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SUMMARY

During social transmission of food preference (STFP), the combination of an olfactory sensory
input with a social cue induces long-term memory of a food odor. How a social cue produces long-
term learning of an olfactory input, however, remains unknown. Here, we show that the neurons of
the anterior olfactory nucleus (AON) that form abundant synaptic projections onto granule cells in
the olfactory bulb (OB) express the synaptogenic molecule C1ql3. Deletion of CZg/3in the
dorsolateral AON impaired synaptic AON—OB connections and abolished acquisition but not
recall of STFP memory, without significantly affecting basal olfaction. Moreover, deletion in
granule cells of the OB of Bai3, a postsynaptic GPCR receptor for C1ql3, similarly suppressed
synaptic transmission at AON—OB projections and abolished acquisition but not recall of STFP
memory. Thus, synaptic AON—OB connections are selectively required for STFP memory
acquisition and are formed by an essential interaction of presynaptic C1ql3 with postsynaptic
Bai3.

eTOC blurb

Wang et al. show that presynaptic C1ql3 and its postsynaptic receptor Bai3, an adhesion-GPCR,
are necessary for the formation of functional synaptic projections from the anterior olfactory
nucleus to the olfactory bulb, and that this projection is required for the acquisition of social
transmission of food preference memory in mice.
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INTRODUCTION

The brain processes and transforms information at massive yet precise synaptic connections
that wire trillions of neurons into millions of networks. How the brain works critically
depends on the formation and function of defined synaptic connections. Synaptic
connections are instructed and specified by trans-synaptic signaling molecules (Zipursky and
Sanes, 2010; Studhof, 2017; Yuzaki, 2018). Many such molecules have been identified, but
few instances in which a specific set of molecules instructs a defined synaptic connection
were described.

Clg-like 3 (C1ql3) is a secreted neuronal protein that binds to the postsynaptic adhesion G-
protein-coupled receptor (GPCR) Bai3 (gene symbol Adgrb3) and acts as a synaptic
organizer (Bolliger et al., 2011; Kakegawa et al., 2015; Sigoillot et al., 2015; Martinelli et
al., 2016; Matsuda et al., 2016; Chew et al., 2017). C1ql3 is a member of the C1ql protein
family, which is part of the tumor necrosis factor (TNF)/C1Q superfamily (Kishore et al.,
2004; Tom Tang et al., 2005). C1ql proteins (C1qls) are encoded by four homologous genes,
C1ql1-C1ql4, that are closely related to two other members in the TNF/C1Q superfamily:
cerebellins and adiponectin (Stevens et al., 2007; Matsuda et al., 2010; Uemura et al., 2010).
Like these molecules, C1qls feature a globular C-terminal C1q domain that forms
homotrimers. In addition, C1gls contain two smaller N-terminal domains, a cysteine-rich
sequence that is homologous to a domain in cerebellins but is lacking from adiponectin, and
a collagen-like sequence that is similarly found in other C1g domain proteins but is lacking
from cerebellins (Yuzaki, 2018). Via these N-terminal sequences, C1gs assemble into
hexamers of trimers to create a homomultimeric complex comprising 18 C1qgl subunits
(Ressl et al., 2015). Although the C1q domains of different proteins exhibit similar three-
dimensional structures, they bind to distinct ligands. For example, the C1q domains of
cerebellin-1 and -2 bind to GluD1 and GluD2 (Matsuda et al., 2010; Uemura et al., 2010),
the C1q domains of C1qls bind to Bai3 (Bolliger et al., 2011; Kakegawa et al., 2015;
Sigoillot et al., 2015), and the C1q domain of adiponectin binds to AdipoR1/R2 (Yamauchi
etal., 2003).

C1ql3 is abundantly expressed in central olfactory regions, such as the anterior olfactory
nucleus (AON) and piriform cortex (PCx) (Martinelli et al., 2016). Olfactory information
enters the brain via the olfactory bulb (OB), and is relayed by mitral/tufted cells to primary
olfactory cortices, AON and PCx (Nagayama, Homma and Imamura, 2014). Similar to the
retina, the local circuitry of the OB processes olfactory information before relaying to the
cortex. Different from the retina, however, the OB receives abundant centrifugal inputs from
the central brain regions, including the AON, the PCXx, and several neuromodulatory centers
(Matsutani and Yamamoto, 2008). The AON—OB projections are the most abundant among
these centrifugal inputs, forming synapses primarily on the granule cells in the OB (Price
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and Powell, 1970; Haberly and Price, 1978; de Olmos, Hardy and Heimer, 1978; Luskin and
Price, 1983; Padmanabhan et al., 2016).

In the OB, granule cells are abundant interneurons that mediate reciprocal and lateral
inhibition of mitral/tufted cells via dendrodendritic synapses, and that are replenished by
adult neurogenesis throughout life (Shepherd, Chen and Greer, 2004). Centrifugal synapses
on granule cells indirectly modulate the physiological responses of nearly all cell types in
the OB and are modified by synaptic plasticity (Halabisky and Strowbridge, 2003; Balu,
Pressler and Strowbridge, 2007; Gao and Strowbridge, 2009; Boyd et al., 2012;
Markopoulos et al., 2012). Moreover, the topographical organization of centrifugal synapses
suggests that centrifugal projections are important behaviorally (Padmanabhan et al., 2016).
However, only studies involving coarse surgical lesions of the centrifugal pathway have been
performed to examine their behavioral relevance in olfactory information processing
(Kiselycznyk, Zhang and Linster, 2006), and the physiological significance of AON—OB
projections remains unclear.

In the present study, we used an ethologically relevant olfactory behavior — social
transmission of food preference (STFP) (Galef, 2002; Wrenn, 2004) — to study how trans-
synaptic organizer molecules mediate the formation/maintenance of a particular olfactory
circuit, the AON—OB projection, and how this circuit contributes to the processing of
olfactory sensory information. We found that C1ql3 and Bai3 are required for centrifugal
AON—OB synaptic connections that in turn are essential for acquisition of STFP. Hence,
we identified a molecularly and anatomically defined projection that specifically regulates
the formation of STFP memory.

C1ql3-positive AON neurons form a hub connecting the OB to diverse brain regions.

We previously generated conditional knockin/knockout (cKO) mice that co-express m\enus
with endogenous C1ql3, and allow Cre-dependent deletion of C1g/3and mVenus (Martinelli
et al., 2016). In these mice, mVenus (and C1ql3) is abundantly produced in olfactory
cortices, such as the AON and PCx. Moreover, we observed a strong mVenus signal in the
granule cell layer of the OB without detectable C1g3 mRNA (Martinelli et al., 2016),
suggesting that in the C1g/3cKO mice, mVenus is transported via axonal projections to the
OB from C1ql3 positive neurons in the AON and/or PCx.

To test this hypothesis, we injected fluorescently labeled cholera toxin B (CTB), a retrograde
tracer, into the OB of CIg/3 ¢cKO mice, and measured the co-localization of mVenus and
CTB in neurons of the AON and PCx (Figure 1A-1B). The AON is divided into two basic
zones, the pars externa and pars principalis, which is further subdivided into four major
divisions (pars medialis (MAON), pars lateralis (IAON), pars dorsalis (1AON) and pars
ventralis (VAON)) (Brunjes, lllig and Meyer, 2005). We found that the majority (~95%) of
CTB+ neurons in all subdivisions of the AON’s pars principalis are positive for m\enus
(Figure 1C-1D, 11). Thus, nearly all AON—OB projecting neurons express C1ql3.
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In contrast, we observed that only a minority (~25%) of PCx—OB projection neurons
contain mVenus (Figure 1E-H, 1l). The PCx can be divided into anterior and posterior parts
that extend in a ventral to dorsal direction analogous to the hippocampus, and are comprised
of a superficial molecular layer (layer 1), a densely packed pyramidal cell layer (layer 2),
and a deep polymorphic layer (layer 3) (Neville and Haberly, 2004). Although C1ql3+
neurons are abundant in the PCx, most C1ql3+ neurons were found in layer 3, whereas
PCx—0OB projection neurons were observed in layer 2 (Figure 1F, 1H).

