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Social memory, the ability to recognize fa-
miliar conspecifics, is a complex biologi-
cal process that enables stability of social
interactions over time. It requires integra-
tion of multimodal sensory information
with output from limbic circuits and
those that encode memory of prior social
experiences (Chen and Hong, 2018). Oxy-
tocin and its corresponding receptor
(OXTR) have long been known to regu-
late social recognition memory (Ferguson
et al., 2000; Lee et al., 2008; Macbeth et al.,
2009). However, how oxytocin acts on
specific neural circuits to influence social
memory remains incompletely under-
stood. For example, the medial prefron-
tal cortex (mPFC) receives direct input
from oxytocin-releasing neurons (Kno-
bloch et al., 2012) and supports a broad
range of social behaviors, including so-
cial memory (Bicks et al., 2015). Yet,
little is known about which mPFC-
dependent circuits oxytocin acts on to
regulate these behaviors.

In a recent study, Tan et al. (2019) used
electrophysiology, functional magnetic
resonance imaging (fMRI), in vivo opto-
genetics, and behavioral assays to examine
the role of a population of OXTR-expressing

cells in mPFC in social memory (Tan et al.,
2019). Although previous studies have re-
ported that the OXTR is mainly expressed
in somatostatin-positive interneurons in
mPFC (Nakajima et al., 2014; Li et al.,
2016), Tan et al. (2019) found that OXTR
is expressed in a mixed population of
GABAergic interneurons (32.6%) and
glutamatergic pyramidal-like neurons
(46.5%). These results were confirmed
with slice electrophysiology experiments,
which showed that OXTR-expressing
mPFC cells can have electrophysiological
properties of either cell type. Moreover,
optical stimulation of channelrhodop-
sin-2 (ChR2)-expressing OXTR neurons
in mPFC induced both inhibitory and ex-
citatory postsynaptic responses in neigh-
boring neurons.

Next, using in vivo optogenetic stimu-
lation combined with whole-brain fMRI,
the authors found that activation of
mPFC OXTR-expressing neurons in-
creased activity in three subcortical targets
of mPFC: the nucleus accumbens (NAc),
the basolateral amygdala (BLA), and the
bed nucleus of the stria terminals (BNST).
Increased activity was also reported in the
ventral tegmental area (VTA) and dorsal
raphe nucleus (DRN), although data were
not shown. Consistent with these results,
slice electrophysiological recordings showed
that stimulating axon terminals of OXTR-
expressing mPFC neurons in NAc, BLA,
or BNST induced robust excitatory responses,
suggesting that OXTR-expressing mPFC

neurons make functional glutamatergic
synapses in these downstream regions. No
evidence of long-range inhibitory projec-
tions emerging from OXTR-expressing
mPFC neurons was found in these re-
gions, although such projections may be
sparse and therefore hard to identify.
Additionally, although not examined in
these experiments, OXTR-expressing mPFC
neurons may target local interneurons in
BLA, and may lead to inhibition of BLA
under some conditions, depending on the
relative proportion of excitatory versus
inhibitory neurons that are targeted.

The authors next asked how OXTR-
expressing mPFC neurons contribute to
social and nonsocial behaviors. To answer
this question, they expressed ChR2 selec-
tively in OXTR-expressing mPFC neu-
rons and stimulated the neurons during
four behavioral tasks, which assayed
sociability, social recognition memory,
novel object recognition, or anxiety-like
behavior. Remarkably, the activation of
OXTR-expressing mPFC neurons selec-
tively impaired social recognition mem-
ory. Specifically, when presented with the
choice to interact with a familiar versus
unfamiliar conspecific, mice in which
OXTR-expressing neurons were activated
did not show the stereotypical preference
for unfamiliar conspecifics. Notably, these
animals do not show any abnormalities in
the two-chamber sociability task that
measures the preference of the animal to
investigate a conspecific versus an empty
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chamber. Furthermore, activating OXTR-
expressing mPFC neurons did not affect
the amount of time spent in the open arm
of an elevated plus maze. These data sug-
gest that the deficit in social memory is
not a consequence of general changes in
sociability or anxiety-like behavior that
affect the motivation of the animal to
explore stimuli in the environment. Addi-
tionally, animals in which OXTR-ex-
pressing mPFC neurons were activated
showed a normal preference for novel ob-
jects over familiar objects, indicating that
the effects on social memory are not due
to a general deficit in memory function.
These results suggest that, although the
mPFC is important for sociability (Yizhar
et al., 2011; Felix-Ortiz et al., 2016; Muru-
gan et al., 2017), novel object recognition
(Spanswick and Dyck 2012), and innate
anxiety (Li et al., 2016; Padilla-Coreano et
al., 2016), OXTR-expressing mPFC neu-
rons specifically regulate functioning
related to social recognition.

