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SUMMARY

Reciprocal synapses are formed by neighboring dendritic processes that create the
smallest possible neural circuit. Reciprocal synapses are widespread in brain and
essential for information processing, but constitute a conceptual conundrum: How are
adjacent pre- and post-synaptic specializations maintained as separate functional units?
Here, we reveal an organizational principle for reciprocal synapses, using dendro-
dendritic synapses between mitral and granule cells in the mouse olfactory bulb as a
paradigm. We show that mitral cells secrete cerebellin-1 to block the cis-interaction of
mitral cell neurexins with neuroligins, thereby enabling their separate trans-interactions.
Ablating either cerebellin-1 or neuroligins in mitral cells severely impaired granule
cell=>mitral cell synapses, as did overexpression of postsynaptic neurexins that form cis-
complexes with neuroligins, but not of mutant neurexins unable to bind to neuroligins. Our
data uncover a cis/trans-protein interaction network as a general design principle that
organizes reciprocal dendro-dendritic synapses by compartmentalizing neurexin-based

trans-synaptic protein complexes.
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INTRODUCTION

In connecting neurons into neural circuits, synapses exhibit a vast range of molecular and
functional architectures. A prototypical synapse is formed by a presynaptic axonal bouton
contacting a postsynaptic dendrite. Many synapses, however, do not conform to this
design, for example double synapse spines (Knott et al., 2002), axo-axonic synapses
(Ango et al., 2021; Cover & Mathur, 2021) and reciprocal dendro-dendritic synapses
(Shepherd et al., 2020). Among these non-standard types of synapses, reciprocal dendro-
dendritic synapses stand out because they comprise two antiparallel synaptic junctions
formed by adjacent dendrites (Fig. 1A). The two dendrites generate both pre- and
postsynaptic specializations, thereby assembling a two-neuron microcircuit, the smallest

possible neural circuit that is broadly distributed throughout the brain.

Reciprocal dendro-dendritic synapses were first observed between mitral/tufted cells and
granule cells in the olfactory bulb (OB), where they constitute the most abundant type of
synapse (Rall et al., 1966; reviewed in Urban & Arevian, 2009; Shepherd et al., 2020).
OB reciprocal synapses are essential for olfactory information processing, and are subject
to synaptic plasticity that mediates olfactory learning (Liu et al., 2017; Shepherd et al.,
2020). Reciprocal dendro-dendritic synapses are also widely observed in other brain
regions. They are found, among others, in the lateral geniculate nucleus (Famiglietti, 1970)
the ventro-lateral nucleus of the thalamus (Harding, 1971), the motor cortex (Sloper and
Powell, 1978), and the retina (Hartveit, 1999). Thus, reciprocal dendro-dendritic synapses

represent constitutive building blocks of neural networks in the brain.

The structure of reciprocal dendro-dendritic synapses poses a unique cell-biological
problem because each of the two participating dendrites forms pre- and post-synaptic
specializations next to each other in the same plasma membrane domain (Fig. 1A). At a
standard synapse, trans-synaptic signaling via adhesion molecules is thought to organize
pre- and post-synaptic specializations. At reciprocal synapses, however, two antiparallel
trans-synaptic signaling processes operate without physical compartmentalization. As a
result, a presynaptic adhesion molecule in dendro-dendritic synapses, such as a neurexin,
would have a high chance of interacting in cis with a postsynaptic ligand localized to the

same membrane, such as neuroligins or cerebellins, instead of interacting with trans-
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synaptic ligands in the opposing membrane. To prevent such cis-dominant interactions,
a mechanism must exist that compartmentalizes trans-interactions in favor of cis-
interactions, but the nature of this mechanism is unknown. A similar need for
compartmentalization exists for axo-axonic synapses that are also widespread in brain
and contain adjacent pre- and postsynaptic specializations in the same plasma

membrane.

Neurexins are among the best characterized presynaptic adhesion molecules for trans-
synaptic signaling by interacting with multiple postsynaptic ligands, including neuroligins
(NIgns), cerebellins (Cblins, that in turn bind to GluD1/2 or to DCC/neogenin), LRRTMs,
and dystroglycan (reviewed in Sudhof, 2017; Kasem et al., 2018). In vertebrates,
neurexins are encoded by three genes (Nrxnl1-3 in mice). Each neurexin gene expresses
two principal forms, longer a-neurexins and shorter B-neurexins, that are transcribed from
distinct promoters and are extensively alternatively spliced (Ushkaryov et al., 1992;
Ushkaryov & Sudhof, 1993; Tabuchi & Sudhof, 2002). In addition, the Nrxnl gene has a
third promoter for an even shorter isoform (Nrxn1y ; Sterky et al., 2017). Neurexins are
highly expressed in all neurons, but at different levels for each isoform. Whereas trans-
synaptic signaling by presynaptic neurexins that engage postsynaptic ligands is
conceptually straightforward in a prototypical synapse, in a reciprocal synapse such
signaling poses a fundamental problem. Here, a presynaptic neurexin could potentially
interact with its ligands in a cis- instead of a trans-configuration. The cis-interaction would
be favored given the high local concentrations of neurexins and their ligands (Fig. 1B).
Thus, the question arises: How are reciprocal synapses organized to prevent cis-
interactions and favor trans-interactions of synaptic adhesion molecules? Insight into the
molecular mechanisms that guide the functional compartmentalization of antiparallel
neurexin signaling processes in reciprocal synapses will be crucial for progress in
understanding the design principles of reciprocal synapses and other common but

unconventional synapses.

To address this fundamental cell-biological question, we examined the function of
neurexins and their ligands at reciprocal dendro-dendritic synapses in the OB.
Surprisingly, neuroligins and CbInl are both required in mitral cells for granule cell->mitral

cell (GC->MC) synaptic transmission, and both are essential for normal GABA receptor
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responses in mitral cells. We further identified that the mechanism behind the shared role
of neuroligins and Cbin1 is that CbInl prevents mitral-cell neurexins from inhibiting the
function of neuroligins in cis, allowing functional compartmentalization of two antiparallel

neurexin signaling pathways in the reciprocal synapses.

RESULTS

Mitral cells of the OB co-express multiple neurexins and neurexin ligands. To
determine whether neurexins and their neuroligin and cerebellin ligands are expressed
by mitral/tufted cells that form dendro-dendritic synapses in the OB, we crossed Cre-
dependent RiboTag mice with tBet-Cre mice (Sanz et al., 2009; Haddad et al., 2013).
Using these mice, we selectively isolated mRNAs that were being translated in
mitral/tufted cells, and performed quantitative RT-PCR on mitral/tufted cell-specific and
total mMRNA from the OB (Fig. 1C).

As expected, mRNAs encoding the excitatory neuron marker vGIluT1 were abundant in
mitral/tufted cells, whereas MmRNAs encoding the astrocyte marker Agp4, the
oligodendrocyte marker Mbp, or the inhibitory neuron marker vGaT were largely absent
(Fig. 1D). Consistent with previous in situ hybridization data (Ullrich, Ushkaryov & Stdhof,
1995; Uchigashima et al., 2019), mitral/tufted cells expressed high levels of B-neurexins,
with the highest enrichment observed for Nrxn3p (Fig. 1E). In contrast, a-neurexins were
de-enriched (Fig. 1E). mRNAs encoding neuroligins, cerebellins, and the cerebellin
receptors GluD1 and GluD2 were also abundant in mitral cells (Fig. 1F-1H). CbIn1 and
Cbln4 mRNAs were highly enriched, whereas Cbln2 mRNAs were not as abundant (Fig.
1F). CbIn3 was not examined because of its exclusive expression in the cerebellum (Pang
et al.,, 2000). Using single-molecule RNA in-situ hybridization, we confirmed the
expression patterns of CbInl1, Cbin2 and Cbln4, and asked whether mitral and tufted cells
equally synthesize various cerebellin isoforms. Strikingly, Cblnl was more strongly
expressed in mitral cells than in tufted cells, whereas CbIn4 exhibited the opposite pattern
(Fig. 2A). CbIn2 was present at much lower levels in both mitral/tufted cells, but expressed
at high levels in granule and periglomerular cells (Fig. 2A). Thus, mitral/tufted cells co-

express multiple neurexins and neurexin ligands, suggesting that understanding the
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design principles of reciprocal synapses involves understanding the role of the neurexin-
based protein interaction network at these synapses.

Mitral-cell CbInl is essential for the organization of granule cell>mitral cell
(GC>MC) synapses. Because of its robust expression, we first examined the role of
CbInl in dendro-dendritic synapses of mitral cells. Mitral/tufted cells can be selectively
manipulated in mice using Cre-recombinase expressed under the control of the tBet
promoter (Haddad et al., 2013). Crosses of tBet-Cre mice with Ail4 mice in which
tdTomato expression is activated by Cre-mediated recombination (Madisen et al., 2010)
validated exclusive expression of Cre in mitral/tufted cells of the OB (Fig. 2B). We filled
patched mitral cells in acute OB slices with neurobiotin, which confirmed the typical
cellular architecture of mitral cells (Fig. 2C). To generate mice with a mitral/tufted cell-
specific deletion of CbInl, we crossed tBet-Cre mice with CbIlnl conditional KO (cKO)
mice (Seigneur & Sudhof, 2018) (Fig. 2D). The CbInl deletion in mitral/tufted cells
severely suppressed (~90% decrease) the total Cbinl mRNA levels in the OB, confirming
that mitral/tufted cells express the vast majority of the CbInl in the OB (Fig. 2E).
Behavioral experiments revealed that the mitral/tufted cell-specific deletion of Cbinl
significantly impaired a mouse’s foraging behavior as assayed by the buried food test (Fig.
2G). The mitral/tufted cell deletion of Cbinl also decreased the sociability of mice without
affecting their general mobility or increasing their anxiety levels (Fig. 2F-H). Thus,

mitral/tufted cell expression of CbInl is essential for olfactory behaviors.

We next examined the effect of the mitral cell Cbinl deletion on synaptic transmission.
Whole-cell patch-clamp recordings in acute slices revealed that the CbInl deletion
reduced the frequency of both mIPSCs (~35%) and mEPSCs (~50%) without significantly
altering their amplitudes or kinetics (Fig. 2I-N; S1A-D). The CbInl deletion did not affect
the capacitance or input resistance of mitral cells, suggesting that the cells were healthy
(Fig. S1E-F). Thus, postsynaptic CbInl is required for organizing both inhibitory and

excitatory inputs onto mitral cells.

