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CELLULAR NEUROSCIENCE

Molecular self-avoidance in synaptic

neurexin complexes

Cosmos Yuqi Wang'*, Justin H. Trotter’, Kif Liakath-Ali', Sung-Jin Lee',

Xinran Liu?, Thomas C. Siidhof'3*

Synapses are thought to be organized by interactions of presynaptic neurexins with postsynaptic ligands, particularly
with neuroligins and cerebellins. However, when a neuron forms adjacent pre- and postsynaptic specializations, as in
dendrodendritic or axo-axonic synapses, nonfunctional cis neurexin/ligand interactions would be energetically
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favored. Here, we reveal an organizational principle for preventing synaptic cis interactions (“self-avoidance”).
Using dendrodendritic synapses between mitral and granule cells in the olfactory bulb as a paradigm, we show
that, owing to its higher binding affinity, cerebellin-1 blocks the cis interaction of neurexins with neuroligins,
thereby enabling trans neurexin/neuroligin interaction. In mitral cells, ablating either cerebellin-1 or neuroligins
severely impaired granule cell?mitral cell synapses, as did overexpression of wild-type neurexins but not of
mutant neurexins unable to bind to neuroligins. Our data uncover a molecular interaction network that organizes
the self-avoidance of nonfunctional neurexin/ligand cis interactions, thus allowing assembly of physiological

trans interactions.

INTRODUCTION

Neural circuits are constructed by synaptic connections that link
neurons into communicating networks. During development and
throughout life, synapse formation is organized by heterophilic
adhesion molecules that initiate the establishment of synapses and
shape their properties and plasticity (I-5). Among many synaptic
adhesion molecules that were described, presynaptic neurexins
stand out because they regulate the properties of most synapses (6)
and because loss of function mutations in neurexins are repeatedly
observed in neuropsychiatric disorders (7-9).

In connecting neurons into neural circuits, synapses exhibit a
vast range of molecular and functional architectures that are shaped,
at least, in part, by neurexins (6). A prototypical synapse is formed
by a presynaptic axonal bouton contacting a postsynaptic dendrite.
A subset of synapses, however, does not conform to this standard
design. Among nonstandard synapses, reciprocal dendrodendritic
synapses are remarkable because they comprise antiparallel synap-
tic junctions formed by neighboring dendrites (Fig. 1A) (10). Both
two dendrites generate pre- and postsynaptic specializations, thereby
assembling a two-neuron microcircuit, the smallest possible neural
circuit. Similarly, at axo-axonic synapses formed by inhibitory neu-
rons onto presynaptic terminals, an axonal membrane assembles
both pre- and postsynaptic specializations (11, 12). In these synapses,
pre- and postsynaptic specializations are adjacent to each other in
the same plasma membrane domain.

Reciprocal dendrodendritic synapses between mitral/tufted cells
and granule cells in the olfactory bulb (OB) constitute its most
abundant synapses (13, 14). Reciprocal mitral-granule cell synapses
are essential for olfactory information processing (15) and are
modulated by synaptic plasticity that mediates olfactory learning (16).
Moreover, reciprocal dendrodendritic synapses are not restricted to
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the OB but widely distributed in brain. They are, among others,
abundant in the lateral geniculate nucleus (17), the ventro-lateral
nucleus of the thalamus (18), the motor cortex (19), and the retina
(20). The organization of reciprocal dendrodendritic and axo-axonic
synapses poses a unique cell biological problem because of the lack
of spatial segregation between their adjacent pre- and postsynaptic
specializations (Fig. 1, A and B). Although synapses are largely
organized by trans-synaptic adhesion molecules, such molecules
are present in the same plasma membrane next to each other in
dendrodendritic and axo-axonic synapses. Thus, a self-avoidance
mechanism must exist that prevents heterophilic adhesion molecules
from engaging in energetically favored cis complexes. However, no
such mechanism has been described.

Neurexins organize synapses by interacting with multiple post-
synaptic ligands, including Nlgns, Cblns, that, in turn, bind to GluD1/2
(the delta subfamily of glutamate receptors) or to DCC (Deleted in
Colorectal Cancer)/neogenin, LRRTMs (Leucine-rich repeat trans-
membrane neuronal proteins, and dystroglycan (6, 21-23). In verte-
brates, neurexins are encoded by three genes (Nrxnl-3 in mice)
that express two principal forms, longer o-neurexins and shorter
B-neurexins. o-Neurexins and B-neurexins are transcribed from
distinct promoters and are extensively alternatively spliced (24-26).
In addition, the Nrxnl gene has a third promoter for an even shorter
y-isoform (Nrxnly) (27). Neurexins are highly expressed in all neu-
rons but at different levels for each isoform (28, 29). Neurexins perform
distinct essential functions in different synapses, ranging from con-
trolling the presynaptic release probability to regulating the post-
synaptic receptor composition. Their diverse functions are likely
based on their molecular diversity and their multifarious ligand in-
teractions, which together create a neurexin code (6).

Trans-synaptic signaling by presynaptic neurexins that engage
postsynaptic ligands is conceptually straightforward in standard
synapses. In dendrodendritic and axo-axonic synapses, however,
adjacent pre- and postsynaptic specializations contain neurexins and
neurexin ligands, favoring cis interactions. Thus, the question arises
how adjacent pre- and postsynaptic specializations in dendrodendritic
and axo-axonic synapses achieve self-avoidance—how are synaptic
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Fig. 1. Mitral cells that form reciprocal dendrodendritic synapses coexpress neurexins and multiple neurexin ligands. (A) Representative electron microscopy (EM)
image of a reciprocal synapse in the OB (red arrowheads, inhibitory GC=>MC synapse; cyan arrowheads, excitatory mitral cell=>granule cell synapse). (B) Schematic of trans
and cis interactions of neurexin-based synaptic adhesion molecules. Neurexins and their ligands are coexpressed in both mitral and granule cells. Because of the lack of
physical compartmentalization, neurexins may interact with their ligands both in cis and trans configurations, with cis interactions potentially inhibiting trans inter-
actions. The question of how two antiparallel neurexin signaling processes are organized to enable trans over cis interactions underlies the key to understanding the
design principle of reciprocal synapses. Note that, in the diagram, the assignment of the pre- versus postsynaptic localization of various neurexin ligands is for illustration
purposes, and all ligands might actually be on both sides. (C) Experimental strategy to isolate 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 mRNAs 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 vGluT1 (excitatory neuron marker).

(E to H) Summary graph demonstrating that mitral and tufted cells coexpress specific isoform of neurexins (E), cerebellins (F), GluD1 and GluD2 (G), and neuroligins (H). All
numerical data are means = SEM (n =3 mice).

adhesion complexes organized to prevent cis interactions and favor
trans interactions?

To address this fundamental cell biological question, we here
studied neurexin-based cis and trans complexes in reciprocal
dendrodendritic synapses in the OB. Unexpectedly, we find that

self-avoidance of neurexin-ligand interactions, which makes it
possible to organize the two antiparallel neurexin signaling pathways
in reciprocal synapses.

two neurexin ligands, neuroligins and Cblnl1, are both required in  RESULTS
mitral cells postsynaptically for granule cell?mitral cell (GC-2MC)  Mitral cell Cbin1 is essential for the organization
synaptic transmission. We show that Cblnl has a much higher of GC>MC synapses

affinity for neurexins than neuroligins, thereby enabling Cbln1 to
block the cis interaction of neurexins with neuroligins and to fa-
cilitate formation of trans interactions. This mechanism mediates

Mitral/tufted cells can be selectively manipulated in mice using
Cre-recombinase expressed under the control of the tBet promoter
(30). Crosses of tBet-Cre mice with Ail4 mice in which tdTomato
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expression is activated by Cre-mediated recombination (31) vali-
dated exclusive expression of Cre in mitral/tufted cells of the OB
(Fig. 2B). Using Cre-dependent RiboTag mice crossed with tBet-Cre
mice (30, 32), we selectively isolated mRNAs that are translated in
mitral/tufted cells (Fig. 1C). Real-time quantitative polymerase
chain reaction (QPCR) showed that, as expected, nRNAs encoding
the excitatory neuron marker vGIuT1 were abundant in mitral/tufted
cells, whereas mRNAs 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 (28, 29), mitral/tufted cells expressed high levels
of B-neurexins (Fig. 1E). In contrast, a-neurexins were de-enriched
(Fig. 1E). mRNAs encoding neuroligins, cerebellins, and the cere-
bellin receptors GluD1 and GluD2 were also abundant in mitral
cells (Fig. 1, F to H). Cblnl and Cbln4 mRNAs were highly enriched,
whereas Cbln2 mRNAs were not as abundant (Fig. 1F). Cbln3 was
not examined because of its exclusive expression in the cerebellum
(33). Using single-molecule RNA in situ hybridization, we asked
whether mitral and tufted cells equally synthesize various cerebellin
isoforms. Cblnl was more strongly expressed in mitral cells than in
tufted cells, whereas Cbln4 exhibited the opposite pattern (Fig. 2A).
Cbln2 was present at much lower levels in both mitral/tufted cells
but expressed at high levels in granule and periglomerular cells
(Fig. 2A).

