aca, anterior commissure;
AAV, adeno-associated virus; BLA, basolateral
amygdala; D1R, D1 receptor; LV, lateral ventricle;
NAc, nucleus accumbens; ns, not significant; PL,
prelimbic; RFP, red fluorescent protein; SIN, social
investigation–associated neuron; TRAP, targeted
recombination in active populations; WT, wild-type.
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Next, we injected a retrograde tracer CTB-Alexa 488 into
the NAc or BLA of FosCreER mice, in which SINs were TRA-
Ped by mCherry. After 1 week, we detected rich retrogradely
labeled neurons in the PL region from the NAc and BLA
(Figure 3D), and significantly higher proportion of NAc- versus
BLA-projecting SINs (Figure 3E), indicating that SINs prefer-
entially project to the NAc. Further, we determined whether
NAc- and BLA-projecting SINs show different firing patterns in
response to coactivation of NMDA receptor and D1R after
social investigation. We found that these neurons in both
groups lacked voltage sag and rebound depolarization in
response to hyperpolarizing current pulses, consistent with
previous description (Figure 3F, G). Interestingly, the
Biological P
proportion of burst firing was markedly higher in NAc- versus
BLA- projecting cells (Figure 3H, Detailed Results 4 in
Supplement 1).

With biocytin reconstruction and morphological quantifica-
tion, we found that the NAc-projecting neurons had a smaller
apical dendrite tuft field span compared with the BLA-
projecting cells and the unTRAPed cells (non-social neurons)
(Figure 3I, J). There was no difference in apical dendrite nodes
and branch orders among these three neuron groups
(Figure S7A, B). However, further analysis revealed a signifi-
cantly smaller number of apical dendritic intersections by Sholl
analysis and lower spine densities in NAc-projecting SINs
compared with either non-social neurons or BLA-projecting
sychiatry March 1, 2021; 89:521–531 www.sobp.org/journal 525
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Figure 4. Activity of NAc-projecting PL neurons is
required for social memory. (A) Schematic of viral
strategy for inactivation of NAc-projecting PL neu-
rons. Current clamp recording from the hM4D-
infected NAc-projecting PL neurons indicated de-
creases of (B) regular firing (n = 3 all decreased) and
(C) burst firing (n = 5 all decreased) after CNO
application (1 mM). (D) Three-chamber test with CNO
(5 mg/kg, intraperitoneal) 30 minutes prior to testing.
(E) In social preference, both groups showed an
apparent preference for sniffing the enclosure with
mice over an empty one. No change in time differ-
ence (social minus empty) was observed. (F) In social
novelty, inactivation of NAc-projecting PL neurons
reduced preference for exploring a novel mouse. A
significant decrease in time difference (novel minus
familiar) was observed in hM4D-expressing mice.
Significance for multiple comparisons: (E, right; I,
right) Mann-Whitney U test; (F, right; J, right) un-
paired t test; (F, left; J, left) 2-way analysis of vari-
ance, post hoc, Bonferroni; (E, left; I, left) Kruskal-
Wallis test, post hoc, Dunn. *p , .05; **p , .01;
***p , .001; ****p , .0001. Data were expressed as
mean 6 SEM. CNO, clozapine-N-oxide; E, empty; F,
familiar; N, novel; NAc, nucleus accumbens; ns, not
significant; PL, prelimbic; S, social; WT, wild-type.
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SINs (Figure S7C, D in Supplement 1). Together, these results
suggest that prefrontal NAc-projecting SINs are morphologi-
cally distinct from those projecting to the BLA and functionally
display more burst firing in response to the social investigation.
Chemogenetic Inactivation of NAc-Projecting PL
Neurons Impairs Social Novelty but Not Social
Preference in the Three-Chamber Test

We next asked whether inhibiting NAc-projecting PL neurons
would produce a similar impairment to inhibition of PL SINs.
We expressed AAV8-DIO-hM4Di in the PL region and injected
NAc with retrograde CAV2-Cre. This virus is retrogradely
transported from the site of injection to the cell bodies in the PL
region, where it can inactivate the NAc-projecting neurons only
when CNO is present (Figure 4A). In prefrontal slices, bath
application of CNO significantly inhibited regular and burst firing
induced by NMDA andSKF81297 in NAc-projecting PL neurons
(Figure 4B, C). Using this combinatorial AAV8-DIO-hM4D and
CAV2-Cre viral strategy, we found that inactivation of NAc-
projecting neurons did not alter sociability (Figure 4D, E). In the
social novelty test, however, although mCherry-expressing
mice showed normal social novelty preference, mice with PL-
NAc inactivation exhibited no preference to the enclosure con-
tainingnovelmice (Figure 4F).Our results thus further suggested
that inactivation of NAc-projecting PL neurons selectively
impaired social noveltybut not social preference,whichcouldbe
ascribed to a “social memory” deficit, consistent with deficits
seen when inhibiting TRAPed SINs. Using the same viral strat-
egy, we also examined the influence of PL-BLA inactivation and
found an effect on neither social preference nor social novelty
(Figure S8A–D in Supplement 1). Altogether, these results
526 Biological Psychiatry March 1, 2021; 89:521–531 www.sobp.org/j
suggest a critical role of a NAc- but not BLA-projecting PL
subpopulation in social memory.