To confirm and extend the retrograde tracing results, we examined the overall synaptic
projections elaborated by AON neurons using SynaptoTag AAVs that co-express mCherry
(which fills neural processes) and EGFP-tagged synaptobrevin-2 (which labels output
synapses) (Xu and Sudhof, 2013) (Figure S1). AON neurons formed abundant synaptic
projections onto granule cells of the OB, confirming the CTB-tracing results (Figure 1). In
addition, AON neurons projected to the PCx with decreasing density along its anterior-to-
posterior axis (Figure S1D-G). Furthermore, AON neurons projected to the submedial
nucleus of the thalamus, the cortical amygdala, the tegmental reticular nucleus, and the
dorsal raphe nucleus where they formed synapses on serotonergic neurons (Figure S1G-I).

We next asked whether AON—PCx projection neurons also express C1ql3, and whether
AON—OB and AON—PCx projection neurons overlap. Retrograde CTB tracing with two
fluorescent tags revealed that much fewer AON neurons project to the PCx than to the OB
(Figure S2). The majority (~65%) of the AON—PCx projection neurons also projected to
the OB, whereas only a minority (~22%) of AON—OB projection neurons also projected to
the PCx (Figure S2). Furthermore, retrograde activation of double-floxed SynaptoTag
expressed in the AON by infection of the OB with rAAV2-retro-Cre (Tervo et al., 2016)
confirmed that only a small subset of AON-neurons projecting to the OB also sends axon
collaterals to the anterior PCx (Figure S3). Thus, the overall picture that emerges from these
tracing studies is that the AON forms the hub of a densely interconnected network. In this
network, C1gl3* AON neurons act as a central node that not only link each AON to both
OBs (Yan et al., 2008), but also connects the each AON to the PCx and to other brain
regions.

C1qgl3 expression in the AON is required for formation but not recall of STFP memory.

To probe the function of the AON and the role of C1ql3 in that function, we infected the
dorsolateral AON of adult C1g/3cKO mice (~7-8 weeks old) with AAVs that express active
Cre-recombinase (Cre) or inactive mutant Cre-recombinase (ACre, used as a control), both
tagged with tdTomato (Figure 2A). C1qI3 was consistently deleted from ~50% of the AON
in these experiments, mostly from the dorsolateral pars principalis (Figure 2B). Three to four
weeks after the infection, we monitored general olfaction in the mice.Firstly, deletion of
C1g/3in the AON had no effect on the time a mouse needed to find a buried food pellet, or
on the olfactory sensitivity of mice (Figure S4A-S4B). Moreover, we gave mice the choice
between cinnamon- and cocoa-scented food, and calculated food preference as the difference
between consumed cinnamon-and cocoa-scented food divided by the total amount of food
eaten. C1g/3 cKO mice preferred cocoa-scented food, and this preference was unchanged
after AAV-mediated deletion of C1g/3in the AON (Figure 2C-2D, S4D). Thus, partial
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deletion of CIg/3from the AON did not significantly impair basic olfactory functions or
odor discrimination in mice.

We then examined whether C1qI3 expression in the AON is required for social transmission
of food preference (STFP), a form of social olfactory learning (Galef, 2002; Wrenn, 2004;
Bessiéres, Nicole and Bontempi, 2017). During STFP training, a food-restricted
demonstrator mouse consumes food pellets scented with a specific cued odor, and then
socially interacts for 30 min with an observer mouse in the absence of food. Subsequently,
the observer mouse is given the choice between food of the cued odor or a novel odor, and
the amount of each type of food consumed in a one-hour period is measured (Figure 2E-2F).
In our STFP experiments, we used the innately non-preferred as the cued odor compared to
the novel odor (i.e. cinnamon instead of cocoa, or acetophenone [Acp] instead of octanal
[Oct]). In this manner, STFP learning involves a switch in food preference. STFP represents
a one-trial learning paradigm with a memory that persists for many weeks (Bessiéeres, Nicole
and Bontempi, 2017; Liu et al., 2017).

Partial deletion of Cg/3in the AON prior to STFP training completely blocked STFP
learning without affecting total food consumption (Figure 2E-F, S4E). C1g/3cKO mice with
ACre expression in the AON showed a strong preference for cinnamon-over cocoa-scented
food after STFP. In contrast, C1g/3cKO mice with Cre expression in the AON exhibited no
such reversal in food preference (Figure 2F). The impairment of STFP persisted two weeks
after training (Figure S2F), and was independent of the odor pair, as confirmed with Oct vs.
Acp STFP. C1g/3cKO mice exhibited a strong innate preference for Oct- over Acp-scented
food (Figure 2G). Partial CZg/3deletion in the AON also abolished STFP when Acp was
used as the cued odor and Oct as the novel odor (Figure 2H, S4E). The C1g/3deletion in the
AON had no effect on the performance of mice in the open field test or three-chamber
sociability test (Figure S4G, S4H). Thus, expression of C1ql3 in the AON is essential for the
acquisition a social form of memory, but does not generally alter the overall olfaction,
mobility, or sociability of mice.

We next asked whether C1ql3 expression in the AON is selectively required for a specific
phase of STFP memory. To address this, we deleted C1g/3 from the AON after, instead of
before, STFP training (Figure 21). STFP testing two weeks later (a time period sufficient for
mediating CZg/3 deletion, Figure S6A-S6C) showed no effect of the CZg/3deletion in the
AON on STFP memory (Figure 2J). Thus, full C1ql3 expression in the AON is only required
for STFP learning, but not for the recall of STFP memory.

To test whether C1ql3 expression in the AON is generally required for all forms of olfactory
learning, we examined a non-associative form of olfactory memory that is similar to
olfactory habituation. We introduced anise and cinnamon odors into random corners of an
open field, and measured the sniffing preference for these odors (‘naive’ preference index,
calculated as time investigating anise divided by that for cinnamon). 24 hours later, we
exposed the same mice to the cinnamon odor for 15 min in their home cage. After a further
30 min, we re-introduced the mice to the open field containing anise and cinnamon odors
(again in random corners), and measured the ‘pre-exposed’ preference index (Figure 2K). If
a mouse remembered it had just sniffed the cinnamon odor, it would prefer the novel odor
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anise (Rochefort et al., 2002). Thus, non-associative memory is quantified as the ratio of the
pre-exposed to the naive anise preference indices. The CIg/3deletion in the AON had no
significant effect on this test (Figure 2L), demonstrating that C1ql3 expression in the AON is
not generally required for olfactory learning. All behavior experiments were replicated with
an independent cohort of mice and AAV co-expressing ACre/Cre and SynaptoTag (further
illustrated below) (Figure S5).

C1qgl3 expression in AON—aPCx projection neurons is not required for STFP memory

acquisition.

Our tracing results showed that C1ql3-expressing neurons of the AON (which constitute the
majority of AON neurons) project to both the OB and the PCx. Given the demonstrated
importance of the PCx in olfactory memory (Choi et al., 2011; Sacco and Sacchetti, 2011,
Loureiro et al., 2019), the question arises whether C1ql3 expression is required for STFP
learning in AON—OB projection neurons, in AON—PCx projection neurons, or in both.

To address this question, we used a projection-specific Cre deletion strategy. We injected
AAVs that co-express Cre and tdTomato in a Flp-dependent manner (fDI1O-Cre-IRES-
tdTomato) into the AON of C1g/3 cKO mice. At the same time, we injected rAAV2-retro
expressing Flp into the OB or the anterior PCx. As a control, we omitted the injection of
retro-FIp AAVs (Figure 3A-C). Three weeks after injections, we performed STFP
experiments using cinnamon- vs. cocoa-scented food as described in Figure 2. Both the
control and the anterior PCx group exhibited normal STFP learning, whereas the OB group
in which AON—OB projections are targeted suffered from a complete loss of STFP learning
without affecting total food consumption(Figure 3D-3F). We repeated the same experiment
using Acp vs. Oct as a second odor pair, with the same results (Figure 3G-3I). Thus, the
partial C1g/3deletion in AON—OB neurons but not in AON—aPCx projection neurons is
sufficient to impair STFP memory acquisition.

C1ql3 deletion in the AON decreases AON—OB synapse numbers.

Why does deletion of C1g/3from AON—OB projection neurons selectively ablate STFP
learning? C1qlI3 could function at granule cell synapses either as a signaling molecule like
adiponectin, or as a synaptogenic adaptor molecule like Cbin’s (Yuzaki, 2017).

