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Social transmission of food safety
depends on synaptic plasticity
in the prefrontal cortex
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When an animal is facing unfamiliar food, its odor, together with semiochemicals
emanating from a conspecific, can constitute a safety message and authorize intake. The
piriform cortex (PiC) codes olfactory information, and the inactivation of neurons in the
nucleus accumbens (NAc) can acutely trigger consumption. However, the neural circuit
and cellular substrate of transition of olfactory perception into value-based actions remain
elusive. We detected enhanced activity after social transmission between two mice in
neurons of the medial prefrontal cortex (mPFC) that target the NAc and receive projections
from the PiC. Exposure to a conspecific potentiated the excitatory postsynaptic currents
in NAc projectors, whereas blocking transmission from PiC to mPFC prevented social
transmission. Thus, synaptic plasticity in the mPFC is a cellular substrate of social

transmission of food safety.

Ithough metabolic needs ultimately drive

food consumption, additional factors deter-

mine the moment-to-moment intake. For

example, a predator threat may halt eat-

ing even when hungry. Conversely, when
palatable foods are found, prolonged consump-
tion can occur, leading to accumulation of fat
storage (7). Moreover, many species use infor-
mation acquired from peers to decide whether
food is safe to eat. Whereas primates rely pre-
dominantly on visual cues, rodents use their
olfactory system to detect odors, including car-
bon disulfide (CS,), a semiochemical component
of the rodent breath (2, 3). Such social trans-
mission of food preference (STFP) occurs when
an observer mouse exposed to a demonstrator
mouse fed with scented food drives a preference
for that food over a differently scented alterna-
tive (4). Recent studies demonstrate the involve-
ment of olfactory sensory neurons and mitral
cells in the olfactory bulb for STFP acquisition
(5), which project to the piriform cortex (PiC).
The activity of neurons in the medial prefrontal
cortex (mPFC) increases substantially in response
to reward-predicting cues (6), which may drive
decision-making processes (7) by cells that pro-
ject to the nuclear accumbens (NAc projectors).
From there, D1R-expressing neurons, a major
inhibitory output of the NAc, could control the
food intake on a rapid time scale independently
of metabolic needs (8).

Rodents exposed simultaneously to camin- and
thyme-flavored food exhibit an innate preference
for the thyme option (9). We first confirmed that
observer mice cued by a demonstrator fed with
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cumin-flavored food increased their time explor-
ing and eating the cumin-scented option, with-
out affecting the total amount of food eaten (fig.
s1, A to F). STFP acquisition was efficient only
if the food options were unfamiliar to cued ob-
servers (fig. s1, G to I), corroborating the trans-
mission of a safety signal, rather than passing a
mere preference. We then monitored the activity
of neurons projecting to the NAc projectors in
the mPFC and the paraventricular nucleus of the
thalamus (PVT), involved in decision making
(10) and the expression of aversive memories
(11), respectively. To identify NAc projectors, we
injected cholera toxin subunit B (CTB) into the
NAc of observer mice and quantified cFos ex-
pression, a proxy for neuronal activity, after con-
specific interaction or the food choice session
(Fig. 1, A to C). These manipulations did not
affect the interaction between demonstrator and
observer mice nor the concomitant cFos expres-
sion in NAc projectors (Fig. 1D). However, when
quantified immediately after food choice sessions,
cFos-positive mPFC NAc projectors (but not the
overall number of cFos-positive neurons in the
mPFC; fig. s2, C and D) were more abundant in
cued mice compared with uncued mice, an effect
not observed in PVT NAc projectors (Fig. 1E)
despite a similar density of NAc projectors to the
two structures (fig. s2, A and B). The amount of
food consumed by uncued and cued animals
was similar and therefore could not explain the
change in mPFC NAc projectors engagement
between groups (fig. s2E). We next determined
the functional consequences onto medium-sized
spiny neurons (MSNs) in the NAc. To record
transmission selectively from these synapses,
we injected Fos™**®/T2transgenic mice in the
mPFC with a cre-inducible adeno-associated
virus (AAV) containing channelrhodopsin (ChR2),
along with mCherry for visualization (AAV-DIO-
ChR2-mCherry) (Fig. 1, F to H, and fig. s2, F and G).
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Fos®™*®/T2 mice provide a fos-dependent labeling
of active population when 4-hydroxytamoxifen
(4-OHT) is present in the brain (72, 13). Although
the density of mPFC cells expressing ChR2-
mCherry was similar in cued and uncued mice
(Fig. 1H), we observed excitatory postsynaptic
currents (EPSCs) in 36% of MSNs (39.4 pA on
average) in mice exposed to a demonstrator
but in only 19% of MSNs (20.9 pA on average)
in uncued controls (Fig. 1I). This difference in
connectivity and amplitude was not observed
in mice injected with a cre-independent AAV-
ChR2-EYFP (enhanced yellow fluorescent pro-
tein) virus in the mPFC (fig. s2, H to J). We next
tested whether chemogenetic inhibition of mPFC
NAc projectors during the food choice session
could affect STFP expression. We injected the
NAc of observer mice with a retrograde AAV that
virally expresses the Cre recombinase (AAV2rg-
pkg-Cre), followed by an injection in the mPFC
of an AAV that expresses the hM4D(Gi) recep-
tor in a cre-dependent manner (Fig. 1J). Injec-
tion of clozapine-n-oxide (CNO) in the absence
of hM4D(Gi) receptors did not affect the prefer-
ence of the observers. However, the inhibition of
mPFC NAc projectors in cued animals abolished
STFP expression (Fig. 1, K and L).

