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SUMMARY

During social transmission of food preference (STFP),
mice form long-termmemory of foododors presented
by a social partner. How does the brain associate a
social context with odor signals to promote memory
encoding? Here we show that odor exposure during
STFP, but not unconditioned odor exposure, induces
glomerulus-specific long-term potentiation (LTP) of
synaptic strength selectively at the GABAergic com-
ponent of dendrodendritic synapses of granule and
mitral cells in the olfactory bulb. Conditional deletion
of synaptotagmin-10, the Ca2+ sensor for IGF1 secre-
tion from mitral cells, or deletion of IGF1 receptor in
the olfactory bulb prevented the socially relevant
GABAergic LTP and impairedmemory formation after
STFP. Conversely, the addition of IGF1 to acute olfac-
tory bulb slices elicited the GABAergic LTP in mitral
cells by enhancing postsynaptic GABA receptor re-
sponses. Thus, our data reveal a synaptic substrate
for a socially conditioned long-term memory that
operates at the level of the initial processing of sen-
sory information.

INTRODUCTION

Learning from conspecifics is prevalent among social animals

(Gariépy et al., 2014). For example, after only a single trial of

olfactory social learning, rodents form long-term memories of

their mates, territories, and safe foods, all of which are essential

for survival (Galef, 1982; Brennan et al., 1990; Lesburguères

et al., 2011). Social context, consisting of a diverse repertoire

of socially relevant chemical and physical signals, plays a funda-

mental role in these behavioral paradigms.

How the brain associates social context with sensory stimuli to

encodememory during social learning is a long-standing and un-

resolved question. Two series of seminal studies provide impor-

tant clues. First, Keverne and colleagues (Brennan et al., 1990;
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Keverne and Brennan, 1996) demonstrated that pheromone-

dependent social recognition memory is associated with a

potentiation of GABAergic feedback inhibition between granule

and mitral cells in mouse accessory olfactory bulb. However,

the nature of the synaptic changes that were observed remained

unclear, as did the underlying molecular mechanisms and

behavioral relevance of these changes. Second, socially ac-

quired food preference depends on the association of food

odors with semiochemicals (e.g., carbon disulfide) in the main

olfactory bulb (MOB) of rodents (Galef et al., 1988; Munger

et al., 2010), but the synaptic substrate for such association

was not identified yet. These two observations suggest that

the neural substrate for association of sensory cues with social

context in rodent brain may exist in the olfactory system.

In themain olfactory system of vertebrates, odor information is

sequentially processed in the main olfactory epithelium (MOE)

and the MOB. In the MOE, each olfactory sensory neuron

(OSN) expresses one particular odorant receptor that can detect

a limited number of odorants at physiological concentrations

(Buck and Axel, 1991; Serizawa et al., 2003). Axons from the

OSNs that express the same odorant receptor converge onto

one or two glomerluli in each MOB, forming a two-dimensional

olfactory sensory map (Ressler et al., 1994; Mombaerts et al.,

1996; Vincis et al., 2012). In the MOB, the glomerular layer (GL)

and the external plexiform layer (EPL) represent two major sta-

tions for olfactory information processing (Uchida et al., 2014).

In the GL, OSNs provide excitatory input to the primary dendrites

of 20–50mitral/tufted (M/T) cells, the major output neurons of the

MOB (Shepherd et al., 2004). Notably, olfactory signals are not

simply relayed from OSNs to M/T cells, but they are processed

in the glomeruli by a complex neuronal network formed by peri-

glomerular (PG) neurons, OSNs, and M/T cells (De Saint Jan

et al., 2009; Najac et al., 2011; Gire et al., 2012; Shao et al.,

2012; Vaaga and Westbrook, 2016; Bourne and Schoppa,

2017). In the EPL, the lateral dendrites of M/T cells elaborate

dendrodendritic synapses with inhibitory interneurons, such as

granule cells (Shepherd et al., 2007) and parvalbumin-positive

(PV+) interneurons (Kato et al., 2013; Miyamichi et al., 2013).

Dendrodendritic synapses between M/T cells and granule cells

are reciprocal; the lateral dendrite of an M/T cell forms an excit-

atory synapse on the dendrite of a granule cell, which then forms
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Figure 1. STFP Learning Induces an Odor-Specific Type of LTP

(A) M72-GFP mice received STFP training and were subjected to slice physiology.

(B) Schematic diagram showing the major local synaptic inputs to mitral cells in M72 glomerular unit. M, mitral cells; G, granule cells; PVN, PV+ interneurons; PG,

periglomerular cells; OSN, olfactory sensory neurons; T, external tufted cells.

(legend continued on next page)
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an inhibitory synapse onto the lateral dendrite of the M/T cell in

an immediate feedback loop (Jahr and Nicoll, 1980; Isaacson

and Strowbridge, 1998; Schoppa et al., 1998; Chen et al.,

2000; Shepherd et al., 2007).

An important feature of the multi-layered microcircuits in the

MOB is their modular organization. Evidence from morpholog-

ical, functional, and modeling studies suggests that intrabulbar

neurons are clustered to form glomerular units (Stewart et al.,

1979; Kauer and Cinelli, 1993; Willhite et al., 2006; Migliore

et al., 2015). The different types of neurons associated with the

same glomerular unit share similar profiles of olfactory tuning

with varied tuning sharpness and spike timing (Tan et al., 2010;

Dhawale et al., 2010; Kikuta et al., 2013). Such modular organi-

zation of microcircuits in the MOB provides an opportunity

to identify glomerulus-specific mechanisms underlying social

learning.

Herewe used social transmission of food preference (STFP) as

a social learning paradigm (Galef, 2003; Wrenn, 2004) to study

the synaptic mechanism for the association of sensory cues

with social context in the MOB. We found that STFP induced a

significant, long-lasting, and selective strengthening, referred

to as long-term potentiation (LTP), of reciprocal synapses be-

tween granule and mitral cells associated with the glomerular

unit sensitive to the memorized odors. Strikingly, odor exposure

without a social context did not induce this LTP. This LTP

required activity-dependent IGF1 signaling and was essential

for memory formation. Thus, our data reveal a synaptic substrate

that associates social context with sensory cues for memory

encoding during social learning.

RESULTS

Monitoring Diverse Mitral Cell Synapses in Acute MOB
Slices
To analyze synapses of mitral cells associated with a specific

glomerular unit, we used gene-targetedM72-GFPmice in which

M72 glomeruli innervated by axon terminals of GFP+ M72 OSNs

are fluorescently labeled (Potter et al., 2001). M72 OSNs are sen-

sitive to acetophenone (Acp) but insensitive to octanal (Oct)

(Zhang et al., 2012). During STFP training, M72-GFP observer

mice interacted with demonstrator mice that had ingested plain

food, Acp-flavored food, or Oct-flavored food (both at 1%). We

then prepared acute MOB slices (300 mm) from the M72-GFP

observer mice immediately or 14 days after STFP training, and

we performed whole-cell recordings from M72-associated

mitral cells (Figure 1A). In parallel behavioral experiments, we

confirmed that the mice had formed a long-term memory of

the food odor after STFP training (Figures S1A–S1C).
(C) Example micrograph showing histological verification of a recorded M72-ass

glomerulus (green).

(D and E) Example traces (top), with summarized input-output curves and curve

mitral cells of M72-GFP observer mice immediately after STFP training.

(F and G) Example traces (top), with summarized peak amplitude and charge trans

fromM72-associatedmitral cells immediately (F) and 14 days (G) after STFP trainin

Figures S1 and S2.

Data in (D)–(G) are means ± SEM (error bars), with mouse number as sample siz

Student’s t test (*p < 0.05 and **p < 0.01; n.s., p > 0.1).

