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Parvalbumin interneuron in the ventral hippocampus
functions as a discriminator in social memory
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The ability to identify strange conspecifics in societies is supported
by social memory, which is vital for gregarious animals and humans.
The function of hippocampal principal neurons in social memory has
been extensively investigated; however, the nonprincipal neuronal
mechanism underlying social memory remains unclear. Here, we
first observed parallel changes in the ability for social recognition
and the number of parvalbumin interneurons (PVIs) in the ventral
CA1 (vCA1) after social isolation. Then, using tetanus toxin-mediated
neuronal lesion and optogenetic stimulation approaches, we
revealed that vCA1-PVis specifically engaged in the retrieval
stage of social memory. Finally, through the in vivo Ca?* imaging
technique, we demonstrated that vCA1-PVIs exhibited higher ac-
tivities when subjected mice approached a novel mouse than to a
familiar one. These results highlight the crucial role of vCA1-PVIs
for distinguishing novel conspecifics from other individuals and
contribute to our understanding of the neuropathology of men-
tal diseases with social memory deficits.
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Social memory functions are the mind’s ability to memorize
and identify conspecific individuals, which is essential in so-
cial interactions, social hierarchies, reproduction, and species sur-
vival (1). Like other types of memory systems, social memory’s
information processing comprises multiple subcomponents: encod-
ing, consolidation, and retrieval (2, 3). Therefore, there are at least
three possible reasons for an inability to recognize familiar con-
specifics: 1) failure to encode social information, 2) the acquisition
of information without its maintenance, and 3) failure to recall
information. Studies on humans and animals have demonstrated
hippocampal engagement in different processing stages of episodic
memory (2, 4), which is a collection of autobiographical experiences
comprising four basic elements: when, where, who, and what. As a
component of episodic memory, social memory provides critical
information about “who,” which has been proven to be closely
related to hippocampal function (5-10). Moreover, social memory
deficits, common symptoms in such conditions as Alzheimer’s dis-
ease, schizophrenia, and autism, are associated with hippocampus
dysfunction (11-14). Although the roles of hippocampal subfields
and principal cells (PCs) in hippocampus formation relevant to
social memory have recently attracted considerable attention (6-8),
little is known about how hippocampal interneurons and local
microcircuits are involved in this cognitive process.

Interneurons display a larger cellular diversity than do PCs. At least
21 different types of interneurons have been identified in the hip-
pocampal CAl area, which supports distinct neural activity and cog-
nitive processing (15). Among these, a subpopulation of GABAergic
interneurons called parvalbumin interneurons (PVIs) or fast-spiking
interneurons (FSIs) have attracted considerable attention in the
last few years (16-18). This interneuron subtype accounts for
24% of all GABAergic cells in the hippocampal CA1 region (19).
It has been shown to be involved in diverse brain functions, in-
cluding but not limited to the modulation of PCs (16, 18), syn-
aptic plasticity (20, 21), and the generation of network oscillation
(22-24). Although existing studies have suggested a possible
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relationship between hippocampal PVIs and social memory (14,
25), the specific mechanism of PVIs’ participation in this unique
form of memory is poorly understood.

We conducted a series of experiments to dissect the functional
role of hippocampal PVIs in social recognition memory. Firstly,
to examine whether hippocampal PVIs are involved in social
experience-modulated social memory, we performed a social dis-
crimination test (SDT) and a quantitative analysis of parvalbumin-
positive (PV*) immunofluorescence following social isolation.
Later, after selectively blocking the synaptic transmission of hip-
pocampal PVIs with an adeno-associated virus (AAV)-mediated
tetanus toxin light chain (TeNT), we confirmed the effects of PVI
transmission blockades on social memory. To determine the PVI-
mediated processing stage’s role in social memory, we applied an
optogenetic approach to activate or inhibit PVIs in the familiar-
ization, separation, and recognition procedures of the SDT, which
are thought to respectively correspond to the encoding, consoli-
dation, and retrieval stages of social memory. Finally, to elucidate
the temporal profiles of hippocampal PVIs during social recog-
nition processing, we recorded the Ca* activity of PVIs in freely
moving mice using a fiber photometry technique. Based on these
results, we revealed that PVIs in the CA1 subregion of the ventral
hippocampus (vCA1) play a key role in identifying familiar and
novel conspecifics by regulating the retrieval of social information.

Results

Impaired Social Recognition Memory Occurring with a Decreased
Number of PVIs in the Ventral Hippocampus. Previous studies have
demonstrated that social isolation could impair long-term social
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recognition memory (5, 26) and down-regulate PV expression in
the cortex (27-29). The changes of PV expression in the hippo-
campus, however, were inconsistent in the few previously existing
studies (27, 30, 31). To examine the relationship between social
memory ability and the number of PVIs in the hippocampus, a
group of early adolescent mice (postnatal day 28 [P28]) were in-
dividually isolated without any form of social interaction for 8 wk
(individual-housed [IH]) whereas animals of the same age in the
control group were housed together (2 to 5 mice per cage; group-
housed [GH]) (SI Appendix, Fig. S14). Social memory was quan-
tified using a modified SDT (7, 32), which is a valid test based on
the preferred rodent nature for examining interactions with novel
conspecifics rather than familiar ones. Mice were subjected to an
SDT (Fig. 14) at P88 and a novel object recognition test (NORT)
at P90 (81 Appendix, Fig. S2A4); they were then killed 1 wk after the
completion of the behavioral tests (at P102).
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We found that the IH mice exhibited no difference in sniffing
duration between novel and familiar mice in the SDT while GH
mice showed a normal preference for novel mice over familiar
ones (Fig. 1C) (see SI Appendix, Table S1 for more details on
effect statistics, similarly hereinafter). A significantly lower social
discrimination index (SDI) was found in the IH mice than in the
GH mice (Fig. 1D), indicating that social isolation may impair
social recognition. Representative mouse tracks in SDT are
shown in Fig. 1B. However, social isolation did not affect the
mice’s performance in the NORT (Fig. 1E) or in the object
discrimination index (ODI) (Fig. 1F). Moreover, the numbers of
PV™" neurons in mouse ventral hippocampus (vHPC) were sig-
nificantly lower in the ITH group than in the GH group (Fig. 1 G,
Bottom and I). In contrast, there was no significant difference in
PV™ count in the dorsal hippocampus (dHPC) of the two groups
(Fig. 1 G, Top and H). We further calculated the correlation
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Fig. 1. Impact of 2-mo social isolation on social recognition memory and PV expression in hippocampus. (A) Protocol for social discrimination test (SDT). (B)