Because of its robust expression, we examined the role of
Cblnl in dendrodendritic synapses of mitral cells. 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 Cblnl, we crossed
tBet-Cre mice with Cbln1 conditional knockout (cKO) mice (Fig. 2D)
(30, 34). The Cbinl deletion in mitral/tufted cells severely sup-
pressed (~90% decrease) the total Cblnl mRNA levels in the OB,
confirming that mitral/tufted cells express the vast majority of the
Cblnl in the OB (Fig. 2E). Behavioral experiments revealed that the
mitral/tufted cell-specific deletion of Cbin1 significantly impaired a
mouse’s foraging behavior as assayed by the buried food test
(Fig. 2G). The mitral/tufted cell deletion of Cbln1 also decreased the
sociability of mice without affecting their general mobility or
anxiety levels (Fig. 2, F to H). Thus, mitral/tufted cell expression of
Cbln1 is essential for olfactory behaviors.

We next examined the effect of the mitral cell Cbln1 deletion on
synaptic transmission. Whole-cell patch-clamp recordings in acute
slices revealed that the Cblnl deletion reduced the frequency of both
miniature inhibitory postsynaptic currents (mIPSCs) (~35%) and
miniature excitatory postsynaptic currents (mEPSCs) (~50%) without
significantly altering their amplitudes or kinetics (Fig. 2, I to N, and
fig. S1, A to D). The Cbin1 deletion did not affect the capacitance or
resistance of mitral cells, suggesting that the cells were healthy
(fig. S1, E and F). Thus, postsynaptic Cbln1 is required for organizing
both inhibitory and excitatory inputs onto mitral cells.

The postsynaptic requirement of Cbln1 for the function of mitral
cell synapses is unexpected because Cblnl is thought to regulate
excitatory and inhibitory synapse formation by a presynaptic
mechanism (35-39), although we recently detected a postsynaptic
action of CbIn2 in excitatory hippocampal and midbrain synapses
(40, 41). Because most mIPSCs in mitral cells are derived from
dendrodendritic GC>MC synapses, the decrease in mIPSC frequency
suggests that Cblnl functions in GC2MC synapses. To test this
notion, we recorded evoked IPSCs (eIPSCs) in mitral cells that were
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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 ex-
periments revealed that the Cbln1 deletion caused a major decrease
(~45%) in GC>MC synaptic strength (Fig. 3, B to D). In addition,
the Cbinl deletion increased the rise but not decay times of GC2MC
IPSCs (Fig. 3, E and F). These data are unexpected because no pre-
vious evidence implicates Cbln1 in inhibitory synaptic transmission.
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
(42, 43). 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 mea-
sured 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. S2, C and D). Thus, the Cbln1 deletion
does not uniformly impair all inhibitory synapses of mitral cells.

Deletion of CbIn1 decreases GABA-induced IPSCs

but not GABA release

At least three mechanisms could account for the synaptic impair-
ment induced by the CblnI deletion: A decrease in the presynaptic
release probability at GC2MC synapses, a decline in postsynaptic
receptor responses, or a reduction in synapse numbers. To distin-
guish among these three hypotheses, we examined the coefficient of
variation (CV) and the paired-pulse ratio (PPR) of eIPSCs as indi-
rect but sensitive measures of release probability (both monitored at
a 75-pA stimulus intensity). The Cblnl deletion had no significant
effect on the CV or the PPR in GC2MC synapses (Fig. 3, G to I),
suggesting that the release probability was unchanged. We con-
firmed this lack of presynaptic change in release probability by
comparing the properties of IPSCs in control and CblnI-deficient
synapses as a function of the Ca®" concentration in the bath solu-
tion (fig. S1, G to V). Lowering the extracellular Ca®" concentration
from the standard 2.5 mM to 1.0 mM Ca®*, which decreases the
release probability, caused no change in the effect of the Cblnl
deletion on eIPSCs. In particular, the lack of an effect of the Cbin1
deletion on either the CV of eIPSCs or the PPR remained the same,
confirming that the CblnI deletion does not significantly alter the
release probability. Note that, in these experiments, the use of a
different stimulating electrode produced a shift in absolute values
of different parameters, while the relative changes (or lack thereof)
were the same (fig. S1, G to V).

Next, we explored the possibility that the Cblnl deletion de-
creases postsynaptic y-aminobutyric acid type A (GABA,) receptor
responses at GC>MC synapses. For this purpose, we directly
“puffed” GABA onto the mitral cell soma using a Picospritzer and
monitored the resulting IPSCs (Fig. 3]). Notably, we observed a
robust reduction (~30%) in GABA-induced IPSCs in Cblnl-deficient
mitral cells (Fig. 3, K to M). This phenotype is consistent with the
notion that the Cblnl deletion suppresses postsynaptic GABA 4
receptor responses but does not rule out a decrease in inhibitory
synapse numbers, which would also decrease the overall GABA
receptor response. Note that the observed decrease in mIPSC fre-
quency in Cblnl-deficient mitral cells (Fig. 2M) would also be
consistent with both a lowered GABA 4 receptor responsiveness or
a decrease in synapse numbers because a decreased GABA response

30f18



SCIENCE ADVANCES | RESEARCH ARTICLE

Neuro-
biotin

Ctrl.: Cbin1-cKO mice
KO: CbIn1-cKO mice
+ tBet-Cre allele

E tBet-Cre allele
” -+
3T 1.0
ﬁ 3 0.8
Z<2 06
x e %
E £ 0.4
< go2
° 00 Ctrl. KO
tBet-Cre/Ai14 mice -
F Open field test G Buried food test H Three-chamber sociability test
n.s. sk
6 o~
50 o @ 5] - %
£ ° o}
= 5} o B 4
84 £ 200 g 2
S 2 £ <3
% =] o 2 o
© e £ 3 °
52 100 k5 g2
= 8 ® @ 1
@ =1
8 8 - [a]
0
Ctrl. KO Ctrl. KO 0 Ctrl. KO
mEPSC recordings from mitral cells
l J o
Ctrl. (16/4) 5 _ ° % s —
= - o = [0)
o o ° [ 4 °
Lo51 < - 205 2
KO (16/4) B o} = B £
2 g § 2 =
; ME: <
J& Zoo ... © oo JLEER .
200 ms 0 5 10 15 20 0 200 400
Interevent interval (s) Peak amplitude (pA)
mIPSC recordings from mitral cells
L M 1.0 q 1.0 N
Ctrl. (15/3) s — o % s . ns.
5 1 5 \ Ko geo{ ; :
g > 2° 2 Ctrl. s o B
‘° & g © o 40 5
KO (15/3 2 051 53 . 205 <!
= > g = 2
© o < =
E ] S g 20
< E Ks: o 5 KS: Z
1o © seskokok 0 o Sk ok 0
200 ms® 0.0 T T T 0.0 T T ]
0 1 2 3 0 200 400 600
Interevent interval (s) Peak amplitude (pA)