The postsynaptic requirement of CbInl for the function of mitral cell synapses is surprising
because CblInl is thought to regulate excitatory and inhibitory synapse formation by a

presynaptic mechanism (Matsuda et al., 2010; Uemura et al., 2010; Ito-Ishida et al., 2012
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and 2014, Ibata et al., 2019), although we recently detected a postsynaptic action of CbIn2
in excitatory hippocampal synapses (Dai et al., 2021). Since most mIPSCs in mitral cells
are derived from dendro-dendritic GC->MC synapses, the decrease in mIPSC frequency
suggests that CbInl functions in GC->MC synapses. To test this notion, we recorded
evoked IPSCs in mitral cells that were induced by stimulating the apical dendrites of
granule cells (Fig. 3A). We used input/output measurements to control for the variability
in the placement of the stimulating electrode. These experiments revealed that the Cbinl
deletion caused a major decrease (~45%) in GC->MC synaptic strength (Fig. 3B-D). In
addition, the ChInl deletion increased the rise but not decay times of GC>MC IPSCs
(Fig. 3E-F).

Most inhibitory inputs onto mitral cells are provided by granule cells, but periglomerular
neurons, short-axon cells, and other types of interneurons also form inhibitory synapses
on mitral cells (Eyre et al., 2008; Zhou et al., 2020). To reveal whether the phenotype of
the CbInl deletion at inhibitory synapses is specific for GC>MC synapses or whether it
broadly applies to all inhibitory synapses of mitral cells, we measured IPSCs evoked by
stimulating inhibitory periglomerular inputs (Fig. S2). We detected only a small increase
in synaptic strength that was not statistically significant when the slopes of input/output
curves were calculated (Fig. S2C-D). Thus, the CbInl deletion does not uniformly impair

all inhibitory synapses of mitral cells.

Deletion of Cbinl decreases GABA-induced IPSCs but not GABA release. At least
three mechanisms could account for the synaptic impairment induced by the Cbinl
deletion: A decrease in release probability at GC->MC synapses, a decline in
postsynaptic receptor responses, or a reduction in synapse numbers. To distinguish
between these three hypotheses, we examined the coefficient of variation (CV) and the
paired-pulse ratio (PPR) of evoked IPSCs as indirect but sensitive measures of release
probability (both monitored at a 75 pA stimulus intensity). The CbInl deletion had no effect
on either parameter in GC->MC synapses (Fig. 3G-l), suggesting that the release
probability was unchanged.

Next, we explored the possibility that the CbInl deletion decreases postsynaptic GABAa-
receptor responses at GC->MC synapses. For this purpose, we directly ‘puffed” GABA
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onto the mitral cell soma using a Picospritzer, and monitored the resulting IPSCs (Fig.
3J). Strikingly, we observed a robust reduction (~40%) in GABA-induced IPSCs in CbIn1-
deficient mitral cells (Fig. 3K-M). This phenotype is consistent with the notion that the
CbInl deletion suppresses postsynaptic GABAa-receptor responses, but does not rule
out a decrease in inhibitory synapse numbers, which would also decrease the overall
GABAa-receptor response. Moreover, the observed decrease in mIPSC frequency in
CbIn1-deficient mitral cells (Fig. 2M) would also be consistent with either a lowered
GABAA-receptor responsiveness or a decrease in synapse numbers because a
decreased GABA response would enhance ‘silent’ inhibitory synapses and make mIPSCs
less detectable. Thus, we needed to determine whether the CbInl deletion induced a
synapse loss in the OB, as had been observed for the CbiInl deletion in the cerebellum
(Hirai et al., 2005; Uemura et al., 2010).

The CbInl deletion has no effect on synapse numbers or ultrastructure. Using
cryosections from mice with a CbInl deletion in mitral/tufted cells, we stained dendro-
dendritic synapses on mitral cells for vGaT as a universal inhibitory synapse marker and
for synaptophysin-2 as a specific GC->MC synapse marker in the OB (Bergmann et al.,
1993) (Fig. 4A-B). We observed no change in the number or size of inhibitory synapses
in the external plexiform layer of mice with a CbInl deletion in mitral/tufted cells,

suggesting that the Cbin1 deletion does not alter inhibitory synapse numbers (Fig. 4A-F).

Some granule cells form synapses on the soma of mitral cells (Naritsuka et al., 2009) that
is also targeted in our GABA puffing experiment. Therefore, a specific loss of somatic
inhibitory synapses could be caused by the CbInl deletion. To test this possibility, we
specifically analyzed perisomatic synapses of mitral cells. We retrogradely labeled the
mitral cell soma with fluorescently tagged cholera toxin B (CTB) that was injected into the
piriform cortex, and stained presynaptic granule cell inputs using synaptophysin-2
staining. However, we again observed no change in synapse numbers on Cbinl-deficient
mitral cells (Fig. 4G-I).

Finally, to independently confirm the immunocytochemical conclusions and to test
whether the CbInl deletion affects the structure of dendro-dendritic synapses, we

analyzed them by electron microscopy (EM) (Fig. 4J). The CbInl deletion in mitral cells
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produced no change in the density of dendro-dendritic synapses on mitral cell dendrites,
confirming the immunocytochemical results (Fig. 4K-M). Moreover, we detected no
change in any structural parameter of synapses, such as the size of presynaptic terminals
(Fig. 4N), the number of vesicles per terminal (Fig. 40), the size of vesicles (Fig. 4P), the
ellipticity of vesicles (Fig. 4Q), or the average distance of vesicles to the active zone (Fig.
4R).

Thus, CbInl is essential in mitral cells as a postsynaptic regulator of GC->MC synapses
that controls the GABAa-receptor responses of mitral cells without affecting either the

release probability or number of GC>MC synapses.

Neuroligins are also essential for GC>MC synaptic transmission. Since both
neuroligins and CbInl are ligands for neurexins and since neuroligins are also abundantly
expressed in mitral cells (Fig. 1H; Varoqueaux et al., 2004), we next asked whether
neuroligins contribute to the function of GC>MC synapses in the OB. In mammals,
neuroligins are encoded by four genes, NIgnl-4 (Ichtchenko et al., 1995 and 1996;
Nguyen & Sudhof, 1997; Bolliger et al., 2008). To test whether neuroligins function at
GC->MC synapses, we utilized Nlgn1234 quadruple conditional KO (qcKO) mice. In
these mice, the Nignl, Nign2, and NIgn3 genes are floxed and can be inactivated by Cre
recombinase, whereas the Ngln4 gene is constitutively deleted (Zhang et al., 2015, 2016
and 2018; Chanda et al., 2017). We utilized these mice for the analysis of neuroligin
function in mitral cells instead of individual neuroligin KO mice because multiple
neuroligins often operate in the same synapse and are partly redundant (Chanda et al.,
2017), and because analysis of individual KO mice would be prohibitively time-consuming.

Using stereotactic injections, we introduced into the piriform cortex of Nlgn1234 qcKO
mice a retrogradely transported adeno-associated virus (rAAV2-retro; Tervo et al., 2016)
that co-expresses EGFP with Cre or ACre (mutant inactive Cre as a control) (Fig. 5A).
rAAV2-retro infects axons in the piriform cortex that emanate from mitral/tufted cells in
the OB, thereby enabling selective expression of Cre or ACre in mitral/tufted cells of the
OB. Two to three weeks after injections, we analyzed the infected mitral cells in the OB

electrophysiologically (Fig. 5B).
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Recordings of mIPSCs from mitral cells showed that the deletion of all neuroligins
produced a large reduction (~50%) in mIPSC frequency and a significant decrease (~20%)
in mIPSC amplitude without changing the mIPSC kinetics (Fig. 5C-G). As discussed
above, most mIPSCs in mitral cells are derived from dendro-dendritic GC->MC synapses,
suggesting that the neuroligin deletion impairs these synapses. Indeed, analysis of
evoked GC->MC IPSCs revealed that the pan-neuroligin deletion caused a large
reduction (~60%) in GC>MC IPSC amplitudes and a significant increase in IPSC rise
times but not decay times (Fig. 5H-M). At the same time, the neuroligin deletions had no
effect on the membrane capacitance and input resistance of mitral cells, suggesting that
it did not alter their size or viability (Fig. S3).

We next asked whether the neuroligin deletion reduces GC->MC synaptic transmission
by a mechanism similar to that of the Cbin1 deletion. The neuroligin deletion had no effect
on the coefficient of variation (CV) and paired-pulse ratio (PPR) of evoked IPSCs (Fig.
5N-P), suggesting that the release probability was unchanged. Similar to the Cbinl
deletion, however, the neuroligin deletion robustly reduced (~50%) the amplitude of
IPSCs evoked by direct application of GABA onto the mitral cell soma using a picospritzer
(Fig. 5Q-T). Thus, the pan-neuroligin deletion suppresses postsynaptic GABAa-receptor
responses without affecting the presynaptic release probability, suggesting that

neuroligins are essential organizers of GC->MC synapses in the OB similar to Cbin1.

Alternative splicing of postsynaptic neurexins at SS4 in mitral cells regulates
GC->MC synapses. Why are CbInl and neuroligins both required for organizing
GC—->MC synapses, even though they bind to the same domain of neurexins? This
requirement could operate by two mechanisms: A parallel involvement of ChIinl and
neuroligin interacting with granule-cell neurexins in GC->MC synapses, or a non-
canonical function of CbInl or neuroligins that indirectly renders GC->MC synapses
functional. This question is of general interest given that most neurons co-express
cerebellins and neuroligins, but is particularly important for the reciprocal synapses in
which neurexins and neurexin ligands can interact in both cis and trans configurations
(Fig. 1B).

10
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If mitral cell CbInl acted directly in GC->MC synapses, it would have to function by
binding to presynaptic granule cell neurexins, whereas a non-canonical postsynaptic
function would involve a binding to postsynaptic neurexins. Interestingly, measurements
of neurexin alternative splicing in mitral cell mMRNAs using junction-flanking RT-PCR
showed that all neurexins are predominantly expressed in mitral/tufted cells as splice site
4 containing (SS4+) variants (Fig. 6A-B). This is important because only SS4+ variants
of neurexins can bind CbInl, whereas SS4- variants cannot (Uemura et al., 2010; Joo et
al., 2011; Matsuda & Yuzaki, 2011).