Representative mouse tracks during the SDT. FM, familiar mouse; NM, novel mouse. (C and D) Individual-housed (IH) mice (n = 13) exhibited social recognition
deficits in SDT while group-housed (GH) mice (n = 11) performed SDT normally (C); comparison of social discrimination index (SDI) between the GH and the |H
mice (D). (E and F) In novel object recognition test (NORT), both groups showed a normal preference for novel object (GH: n = 10; IH: n = 11) (E); no difference
was detected in object discrimination index (ODI) between groups (F). (G) Coronal micrographs showing PV expression in the dHPC (Top) and vHPC (Bottom).
(H and /) Comparisons of PV* counts in the dHPC (GH: n = 10; IH: n = 11) (H) and vHPC (GH: n = 11; IH: n = 13) (/). (/) The hippocampal subfields of interest
delineation. Blue, vCA1; orange, vCA2/3; green, vDG. (K) The distribution of the proportion of PV* cells in distinct subfields of vHPC. (L) Coronal micrographs
showing PV expression in subfields of the vHPC. (M-0) Comparisons of PV* counts in vCA1 (M), vCA2/3 (N), and vDG (0). GH: n = 11; IH: n = 12; FM, familiar
mouse; NM, novel mouse. The areas of vHPC (G) and its subfields (L) for analyzing PV* counts are outlined by the dashed lines. All data are expressed as
mean + SEM *P < 0.05; **P < 0.01; ***P < 0.01; ns: not significant.
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coefficient between mouse behavioral performances and PV™*
counts in dHPC and vHPC. A significant positive correlation was
found between PV* counts in the vHPC (but not the dHPC) and
SDI scores (SI Appendix, Figs. S1B and S2H). PV* counts in the
vHPC or dHPC did not significantly correlate with ODI scores
(SI Appendix, Figs. S1C and S2I). Further analyses of the data
from the subfields of the vHPCs and dHPCs revealed that the
decreasing numbers of PV* cells were significant in the vCAl
and vCA2/3 (Fig. 1 M and N) while they were at the limits of
significance in the ventral dentate gyrus (vDG) (Fig. 10). The
regions of interest (ROI) delineation is shown in Fig. 1J for
vHPC. The proportion of PV™ cells distributed in the subregions
of the vHPC also changed after social isolation treatment (Fig.
1K). The number of PV* cells in the vCA1l—but not the vCA2/3
or the vDG—correlated significantly with mice’s SDT perfor-
mances (SI Appendix, Fig. S1 D-F). We did not separately count
the PV* cells in the vCA2 and vCA3 because their boundaries
could not be easily detected in the vHPC. Full analyses of the
dHPC (SI Appendix, Fig. S2B) revealed no change in proportion
of PV* cells distribution (SI Appendix, Fig. S2C) or no correla-
tion between SDI scores and PV™ cell numbers in any dHPC
subfields (SI Appendix, Fig. S2 J-M) although IH mice showed a
PV™" counts increase in the dDG relative to GH mice (SI Ap-
pendix, Fig. S2 D-G). Additionally, novel object recognition did
not appear to be associated with the number of PV* cells in any
one of the vHPC or dHPC subfields (SI Appendix, Figs. S1 G-I
and S2 N-Q). These results suggest that the decline in PV*
neuron numbers in the VHPC, particularly in the vCA1 subfield,
may be partially responsible for synergistic decline in social
recognition abilities after social isolation.

To further identify whether or not this alteration in the
number of vCA1 PV* neurons could be repaired through social
recovery, we examined the PV™ cell counts in the vCA1 following
the reexposure of socially isolated mice to the social environ-
ments. The results indicated that the diminished quantity of PV™*
neurons in the vCA1 caused by social isolation could be partially
restored after 2 wk of social regroup housing; impaired social
recognition was also somewhat recovered after this intervention
(SI Appendix, Fig. S3). These observations suggest that social
isolation may disrupt PV expression in existing PVIs rather than
cause reductions in PVI numbers, as demonstrated by previous
studies (27, 31). It is also suggested that 2 wk of social exposure
in adulthood may be unable to entirely rectify the reduced PV
expression and damaged social recognition resulting from 2 mo
of social isolation during adolescence.