Because STFP induction requires CS, a com-
ponent of the mouse breath (2), we mimicked
the switch in food preference by simultaneously
exposing mice to CS, and cumin-flavored food
(fig. s3, A to C). Odors are encoded in the PiC
and a single brief exposure to CS, increases the
number of cFos-positive neurons (fig. s3, D to F),
suggesting the involvement of the PiC in STFP
acquisition. Given the above results implicat-
ing mPFC NAc projectors for STFP expression,
we searched for a direct connection between
the two brain regions. To test whether mPFC
NAc projectors receive monosynaptic inputs
from the PiC, we used the retrograde trans-
synaptic and rabies-based method TRIO (“trac-
ing the relationship between input and output”)
(14). C57BL6/J mice were injected with retro-
grade AAV2rg-pkg-Cre in the NAc and helper
AAVs in the mPFC, allowing the Cre-dependent
expression of the TVA receptor for EnvA fused
with mCherry and the rabies glycoprotein (G)
(Fig. 2A). One month later, glycoprotein-deleted
and green fluorescent protein-expressing rabies
viruses (RVdG) were injected in the mPFC and
efficiently infected NAc projectors (Fig. 2B). Anal-
ysis of distal inputs to mPFC NAc projectors
revealed major connections from the posterior
part of the PiC, as well as from other regions such
as the mediodorsal thalamus and the basolateral
amygdala (Fig. 2, C and D). We confirmed the
synaptic connectivity between PiC neurons and
mPFC NAc projectors in acute brain slices. We
injected an AAV-ChR2-EYFP in the PiC and
optogenetically stimulated its terminals in the
mPFC while recording from NAc projectors (CTB-
555-positive cells; Fig. 2, E and F). When clamped
at -70 mV, we found EPSCs in 76% of NAc pro-
jectors, with an average amplitude of 274 + 23 pA
and a membrane capacitance of 116 + 5 pF, sug-
gesting that most of the recorded cells were
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Fig. 1. Implication of mPFC NAc projectors in STFP expression.