108 Neuron 95, 106–122, July 5, 2017
In our experiments, we routinely analyzed three types of

synapses formed on M72-associated mitral cells: (1) excitatory

synapses formed by M72 OSNs (OS-M synapses), (2) inhibitory

synapses formed by PG neurons in the local neuronal network

of theM72 glomerulus (PG-M synapses), and (3) dendrodendritic

reciprocal synapses formed by mitral and granule cells (M-G-M

synapses) (Figure 1B). For studying excitatory OS-M and inhibi-

tory PG-M synapses, we delivered low-frequency (0.067 Hz)

stimulation with a bipolar electrode placed adjacent to the

GFP+M72 glomerulus, and we recorded excitatory postsynaptic

currents (EPSCs) (with picrotoxin in the artificial cerebrospinal

fluid [ACSF]) and inhibitory postsynaptic currents (IPSCs)

(with D-(-)-2-amino-5-phosphonopentanoic acid [D-AP5] and

6-cyano-7-nitroquinoxaline-2,3-dione [CNQX] in the ACSF)

from M72-associated mitral cells (Figures S1D–S1H; Vaaga

and Westbrook, 2016). For examining M-G-M synapses, we

recorded recurrent IPSCs from M72-associated mitral cells in

the absence of receptor antagonists, using the same patch-

clamp pipette for stimulations (10-ms membrane depolarization

from �70 to 0 mV) and recordings (Figures S2A and S2B; Isaac-

son and Strowbridge, 1998; Schoppa et al., 1998; Chen et al.,

2000). In addition, we separately monitored the inhibitory G-M

and excitatory M-G sub-synapses of the M-G-M dendroden-

dritic synapses. Using bipolar stimulation electrodes placed in

the granule cell layer, we recorded G-M IPSCs from M72-asso-

ciated mitral cells in the presence of D-AP5 and CNQX (Figures

S2F–S2H) and M-G EPSCs from granule cells in the presence

of picrotoxin (Figures S2I and S2J). Finally, in selected experi-

ments we also recorded M72-associated mitral cell IPSCs

that were evoked by optogenetic activation of PV+ interneurons

expressing ChR2-EYFP (Figures S2C–S2E; Kato et al., 2013;

Miyamichi et al., 2013).

Several concerns about the specificity of these recordings

may be raised. First, are we faithfully recording from

mitral cells associated with GFP+ M72 glomeruli? In M72-GFP

mice, �20–50 mitral cells innervate each of the four GFP+ M72

glomeruli (Tan et al., 2010; Dhawale et al., 2010; Kikuta et al.,

2013), thus ensuring that most mitral neurons in the vicinity of

a glomerulus actually innervate that glomerulus. Nevertheless,

to ensure that patched mitral cells were associated with the

M72 glomerulus, we verified this association by neurobiotin in-

jections and histology after recordings (Tan et al., 2010). Only

mitral cells with fluorescent primary dendrites innervating the

GFP+ M72 glomerulus (Figure 1C) were included in the analyses.

Second, quantification of synaptic responses induced by

extracellular stimulation in slices is difficult since the number of

stimulated synapses cannot be controlled. Therefore, we based

our measurements of synaptic strength on input/output curves,
ociated mitral cell (red) with the primary dendrite projecting to the GFP+ M72

slopes (bottom) of OS-M EPSCs (D) or PG-M IPSCs (E) from M72-associated

fer (bottom) of M-G-M IPSCs evoked by brief membrane depolarization (10ms)

g. For more OS-M EPSC, PG-M IPSC,M-G-M IPSC, and PV-M IPSC data, see

e n; numbers of neurons/mice are indicated in bars. Statistical analysis is by
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and we calculated synaptic strength as the slope of the input/

output curve. Moreover, we used as controls slices from naive

mice and frommice exposed to Oct, which is not an M72 ligand;

the fact that the synaptic strength of these two controls was

similar under all conditions validates the measurements (see

below in Figures 1D–1G).

Third, do our recordings actually monitor the intended synap-

ses? Considering the combination of electrode placements

with pharmacological antagonists, this seems likely. However,

it should be noted that, given the complex neuronal network in

olfactory glomeruli, the measured synaptic responses for OS-M

and PG-M synapses are probably not exclusively monosynaptic

(DeSaint Janet al., 2009;Najacet al., 2011;Gire et al., 2012;Shao

et al., 2012; Vaaga and Westbrook, 2016; Bourne and Schoppa,

2017). Indeed, we found that OS-M EPSCs exhibited a complex

waveform (Figure S1F), consisting of a transient mono-synaptic

phase (latency to peak: 4.2 ± 0.2 ms) followed by a long-lasting

decay phase (decay-to-baseline time: 1.35 ± 0.3 s; Figures S1I–

S1K). This broad waveform likely arises because OSNs form

direct excitatory contacts with the dendrites of both mitral and

external tufted cells, with the dendrites additionally connected

by gap junctions (Vaaga and Westbrook, 2016; Bourne and

Schoppa, 2017). Thus, althoughwe refer toOS-MandPG-Msyn-

apses, wemean to implywith this term that the respective synap-

tic responses reflect the overall synaptic strength of the OSN/

mitral cell and the PG neuron/mitral cell connections, and not

necessarily a simple mono-synaptic connection. Since STFP in-

duces no changes in these synapses and these synapses serve

as controls for the changes we observed in M-G-M synapses

(see below in Figures 1D and 1E), the precise nature of OS-M

EPSCs and PG-M IPSCs is not of primary importance for the

present study.

STFP Selectively Induces LTP at M-G-M Reciprocal
Synapses
We observed no STFP-induced changes in the strength of OS-M

(Figure 1D), PG-M (Figure 1E), or PV-M synapses (Figure S2E) in

M72-associated mitral cells in mice that were exposed to plain

food or to Acp- or Oct-flavored food. However, we found that

STFP with Acp-flavored food strongly potentiated reciprocal

M-G-M synapses, measured by mitral cell recurrent inhibition

(Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Chen

et al., 2000; Figure 1F). As a control, we detected no changes

in M-G-M synapses after STFP with Oct-flavored or plain

food, and we found that recurrent inhibition of mitral cells not
Figure 2. Characterization of STFP-Induced LTP at M-G-M Reciprocal

(A) Example traces (top), with summarized input-output curves and curve slopes

M72-GFP observer mice immediately after STFP training.

(B) Example traces (top), with averaged frequency and cumulative probability of in

of mEPSC amplitude (bottom) of granule cells associated with M72 mitral cells im

(C) Example traces (top), with summarized analyses of amplitude and ratio (bottom

mitral cells immediately after STFP training.

(D) Example traces (top), with averaged frequency and cumulative probability of in

of mIPSC amplitude (bottom) of M72-associated mitral cells immediately after S

(E) Example traces (left), with summarized amplitude of GABA current induced by

after STFP training. For more data on M-G EPSCs, G-M IPSCs, and GABA IPSC

Data of bar graphs in (A)–(E) are means ± SEM (error bars), with mouse number

analysis is by Student’s t test (*p < 0.05 and **p < 0.01; n.s., p > 0.1). Data of cumula
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associated with M72 glomeruli was not potentiated by STFP

with Acp-flavored food (Figures S3A–S3C). The selective

strengthening of M-G-M synapses of M72-associated mitral

cells was fully maintained for at least 14 days (Figure 1G), sug-

gesting that it represented LTP.

What is the nature of STFP-induced LTP at reciprocal M-G-M

synapses? To address this question, we examined the effect of

STFP on EPSCs in granule cells evoked by the stimulation of

M72-associated mitral cells (M-G EPSCs; Figures 2A, S2I, and

S2J) and on miniature EPSCs in these granule cells (mEPSCs;

Figure 2B). We found no STFP-induced changes, thus excluding

an enhancement of the M-G sub-synapse of reciprocal dendro-

dendritic M-G-M synapses as a cause of the LTP. We then re-

corded IPSCs from M72-associated mitral cells evoked by

granule cell stimulation (G-M IPSCs). We observed that STFP

significantly increased the G-M IPSC amplitude in mitral cells,

but it did not change the IPSC paired-pulse ratio (Figures 2C

and S2F–S2H), suggesting a postsynaptic LTP at G-M synapses.

In parallel experiments, we found that LTP of G-M synapses was

not induced by simply exposing M72-GFP mice to Acp-flavored

food on a filter paper outside the context of STFP (Figures S3D

and S3E), indicating that LTP at G-M synapses requires a social

context.

We also performed similar experiments with M71-GFP mice,

which possess GFP+ M71 glomeruli that are also sensitive to

Acp and insensitive to Oct (Bozza et al., 2002). We found that

STFP training with Acp-flavored food also induced LTP in G-M

synapses of M71-associated mitral cells (Figures S3F–S3H).

Thus, this LTP is a general feature and not specific to a particular

line of genetically manipulated mice.

To further characterize the STFP-induced GABAergic LTP, we

monitored in M72-associated mitral cells miniature IPSCs

(mIPSCs), which are primarily mediated by G-M synapses owing

to their high abundance. Strikingly, Acp-induced STFP signifi-

cantly increased the mIPSC amplitude and frequency in M72-

associated mitral cells (Figure 2D), suggesting that the synaptic

changes during LTP were due to an increased postsynaptic

GABA receptor (GABA-R) response. To test this hypothesis,

we recorded inhibitory currents that were directly evoked in

mitral cells by exogenously applied GABA (100 mM; Figures

S2K and S2L). We detected a massive STFP-induced increase

(>100%) in GABA-induced currents, confirming that STFP-

induced LTP involves an increase in postsynaptic GABA-R

response (Figure 2E). Together, these data suggest via multiple

lines of evidence that STFP selectively causes an LTP of
Synapses

(bottom) of M-G EPSCs from granule cells associated with M72 mitral cells in

ter-event interval (middle), and averaged amplitude and cumulative probability

mediately after STFP training.