Fig. 2. Deletion of Cbin1 from mitral/tufted cells impairs olfactory behaviors and synaptic inputs onto mitral cells. (A) Cbin1, CbIn2, and CblIn4 are differentially
expressed in OB neurons as revealed by single-molecule in situ hybridization (left, overview; right, higher-magnification views; 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).
DAPI, 4',6-diamidino-2-phenylindole. (B) Validation of mitral/tufted cell-specific Cre expression using tBet-Cre/Ai14 mice (left, overview; right, high-magnification image
of the OB). (C) Representative image of a neurobiotin-filled mitral cell. (D) Experimental strategy for the mitral/tufted cell-specific CbIn1 deletion. (E) Cbin1T mRNA levels
in the OB of CbIn1 cKO/tBet-Cre mice (normalized to actin). (F to H) CbIn1 deletion from mitral/tufted cells impairs olfactory behaviors [(F) open field test; (G) buried food
test; (H) three-chamber sociability test]. (I to N) CbInT deletion decreases the frequency of mEPSCs (I to K) and mIPSCs {(L to N); (I and L) representative traces; (J, K, M, and N)
cumulative distributions of interevent intervals (J and M) or amplitudes (K and N) [insets: bar graph of the mEPSC and mIPSC frequency (J and M) or amplitudes (K and N)J}.
Data are means + SEM. Sample sizes are shown in the figures [(E to H) number of mice] or representative traces [(l and L) number of cells per mice]. Statistical significance was
assessed by Kolmogorov-Smirnov (KS) tests (J, K, M, and N), Student'’s t test (E to H, J, K, M, and N), and two-way analysis of variance (ANOVA) with Bonferroni test
(H, left), with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Ctrl., control; KO, knockout; n.s., not significant.
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Fig. 3. Mitral cell CbIn1 enables GC>MC synaptic transmission via a postsynaptic mechanism that regulates GABA, receptor responses. (A) Recording paradigm
for IPSCs evoked by stimulation of granule cell dendrites with an extracellular concentric bipolar electrode. (B to D) The Cbin1 deletion in mitral/tufted cells severely
impairs GC2MC synaptic transmission. Recordings are from acute OB slices from homozygous Cbin1 cKO/hemizygous tBet-Cre mice [(B) representative traces; (C) input/
output curve of GCMC IPSC peak amplitudes as a function of stimulus intensity; (D) summary graph of the slopes of input/output curves]. (E and F) The Cbin1 deletion
decelerates the kinetics of GC2MC IPSCs in mitral cells [(E) rise time; (F) decay time; both measured at a 75-uA stimulus intensity). (G to I). The CbIn1 deletion has no effect
on the coefficient of variation (CV) (G) or paired-pulse ratio (PPR) [representative traces in (H) and summary in (I)] of GC=>MC IPSCs in mitral cells (all monitored at a 75-uA
stimulus intensity). (J) Recording paradigm for IPSCs evoked by direct application of GABA to mitral cells using a Picospritzer. (K to M) The Cbin1 deletion severely impairs
mitral cell IPSCs elicited by direct application of GABA [(K) representative traces; (L) summary plot of the total IPSC charge elicited by different application durations of
GABA (10 uM); (M) summary graph of the slopes of the GABA response curve]. Data are means + SEM (numbers of cells per mice analyzed are indicated above sample
traces). Statistical significance was assessed by Student'’s t test (D to G and M) or by two-way ANOVA with Bonferroni test (C, I, and L), with *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

would enhance “silent” inhibitory synapses and make mIPSCs less
detectable. Thus, we needed to determine whether the Cblnl
deletion induced a synapse loss in the OB, as had been observed for
the Cbinl deletion in the cerebellum (36, 44).

Some granule cells form synapses on the soma of mitral cells
(46). These synapses are also stimulated in our GABA puffing
experiment. Therefore, a specific loss of somatic inhibitory synapses
could be caused by the Cblnl deletion. To test this possibility, we
specifically analyzed perisomatic synapses of mitral cells. We retro-
gradely labeled the mitral cell soma with fluorescently tagged cholera
toxin B that was injected into the piriform cortex and stained
presynaptic granule cell inputs using synaptophysin-2 staining.
Again, we observed no change in synapse numbers on Cbini-deficient
mitral cells (Fig. 4, G to I.

Last, to independently confirm the immunohistochemistry
conclusions and to test whether the Cbln1 deletion affects the struc-
ture of dendrodendritic synapses, we analyzed dendrodendritic
synapses by electron microscopy (EM) (Fig. 4]). The CblnI deletion in
mitral cells produced no change in the density of dendrodendritic

The Cbin1 deletion has no effect on synapse numbers or
ultrastructure

Using cryosections from mice with a Cbin1 deletion in mitral/tufted
cells, we stained dendrodendritic synapses on mitral cells for vGAT
as a universal inhibitory synapse marker and for synaptophysin-2 as
a specific GC2MC synapse marker (Fig. 4, A and B) (45). 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 Cblnl deletion does not alter
inhibitory synapse numbers (Fig. 4, A to F).
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Fig. 4. Cbin1 deletion from mitral and tufted cells does not significantly alter the density or ultrastructure of dendrodendritic synapses. (A to F) CbinT deletion
from mitral/tufted cells does not decrease VGAT- or synaptophysin-2—-positive synapses on mitral cells [(A and B) representative low- and high-magnification images of
OB sections stained for vGaT, synaptophysin-2, and MAP2 as indicated; (C) summary graph of the vGAT staining intensity; (D to F) summary graphs of the staining intensity,
density, and size of synaptophysin-2-positive puncta. N =4 mice. (G to I). CbIn1 deletion does not lower the number of inhibitory perisomatic synapses onto mitral
cells. Mitral cells were labeled by injecting fluorescent chloral toxin B (CTB) into the piriform cortex [(G) representative images; (H and 1) the density and size of
synaptophysin-2—positive puncta). N=31 and 32 cells from three mice. (J to R). EM shows that the CbinT deletion does not alter the density or ultrastructure of dendrodendritic
synapses {(J) representative images (red arrowheads, symmetric GC>MC synapses; cyan arrowheads, asymmetric MC>GC synapses); (K and L) inhibitory and excitatory
synapse densities normalized for mitral cell dendrite length; (M) percentage of reciprocal synapses among inhibitory synapses; (N to R) ultrastructural parameters of
reciprocal synapses [(N) bouton size; (O) vesicle numbers/bouton; (P) vesicle size; (Q) vesicle ellipticity; (R) vesicle-active zone distance of inhibitory synapses]}. N = 3 mice.
Data are means + SEM. Statistical analyses were performed by Student’s t test in (H) to (R) and by two-way ANOVA with Bonferroni test in (C) to (F) (n.s., P> 0.05).
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synapses on mitral cell dendrites, confirming the immunohisto-
chemistry results (Fig. 4, K to 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,
Cblnl is essential in mitral cells as a postsynaptic regulator of
GC->MC synapses that controls the GABA 4 receptor responses of
mitral cells without affecting either the release probability or the
number of GC->MC synapses.

Neuroligins are also essential for GC->MC

synaptic transmission

Because both neuroligins and Cbln1 are ligands for neurexins and
because neuroligins are also abundantly expressed in mitral cells
(Fig. 1H) (47), we next asked whether neuroligins contribute to the
function of GC2MC synapses in the OB. In mammals, neuroligins are
encoded by four genes, Nign1-4 (48-51). To test whether neuroligins
function at GC>MC synapses, we used Nlgn1234 quadruple cKO
(qcKO) mice. In these mice, the Nlgn1, Nign2, and Nlgn3 genes are
floxed and can be inactivated by Cre recombinase, whereas the
Ngln4 gene is constitutively deleted (52-55). We used these mice,
instead of individual neuroligin KO mice, for the analysis of neuroligin
function in mitral cells because multiple neuroligins often operate

A Retrograde labeling of mitral cells using
rAAV2-retro EGFP-IRES-ACre/Cre
Stereotactic rAAV Nign1234

injection into the :
piriform cortex cKO mice

OB
Piriform
cortex

fiGlomerular
layer

in the same synapse and are partly redundant (52) and because
analysis of individual KO mice would be more time-consuming.

Using stereotactic injections, we introduced into the piriform
cortex of Nilgn1234 qcKO mice a retrogradely transported adeno-
associated virus [rAAV2-retro; (56)] that coexpresses enhanced
green fluorescent protein (EGFP) with Cre or ACre (mutant inactive
Cre as a control) (Fig. 5A). rAAV2-retro infects axons in the piri-
form 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 3 weeks after injections, we analyzed the infected
mitral cells in the OB electrophysiologically (Fig. 5B).

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. 5, C to G). As discussed
above, most mIPSCs in mitral cells are derived from dendrodendritic
GC->MC synapses, suggesting that the neuroligin deletion impairs
these synapses similar to the Cblnl deletion. Analysis of evoked
GC-MC IPSCs revealed that the pan-neuroligin deletion caused a
large reduction (~60%) in GC>MC IPSC amplitudes and a signifi-
cant increase in IPSC rise times but not decay times (Fig. 6, A to F).
At the same time, the neuroligin deletions had no effect on the
membrane capacitance or resistance of mitral cells, suggesting that
it did not alter their size or viability (fig. S3).
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Fig. 5. Postsynaptic deletion of all neuroligins severely impairs synaptic inputs onto mitral cells. (A) Experimental strategy for selective infection of mitral cells of
the OB by injecting rAAV2-retro coexpressing EGFP with ACre (control) or Cre into the piriform cortex. (B) Selective infection of mitral cells shown by EGFP with Neurobiotin
filled during recording. (C to G) The Nign1234 deletion decreases the mIPSC frequency and amplitude {(C) representative traces; (D and E) cumulative distribution of
mIPSC interevent intervals (D) and amplitudes (E) [insets: mIPSC frequency (D) and amplitude (E) summary]; (F and G) mIPSC rise and decay times}. N =18 cells from three
mice (indicated in sample traces). Data are means + SEM. Statistical analyses were performed by Kolmogorov-Smirnov tests in the cumulative distribution in (D) and (E)
and by Student’s t test in the bar graphs in (D) to (G) (*P < 0.05, **P < 0.01, and ****P < 0.0001).
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We next asked whether the neuroligin deletion reduces GCMC
synaptic transmission by a mechanism that is also similar to that of
the CblnlI deletion. The pan-neuroligin deletion had no effect on the
CV and PPR of eIPSCs (Fig. 6, G to I), suggesting that the release
probability was unchanged. Similar to the CbinI deletion, the neuroligin
deletion robustly reduced (~50%) the amplitude of IPSCs evoked by
direct application of GABA onto the mitral cell soma using a pico-
spritzer (Fig. 6, ] to M). Thus, the pan-neuroligin deletion suppresses
postsynaptic GABA, receptor responses without affecting the
presynaptic release probability, suggesting that neuroligins are essen-
tial organizers of GC2MC synapses in the OB similar to Cblnl.