Motivated by this finding, we tested whether converting the SS4+ variants of neurexins in
mitral cells into SS4- variants that blocks their binding to CbInl but not to neuroligins
suppresses GC->MC synaptic transmission similar to the CbIn1 deletion. For this purpose,
we used triple-conditionally mutant mice that constitutively express all neurexins as SS4+
variants (Nrxn123-SS4+ cKl mice; Dai et al., 2019). In these mice, Cre recombinase
converts the SS4+ neurexin variants into SS4- variants. We injected rAAV2-retro’s co-
expressing EGFP with ACre (control, retains SS4+ neurexin expression) or Cre (converts
SS4+ neurons into SS4- neurexins) into the piriform cortex of Nrxn123-SS4+ cKI mice,
and analyzed EGFP-positive mitral cells in acute slices by whole-cell patch-clamp
recordings two weeks later (Fig. 6C-D).

The conversion of postsynaptic SS4+ to SS4- neurexins in mitral cells robustly decreased
the mIPSC frequency (~40%) without inducing major changes in mIPSC amplitude or
mIPSC kinetics (Fig. 6E-G, S4A-B). Moreover, the SS4 conversion produced a highly
significant reduction (~35%) in the amplitude of evoked GC->MC IPSCs, and increased
both the rise and decay times of evoked IPSCs (Fig. 6H-J; S4C-D). No change in the
coefficient of variation or paired-pulse ratio was observed (Fig. 6K; Fig. S4E). Similar to
the deletion of CbInl or neuroligins in mitral cells, the conversion of SS4+ to SS4-
neurexins in mitral cells also decreased the amplitude of IPSCs induced by direct
application of GABA (Fig. 6L-N; ~25% decrease). In none of these experiments, a change

in the mitral cell membrane properties was observed (Fig. S4F-G).

The phenotype of the conversion of SS4+ to SS4- neurexins in mitral cells indicates that,

surprisingly, CbInl-binding to neurexins acts postsynaptically in dendro-dendritic
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GC->MC synapses. However, the results do not completely rule out the possibility that
CbInl also acts by binding to presynaptic neurexins in GC->MC synapse, i.e. that the
CbIn1/neurexin and neuroligin/neurexin signaling pathways operate in the same synapse
simultaneously. To test this possibility, we converted SS4+ neurexins in granule cells into
SS4- neurexins. We expressed Cre or ACre (as a control) in the OB of Nrxn123-SS4+ cKI
mice using AAVb;'‘s that under the conditions used only infect granule cells in the OB (Fig.
S4H-1). Rendering all granule cell neurexins SS4- had no effect on evoked GC->MC
IPSCs, indicating that presynaptic neurexins in GC->MC synapses do not functionally
require Cbinl binding (Fig. S4J-S). Moreover, CRISPR-mediated deletion of postsynaptic
GluD1 in mitral cells had no effect on GC->MC synapses (Fig. S5). Admittedly, this lack
of an effect might have been due to redundancy between GluD1 and GluD2 because of
GluD2 enrichment in mitral/tufted cells (Fig. 1F). However, it was shown that GluD1 rather
than GluD2 preferentially induces inhibitory presynaptic differentiation (Yasumura et al.,
2012); and that GluD2 deletion increases rather than decreases inhibitory synapse
number in the cerebellum (Ito-Ishida et al., 2014). Viewed together, these observations
argue against the possibility that Cbinl mediates GC->MC synapses through a

transsynaptic complex involving granule-cell neurexins and mitral-cell GluD1.

Neurexin/neuroligin cis-interactions inhibit neuroligin trans-interactions in a
manner that is alleviated by CblInl. Viewed together, our data suggest that Cbinl and
neuroligin function postsynaptically in GC->MC synapses, and that this function requires
postsynaptic SS4+ variants of neurexins and is abolished by SS4- variants of neurexins.
A plausible model to explain these data is that CbInl is essential in dendro-dendritic
GC->MC synapses because it blocks a cis-neurexin/neuroligin interaction that would
otherwise inhibit postsynaptic neuroligins in this synapse. This model implies that Cbinl
competitively blocks neuroligins from binding to neurexins. To test this implication, we
compared binding of CbInl tagged with an HA epitope (HA-CblInl) or of the extracellular
domains of Nignl fused to the IgG Fc-domain (NIgnl-ECD-Fc) to the two SS4 splice
variants of Nrxn1p (Nrxn1pSS4* and Nrxn1psS#) (Fig. 7A). As expected, HA-CbInl only
bound to Nrxn1BSS4* but not to Nrxn1pSS4, whereas Nign1-ECD-Fc bound to both (Fig.
7B). When HA-CbInl and NIgnl1-ECD-Fc were added sequentially, HA-CbIn1 blocked
binding of NIign1-ECD-Fc to Nrxn1BSS4*, independent of whether Cbinl was bound to
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Nrxn1BSS#* first, or added after NIgn1-ECD-Fc had been prebound (Fig. 7B). HA-CbIn1,
however, had no effect on Nign1-ECD-Fc binding to Nrxn1BSS4 that is unable to bind
cerebellins (Fig. 7B). Consistent with previous binding affinity measurement (Arag et al.,
2007; Chen et al., 2008; Joo et al., 2011), these results show that Cbinl binds more tightly
to Nrxn1BSS4* than Nign1l.

The binding data suggests that CbhInl could prevent a cis-interaction of neurexins with
neuroligins, and thereby function in reciprocal synapses by relieving the inhibition of mitral
cell neuroligins that is induced by cis-binding of neurexins (Fig. 1B). To test this
hypothesis, we examined the inhibitory effect of cis-neurexin/neuroligin interactions on
trans-neurexin/neuroligin interactions, and tested the possible role of CbInl in blocking
this inhibition (Fig. 7C). We reconstituted cis- vs. trans-neurexin/neuroligin interactions
using cell-aggregation assays with freestyle HEK293 cells that co-express Nrxn1B or
Nlgn2 to mimic the expression observed in mitral cells (Fig. 1E, 1H). We then tested the
effect of the cis-expression of Nrxn1pSS** or NrxnlpSS* with Nign2 on the trans-
Nrxn1B/NgIn2 interaction in the absence and presence of CbInl (Fig. 7C). Although
Nlgn2-expressing cells formed large cell aggregates with Nrxn13-expressing cells, these
aggregates were suppressed when Nrxn1f3, independent of SS4, was also co-expressed
in cis with Nign2. Hence, the cis Nrxn1B-NIgn2 interaction impaired the trans-
Nrxn1B/NIgn2 interaction without completely abolishing it (Fig. 7D). As a control, we co-
expressed in cis Nrxn1B mutants that are unable to bind to neuroligins (Nrxn1BSS4* or
Nrxn1BSS4*), These mutants contain G155V and T156A substitutions that block
neuroligin binding (Reissner et al., 2008). cis-Expression of Nrxn1f3 mutants, in contrast

to wild-type Nrxn1pB, had no effect on the trans-Nrxn13/Nlgn2 interaction (Fig. 7D).

Importantly, when we co-expressed NIgn2 not only with Nrxn1fSS4* or Nrxn1BSS#, but
also with CbIn1, the co-expressed Cbhlinl reversed the inhibition of the trans-Nrxn13/Nign2
interaction that was produced by cis-expression of Nrxn1fSS4* but not the inhibition that
was produced by cis-expression of Nrxn1pSS4 (Fig. 7D). These data demonstrate that a
cis-neurexin inhibits trans-neurexin/neuroligin interactions, and that this inhibition is
alleviated when a cerebellin is co-expressed in cis with the neurexin and neuroligin, as

long as the isoform of neurexin used is capable of actually binding to the cerebellin. Hence,

13


https://doi.org/10.1101/2021.05.24.445461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.24.445461; this version posted May 25, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

the two antiparallel neurexin signaling processes can interfere with each other, and Cbinl
can mediate their functional compartmentalization, underlying the design principles for

the reciprocal synapses.

CbInlin mitral cells functions to compartmentalize neurexin signaling in reciprocal
dendro-dendritic synapses. Our data thus suggest a molecular logic of reciprocal
synapses whereby CbiInl blocks cis-interactions of neurexins with neuroligins and thereby
enables antiparallel trans-interactions of neurexins and neuroligins. Via this mechanism,
CbIn1 functionally separates pre- and postsynaptic signaling compartments. An inherent
prediction of this hypothesis is that postsynaptic neurexins in mitral cells are not essential
for GC>MC synaptic transmission, but rather function as presynaptic neurexins for the
mitral cell>granule cell synapses. This hypothesis also implies that the conversion of
postsynaptic SS4+ neurexins into SS4- neurexins impairs GC->MC synaptic transmission
only because it prevents CbInl from blocking the cis-interactions of postsynaptic
neurexins with neuroligins. To test this hypothesis directly, we deleted all neurexins
(except for Nrxn1y that does not bind to either CbIn1 or neuroligins [Sterky et al., 2017])
from mitral cells by injection of rAAV2-retro’s that co-express EGFP with Cre or ACre (as
a control) into the piriform cortex of Nrxn123 triple conditional KO mice (Chen et al., 2017),
and analyzed GC->MC synapses in acute slices by mitral cell recordings (Fig. 8A). As
predicted by the hypothesis, the postsynaptic deletion of neurexins had no effect on
synaptic transmission, and thus postsynaptic neurexins are functionally
compartmentalized from the adjacent antiparallel neurexin-neuroligin signaling process
(Fig. 8B-D; Fig. STA-E).

In a final test of this hypothesis, we overexpressed in mitral cells either wild-type
Nrxn1BSS4 and Nrxn1BSS4* or mutant Nrxn1BSS4* and Nrxn1BSS4+* that are unable to bind
to neuroligins (Reissner et al., 2008; Fig. 7C-D, 8E). We again injected rAAV2-retro’s into
the piriform cortex to selectively express the various neurexins in mitral cells of the OB
(Fig. 8F-G). Overexpression of Nrxn1B554 and Nrxn1BSS4* inhibited GC->MC synaptic
transmission as measured by evoked IPSCs, whereas overexpression of mutant
Nrxn1BSS4*and Nrxn1B554** had no effect (Fig. 8H-J; Fig. S7F-L). In these experiments,
even Nrxn1BSS4* was inhibitory despite its binding to CbInl probably because the
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Nrxn1BSS4+ overexpression levels exceeded those of endogenous Cbinl. Hence, we
tested the effect of co-overexpression of Cbinl and Nrxn1BSS* (or Nrxnl1pSS#*). Not
surprisingly, CbInl overexpression in mitral cells likely saturates binding of Nrxn1pSsS4*
and hence occludes its dominant negative effect, but not for Nrxn1355% (Fig. 8K-M; Fig.
S7M-S). To test the physiological relevance of Cbinl in the cis inhibition by Nrxn1f, we
overexpressed Nrxn1B5S% and Nrxn1BSS4* on the background of the Cbinl deletion and
observed no additive effects (Fig. 8N-P; Fig. S7T-Z). Thus, CbInl functionally
compartmentalizes two antiparallel neurexin signaling processes by preventing cis-

neurexin/neuroligin interactions at the reciprocal dendro-dendritic synapses in the OB.