Functionally Removing PVIs from the vCA1 Induced a Deficit in Social
Recognition. To clarify whether or not the hippocampal PVIs are
engaged in social memory, we selectively blocked the synaptic
output of PVIs in the vCAls and dorsal CAl (dCA1) in PV-Cre
mice with Cre-dependent AAV-carrying GFP-tagged TeNT
(AAV-DIO-CMV-TeNT-GFP) (Fig. 2 A and B). The mice’s
SDTs were conducted 4 wk after viral injections and 24 h after
familiarization with a juvenile mouse before a 30-min separation.
The mice treated with TeNT showed no significant difference in
investigating duration between novel and familiar mice while the
control group exhibited a normal preference for novel mice over
familiar ones (Fig. 2C). The TeNT group showed significantly
lower SDI scores than those of the control group (Fig. 2D). By
contrast, the same dCA1l manipulation had no effect on the
sniffing duration around the novel and familiar mice (SI Ap-
pendix, Fig. S4 A and B), and both groups had the similar SDI
scores (SI Appendix, Fig. S4C). To examine the contribution of other
subpopulations of GABAergic interneurons to social memory, we
injected AAV-DIO-CMV-TeNT-GFP into the vCAl of somato-
statin (SOM)-Cre mice; this transgenic mouse strain specifically
expresses Cre proteins in SOM interneurons (SOMIs). Interestingly,
the data showed no deficits in the SDT (Fig. 2 E and F), suggesting
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that SOMI-selective inactivation in vCAls had no impact on social
memory. These results demonstrate that the PVIs in the vCAl may
be specifically involved in social memory.

Alongside social recognition analyses, we performed NORTSs
on PV-TeNT mice to determine if the chronic inactivation of
vCA1-PVIs could also influence other forms of recognition
memory. The results showed that the PV-TeNT group was inca-
pable of discriminating between novel and familiar objects, and
the ODI scores in the TeNT group were significantly lower than
those of the GFP control group (S Appendix, Fig. S4D). Thus, it
appears that the impact of the functional absence of vCA1-PVIs
on recognition memory is not restricted to social recognition.

We additionally conducted a three-chamber sociability test in
PV-TeNT mice to reassess the role of PVIs in social memory
and to test whether PVIs are also involved in the regulation of
social motivation (Fig. 2G). As shown in Fig. 2H, during the
social interaction session, no significant difference in the time
spent in social chambers was noted between TeNT and GFP
mice, and no significant difference was observed in the social in-
teraction index between these groups (Fig. 2I). In the social
novelty session (a novel mouse was introduced into the nonsocial
chamber), however, PV-TeNT mice displayed no preference for
the novel mouse chamber (Fig. 2/) and had significantly lower
social novelty index scores than did the control (Fig. 2K), which
was consistent with the SDT results.

To examine the effects of the disruption of vCA1-PVI inhi-
bition on anxiety, locomotion, and sensorimotor gating, we
conducted elevated plus maze (EPM), open field, and prepulse
inhibition (PPI) tests. The PV-TeNT mice spent significantly
more time than the other mice in the open arms of the EPM and
in the center zone of the open field (SI Appendix, Fig. S4E),
reflecting reduced anxiety levels. But no significant differences in
total traveled distance or mean speed were noted between these
mice and the control group (SI Appendix, Fig. S4F). The calcu-
lated PPI rates of PV-TeNT mice at different prepulse intensities
(66, 70, 74, and 78 dB) were not significantly different from those
of the control mice (SI Appendix, Fig. S4G).

Optogenetic Stimulation of vCA1-PVIs Disrupted Only Social Memory
Retrieval (Not Encoding or Consolidation). To investigate the partic-
ular stage of the social memory process mediated by hippocampal
PVIs, we bilaterally injected Cre-dependent AAVs to express
channelrhodopsin-2 (ChR2) or enhanced halorhodopsin (NpHR)
in PV-Cre mice and implanted optical fibers into their vCAls (Fig.
3A4). A 473-nm blue laser (10 ms per pulse, 8 Hz, 15 mW) or a 589-
nm yellow laser (constant, 10 mW) was used to optogenetically
manipulate PVI activity. We first tested the effect of optogenetic
stimulation on social memory’s retrieval stage. As shown in Fig. 3B,
during the recognition session, optogenetic stimulation was de-
livered for 5 min. According to a comparison with their respective
control groups, the PV-ChR2 mice were found to spend a similar
amount of time investigating both target (one novel mouse, one
familiar mouse) mice (Fig. 3C) while PV-NpHR mice appeared to
prefer to approach the novel mouse over the familiar one (Fig. 3E).
Nevertheless, both the optogenetic activation and inhibition of
vCA1-PVIs resulted in significantly lower SDI scores than those in
their respective control groups (Fig. 3 D and F). The same PV-
ChR2 and PV-NpHR mice exhibited a normal SDT performance
(81 Appendix, Fig. S5 A and C) and got higher SDI scores when they
did not receive laser manipulation than when they did (S Appendix,
Fig. S5 B and D). These results indicate that both the excitation and
inhibition of vCA1-PVIs can alter social memory recall.

To determine whether social recognition can also be disrupted
by regulating vCA1-PVIs when a to-be-recognized mouse is fully
familiarized, we replaced mice familiar to the subject mice with the
mice housed together with the subject mice for over 2 wk during the
SDT (their so-called roommates). Intriguingly, in this condition,
PV-specific excitation did not influence social discrimination (S7
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Appendix, Fig. S5 E and F). It is possible that a 2-wk familiarization
period enables subject mice to recognize familiar mice by infor-
mation other than odor, such as appearance or vocalizations, which
is less reliant on vCALl. Note that PV-TeNT mice were incapable of
discriminating between the novel mice and their own roommates
(SI Appendix, Fig. S5 G and H). Thus, it seems that chronic PVI
inactivation by TeNT has a broad and longstanding impact on
social memory.