) of G-M IPSCs evoked by paired-pulse stimuli (120 mA) from M72-associated

ter-event interval (middle), and averaged amplitude and cumulative probability

TFP training.

the application of GABA (100 mM) to M72-associated mitral cells immediately

s, see Figure S2.

as sample size n; numbers of neurons/mice are indicated in bars. Statistical

tive probability curves in (B) and (D) are analyzed by Kolmogorov-Smirnov test.
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Figure 3. STFP Induces a Prolonged Ca2+ Wave in Dendrites of Mitral Cells in the MOB
(A) Schematic diagram showing stereotaxic injection of AAV-DIO-GCaMP6m and subsequent fiber implantation into the MOB of Cdhr1-Cre mice. Note the

images were assembled with smaller imaging fields.

(B) Example MOB section (left) and cropped region (right) showing the selective expression of GCaMP6m (green) in mitral cells and their dendrites in the EPL

of MOB.

(C and D) Schematic diagrams showing optic fiber implanted in the EPL tomonitor GCaMP6m signals frommitral cell dendrites (C), while the freely movingmouse

is subjected to STFP training or exposure to Acp-flavored food on a filter paper without a social context (D). See details of fiber photometry system in the STAR

Methods.

(E) Example heatmap traces illustrating the time courses of Ca2+ signals from the same mitral cell dendrites in response to Acp STFP training (top) or exposure to

Acp-flavored food (bottom). The dashed line indicates the time point to introduce the demonstrator or Acp-flavored food to the observer mice.

(F) Averaged traces of Ca2+ transients from sevenCdhr1-Cremice before and during STFP training (red) or exposure to Acp-flavored foodwithout a social context

(black). Solid lines indicate mean and shaded areas indicate SEM. STFP evoked a prolonged Ca2+ wave consisting of repetitive Ca2+ transients, whereas Acp

exposure alone induced a brief Ca2+ transient that decayed rapidly.

(legend continued on next page)

Neuron 95, 106–122, July 5, 2017 111



inhibitory responses in reciprocal M-G-M synapses of those

mitral cells that are associated with glomeruli sensitive to the

STFP odor. Since only the inhibitory G-M component, but not

the excitatory M-G component, of the reciprocal M-G-M synap-

ses was potentiated by STFP, we focused all subsequent exper-

iments on G-M sub-synapses.

STFP Is Associated In Vivo with Long-Lasting Ca2+

Transients in Lateral Dendrites of Mitral Cells
To understand how STFP induces LTP in dendrodendritic G-M

synapses, we monitored Ca2+ transients in mitral cell dendrites

in vivo. We expressed GCaMP6m in mitral cells by injecting

AAV-DIO-GCaMP6m into the MOB of Cdhr1-Cre mice (which

express Cre-recombinase only in mitral cells; Wachowiak

et al., 2013; Figures 3A and 3B). Three weeks after injections,

we monitored Ca2+ transients in the lateral dendrites of mitral

cells with an optic fiber implanted in the external plexiform layer

close to the rostral M72 glomerulus (bregma 4.50 mm,

lateral ±1.30 mm; Figure 3C). The freely moving mice with im-

planted optic fiber were subjected either to social interaction

with demonstrators that ingested Acp-flavored food (Acp

STFP) or to exposure to Acp-flavored food on a filter paper in

the absence of a social context (Acp exposure; Figure 3D). Acp

STFP elicited a rapid (latency to peak: 3.1 ± 0.6 s) and sustained

(decay to baseline: 86.7 ± 26.9 s) Ca2+ wave consisting of a

series of repetitive Ca2+ transients in mitral cell dendrites

(example traces in Figure 3E; averaged data in Figures 3F–3J).

By contrast, slower (latency to peak: 8.0 ± 0.9 s) and brief (decay

to baseline: 28.6 ± 7.4 s) Ca2+ transients with a similar peak

amplitude were elicited by Acp exposure without a demonstrator

(Figures 3E–3J). Thus, odor exposure in a social context that in-

duces LTP at G-M synapses elicited rapid and sustained Ca2+

transients in the lateral dendrites of mitral cells. Odor exposure

without a social context that fails to induce this LTP (Figures

S3D and S3E) elicited slow and brief Ca2+ transients.

The sustained and rapidly initiated GCaMP6m signal could

reflect differences in how the mouse behaves while sampling

odor under these two conditions. We examined the sniffing

behavior of mice during odor exposure with and without a social

context. The sniffing frequency and amplitude were significantly

increased immediately after mice started odor sampling both

with and without a social context (Figures S3I and S3J). How-

ever, the sniffing frequency and amplitude with a social context

were not significantly different from those without a social

context (Figures S3K and S3L), suggesting the difference of

GCaMP6m signals is due to a central mechanism. Note, how-

ever, that these data do not reveal whether the in vivo Ca2+

transients actually trigger the LTP of G-M synapses. They only

suggest that STFP-induced LTP at G-M synapses is mediated

by an unidentified Ca2+-signaling pathway in the lateral dendrites

of mitral cells.
(G and H) Comparisons of peak DF/F0 (G) and latency to reach peak (H) for Ca2

context.

(I and J) Comparisons of averaged Ca2+ signals (DF/F0) induced by STFP training

30 and 40 s after initiation (J).

Data in (F)–(I) are means ± SEM (error bars), with mouse number as sample size n;

(n.s., p > 0.1; ***p < 0.001).
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STFP-Induced LTP at G-M Synapses Is Mediated by
Activity-Dependent IGF1 Signaling
How does Ca2+ trigger STFP-dependent LTP at G-M synapses?

We hypothesized that Ca2+ may induce LTP by stimulating

exocytosis of neurotransmitters or other signaling molecules.

To explore this hypothesis, we tested the roles of two synapto-

tagmins, Syt1 and Syt10, which serve as Ca2+ sensors for exocy-

tosis (S€udhof, 2013). Knockdown (KD) of Syt1 as the dominant

Ca2+ sensor for fast neurotransmitter release blocks fast synap-

tic transmission; thus, the Syt1 KD is a useful tool for testing the

importance of fast synaptic transmission (Xu et al., 2012). Condi-

tional knockout (cKO) of Syt10, conversely, has no effect on

basal synaptic transmission, but it blocks activity-dependent

IGF1 secretion from MOB neurons, allowing selective tests of

the role of Ca2+-triggered IGF1 exocytosis in LTP induction

(Cao et al., 2011).

Immunohistochemistry of MOB sections revealed that Syt1

(Figures 4A, 4B, and S4) and Syt10 (Figures 4C, 4D, and S5)

are abundantly expressed in the external plexiform layer that

contains dendrodendritic M-G-M synapses. Approximately half

of the presynaptic dendritic terminals of mitral cells, identified

by vGlut1 staining, were positive for Syt10 (47% ± 11%, n = 3

mice; Figures 4E, 4F, and S5), suggesting that a considerable

proportion of Syt10-containing vesicles that mediate IGF1

exocytosis in mitral cells are in close proximity to reciprocal

M-G-M synapses.

To ablate Syt1 in vivo, we stereotaxically injected adeno-

associated viruses (AAVs) encoding Syt1 small hairpin RNAs

(shRNAs) and EGFP into the MOB of 2-month-old M72-GFP

mice, with AAVs expressing EGFP as a control (Figures S6A–

S6E). To delete Syt10, we injected AAVs encoding EGFP-tagged

Cre-recombinase into the MOB of homozygous Syt10 cKO

(Syt10f/f) mice that had been crossed with M72-GFP mice, with

AAVs encoding inactive Cre-recombinase as a control (Figures

S6F–S6H). Using slice physiology, we found that the Syt1 KD

in the MOB dramatically impaired basal synaptic transmission

in G-M synapses as expected (Figure 4G). In contrast, the

Syt10 KO had no effect on basal transmission at G-M synapses

(Figure 4H), consistent with previous observations indicating that

Syt10 is not a Ca2+ sensor for neurotransmitter release (Cao

et al., 2011).

We next asked whether the Syt10 KO in the MOB impaired

STFP-induced LTP at G-M synapses. We again injected AAVs

encoding active or inactive (as control) Cre-recombinase bilater-

ally into the MOB of Syt10f/f mice that had been crossed with

M72-GFP mice, and we subjected the mice to STFP training

with demonstrators of plain, Acp-flavored, or Oct-flavored food

(Figure 4I). Using slice recordings, we found that the Syt10 KO

had no effect on synaptic strength at G-M synapses of M72-

associated mitral cells after STFP with plain food or with Oct-

flavored food (both of which did not induce LTP at these
+ signals induced by Acp STFP training and exposure to Acp without a social

and by exposure to Acp during the first 50 s (I) and during a late phase between

numbers of mice are indicated in bars. Statistical analysis is by Student’s t test



FB

A C D

E

G H

I

L

J

K

(legend on next page)

Neuron 95, 106–122, July 5, 2017 113



synapses; Figures 4J and 4K), but that the Syt10 KO blocked the

STFP-induced LTP that is sensitive to Acp at G-M synapses of

M72-associated mitral cells (Figure 4L).