DISCUSSION

Reciprocal dendro-dendritic synapses are present in many brain regions, and are
particularly important in the OB for olfactory information processing (Shepherd et al.,
2020). Reciprocal dendro-dendritic synapses pose a unique cell-biological problem in that
they comprise two antiparallel synapses on adjacent dendrites, each of which forms pre-
and post-synaptic specializations in the same subcellular compartment (Fig. 1A-B; Rall
et al., 1966). Reciprocal synapses constitute a microcircuit that computes information
without the involvement of action potentials, is highly plastic, and contributes to olfactory
learning (Jahr & Nicoll, 1980; Isaacson & Strowbridge, 1998; Liu et al., 2017). Previous
studies elucidated the detailed electrophysiological features of reciprocal synapses in the
OB (Chen, Xiong & Shepherd, 2000; Halabisky et al., 2000; Isaacson, 2001; Balu et al.,
2007; Gao & Strowbridge, 2009; Pressler & Strowbridge, 2017). However, the molecular
mechanisms that organize dendro-dendritic reciprocal synapses remain unclear. In
particular, the cell-biological conundrum of how functional pre- and post-synaptic
specializations co-exist within the same subcellular compartment is unsolved (Fig. 1B).
The lack of physical compartmentalization in reciprocal synapses implies that pre- and
postsynaptic specializations share signaling molecules, creating the potential for ‘mixed
signals’. Both mitral cells and granule cells express high levels of neurexins (Ullrich,
Ushkaryov & Sudhof, 1995; Uchigashima et al., 2019) and of the neurexin ligands

cerebellins and neuroligins (Fig. 1F-G). The question of how multiple molecular
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machineries involving neurexins and their different ligands operate in parallel in reciprocal

synapses is crucial for understanding their functional architecture (Fig. 1B).

Our data reveal a basic design principle in the organization of reciprocal dendro-dendritic
synapses that explains how cis- and trans-interactions of synaptic adhesion molecules
can be segregated. We show that in mitral cells, CbInl is essential for GC—>MC synaptic
transmission because CbInl blocks the cis-interaction of postsynaptic mitral-cell
neurexins with neuroligins. When Cbinl is deleted and this cis-interaction is enabled, the
trans-synaptic binding of postsynaptic mitral-cell neuroligins with presynaptic granule-cell

neurexins is abolished, and GC->MC synaptic transmission is impaired.

The evidence for this conclusion is as follows. First, we show that in mitral cells, CbInl is
essential for the organization of GC->MC synapses. ChInl is not required for the
establishment or maintenance of GC->MC synapses or for regulating the presynaptic
release probability, but instead enables a physiological postsynaptic GABAa-receptor
response (Fig. 2-4). Second, we demonstrate that neuroligins are also essential for a
normal postsynaptic GABAAa-receptor response without a role in the presynaptic release
probability (Fig. 5). Third, we showed that mitral cells express almost only SS4+ variants
of neurexins that bind to ChIn1, and that converting mitral-cell SS4+ neurexins into SS4-
neurexins impairs GC->MC synapses in the same manner as the CbInl and the neuroligin
deletions (Fig 6). Fourth, we describe that Cbin1 displaces NIign1 from Nrxn1f on the cell
surface as long as Nrxn1f is expressed as an SS4+ variant that binds CbInl , that Nrxn1(3
—when expressed in cis with NIign2— suppresses the trans-interaction of Nign2 with
Nrxn1B present on another cell, and that this suppression is alleviated by co-expression
of CbInl (Fig.7). Finally, we documented that postsynaptic neurexins in mitral cells are
not essential for GC->MC synaptic transmission, but that overexpression of postsynaptic
Nrxn1B impairs GC>MC synapses as long as the overexpressed Nrxn1p is able to bind

to neuroligins (Fig. 8).

Together, these data reveal that postsynaptic mitral-cell Cblnl organizes GC->MC
synapses by preventing inhibitory cis-interactions of mitral-cell neurexins and neuroligins,
thereby functionally compartmentalizing the antiparallel trans-neurexin interactions. As

an alternative explanation, it seems unlikely that postsynaptic CbInl acts on presynaptic
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granule cell neurexins because conversion of SS4+ neurexins into SS4- neurexins (that
don’t bind CbIn1; Uemura et al., 2011) did not impair GC->MC synaptic transmission (Fig.
S5J-S). The fact that the postsynaptic pan-neurexin deletion also did not further increase
GC->MC synaptic transmission rules out a postsynaptic function of neurexins (Fig. 8A-
E). Thus, to the best of our knowledge no plausible alternative hypotheses account for

our results.

Our data raise several new questions about reciprocal synapses. Does CbInl have an
additional role in mitral cells, other than functionally compartmentalizing anti-parallel
neurexin signaling processes in dendro-dendritic synapses? The fact that the
postsynaptic Clbnl deletion not only reduced the mIPSC frequency, but also the mEPSC
frequency, suggests that CbInl functions also at excitatory input synapses in mitral cells
(Fig 2I-K). Moreover, it remains an open question whether CbInl performs additional
trans-synaptic signaling at MC—->GC synapses through GluD1 and GluD2 in granule cells.
Furthermore, we showed earlier that the presynaptic deletion of Nrxn3 in granule cells
decreases the release probability at GC>MC synapses (Aoto et al., 2015). Since the
postsynaptic neuroligin or Cbin1 deletions do not cause such a phenotype, other neurexin
ligands must be involved. Clearly our data do not rule out the possibility of multiple parallel
neurexin signaling pathways in a single synapse. After all we only examined cerebellins
and neuroligins, but LRRTMs, dystroglycan, neurexophilins, and other potential neurexin
ligands such as calsyntenins are likely present in mitral cells (reviewed in Studhof, 2017).
In addition, non-neurexin pathways involving neurexin ligands — such as those mediated
by MDGAs that bind to neuroligins (Connor et al., 2016 and 2017; Elegheert et al., 2017),
are likely important, as are other synaptic adhesion systems such as those effected by
adhesion GPCRs (Sudhof, 2021). Using reciprocal synapses as a model synapse, we are
only beginning to understand how multiple molecular machineries operate in parallel to

shape synapse dynamics.

Finally, looking beyond reciprocal synapses in the OB, our work highlights the importance
of multiple trans-synaptic signaling pathways at a given synapse. Most molecular and
genetic studies on synaptic organizer molecules focus on components of one given trans-
synaptic complex at a time (Sudhof, 2021; Yuzaki, 2018). However, multiple molecular

machineries likely operate in parallel, with or without lateral interactions, at all synapses
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to mediate synapse formation and to regulate their properties. Trans-synaptic molecular
networks are likely organized similar to logic gates, with divergent and convergent
signaling pathways and AND/OR/NOT decision points. Dissecting these functional
networks is a painstakingly slow process that requires non-scalable, technically
demanding methods, such as high-resolution electrophysiology or imaging. The
molecular design principle for the reciprocal synapses shown here provides a first step
towards such a dissection and represents the first analysis of the relation of multiple

synaptic adhesion interactions, but much more remains to be done.
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MATERIALS and METHODS
KEY RESOURCE TABLE

REAGENT or RESOURCE | Source | Identifier
Antibodies
GFP Thermo Fisher | Cat# Al111-22; RRID:
Scientific AB 221569
vGaT Synaptic Cat # 131 005; RRID:
Systems AB 1106810
Synaptophysin-2 This manuscript | Y941
MAP2 Sigma-Aldrich Cat # M1406; RRID:
AB 477171
mCherry Thermo Fisher Cat # M11217; RRID:
Scientific 2536611
HA Covance Cat # MMS-101P;
RRID: AB 2314672
Flag Sigma-Aldrich Cat # F7425; RRID:
AB 439687
Virus strains
rAAV2-retro-hSyn-EGFP-IRES--ACre This manuscript | N/A
rAAV2-retro-hSyn-EGFP-IRES--Cre This manuscript | N/A
rAAV2-retro-hSyn-tdTomato This manuscript | N/A
rAAV2-retro-hSyn-tdTomato-P2A- This manuscript | N/A
Nrxn1BSsS4
rAAV2-retro-hSyn-tdTomato-P2A- This manuscript | N/A
Nrxn1BSS4*
rAAV2-retro-hSyn-tdTomato-P2A- This manuscript | N/A
Nrxn1pSS4-*
rAAV2-retro-hSyn-tdTomato-P2A- This manuscript | N/A
Nrxn1 BSS4+*
rAAV2-retro-hSyn-Cbin1-P2A-EGFP This manuscript | N/A
AAVp;-U6-ctrl sgRNA-H1-ctrl sgRNA- This manuscript | N/A
hSyn-tdTomato
AAVp;-U6-Grid 1 sgRNA-H1-Grid 1 This manuscript | N/A
SgRNA-hSyn-tdTomato
rAAV2-retro-U6-ctrl SgRNA-H1-ctrl This manuscript | N/A
SgRNA-hSyn-tdTomato
rAAV2-retro-U6-Grid 1 sgRNA-H1-Grid 1 | This manuscript | N/A
SgRNA-hSyn-tdTomato
Chemicals
Pierce Anti-HA Magnetic Beads Thermo Fisher | Cat# 88836
Scientific
TagMan Fast Virus 1-Step Master Mix Thermo Fisher | Cat# 4444432
Scientific
Benzonase nuclease Sigma-Aldrich Cat # E1014
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Picrotoxin Tocris Cat# 1128