Optogenetic Reactivation of SIN Terminals in the
NAc Enables a Social Memory Retrieval

A specific neuronal population could work as “engram cells” to
store the information of a conspecific. The reactivation of the
memory “engram cells” is thought to underlie memory retrieval
(16,23,45,46). We thus proposed that the same social stimulus
leads to the reactivation of a population of SINs in the PL re-
gion. To test this hypothesis, SINs were labeled with tdTomato
in FosTRAP mice. One week later, these mice were exposed to
the same (familiar) mouse or to a novel mouse for 5 minutes,
and their brain tissues were collected and fixed 90 minutes
after the social investigation for c-Fos immunostaining
(Figure 5A). We found that the percentage of colocalized
TRAPed/c-Fos1 cells in the PL region from the mice exposed
to the same mouse was significantly higher than that exposed
to a novel mouse (Figure 5B, C, Table S3 in Supplement 1). As
a control, no difference in TRAPed/c-Fos1 colocalization was
found in the insular cortex, a brain region also implicated in
social behaviors (47) and taste memory processes (48), after
social exposure to a familiar or novel conspecific (Figure S9 in
Supplement 1). These results suggest that SINs in the PL re-
gion may serve as social memory–related “engram cells,”
which are capable of being reactivated by the same social
stimuli.

Next, we sought to investigate whether reactivation of NAc-
projecting SINs in the PL region could enable social memory
retrieval. A combined approach of FosTRAP mouse tool and
optogenetic stimulation was used to reactivate the terminals
within NAc from prefrontal SINs, which were TRAPed during
ournal
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Figure 5. Reactivation of SINs projections in the
NAc enables social memory retrieval. (A) Behavioral
labeling procedure for discriminating the same or
different social stimuli induced c-Fos expression. One
week after TRAPing (first social exposure), the
FosTRAP mice were exposed to the same or a
different mouse for 5 minutes (second social expo-
sure), then sacrificed for histology after 90minutes. (B)
Confocal images of the PL region with twice social
stimuli exposure of samemice (top) and differentmice
(bottom). The first social stimuli–induced c-Fos
expression was TRAPed with tdTomato (red), and the
second social stimuli–induced c-Fos expression was
labeledwith immunostaining (green). Colocalization of
two social stimuli–induced c-Fos was marked with
yellow arrowheads. (C) Quantification of the propor-
tion of second social stimuli–activated neurons
among all TRAPed neurons during first social expo-
sure. ***p , .001, 2-tailed Student’s t test. (D) Exper-
imental timeline for reactivation of SIN-NAc
projection. (E) Schematic drawing of SIN viral trans-
duction with ChR2 (AAV5-Ef1a-DIO-hChR2(H134R)-
EYFP) and NAc optical fibers implantation in FosC-
reER mice. (F) Optical stimulation parameters:
473-nm light was delivered in 5-Hz, 4-ms pulse bursts
for 10 minutes during the behavioral test. (G) Sche-
matic illustrating the modified SDT. Representative
heatmap images during the test session for (H) eYFP-
expressing and (I) ChR2-expressing mice. (J) The
ChR2-expressing, but not the eYFP-expressing, ani-
mals showed a significant preference to the novel
mouse. (K) The time difference (novel minus familiar)
was significantly higher in the ChR2 group. (L) The
eYFP-expressing FosCreER mice showed a signifi-
cant preference to the social chamber, which is only a
trend in ChR2 mice (p = .06, 5 Hz, 4-ms duration, 6–8
mW at fiber tip, 10 min). (M) A decrease of the time
difference (social chamber minus non-social cham-
ber) in the ChR2-expressing group was observed (2-
tailed Student’s t test, p , .01). (N) No difference in
chamber transfer numberswas found.Significance for
multiple comparisons: (C, M) unpaired t test; (J, L) 2-
way analysis of variance, post hoc, Bonferroni; (K)
Mann-Whitney U test. **p , .01; ***p , .001; ****p ,