Since the Syt10 KO ablates activity-dependent IGF1 secretion

(Cao et al., 2011), we next testedwhether IGF1 could be involved

in the STFP-induced LTP at G-M synapses. IGF1 is synthesized

in mitral cells (Bartlett et al., 1991) and acts as a neurotrophic

factor to support intrabulbar neurogenesis and differentiation

(Scolnick et al., 2008), but it has not previously been linked to

long-term synaptic plasticity in the MOB. Thus, a plausible

hypothesis to account for the role of Syt10 in STFP-induced

LTP at G-M synapses is that social interaction-dependent

long-lasting Ca2+ transients during STFP trigger Syt10-depen-

dent IGF1 exocytosis (Cao et al., 2011), and the secreted IGF1

then induces G-M synaptic LTP.

To test this hypothesis, we examined whether IGF1 directly in-

creases the strength of G-M synapses. We measured the effect

of IGF1 on the amplitudes of G-M IPSCs and OS-M EPSCs (as a

control) in mitral cells in acute MOB slices from wild-type mice.

Application of IGF1 to acute slices did not alter OS-M EPSCs

(Figures 5A–5C), but it caused a rapid and sustained potentiation

of G-M IPSCs (Figures 5D–5F) that persisted during IGF1 treat-

ment and lasted for at least 30 min after IGF1 wash-out (Figures

S7A–S7D). The IGF1-induced potentiation of G-M IPSCs was

blocked by the IGF1 receptor (IGF1-R) antagonist NVP-

AEW541 (Figures 5D–5F), indicating that the synaptic potentia-

tionwas specifically caused by IGF1. The IGF1-induced increase

in the strength of G-M synapses was associated with a concur-

rent increase in the amplitude (�30%) and frequency (�15%) of

mIPSCs (Figures 5G and 5H), but not with a change in paired-

pulse ratio (Figures 5I and 5J), again indicating that the effect

of IGF1 is mediated by a postsynaptic mechanism.

IGF1 acts via binding to the IGF1-R and/or insulin receptor

(Fernandez and Torres-Alemán, 2012). Both receptors are abun-

dantly, but not exclusively, expressed in mitral cells of the MOB

(Marks et al., 1991). We ablated the IGF1-R or insulin receptor by

injecting AAVs expressing Cre-recombinase into the MOB of

adult IGF1-Rf/f or insulin receptorf/f mice (Br€uning et al., 1998;

Dietrich et al., 2000), and we tested the effect of IGF1 in acute sli-

ces from both mutant mice. We found that the insulin receptor

KO had no effect on the IGF1-induced potentiation at G-M syn-

apses, but that the IGF1-R KO blocked this synaptic potentiation
Figure 4. Syt10 Is Essential for STFP-Induced LTP of G-M Synapses

(A) Coronal section of the MOB (left) and cropped region (right) showing layer-sp

(B) Example micrographs from the EPL showing localizations of Syt1 puncta (red

(C andD) Coronal sections of theMOB (left) and cropped region (right) showing lay

(E and F) Example micrographs from the EPL showing localizations of Syt10 pu

puncta (green) relative to vGlut1+ (red) and vGAT+ (blue) synapses (F). For more

(G) Example G-M IPSC traces (left), with summarized input-output curves (middle

Syt1 KD MOB slices of naive M72-GFP mice. For Syt1 KD efficiency and OS-M

(H) Example G-M IPSC traces (left), with summarized input-output curves (middle

Syt10 KO (Cre) MOB slices of naive M72-GFP + Syt10f/f mice. For Syt10 KO effic

(I) Schematic diagram showing AAV injection, STFP training, and subsequent sl

Syt10f/f mice.

(J–L) Example G-M IPSC traces (left), with summarized input-output curves (midd

Syt10 KO (Cre) MOB of M72-GFP + Syt10f/f observers of plain food (J), Oct food

Data in (G), (H), and (J)–(L) are means ± SEM (error bars), with mouse number as sa

is by Student’s t test (***p < 0.001 and *p < 0.05; n.s., p > 0.1). Note the images
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(Figures 5K–5M). Thus, IGF1-induced synaptic potentiation is

mediated by the IGF1-R that is expressed in mitral cells, sug-

gesting an autocrine mechanism.

We examined the effects of postsynaptic membrane depolar-

ization on mitral cell mIPSCs in acute olfactory bulb slices.

Twenty postsynaptic depolarization pulses (from �70 to 10 mV

for 1 s, separated by 6 s) were applied to mitral cells clamped

at �70 mV with different combinations of D-AP5, CNQX, and

tetrodotoxin (TTX) included in the ACSF (Kato et al., 2009). Post-

synaptic depolarization only transiently increased mIPSC fre-

quency and amplitude, without significant potentiation of mIPSC

frequency and amplitude 28–30 min after depolarization (Figures

S7E–S7I). Thus, direct depolarization of the postsynaptic neuron

did not elicit LTP of GABAergic G-M synapses, consistent with

an indirect effect of Ca2+ transients via activation of IGF1

exocytosis.

Up to this point, our results suggested that STFP induces ac-

tivity-dependent secretion of IGF1 from mitral cells, which in

turn induces an odor-specific LTP at G-M synapses in the

MOB. To further test this hypothesis, we virally expressed

active or inactive (as control) Cre-recombinase bilaterally in

the MOB of adult IGF1-Rf/f mice that had been crossed with

M72-GFPmice, resulting in intrabulbar IGF1-R deletion in adult

mice (Figure S6I). Recordings of basal synaptic transmission in

acute slices revealed that, similar to the Syt10 deletion, the

IGF1-R deletion had no effect on basal G-M synaptic transmis-

sion (Figure S6J). We then measured the effect of the IGF1-R

KO on the STFP-induced LTP at G-M synapses of M72-associ-

ated mitral cells (Figure 6A). Again, similar to the Syt10 deletion,

the IGF1-R KO selectively blocked LTP at these synapses

after STFPwith Acp food demonstrator (Figure 6D), but not after

STFP with plain or Oct food demonstrators (Figures 6B and 6C).

Viewed together, these data strongly suggest that IGF1-R

signaling mediates STFP-induced LTP at G-M synapses in

the MOB.

STFP-Induced LTP in G-M Synapses Is Essential for
Olfactory Memory
STFP-induced LTP in G-M synapses correlates withmemory for-

mation after STFP (Figures S1A–S1C), but is it essential for mem-

ory formation? To address this question, we ablated Syt10 or

the IGF1-R in the MOB of adult Syt10f/f or IGF-1Rf/f mice by
ecific expression of Syt1 (red) in wild-type (WT) mice.

) relative to vGlut1+ (green) and vGAT+ (blue) synapses.

er-specific expression of Syt10 (green) inWTmice (C) and in Syt10 KOmice (D).

ncta (green) relative to Syt1+ (red) and vGlut1+ (blue) synapses (E) and Syt10

data of synaptic localization of Syt1 and Syt10, see Figures S4 and S5.

) and curve slopes (right) from M72-associated mitral cells in control (Ctrl) and

EPSC data, see Figures S6A–S6E.

) and curve slopes (right) from M72-associated mitral cells in control (Ctrl) and

iency, see Figures S6F–S6H.

ice recordings of G-M IPSCs from M72-associated mitral cells in M72-GFP +

le) and curve slopes (right) fromM72-associated mitral cells in control (Ctrl) and

(K), and Acp food (L).

mple size n; numbers of neurons/mice are indicated in bars. Statistical analysis

(A, C, and D) were assembled with smaller imaging fields.
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Figure 5. IGF1 Induces Rapid Postsynaptic Potentiation of G-M Synapses Requiring IGF1-R Signaling

(A) IGF1 was applied to acute MOB slices while OS-M EPSCs (example traces, right) were recorded.

(B and C) Summarized time course (B) and normalized amplitude analysis of OS-M EPSCs before and 15–25 min after the initiation of IGF1 application (C),

showing no significant effect of IGF1 on the strength of OS-M synaptic transmission.

(D) Acute MOB slices treated with IGF1 with or without pre-incubation of selective IGF1-R kinase inhibitor NVP-AEW541 (1 mM) in ACSF, while G-M IPSCs

(example traces, right) were recorded.

(E and F) Summarized time course (E) and normalized amplitude of G-M IPSCs before and 15–25 min after the initiation of IGF1 treatment (F), showing the

specificity of IGF1-induced synaptic potentiation.