Alternative splicing of postsynaptic neurexins regulates
GC-2MC synapses

Why are Cbinl and neuroligins both required for organizing
GC-MC synapses, although they bind to the same domain of

neurexins? This requirement could operate by two mechanisms: a
parallel involvement of postsynaptic Cblnl and neuroligins inter-
acting with presynaptic granule cell neurexins in GC=>MC synapses,
or a noncanonical function of Cblnl or neuroligins acting on post-
synaptic neurexins that indirectly renders GC=>MC synapses func-
tional. This question is of general interest given that neurons often
coexpress cerebellins and neuroligins but is particularly important
for reciprocal synapses in which neurexins and neurexin ligands can
potentially interact in both cis and trans configurations (Fig. 1B).
If mitral cell Cbln1 acted directly in GC->MC synapses, then it
would have to function by binding to presynaptic granule cell
neurexins, whereas a noncanonical postsynaptic function would
involve a binding to postsynaptic neurexins. Measurements of neurexin
alternative splicing in mitral cell mRNAs using junction-flanking
PCR showed that neurexins are predominantly expressed in mitral/
tufted cells as splice site 4 containing (SS4+) variants (Fig. 7, A and B).
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Fig. 6. Deletion of all neuroligins in mitral cells severely impairs GC2>MC synaptic transmission by suppressing the postsynaptic GABA receptor response similar
to the CbIn1 deletion. (A) Experimental paradigm for recordings of IPSCs evoked by stimulation of granule cell dendrites using an extracellular concentric bipolar
electrode. (B to D) The Nign1234 deletion impairs GC=2MC synaptic transmission [(B) representative traces; (C) input/output curve of GC>MC IPSC peak amplitudes as a
function of the stimulus intensity; (D) slope of the input/output curves]. (E and F) The Nign1234 deletion slows down the kinetics of GCMC IPSCs [(E) rise time; (F) decay
timel. (G to I) The Nlgn1234 deletion has no effect on the CV (G) or the PPR [representative traces in (H) and summary graph in (1)] of GC2MC IPSCs. (J) Experimental
paradigm for recording GABA-mediated responses with direct application of GABA to mitral cells using a Picospritzer. (Kto M) The Nign1234 deletion decreases the magnitude
of GABA-mediated response [(K) representative traces; (L) total charge elicited by different application durations of GABA; (M) slope of the GABA response curve). Data
are means = SEM (numbers of cells per mice indicated in sample traces). Statistical analyses were performed by Student’s t test in (D) to (G) and (M) and by two-way
ANOVA with Bonferroni test in (C), (I), and (L) (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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Fig. 7. Converting SS4+ neurexins in mitral cells into SS4— neurexins severely impairs GC>MC synaptic transmission similar to CbIn1 and Nign1234 deletions.
(A and B) Nrxn1-3 are predominantly expressed as SS4+ variants in mitral/tufted cells [(A) representative image of junction-flanking PCR analyses of total OB mRNA (input)
and RiboTag-isolated mitral/tufted cell mRNA [immunoprecipitation (IP): anti-HA] (see Fig. 1C; *, nonspecific band); (B) quantification of (A)]. (C) Experimental strategy.
Mitral cell axons in the piriform cortex of triple SS4+ conditional knockin (cKI) mice were infected with retro-AAVs expressing ACre-EGFP (retaining SS4+ neurexins) or
Cre-EGFP (converting SS4+ into SS4— neurexins). See (59). (D) Representative image of retrogradely infected mitral cells expressing EGFP, with a patched cell filled with
Neurobiotin. (E to G) Conversion of SS4+ neurexins into SS4— neurexins decreases the mIPSC frequency {(E) representative traces; (Fand G) cumulative distribution of
mIPSC interevent intervals (F) and amplitudes (G) [insets: summary graphs of the mIPSC frequency (F) and amplitude (G)]}. (H to K) Conversion of SS4+ neurexins into
SS4- neurexins weakens evoked GC=>MC IPSCs without changing the PPR [(H) representative traces; (I and J) input/output curve and input/output slopes, respectively;
(K) representative traces (top) and summary graph (bottom) of PPRs). (L to N) Conversion of SS4+ neurexins into SS4— neurexins decreases responses elicited by direct
GABA application [(L) representative traces; (M and N) input/output curve and input/output slopes, respectively]. Data are means = SEM [n = 3 mice in (A) and (B); numbers
of cells per mice are indicated above the sample traces in (E) to (N)]. Statistical analyses were performed by Kolmogorov-Smirnov tests in (F) to (G); by Student’s t test in
(F), (G), (J), and (N); and by two-way ANOVA with Bonferroni test in (1), (K), and (M), with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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This is important because only SS4+ variants of neurexins can bind
Cbln1, whereas SS4— variants cannot (36, 57, 58).

Motivated by this finding, we tested whether converting the
SS4+ variants of neurexins in mitral cells into SS4— variants that
block their binding to Cblnl but not to neuroligins suppresses
GC->MC synaptic transmission similar to the Cblnl deletion. For
this purpose, we used triple-conditionally mutant mice that consti-
tutively express all neurexins as SS4+ variants [Nrxn123-SS4+
conditional knockin (cKI) mice] (59). In these mice, Cre recombinase
converts the SS4+ neurexin variants into SS4— variants. We injected
rAAV2-retro’s coexpressing EGFP with ACre (control, retains SS4+
neurexin expression) or Cre (converts SS4+ neurons into SS4— neu-
rexins) into the piriform cortex of Nrxn123-§S4+ cKI mice and
analyzed EGFP-positive mitral cells in acute slices by whole-cell
patch-clamp recordings 2 to 3 weeks later (Fig. 7, C and 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. 7, E to G, fig. S4, A and 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 eIPSCs (Fig. 7, H to ], and fig. S4, C and D). No change in the CV
or PPR was observed (Fig. 7K and fig. S4E). Similar to the deletion
of Cblnl 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. 7, L to N; ~25% de-
crease). No change in the mitral cell membrane properties was
observed in any of these experiments (fig. S4, F and G).

The phenotype of the conversion of SS4+ to SS4— neurexins in
mitral cells indicates that, unexpectedly, Cblnl binding to neurexins
acts postsynaptically in dendrodendritic GC-2MC synapses. How-
ever, the results do not completely rule out the possibility that
Cbln1 also acts by binding to presynaptic neurexins in GC>MC
synapse, i.e., that the Cblnl/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 AAVpy’s under conditions
that only infect granule cells (fig. S4, H and I). Rendering most
granule cell neurexins SS4— had no effect on evoked GC>MC
IPSCs, indicating that presynaptic neurexins in GC=>MC synapses
do not functionally require Cbln1 binding (fig. 4, J to S). Moreover,
CRISPR-mediated deletion of postsynaptic GluD1 in mitral cells
had no effect on GC2MC synapses (fig. S5). Here, the 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 (60) and that GluD2
deletion increases rather than decreases inhibitory synapse number
in the cerebellum (38). Viewed together, these observations argue
against the possibility that Cbln1 mediates GC=>MC synapses through
a trans-synaptic complex involving presynaptic granule cell neurexins
and postsynaptic mitral cell GluD1.