To examine whether the acute manipulation of the vCA1-PVIs
could affect the discrimination of nonsocial stimuli, an optogenetic
laser was delivered during the NORT. We determined that neither
activation nor inhibition of PVIs impaired the novel object recog-
nition (SI Appendix, Fig. S5 I and K). No difference in ODI score
between each optogenetic group and its respective control group
was detected (SI Appendix, Fig. S5 J and L). The TeNT experi-
ments’ inconsistency with NORT results suggests that chronic and
acute manipulations of vCA1-PVIs may act on neural systems and
behaviors in different manners. In the open field test, no change
was detected in the total traveled distance or total travel time in the
center zone (SI Appendix, Fig. S5 M—-P), suggesting that the acute
stimulation of PVIs does not affect locomotion or anxiety.

Subsequently, to examine whether PVIs in the vCAl are in-
volved in social memory’s encoding stage, optogenetic stimula-

16586 | www.pnas.org/cgi/doi/10.1073/pnas.1819133116

tion was delivered during the SDT’s familiarization stage. To
focus on this processing stage, we modified the SDT procedure
slightly according to the study by Engelmann et al. (32). The
familiarization session in this procedure lasted 10 min, during
which optogenetic stimulation was delivered (Fig. 3G). We
performed the SDT after a separation period of 24 h and found
that neither the activation nor the inhibition of PVIs in the
vCAl disrupted the mice’s ability to socially discriminate be-
tween novel and familiar mice (Fig. 3 H and J). The SDI scores
of ChR2 and NpHR mice were not significantly different from
those of their controls (Fig. 3 I and K), indicating the presence of
an intact encoding ability for social information processing.

To explore the potential participation of vCA1-PVIs in the
consolidation stage, we optogenetically stimulated the PVIs dur-
ing the SDT’s separation session. Each subject received a 10-min
optogenetic stimulation once per test, and this was repeated
four times at different time markers (30, 60, 180, and 360 min
following a single 10-min social interaction with the to-be-
familiarized mice). The SDT was performed 24 h after famil-
iarization (Fig. 3L). The data showed that, regardless of when
the optogenetic stimulation was delivered, no significant dif-
ference in SDI was observed between the ChR2 and mCherry
(mCh) mice (Fig. 3M). Similarly, no change in SDI was found in

Deng et al.
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Selective manipulation of vCA1-PVIs during different stages of social memory. (A) Injection of AAV-Ef1a-DIO-hChR2-mCherry or AAV-Ef1a-DIO-eNpHR-GFP

into the vCA1 of PV-Cre mice, followed by optical fiber implantation. Representative coronal section shows the expression of ChR2-mCh (red) and their colocalization
with PV (green) and DAPI (blue) in the vCA1. (B-D) Protocols for optogenetic stimulation of vCA1-PVIs during recognition (B), familiarization (G), and separation (L)
sessions. (C-F) Sniffing duration (C, ChR2, n = 10, mCh, n = 10; E, NpHR, n =9, GFP, n = 8) and SDI (D and F) in the mice with laser stimulation during recognition session.
(H-K) Sniffing duration (H, ChR2, n =8, mCh, n =8; J, NpHR, n = 10, GFP, n = 8) and SDI (/ and K) in the mice with laser stimulation during familiarization session. (M and
N) Line graph delineating the change of SDI when laser stimulation was delivered at different time points during separation session (M, mCh, n =8, ChR2: n =9; N, GFP,
n =7, NpHR, n = 8). FM, familiar mouse; NM, novel mouse. The dashed lines outline the subfields of vHPC and the trace of optical fiber in A (Left and Middle); the
arrows in A (Right) highlight the cells that colocalized with PV and mCh. All data are expressed as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.

the NpHR mice compared with their control (Fig. 3N). Next,
we chronically manipulated the vCA1-PVIs of a separate set of
mice during the consolidation period through the designer re-
ceptor exclusively activated by designer drugs (DREADDs)
approach (S Appendix, Fig. S6A4), in which neuronal activation
and inhibition may last 2 to 3 h (33). The results showed that an
intraperitoneal (i.p.) injection of clozapine-N-oxide (CNO) 3 h
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after social familiarization did not affect social memory while
its administration immediately after familiarization disrupted
social discrimination in both AAV-DIO-hM3Dq-mCherry and
AAV-DIO-hM4Di-mCherry groups (SI Appendix, Fig. S6B).
These observations imply that PVI presence in the vCAl is
necessary for social memory consolidation, specifically in its
early period.
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The Activity of vCA1-PVIs Was Dynamically Associated with Social
Recognition Processing. We further investigated the potential
mechanisms underlying the disruption of discriminatory social
behaviors induced by the acute activation and inhibition of
vCA1-PVIs during the SDT, in which a pair of familiar or a pair
of novel mice were used as the target, and laser stimulation was
administered as the subject mice approached one of the targets.
The data showed that the ChR2-expressing mice exhibited a
significant preference for familiar mice following vCA1-PVI
activation while the control group spent a similar amount of time
approaching the two familiar mice (Fig. 44). When a pair of
novel mice were used as the target, approach-triggered opto-
genetic excitation did not induce preference or avoidance be-
haviors in subject mice during the SDT (Fig. 4C). These findings
indicate that vCA1-PVI hyperactivation at an 8-Hz frequency
interrupts social discrimination processes by making subject mice
misidentify familiar mice as novel mice and that there is a ceiling
effect in sniffing time when activation is coupled with novel
mouse investigation. By contrast, in the neuronal inhibition tests,
laser stimulation coupled with exploring one of a pair of novel
mice or one of a pair of familiar mice did not induce any pref-
erence or avoidance behavior during the SDT (Fig. 4 B and D).
Given that social discrimination could be impaired by the
optogenetic inhibition of vCA1-PVIs (Fig. 3F), no phenotype
here suggested that acute suppression of this neuronal pop-
ulation may influence the recall of both familiar and novel social
information. Additionally, when the targets were changed to a
pair of familiar or novel objects, no effect of vCA1-PVI excita-
tion or inhibition was observed (SI Appendix, Fig. S7).