.0001. Data were expressed as mean 6 SEM. ChR2,
channelrhodopsin-2; eYFP, enhanced yellow fluo-
rescent protein; F, familiar; N, novel; NAc, nucleus
accumbens; PL, prelimbic; SDT, social discrimination
test; SIN, social investigation–associated neuron;
TRAP, targeted recombination in active populations.
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the first social exposure. We injected AAV5-Ef1a-DIO-
hChR2(H134R)-EYFP in the PL region of FosCreER mice and
implanted optical fibers over the NAc (Figure 5D, E). The ChR2-
eYFP (channelrhodopsin-2–enhanced yellow fluorescent pro-
tein) was selectively expressed in the SINs by pairing 4-OHT
with a social investigation, which was validated by postmor-
tem histology (Figure S10A, B in Supplement 1) and ex vivo
recordings (Figure S10C, D in Supplement 1). A 5-Hz opto-
genetic stimulation (Figure 5F) was continuously delivered
during a modified SDT (Figure 5G), and this protocol could
efficiently activate mPFC neurons, as a recent study reported
(49). Social memory in single-housed male mice lasts only
hours (3,5). Thus, comparable sniffing times between cham-
bers containing encountered familiar and novel mice were
Biological P
predicted for eYFP-expressing control mice because of the
long interval of social stimuli re-exposure (2 weeks) (Figure 5H,
J), suggesting no social memory retrieval after a 2-week in-
terval. However, optogenetic activation of the axon terminals
of SINs in the NAc in the ChR2-expressing group produced a
significant preference for novel mice (Figure 5I–K), suggesting
a social memory–guided novelty preference. Altogether, our
results indicated that optogenetic reactivation of SIN terminals
within the NAc enables retrieval of a previously forgotten social
memory.

We also analyzed the influence of optogenetic stimulation of
prefrontal SIN terminals on social preference, and notably, the
time difference was significantly less in the ChR2 group
(Figure 5L, M). These results are consistent with the
sychiatry March 1, 2021; 89:521–531 www.sobp.org/journal 527
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Figure 6. Local stimulation of PL-to-NAc pro-
jections prevents low-dose MK-801–induced social
memory deficits. (A) Strategy for local activation of
PL-NAc projection using excitatory DREADDs with
CAV2-Cre. Lower panel showing Cre-dependent
hM3D-mCherry labeling in PL (left) (scale bar = 100
mm) and NAc (right) (scale bar = 500 mm). (B) (Left) In
social preference, all groups preferred to social
stimuli over an empty enclosure. (Right) No time
difference (mouse minus empty) was detected. (C) In
social novelty, only the MK-veh group did not display
a preference for novel mice. CNO application (5 mg/
kg, intraperitoneal) 30 minutes prior to the test
increased the time difference (novel minus familiar) in
MK treatment mice but did not affect saline treat-
ment groups. Significance for multiple comparisons:
(B, left) Kruskal-Wallis test, post hoc, Wilcoxon
matched-pairs signed-rank test; (C, left) 2-way
analysis of variance, post hoc, Tukey; (C, right) 1-
way analysis of variance, post hoc, Tukey. CNO,

clozapine-N-oxide; DREADD, designer receptor exclusively activated by designer drugs; E, empty; F, familiar; MK, MK-801; N, novel; NAc, nucleus
accumbens; ns, not significant; PL, prelimbic; S, social; sal, saline; veh, vehicle.
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observations that photoactivation of the PL region or PL-NAc
projection reduces social preference (20,21). We could not
ascribe the reduced social preference to an altered locomotor
activity in the ChR2-expressing group because no change in
the number of chamber transfers during the test was detected
(Figure 5N).

Chemogenetic Activation of PL-to-NAc Projections
Ameliorates MK-801–Induced Social Memory
Impairments

Previous studies have revealed that pretreatment with a low
dose of NMDA receptor antagonists, such as MK-801, led to a
deficit of social memory but not social preference (50–52).
Given that the activity of PL-NAc projections is critical for
social memory, we hypothesized that MK-801–induced social
memory impairments could be prevented by enhancing PL-to-
NAc projections. Using a combination of injecting CAV2-Cre
into the NAc and expressing AAV8-hSyn-DIO-hM3D(Gq)-
mCherry into the PL region, we selectively activated axon
terminals of PL projection neurons within NAc by local CNO
infusion (30 min before the behavioral test) (53,54) (Figure 6A,
Detailed Results 5 in Supplement 1). We found that all groups
displayed normal social preference (Figure 6B), but MK-801–
treated mice showed impairment in social novelty, and this
impairment was rescued by local infusion of CNO (Figure 6C).
Altogether, our results indicated that enhancing PL-to-NAc
projections prevented social memory deficits induced by
MK-801 administration.