To address this question, we infected the AON of C1g/3 cKO mice with AAVs that co-
express SynaptoTag (using a tdTomato-version of SynaptoTag to visualize presynaptic
terminals in red) and mutant inactive ACre or wild-type active Cre (Figure 4A-4B). Four
weeks afterwards, we quantified the number of AON—OB synapses in the granule cell layer
of the OB via their SynaptoTag signals (Figure 4C-4D). Compared to the ACre control, Cre
deletion of C1g/3in the AON greatly reduced (~65%) the density of AON—OB synapses in
less than 2 weeks (Figure 4E; S6A-S6C). The synapse loss was not due to viral toxicity
because injection of the same batch of ACre vs. Cre viruses into the AON of wild-type
C57BL/6J mice had no significant effect on synapse numbers (Figure S6D-S6F), and the
AON C1qg/3deletion did not affect neuronal survival (Figure S6K). Note that the viruses
used in these experiments were validated in STFP experiments (Figure S5), confirming the
relevance of the morphological results.
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To extend our SynaptoTag results, we analyzed the density of different synaptic markers in
the local OB circuitry as a function of AON CIg/3deletion, using vGIuT1 as a marker of
excitatory synapses and synaptophysin-2 (a.k.a. synaptoporin) as a marker of inhibitory
dendrodendritic synapses (Fykse et al., 1993; Whitman and Greer, 2007; Kelsch, Sim and
Lois, 2010) (Figure 4F, 4G). The granule cell layer (GCL) and the external plexiform layer
(EPL) both contained a high density of excitatory synapses, while inhibitory dendrodendritic
synapses were detected mostly in the EPL (Figure 4G). The AON CIg/3deletion caused a
modest decrease in excitatory synapse density particularly in the GCL, without a change in
inhibitory synapses (Figure 4H). Thus, the partial C1g/3 deletion in the AON decreases
AON—OB synapse numbers without disrupting the majority of synaptic connections in the
OB.

Finally, we asked whether the C1g/3 deletion also affects AON—PCx synapse numbers.
Using the same SynaptoTag approach (Figure 41-4J), we found that the AON C1g/3deletion
induced a significant reduction (~35%) in AON—PCx synapses in the rostral anterior PCx,
caused a trend towards a synapse reduction (~20%) in the caudal anterior PCx, and had no
effect in the posterior PCx (Figure 4K). Since C1ql3 is primarily expressed in AON neurons
projecting to the anterior PCx (see Figure S2, S3), these results suggest that C1ql3 is also
essential for synapses formed by these neurons (most of which also project to the OB), but is
not essential for other AON—PCx projection neurons.

Deletion of C1ql3 in the AON severely impairs synaptic transmission at AON—OB granule
cells synapses.

To investigate whether the AON C1g/3 deletion alters the function of AON—OB granule
cell synapses, we recorded synaptic responses from granule cells in acute OB slices (Figure
5A). Deletion of C1g/3in the AON had no effect on the capacitance of granule cells, but
caused a large decrease (~65%) in the frequency and a smaller (~20%) but significant
decrease in the amplitude of spontaneous EPSCs (SEPSCs) (Figure 5B-5F). No change in
SEPSC kinetics was observed. Recordings of evoked EPSCs by stimulation of centrifugal
fibers (monitored via input/output curves in order to control for differences in electrode
placements and stimulus strength) revealed that the CZg/3deletion in the AON greatly
impaired synaptic transmission to granule cells, again without a change in kinetics (Figure
5G-5I). Both the coefficient of variation and paired-pulse ratios were significantly increased
after C1g/3deletion in the AON, suggesting that the loss of AON—OB synaptic
transmission was due, at least in part, to a decrease in release probability (Figure 5J, 5K).
Viewed together, these findings indicate that the CZg/3deletion in the AON causes a nearly
complete block in the function (Figure 5) of AON—OB granule cell synapses, suggesting
that the C1g/3deletion not only decreases synapse numbers (Figure 4) but also impairs
synapses functionally. Note that although the electrical stimulation does not specifically
activate AON—OB axonal projections, the fact that most centrifugal projections to OB
granule cells originate from the AON (Padmanabhan et al., 2019) and that our manipulation
is presynaptic at the AON indicate that the observed deficit indeed reflects a loss of
AON—OB synaptic transmission.
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Bai3 serves as a postsynaptic C1ql3 receptor at AON—OB granule cell synapses that is
essential for STFP learning.

Bai3 is an adhesion GPCR (gene symbol Adgrb3) that binds C1ql’s with high affinity
(Bolliger et al., 2011; Kakegawa et al., 2015). To test the possibility that Bai3 in OB granule
cells serves as a receptor for C1ql3 at AON—OB synapses, we infected the granule cell
layer of the OB of Bai3 c¢KO mice (Kakegawa et al., 2015) with AAVs expressing EGFP-
tagged ACre (as a control) or Cre (Figure 6A). At the same time, we infected the AON with
SynaptoTag viruses (Figure 6A). Quantitative RT-PCR revealed that Cre-expression reduced
Bai3 mRNA expression in the GCL (Figure 6B). The partial reduction in mRNA levels
could be due to incomplete infection of the GCL with Cre (Figure 6C). Analysis of the
density of SynaptoTag puncta in the granule cell layer of the OB showed that the Bai3
deletion significantly but modestly (~30%) reduced the density of AON—OB granule cell
synapses without altering neuronal survival (Figure 6D-6E, S6L). In these experiments, the
SynaptoTag density was compared in ACre- vs. Cre-infected OBs from the same mouse and
in Cre+ vs. Cre- sections of the same OB, enabling an accurate assessment of the effect of
the Bai3 deletion.

These results are consistent with the notion that presynaptic C1ql3 acts by binding to
postsynaptic Bai3, but C1ql3 also acts as a trans-synaptic adaptor binding to presynaptic
neurexin-3 (Nrxn3) and to postsynaptic kainate receptors (Matsuda et al., 2016). To test
whether C1ql3-binding to Nrxn3 may account, at least in part, for the phenotype, we deleted
Nrxn3in the AON using Nrxn3 cKO mice (Aoto et al., 2015). However, using SynaptoTag
labeling revealed no effect of the Airxn3 deletion on the density of AON—OB synapses,
ruling out this pathway (Figure S6G-S6J).

We next examined the effect of the Bai3deletion in OB granule cells on synaptic
transmission. Recordings of evoked EPSCs by centrifugal fiber stimulation in acute OB
slices showed that the Bai3 deletion almost completely ablated synaptic transmission, and
additionally increased the EPSC rise times of the remaining EPSCs (Figure 7B-7D).
Moreover, the Bai3 deletion increased the coefficient of variation of EPSCs, and the paired-
pulse ratio without changing the cell capacitance (Figure 7A, 7E-7F), suggesting a major
decrease in release probability. Overall, these data show that similar to the CZg/3 deletion in
the AON, the Bas3deletion in the OB causes an almost complete loss of synapse function
that is due, at least in part, to a decrease in release probability, with the modest decrease in
synapse density induced by the Bai3 deletion (Figure 6) likely a secondary consequence of
the synapse dysfunction (Figure 7).

The fact that the Ba/3 deletion is postsynaptic raises the question whether Bai3 is selectively
required for centrifugal synaptic inputs that are largely derived from the AON

(Padmanabhan et a., 2019), or for all synaptic inputs on granule cells. To address this
question, we examined dendrodendritic synaptic inputs from mitral/tufted cells onto granule
cells. We selectively stimulated these inputs with an electrode placed in the external
plexiform layer (Figure S7A). Strikingly, the postsynaptic Bai3 deletion in granule cells
greatly increased mitral/tufted cell—granule cell synaptic transmission, as revealed by input/
output curves of the peak EPSC amplitude (>100% increase) and charge transfer (~300%
increase) (Figure S7B-S7D). No change in the evoked EPSC kinetics, coefficient of

Neuron. Author manuscript; available in PMC 2021 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 9

variation, or paired-pulse ratio was detected (Figure STE-S7G). The larger increase in
charge transfer compared to peak amplitude could be explained by lateral excitation of
mitral/tufted cells which causes prolonged network activation (Christie & Westbrook, 2006).
Moreover, the increase in dendrodendritic excitation could explain the increase in eEPSC
rise times observed in Fig. 7D, because proximal stimulation could antidromically activate
mitral/tufted cells to a limited extent. Direct measurements of the amplitude ratios of EPSCs
elicited by stimulation of centrifugal afferent fibers (proximal stimulation) vs. mitral/tufted
cell inputs (distal stimulation) showed that the Ba/3 deletion decreased this ratio by ~90%
(Figure S7H). Since the OB lacks C1ql3 expression (Martinelli et al., 2016), these data
together with those described above suggest that Bai3 maintains the synaptic strength of
centrifugal projections by interacting with C1ql3 from AON—OB projection neurons, but
simultaneously suppresses dendrodendritic excitatory inputs from mitral/tufted cells via
unknown mechanisms.