To monitor the natural activities of vCA1-PVIs during social
memory’s retrieval stage, we injected Cre-dependent AAV vec-
tors carrying the GCaMP6(f) gene into the vCAls of PV-Cre
mice and implanted an optical fiber above the injection site.
Before recording began, the fiber was connected to a photometry
system through a jumper cable to simultaneous delivery of ex-
citation light and collection of real-time tracking of PV-specific
Ca** transients in SDT (Fig. 54). By aligning the GCaMP signals
with video-scored behavioral actions noted in the SDT, we ob-
served behavior-related changes in GCaMP signals across social
investigation bouts (Fig. 5B). Robust increases in the Ca®* signal
usually occurred when subject mice investigated the novel mice
while slight Ca** transients could be elicited by familiar social
interaction (Fig. 5 C and D). Data analysis revealed that inter-
actions with novel mice significantly enhanced bout peaks of
Ca®* signals more than interactions with familiar ones did (Fig.
5E). When the novel and familiar interaction events were sep-
arately distributed into three equal stages (initial, middle, and
last stages), we found that the statistical difference between
novel and familiar interactions’ GCaMP signals disappeared in
the last stage (the last 1/3 bouts) (Fig. 5F). These findings imply
that vCA1-PVI activation associated with novel conspecific ex-
ploration decays with social processing. In other words, when a
novel target gradually becomes familiar through interaction, PVI
activation in the subject diminishes. Further analyses revealed
that heading toward novel mice rather than familiar targets en-
hanced the Ca®* signals of mouse PVIs (Fig. 5 G, I, and J). A
single action of heading to the novel mouse without following
approach was sometimes sufficient to elicit a Ca®* transient (SI
Appendix, Fig. S84). By contrast, a withdrawal from the novel
mouse induced a sharper and longer reduction in the Ca** signal
than did withdrawal from the familiar one (Fig. 5 H, K, and L).
Taken together, our findings suggest that the activation of vCA1-
PVIs is more strongly related to the conspecific exploration of
novel targets and that the discrimination process occurs before
the actual interaction.

To further highlight the role of vCA1-PVIs in social discrimi-
nation, we analyzed the changes in Ca®" signals when a subject
mouse investigated a familiar mouse, a novel mouse, a toy mouse,
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Fig. 4. Effects of optogenetic excitation or inhibition of vCA1-PVIs coupling
with investigating one of a pair of familiar/novel mice on social discrimination.
(A and B) When a pair of familiar mice were used as the targets, the time that
PV-ChR2 mice (n = 8) spent in investigating the familiar mouse (coupling with
473-nm laser stimulation) was enhanced, compared with control mice (n = 8)
(A) while the time that PV-NpHR mice (n = 7) spent in investigating the familiar
mouse (coupling with 589-nm laser stimulation) was similar to that in control
mice (n =7) (B). (Cand D) When a pair of novel mice were used as the targets,
no significant change of social preference or avoidance was observed in either
neuronal excitation (C, mCh, n = 7, ChR2: n = 7) or inhibition (D, GFP, n = 6,
NpHR, n = 6). FM, familiar mouse; NM, novel mouse; ON, turn on the opto-
genetic laser. All data are expressed as mean + SEM *P < 0.05; ns, not significant.

and a novel object individually (Fig. 64). These targets were in-
troduced to the subject mouse in a random order. The results
revealed that the PV-GCaMP signal substantially increased in re-
sponse to a novel mouse, resembling the observation made during
the SDT, while no marked change was found during investigations
of a familiar mouse, novel object, or toy mouse (Fig. 6B). The peak
of Ca®* signal and latency to reach peak during interactions with
novel mice was significantly higher than that during interactions
with other targets (Fig. 6 C and D). We also observed that inves-
tigations of the anogenital regions of novel mice exhibited higher
peak Ca** fluorescence in subject mice than did investigations of
facial or flank areas (SI Appendix, Fig. S8B), which indicates the
importance of the target’s odor information in the discrimination
process. This argument is further supported by the following ob-
servation: When a toy mouse soaked in urine from a novel mouse
was used as a target, a novel mouse-like interaction producing a
Ca”" transient occurred, and the signal change decayed rapidly
across exploration bouts (S Appendix, Fig. S8C). In the control
experiment, in which a clean toy mouse was used as a target, the
heading action induced a significant increase in the Ca* signal,

Deng et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819133116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819133116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819133116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819133116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819133116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1819133116

PNAS

A Amplifier

& DAQ !