(A) Expression of the retrograde tracer CTB-555 in the NAc. Scale bar,
500 um. (B) Mice were perfused either after conspecific interactions (top) or
after the food choice session (bottom). (C) Histological example of mPFC
NAc projectors (red, CTB-positive) and cFos expression. Yellow cells are
mPFC NAc projectors activated during behavior. Scale bars: 20 um. (D) Left:
time spent by uncued and cued mice with the demonstrators during the
conspecific interaction session before perfusion. Right: cFos quantification in
NAc projectors in the mPFC and PVT. (E) Left: cumin preference index = (time
in cumin food zone — time in thyme food zone)/(time in cumin food zone +
time in thyme food zone). Mice cued by a demonstrator fed with cumin
showed an increase preference for cumin-flavored food compared with uncued
mice (***p < 0.001). Right: cFos quantification in the mPFC and PVT NAc
projectors after the food choice session. The density of mPFC NAc projectors
activated was significantly higher in cued mice compared with uncued
animals (***p < 0.01). No difference was observed for PVT NAc projectors.
(F) Fos-Cre®™ T2 mice were injected with AAVp,-hSyn-DIO-ChR2-mCherry
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in the mPFC to express ChR2 under the control of the fos promotor and the
presence of 4-OHT (10 mg/kg). (G) Experimental timeline. Mice were
injected 4-OHT immediately after the food choice session. (H) Left: example
of ChR2-mCherry—infected neurons in the mPFC. Scale bars: left, 500 um;
top right, 250 um; bottom right, 20 um. Right: The density of mPFC
neurons expressing ChR2 was similar between uncued and cued animals.
(I) Left: example of light-evoked current recorded in uncued (gray) or cued
(red) observers. Scale bars: 20 pA, 10 ms. Right: connectivity plot
summarizing NAc neurons receiving excitatory inputs from mPFC neurons
activated during the food choice session (uncued: n = 63 cells from six mice;
cued: n = 80 cells from seven mice; **p < 0.01). (J) Viral strategy with
histological examples for chemogenetic inhibition of mPFC-to-NAc
pathway. Scale bar, 500 um. (K) CNO injections (2 mg/kg, ip) were
performed 60 min before the food choice session in uncued and cued
observers. (L) Impact of mPFC-to-NAc pathway inhibition during the food
choice session on the cumin preference score. See tables S1 and S2 for
complete statistics and mean + SEM values, respectively.
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pyramidal neurons (Fig. 2, G to J). The sodium
channel blocker tetrodotoxin (TTX) reduced but
did not abolish EPSC amplitudes, indicating a
monosynaptic connection. The AMPA/kainate
receptor antagonist 2,3-dihydroxy-6-nitro-7-
sulfamoylbenzo[f]quinoxaline (NBQX) blocked
the residual EPSCs (Fig. 2K). When NAc pro-
jectors were voltage clamped at 0 mV, light
stimulation evoked prominent inhibitory post-
synaptic currents (IPSCs; average amplitude
732 + 47 pA), albeit with a longer onset delay
than that of EPSCs (Fig. 2, L to N). IPSCs were
completely blocked by the y-aminobutyric acid
type A (GABAa) receptor antagonist picrotoxin

Fig. 2. The connection from the
PiC-to-mPFC NAc projectors

is monosynaptic and excitatory.

(A) Schematic of a rabies-based TRIO
strategy from NAc projectors in the mPFC.
(B) Starter cells in the mPFC (PL: prelimbic;
IL: infralimbic; cc: corpus callosum).

Scale bars: left, 500 um; right, 25 um.

(C) Example of distal inputs to mPFC NAc
projectors (MD: mediodorsal thalamus;
SMT: submedius thalamus; BLA: basolateral
amygdala). Scale bar, 1 mm. (D) Higher
magnification of the MD, BLA, and PiC.

(E) Viral injection strategy to record

(ex vivo whole-cell voltage-clamp
recording) mPFC NAc projectors and

to optogenetically stimulate PiC terminals
in the mPFC. Scale bars, 500 um.

(F) Histological image showing a recorded
mPFC NAc projector. Note the surrounding
PiC fibers expressing ChR2. Scale bar:

20 um. (G) Example traces of light-induced
EPSC. Scale bars: 100 pA, 10 ms.

(H) Connectivity between PiC and mPFC
NAc projectors. (I) EPSC amplitudes.

(J) Capacitance. (K) EPSC amplitudes
were reduced after bath application

of TTX (a voltage-gated NA™ channel
blocker) and completely blocked by bath

(PTX) or by TTX (Fig. 20). In addition, bath appli-
cation of NBQX also abolished light-evoked IPSCs.

We next investigated whether STFP acquisi-
tion would modify the properties of PiC-to-mPFC
NAc-projector synapses. Observer mice expressing
ChR2-EYFP in PiC neurons and CTB-555 in mPFC
NAc projectors were exposed to demonstrator
mice fed with cumin-flavored or regular chow.
Because feeding could affect synaptic transmis-
sion, mPFC slices from observers were prepared
for ex vivo recordings of synaptic currents in NAc
projectors without being tested for the observers’
food preference (Fig. 3A). Although both groups
of mice explored the demonstrators for a similar
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duration (Fig. 3, B and C), optogenetic stimula-
tion of PiC terminals in the mPFC revealed a
higher EPSC to IPSC ratio in NAc projectors from
cued mice compared with uncued or naive ani-
mals, an effect not observed in unlabeled mPFC
cells, likely to project elsewhere (Fig. 3D). The
paired-pulse ratio of EPSCs and IPSCs (fig. s4,
A to E) and the rectification index of AMPA
receptor EPSCs (Fig. 3F), a measure of calcium
permeability (15), were similar in the three groups.
Comparing light-evoked AMPA-EPSCs and N-
methyl-p-aspartate (NMDA)-EPSCs from uncued
and cued mice revealed a significantly higher
AMPA/NMDA ratio in cued mice (Fig. 3E).
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Fig. 3. STFP acquisition increases the excitator
PiC-to-mPFC NAc projectors. (A) Observer mice