Cbin1 prevents inhibition of neurexin/neuroligin trans
interactions by neurexin/ neuroligin cis interactions

Viewed together, our data suggest that Cbln1 and neuroligin func-
tion postsynaptically in GC=2MC synapses and that this function
requires postsynaptic SS4+ variants of neurexins and is abolished
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by SS4- variants of neurexins. A plausible model to explain these
data is that Cbln1 is essential in dendrodendritic GC=>MC synapses
because it blocks a cis neurexin/neuroligin interaction that would
otherwise inhibit postsynaptic neuroligins in this synapse. Cis
interactions of neurexins with neuroligins and cerebellins are struc-
turally plausible because the neurexin LNS domain that binds to
these ligands is separated from the membrane by a fairly large
flexible linker. This model implies that Cbln1 competitively blocks
neuroligins from binding to neurexins. To test this implication, we
compared binding of Cbln1 tagged with an hemagglutinin (HA)
epitope (HA-Cbln1) or of the extracellular domains of Nlgn1 fused to
the immunoglobulin G Fc domain [Nlgn1-ECD (extracellular do-
main)-Fc] to the two SS4 splice variants of Nrxn1f (Nrxn1p>*" and
Nrxn1B**") (Fig. 8A). As expected, HA-CbIn1 only bound to Nrxn1***
but not to Nrxn1B***", whereas Nlgn1-ECD-Fc bound to both (Fig, 8B).
When HA-Cblnl and Nlgn1-ECD-Fc were added sequentially,
HA-CblIn1 blocked binding of Nlgn1-ECD-Fc to Nrxn1B%**, inde-
pendent of whether Cbln1 was bound to Nrxn1B**** first, or added
after Nlgn1-ECD-Fc had been prebound (Fig. 8B). HA-Cbln1, how-
ever, had no effect on Nlgn1-ECD-Fc binding to Nrxn1p***" that
is unable to bind cerebellins (Fig. 8B). Consistent with previous
binding affinity measurement (57, 61, 62), these results show that
Cbln1 binds more tightly to Nrxn1p*>** than Nlgn]1.

The binding data suggest that Cbln1 could prevent a cis inter-
action of neurexins with neuroligins and thereby function in recip-
rocal synapses by relieving the inhibition of mitral cell neuroligins
that is induced by cis binding of neurexins (Fig. 1B). A competition
between cerebellins and neuroligins for neurexin binding is likely
because these two neurexin ligands bind to adjacent sequences close
to the SS4 region of neurexins (57, 61, 62). To test this hypothesis,
we examined the inhibitory effect of cis neurexin/neuroligin inter-
actions on trans neurexin/neuroligin interactions and tested the
possible role of Cblnl in blocking this inhibition (Fig. 8C). We
reconstituted cis versus trans neurexin/neuroligin interactions
using cell aggregation assays with FreeStyle human embryonic kidney
(HEK) 293 cells that coexpress Nrxnlf or Nlgn2 to mimic the
expression observed in mitral cells (Fig. 1, E and H). We then tested
the effect of the cis expression of Nrxn1B**** or Nrxn1p***~ with
Nlgn2 on the trans Nrxn1B/NgIn2 interaction in the absence and
presence of Cbln1 (Fig. 8C). Although Nlgn2-expressing cells formed
large cell aggregates with Nrxn1p-expressing cells, these aggregates
were suppressed when Nrxn1p, independent of SS4, was also co-
expressed in cis with Nlgn2. Hence, the cis Nrxn1p-Nlgn2 interaction
impaired the trans Nrxn1f/Nlgn2 interaction without completely
abolishing it (Fig. 8D). As a control, we coexpressed in cis Nrxn1f
mutants that are unable to bind to neuroligins (Nrxn1p***™* or
ernlBSS4+*). These mutants contain G155V and T156A substitu-
tions that block neuroligin binding (63). Cis expression of Nrxn1
mutants, in contrast to wild-type Nrxn1p, had no effect on the trans
Nrxn1p/NIgn2 interaction (Fig. 8D).

When we coexpressed Nlgn2 not only with Nrxnlf
Nrxn1p%* but also with Cbln1, the coexpressed Cbln1 reversed the
inhibition of the trans Nrxn1B/Nlgn2 interaction that was produced
by cis expression of Nrxn1B**** but not the inhibition that was pro-
duced by cis expression of Nrxnl sS4 (Fig. 8D). These data demon-
strate that a cis neurexin/neuroligin interaction inhibits trans
neurexin/neuroligin interactions and that this inhibition is alleviated
when a cerebellin is coexpressed in cis with the neurexin and
neuroligin, as long as the isoform of neurexin used is capable of

SS4+ or

100f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

A st treatment: HA-Cbin1 Nign1-ECD-Fc B Flag-Nrxn1@SS4+
2nd treatment: Vehicle NIgn1-ECD-Fc Vehicle HA-CbIn1 m ’;
©
§ [ |
E 55
= 2z
S [s}
£ 7T
o3

Flag-Nrxn13SS4-

+
<
19
@ -
=)
= s
X c
z s
: S~
o) = 5
@ c°
[ 2Z
£
| °© °
< £ 2
17 0 g
@
c 1st 1.5-hour HA-Cbin1 Nign1-ECD-Fc
z treatment
Z v \ 2/
2 2nd 1.5-hour Nign1
o treatment Vehicle ECD-Fc Vehicle HA-CbIn1
c D Nrxn1pss4

XXX¥

Fig. 8. Cbin1 displaces Nign1 from the SS4+ but not the SS4- splice variant of Nrxn1p and largely reverses the cis Nrxn1p-mediated inhibition of trans Nrxn1p/
NIgn2 interactions. (A) Representative images of HEK293 cells transfected with Flag-tagged Nrxn1B%**, Nrxn1p°**~, or a mock control and sequentially incubated for
1.5 hours first with HA-CbIn1 or Nign1-ECD-Fc and second with vehicle, Nlgn1-ECD-Fc, or HA-CbIn1 as indicated. Binding of HA-CbIn1 and NIgn1-ECD-Fc to the surface-
exposed Nrxn1p was visualized by immunocytochemistry in nonpermeabilized cells. (B) Demonstration that CbIn1 prevents and competes off binding of Nign1-ECD-Fc
to Nrxn1B%*" but not to Nrxn16*~ [summary graphs of surface binding of HA-CblIn1 (green) or Nign1-ECD-Fc (blue) to Nrxn1B%*" or Nrxn1p°>*7]. The y axis depicts the
ratio of fluorescence signal intensity of neurexin ligands over neurexin signals on HEK cell surface. a.u., arbitrary units. (C) Representative images of FreeStyle HEK cells
transfected with EGFP and mCherry together with respective synaptic organizer molecules. Nrxn13* denotes Nrxn1f with Nign binding mutations (G155V and T156A).
(D) Summary of Pearson’s coefficients across different conditions. All numerical data are means + SEM. Sample size is indicated by numbers of cells per culture batches in
(B) in which fluorescence intensity from cells in each batch was averaged as one data point; n =4 batches of culture were used in (C) and (D). Statistical analyses were
performed by two-way ANOVA with Bonferroni’s multiple comparison test in (D) (****P < 0.0001).

actually binding to the cerebellin. Hence, the two antiparallel neurexin
signaling processes can interfere with each other, and Cblnl can
mediate their functional compartmentalization, underlying the mech-
anism for self-avoidance within the neurexin-interaction network.

CbIn1 in mitral cells mediates molecular self-avoidance

in synaptic neurexin complexes at the reciprocal
dendrodendritic synapses

Our data thus suggest a molecular logic for neurexin signaling
despite its binding promiscuity, whereby Cbln1 blocks cis interactions

Wang et al., Sci. Adv. 7, eabk1924 (2021) 17 December 2021

of neurexins with neuroligins and thereby enables antiparallel trans
interactions of neurexins and neuroligins. Via this mechanism,
Cbln1 functionally separates pre- and postsynaptic signaling com-
partments. An inherent prediction of this hypothesis is that post-
synaptic 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 Cbln1 from blocking the cis interactions of postsynaptic
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neurexins with neuroligins. To test this hypothesis directly, we
deleted all neurexins (except for Nrxnly that does not bind to either
Cbln1 or neuroligins) (27) from mitral cells by injection of rAAV2-
retro that coexpress EGFP with Cre or ACre (as a control) into the
piriform cortex of Nrxn123 triple cKO mice (64) and analyzed
GC->MC synapses in acute slices by mitral cell recordings (Fig. 9A).
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. 9, B to D, and fig. S7).