Filter

B HE N EEI = H . AN R &

0.2 AF/F

—_
(4)]
w

0.2 AF/F

AAV-Ef1a-DIO-GCamp6f
-P2A-NLS-tdTomato

I Interaction with NM Interaction with FM
. . Interaction
C Interaction with FM D 1 -
1 1 . - - 8t —NM | n=7
E | g & 6r —FM :
g = S 4t :
= bl - R 2 )
é 2 0 ;
- 22—
15 13 -10 3210123435
10 10 . Time from bout onset (s)
81 8 i
=6f 6 : ~FM
T4 4 | *x NM
22t 7 :
°o R N L R
-2 — T -2
321012345 321012 3425 i —Stage
Time from bout onset (s) Time from bout onset (s) bb\‘?) \/,;&

G1 Heading toward NM_, Heading toward FM H1 1 Withdrawal from FM
3 3 3 g o
E £ £ £
g 2 2 2 3 ||
5 = = 5 i ..
[=] [=] [=} [=] 1
m 23] m m
7 6 7 8 . -20
8 - 8 T 4 l 4 :
6 1I I : 1
1 LL 1
o2} | 2 | T4l ; 4l 1
59, 0 : 0 3,? 1 ’I
-2 : 2 : -8t : 8t :
-4 ' -4 e + . + . v
321012 3453210123435 2 A1 0o 1 2 3 -2 41 0 1 2 3
Time from bout onset (s) Time from bout onset (s) Time from bout onset (s) Time from bout onset (s)
| 45 Heading J K " Withdrawal L
n=6 ! S " n=7 | &
W 3 H—_1 *% wof : x 0
TN / L 1 | L ’ T
S0 i p T4} . = |
R4 : WNM1 55 R_[ WM g1
. S - Br —FM | =
321012345 § NM FM 2 1 0 1 2 3 §_1 NM FM

Time from bout onset (s) Time from bout onset (s)

Fig. 5. Invivo measurement of real-time Ca®* dynamics of vCA1-PVIs in freely moving mice in SDT. (4) Injection of AAV-Ef1a-DIO-GCaMP6(f)-tdTomato into the vCA1 of
PV-Cre mice with an optical fiber implanted above the injection site. (B) GCaMP6 signals of vCA1-PVIs during the bouts of social interaction with familiar (orange) or novel
mouse (turquoise) in the SDT. (C) Heat maps (Top) and per-bout stacked plots (Bottom) of PV-GCaMP6 signals aligned to start of bout of interaction event. (D) Averaged
time course of Ca®* transients in freely moving mice (n = 7) interacting with a novel or familiar mouse. (E) Quantitative analysis of peak dF/F of Ca*t signals when PV-
GCaMP6 mice (n = 7) interacted with a novel or familiar mouse in SDT. (F) When the novel and familiar interaction bouts were separately distributed into three equal
stages (initial, middle, and last stages), the statistical difference between novel and familiar interactions’ GCaMP signals was shown in the initial and middle stages (the
first and second 1/3 bouts). (G and H) Heat maps (Top) and per-bout stacked plots (Bottom) of PV-GCaMP6 signals aligned to start of bout of heading toward (G) or
withdrawal from (H) a familiar or novel mouse. (/ and K) Averaged time course of Ca®* transients in freely moving mice heading toward (I, n = 6) or withdrew from (K,
n = 7) a novel or familiar mouse. (J and L) Quantitative analyses of peak dF/F of ca’t signals when PV-GCaMP6 mice head to (J) or withdrew from (L) novel or familiar
mouse in SDT. All data are expressed as mean + SEM. In the time curve graphs, the cloudy area indicates SEM of the averaged data. FM, familiar mouse; NM, novel
mouse; DAQ, data acquisition; PMT, photomultiplier tube; DM, dichroic mirror. The dashed lines represent the onset of behavioral bouts. *P < 0.05; **P < 0.01.
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Fig. 6. Real-time Ca?* dynamics of vCA1-PVIs in target investigation. (A)
Ca* signals were recorded when a subject mouse investigated a familiar
mouse, a novel mouse, a toy mouse, and a novel object individually. (B)
Averaged time course of Ca2* transients in freely moving mice (n = 6) in-
vestigating different targets. (C and D) Quantitative analyses of peak (C) and
latency to peak (D) dF/F of Ca®* signals when PV-GCaMP6 mice investigated
different targets. (E) Averaged time course of Ca®* transients in freely
moving mice (n = 5) heading toward different targets. (F) Quantitative
analysis of peak dF/F of Ca®* signals when PV-GCaMP6 mice head toward
different targets. All data are expressed as mean + SEM. In the time curve
graphs, the cloudy area indicates SEM of the averaged data. *P < 0.05; **P <
0.01; ***P < 0.001.

which resembled the dynamic and average bout peak during heading
toward a novel mouse, indicating that heading-induced Ca**
transients might be driven by the conspecifics-like outward ap-
pearance (Fig. 6 E and F). No significant change in heading
action was found in relation to the exploration of the novel ob-
ject or familiar mouse (Fig. 6F).

Finally, to obtain information relating to the different layers of
the vCA1 during social discrimination, we analyzed the specific
c-Fos expression in the vCA1 of the subject following a 5-min
social interaction with a novel or familiar mouse. The subject
mice exhibited a greater level of c-Fos expression in the vCA1l
when they were exposed to novel mice than when they were
exposed to familiar mice (SI Appendix, Fig. S94). We classified c-
Fos—positive nuclei into three expression levels (low, medium,

16590 | www.pnas.org/cgi/doi/10.1073/pnas.1819133116

and high) according to their fluorescent intensities (SI Appendix,
Fig. S9B). Generally, PVIs primarily colocalized with low-expressing
(rather than high- or medium-expressing) c-Fos nuclei (SI Appendix,
Fig. S9D). Furthermore, we counted the number of PV* cells
distributed in the distinct strata of the vCA1 and found that PV*
cells were primarily located in the stratum pyramidale (str. pyr.)
(72.1%), the stratum oriens (str. or.; 24.9%), and, rarely, in more
superficial strata, such as the stratum radiatum (str. rad.) (4%) (SI
Appendix, Fig. S9C). Further analyses revealed that, in the str. pyr.
but not the str. or., the PVIs of mice in the novel-interaction group
showed a higher proportion of colocalization with low-expressing
c-Fos than did the familiar-interaction group (SI Appendix, Fig. S9
E and F). These data provide evidence that PVI activity in the str.
pyr. of the vCALl is vital for distinguishing between novel and
familiar conspecifics.