after conspecific interaction for ex vivo recordings of light-evoked current in
mPFC NAc projectors. (B) Representative occupancy heat maps of the
time spent by an uncued or cued observer during conspecific interaction.

(C) The time spent by uncued and cued observers

was not different. Black crosses represent mean = SEM. (D) Example traces
of IPSC and EPSC amplitude in mPFC NAc projectors (left) and grouped
data for EPSC/IPSC ratios (right). n = 31 cells per group (five mice per

To test for causality, we performed a pathway-
specific chemogenetic inhibition of the PiC-to-
mPFC pathway during the conspecific interac-
tion and recorded NAc projectors 24 hours later.
Observer mice were first injected in the mPFC with
the retrograde AAV2rg-pgk-Cre virus, followed by
an injection in the PiC of an AAV that expresses,
in a cre-dependent manner, the hM4D(Gi) recep-
tor (16). During the same surgery, the AAV-ChR2-
EYFP was injected in the PiC and 30 days later,
CTB-555 was injected in the NAc to label mPFC
NAc projectors (Fig. 4, A and B). Application of
CNO decreased neuronal excitability and evoked
an outward current that was reversed by the
potassium channel blocker barium (fig. s4, G
to I). Whereas CNO (2 mg/kg, intraperitoneally
[ip]) injected in an observer mouse before con-
specific interaction did not affect the time spent
with the demonstrators (Fig. 4C), ex vivo record-
ings of light-evoked currents in mPFC NAc pro-
jectors revealed that uncued and cued observer
mice had similar EPSC/IPSC and AMPA/NMDA
ratios (Fig. 4, D and E). Finally, we tested whether
chemogenetic inhibition of the PiC-to-mPFC path-
way during conspecific interaction could affect
STFP expression (Fig. 4F). Injection of CNO in
the absence of hM4D(Gi) receptors did not alter
the change in preference for cumin-scented
food during the food choice session. Conversely,

Loureiro et al., Science 364, 991-995 (2019)

y transmission at
were perfused 24 hours

in the interaction zone

silencing the activity of PiC-to-mPFC pathway
in cued observers during conspecific interaction
abolished STFP expression (Fig. 4G), without
affecting the total amount of food eaten (fig.
s5A). Cued mice with the PiC-to-mPFC pathway
inhibited during a food choice session showed a
similar preference score compared with uncued
animals (fig. s5B). If STFP-induced potentia-
tion at PiC-to-mPFC NAc projectors is essential
for STFP expression, then depotentiating these
synapses in vivo after STFP acquisition should
also revert the cumin preference in cued ob-
servers. To test this prediction, we induced a
long-term depression in vivo of the PiC-to-mPFC
pathway by photostimulating ChR2-expressing
PiC terminals in the mPFC at 1 Hz, 24 hours after
STFP acquisition, a protocol able to robustly
reverse potentiated excitatory synapses (11, 17)
and validated in mPFC slices (fig. s5C). When
tested 4 hours later in a food choice session, a
preference index similar to that of control ani-
mals was observed (Fig. 4, H and I).

Here, we delineate the circuit that underlies
the transmission of a food safety signal emanat-
ing from a conspecific that affects the choice of
the consumption of an unfamiliar flavor. After
the detection of the specific odor and the semio-
chemical CS, in the olfactory bulb (2), the mes-
sage activates a set of PiC neurons. Consistent

7 June 2019

group). Scale bars: 200 pA, 100 ms. (E) Example traces of AMPAR and
NMDA-EPSCs recorded at +40 mV (left) and grouped data for AMPA/NMDA
ratio (right). Scale bars: 100 pA, 50 ms. n =13, 17, and 20 cells recorded

in the naive (n = 4 mice), uncued (n =5 mice), and cued (n = 5 mice) groups,
respectively. (F) Grouped data for the rectification index. Box plot
represents data as median with 25/75 percentile (box) and minimum-
maximum (whiskers); open circles represent the mean of the group.
Histograms represent mean £ SEM. **p < 0.01; ***p < 0.001. See tables S1
and S2 for complete statistics and mean £ SEM values, respectively.