CNQX disodium salt Tocris Cat # 1045

D-AP5 Tocris Cat # 0106

TTX Thermo Fisher Cat # 50-753-2807

Scientific

QX314-Bromide Tocris Cat #1014

GABA Tocris Cat # 0344
Neurobiotin-Plus Tracer Vector Cat # SP-1150-5

Laboratories

Streptavidin, Alex Fluor 647 conjugate Thermo Fisher | Cat# S32357
Scientific

ProLong Gold Antifade Mountant Thermo Fisher | Cat# P36930
Scientific

MetaPhor agarose Lonza Cat # 50181

Critical commercial assays

RNAscope Fluorescent Multiplex Advanced Cell Cat # 323110

Detection Kit v2 Diagnostics

RNAscope Probe-Mm-CbIn1-C2 Advanced Cell Cat # 538491-C2
Diagnostics

RNAscope Probe-Mm-CbIn2 Advanced Cell Cat # 428551
Diagnostics

RNAscope Probe-Mm-Cbln4 Advanced Cell Cat # 300031-C3 (this
Diagnostics manuscript)

Experimental Models: Cell lines

FreeStyle 293-F cells

Thermo Fisher

Cat # R79007

Scientific

Experimental Models: Organisms/Strains

Mouse: CbInl cKO Seigneur & N/A
Sudhof, 2018

Mouse: tBet-Cre Haddad et al., N/A
2013

Mouse: Nign1234 qcKO Chanda et al., N/A
2017

Mouse: Nrxn123 SS4 Ki Dai et al., 2019 | N/A

Mouse: Nrxn123 triple cKO Chenetal., N/A
2017

Oligonucleotides

PrimeTime qPCR Probe Assays, vGIuT1

Integrated DNA
Technologies

Mm.PT.58.12116555

PrimeTime qPCR Probe Assays, VGAT

Integrated DNA
Technologies

Mm.PT.58.6658400

PrimeTime qPCR Probe Assays, Agqp4

Integrated DNA
Technologies

Mm.PT.58.9080805

PrimeTime qPCR Probe Assays, MBP

Integrated DNA
Technologies

Mm.PT.58.28532164
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CACCACTCTGTGCCTATTTC,;
GGCCAGGTATAGAGGATGA;
FAM/TCTATCGCT/ZEN/CCCCTGTTTCC

Technologies;
Trotter et al.,
2020

PrimeTime qPCR Probe Assays, Nrxn1a: | Integrated DNA | N/A
TTCAAGTCCACAGATGCCAG; Technologies;
CAACACAAATCACTGCGGG; Trotter et al.,
FAM/TGCCAAAAC/ZEN/TGGTCCATGC | 2020

CAAAG

PrimeTime qPCR Probe Assays, Nrxn1f3: | Integrated DNA | N/A
CCTGTCTGCTCGTGTACTG; Technologies;
TTGCAATCTACAGGTCACCAG; Trotter et al.,
FAM/AGATATATG/ZEN/TTGTCCCAGC | 2020

GTGTCCG

PrimeTime qPCR Probe Assays, Nrxn1y: | Integrated DNA | N/A
GCCAGACAGACATGGATATGAG; Technologies;
GTCAATGTCCTCATCGTCACT; Trotter et al.,
FAM/ACAGATGAC/ZEN/ATCCTTGTGG | 2020

CCTCG

PrimeTime qPCR Probe Assays, Nrxn2a: | Integrated DNA | N/A
GTCAGCAACAACTTCATGGG; Technologies;
AGCCACATCCTCACAACG; Trotter et al.,
FAM/CTTCATCTT/ZEN/CGGGTCCCCT | 2020

TCCT

PrimeTime qPCR Probe Assays, Nrxn2f3: | Integrated DNA | N/A
CCACCACTTCCACAGCAAG; Technologies;
CTGGTGTGTGCTGAAGCCTA,; Trotter et al.,
FAM/GGACCACAT/ZEN/ACAT 2020

CTTCGGG

PrimeTime qPCR Probe Assays, Nrxn3a: | Integrated DNA | N/A
GGGAGAACCTGCGAAAGAG; Technologies;
ATGAAGCGGAAGGACACATC; Trotter et al.,
FAM/CTGCCGTCA/ZEN/TAGCTCAGGA | 2020

TAGATGC

PrimeTime qPCR Probe Assays, Nrxn3f3: | Integrated DNA | N/A

PrimeTime qPCR Probe Assays, ActB

Integrated DNA
Technologies

Mm.PT.39a.22214843.
g

PrimeTime qPCR Probe Assays, Cbhinl

Integrated DNA
Technologies

Mm.PT.58.12172339

PrimeTime qPCR Probe Assays, CbIn2

Integrated DNA
Technologies

Mm.PT.58.5608729

PrimeTime qPCR Probe Assays, Cbin4

Integrated DNA
Technologies

Mm.PT.58.17207498

PrimeTime qPCR Probe Assays, Gridl

Integrated DNA
Technologies

Mm.PT.58.32947175

PrimeTime qPCR Probe Assays, Grid2

Integrated DNA
Technologies

Mm.PT.58.12083939
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PrimeTime qPCR Probe Assays, Nign1l: Integrated DNA | N/A
GGTTGGGTTTGGTATGGATGA Technologies
(forward);

TGAGGAACTGGTTGATTTGGGTCACC

(probe);

GATGTTGAGTGCAGTAGTAATGAC

(reverse)

PrimeTime qPCR Probe Assays, Nign2: Integrated DNA | N/A
CCGTGTAGAAACAGCATGACC Technologies
(forward);

TCAATCCGCCAGACACAGATATCCG

(probe); TGCCTGTACCTCAACCTCTA

(reverse)

PrimeTime qPCR Probe Assays, Nign3: Integrated DNA | N/A
CACTGTCTCGGATGTCTTCA (forward); | Technologies
CCTGTTTCTTAGCGCCGGATCCAT

(probe);

CCTCTATCTGAATGTGTATGTGC

(reverse)

Nrxn SS4 primer sequences: Trotter et al., N/A
CTGGCCAGTTATCGAACGCT; 2021
GCGATGTTGGCATCGTTCTC

Control sgRNA sequences: This manuscript | N/A
AAACACCGGAAGAGCGAGCTCTTCTG

TT; CACCAGAGACCGAGGTCTCGGTT

Grid1 sgRNA sequences: Fossati et al., N/A
GCCGACTCCATCATCCACAT; 2019; Dai et al.,
GGCCAATAATCCGTTCCAGG 2021

Recombinant DNA

pCMV5-empty This manuscript | N/A
pCMV5-mCherry This manuscript | N/A
pCMV5-EGFP This manuscript | N/A
pCMV5-Chinl This manuscript | N/A
pCMV5-NIgn2 This manuscript | N/A
PCMV5-Nrxn1BSS* This manuscript | N/A
PCMV5-Nrxn1BSS4* (G155V, T156A) This manuscript | N/A
pCMV5-Nrxn1B554-IRES-NIgn2 This manuscript | N/A
PCMV5-Nrxn1BS54--IRES-NIgn2 This manuscript | N/A
pCMV5-Nrxn1BSS4*-IRES-NIgn2 This manuscript | N/A
pCMV5-Nrxn1BSS4*-IRES-NIgn2 This manuscript | N/A
HA-CbInl-His This manuscript | N/A
Nlgn1l-ECD-Fc This manuscript | N/A
Flag-Nrxn1BSS+ This manuscript | N/A
Flag-Nrxn1pBSS4* This manuscript | N/A

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

NIS-Elements Nikon https://www.microscop
e.healthcare.nikon.co
m/products/software

Fiji-imageJ Schneider et al., | https://imagej.net/Fiji

2012

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. Sudhof (tcsl@stanford.edu).

Materials Availability

Plasmids generated in this study for virus production and in vitro experiments are

available upon reasonable requests.
Data and Code Availability
No code is generated in this study. Raw data are available upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For mitral/tufted-cell-specific CbInl deletion, Cbin1l homozygous cKO mice were crossed
with CbIn1 homozygous cKO mice with tBet-Cre allele (Seigneur & Sudhof, 2018; Haddad
et al., 2013). NIgn1234 qcKO mice (Chanda et al., 2017), Nrxn123 SS4 cKIl mice (Dai
et al., 2019) and Nrxn123 cKO mice (Chen et al., 2017) were generated as described
in respective previous studies. 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 libitum. Age- and gender-matched littermates were used for
experiments, except for the Nrxn13 overexpression experiments in Fig.8 where the

number of mice required made it impossible and only age-matched littermates were
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used. All experiments involving animals were approved by the Stanford Animal Use
Committees (IACUC and APLAC).

METHOD DETAILS

Purification of olfactory bulb mRNA. Mice were euthanized using isoflurane and
decapacitated. The olfactory bulbs were quickly dissected and snap-frozen in liquid
nitrogen or dry ice and transferred to -80°C storage until processing. The specimen was
subjected to RNA extraction using the QIAGEN RNeasy Micro Kkit.

Purification of mitral/tufted-cell-specific mMRNA. Ribotag mice were crossed with
tBet-Cre mice (Sanz et al., 2009; Haddad et al., 2013). After olfactory bulb extraction
described above, the frozen bulbs were partially thawed in fresh homogenization buffer
at 10% weight/volume and Dounce homogenized. Homogenates underwent
centrifugation and 10% of the supernatant was used as input. The remaining
supernatant was incubated with pre-washed anti-HA magnetic beads (Thermo)
overnight at 4°C. The beads were washed three time with a high-salt buffer followed by
elution with RLT lysis buffer containing 2-mercaptoethanol. The sample and the input

were then subjected to mRNA extraction described above.

Quantitative real-time PCR. Quantitative RT-PCR was performed in triplicates for each
condition. 20 ng RNA was used each reaction, in conjunction with TagMan Fast Virus
1-Step Master Mix (Thermo) and gene-specific QqRT-PCR probes (IDT).