In a final test of this hypothesis, we overexpressed in mitral cells
either wild-type Nrxn1p™ and Nrxn1p*™*" or mutant Nrxn1p* 7 and
Nrxn1B%*** that are unable to bind to neuroligins (Figs. 8, C and D,
and 10A) (63). We again injected rAAV2-retro into the piriform
cortex to selectively express the various neurexins in mitral cells of
the OB (Fig. 10, B and C). Overexpression of Nrxnl BSS4_ and
Nrxn1p**** inhibited GC2MC synaptic transmission as measured
by eIPSCs, whereas overexpression of mutant Nrxn1p***™* and
Nrxn1p%*"* had no effect (Fig. 10, D to F, and fig. $8, A to G). In
these experiments, even Nrxn1B**** was inhibitory despite its bind-
ing to Cbln1 probably because the Nrxn1p%** overexpression levels
exceeded those of endogenous Cblnl. Hence, we tested the effect of
co-overexpression of Cblnl and ernlBSS‘lf (or ernIBSS4+). Ex-
pectedly, Cblnl overexpression in mitral cells likely saturates binding
of Nrxn1**** and hence occludes its dominant negative effect, but
not for Nrxn1p***~ (Fig. 10, G to I, and fig. S8, H to N). To test the
physiological relevance of Cbln1 in the cis inhibition by Nrxn1, we
overexpressed ernlBSS4_ and ernlBSS4+ on the background of
the Cbinl deletion. Because Nrxn1p overexpression in mitral cells
exerts its dominant negative effect through interacting with neuroligins
in cis (Fig. 10, D to F), the lack of additive effects when overexpressing
Nrxnlp on the Cbinl deletion background argues that the Cbinl
deletion permits the formation of endogenous cis neurexin-neuroligin
complexes (Fig. 10, J to L, and fig. S8, O to U). Thus, Cblnl func-
tionally compartmentalizes two antiparallel neurexin signaling
processes by preventing cis neurexin/neuroligin interactions at the
reciprocal dendrodendritic synapses in the OB.

DISCUSSION

Neurexins are presynaptic organizer molecules that, via diverse
and highly regulated interactions with an expansive panoply of
postsynaptic ligands, regulate multiple pre- and postsynaptic
functional properties (6). As arguably the best characterized synaptic

organizer molecule, neurexins serve as a paradigm for how trans-
synaptic adhesion complexes shape synapse assembly. Thus, we
used neurexins in the present study to examine how trans-synaptic
adhesion complexes organize nonstandard synapses in which pre-
and postsynaptic specializations are formed in close proximity on
the same plasma membrane domain, such as is observed in recip-
rocal synapses and axo-axonic synapses on presynaptic terminals.
Our results delineate a simple mechanism of self-avoidance that
blocks the formation of cis complexes for neurexins that are simul-
taneously presynaptic and postsynaptic in reciprocal and axo-axonal
synapses and enables the formation of trans complexes in these
synapses. This mechanism consists of prevention of neurexin-
neuroligin cis complexes by the binding of postsynaptic Cblnl
to the neurexins, with the resulting antiparallel neurexins engaging
in trans complexes with neuroligins to enable functional synapse
assembly.

Nonstandard synapses, such as reciprocal and axo-axonic synapses
in which pre- and postsynaptic specializations are colocalized to the
same plasma membrane domain, are an essential part of neural
circuits throughout the brain, usually as an inhibitory pathway.
Reciprocal dendrodendritic synapses are particularly important in
the OB for olfactory information processing, where they process the
incoming olfactory information that is transferred by mitral cells
from the glomeruli to various central olfactory regions (14, 15).
Here, we studied the function of neurexins and their ligands in
these reciprocal synapses as a model system to gain insight into how
trans-synaptic complexes are assembled when cis-synaptic com-
plexes would be favored. We show that, in mitral cells, Cbln1 is
essential for GC-?MC synaptic transmission because Cbln1 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 GC2MC
synaptic transmission is impaired.

The evidence for this conclusion is as follows. First, we show
that, in mitral cells, Cblnl is essential for the organization of
GC-MC synapses. Cblnl 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
GABA 4 receptor response (Figs. 2 to 4). Second, we demonstrate that
neuroligins are also essential for a normal postsynaptic GABA 4 recep-
tor response without a role in the presynaptic release probability
(Figs. 5 and 6). Third, we showed that mitral cells express almost
only SS4+ variants of neurexins that bind to Cblnl and that

_Retrograde targeting of mitral cells ACre (9/3) CA ] D 40 n.s.
using rAAV2-retro EGFP-IRES-ACre/Cre <, ] Cre i o
@ \ 5 =530
Stereotactic S ’ é—% 4
rAAV2-retro Cre (9/3 5. ] 3204 =
injection into the OB o) E ] A\ 58
piriform cortex x ACre 2310
< 8 :
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Nrxn123 cKO mice
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Fig. 9. Postsynaptic neurexins in mitral cells are not essential for GC->MC synaptic transmission. (A) Experimental strategy for the postsynaptic deletion of all
neurexins in mitral cells of Nrxn123 triple cKO mice. (B to D) Postsynaptic deletion of neurexins does not impair GC=>MC synaptic transmission [(B) representative traces
of GC2MC elPSCs; (D and E) input/output curve and slope summary]. N =9 cells from three mice as indicated in sample traces. Data are means + SEM. Statistical analyses
were performed by Student’s t test in (D) and by two-way ANOVA with Bonferroni test in (C) (n.s., P> 0.05).
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Fig. 10. Genetic epistasis with Nrxn1p overexpression in mitral cells reveals that Cbin1 prevents the formation of endogenous cis neurexin-neuroligin complexes.
(A) Schematic of the Nrxn1p domain structure and overview of the Nrxn1b constructs used for overexpression experiments in mitral cells in (D) to (L). (B) Experimental
strategy for the postsynaptic overexpression of Nrxn1f constructs in mitral cells. Nrxn1B was fused to tdTomato using P2A to label infected cells. (C) Selective infection of
mitral cells shown by tdTomato with Neurobiotin filled during recording. (D to F). Postsynaptic Nrxn1p overexpression in mitral cells inhibits GC2MC synaptic transmission
for the wild-type Nrxn1p 5*** and Nrxn 1B 5**~ but not for mutant Nrxn1p°5** and Nrxn1B°>*~* that are unable to bind to neuroligins. [(D) representative traces of GCMC
elPSCs; (E and F) input/output curve and slope summary]. Note that Nrxn1p*** likely inhibits despite the presence of Cbin1 because Cblin1 levels are insufficient to saturate
binding of Nrxn1p°>**. (G to I) The inhibition of GC3MC synaptic transmission by overexpressed Nrxn1 B>** but not Nrxn1p***~ is occluded by CbIn1 overexpression (OE)
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of GCMC synaptic transmission by overexpressed Nrxn1%*" and Nrxn1p°>*~ is occluded by prior deletion of Cbin1 [similar arrangement to (D) to (F)]. Data are means +
SEM (numbers of cells per mice analyzed are indicated above the sample traces). Statistical analyses were performed by one-way ANOVA in (F), (1), and (L) and by two-way
ANOVA in (E), (H), and (K). Multiple comparison tests are done with Bonferroni approaches (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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converting mitral cell SS4+ neurexins into SS4— neurexins im-
pairs GC2MC synapses in the same manner as the Cblnl and
the neuroligin deletions (Fig. 7). Fourth, we describe that Cbln1 dis-
places Nlgn1 from Nrxnl1f on the cell surface as long as Nrxn1f is
expressed as an SS4+ variant that binds Cbln1, that Nrxn1B—when
expressed in cis with NIlgn2—suppresses the trans interaction of
Nlgn2 with Nrxn1f present on another cell, and that this suppres-
sion is alleviated by coexpression of Cblnl (Fig. 8). Last, we docu-
mented that postsynaptic neurexins in mitral cells are not essential
for GC2MC synaptic transmission but that overexpression of
postsynaptic Nrxnlf impairs GC->MC synapses as long as the
overexpressed Nrxnlp is able to bind to neuroligins and that the
impairment from overexpression depends on Cblnl in a neurexin
SS4-dependent manner (Figs. 9 and 10).

Our study thus describes a mechanism that enables assembly of
separate trans-synaptic neurexin complexes between vicinal recipro-
cal synapses. Our data thereby establish that the context-dependent
function of neurexins depends not only on the transcriptomic sig-
natures of the involved neuron and glia populations at a given circuit
but also on the relative binding affinities of the synaptic organizers
involved as well as their posttranscriptional and posttranslational
modifications that alter their biochemical properties.

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 (1, 6, 23). However, multiple
molecular machineries likely operate in parallel, with or without lateral
interactions, at all synapses to mediate synapse formation and to regu-
late their properties. Trans-synaptic molecular networks are likely
organized similar to logic gates, with divergent and convergent signal-
ing 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 toward such a
dissection and represents the first analysis of the relation of multiple
synaptic adhesion interactions but much more remains to be done.