Finally, the authors sought to determine
how information related to social memory
is relayed from mPFC to downstream tar-
gets. Optogenetically stimulating OXTR-
expressing mPFC neuron terminals in the
BLA recapitulated the effects of stimulating
OXTR-expressing mPFC cell bodies—the
stimulation impaired social memory with-
out affecting sociability or novel object
recognition. Because bath application of
oxytocin activated mPFC pyramidal neu-
rons that release glutamate in the BLA, Tan
et al. (2019) concluded that social memory
is mediated by glutamatergic OXTR-
expressing mPFC neurons that project to
the BLA. These results are consistent with
previous studies, which found that knock-
ing out OXTR in CaMKII-expressing excit-
atory forebrain neurons impaired social
memory (Macbeth et al., 2009). Impor-
tantly, however, other targets of OXTR-
expressing mPFC neurons, including NAc,
BNST, VTA, and DRN, were not examined,
so whether the projection to the BLA is
uniquely responsible for the behavioral phe-
notype remains unclear.

Although there are notable technical
benefits of cell type-specific optogenetic
manipulations, complementary experiments
that manipulate OXTRs, rather than
OXTR-expressing neurons, may provide
further insight into how the mPFC is in-
volved in social memory. For example,
OXTR-expressing mPFC neurons may also
express receptors for other neurotransmit-
ters, such as glutamate, vasopressin, or do-
pamine, and the release of these other
neurotransmitters in mPFC may depolar-
ize OXTR-expressing neurons to promote

social memory. While optogenetic ma-
nipulation of OXTR-expressing neurons
provides important temporal and cell
type-specific advantages to causally assess
the role of the OXTR-expressing neurons,
it leaves an open question of how the
receptor itself, rather than the neurons,
contributes to the behavior. To better un-
derstand the role of the OXTR itself in
mPFC, complementary studies using Cre-
dependent OXTR conditional knock-out
mouse lines (Lee et al., 2008) may clarify
how the oxytocin pathway contributes to
this behavior.

Nevertheless, the study by Tan et al.
(2019) fills a critical gap in our under-
standing of how OXTR-expressing mPFC
neurons influence circuits that control so-
cial behaviors. It also opens new avenues
of inquiry. For example, given that previ-
ous studies found that knockout of OXTR
in the forebrain impairs social memory
and it is thought that oxytocin enhances
social recognition memory (Lee et al.,
2008; Macbeth et al., 2009), it is unex-
pected that optogenetic stimulation of
OXTR-expressing mPFC neurons and
their projections to the BLA diminished,
rather than enhanced, social memory in
the experiments by Tan et al. (2019). One
possible explanation for this apparent
contradiction is that mPFC OXTR-expre-
ssing neurons must be activated in an op-
timal range to enhance social memory,
and both increasing or decreasing their
activity outside this range impairs social
memory. Alternatively, because balanced
excitation and inhibition in mPFC is crit-
ical for normal social behaviors (Yizhar et
al., 2011), it is possible that gross optoge-
netic stimulation of OXTR-expressing
mPFC neuron cell bodies or their axon
terminals in BLA hyperactivates these
neurons in a manner unnatural to their
endogenous firing pattern, leading to a
deficit. A third possibility is that optoge-
netic stimulation disrupts coding schemes
in mPFC that may be required for social
memory. Discriminating two social stim-
uli at the behavioral level requires an
underlying neural mechanism that differ-
entiates them. One common mechanism
used by neural circuits is mapping repre-
sentations of similar stimuli into distinct
populations of neurons, minimizing their
overlap. Previous studies in the hippo-
campus and amygdala have shown that
blocking the actions of oxytocin or OXTR
disrupts these coding mechanisms, lead-
ing to greater overlap between different
social stimuli (Li et al., 2017; Raam et al.,
2017). It is possible that one function of
OXTR-expressing mPFC neurons is to