Electrophysiology. Cbinl cKO mice with or without tBet-Cre alleles were patched
between P21 and P28. For viral manipulations, mice were injected at P16-P21. Two to
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% O2 and
5% CO2) cutting solution (228 mM sucrose, 11 mM glucose, 26 mM NaHCOs, 1 mM
NaH2PO4, 2.5 mM KCI, 7 mM MgSO4, and 0.5 mM CaClz2). Horizontal sections (300 pm
thickness) were obtained using a vibratome and placed in oxygenated artificial
cerebrospinal fluid (ACSF; 119 mM NacCl, 2.5 mM KCI, 1 mM NaH2PO4, 1.3 mM MgSOQOa,
26 mM NaHCOs, 10 mM glucose, and 2.5 mM CaClz) at 32°C for 30 min. Slices were
allowed to recover at room temperature for an additional 30 min. The recording
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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 and 4 mM Mg-ATP pHed to 7.4. 10mM QX314-
bromide was added for evoked recordings. 0.2% neurobiotin (VectorLab) was included
for morphological reconstruction. The pipette resistance ranged from 1.8 to 2.5 MQ. Mitral
cells were identified in the mitral cell layer, and access resistance was under 10 MQ
throughout the experiment. 1uM TTX (Tocris) and 100uM picrotoxin (Tocris) were
included in the bath solution for mEPSC. 1uM TTX (Tocris), 20uM CNQX (Tocris) and
50uM D-APS5 (Tocris) were included in the bath for mIPSC and GABA puffing. 20uM
CNQX (Tocris) and 50uM D-AP5 (Tocris) were included in the bath for evoked IPSC
recordings. GC->MC evoked IPSCs (elPSCs) were recorded at -70 mV with a concentric
bipolar electrode placed directly below the mitral cell with constant distance roughly at the
junction between internal plexiform layer and granule cell layer, 30 um below the surface
of the slice. PGC—->MC elPSCs were recorded by placing the concentric bipolar electrode
on the glomerulus containing the dendrites of the recorded mitral cell, which were
visualized by including Alexa-488 in the internal solution. The same concentric bipolar
electrodes were used for each experiment. However, different concentric bipolar
electrodes were used across different experiments as they wear out; and this variability
might cause the differences in absolute value of elPSC observed. For GABA puffing, 10
UM GABA (Tocris) dissolved in the bath solution were loaded in glass pipette with
resistance of 1.8-2.5 MQ and connected to the Picropritzer. The GABA-containing pipette
was placed near the mitral-cell soma with constant distance. GABA puff was delivered
with 10 psi of various durations. All recordings were analyzed in Clampfit after applying a
500 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.

AAYV 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).
HEK293T cells were transfected with the AAV vector, the helper plasmid and the
serotype-specific capsid plasmids by using calcium phosphate. Cells were harvested 72

hours post-transfection. Nuclei were lysed, were treated with Benzonase nuclease
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(Sigma-Aldrich, cat # E1014) 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 ¢
tribromoethanol into 5 mL T-amyl alcohol, and further diluted 80 folds into PBS to make
the working solution. 0.2 mL working solution (Avertin) 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) OB: +4.3/+0.85/-1.7 and +5.3/+0.6/-1.5 with 1.0 uL virus and (2) Piriform
cortex: -0.7/x3.7/-4.75 with 0.75 uL virus. The reference point on DV-axis for OB
injection was on the surface of OB, while the reference point on DV-axis for piriform

cortex injection was on the skull surface at AP/ML coordinate of -0.7/0.0.

Behavioral experiments. All behaviors were assessed in adult mice 2-3 months ago

after viral injections. Only male mice were used for the three-chamber sociability test.

Open field test. Mice were individually placed in a 40 x 40 x 40 cm? 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 Il 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 cm?3

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. The peripheral
chamber (left or right) in which the mouse spent more time was designated the preferred
side. Subsequently, a stranger juvenile Cbinl cKO mouse was placed underneath an
upside-down black wire-mesh cup within the non-preferred chamber. The subject
mouse was allowed to explore all three chambers freely for 10 min, while being
recorded using the Viewer Il tracking system. Time spent in each chamber was
guantified, and the sociability index was calculated by dividing the time spent in the

stranger mouse-containing chamber by the time spent in the empty chamber.

26


https://doi.org/10.1101/2021.05.24.445461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.24.445461; this version posted May 25, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

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.

Single-molecule in situ hybridization. Wild-type CD-1 mice were euthanized with
isoflurane at P30 followed by transcardial perfusion with ice-cold PBS. Brains were
quickly dissected and embedded in Optimal Cutting Temperature (OCT) solution on dry
ice. Sections with 12-um thickness were sliced using a Leica cryostat 9CM3050-S) and
mounted directly onto Superfrost Plus histological slides. Single-molecule fluorescence
in situ hybridization for CbIn1/2/4 mRNA (probe cat # 538491-C2, # 428551 and #
300031-C3 respectively) was performed using the multiplex RNAscope platform (ACD)
according to manufacturer’s instruction. Slides were mounted using ProLong Gold
antifade mounting medium (Thermo, P36930) and imaged using Olympus VS120 slide

scanner.

Immunohistochemistry. For synaptic marker staining, mice were anesthetized by
avertin injection as described in stereotactic injection. Brains were extracted and post-
fixed in 4% PFA for 1 h. 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
pm using a cryostat. For morphological tracing after electrophysiology, the slices were
incubated in 4% PFA for 15 minutes. 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 vGaT (SySy, 1:1000), synaptophysin-2
(homemade with code Y941, 1:1000), MAP2 (Sigma, 1:1000), GFP (Thermo, 1:1000), or
mCherry (Thermo, 1:1000) were diluted in blocking buffer and brain slices were incubated
with primary antibody overnight at 4°C. For neurobiotin tracing, Streptavedin conjugated
with Alexa Fluor 647 (Thermo, 1:1000) was included in the primary antibody mix. 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.

Confocal microscopy. A Nikon A1RSi confocal microscope was used to acquire all

images. Images are analyzed using Nikon analysis software. Within each set of
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experiments, the laser power, gain, offset, and pinhole size for each laser were kept
constant. For quantification of synaptic puncta, z-stack images were obtained by at 0.5
pum intervals and three slices (1 um thickness in total) with highest signal were maximally
projected. Automated background subtraction was performed using a rolling ball
algorithm with a 1 um radius. The same threshold was applied to each set of experiments
and puncta parameters were automatically obtained using the analysis software. For
guantification in the olfactory bulb, the entire olfactory bulb was sliced. Five sections 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. All IHC data were collected and analyzed blindly.

Transmission electron microscopy. Three pairs of P28 tBet-Cre/CbIinl cKO mice and
littermate controls without tBet-Cre allele were perfused with PBS followed by 4% PFS at
37°C. The brains were dissected out and post-fixed in 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1M sodium cacodylate buffer (pH 7.4) overnight at 4°C. 200pum
coronal vibratome sections of the olfactory bulb were collected in 0.1M cold cacodylate
buffer on the next day. The slices were subject to post-fixation in 1% glutaraldehyde in
0.1M cacodylate buffer before shipping to Yale CCMI EM facility. Slices were then post-
fixed in 1% OsOa4, 0.8% potassium ferricyanide in 0.1M cacodylate buffer at RT for 1
hour. Specimens were then en bloc stained with 2% aqueous uranyl acetate for 45 min,
dehydrated in a graded series of ethanol to 100%, substituted with propylene oxide and
embedded in Embed 812 resin. Sample blocks were polymerized in an oven at 60°C
overnight. Thin sections (60 nm) were cut by a Leica ultramicrotome (UC7) and post-
stained with 2% uranyl acetate and lead citrate. Sections were examined with a FEI
Tecnai transmission electro microscope at 80 kV of accelerating voltage, digital images
were recorded with an Olympus Morada CCD camera and iTEM imaging software.
Image analysis was performed using Fiji-ImageJ. Excitatory synapses from mitral cells
were identified by the presence of asymmetric membrane thickening and at least two
presynaptic vesicles. Inhibitory synapses onto mitral cells were identified by the
presence of symmetric membrane thickening and at least two presynaptic elliptical
vesicles as compared to excitatory synapses. Synapse density were quantified by
randomly sampling mitral cell dendrites, quantifying the number of synapses along the
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dendrites and normalizing the number by the total length of mitral cell dendrites
analyzed in each mouse. Bouton size, the number of vesicles per bouton, the average
vesicle size, vesicle ellipticity and the average distance of vesicles to the active zone
were quantified for inhibitory synapses onto mitral cells. All the parameters were
averaged for each animal for statistical analysis. All EM data were acquired and
analyzed blindly.

Junction-flanking PCR. A pair of primers (5-CTGGCCAGTTATCGAACGCT-3’; 5-
GCGATGTTGGCATCGTTCTC-3’) annealing to constitutive exon sequences that flank
splice site 4 exon were used to amplify Nrxn123 mRNA transcripts with or without SS4.
cDNA was firstly synthesized from equal amounts of immunoprecipitated mRNA from
mitral/tufted cells and total input mRNA from the OB. Junction-flanking PCR was then
performed with equal amount of cDNA from the two groups. The PCR products were
separated on homemade MetaPhor agarose gel (Lonza) and stained with GelRed.
Stained gel was imaged at sub-saturation using the ChemiDoc Gel Imaging System
(Bio-Rad). Quantification was performed using Image Lab (Bio-Rad) or
ImageStudioLite (LI-COR). Intensity values were normalized to the size of DNA
products to control for intensity differences caused by different dye incorporation owing
to varied DNA length.

Surface binding assay and immunocytochemistry. Soluble recombinant HA-CbIn1-
His and NIgnl-ECD-Fc were firstly prepared as follows. FreeStyle HEK 293F cells
(Thermo) were transfected with plasmids expressing either HA-CbIn1-His or Nign1-ECD-
Fc. The cell medium was collected 5 d after transfection. His-tagged CbIn1 were purified
by Talon metal affinity resin (Clontech) and dialyzed against HBSS. Fc-tagged Nlign1l-
ECD were purified by rProteinA Sepharose Fast Flow (GE Healthcare), eluted with 10mM
glycine, pH 2.5 and dialyzed with HBSS. After obtaining soluble proteins, HEK293 cells
were transfected with expression vectors for Flag-Nrxn1p with or without SS4. Vehicle,
HA-CbInl1 (50 pg/mL) and NIgn1-ECD-Fc (50 pg/mL) in HBSS with 2 mM CaClz and 1
mM MgCl2 was added to the transfected HEK293 cell sequentially with each treatment
lasting 1.5 h at room temperature. After washing, the cells were fixed with 4% PFA and
immunostained with mouse anti-HA (Covance, 1:1000) or rabbit anti-Flag (Sigma,
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1:1000), followed by incubation with AlexFluor-647-conjugated anti-human Fc y and
species-specific AlexaFluor-488- or -546-conjugated secondary antibodies. Coverslips

were mounted after three times of washing in PBS.