Above we hypothesized that the CZg/3 deletion in the AON blocks STFP learning because it
impairs synaptic transmission at AON—OB synapses. If this hypothesis was correct, the
Bai3deletion in the OB should have the same behavioral phenotype, except if the increased
dendrodendritic excitation compensated for the loss of centrifugal inputs. To address this
question, we measured STFP in mice as a function of the Bas3deletion in OB granule cells
(Figure 8A). In these experiments, we consistently deleted Bai3 from ~70% of the GCL of
the OB (Figure 8B). The postsynaptic Bai3 deletion had no effect on innate food preference
(Figure 8C, 8D), but blocked STFP learning when instituted before STFP training (Figure
8E, 8F). In contrast but similar to the deletion of C1g/3, the Bai3deletion did not impair
STFP memory after STFP training (Figure 8G, 8H). The effect of the Bai3 deletion was
selective for STFP odor learning, as it did not alter total food consumption during the
various tests, increase the time it took a mouse to find a buried food pellet, or decrease
olfactory sensitivity (Figure SBA-S8C). Moreover, the Bai3 deletion in the OB did not alter
the behavior of mice in open field tests or the three-chamber sociability test (Figure S8C—
S8D). Finally, the Bai3deletion in the OB did not affect non-associative olfactory learning
(Figure 81-8J). Thus, the Bai3 deletion in the OB causes the same behavioral phenotype as
the Cg/3deletion in the AON, consistent with the notion that STFP learning, but not STFP
memory recall or other olfactory behaviors examined, require intact C1ql3-mediated Bai3
signaling at AON—OB synapses.

DISCUSSION

In the present study, we employed genetic manipulations of an interacting pair of trans-
synaptic organizer molecules — C1ql3 and Bai3 — to probe the function of the AON—OB
circuit in STFP memory. Our results enable three major conclusions that provide a new
perspective on the role of centrifugal projections from the AON to the OB.

First, most C1ql3-positive AON neurons form synaptic projections on granule cells in the
OB, whereas a minority establishes synapses on pyramidal neurons in the anterior PCx and
on neurons in additional brain regions, such as the cortical amygdala and the raphe (Figure
1, S1-S3). Thus, the C1ql3 positive neurons in the AON act as a hub connecting peripheral
OB and multiple central brain regions.
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Second, expression of C1ql3 in AON—OB projection neurons and of Bai3 in OB granule
cells is essential for the function of AON—OB granule cell synapses. Deletion of either
CIg/3in the AON or of Bai3in the OB causes a partial loss of these synapses and a nearly
complete ablation of their function. Since the genetic deletions have much bigger effects on
the function than on the number of AON—OB synapses, it is likely that synapse loss is
secondary to the severe impairment in synaptic transmission. This impairment involves, at
least in part, a decrease in release probability. Thus, the binding of presynaptic C1ql3 to
postsynaptic Bai3 receptors is likely an essential component of the machinery that renders
AON—OB granule cell synapses functional. The increased synaptic strength of
dendrodendritic excitatory inputs from mitral/tufted cells onto Bai3-deleted granule cells
suggests that Ba/>mediated centrifugal synapses selectively required C1ql3 as its
presynaptic partner.

Third and possibly most importantly, synaptic transmission at synapses from by dorsolateral
AON neurons on OB granule cells is essential for STFP learning, but not for basal olfaction,
non-associative olfactory memory, or even STFP memory storage and recall. This selective
requirement was demonstrated using as a tool the deletion of either C1g/3in the AON
(Figure 2, S4) or of Bai3in the OB (Figure 8, S8). Our results thus indicate that the
abundant AON—OB granule cell projection performs a crucial function in long-term
memory acquisition. The phenotype described here differs remarkably from our earlier
observation that IGF1-dependent LTP in mitral cell/granule cell dendrodendritic inhibition is
also involved in STFP memory (Liu et al., 2017). Specifically, we found earlier that IGF1-
dependent LTP is required for the stable maintenance of STFP memory (Liu et al., 2017).
Blocking this type of LTP by deletion of synaptotagmin-10 or of IGF1 receptors only had a
modest effect on STFP memory immediately after training, but more prominently several
weeks after training (Liu et al., 2017). The present study, in contrast, shows that suppression
of AON—granule cell synaptic transmission blocks STFP memory acquisition. Thus, this
synaptic connection does not act by enabling dendrodendritic synapse LTP, but encodes a
key signal that instructs the olfactory memory of the OB.

Viewed together, our three conclusions define the molecular basis for a synaptic connection
that is selectively essential for establishing but not maintaining or recalling a social form of
olfactory memory. As always with an unexpected observation, our findings raise new
questions. First, how does the binding of C1ql3 to Bai3 render synapses functionally
competent? Clearly high-affinity binding of C1ql3 to Bai3 (and probably other Bai isoforms)
is important for synapses, but its mechanism of action remains to be explored. Our data
demonstrate that when either C1g/3or Bai3are deleted in a fully developed brain, synapse
numbers are decreased modestly but synaptic transmission is severely impaired, suggesting
that C1qI3 binding to Bai3 is required primarily for maintaining the functionality of
synapses, and secondarily for maintaining their structural integrity. A major question now is
whether C1ql3 operates as a hormone-like molecule analogous to adiponectin to which it is
highly homologous, or like an adaptor protein analogous to Cbin’s that links an unknown
presynaptic adhesion molecule to postsynaptic Bai3 (Yuzaki, 2018). One possibility was that
Nrxn3 is a presynaptic receptor for C1ql3 (Matsuda et al., 2016), but our data argue against
this idea (Figure S6H-S6J).
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Another major question is how the AON—OB granule cell synapse enables STFP learning.
Clearly this synapse does not act by gating dendrodritic LTP because the loss of that LTP has
a much more modest behavioral phenotype and only destabilizes STFP memory (Liu et al.,
2017), whereas the suppression of AON—OB granule cell synaptic transmission blocks
STFP learning. Despite much work on local circuitry of OB, the function of granule cells is
incompletely understood. Our results support the notion that the modulation on mitral/tufted
cells by granule cells is highly regulated by centrifugal inputs and is essential for olfactory
information processing during sophisticated behaviors like STFP.

One possibility is that the AON—OB projections are required for increasing the likelihood
of granule cell spiking for lateral inhibition. In many neural circuits, lateral inhibition is
crucial for successful learning and pattern separation (Cayco-Gajic & Silver, 2019). In the
olfactory bulb, dendrodendritic synapses between mitral/tufted cells and granule cells
mediate reciprocal and lateral inhibition. However, paired recordings between mitral cell and
granule cell showed that the dendrodendritic excitation onto granule cells is weak (Pressler
and Strowbridge, 2017), and /n vivo recordings demonstrated that granule cells fire sparse
action potentials (Cazakoff et al., 2014). Hence, the weak excitation of granule cells by
mitral/tufted cells alone likely induces only rarely lateral inhibition. In order to achieve
lateral inhibition, granule cells need to generate action potentials and transform the
excitatory input from a mitral/tufted cell in one dendritic branch into an inhibitory output in
another branch. Computational modeling revealed that cortical centrifugal excitation onto
granule cells can produce a disproportionate enhancement of granule cell firing, thereby
facilitating lateral inhibition (Pressler and Strowbridge, 2017). A likely model thus is that
lateral inhibition facilitated by AON—OB synapses is required for STFP acquisition by
increasing the contrast of cued odor signals during learning. Moreover, if the model is
correct, such increased excitability from centrifugal inputs could not be simply compensated
by an increase in dendrodendritic inputs, because after Ba/3 deletion in OB the increase in
dendrodendritic excitation could not compensate for the loss of centrifugal inputs during
STFP acquisition.