(legend continued on next page)
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Figure 6. IGF1-R Signaling Is Required by STFP-Induced LTP of G-M Synapses

(A) Schematic diagram showing AAV injection, STFP training, and subsequent slice recordings of G-M IPSCs from M72-associated mitral cells in M72-GFP +

IGF1-Rf/f mice.

(B–D) Example G-M IPSC traces (left), with summarized input-output curves (middle) and curve slopes (right) fromM72-associatedmitral cells in control (Ctrl) and

IGF1-R KO (Cre) MOBs ofM72-GFP + IGF1-Rf/f observers of plain food (B), Oct food (C), and Acp food (D). For IGF1-R KO efficiency and basal G-M IPSC data,

see Figures S6I and S6J. Data are means ± SEM (error bars), with mouse number as sample size n; numbers of neurons/mice are indicated in bars. Statistical

analysis is by Student’s t test (**p < 0.01 and *p < 0.05; n.s., p > 0.1).
injecting AAVs encoding Cre-recombinase, which blocks STFP-

induced LTP but has no effect on basal synaptic transmission as

documented above (Figures 4H, 4L, 6D, and S6J). Complemen-

tarily, we ablated Syt1 using AAVs encoding Syt1 shRNAs

to impair basal synaptic transmission of G-M synapses as

described above (Figure 4G). We subjected the mice with these

viral treatments to the behavioral tests of basal olfactory function

and memory retrieval after STFP. For all manipulations, appro-

priate controls were used in parallel as described above, and

behavioral analyses were performed in anonymized subjects.

The Syt1 KD severely impaired basal olfactory function, as evi-

denced by a reduction of olfactory sensitivity (Figures S8A and

S8B) and the longer time needed to find a buried food pellet (Fig-

ures 7A and 7B). Consequently, the Syt1 KD in the MOB strongly

impaired olfactory memory formation after STFP (Figures 7E and

7F), probably because it perturbed olfactory sensory processing.

The intrabulbar Syt10 KO, however, had no effect on olfactory
(G and H) Example mIPSC traces (G), with averaged mIPSC frequency and amp

(I and J) Representative traces (I) and analysis of averaged paired-pulse ratio (PP

(K) Acute MOB slices with deletions of either IGF1-R or insulin receptor (IR) treat

(L and M) Summarized time courses (L) and normalized amplitude of G-M IPSC

dominant role of IGF1-R versus IR in IGF1-induced synaptic potentiation. Data a

neurons/mice are indicated in bars. Statistical analysis is by Student’s t test (**p
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sensitivity (Figure S8C) or on food finding (Figure 7C). However,

the Syt10 KO significantly impaired olfactory memory formation

after STFP, with the impairment increasing in severity over time

(Figure 7G). The IGF1-R deletion also had little effect on basal

olfactory function (Figures 7D and S8D), but it impaired memory

formation similar to the Syt10 KO (Figure 7H). These data

indicate that STFP-induced LTP in G-M synapses is essential

for olfactory memory formation.

DISCUSSION

Social context modifies all operations of the brain (Behrens et al.,

2009), yet the synaptic signature of social context in specific cir-

cuits remains unclear. By exploiting reporter mouse lines (M72-

GFP and M71-GFP) in which specific glomeruli with known

odorant specificity are labeled by GFP, we here demonstrate

that olfactory learning in a social context selectively induces
litude (H) of mitral cells with (IGF1) or without (Ctrl) IGF1 treatment.

R) before and during IGF1 treatment (J).

ed with IGF1, while G-M IPSCs (example traces, right) were recorded.

s before and 15–25 min after the initiation of IGF1 treatment (M), showing the

re means ± SEM (error bars), with cell number as sample size n; numbers of

< 0.01 and *p < 0.05; n.s., p > 0.1).
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Figure 7. STFP-Induced LTP of G-M Synapses Is Essential for Memory Formation

(A) Schematic diagram showing AAV injection, food deprivation, and subsequent food-finding test.

(B–D) Analyses of time spent in finding buried food by the adult mice with Syt1 KD (B), Syt10 KO (C), and IGF1-R KO (D) in the MOB.

(E) Schematic diagram showing AAV injection, habituation, STFP training, and memory tests after STFP.

(F–H) Analyses of memory retrieval for Acp-flavored food at different time points (immediately, 1 day, and 14 days) after STFP by adult mice with intrabulbar Syt1

KD (F), Syt10 KO (G), and IGF1-R KO (H). For other behavioral tests, see Figure S7.

Data (B–D and F–H) are means ± SEM (error bars), with mouse number as sample size n; numbers of mice are indicated in bars. Statistical analysis is by Student’s

t test (***p < 0.001, **p < 0.01, and *p < 0.05; n.s., p > 0.1).
LTP of the GABAergic component of reciprocal synapses be-

tween granule andmitral cells in theMOB (Figures 1 and 2). Strik-

ingly, odor exposure without a social context did not induce this

LTP (Figure S3). This socially relevant LTP is preceded by

sustained Ca2+ transients in the lateral dendrites of mitral cells

during social learning (Figure 3). It requires an autocrine and/or

paracrine action of IGF1 coupled to IGF1-R signaling to enhance

postsynaptic GABA receptor function, as demonstrated by con-

ditional deletion of Syt10, a Ca2+ sensor for IGF1 secretion from
mitral cell dendrites (Figure 4), and confirmed by IGF1 perfusion

(Figure 5) and by conditional deletion of IGF1-R (Figure 6). Finally,

we have shown that deletion of Syt10 or the IGF1-R has no effect

on olfactory sensation, but it impairs STFP-induced memory for-

mation (Figure 7). Together, these data reveal a socially relevant

synaptic modification in a defined microcircuit of the MOB that

associates sensory cues with social context during memory en-

coding (Figure 8). Thus, we propose to have identified a specific

event of synaptic plasticity that contributes tomemory encoding.
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Figure 8. Summarized Diagram Illustrating the Signaling Mechanism of STFP-Induced Potentiation at G-M Synapse

(A) Odor exposure without a social context induces transient Ca2+ entry that triggers Syt1-dependent glutamate release, but not Syt10-dependent IGF1 secretion

from mitral cell dendrite. Such process then evokes GABA release from granule cell and feedback inhibition on the mitral cell without G-M synaptic potentiation.

(B) Odor exposure in a social context during STFP induces sustained Ca2+ entry in mitral cell dendrites and triggers both glutamate release and IGF1 exocytosis.

IGF1 acts on IGF1-R and potentiates G-M synaptic strength by recruiting more GABA-R, which may be a synaptic substrate for the association of odor signals

and social context.
A Synaptic Signature that Associates Social Context
with Olfactory Signals
Many brain areas are modulated by diverse types of social

behavior (Lin et al., 2005; Gunaydin et al., 2014; Matthews

et al., 2016; Li et al., 2016; Okuyama et al., 2016). We asked

how social context interacts with sensory processing during

social learning. In the MOB, we characterized a long-lasting

modification of G-M synapses that is associated with a defined

glomerular unit; no synaptic modification was observed in other

synapses (OS-M, PG-M, and PV-M), or in G-M synapses that are

associated with glomeruli unrelated to the STFP odor. The LTP at

G-M synapses was odor specific; STFP with Oct, an odor that is

not a ligand of the M72 glomerular unit, did not induce LTP. More

importantly, the STFP-induced LTP depended on social context;

odor exposure without a social context did not induce LTP.

Therefore, this LTP represents a specific synaptic signature
118 Neuron 95, 106–122, July 5, 2017
that associates social context with food odor signals in the

MOB during STFP.

In the MOB, reciprocal M-G-M synapses are critical for

sharpening the olfactory tuning profile of mitral cells (Mori

et al., 1999; Tan et al., 2010) and for rapid odor discrimination

(Abraham et al., 2010; Gschwend et al., 2015). The LTP of

GABAergic responses described here would increase the

strength of G-M synapses of those glomeruli that were

specifically activated during STFP, thus enhancing the ability

of mice to selectively discriminate the odor associated

with STFP.

STFP-induced LTP, an association mechanism of social

context and odor signals, may be recruited by a broader range

of social and non-social forms of olfactory learning. Supporting

this notion, it has been shown that plasticity of local

GABAergic neurons in various species is important for olfactory



adaptive behaviors (Brennan et al., 1990; Keverne and Brennan,

1996; Stopfer and Laurent, 1999; Das et al., 2011).

The hypothesis that memory is encoded by engrams that are

formed by modifications of particular synapses is widely favored

(Kelleher et al., 2004; Huganir and Nicoll, 2013; Takeuchi et al.,

2013). Testing and validating this hypothesis, however, has

constituted a persistent challenge because of the difficulty in

linking a particular synaptic change to a defined memory.