Cell aggregation assay. One batch of FreeStyle HEK 293F cells were transfected with
pCMV5-EGFP together with pCMV5-empty, pCMV5-Nrxn1B3S54 or pCMV5-Nrxn1pSS4*
(with NIgn binding mutations G155V, T156A). Another batch of FreeStyle HEK 293F cells
were transfected with pCMV5-mCherry together with pCMV5-empty and pCMV5
expression vectors containing NIgn2. Cis co-expression of Nrxn1f and NIgn2 was
achieved by constructing plasmids co-expressing both using IRES. CbInl was co-
expressed by the addition of a third plasmid pCMV5-CbInl1 during transfection. 48 hours
after transfection, 1mL of HEK 293F cells from each batch was mixed together in a 12-
well Corning Costar Not Treated Plate (Millipore) and incubated at 37°C with shaking on
Orbi-Shaker (Benchmark) with 125 rpm for 2h. Three images for each well were taken
under confocal microscopy. Images were thresholded using Otsu’s method and
Pearson’s coefficient was calculated. Each data point represented averaged Pearson’s
coefficient for the three images taken for one round of experiments from transfection to

imaging.
QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments of electrophysiology, behavioral tests, immunohistochemistry analysis,
electron microscopy and cell culture experiments were performed and analyzed blindly to
the experimental condition. Student’s t test was used whenever the comparison is
between two groups. The Kolmogorov-Smirnov test was used to analyze the cumulative
curves. One-way ANOVA with Bonferroni’s multiple hypothesis correction was used for
comparison among more than two groups. Two-way ANOVA with Bonferroni’s multiple
hypothesis correction was used for comparison of multiple groups with multiple factors.
The statistical test used for each experiment was specified in the figure legend. The “n”
used for these analyses represents the number of mice for gene expression analysis,
behavioral tests, immunohistochemistry analysis and electron microscopy analysis, the

number of cells for electrophysiology and perisomatic synapse quantification and the
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number of culture batches for surface binding assay and cell aggregation assay, all of
which have been specified in Figure Legends.
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Figure 1. Mitral cells forming reciprocal dendro-dendritic synapses co-express
neurexins and multiple neurexin ligands.

39


https://doi.org/10.1101/2021.05.24.445461
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.24.445461; this version posted May 25, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A. Representative electron microscopy image of a reciprocal synapse in the olfactory bulb
(red arrowhead, inhibitory granule cell>mitral cell (GC—>MC) synapse; cyan arrowhead,

excitatory mitral cell>granule cell synapse).

B. Schematic of trans- and cis-interactions of neurexin-based synaptic adhesion
molecules. Neurexins and their ligands are co-expressed in both mitral and granule cells.
Due to the lack of physical compartmentalization, neurexins may interact with their ligands
both in cis and trans configurations, with cis-interactions potentially inhibiting trans-
interactions. The question of how two antiparallel neurexin signaling processes are
organized to enable trans- over cis-interactions underlies the key to understand the
design principle of reciprocal synapses. Note that in the diagram, the assignment of the
pre- vs. postsynaptic localization of various neurexin ligands is for illustration purposes,

and all ligands might actually be on both sides.

C. Experimental strategy to isolated translating mRNAs from mitral and tufted cells using
Ribotag mice and for analysis of these mRNAs.

D. Summary graph demonstrating that mitral- and tufted-cell-specific mMRNAs are de-
enriched in mRNAs encoding aquaporin-4 (Aqp4, astrocyte marker), myelin basic protein
(Mbp, oligodendrocyte marker, and vGaT (inhibitory neuron marker), but highly enriched
in vGIuT1 (excitatory neuron marker).

E-H. Summary graph demonstrating that mitral and tufted cells co-express specific

isoform of neurexins (E), cerebellins (F), GluD1 and GluD2 (G), and neuroligins (H).

All numerical data are means + SEM (n=3 mice).
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Figure 2. Deletion of Cbln1 from mitral/tufted cells that predominantly express this
isoform impairs olfactory behaviors and synaptic inputs onto mitral cells

A. CbiInl, Cbin2 and Cbin4 are differentially expressed in different cell types of the OB as
revealed by single-molecule in situ hybridization (left, overview of an OB section stained
for mRNAs encoding CblInl (red), CbIn2 (green) and CbIn4 (magenta) and for cell nuclei
(DAPI, blue); right, higher-magnification views boxed in the left overview image, showing
individual staining patterns). Abbreviations used: onl, olfactory sensory neuron layer; gl,
glomerulus layer; epl, external plexiform layer; mcl: mitral cell layer; ipl: internal plexiform

layer; gcl, granule cell layer; aco, anterior commissure of the olfactory limb.

B. Validation of mitral- and tufted-cell-specific Cre expression in tBet-Cre mice that were
crossed to Ail4 indicator mice. Images depict Cre-dependent tdTomato expression in
saggital sections of the OB (left, overview of the brain; right, higher magnification of the

boxed OB area in the left image).

C. Representative image of a mitral cell that was filled with neurobiotin via a patch pipette

in an acute slice.
D. Experimental strategy for the mitral and tufted cell-specific deletion of CbInl.

E. CbInl mRNA levels measured by quantitative RT-PCR in the OB of CbIn1 cKO mice
that were crossed to tBet-Cre mice (normalized to actin mRNA).

F-H. Deletion of CbInl from mitral and tufted cells selectively impairs olfactory behaviors

(F, open field test; G, buried food test; H, three-chamber sociability test).

I-N. Deletion of CbInl decreases the frequency of miniature excitatory postsynaptic
currents (MEPSCs; I-K) and of miniature inhibitory postsynaptic currents (mIPSCs; L-N)
(I, L, representative traces; J, M, cumulative distributions of inter-event intervals [insets:
bar graph of the mEPSC and mIPSC frequency]; K, N, cumulative distribution of mEPSC
and mIPSC amplitudes [insets: bar graphs of the mEPSC and mIPSC amplitude]).

All data are means £ SEM. Sample sizes are shown in the figures (E-H, number of mice)
or representative traces (I & L, number of cells / number of mice). Statistical significance
was assessed by Kolmogorov-Smirnov tests in the cumulative distributions of J-K and M-

N, by Student’s t-test in the summary graphs of E-H, J-K and M-N, and by two-way
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ANOVA with Bonferroni’s multiple comparison test in the left panel of H (*, p<0.05; **,
p<0.01; *** p<0.001; **** p<0.0001).
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Figure 3. Mitral-cell Cblnl enables GC->MC synaptic transmission by a
postsynaptic mechanism regulating GABAa-receptors

A. Experimental paradigm for recordings of IPSCs evoked by stimulation of granule cell

dendrites using an extracellular bipolar electrode.

B-D. The CbInl deletion in mitral and tufted cells severely impairs GC->MC synaptic
transmission. Recordings are from acute OB slice from CbInl cKO mice crossed with
tBet-Cre/+; CbIin1-cKO mice (B, representative traces; C, input/output curve of GC->MC
IPSC peak amplitudes as a function of the stimulus intensity; D, summary of the slope of

the input/output curves recorded in individual experiments).

E & F. The CbInl deletion slows down the kinetics of GC>MC IPSCs in mitral cells (E,
rise time; F, decay time; both measured at a 75 YA stimulus intensity).
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G. The CbInl deletion has no effect on the coefficient of variation (G) or the paired-pulse
ratio (H & I) of GC>MC IPSCs in mitral cells (G, summary graph of the coefficient of
variation; H & |, representative traces and summary plot of the paired pulse ratio; all

monitored at a 75 PA stimulus intensity).

J. Experimental paradigm for recordings of IPSCs evoked by direct application of GABA
to mitral cells using a Picospritzer.

K-M. The CbInl deletion severely impairs the IPSCs elicited in mitral cells by direct
application of GABA (K, representative traces; L, summary plot of the total IPSC charge
elicited by different application durations of GABA (10 mM); M, summary graph of the
slope of the GABA-response curve recorded in individual experiments).

All numerical data are means + SEM (numbers of cells/mice analyzed are indicated above
the sample traces). Statistical significance was assessed by Student’s t-test in D-G and
M, and by two-way ANOVA with Bonferroni’s multiple comparison test in C, | and L (%,
p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001).
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Figure 4. Deletion of CbInl from mitral and tufted cells does not change the density
or ultrastructure of dendro-dendritic synapses

A-F. The CbInl deletion from mitral cells does not decrease the density of VGAT- or
synaptophysin-2-positive synapses on mitral cells (A & B, representative low and higher
magnification images of of OB sections stained for vGaT, Synaptophysin-2 and MAP2 as
indicated; C-F, summary graphs of the intensity of vVGAT staining (C) and the density,
staining intensity, and size of synaptophysin-2-positive puncta (D-F)). Note that
synaptophysin-2 is a relatively specific marker for presynaptic dendro-dendritic
specializations in the OB. Abbreviations: epl, external plexiform layer; mcl, mitral cell layer;

gl, glomerular layer.

G-l. Immunocytochemistry for perisomatic synaptophysin-2 in retrogradely labeled mitral
cells without or with the CbInl KO document that the Cbinl KO does not decrease the
number of inhibitory perisomatic synapses onto mitral cells. Mitral cells were labeled by
injection of fluorescent chloral toxin B (CTB) into the piriform cortex (G, presentative
images; H & I, summary graphs of the density and size of synaptophysin-2-positive

puncta).

J-R. Analysis of reciprocal dendro-dendritic synapses in the external plexiform layer of
the OB by electron microscopy shows that the Cbinl KO does not decrease the density
or change the ultrastructure of dendro-dendritic synapses (J, representative images [red
arrows, symmetric GC->MC) synapses; cyan arrow, asymmetric mitral cell to granule cell
synapses]; K & L, summary graphs of the GC->MC and the mitral cell=>granule cell
synapse densities normalized for the mitral cell dendrite length; M, summary graph of the
percentage of reciprocal synapses among GC->MC synapses; N-R, summary graphs of
the bouton size (N), vesicle number per bouton (O), vesicle size (P), vesicle ellipticity (Q),

and distance of the vesicles to the active zone (R) of symmetric GC->MC synapses.

All numerical data are means £+ SEM. Sample sizes are shown in the representative
images as in the number of mice in A-B & J and the number of cells from three mice in G.
Statistical analyses were performed by Student’s t-test in H-R, and by two-way ANOVA

with Bonferroni’s multiple comparison test in C-F (n.s.: p>0.05).
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Figure 5. Deletion of all neuroligins severely impairs GC->MC synaptic
transmission by suppressing the postsynaptic GABA-responsiveness of mitral

cells similar to the CbIn1 deletion.

A. Experimental strategy for selective expression of Cre (or ACre as a control) in mitral
cells of the OB by injecting rAAV2-retro co-expressing EGFP with Cre or ACre into the
piriform cortex. rAAV2-retro is taken up by mitral cell axons projecting to the piriform

cortex, resulting in selective infection of mitral cells in the OB.