At a systems level, the transformation of olfactory and social information during acquisition,
storage, and recall of STFP memory occurs at multiple circuit levels, with the AON serving
as a central node in these processes. In the OB, IGF1 signaling is required for the
maintenance of STFP memory by mediating glomerulus-specific long-term potentiation of
dendrodendritic inhibition (Liu et al., 2017). In central brain regions, conversely, the
hippocampus is required for the acquisition as well as for the retrieval of recent STFP
memory (Clark et al., 2002; Lesburguéres et al., 2011). Neurons in the orbitofrontal cortex
are tagged during the early phase of STFP training and consolidation, and are activated and
required for remote STFP memory retrieval (Ross and Eichenbaum, 2006; Lesburgueéres et
al., 2011). Moreover, recent work showed that a synaptic pathway from PCx to the medial
prefrontal cortex and then to the N. accumbens contribute to the recall of STFP memory
(Loureiro et al., 2019). Our experiments add a further piece to this puzzle by demonstrating
that in addition to these previously described circuits, the AON—OB projection is
specifically required for STFP memory acquisition, supporting the notion that memory
acquisition involves the parallel operation of multiple circuits at different levels of sensory
information processing.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Thomas C. Stidhof
(tcsl@stanford.edu).

Materials Availability—Plasmids generated in this study for virus production are
available upon reasonable requests.

Data and Code Availability—No code is generated in this study. Datasets are available
upon reasonable requests.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C1g/3 cKO mice have been described previously and were maintained on a hybrid
background (Martinelli et al., 2016). Bai3 cKO mice were generous gift from Michisuke
Yuzaki (Kakegawa et al., 2015) and were maintained on a C57BL/6Jbackground. C57BL/6J
mice were purchased from the Jackson Laboratory and used for tracing experiments. Mice
were group-housed (maximum of five mice per cage) and maintained on a 12 h light—dark
cycle (7 am to 7 pm, light), with access to food and water ad /ibitum. Male adult mice (7-8
weeks old at time of viral injection) were used for brain morphology, tracing and behavioral
experiments. Juvenile male mice (3—4 weeks old at time of viral injection) were used for
electrophysiological recordings. All experiments involving animals were approved by the
Stanford Animal Use Committees (IACUC and APLAC).

METHOD DETAILS

AAV preparation.—The adeno-associated virus (AAV) serotype used in this study was
AAV-DJ, as well as rAAV2-retro for retrograde tracing experiments (Tervo et al., 2016).
HEK?293T cells were transfected, using calcium phosphate, with the AAV vector, along with
the helper and serotype-specific capsid plasmids. Cells were harvested 72 h post-
transfection. Nuclei were lysed and underwent iodixanol gradient ultracentrifugation (3 h at
65,000 rpm using a S80AT3 rotor). AAV were then concentrated and dialyzed in minimal
essential media (MEM).

Stereotactic injections.—Mice were prepared for stereotactic injections using standard
procedures approved by the Stanford University Administrative Panel on Laboratory Animal
Care. For anesthesia, the stock solution was made of dissolving 5 g tribromoethanol into 5
mL T-amyl alcohol, and further diluted 80 folds into PBS to make the working solution. 0.2
mL working solution per 10 grams body weight of mouse was used for anesthesia before
mounting the mouse in the stereotax. The coordinates (AP/ML/DV from Bregma) and
volumes for the intercranial injections are as follows: (1) AON: +3.1/+1.25/-2.6 with 0.5 uL
virus, (2) OB: +4.3/+0.85/-1.7 and +5.3/+0.6/-1.5 with 0.75 uL virus or CTB in each site,
and (3) rostral aPCx: +2.0/+2.7/-3.25 with 0.75 uL virus or CTB. The CTB (Figures 1 and
S2) and SynaptoTag virus (Figure S1 and S3) injections were unilateral, while all other
injections were performed bilaterally.
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Behavioral experiments.—All behaviors were assessed in adult male mice 3—-4 weeks
after viral injections.

Open field test.: Mice were individually placed in a 40 x 40 x 40 cm3 white plastic chamber
in a well-lit room and allowed to move freely for 10 min. Locomotor and exploratory
behaviors were recorded using a Viewer 11 tracking system (Biobserve). Total distance
traveled and time spent in the 20 x 20 cm? center of the square were quantified.

Three-chamber sociability test.: A transparent three-chamber apparatus (60 x 30 x 30 cm3
per chamber) was used for sociability tests. For habituation, the subject was placed in the
center chamber and allowed to explore the entire apparatus for 5 min, during which they
were recorded using the Viewer 11 tracking system. The peripheral chamber (left or right) in
which the mouse spent more time was designated the preferred side. Subsequently, a
stranger C57BL/6J mouse was placed underneath an upside-down black wire-mesh cup
within the non-preferred chamber. A novel Lego toy was placed under the same type of cup
within the preferred chamber. The subject was allowed to explore the box for 10 min, during
which they were recorded using the Viewer 111 tracking system. Time spent in each chamber
was quantified, and the sociability index was calculated by dividing the time spent in the
stranger mouse-containing chamber by the time spent in the Lego-containing chamber.

Buried food-finding test.: After 24 h of food deprivation, the subject was placed in a new
cage containing 3 cm of bedding and a 5 g food pellet buried in a random corner of the cage.
The time it took for the mouse to dig up the food pellet was recorded.

Olfactory sensitivity test.: Cinnamon extract was diluted in distilled water in 1:100, 1:1000
and 1:10000 series. 100 uL of the odor was applied onto a filter paper and attached to a
random corner in the open field. The mouse was allowed to freely explore the field and
recorded. The time the mouse spent investigating each odor dilution was quantified.

Non-associative olfactory memory.: This behavioral paradigm was adapted from Rochefort
et al. (2002). The odors were generated by making a 1% cinnamon extract or anise extract
suspension in distilled water. Next, 100 pL of the 1% cinnamon or 1% anise solution was
applied to filter paper. During the initial preference test, the subject was placed in the same
chamber used in the open field test, but with 1% cinnamon- and 1% anise-containing filter
paper placed randomly in two separate corners. The time spent sniffing the odors within a 10
min period was recorded using the Viewer I11 tracking system. The anise preference index
was calculated by dividing the time spent investigating anise by the time spent investigating
cinnamon. 24 h later, the subject was exposed to the cinnamon odor in its home cage for 15
min. After a 30 min interval, the subject was re-introduced the open field chamber
containing the anise and cinnamon odors in random corners. Time spent sniffing each odor
was monitored for 10 min. The non-associative memory index was calculated by dividing
the anise preference index on the second day (pre-exposed case) by that of the first day
(naive case).

Scented food production.: Normal food pellets, to which mice had access when allowed to
feed ad libiturn, were blended into powders. 100 g powdered food was mixed with: (1) 1 g of
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cinnamon powder, (2) 2 g of cocoa powder, (3) 1 mL of octanal solution, or (4) 1 mL of
acetophenone solution. 50 mL of deionized water was added to the mixture. The mixture
was molded into cookie shape (~ 2 g per piece) and left to air dry overnight.

Innate food preference.: After 24 h of food restriction, subjects were given two food
choices (1% cinnamon and 1% cocoa, or 1% octanal and 1% acetophenone) and allowed to
consume them freely for 1 h. The food was weighed before and after consumption.

Social transmission of food preference (STEP).: STFP can be separated into a training and
a test phase. Prior to STFP training, demonstrator and observer mice (subject; virus injected)
were single-housed and food restricted for 24 h. The demonstrator mouse was placed in a
new cage, given scented food (1% cinnamon or 1% acetophenone), and allowed to consume
it freely for 30 min. The demonstrator mouse was moved into the cage housing the observer
mouse, and they were allowed to interact freely for 30 min. During the STFP test, the
observer mouse was given two food choices ([1% cinnamon and 1% cocoa] or [1% octanal
and 1% acetophone]) and allowed to consume them freely for 1 h. The weight of the food
was recorded before and after consumption.

Immunohistochemistry.—Mice were anesthetized by isoflurane inhalation and
transcardially perfused with 20 mL PBS, followed by 25 mL 4% paraformaldehyde (PFA)
diluted in PBS. Brains were extracted and post-fixed in 4% PFA for either 1 h (for synaptic
marker staining) or overnight at 4°C for GFP staining and no staining. After post-fixation,
brains were washed three times with PBS and cryoprotected in 30% sucrose in PBS for 24—
36 h. Brains were sectioned coronally at 40 um using a cryostat. For CTB and SynaptoTag
tracing experiments, slices were mounted directly onto a positively-charged glass slides and
imaged directly. Otherwise, floating slices were collected in PBS. For immunostaining, the
slices were blocked and permeabilized in 5% normal goat serum and 0.3% Triton X-100-
containing PBS for 1 h at room temperature. Primary antibodies against GFP (Invitrogen,
1:1000), vGIuT1 (Millipore, 1:1000), synaptophysin-2 (Fykse et al., 1993, code Y941,
1:1000) or NeuN (Millipore, 1:1000) were diluted in blocking buffer and brain slices were
incubated with primary antibody overnight at 4°C. After three 10 min washes in PBS, slices
were incubated with secondary antibodies: Alexa Fluor-488, =555 or —647. Slices
underwent three 10 min washes in PBS and were mounted on positively-charged glass
slides, allowed to dry, and coverslipped.