with a study that identified ensembles coding for
specific odorants (18, 19), similar mechanisms
may be functioning here to ensure specificity.
Activity in the PiC then drives a potentiation of
excitatory afferents onto neurons in the mPFC
that project to the NAc. As a result, the MSNs
may increase the baseline firing frequency, which,
when inhibited during decision making, allows
for a higher dynamic range of the response.
Alternatively, the enhanced excitation and in-
creased activity in the pathway serves to suppress
consumption of the preferred option, rather than
(or in addition to) promoting selection of a new,
nonpreferred choice.

Monitoring the activity of these neurons in vivo
will determine the induction mechanism in the
mPFC and the synaptic partners of the NAc pro-
jectors, which then drive the behavior through
temporally precise activity patterns. Microinfusion
of pharmacological agents clearly implicates glu-
tamate transmission in a moment-by-moment
control of intake (20). More generally, the mPFC
neurons may also integrate additional conspecific
signals in modalities other than olfaction to con-
vey more complex social information and steer
choices, such as aggression or mating.

Our results identify the PiC-to-mPFC neurons
targeting the NAc as being essential for food
preference driven by an olfactory cue in a social

4 0of 5

6102 ‘TT 1290190 U0 /B0 BeWwadUsI0S 9oUSIdS//:dNY WOl papeojumod


http://science.sciencemag.org/

RESEARCH | REPORT

Fig. 4. Inhibition of the PiC-to-mPFC
pathway during conspecific interaction
prevents STFP expression. (A) Virus
injection strategy for PiC-to-mPFC
chemogenetic inhibition and optogenetic
stimulation of PiC terminals in the mPFC.

(B) Example of PiC-to-mPFC neurons infected
with hM4D(Gi) and ChR2. Scale bar, 200 um.
(C) Inhibition of the PiC-to-mPFC pathway

did not reduce the time spent by uncued

and cued mice with the demonstrators.

(D) Example of EPSC and IPSC after

inhibition of PiC-to-mPFC pathway during
conspecific interaction (left). Scale bars:

100 pA, 100 ms. When the PiC-to-mPFC
pathway was inhibited, EPSC/IPSC ratios
were similar between uncued (30 cells
from five mice) and cued (30 cells

from five mice) groups (right). For the
control groups: 15 cells (three mice) and

16 cells (three mice) were recorded

from uncued and cued animals, respectively.
(E) Exampletrace of AMPA-EPSCs recorded
at +40 mV after PiC-to-mPFC inhibition
and grouped data for AMPA/NMDA ratio
(right). Scale bars: 100 pA, 50 ms. 16 and
19 cells were recorded from four uncued
and five cued mice, respectively. (F) Viral
strategy with histological examples

for chemogenetic inhibition of PiC-to-mPFC.
Scale bar, 500 um. (G) Left: CNO injection
(2 mg/kg, ip) was performed 60 min
before the conspecific interaction in
uncued and cued observers. Right: impact
of PiC-to-mPFC pathway inhibition during
the conspecific interaction on the cumin
preference score. (H) Surgery strategy with
histological example showing the track of
the optic fiber targeting the mPFC. (1) Left:
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in vivo photostimulation of PiC terminals in the mPFC occurred 4 hours before the food choice session. Right: cumin preference index. Black cross
represents mean = SEM. *p < 0.05; **p < 0.01; ***p < 0.001. See tables S1 and S2 for complete statistics and mean + SEM values, respectively.

context. By combining viral injection strategies
and electrophysiological recordings, we demon-
strate that STFP acquisition increases the excit-
atory transmission at PiC-to-NAc projectors in the
mPFC, which is the cause of the altered behavior.
Our study thus adds a circuit to the complexity of
food intake behavior that may override immedi-
ate metabolic needs in the interest of survival.
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This is safe, you can eat it

Social transmission of food preference is a model for studying nonspatial memory. In mice, a signal that food is
safe to eat is transmitted by its smell along with molecules in the breath of a conspecific. How the odor itself is encoded
and assigned valence is poorly understood. Loureiro et al. found a monosynaptic pathway between two brain areas, the
piriform cortex and the medial prefrontal cortex, that plays a central role in this process. This connection strengthens
during social interaction, thereby allowing a mouse to provide a food safety message to its companion.
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