B. Representative image of an OB section with mitral cells expressing EGFP (green) via
retrograde infection with rAAV2-retro in the piriform cortex. A mitral cell was patched and

filled with neurobiotin (magenta). Abbreviation: epl, external plexiform layer.

C-G. The deletion of all neuroligins from mitral cells using rAAV2-retro infections in
conditional quadruple Nign1234 KO mice decreases the mIPSC frequency and amplitude
(C, representative mIPSC traces; D, cumulative distribution of mIPSC inter-event intervals
and summary graph of the mIPSC frequency; E, cumulative distribution of mIPSC
amplitudes and summary graph of the mIPSC amplitude; F & G, summary graphs of the
mIPSC rise (10% to 90%) and decay times (90% to 10%).

H. Experimental paradigm for recordings of IPSCs evoked by stimulation of granule cell

dendrites using an extracellular bipolar electrode.

I-K. The deletion of all neuroligins severely impairs GC->MC synaptic transmission (I,
representative traces; J, input/output curve of GC->MC IPSC peak amplitudes as a
function of the stimulus intensity; K, summary of the slope of the input/output curves

recorded in individual experiments).

L & M. The neuroligin deletion slows down the kinetics of GC>MC IPSCs in mitral cells
(L, rise time; M, decay time; both measured at a 75 pA stimulus intensity).

N-P. The neuroligin deletion has no effect on the coefficient of variation (N) or the paired-
pulse ratio (O & P) of GC->MC IPSCs in mitral cells (N, summary graph of the coefficient
of variation; O & P, representative traces and summary plot of the paired pulse ratio; all

monitored at a 75 YA stimulus intensity).
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Q. Experimental paradigm for recordings of IPSCs evoked by direct application of GABA

to mitral cells using a Picospritzer.

R-T. The deletion of all neuroligins from mitral cells greatly decreases the magnitude of
IPSCs elicited by direct application of GABA (R, representative traces; S, summary plot
of the total IPSC charge elicited by different application durations of GABA (10 mM); T,
summary graph of the slope of the GABA-response curve recorded in individual

experiments).

All numerical data are means + SEM (numbers of cells/mice analyzed are indicated above
the sample traces). Statistical analyses were performed by Kolmogorov-Smirnov tests in
the cumulative distributions of D-E, by Student’s t-test in the summary graphs of D-G, K-
N and T, and by two-way ANOVA with Bonferroni’s multiple comparison test in J, P and
S (*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001).
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Figure 6. Converting mitral cell SS4+ neurexins into SS4- neurexins severely
impairs GC->MC synaptic transmission by a mechanism recapitulating that of the
CbIn1 and Nlgn1234 deletions.

A & B. Nrxnl, Nrxn2, and Nrxn3 are predominantly expressed as SS4+ variants in
mitral/tufted cells of the OB (A, representative image of junction-flanking PCR analyses
of total OB mRNA [input] and mitral/tufted cell mMRNA isolated using RiboTag pulldowns
[IP: anti-HA; see Figure 1C]; * represents unspecific band determined by band size; B,
summary graph of the SS4 splicing profile of mitral/tufted-cell [IP: anti-HA] and whole-OB
translating mRNA [input]).

C. Experimental strategy for controlling SS4 alternative splicing of neurexins in in mitral
cells. Triple conditional knockin (cKI) mice in which all three neurexins are constitutively
expressed as SS4+ variants but can be converted into SS4- variants (Dai et al., 2019)
are injected into the piriform cortex with rAAV2-retro co-expressing EGFP with Cre (to
convert the SS4+ neurexins into SS4- neurexins) or ACre (as a control). Mitral cells are

analyzed 2-3 weeks later in acute slices by whole-cell patch-clamp recordings.

D. Representative image of a recorded mitral cell with filled neurobiotin and EGFP

expressed by retrogradely transported rAAV2-retro.

E-G. Postsynaptic conversion of SS4+ into SS4- neurexins in mitral cells decreases the
mIPSC frequeny (E, representative mIPSC traces; F, cumulative distribution of mIPSC
inter-event intervals and summary graph of the mIPSC frequency; G, cumulative

distribution of the mIPSC amplitudes and summary graph of the mIPSC amplitude).

H-K. Postsynaptic conversion of SS4+ into SS4- neurexins in mitral cells suppresses the
amplitude of evoked GC->MC IPSCs without changing their paired-pulse ratio (H,
representative traces of GC->MC IPSCs; | & J, input/output curve analyzing the GC>MC
IPSC peak amplitude as a function of stimulus intensity (I), and summary graph of the
input/output slopes (J); K, representative traces (top) and summary plot (bottom) of the

IPSC paired-pulse ratio monitored at a 75 pA stimulus intensity).

L-N. Postsynaptic conversion of SS4+ into SS4- neurexins reduces the response of mitral
cells to directly applied GABA (L, representative traces of IPSCs induced by direct GABA
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applications; M, input/output curve measuring the GABA-induced charge transfer as a
function of the duration of the GABA application; N, summary graph of the slope of the
input/output curves).

All numerical data are means = SEM (numbers of cells/mice analyzed are indicated above
the sample traces in E-N). N=3 mice were analyzed in A-B. Statistical analyses were
performed by Kolmogorov-Smirnov tests in the cumulative distributions of F-G, by
Student’s t-test in the summary graphs of F-G, J and N, and by two-way ANOVA with
Bonferroni’s multiple comparison test in |, K and M (*, p<0.05; **, p<0.01; ***, p<0.001,;
**** n<0.0001).
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Figure 7. Cblnl displaces NIgnl from the SS4+ but not the SS4- splice variant of
NrxnlB, and largely reverses the cis-NrxnlB-mediated inhibition of trans-
Nrxnlb/NIlgn2 interactions

A. Representative images of HEK293 cells transfected with Flag-tagged Nrxn1pSS4*,
Nrxn1BS5%, or a mock control and sequentially incubated for 1.5 h first with HA-CbIn1 or
NIgnl-ECD-Fc, and second with vehicle, Nlgn1l-ECD-Fc, or HA-CbInl as indicated.
Binding of HA-CbInl and NIgn1-ECD-Fc to the surface-exposed Nrxn1 was visualized

by immunocytochemistry in non-permeabilized cells.
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B. Demonstration that CbInl prevents and competes off binding of Nign1-ECD-Fc to
Nrxn1BSS4* but not to Nrxn1BSS4 (summary graphs of surface binding of HA-CbIn1 (green)
or Nlgn1-ECD-Fc (blue) to Nrxn1BSS4* or Nrxn1B554).

C. Representative images of freestyle HEK cells transfected with EGFP and mCherry
together with respective synaptic organizer molecules. Nrxn13* denotes Nrxn13 with Nign
binding mutations (G155V, T156A).

D. Summary of Pearson’s coefficients across different conditions.

All numerical data are means + SEM. Sample size is indicated by numbers of cells/culture
batches in B in which fluorescence intensity from cells in each batch was averaged as
one data point; and n=4 batches of culture were used in C-D. Statistical analyses were
performed by two-way ANOVA with Bonferroni’s multiple comparison test in D (****:
p<0.0001).
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Figure 8. Postsynaptic neurexins in mitral cells are not essential for GC>MC
synaptic transmission but suppress GC->MC synaptic transmission by cis-

inhibition of postsynaptic neuroligins that is alleviated by Cbln1 binding.

A. Experimental strategy for the postsynaptic deletion of all neurexins in mitral cells.
rAAV2-retro co-expressing EGFP with Cre or ACre (as a control) were injected into the

piriform cortex of Nrxn123 triple cKO mice to target mitral cells.

B-D. Postsynaptic deletion of neurexins does not impair GC->MC synaptic transmission
(B, representative traces of evoked GC->MC IPSCs; D & E, input/output curve of the
GC->MC IPSC peak amplitude (D) and summary graph of the input/output slope

determined in individual experiments).

E. Schematic of the Nrxn1 domain structure and overview of the Nrxnlb constructs used

for overexpression experiments in mitral cells in panels F-M.

F. Experimental strategy for the postsynaptic overexpression of Nrxnlf3 constructs in
mitral cells. rAAV2-retro co-expressing tdTomato with the indicated Nrxn1p proteins (or
without a Nrxn1f in control groups; or with EGFP/CbIn1-P2A-EGFP in K-M) were injected
into the piriform cortex of wild-type mice or of mitral cell-specific Cblnl KO mice in which

CbIn1 was deleted from mitral cells of Cbin1l cKO mice using the tBet-Cre driver line.

G. Representative image of a recorded mitral cell filled with neurobiotin and tdTomato

(expressed in mitral cells via the rAAV2-retro infection).

H-J. Postsynaptic Nrxnlf overexpression in mitral cells inhibits GC->MC synaptic
transmission for the wild-type Nrxn1B SS** and Nrxn1p S but not for mutant Nrxn1gSS4*
and Nrxn1BSS4* that are unable to bind to neuroligins. (H, representative traces of evoked
GC->MC IPSCs; | & J, input/output curves of the peak amplitudes of GC->MC IPSCs (I)
and summary graph of the input/output curve slopes (J)). Note that Nrxn1BSS** likely
inhibits despite the presence of Cbinl because Cbinl levels are insufficient to saturate
binding of Nrxn1pSs4*,

K-M. The inhibition of GC>MC synaptic transmission by overexpressed Nrxn1SS4* but

not Nrxn1BSS* is occluded by Cbhinl overexpression (OE) (K, representative traces of
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evoked GC—>MC IPSCs; L & M, input/output curves of the peak amplitudes of GC>MC
IPSCs (L) and summary graph of the input/output curve slopes (M)).

N-P. The inhibition of GC->MC synaptic transmission by overexpressed Nrxn1p5S** and
Nrxn1BS54 is occluded by prior deletion of CbIn1, placing Nrxn1p and CblIn1 into the same
pathway (N, representative traces of evoked GC->MC IPSCs; O & P, input/output curves
of the peak amplitudes of GC>MC IPSCs (O) and summary graph of the input/output

curve slopes (P)).

All numerical data are means + SEM (numbers of cells/mice analyzed are indicated above
the sample traces). Statistical analyses were performed by Student’s t-test in D, by one-
way ANOVA with Bonferroni’s multiple comparison test in J, M and P, and by two-way
ANOVA with Bonferroni’s multiple comparison test in C, I, L and O (*, p<0.05; **, p<0.01;
*** p<0.001; **** p<0.0001).
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