Image acquisition and analysis.—A Nikon A1RSi confocal microscope was used to
acquire all images. Images are analyzed using Nikon analysis software. Within each set of
experiments, the laser power, gain, offset, and pinhole size for each laser were kept constant.
For cell counting in CTB tracing experiments, cells were counted manually, with at least 5
sections analyzed per brain. For quantification of synaptic puncta, z-stack images were
obtained by at 0.5 pum intervals and three slices (1 pm thickness in total) with highest signal
were maximally projected. Automated background subtraction was performed using a
rolling ball algorithm with a 1 pm radius. The same threshold was applied to each set of
experiments and puncta parameters were automatically obtained using the analysis software.
For quantification in the olfactory bulb, the entire olfactory bulb was sliced. Five sections
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with 400 um anterior-posterior distance spacing were quantified, and each data point is an
average of all slices quantified. The images were taken at either medial or lateral olfactory
bulb and were chosen randomly. For quantification of puncta in the PCx, three images from
each subpart of PCx was used. Only the ventral PCx was imaged, and ROI was selected
between layer 1 and layer 2 with equal area from each layer. For quantification of the extent
of C1g/3deletion, three slices evenly spaced across anterior-posterior axis of AON were
quantified, and the fraction of mVenus negative region over the entire AON was calculated
and averaged over all three slices. For gcl coverage in OB, three slices evenly spaced across
anterior-posterial axis of OB were quantified, and the fraction of Cre positive gcl region over
the entire gcl was calculated and averaged over all three slices. All IHC data were collected
and analyzed blindly.

Quantitative real-time PCR.—For quantification of Bai3 mRNA, virally-injected Bai3
cKO mice were anesthetized by isoflurane inhalation and decapitated, and their brains were
extracted. Brains were dissected in cold PBS and 1 mm-thick coronal olfactory bulb slices
were obtained using a vibratome. Granule cells and the outer part of olfactory bulb were
identified under a dissection microscope and manually dissected for RNA extraction.
Quantitative RT-PCR was performed in triplicates for each condition. 20 ng RNA was used
each reaction, in conjunction with VeriQuest master-mix (Affymetrix) and gene-specific
gqRT-PCR probes (IDT).

Electrophysiology.—Three weeks after viral injection, mice were anesthetized via
isoflurane inhalation and brains were quickly removed. The brain was sliced in ice-cold
oxygenated (95% O, and 5% CO») cutting solution (228 mM sucrose, 11 mM glucose, 26
mM NaHCOs3, 1 mM NaHyPOy, 2.5 mM KCI, 7 mM MgSQOy, and 0.5 mM CacCl,).
Horizontal sections (300 um thickness) were obtained using a vibratome and placed in
oxygenated artificial cerebrospinal fluid (ACSF; 119 mM NaCl, 2.5 mM KCI, 1 mM
NaH,POy4, 1.3 mM MgSOy,, 26 mM NaHCO3, 10 mM glucose, and 2.5 mM CacCl,) at 32°C
for 30 min. Slices were allowed to recover at room temperature for an additional 30 min.
The recording chamber was temperature controlled and set to 32°C, and ACSF was perfused
at 1 mL/min. The internal solution for whole-cell patch clamp contained 135 mM CsCl, 10
mM HEPES, 1 mM EGTA, 1 mM Na-GTP, 4 mM Mg-ATP and 10mM QX314-bromide,
pHed to 7.25. Only mature granule cells within the olfactory bulb were used for recordings.
They were identified as having fast-kinetic sodium currents immediately after break-in when
the voltage clamp was ramped from =70 to 0 mV. The fast-kinetic currents could be
abolished 2 min after break-in due to the presence of QX-314 in the patch pipet.
Spontaneous EPSCs (SEPSCs) were recorded at =70 mV. Evoked EPSCs (eEPSCs) were
recorded at =70 mV with a concentric bipolar electrode placed within a constant distance
near the mature granule cell being recorded from, 30 um below the surface of the slice. All
recordings were analyzed in Clampfit after applying a 400 Hz Gaussian filter. Rise time was
defined as the time from 10% to 90% of peak amplitude, and decay time was defined as the
time from 90% to 10% of peak amplitude. The experimenter was blind to the treatment
groups during recordings and analysis.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments of behavioral tests, morphological analysis and slice physiology were
performed and analyzed blindly to the experimental condition. Statistics is done with Prism
8, GraphPad. Student’s t test was used whenever the comparison is between two groups. The
Kolmogorov-Smirnov test was used to analyze the cumulative curves. Oneway ANOVA with
Bonferroni’s multiple hypothesis correction was used for comparison among more than two
groups. Two-way ANOVA was used for comparison of multiple groups with multiple
factors. The statistical test used for each experiment was specified in the figure legend. The
“r7” used for these analyses represents number of mice (Figures 2, 3, 4, 6, 8, S4, S5, S6, S8)
or number of cells (Figures 5, 7, S7), all of which have been specified in Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Anterior olfactory nucleus (AON) neurons express high levels of
synaptogenic C1qI3

AON deletion of C1qI3 blocks social transmission of food preference (STFP)
learning

Similarly, olfactory bulb deletion of the C1qI3 receptor Bai3 blocks STFP
learning

Presynaptic C1ql3 and postsynaptic Bai3 enable AON—olfactory bulb
synapse function
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A Experimental Strategy

Inject retrograde tracer (CTB) Identify brain regions with Determine fraction of
into olfactory bulb of C71q/3- ===3» C1qI3+ neurons projecting ===J» C1qI3+ neurons projecting
IRES-mVenus mice (panel B) to the olfactory bulb (C-H) to the olfactory bulb (1)

B CTBinjectioninto OB C Bregma: 3.10 mm D AON

F

Bregma: 0.50 mm

| Fraction CTB+ neurons
that are also C1ql3+

100+
rew) M hw e

H

\,
T

Bregma: -1.22 mm

C1ql3+ neurons /
CTB+ neurons (%)
3

Figure 1. Nearly all neurons of the anterior olfactory nucleus (AON), but few neurons of the
piriform cortex (aPCx), projecting to the olfactory bulb (OB) express C1ql3

(A) Experimental strategy.

(B) Representative image of the OB after CTB injection (gl: glomerular layer; epl: external
plexiform layer; mcl: mitral cell layer; ipl: internal plexiform layer; gcl: granule cell layer).
Scale bar = 500 ym.

(C-H) Representative images of C1qgl3* (green) and CTB™ neurons (red) in the anterior
olfactory nucleus (AON; C & D), the anterior piriform cortex (aPCx; E & F), and the
posterior piriform cortex (pPCx; G & H). (abbreviations: mAON, dAON, IAON and vAON,
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pars medialis, dorsalis, lateralis, and ventralis of the AON; CTX, cortex; a.c.o., anterior
commissure of the olfactory limb; Str, striatum; DG, dentate gyrus; TH, thalamus; HY,
hypothalamus; BLA, basolateral amygdala). Scale bar = 500 pum.

() Summary graph of the percentage of C1qgl3* neurons among CTB* neurons in different
parts of the AON and the aPCx and pPCx that project to OB granule cells. Data are means *
SEM (n = 4 mice).