MATERIALS AND METHODS

Mouse husbandry

For confirming the specificity of the tBet-Cre line, hemizygous
tBet-Cre mice were crossed with Ail4 mice (30, 31). For analyzing
mitral/tufted cell-specific translating mRNA, RiboTag mice were
crossed with hemizygous tBet-Cre mice (30, 32). For mitral/tufted
cell-specific Cblnl deletion, Cblnl homozygous cKO mice were
crossed with Cblnl homozygous cKO mice with one tBet-Cre allele
(30, 34). Nign1234 qcKO mice (52), Nrxn123 SS4 cKI mice (59),
Nrxn123 cKO mice (64), and Cas9 KI mice (65) were generated as
described in respective previous studies. Mice were group-housed
(maximum of five mice per cage) and maintained on a 12-hour
light-dark cycle (7 a.m. to 7 p.m., light), with access to food and
water ad libitum. Age- and gender-matched littermates were used
for experiments, except for the Nrxn1p overexpression experiments
in Fig. 8, where the number of mice required made it impossible and
only age-matched littermates were used. All experiments involving
animals were approved by the Stanford Animal Use Committees
[Administrative Panel for Laboratory Animal Care (APLAC/) Insti-
tutional Animal Care and Use Committee (TACUC)].
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Purification of OB mRNA

Mice were euthanized using isoflurane and decapacitated. The OBs
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 QTAGEN RNeasy
Micro kit.

Purification of mitral/tufted cell-specific mRNA

RiboTag mice were crossed with tBet-Cre mice (30, 32). After OB
extraction described above, the frozen bulbs were partially thawed in
fresh homogenization buffer at 10% (w/v) and Dounce homogenized.
Homogenates underwent centrifugation, and 10% of the supernatant
was used as input. The remaining supernatant was incubated with
prewashed anti-HA magnetic beads (Thermo Fisher Scientific)
overnight at 4°C. The beads were washed three times 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 reverse transcription (RT)-PCR was performed in
triplicates for each condition with QuantStudio 3 (Thermo Fisher
Scientific). RNA (20 ng) was used each reaction, in conjunction
with TagMan Fast Virus 1-Step Master Mix (Thermo Fisher
Scientific) and gene-specific qRT-PCR probes [IDT (integrated DNA
technologies)] as described previously (66). Predesigned PrimeTime
qPCR probeassays (IDT) were used for vGluT1 (Mm.PT.58.12116555),
vGaT (Mm.PT.58.6658400), aquaporin-4 (Mm.PT.58.9080805), MBP
(Mm.PT.58.28532164), ActB (Mm.PT.392.22214843.g), Cbln1l
(Mm.PT.58.12172339), CbIn2 (Mm.PT.58.5608729), Cbln4 (Mm.
PT.58.17207498), Gridl (Mm.PT.58.32947175), and Grid2 (Mm.
PT.58.12083939). Customed PrimTime qPCR probe assays (IDT) were
used for Nrxnla (forward: TTCAAGTCCACAGATGCCAG; reverse:
CAACACAAATCACTGCGGG; probe: TGCCAAAACTGGTCCAT-
GCCAAAG), Nrxn1p (forward: CCTGTCTGCTCGTGTACTG:; reverse:
TTGCAATCTACAGGTCACCAG; probe: AGATATATGTTGTC-
CCAGCGTGTCCG), Nrxnly (forward: GCCAGACAGACATG-
GATATGAG; reverse: GTCAATGTCCTCATCGTCACT; probe:
ACAGATGACATCCTTGTGGCCTCG), Nrxn2a (forward: GTCAG-
CAACAACTTCATGGG; reverse: AGCCACATCCTCACAACG;
probe: CTTCATCTTCGGGTCCCCTTCCT), Nrxn2p (forward:
CCACCACTTCCACAGCAAG;reverse: CTGGTGTGTGCTGAAG-
CCTA; probe: GGACCACATACAT CTTCGGG), Nrxn3a (forward:
GGGAGAACCTGCGAAAGAG; reverse: ATGAAGCGGAAGG-
ACACATC; probe: CTGCCGTCATAGCTCAGGATAGATGC),
Nrxn3f (forward: CACCACTCTGTGCCTATTTG; reverse: GGC-
CAGGTATAGAGGATGA; probe: TCTATCGCTCCCCTGTTTCC),
Nlgnl (forward: GGTTGGGTTTGGTATGGATGA; reverse:
GATGTTGAGTGCAGTAGTAATGAC; probe: TGAGGAACTG-
GTTGATTTGGGTCACC), Nlgn2 (forward: CCGTGTAGAAA-
CAGCATGACC; reverse: TGCCTGTACCTCAACCTCTA; probe:
TCAATCCGCCAGACACAGATATCCG), and Nlgn3 (forward:
CACTGTCTCGGATGTCTTCA; reverse: CCTCTATCTGAAT-
GTGTATGTGCG; probe: CCTGTTTCTTAGCGCCGGATCCAT).

Electrophysiology

Cblnl cKO mice with or without tBet-Cre alleles were patched
between postnatal day 21 (P21) and P28. For viral manipulations,
mice were injected at P16 to P21. Two to 3 weeks after viral injection,
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mice were anesthetized via isoflurane inhalation, and brains were
quickly removed. The brain was sliced in ice-cold oxygenated
(95% O, and 5% CO5) cutting solution (228 mM sucrose, 11 mM
glucose, 26 mM NaHCO3;, 1 mM NaH,POy, 2.5 mM KCl, 7 mM
MgSOy, and 0.5 mM CaCly). Horizontal sections (300 um thickness)
were obtained using a vibratome and placed in oxygenated artificial
cerebrospinal fluid (ACSF; 119 mM NacCl, 2.5 mM KCl, 1 mM
NaH,POy, 1.3 mM MgSOy, 26 mM NaHCO3, 10 mM glucose, and
2.5 mM CaCl,) at 32°C for 30 min. Slices were allowed to recover at
room temperature for an additional 30 min. The recording cham-
ber 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-guanosine 5'-triphosphate, and 4 mM Mg-adenosine
5’-triphosphate pHed to 7.4. QX314-bromide (10 mM) was added
for evoked recordings. Neurobiotin (0.2%; Vector Laboratories) was
included for morphological reconstruction. The pipette resistance
ranged from 1.8 to 2.5 megohm. Mitral cells were identified in the
mitral cell layer, and access resistance was under 10 megohm
throughout the experiment. Tetrodotoxin (TTX, 1 uM; Tocris) and
picrotoxin (100 uM; Tocris) were included in the bath solution for
mEPSC. TTX (1 uM; Tocris), 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 20 uM; Tocris), and D-AP5 (50 uM; Tocris) were included
in the bath for mIPSC and GABA puffing. CNQX (20 puM; Tocris)
and D-AP5 (50 uM; Tocris) were included in the bath for eIPSC
recordings. GC>MC eIPSCs were recorded at —70 mV with a con-
centric 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 eIPSCs 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 Fluor 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
eIPSC observed. The kinetics, CV, and PPR of GC>MC eIPSC
were all monitored at 75-uA stimulus intensity. For GABA puffing,
10 uM GABA (Tocris) dissolved in the bath solution were loaded in
glass pipette with resistance of 1.8 to 2.5 megohm and connected to
the Picropritzer. The GABA-containing pipette was placed on the
same level of the mitral cell soma with constant distance (~10 um).
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.

AAV preparation

The AAV serotype used in this study was AAV-D]J, as well as
rAAV2-retro for retrograde tracing experiments (55). 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 after transfection. Nuclei were lysed, were
treated with Benzonase nuclease (Sigma-Aldrich, catalog no. E1014),
and underwent iodixanol gradient ultracentrifugation (3 hours at
65,000 rpm using a SSOAT3 rotor). AAV were then concentrated and
dialyzed in minimal essential medium. For CRISPR-Cas9-mediated
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deletion of GluD1, a pair of control guides (AAACACCGGAA-
GAGCGAGCTCTTCTGTT; CACCAGAGACCGAGGTCTCGGTT)
or Gridl-targeting guides (GCCGACTCCATCATCCACAT; GG-
CCAATAATCCGTTCCAGG) were cloned into AAV vector under
the expression of U6 and H1 promoters, respectively.

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 solu-
tion was made of dissolving 5 g of tribromoethanol into 5 ml of
T-amyl alcohol and further diluted 80 folds into phosphate-buffered
saline (PBS) to make the working solution. Working solution (0.2 ml;
Avertin) per 10 g of body weight of mouse was used for anesthesia
before mounting the mouse in the stereotax. The coordinates [AP
(anterior-posterior); ML (medial-lateral); DV (dorsal-ventral) from
Bregma] and volumes for the intercranial injections are as follows:
(i) OB: +4.3/£0.85/-1.7 and + 5.3/£0.6/—1.5 with 1.0 ul of virus; and
(ii) Piriform cortex: —0.7/+3.7/-4.75 with 0.75 ul of virus. The refer-
ence point on the DV axis for OB injection was on the surface of
OB, while the reference point on the 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 to 3 months ago. Only
male mice were used for the three-chamber sociability test.