Discussion

In this work, we demonstrated that PVIs in the vCAl are spe-
cifically engaged in subjects’ social information retrieval but not
its encoding. Moreover, we revealed that the activation of vCA1-
PVIs was important in helping mice discriminate between novel
and familiar conspecifics. This study explores the involvement of
nonprincipal neurons in the hippocampus during specific pro-
cessing stages in social memory functions, thus attempting to
elucidate how hippocampal interneurons and local microcircuits
participate in this cognitive process.

Two months of social isolation impaired the social discrimi-
nation functions of mice and selectively reduced the number of
PV-immunoreactive cells in their vHPCs. In particular, social
isolation-induced changes in PV expression in the vCA1 covaried
with SDT performance. Social isolation has been proven to in-
fluence neuroplasticity-related biomarkers in the hippocampus
(34-36). Reduced numbers of PVIs in the vCA1 might reflect the
plasticity of social memory-related networks as a response to
chronic inactivation, which in turn leads to failure to discriminate
between novel and familiar mice. However, this explanation may
be insufficient because long-term social isolation is also a type of
chronic stress (37) and induces multiple alterations in the neural
system, such as increased oxidative stress (27, 28, 38) and the
down-regulation of brain-derived neurotrophic factor (36, 39).
Nevertheless, these results are indicative of potential associa-
tions between vCA1-PVIs and social memory performance.

Through a TeNT-mediated blockade of the synaptic transmission
of vCA1-PVIs, we attempted to identify the causal relationship
between vCA1-PVIs and social memory. This manipulation simu-
lated the chronic impairment of PVIs in psychiatric diseases (40—
42) and resulted in a marked disruption in social recognition
memory similar to that observed in models of schizophrenia (11,
14) and Alzheimer’s disease (12). SOMIs, another important
subtype of inhibitory interneurons in the hippocampus, make up
~12% of all GABAergic cells in the vCA1 (43). The results of this
study indicate that vCA1-SOMISs do not appear to engage in social
memory processes. Hippocampal PVIs are more responsible for
higher cognitive functions than are SOMIs (44, 45). This func-
tional distinction between the roles of SOMIs and PVIs in the
vCA1 may be based on differences in the distribution of layers and
morphological and electrophysiological properties (15, 17, 43, 46—
48). Although both subtypes of interneurons exhibit inhibitory
control over PCs, hippocampal PVIs and SOMIs may play dif-
ferent roles in the management of local circuits and synergizing
oscillation (24, 47, 49, 50).

PVIs have functions in intrinsic rhythm generation and hip-
pocampal PC coordination (22-24). Recent work by Okuyama
et al. (7) has demonstrated the critical roles of vCA1-PCs in the
deep sublayers of the str. pyr. (closer to the str. or.) and the shell
projection of the nucleus accumbens (NAc) for purposes of
encoding and retrieving social memory. The hyperactivation of
the PCs in the vCA1 disrupted social memory processes during
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the SDT by making the subjects identify novel mice as familiar
mice (7). Our study also revealed that the hyperexcitability of
vCA1-PVIs impaired subject social discrimination ability as they
perceived familiar mice to be novel mice. In fact, PVIs prefer-
entially target PCs located in the deep layers over those in the
superficial (closer to the str. rad.) sublayers of the str. pyr. of the
hippocampal CA1 subfield (50), which are the same sublayers
from which the vCA1-NAc shell pathway originates (7). Under
natural conditions, PVIs demonstrated a higher level of excita-
tion when PV-GCaMP6 mice were exposed to novel mice than to
familiar ones. An analysis of c-Fos supported the results from
Ca”* imaging and provided further evidence that PVIs in the str.
pyr. may be more involved in this social process than those in the
str. or. As PVIs exert powerful inhibitory control over the local
network and the output of projection neurons (24, 50), it is
probable that the artificial excitation of PVIs suppresses the
engram neurons that store social information about familiar in-
dividuals while the artificial silencing of PVIs by NpHR or TeNT
overexcites the large population of vCAl pyramidal cells by
disinhibiting local circuits. All these manipulations interfere with
the normal functions of the hippocampal network and therefore
result in a failure to socially discriminate. Specifically, theta wave
rhythmicity has been demonstrated in association with novelty
stimulation during social interactions (51). We stimulated hip-
pocampal PVIs at the frequency of a theta rhythm (8 Hz), a
frequency at which the hippocampal PC network and intrinsic
hippocampal oscillations are powerfully controlled (24, 52).
Additionally, our results indicate that stimulating vCA1-PVIs at
a low gamma wave frequency (40 Hz) could block subjects’
abilities to recognize conspecifics in an SDT and elicit a signif-
icant preference for “laser on” one of a pair of familiar mice (S/
Appendix, Fig. S10). These results also suggest that the gamma
oscillation modulated by PVIs may be also involved in social
discrimination (53). Although a recent study indicated that ex-
citing cortical PVIs in a theta-gamma nested pattern (40 Hz
nested at 8 Hz) could reverse social novelty deficits in autism-like
animals (53), how the hippocampal network modulated by PVIs
participates in social memory retrieval must be further explored.