Neuron. Author manuscript; available in PMC 2021 July 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 23

Osom
0.00
Panels:D F,G,L H,J
60-
40-
20-

AON med. dor. lat. ven.
mD mFGL®HJ

o
9 N
o

Distribution (%) Deletion fraction

| DAPI; mVenus; tdTomato |

C Innate food preference test D Food consumed .
panels D & G 06, Interaction: n.s. Preference index
ch 2 05
3 5%
£ 04 * % £ 300
2 c g
g g3 .
food Clnnamcn . A Cocoa S 02 §205{ L
restriction * Oct S 5 el oo
24 hours feedmg 1 hour 00 10
A 0 A O
ACre (9) Cre (9) ACre Cre
E STFP- ACre/Cre injected F  Food consumed Preference
into AON before training index
Day 0 Day 21-24 5 087 lermction: e 0, o
§ 06 33 0slog°
£ ns. 5 o
> *¥ Tz a %o
8 ES 2
° 0.2 238051 ° ]
c o
B 5 .
) -1.0
ACre (10) Cre (10) ACre Cre
G Oct/Acp innate Preference H ~ Food consumed Preference
preference index in Oct/Acp STFP index
__1.07 Interaction: n.s. B oo 0.5-Interaction: xx 1.0q9 oo
° £ > ° o
a S04 - *%
< 3 ©05
8 E 5 £
2 503{ * 83
3-05 2 200
2 =
e §o02 g8
S < B
Q . Bos 808
21,04 am Fool 10 -
* O % @O TTx wm * o )
ACre (10) Cre (10) ACre Cre ACre (8) Cre(7) ACre Cre
| STFP - ACre/Cre injected J Food consumed Preference
into AON after training 10 Interaction: n.s. 10 index
Day -1 Day 0 Day 14 5 g
— — = -
Train- ACre/ Test g 08 *E 82 g
ing Cre Eo6 / * 239051 °
: 3 / c B -
into 2 i S5
. aon [ 51€3 gos § 500
= ° c o
8 0.2 £8 &
é oA Fool g T o0sl e
ACre (8) Cre (7) ACreCre
K Non-associative memory - L Anise preference index: Non-associative
ACre/Cre injected Naive vs. Pre-exposed memory
into AON before training B
Day 1 Day 2 Day 2 + 30’ 5 Interaction: n.s. T3 3
Anise]  [t5min] [ Jest 27 b
Al 3 * 282
g [ g
2 LI
Qo / o
D% 17§
DY | 1
2 2c
-} — G . 0
Cinna LR = 03;,‘,\*‘%@(,0(’ ;;Q'Q@'a,ﬁb & ACre Cre
1) n".|0n L) e N P
Naive Pre-exposed ACre (10) Cre (10)

Figure 2. Conditional deletion of C1ql3 in the AON abolishes memory acquisition during social
transmission of food preference (STFP), but does not impair recall of STFP memory or a non-
associative olfactory memory

(A) Representative images of the AON from C1g/3 cKO mice infected with AAVs
expressing ACre- (left) or Cre-tdTomato (right). Cre ablates the mVenus signal (scale bar =
500 pm).

(B) The extent of the Cg/3deletion in the AON, measured as the fraction of AON neurons
lacking mVenus (top), and the Cre-tdTomato distribution in the AON (bottom). Letters on
the x-axis refer to the experimental panels below that used the same cohorts of mice.

(C & D) Innate food preference for cocoa vs. cinnamon (C, experimental paradigm; D,
summary plot of consumed food (left), and cinnamon preference index [the difference
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between consumed cinnamon and cocoa food divided by the total amount of food eaten]
(right)).

(E) Strategy for testing the effect of an AON C1g/3deletion prior to STFP training on STFP
memory. ACre- or Cre-expressing AAVs are injected into the AON of C1g/3 ¢cKO observer
mice on day 0. Food-restricted observer mice are exposed for 30 min to demonstrator mice
that had just consumed food with cued odor (cinnamon or Acp) on day 21-24 (training), and
observer mice are then given two food pellets with the cued and novel odor respectively
(test).

(F) Summary of the amount of cinnamon- and cocoa-scented food consumed during STFP
test (left) and the cinnamon preference index (right) for the experiment in E.

(G) Innate food preference for octanal (Oct) vs. acetophenone (Acp), similar paradigm as C.
(H) Summary of Oct vs. Acp STFP as a function of CZg/3deletion in the AON before
training. (1-J) Strategy for testing the effect of deleting CZg/3in the AON after STFP
training on STFP memory (1), and summary of the amount of cinnamon- and cocoa-scented
food consumed during STFP test (left, J) and the cinnamon preference index (right, J).

(K) Strategy for testing the effect of deleting CZ¢g/3in the AON on a non-associative
olfactory memory. The time that mice sniffed 1% anise or 1% cinnamon odors is measured
in a 10-min window (naive). 24 h later, the same procedure is repeated 30 minutes after the
mice were exposed to 1% cinnamon for 15 minutes in their home cage (pre-exposed).

(L) Summary of anise preference index (time investigating anise divided by that for
cinnamon) in naive vs. pre-exposed trials (left) and non-associative olfactory memory index
measured by dividing the anise preference index in the pre-exposed trial by that of the naive
trial (right).

All data are means + SEM (n = mouse numbers indicated in each panel; dots show
individual data points). Statistical significance was assessed by Student’st-test in the right
panels of D, FH, J and L, and by two-way ANOVA with Bonferroni’s multiple comparison
test in the left panels of D, F-H, J and L. No statistical significance was detected in the top
panel of B using one-way ANOVA (*, p<0.05; **, p<0.01; 3*, p<0.001; 4*, p<0.0001).
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A Experimental strategy (C1gl3-mVenus cKI mice)
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Figure 3. C1gI3 in AON—OB- but not AON—piriform cortex-projecting neurons are essential
for the acquisition of STFP memory

(A) Experimental strategy.

(B) Design of AAVs co-expressing Flp-dependent Cre together with tdTomato (left) and of
rAAV2-retro expressing Flp (right).

(C) Representative images of the AON from all three groups. Scale bars = 500um.

(D) Total food consumed during STFP tests.

(E) Amount of cocoa and cinnamon food consumed for all three groups during the STFP
tests (triangle: cocoa; circle: cinnamon).

(F) Cinnamon preference index for all three groups in the STFP test.
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(G-1) Same as D-F, but for the Acp vs. Oct odor pair (star: Oct; square: Acp).

All data are means £ SEM (n = mouse numbers indicated in each panel; dots show
individual data points). Individual data points are indicated by dots. Statistical significance
was assessed by one-way (D, F, G & I) or two-way ANOVA (E & H) with Bonferroni’s
multiple comparison test (*, p<0.05; **, p<0.01; 3*: p<0.001; 4*: p<0.0001).
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Figure 4. Deletion of C1ql3 in the AON decreases the number of AON—OB granule cell synapses
and of AON—piriform cortex synapses

(A) Experimental approach. SynaptoTag represents tdTomato-fused synaptobrevin-2 to label
presynaptic terminals (Martinelli et al., 2016).

(B) Representative images of injection sites in the AON. Note that Cre but not ACre ablates
the mVenus signal.

(C & D) Representative images of OB sections from C1g/3 ¢cKO mice with ACre or Cre and
SynaptotTag (gray) expression in the AON (C, overview of the OB; D, higher-resolution
view of the granule cell layer (gcl) which are used for quantification).

(E) Summary graphs of the density of SynaptoTag-positive puncta in gcl as a function of the
CIg/3deletion in the AON.

(F & G) Representative images of OB sections from C1g/3 cKO mice with ACre or Cre in
the AON. Sections were labeled for the presynaptic markers vGIuT1 (green) and
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synaptophysin-2 (a.k.a. synaptoporin; magenta) and for DAPI (blue; F, overview of the OB;
G, higher-resolution views of the granule cell layer (gcl, top two images) and external
plexiform layer (epl, bottom two images). vGIuT1 marks all excitatory synapses, whereas
synaptophysin-2 marks inhibitory dendrodendritic synapses in the external plexiform layer.
(H) Summary graphs of the density vGluT1-positive puncta in the gcl (left graph) and of
synaptophysin-2- (middle graph) and vGluT1-positive puncta (right graph) in the OB epl as
a function of the C1g/3 deletion in the AON.

(I & J) Representative images of rostral anterior piriform cortex (PCx) sections from C1g/3
¢KO mice with ACre or Cre and SynaptotTag (gray) expression in the AON (I, overview; J,
higher-resolution view of layer 1 (top two images) and layer 2 (bottom two images)).

(K) Summary graphs of the density of SynaptoTag-positive puncta in the indicated parts of
the piriform cortex, monitored as a function of the conditional KO of CZg/3in the AON
(aPCx = anterior piriform cortex).

All data are means £ SEM (n = mouse numbers indicated in each panel; dots show
individual data points). Statistical significance was assessed by Student’st-test in E and F,
and by two-way ANOVA with Bonferroni’s multiple comparison test in H (*, p<0.05; ***,
p<0.001; **** p<0.0001). All scale bars are 20 um except in B, which is 500 pm.
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Figure 5. Deletion of C1ql3 in the AON suppresses centrifugal AON—OB granule cell synaptic

transmission

(A) Experimental strategy. AAVs expressing EGFP-fused ACre or Cre were injected into the
AON of P21-28 CI1g/3 cKO mice. Whole-cell patch-clamp recordings were performed from

granule cells in acute OB slices in the presence

of picrotoxin (50 uM) in the bath and QX314

(10 mM) in the internal solution. Evoked EPSC were elicited by stimulating centrifugal
projections with a bipolar concentric electrode in the granule cell layer near the recorded cell

30 um below the surface.