DISCUSSION

Here we discovered that a subpopulation of c-Fos–expressing
PL neurons projecting to the NAc is essential for social
memory. Using a combined approach (Discussion in
Supplement 1), we found that these SINs display traits similar
to D1R1 neurons and show persistent firing after social
investigation. Inhibition of SINs or PL-to-NAc projections
selectively impairs social memory but not social motivation
(Discussion in Supplement 1). In contrast, reactivation of axon
528 Biological Psychiatry March 1, 2021; 89:521–531 www.sobp.org/j
terminals of SINs in the NAc enables recall of previous social
encounters. Moreover, stimulation of PL-to-NAc projections
prevents social memory impairments induced by MK-801. Our
studies revealed that SINs projecting to the NAc are a unique
subpopulation that regulates the expression of social memory.

A recent study revealed a critical role of hippocampal input
to the mPFC in social memory deficits in the MECP2 knockout
mouse (6). However, whether and how the mPFC encodes
social information to optimize behavior with previously
encountered mice remain elusive. Here, we identified a sub-
population of PL neurons that were selectively activated by
social investigation using a novel FosTRAP tool (26), consis-
tent with a previous report with immunostaining (55). For the
first time, we have characterized these functionally and
morphologically defined neurons and their projections. We also
revealed the necessity and sufficiency of these NAc-projecting
neurons for social memory. Altogether, our data suggest that
these neurons meet the criteria for social memory engram cells
(45). First, c-Fos is not only a marker of neuronal activation, but
also a key transcription factor that “tag” the engram cells,
leading them to mature and eventually support a long-term
memory (22,56–58) (Discussion in Supplement 1). Second,
the mPFC is thought to control memory retrieval (10,11,59). It
is conceivable that these engram cells in mPFC could be
reactivated when the same stimuli reoccur, as we showed
(Figure 5B, C). Further, we demonstrated that inhibition of
targeted social neurons in the PL region specifically produced
social memory deficits without affecting social preference. One
interpretation of our findings is that social investigation TRA-
Ped PL neurons do support general sociability, although other
explanations are plausible (Discussion in Supplement 1).

Neural activity in the mPFC is strongly modulated by
dopamine through differential activation of D1Rs and D2Rs
(40,60–62). We found that the subset of social memory–
associated prefrontal neurons exhibited D1R1-like electro-
physiological and morphological properties (35). Prefrontal
dopamine plays a critical role in social behaviors (30,63,64).
Our findings indicate that “social memory” cells in the mPFC
display the characteristics of D1R-expressing cells, while the
ournal
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role of prefrontal D2R in social memory remains to be deter-
mined (Discussion in Supplement 1). Interestingly, SINs
exhibited a significant increase in persistent firing (Discussion
in Supplement 1). This firing pattern in the neocortex re-
sembles the periodic depolarizations (up-states) in vivo (65,66)
for working memory function (27,40,41,67–69) and is usually
affected by prior experience in selective neuronal sub-
populations (37,66). Interestingly, neuronal excitability of den-
tate gyrus engram cells is transiently increased following
memory recall, and this excitability change is mediated by the
internalization of the inward-rectifier potassium channel (Kir2.1)
(46). Given that D1R activation increases Kir2 family–mediated
rectifier K1 currents (70,71), D1R-like SINs may encode social
information via D1R-Kir2 interaction (62).

NAc neurons integrate information from the in-
terconnections among the ventral hippocampus, mPFC, and
BLA in social recognition (42). A circuit from CA1 to NAc has
been identified as a critical component for social memory
expression (3). Still, the role of mPFC-to-NAc projections in
social memory remains uncharacterized. Our data suggest that
mPFC-NAc projection is implicated in “memory expression.”
The NAc seems not to determine the specificity of social
memory, but serves as the output brain region during the social
recognition to drive the mouse to investigate a novel instead of
a familiar stimulus. The engram cells hypothesis suggests that
initially generated memory gradually transmits information into
remote memory access via a specific cell population (17,45),
probably through synaptic facilitation (72,73). Consistently,
when we reactivated the axon terminals of prefrontal TRAPed
neurons in the NAc, the mice recalled the “forgotten” social
memory by which to distinguish the novel from the familiar
conspecific. Further, in agreement with recent studies that re-
ported no influence in social preference (74) but enabled learning
(75), we found that chemogenetic activation of PL-to-NAc pro-
jections prevented MK-801–induced social amnesia without
affecting social motivation. Thus, prefrontal NAc-projecting SINs
likely represent social memory traces (58), which may be sup-
ported by their combined social-spatial encoding (20). Further
studies will be needed to investigate how prefrontal SINs transit
to mature engram cells to enable a reliable social memory recall.
Our study suggested that D1R signaling and c-Fos–mediated
gene regulation might act synergistically in tagging engram
cells and allowing them to mature later.

In summary, our findings provide novel insights into the cell-
type heterogeneity of mPFC in the regulation of social be-
haviors and the role of a subset of NAc-projecting PL neurons
in social memory. The identification of a novel PL-NAc circuit
that mediates social memory without impacting social moti-
vation may provide novel targets for the treatment of diseases
with social memory deficits, such as schizophrenia and autism.
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