Open field test

Mice were individually placed in a 40 cm-by-40 cm-by-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 III tracking system (Biobserve). Total distance
traveled and time spent in the 20 cm-by-20 cm center of the square
were quantified.

Three-chamber sociability test

A transparent three-chamber apparatus (60 cm by 30 cm by 30 cm
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 Cblnl cKO mouse was placed
underneath an upside-down black wire-mesh cup within the
nonpreferred chamber. The subject mouse was allowed to explore
all three chambers freely for 10 min while being recorded using the
Viewer III tracking system. Time spent in each chamber was quan-
tified, 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.

Buried food-finding test

After 24 hours of food deprivation, the subject was placed in a new
cage containing 3 cm of bedding, and 5 g of food pellet was 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 solution
on dry ice. Sections with 12-um thickness were sliced using a Leica
cryostat 9CM3050-S) and mounted directly onto Superfrost Plus
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histological slides. Single-molecule fluorescence in situ hybridization
for Cbln1/2/4 mRNA (probe catalog nos. 538491-C2, 428551, and
300031-C3, respectively) was performed using the multiplex RNAscope
platform [ACD (Advanced Cell Diagnostics)] according to manufac-
turer’s instruction. Slides were mounted using ProLong Gold antifade
mounting medium (Thermo Fisher Scientific, 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 postfixed in 4% PFA (Paraformaldehyde) for 1 hour. After post-
fixation, brains were washed three times with PBS and cryoprotected
in 30% sucrose in PBS for 24 to 36 hours. Brains were sectioned
coronally at 40 um using a cryostat. For morphological tracing after
electrophysiology, the slices were incubated in 4% PFA for 15 min.
For immunostaining, the slices were blocked and permeabilized in
5% normal goat serum and 0.3% Triton X-100-containing PBS for
1 hour at room temperature. Primary antibodies against vGaT (SySy,
1:1000, RRID: AB_1106810), synaptophysin-2 (homemade with code
Y941, 1:1000), MAP2 (Microtubule-associated protein 2) (Sigma-
Aldrich, 1:1000, RRID: AB_477171), GFP (Thermo Fisher Scientific,
1:1000, RRID: AB_221569), or mCherry (Thermo Fisher Scientific,
1:1000, RRID: 2536611) 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 Fisher Scientific, 1:1000) was included in the primary anti-
body mix. After three 10-min washes in PBS, slices were incubated with
secondary antibodies: Alexa Fluor 488, Alexa Fluor 555, or Alexa
Fluor 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 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-um intervals, and three slices
(1 um thickness in total) with highest signal were maximally pro-
jected. 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 NIS-Elements. For quantification in
the OB, the entire OB was sliced. Four 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 OB and were chosen randomly. All THC (immuno-
histochemistry) data were collected and analyzed blindly.

Transmission EM

Three pairs of P28 tBet-Cre/Cbln1 cKO mice and littermate controls
without tBet-Cre allele were perfused with PBS followed by 4%
PFA at 37°C. The brains were dissected out and postfixed in 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) overnight at 4°C. Coronal vibratome sections
(200 pm) of the OB were collected in 0.1 M cold cacodylate buffer
on the next day. The slices were subject to postfixation in 1% gluta-
raldehyde in 0.1 M cacodylate buffer before shipping to Yale CCMI
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(Center for Cellular and Molecular Imaging) EM facility. Slices
were then postfixed in 1% OsOy, 0.8% potassium ferricyanide in
0.1 M cacodylate buffer at room temperature for 1 hour. Speci-
mens were then en bloc stained with 2% aqueous uranyl acetate for
45 min, dehydrated in a graded series of ethanol to 100%, sub-
stituted 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
poststained with 2% uranyl acetate and lead citrate. Sections
were examined with a FEI Tecnai transmission electron microscope
at 80 kV of accelerating voltage, and digital images were recorded
with an Olympus Morada CCD camera and iTEM imaging software.
Image analysis was performed using Fiji Image]. Excitatory synapses
from mitral cells were identified by the presence of asymmetric
membrane thickening and at least two presynaptic vesicles. Inhibi-
tory synapses onto mitral cells were identified by the presence of
symmetric membrane thickening and at least two presynaptic el-
liptical vesicles as compared to excitatory synapses. Synapse
density were quantified by randomly sampling mitral cell dendrites,
quantifying the number of synapses along the dendrites and nor-
malizing 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 (forward: 5-CTGGCCAGTTATCGAACGCT-3';
reverse: 5'-GCGATGTTGGCATCGTTCTC-3’) annealing to con-
stitutive exon sequences that flank SS4 exon were used to amplify
Nrxnl123 mRNA transcripts with or without SS4. cDNA was first
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 subsaturation 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-Cbln1-His and Nlgn1-ECD-Fc were first
prepared as follows. FreeStyle HEK293F cells (Thermo Fisher
Scientific) were transfected with plasmids expressing either HA-
Cbln1-His or Nlgn1-ECD-Fc. The cell medium was collected 5 days
after transfection. His-tagged Cblnl were purified by Talon metal
affinity resin (Clontech) and dialyzed against Hanks’ balanced salt
solution (HBSS). Fc-tagged Nlgn1-ECD were purified by rProteinA
Sepharose Fast Flow (GE Healthcare), eluted with 10 mM glycine
(pH 2.5), and dialyzed with HBSS. After obtaining soluble proteins,
HEK293 cells were transfected with expression vectors for Flag-Nrxn1f
with or without SS4. Vehicle, HA-Cbln1 (50 pg/ml), and Nlgn1-
ECD-Fc (50 pg/ml) in HBSS with 2 mM CaCl, and 1 mM MgCl,
were added to the transfected HEK293 cell sequentially with each
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treatment lasting 1.5 hours at room temperature. After washing, the
cells were fixed with 4% PFA and immunostained with mouse
anti-HA (Covance, 1:1000, RRID: AB_2314672) or rabbit anti-Flag
(Sigma-Aldrich, 1:1000, RRID: AB_439687), followed by incubation
with Alexa Fluor 647-conjugated anti-human Fc y and species-specific
Alexa Fluor 488- or Alexa Fluor 546-conjugated secondary antibodies.
Coverslips were mounted after three times of washing in PBS. Quan-
tification was done by calculating the ratio of intensity of neurexin
ligands’ signals over Nrxn1p’s signal on the HEK cell surface.

Cell aggregation assay

One batch of FreeStyle HEK293F cells was transfected with pCMV5-
EGFP together with pCMV5-empty, pCMV5-Nrxn1p***", or
pCMV5-Nrxn1B**™* (with Nlgn binding mutations G155V and
T156A). Another batch of FreeStyle HEK293F cells was transfected
with pCMV5-mCherry together with pCMV5-empty and pCMV5
expression vectors containing Nlgn2 (pCMV5-Nlgn2). Cis co-
expression of Nrxn1p and Nlgn2 was achieved by constructing plasmids
coexpressing both using IRES (pCMV5-Nrxn1p***"-IRES-Nlgn2,
pCMV5-Nrxn1**-IRES-Nlgn2, pCMV5-Nrxn1B*** *-IRES-Nlgn2,
and pCMVS—ernlBSS4+*_—IRES—ngn2). Cblnl was coexpressed
by the addition of a third plasmid pCMV5-Cbln1 during transfec-
tion. Forty-eight hours after transfection, 1 ml of HEK293F 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 2 hours. 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.

Statistical analysis

All experiments of electrophysiology, behavioral tests, immunohisto-
chemistry analysis, EM, and cell culture experiments were performed
and analyzed blindly to the experimental condition. Student’s ¢ test
was used whenever the comparison is between two groups. The
Kolmogorov-Smirnov test was used to analyze the cuamulative curves.
One-way analysis of variance (ANOVA) with Bonferroni’s multiple
hypothesis correction was used for comparison among more than
two groups. Two-way ANOV A 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 legends. The “n” used for these analyses represents the
number of mice for gene expression analysis, behavioral tests, immuno-
histochemistry analysis and EM analysis, the number of cells for elec-
trophysiology and perisomatic synapse quantification, and the number
of culture batches for surface binding assay and cell aggregation
assay, all of which have been specified in the figure legends.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk1924

View/request a protocol for this paper from Bio-protocol.
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