It is also notable that, although reduced SDI scores suggest a
decline in subject abilities to recall social memory, PVI inhibition
through optogenetic stimulation did not completely block social
discrimination in the SDT. This differed from the result obtained
with the TeNT mice. Behavioral differences between optogenetic-
manipulated and TeNT-lesion mice were also observed in the
SDT (with roommates) and the NORT. Given that hippocampal
PVIs were demonstrated to be important in synaptic plasticity (20,
21), hippocampal neurogenesis (54, 55), and amyloid load re-
duction (56), it is reasonable to speculate that a difference exists
between chronic lesions and acute modulation. A similar phe-
nomenon has been observed in the medial prefrontal cortex:
Optogenetic manipulation and the TeNT-induced functional re-
moval of PVIs exerted different effects on social novelty recog-
nition (53, 57). The present findings indicate that the chronic
functional loss of vCA1-PVIs through certain mechanisms not
only impairs the subject’s long-term social recognition memory,
but also disrupts their entire recognition ability (21, 52, 58, 59).
Additionally, TeNT-mediated chronic lesions on vCA1-PVIs may
also affect social memory’s consolidation process, as was revealed
in the DREADD experiments detailed here. Previous studies have
shown that administrating CNO to suppress dCA1-PVIs imme-
diately after shock-cue association could block fear memory
consolidation (52, 59), indicating that hippocampal PVIs have a
role in episodic memory consolidation, especially in its early stage.
How vCA1-PVIs work during the consolidation period of social
memory must be investigated further.

The CA1 innervates multiple brain regions (60). There is sub-
stantial evidence confirming that the dCA1 and vCA1 subregions
are dissociable through neural connection, thus underlining their
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functional separation (60, 61). The vCA1 was recently highlighted
for playing an essential role in social discrimination while the
dCA1 was found to engage more preferentially in nonsocial dis-
crimination (7, 62). Similarly, we found that PVIs in the vCA1, but
not in the dCAl, are particularly involved in social memory,
suggesting a subregionally dependent function in memory modu-
lation within nonprincipal cells. Although we did not observe any
change in the dCA2-PVIs of socially isolated mice, the role of the
dCA2 in modulating social memory cannot be neglected (8, 10, 14,
62). In some disease models, reduced PVI density in the dCA2 has
been detected and is linked to social memory deficits (12, 14, 63).
Functional damages in different subfields in hippocampus (e.g.,
dCA2 and vCAl) may be involved in different disease and
stressed animal models. Previous demonstrations that the con-
nections between the dCA2 and vCAl in the hippocampus are
important to social memory support this implication (62).

In summary, our study reveals that PVIs in the vCA1 play the
role of a discriminator in social memory-related networks and
that their activity is essential for distinguishing novel conspecifics
from familiar ones, which highlights the importance of hippo-
campal interneurons in social memory. These findings could be
instrumental in understanding the neuropathological mecha-
nisms underlying the aberrant social memory functions present
in multiple psychiatric disorders.

Materials and Methods

Animals. PV- and SOM-IRES-Cre mice were primarily imported from The
Jackson Laboratory. All mice were maintained within a controlled environ-
ment (23 + 1 °C; 12-h light/dark cycle) with food and water available ad
libitum. All experimental procedures were conducted in accordance with the
regulations of the Laboratory of Animal Care and Use Committees of the
Institute of Psychology, Chinese Academy of Sciences.

Virus Preparation and Stereotaxic Surgery. All recombinant AAV vectors
comprised a Double-Floxed Inverted Open (DIO) reading frame construct,
which led to a Cre-dependent expression strategy. The injection sites were the
vCA1 (anteroposterior [AP]: —3.16 mm; mediolateral [ML]: +£3.20 mm; dor-
soventral [DV]: —4.50 mm) and the dCA1 (AP: —2.00 mm; ML: +1.50 mm;
DV: —1.50 mm). Optical fibers were implanted 0.5 mm above injection sites.
In the in vivo Ca®* photometry experiment, optical fibers were implanted
0.1 mm above the virus injection site. Following the surgery, the animals
recovered for 3 to 4 wk before experimentation began.

Optogenetic Manipulations and Behavioral Tests. PVIs were activated using a
473-nm blue laser (20 ms per pulse, 8 Hz, 15 mW) or inhibited by a 589-nm
yellow laser (constant, 10 mW). The following tests were performed: an SDT, a
three-chamber sociality test, a NORT, an EPM, an open field test, and a PPI
test. The three-chamber sociality test, the EPM, and the open field test were
analyzed using the Xeye Aba tracking system (Beijing Macroambitior S&T
Development Co., Ltd.) while the SDT and NORT were analyzed by a well-
trained observer who was blinded to the groups.

Chemogenetical Manipulation. PV-hM3Dq and PV-mCh mice were injected
with CNO (HY-17366; MedChemExpress) intraperitoneally (10 mg/kg) imme-
diately or 3 h after a familiarization session. PV-hM4Di mice received 5 mg/kg
CNO; they became seizure-susceptible at a dose of 10 mg/kg. Mice exhibiting
seizure behaviors were excluded from the study.

In Vivo Ca?* Fiber Photometry. A commercialized fiber photometry system
(ThinkerTech Inc.) was used to record the Ca®* signals from the PVIs. The
fluorescence signals were normalized within each mouse by calculating the
delta fluorescence/fluorescence (dF/F) as (F — Fg)/Fo, where Fq is the baseline
fluorescence signal averaged over 3 s (heading and interaction) or 2 s
(withdrawal) before the onset of the behavioral event.

Immunohistochemistry. Mice were perfused with a 4% paraformaldehyde
(PFA) solution. Brains were equilibrated with 30% sucrose and were then
cryosectioned. After blocking, the sections were incubated overnight with
primary antibodies; this was followed by a 2-h incubation period with sec-
ondary antibodies. The sections were then mounted onto slides and imaged
through fluorescence microscopy (DM5500B; Leica).
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