Here, the LTP at G-M synapses induced by social learning

from Acp demonstrator mice is essential for the formation of

the Acp memory in the observer mice, suggesting that this LTP

is part of the engram for odor memory during STFP. However,

memory formation is not completely abolished when the STFP-

induced M-G-M synapse LTP is ablated by deletions of Syt10

or IGF1-R, suggesting that other synaptic modifications in other

brain areas contribute to memory formation after STFP (Lesbur-

guères et al., 2011). Multiple types of synaptic plasticity distrib-

uted in different brain regions may coherently contribute to

long-term memory formation (Lesburguères et al., 2011; Takeu-

chi et al., 2013; McGann, 2015).

Signaling Mechanisms Underlying the STFP-
Induced LTP
In the present study, we have delineated a signaling pathway

whereby odor exposure in the presence of social context in-

duces persistent Ca2+ transients in mitral cells (Figure 3), Ca2+

then triggers IGF1 secretion via Ca2+ binding to Syt10 (Figure 4),

and the secreted IGF1 then binds to IGF1-R to potentiate

GABAergic G-M sub-synapses (Figures 5 and 6).

Why does odor exposure in the presence of social context

induce more persistent Ca2+ entry than unconditioned odor

exposure? Mice sniffed with similar frequency and amplitude

during odor sampling with and without a social context (Fig-

ure S3), suggesting that the social context does not change

odor-sampling behaviors. Alternatively, activation of centrifu-

gal monoaminergic pathways to the MOB by the social

context may be involved (Araneda and Firestein, 2006; Ka-

poor et al., 2016). For example, serotonin neurons in dorsal

raphe nuclei are strongly activated by social interactions (Li

et al., 2016), and stimulation of neurons in the raphe nuclei

excites mitral cells and strongly promotes their olfactory re-

sponses (Kapoor et al., 2016). Moreover, synaptic inputs

onto canonical glomerular units from necklace glomeruli that

detect semiochemicals may also be involved in the socially

relevant sustained Ca2+ entry (Munger et al., 2010; Uytingco

et al., 2016).

In the present study, the dependence of synaptic plasticity on

IGF1 release is not directly addressed by measuring IGF1

release. We did not perform such measurements because

IGF1 release in behaving mice is below the detection threshold

for neurochemical assays (e.g., ELISA). However, we demon-

strated that blocking Ca2+-triggered IGF1 release by the deletion

of Syt10 prevents STFP-induced GABAergic LTP (Figure 4) and

that blocking IGF1 signaling by the deletion of IGF1-R again pre-

vents STFP-induced LTP (Figure 6). Furthermore, we docu-

mented that IGF1 treatment induces LTP at GC-MC synapses

(Figure 5). Viewed together, these data link the GABAergic LTP

to Ca2+-triggered IGF1 release.
To rule out the possibility that Syt10 performs additional func-

tions in the olfactory bulb besides inducing IGF1 secretion, we

performed three lines of control experiments. First, we showed

that Syt10 deletion did not alter basal G-M IPSCs in naive mice

(Figure 4H). Second, the Syt10 deletion did not impair G-M

IPSCs in observer mice that were socially exposed to plain

food or Oct food (Figures 4J and 4K), and third, the Syt10 dele-

tion did not impair olfactory sensitivity (Figure S8C), social recog-

nition (Figure S8G), or innate food preference (Figure S8K) in

behavioral experiments.

Our study showed that IGF1 selectively potentiates the

GABA-R responses of G-M synapses by activating IGF1-Rs,

but we have not examined how IGF1-R activation increases

GABA-R responses. Stimulation of IGF1-Rs, among others, ac-

tivates Akt kinases (Fernandez and Torres-Alemán, 2012), and

Akt kinases promote trafficking of GABA-Rs (Wang et al.,

2003), suggesting that IGF1 may increase GABA-R responses

during STFP-induced LTP by an Akt-dependent mechanism.

This mechanism may broadly operate throughout the brain

(Shcheglovitov et al., 2013; Mardinly et al., 2016).

New Questions
Our results also raise several new questions, some of which have

already been alluded to above. First of all, STFP can be consid-

ered as a form of associative conditioning, in which food odors

and social context may serve as conditioned and unconditioned

stimuli, respectively. During STFP training, food odors activate

specific glomerular units in the MOB, whereas social context

may activate centrifugal neuromodulatory pathways innervating

theMOB, or it may directly act on theMOBby stimulating GC-D+

OSNs via carbon disulfide (Munger et al., 2010). Such odor and

social signals are then processed by the MOB circuitry via

several possible pathways that induce, as a final outcome, the

LTP at G-M synapses that we described here. For example, cen-

trifugal neuromodulatory projection from the dorsal raphe nuclei,

in which serotonin neurons are specifically activated during so-

cial interaction (Li et al., 2016), may provide a social context

signal to the MOB. According to this scenario, the olfactory

bulb associates odor signals from the MOE with social context

signals from serotonin neurons to form LTP at G-M synapses.

Alternatively, individual carbon disulfide-sensitive necklace

glomeruli that are anatomically and functionally connected to

canonical glomeruli (Uytingco et al., 2016) may transfer social

carbon disulfide signals to canonical glomeruli for association

with odor signals. Exploring these circuits will provide further

insight into the mechanisms for olfactory social learning.

Second, we only focused on the STFP-induced LTP within a

specific glomerular unit in the present study. It remains to be

determined how lateral inhibition (Arevian et al., 2008; Schoppa

and Urban, 2003; Wilson and Mainen, 2006) is modulated by

the social context. Moreover, given the fact that IGF1 is a diffus-

ible signalingmolecule, we do not knowhow IGF1, as a paracrine

factor, alters synaptic function of mitral cells associated with

adjacent glomerular units. We have not examined whether the

increased GABA-R responses during STFP-induced LTP involve

an increase in the GABA-R content of existing synapses, a re-

structuring of synapses, or even a formation of new synaptic

contacts.
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Finally, we have not addressed how synaptic turnover re-

sulting from adult neurogenesis (Lepousez et al., 2014) impacts

IGF1-dependent LTP and memory encoding during STFP.

Answering these questions will be essential for further progress

in our understanding of memory formation after social learning.

With the identification of social context-dependent LTP, its

dependence on IGF1 signaling, and the demonstration of the

role of this LTP in olfactory memory in hand, these questions

can be addressed now.
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NVP-AEW541 Selleckchem Cat. No. S1034

Experimental Models: Organisms/Strains

M72-GFP JAX Mice Stock No: 007766

M71-GFP JAX Mice Stock No: 006676

Syt10 f/f JAX Mice Stock No: 008413

IGF1-R f/f JAX Mice Stock No: 012251

IR f/f JAX Mice Stock No: 006955

Ai9 JAX Mice Stock No: 007905

PV-ires-Cre JAX Mice Stock No: 008069

Cdhr1-Cre MMRRC STOCK Tg(Cdhr1-cre)KG66Gsat/Mmucd

Software and Algorithms

Clampfit 10.4 Molecular Devices https://www.moleculardevices.com
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experimental procedures were conducted following protocols approved by the Administrative Panel on Laboratory Animal Care at

the Institute of Biophysics, Chinese Academy of Sciences. Mice were maintained in specific-pathogen-free mouse facility on a circa-

dian cycle of 12-h light and 12-h dark, with food and water available ad libitum. Adult mice were housed in groups (3 to 5 animals per

cage) before they were separated one week prior to experiments. The generation of Syt10f/f mice was described previously (Cao

et al., 2011). IGF1-R f/f and IR f/f mice were imported from Jackson Laboratory. M72-GFP and M71-GFP mice, which are available

in JAX Mice, were imported from Dr. Minmin Luo’s Laboratory at the National Institute of Biological Sciences with approval from

Dr. Peter Mombaerts at the Max Planck Institute of Biophysics. No statistical tests were used to predetermine sample size.

Adult mice (age between 3 to 5 months old) with or without prior viral injections were used for slice physiology or behavioral tests.

For STFP experiments and subsequent slice physiology, the observer mice were either male or female, whereas demonstrator mice

were always female. For other behavioral experiments, mice were either male or female. To knockdown Syt1, AAV-Syt1 KD or AAV-

GFP was stereotaxically injected into the bilateral olfactory bulbs ofM72-GFPmice. To delete Syt10, IGF1-R or IR, AAV-Cre or AAV-

GFPwas injected into the bilateral olfactory bulbs ofM72-GFP/Syt10f/f,M72-GFP/IGF1f/f orM72-GFP/IR f/fmice. To specifically label

mitral cells with GCaMP6, AAV-DIO-GCaMP6 was injected into the ipsilateral olfactory bulb of Cdhr1-Cre mice, followed by optic

fiber implantation into the EPL.