(B) Summary of the granule cell capacitance as a function of Cg/3deletion in the AON.
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(C-F) Summary of spontaneous EPSC (sEPSC) (C, representative traces; D, cumulative
distribution of SEPSC inter-event intervals (left) and summary graph of the sEPSC frequency
(right); E, cumulative distribution (left) and summary graph (right) of the SEPSC amplitude;
F, SEPSC rise (10% to 90%) and decay times (90% to 10%)).

(G-1) Summary of evoked EPSCs (eEPSCs) at centrifugal synapses measured by input/
output curve (G, representative traces; H, plot of the EPSC amplitude vs. stimulus strength
(left) and slope of the EPSC amplitude vs. stimulus strength plots calculated for individual
recordings (right); I, EPSC rise (10% to 90%) and decay (90% to 10%)).

(J & K) Summary of the indicators for the release probability at AON—OB granule cell
synapses as measured by the coefficient of variation (J) and the paired-pulse ratio of eEPSCs
(interstimulus interval, 20 ms) (K). Both measurements were with a 40 pA stimulus strength.
All data are means + SEM (n = cell numbers/mice indicated in each panel). Individual data
points are indicated by dots. Statistical significance was assessed by Kolmogorov-Smirnov
tests in the cumulative distributions of D and E, by Student’st-test in the summary graphs of
D-K, and by two-way ANOVA with Bonferroni’s multiple comparison test in the input/
output curve in H (*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001).
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Figure 6. Postsynaptic deletion of the C1ql3 receptor Bai3 in OB granule cells decreases the
density of AON—OB granule cell synapses

(A) Experimental strategy. AAVs expressing GFP-tagged ACre and Cre were randomly
injected into one of the two olfactory bulbs of the same adult Bai3 cKO mouse, and AAVs
expressing SynaptoTag were injected bilaterally into the AON. Three weeks later,
SynaptoTag signals were quantified in the OB.

(B) RT-gPCR of Bai3 transcripts in different parts of the olfactory bulb. We dissected OB
slices from mice obtained as described in A into an inner GCL part and an outer part. Bai3
mRNASs were measured in these samples and normalized to f-actin mRNA.

(C) Representative images of the olfactory bulb slices and regions of interests for analysis
from the experiments described in A. GFP positive regions from ACre- or Cre-injected OBs
from the same mice were analyzed as well as GFP negative regions from Cre-injected OBs
as additional control (named Cre-). Scale bar = 500 pm.

(D) Representative images of the SynaptoTag signals in the OB. Scale bar = 20 um.

(E) Summary of the SynaptoTag puncta density in the GCL analyzed in the EGFP-positive
areas of ACre- or Cre-injected OBs as well as the EGFP-negative area of Cre-injected OBs
from the same mouse.

All data are means £ SEM (n = mouse numbers indicated in each panel; dots indicate
individual data points). Statistical significance was assessed by one-way paired (E) or two-
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way ANOVA (B) with Bonferroni’s multiple comparison test (*, p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001).
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Figure 7. Postsynaptic deletion of Bai3 in OB granule cells suppresses centrifugal synaptic
transmission to granule cells in OB.

AAVs expressing EGFP-ACre or -Cre were injected into the OB of P21-28 Bai3 ¢KO mice,
and whole-cell patch-clamp recordings were performed in EGFP-positive granule cells
similar to Fig. 4.

(A) Summary of the granule cell capacitance as a function of Bai3 deletion.

(B-D) Summary of evoked EPSCs (eEPSCs) at centrifugal synapses measured by input/
output curve (B, representative traces; C, plot of the EPSC amplitude vs. stimulus strength
(left) and slope of the EPSC amplitude vs. stimulus strength plots calculated for individual
recordings (right); D, rise and decay times (10% to 90% and 90% to 10%, respectively)).
(E & F) Summary of the indicators for release probability at centrifugal synapses onto
granule cells as measured by the coefficient of variation (E) and the paired-pulse ratio of
eEPSCs (interstimulus interval, 20 ms)(F). Both measurements were with 40 pA stimulus
strength.

All data are means + SEM (n = number of cells/mice is indicated in each panel; dots show
individual data points). Statistical significance was assessed by two-way ANOVA with
Bonferroni’s multiple comparison test in C, and by Student’s t-test in the summary graphs of
A-F (*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001).
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Figure 8. Deletion of Bai3 in the OB blocks STFP memory acquisition without affecting STFP
memory recall or non-associative olfactory memory.

(A) Representative images of EGFP-ACre or EGFP-Cre injected OBs (scale bars = 500 pum).
(B) The extent of the Bai3 deletion in the OB, measured as the fraction of the GCL with Cre.
Letters on the x-axis refer to the experimental panels below that used the same cohorts of

mice.

(C & D) Innate food preference as a function of Ba/3deletion in OB. (C, experimental
paradigm; D, food consumed (left), and innate food preference index (right)).

(E & F) STFP memory as measured with cinnamon- and cocoa-scented food as a function of
Bai3deletion in OB before training (E, experimental strategy; F, amount of cinnamon- and
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cocoa-scented food consumed during STFP test (left), and cinnamon preference index
(right).

(G & H) STFP memory as a function of Bai3 deletion in OB after training (G, experimental
strategy; H, amount of cinnamon- and cocoa-scented food consumed during STFP test (left),
and cinnamon preference index (right)).

(I & J) Non-associative olfactory memory (I, experimental strategy [same as Figure 2K]; J,
anise preference index in the ‘naive’ and ‘pre-exposed’ trials (left), and non-associative
olfactory memory index (right)).

All data are means + SEM (n = mouse numbers indicated in each panel; dots show
individual data points). Statistical significance was assessed by Student’st-test in the left
panels of D, F, H & J, or two-way ANOVA with Bonferroni’s multiple comparison test in
the right panels of D, F, H & J (*, p<0.05; **, p<0.01; ***: p<0.001; ****: p<0.0001). No
significance was detected in B by one-way ANOVA.
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REAGENT or RESOURCE Source Identifier

Odor chemicals

Ground cinnamon McCormick N/A

Cocoa powder Hershey’s N/A

Acetophenone Sigma-Aldrich Cat # A10701

Octanal Sigma-Aldrich Cat # 05608

Cinnamon extract Wiatkins N/A

Anise extract Wiatkins N/A

Antibodies

GFP Invitrogen Cat # A111-22; RRID: AB_221569
VvGIuT1 Millipore Cat # AB5905; RRID: AB_2301751

Synaptophysin-2

Fykse et al., 1993

Y941

NeuN

Millipore

Cat # MAB377; RRID: AB_2298772

Virus strains

AAVp;-ACre::GFP Stanford Vector Core | N/A
AAVp;-Cre::GFP Stanford Vector Core N/A
AAVp;-ACre-IRES-tdTomato::Syb2 Stanford Vector Core N/A
AAVp;-Cre-IRES-tdTomato::Syb2 Stanford Vector Core N/A
AAVp;-mCherry-IRES-EGFP::Syb2 This manuscript N/A
AAVp;-DIO-mCherry-IRES- This manuscript N/A

EGFP::Syb2

AAVp;-fDIO-Cre-IRES-tdTomato This manuscript N/A
rAAV2-retro-Cre This manuscript N/A
rAAV2-retro-Flp This manuscript N/A

Chemicals

Picrotoxin Tocris Cat #1128

TTX Fisher Scientific Cat # 50-753-2807
QX314-Bromide Tocris Cat #1014
Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Lab Jax Stock # 000664

Mouse: C1g/3 cKO

Martinelli et al., 2016

Deposited in the Jackson Lab; Jax Stock # 029672

Mouse: Bai3 cKO Kakegawa et al., 2015 | N/A

Mouse: Nrxn3 cKO Aoto et al., 2015 N/A

Software

Clampfit 10 Molecular Devices https://www.moleculardevices.com/products/axon-patch-clamp-system/
acquisition-and-analysis-software/pclamp-software-suite

NIS-Elements Nikon https://www.microscope.healthcare.nikon.com/products/software

Viewer 11 Bioserve http://www.hiobserve.com/behavioralresearch/products/viewer/

Prism8 GraphPad https://www.graphpad.com/scientific-software/prism/
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