segregate representation of the familiar
and novel social stimuli into distinct
populations of neurons. Optogenetically
stimulating them may therefore increase
neural responses of both stimuli in mPFC
or downstream in the BLA in a nonspe-
cific manner that leads to mnemonic
interference. Further experiments may
clarify these possibilities—for example,
optogenetic inhibition to probe the neces-
sity of OXTR-expressing mPFC neurons
in social memory, as well as in vivo cal-
cium imaging or electrophysiology to de-
termine the response properties of these
neurons during social memory.

A remaining intriguing question is
how OXTR-expressing mPFC neurons in-
fluence other social behaviors regulated
by the mPFC, such as sociability (Yizhar et
al., 2011; Felix-Ortiz et al., 2016; Murugan
et al., 2017), sociosexual approach (Naka-
jima et al., 2014; Li et al., 2016), parenting
(Sabihi et al., 2014), encoding of social
place (Murugan et al., 2017), and social
dominance (Zhou et al., 2017; Kingsbury
et al., 2019). Given that the stimulation of
OXTR-expressing mPFC neurons activates
several subcortical targets, how might oxy-
tocin release in mPFC engage unique cir-
cuits for distinct types of social cues? How
might the mechanisms underlying these dif-
ferent social behaviors converge or diverge
with one another? To what extent do indi-
vidual OXTR-expressing mPFC projection
neurons collateralize to multiple subcortical
targets, andtowhatextentare theseprojection
neurons nonoverlapping? Future studies that
combine circuit dissection with pharmacol-
ogy,optogenetics,physiology,anddetailedbe-
havioral analyses may shed light on how
OXTR-expressing mPFC circuits modulate
social behaviors in both health and disease.

References
Bicks LK, Koike H, Akbarian S, Morishita H

(2015) Prefrontal cortex and social cognition
in mouse and man. Front Psychol 6:1805.

Chen P, Hong W (2018) Neural circuit mecha-
nisms of social behavior. Neuron 98:16 –30.

Felix-Ortiz AC, Burgos-Robles A, Bhagat ND,
Leppla CA, Tye KM (2016) Bidirectional
modulation of anxiety-related and social be-
haviors by amygdala projections to the medial
prefrontal cortex. Neuroscience 321:197–209.

Ferguson JN, Young LJ, Hearn EF, Matzuk MM,
Insel TR, Winslow JT (2000) Social amnesia
in mice lacking the oxytocin gene. Nat Genet
25:284 –288.

Kingsbury L, Huang S, Wang J, Gu K, Golshani P,
Wu YE, Hong W (2019) Correlated Neural
Activity and Encoding of Behavior across
Brains of Socially Interacting Animals. Cell
178: 429 – 446.e416.

Knobloch HS, Charlet A, Hoffmann LC, Eliava M,
Khrulev S, Cetin AH, Osten P, Schwarz MK,
Seeburg PH, Stoop R, Grinevich V (2012)

Raam • Journal Club J. Neurosci., February 5, 2020 • 40(6):1194 –1196 • 1195



Evoked axonal oxytocin release in the central
amygdala attenuates fear response. Neuron
73:553–566.

Lee HJ, Caldwell HK, Macbeth AH, Tolu SG,
Young WS 3rd (2008) A conditional knock-
out mouse line of the oxytocin receptor. En-
docrinology 149:3256 –3263.

Li K, Nakajima M, Ibañez-Tallon I, Heintz N
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