METHOD DETAILS

Virus vector preparation and injection
The serotype for adeno-associated virus (AAV) in this study was AAV-DJ (Grimm et al., 2008), which was packaged by Dr. Lochrie’s

team at the Stanford Gene Vector and Virus Core. The final viral vector titers were in the range of 1-53 1012 particles/ml. Two-month

old mice were anesthetized with tribromoethanol (125-250mg/kg). Viral vectors were bilaterally injected with a glass pipette at a flow

rate of 0.15 ml/min. The coordinates used for MOB injection were bregma 4.75 mm, lateral ± 1.1 mm and dura �1.25 mm.

Slice physiology
MOB slice preparation

Acute MOB slices were prepared from adult mice anesthetized with isofluorane before decapitation. Brains were rapidly removed

and placed in ice-cold oxygenated (95% O2 and 5% CO2) cutting solution (228 mM sucrose, 11 mM glucose, 26 mM NaHCO3,

1 mM NaH2PO4, 2.5 mM KCl, 7 mM MgSO4 and 0.5 mM CaCl2). Coronal MOB slices (300 mm) were cut using a vibratome (VT

1200S, Leica Microsystems, Wetzlar, Germany). The slices were incubated at 28�C in oxygenated artificial cerebrospinal fluid

(ACSF: 119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM MgSO4, 26 mM NaHCO3, 10 mM glucose, and 2.5 mM CaCl2) for

30 min, and were then kept at room temperature under the same conditions for 1 hr before transfer to the recording chamber at

25�C. The ACSF was perfused at 1 mL / min.

Whole-cell recording

The MOB slices were visualized with a 40 3 water immersion lens, differential interference contrast (DIC) optics and a CCD camera

(Q-Imaging Rolera-XR, BC, Canada). Patch pipettes were pulled from borosilicate glass pipettes (diameter 1.5 mm) using a PC-10

pipette puller. For voltage clamp recordings of the postsynaptic currents, pipettes were filled with internal solution (in mM, 135 CsCl,

10 HEPES, 1 EGTA, 1 Na-GTP and 4 Mg-ATP and 2% neurobiotin, pH 7.25). For recording membrane depolarization-induced G-M

IPSCs from mitral cells (recurrent inhibition), pipettes were filled with internal solution (in mM, 120 CsCl,10 TEA-Cl,20 HEPES,3 ATP-

Mg,0.2 Na-GTP,0.2 EGTA). The membrane potentials of mitral cells and granule cells were always held at�70 mV. The resistance of

pipettes varied between 3.0–3.5 MU. The whole-cell current signals were recorded with MultiClamp 700B and Clampex 10 data

acquisition software. After establishment of the whole-cell configuration and equilibration of the intracellular pipette solution with

the cytoplasm, series resistance was compensated to 10–15 MU. Recordings with series resistances that exceeded 15 MU were

rejected.

Identification and verification of M72/M71-associated mitral cells in MOB slices

The GFP+ M72/M71 glomeruli in acute olfactory slices were visualized under the microscope for slice physiology, and imaged with

the CCD camera and Image-Pro Plus. Two criteria were simultaneously used to identify mitral cells putatively associated with the

M72/M71 glomeruli: First, in the presence of picrotoxin, putative M72/M71 mitral cells responded to electrical stimulation in the

GFP+ glomerulus with an evoked excitatory postsynaptic current blocked by D-AP5 and CNQX (Figure S1G). Second, the primary

dendrites of mitral cells were visibly extending to M72 glomerulus under the microscope.

Recording of OS-M EPSCs or PG-M IPSCs from M72-associated mitral cells

M72-associated mitral cells were recorded while a bipolar stimulation electrode (FHC, CBAEC75 Concentric Bipolar Electrode OP:

125 mm SS; IP: 25 mm Pt/lr) was positioned within the GFP+ glomerulus with stimulus pulses (1 ms, 0.067 Hz, 20�120 mA) generated

by an AMPI isolator triggered by Clampex Software. ACSF with GABAA receptor antagonist (picrotoxin, PTX, 50 mM) or glutamate

receptor antagonists (D-AP5 50 mM and CNQX 20 mM) were respectively perfused to the MOB slice to pharmacologically isolate

OS-M EPSCs or PG-M IPSCs. To assure the stimulus was similar across different slices, the tip of stimulation electrode was carefully

adjusted to �20 mm below the surface of each slice. For validation of OS-M EPSC and PG-M IPSC, see Figure S1.
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Recording of PV-M IPSCs from M72-associated mitral cells

M72-associated mitral cells were recorded while light stimulations (laser 473 nm, single pulse, 0.067 Hz, duration 5 ms, 20 mW) were

applied to ChR2-expressing PV+ neurons in the acute MOB slices from M72-GFP + PV-ires-Cre + Ai32 mice (Figures S2C–S2E).

D-AP5 (50 mM) and CNQX (20 mM) were perfused in ACSF.

Recording of M-G-M IPSCs from M72-associated mitral cells

Recurrent inhibition of mitral cells was measured by depolarizing membrane potential of mitral cells for 10 ms from �70 mV to 0 mV,

with TTX in ACSF and TEA-Cl in the pipette internal solution. For validation of M-G-M IPSC, see Figures S2A and S2B.

Recording of M-G EPSCs from granule cells associated with M72 mitral cells

Granule cells associated with M72 mitral cells were recorded while local stimulation was delivered by a bipolar electrode in the

granule cell layer, with a distance of �50 mm away from the mitral cell body (Figure S2I). To assure the stimulus was similar across

different slices, the tip of stimulation electrodewas carefully adjusted to�20 mmbelow the surface of each slice. For validation ofM-G

EPSCs, PTX (50 mM) was perfused in ACSF (Figure S2J).

Recording of G-M IPSCs from M72-associated mitral cells

M72-associated mitral cells were recorded while a bipolar stimulation electrode was positioned in granule cell layer, with a distance

of�50 mm away from the mitral cell body (Figures S2F and S2G). To assure the stimulus was similar across different slices, the tip of

stimulation electrode was carefully adjusted to �20 mm below the surface of each slice. D-AP5 (50 mM) and CNQX (20 mM) were

perfused in ACSF. For validation of G-M IPSC, see Figure S2H.

Recording of mIPSCs of M72-associated mitral cells or mEPSCs of granule cells associated with M72 mitral cells

mIPSCs of M72-associated mitral cells were recorded with TTX (1 mM), D-AP5 (50 mM) and CNQX (20 mM) in ACSF. mEPSCs of

granule cells associated with M72 mitral cells were recorded with TTX (1 mM) and PTX (50 mM) in ACSF.

Recording GABA-induced IPSCs from M72-associated mitral cells

A pipette containing ACSF with 100 mM GABA was positioned above the dendrite of M72-associated mitral cells. Controlled by

Picospritzer III, GABA puff was delivered at 5 psi for 1 s while M72-associated mitral cells were recorded at voltage clamp mode

at �70 mV in the presence of D-AP5 (50 mM) and CNQX (20 mM) in ACSF.

Testing IGF1 effect on G-M IPSCs

In the experiments to test IGF1 effect on G-M IPSCs, IGF1 (50 ng/ml) and selective IGF1-R inhibitor NVP-AEW541 (1 mM,

Selleckchem) were delivered to the acute MOB slices via a computer-controlled multi-channel drug delivery system (Yi-Bo Life

Science Instruments). The series resistance of the recorded mitral cell was always monitored. Recordings with series resistance

exceeding 18 MU were rejected.

Behavioral tests
General

All behavioral tests were conducted with male mice during the same circadian period (13:00–18:00). The mice were housed individ-

ually one week before the behavioral tests and were handled daily by the experimenters for at least three days before the behavioral

tests. The mice were transferred to the testing room and were habituated to the room conditions for 3 hr before the experiments

started. The apparatus was cleaned with 20% ethanol to eliminate odor cues from other mice. All behaviors were scored by exper-

imenters who were blind to the treatment of the animals. All odor chemicals (acetophenone, octanal and isoamyl acetate) were from

Sigma-Aldrich.

Food-finding test

The food-finding test was performed as described previously (Cao et al., 2011). Following 18 hr food deprivation, the mice were

moved to a new cagewhere a single food pellet was buried randomly in one corner. The latency for food finding wasmeasured before

the mice were returned to their home cages.

Olfactory sensitivity test

In the olfactory sensitivity test, mice were exposed to filter paper containing isoamyl acetate (IAA) of different concentrations (zero,

0.001%, 0.01%, 0.1% and 1%). Time spent sniffing the filter paper was measured to quantify olfactory sensitivity (Witt et al., 2009).

Social discrimination test

In the social discrimination test, a young 3-week-old mouse was placed into the home cage of a test adult mouse. Time spent by the

test mouse investigating the young mouse was measured. Ten minutes later, the familiar young mouse and an unfamiliar young

mouse were both placed in the home cage of the test mouse. Time spent by the test mouse investigating the familiar and unfamiliar

youngmice wasmeasured again, and total investigation time and social discrimination ratio (time spent investigating unfamiliar mice

relative to total investigation time) were calculated (Tobin et al., 2010).

Innate food preference test

Food pellet with Acp (1%) and Oct (1%) were baked in an oven (55℃, 2 hours) until the food cookies are completely dry. Although the

initial concentration of Acp or Oct during foodmixing was 1%, the final concentration after baking ismuch lower than this value. In the

innate food preference test, two days before the innate food preference test, food-deprived (18 h) mice naive to tested odors were

placed into a cage with two bottles containing plain food, where they were habituated to eating food pellet from bottles. On the day of

STFP training, the mice were moved to the same cage with two bottles containing food flavored with Acp and Oct. The positioning of

the food bottles was randomly selected to avoid position preference of the observer mice. The mice were allowed to eat the different
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food for 60min before being returned to their home cages. The consumed Acp-flavored or Oct-flavored foodwasmeasured and their

ratios to total food consumption were calculated.

Social transmission of food preference (STFP) test

STFP test was performed according to standard protocol (Figure S1). Two days before training, food-deprived (12 h) observer

mice naive to tested odors were placed into a cage with two bottles containing plain food, where they were habituated to eating

food pellet from bottles. In a similar way, the food-deprived demonstrator mice were habituated to eating food pellet with Acp

(1%) from bottles. On the day of training, the demonstrator mice were allowed to eat Acp-flavored food for 30 min, and were

then put into the home cage of the observer mice for social interaction (30 min). Immediately, 1 day or 14 days after social inter-

action, the observer mice were placed into the cage with two bottles containing Acp-flavored and Oct-flavored food. The posi-

tioning of the Acp-flavored and Oct-flavored food bottles was random to avoid position preference of the observer mice. They

were allowed to eat the different food for 60 min before being returned to their home cages. The consumed Acp-flavored or

Oct-flavored food was measured and their ratios to total food consumption were calculated. To avoid fighting between observer

and demonstrator, the demonstrator mice were always female. STFP was also combined with slice physiology (Figure 1A). M72-

GFP mice were subjected to STFP training with wild-type demonstrators that had ingested plain food, Oct-flavored or Acp-

flavored food. Immediately, 1 day or 14 days after STFP training, they were subjected to slice physiology to identify the synaptic

modifications in the MOB by STFP.

Sniffing behavior measurement

Sniffing behavior was performed according to standard protocol (Wesson et al., 2008). One week before sniffing recording, mice

were implanted with an intranasal cannula during anesthesia. On the day of recording, the intranasal cannula was connected to

the pressure transducer by a piece of polyethylene tubing. During experiment, sniffing of freely moving mice was monitored by

measuring intranasal respiratory pressure. The voltage was amplified 100X, low-pass filtered at 100 Hz, and digitized at 8000 Hz

with Spike 2 Software.

Fiber photometry analyses
Fiber photometry recording was performed with a commercialized fiber photometry system (Model FIS, ThinkerTech). AAV-DIO-

GCaMP6mwas stereotaxically injected into themitral cell layer of theMOB of Cdhr1-Cremice, followed by implantation of optic fiber

(230 mmO.D., 0.37 numerical aperture; Shanghai Fiblaser) at external plexiform layer. The coordinates for injection (bregma 4.50mm,

lateral ± 1.30mmand dura�0.5mm) and implantation was carefully adjusted so that the tip of optic fiber was close to the rostral M72

glomerular unit (bregma 4.50 mm, lateral ± 1.30 mm and dura �0.1 mm). Fiber recordings were performed in freely moving mice

three weeks after virus injection. To induce fluorescence signals (Figure 3D), a laser beam from a laser tube (488 nm) was reflected

by a dichroic mirror, focused by a 10x len (NA = 0.3) and then coupled to an optical commutator. A 2-m optical fiber (230 mm O.D.,

NA = 0.37) guided the light between the commutator and the implanted optical fiber. Tominimize photo bleaching, the power intensity

at the fiber tip was adjusted to 0.02mW. The GCaMP6m fluorescence was band-pass filtered (MF525-39, Thorlabs) and collected by

a photomultiplier tube (R3896, Hamamatsu). An amplifier (C7319, Hamamatsu) was used to convert the photomultiplier tube current

output to voltage signals, which was further filtered through a low-pass filter (40 Hz cut-off; Brownlee 440). The analog voltage signals

were digitalized at 100 Hz and recorded by a Power 1401 digitizer and Spike2 software (CED, Cambridge, UK). Recorded fluores-

cence from each continuous experimental trial was normalized to the averaged fluorescence one second before the initiation of

the trial.

Immunohistochemistry and image analyses
Mice were anesthetized with isoflurane and sequentially perfused with saline and phosphate buffered saline (PBS) containing 4%

paraformaldehyde (PFA). Brains were removed, post-fixed overnight, and incubated in PBS containing 30% sucrose until they

sunk to the bottom. Cryostat coronal sections (40 mm) containing theMOB, the piriform cortex or the entorhinal cortexwere collected,

incubated overnight with blocking solution (PBS containing 10% goat serum and 0.7% Triton X-100), and then treated with primary

antibodies diluted with blocking solution for 8�12 hr at room temperature. Primary antibodies were washed three times with washing

buffer (PBS containing 0.7% Triton X-100) before incubation with secondary antibodies (tagged with Cy2, Cy3 or Cy5, 1:500) for 1 hr

at room temperature. Sections were again washed three timeswith washing buffer, transferred onto Super Frost slides, andmounted

under glass coverslips with mounting media. Primary antibodies used for immunohistochemistry included GFP (Abcam ab290,

1:2000), Syt1 (Synaptic System, 105002, 1:1000), Syt10 (NeuroMab, 75-262, 1:500), vGlut1 (Millipore AB5905, 1:1000), vGAT (Milli-

pore AB5062P, 1:500) and parvalbumin (Millipore MAB1572, 1:500). Sections were imagedwith a Nikon epifluorescencemicroscope

(4 3 and 10 3 objectives) or an Olympus FV1200 confocal microscope (60 3 and 100 3 oil-immersion objective). Samples were

excited by 488, 543 or 633 nm lasers in sequential acquisitionmode to avoid signal leaking. Identical acquisition settingswere applied

to all samples in the same batch of experiments. Saturation was avoided bymonitoring pixel intensity with Hi-Lomode. Puncta diam-

eter was analyzedwith ImageJ. In brief, the scale of the pictureswas set in NIH ImageJ based on the physical dimension of the picture

recorded by the confocal system. After converting the pictures from red–green–blue color mode to 16-bit mode, the puncta in the

pictures were binarized and measured automatically by NIH ImageJ. To plot the cumulative distribution curves, 300–400 puncta

for each label were used. Each pair of distribution curves was tested statistically with the Kolmogorov-Smirnov test. Colocalization

analyses were done using NIH ImageJ plug-in JACoP. Although the JACoP plug-in can automatically calculate the Pearson’s
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coefficient (PC), the raw PC needs to be corrected by subtracting the background PC, which was obtained by translating one of the

images for 15 pixels in both directions.

Immunoblotting
Immunoblotting was used to verify the efficiency of deletion or knockdown of individual genes in the adult MOB. Equivalent amounts

of protein samples were loaded and resolved in SDS-PAGE (10%) and subsequently transferred to polyvinylidene difluoride (PVDF)

membranes. The PVDF membranes were blocked in Tris-buffered saline containing Tween 20 (TBST) with 5% non-fat dry milk for

1 hr. The membrane was then incubated with the primary antibody overnight at 4�C, then incubated with horseradish peroxidase-

linked goat anti-rabbit or anti-mouse IgG (1:10000) and developed using peroxidase chemiluminescent reaction (ECL). Primary

antibodies used in immunoblotting included Syt1 (Synaptic System, 105002, 1:1000), Syt10 (NeuroMab 75-262, 1:1000), IGF1-R

(Abcam ab131476, 1:500) and GAPDH (Cell Signaling 5174, 1:1000).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments of slice physiology, behavioral tests and morphological analyses were performed with anonymized sample in which

the experimenter was unaware of the experimental condition of mice. Student’s t test was used to analyze slice physiology data

(Figures 1, 2, 4, 5, 6, S1–S3, S6, and S7), fiber photometry data (Figure 3) and behavioral data (Figures 7, S1, S3, and S8). The

Kolmogorov-Smirnov test was used to analyze the cumulative curves of mEPSCs / mIPSCs (Figure 2) or puncta diameter (Figure S5).

The ‘‘n’’ used for these analyses represents number of mice (Figures 1, 2, 3, 4, 6, 7, S1–S3, S5, S6, and S8) or number of cells (Figures

5 and S7), all of which have been specified in Figures.
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