Neuron

Dual Function of NRP1 in Axon Guidance and
Subcellular Target Recognition in Cerebellum

Highlights

e SEMABSA attracts basket cell axons expressing NRP1 in vitro

and in vivo

e NRP1 interaction in trans, but not in cis, with NF186 directs

AIS innervation

e NRP1 mediates both axon guidance and adhesion during

GABAergic synapse formation

e NRP1 interaction with SEMAS3A and NF186 occurs on distinct

domains

P

®

Telley et al., 2016, Neuron 97, 1276-1291
crossMark  September 21, 2016 © 2016 Elsevier Inc.

http://dx.doi.org/10.1016/j.neuron.2016.08.015

Authors

Ludovic Telley, Christelle Cadilhac,
Jean-Michel Cioni, ..., Alexandre Dayer,
Andrea B. Huber, Fabrice Ango

Correspondence
fabrice.ango@igf.cnrs.fr

In Brief

The molecular mechanisms underlying
GABAergic subcellular synapse targeting
are not fully understood. Telley et al.
reveal that the SEMAB3A receptor
neuropilin-1 directs both axon guidance
and target recognition through timely
molecular interaction during local
GABAergic circuit formation.

Cell


mailto:fabrice.ango@igf.cnrs.fr
http://dx.doi.org/10.1016/j.neuron.2016.08.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2016.08.015&domain=pdf

Cell’ress

Neuron

Dual Function of NRP1 in Axon Guidance
and Subcellular Target Recognition in Cerebellum

Ludovic Telley,-2-3:4.° Christelle Cadilhac,’-%34° Jean-Michel Cioni,!-23:5 Veronique Saywell,"-2-3
Céline Jahannault-Talignani,’-%3 Rosa E. Huettl,® Catherine Sarrailh-Faivre,” Alexandre Dayer,*é Andrea B. Huber,®

and Fabrice Ango'+2:310:*

1Department of Neurobiology, Institut de Génomique Fonctionnelle, CNRS, UMR5203, 34090 Montpellier, France

2INSERM, U1191, 34094 Montpellier, France
SUniversité de Montpellier, 34090 Montpellier, France

4Department of Basic Neurosciences, University of Geneva Medical School, CH-1211 Geneva 4, Switzerland
5Department of Physiology Development and Neuroscience, University of Cambridge, Anatomy Building, Downing Street, Cambridge CB2

3DY, UK

8Institute of Developmental Genetics, Helmholtz Zentrum Minchen-German Research Center for Environmental Health, 85764 Neuherberg,

Germany

7Aix-Marseille Université, CNRS, CRN2M-UMR7286, 13284 Marseille, France
8Department of Mental Health and Psychiatry, University of Geneva Medical School, CH-1211 Geneva 4, Switzerland

9Co-first author

10 ead Contact

*Correspondence: fabrice.ango@igf.cnrs.fr
http://dx.doi.org/10.1016/j.neuron.2016.08.015

SUMMARY

Subcellular target recognition in the CNS is the culmi-
nation of a multiple-step program including axon
guidance, target recognition, and synaptogenesis.
In cerebellum, basket cells (BCs) innervate the
soma and axon initial segment (AIS) of Purkinje cells
(PCs) to form the pinceau synapse, but the underly-
ing mechanisms remain incompletely understood.
Here, we demonstrate that neuropilin-1 (NRP1), a
Semaphorin receptor expressed in BCs, controls
both axonal guidance and subcellular target recogni-
tion. We show that loss of Semaphorin 3A function or
specific deletion of NRP1 in BCs alters the stereo-
typed organization of BC axon and impairs pinceau
synapse formation. Further, we identified NRP1 as
a trans-synaptic binding partner of the cell adhesion
molecule neurofascin-186 (NF186) expressed in the
PC AIS during pinceau synapse formation. These
findings identify a dual function of NRP1 in both
axon guidance and subcellular target recognition in
the construction of GABAergic circuitry.

INTRODUCTION

Adequate functioning of neuronal circuits relies on the formation
of specific synaptic connections among different classes of
neurons. This is illustrated well by the ability of local inhibitory in-
terneurons to modulate information that is dispatched by long-
range principal neurons within brain networks. The repertoire
of inhibitory coding strategies is greatly expanded by the diver-
sity of GABAergic interneurons that display specific synaptic
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connectivities onto distinct cellular and subcellular targets.
A striking example of developmental synaptic specificity is pro-
vided by two classes of GABAergic interneurons: the basket
(BC) and chandelier cells, which contact principal cells at their
soma and axon initial segment (AIS), respectively (reviewed in
Freund and Buzsaki, 1996; Huang et al., 2007). To date, the
cellular and molecular mechanisms underlying such subcellular
innervation specificity remain largely unknown.

Wiring specificity is the culmination of sequential develop-
mental processes that include cell migration, axon guidance,
target recognition, and synapse formation. For GABAergic inter-
neurons, some research groups have proposed that these neu-
rons seek their target with high precision based on extracellular
guidance cues (Betley et al., 2009; Stepanyants et al., 2004),
while other groups have stated that coordinated growth of pre-
and postsynaptic structural elements, occurring independently
from extracellular cues, is sufficient to control local innervation
patterns (Li et al., 2007). In the latter case, the proximity of
GABAergic interneurons with their cellular targets is sufficient
to allow specific inhibitory connectivity.

In cerebellar cortex, Purkinje cells (PCs) receive two sets of
GABAergic inputs, one from BCs and the other from stellate cells
(SCs) (Sotelo, 2008). SCs selectively innervate PC dendritic shaft
and spines, while BCs project abundantly to PC AIS, forming the
so-called pinceau synapses (Ramon y Cajal, 1911). Pinceau syn-
apse is formed by locally exuberant terminal branching that is
controlled by the axon guidance molecule Semaphorin 3A
(SEMA3A) through activation of a specific src kinase FYN
signaling pathway (Cioni et al., 2013). The specificity of this sub-
cellular innervation pattern could be explained by the proximity
of BCs to PC soma and AIS, and SCs to PC dendrites in the
mature cerebellar cortex (Sotelo, 2008). To further examine this
hypothesis, we investigated whether axons of BCs are instructed
by extracellular cues to reach the PC layer (PCL) and how sub-
cellular target recognition is specified locally. We found that
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the stereotyped organization of BC axons was dependent on the
Semaphorin axon guidance receptor, neuropilin-1 (NRP1). Using
both in vitro and in vivo approaches, we demonstrate that local
expression of the molecular cue, SEMA3A, controls BC axon
pathfinding. Furthermore, NRP1, the obligate receptor for
SEMABSA expressed by BCs, is subsequently involved in specific
innervation of PC AIS by directly interacting with the cell adhe-
sion molecule NF186. Together, these data indicate that NRP1
provides a molecular bridge for the transitional step between
axon guidance and target recognition during GABAergic circuit
assembly in the cerebellum.

RESULTS

Early Bias Orientation of BC Axons during PC AIS
Innervation

Stereotyped BC axon layout consists of a horizontal main branch
that runs parallel to the PCL and several collaterals that are tar-
geted to PC soma and AIS (Palay and Chan-Palay, 1974). As a
first step to understand how this target specificity does emerge,
we analyzed early developmental time points using bacterial
artificial chromosome (BAC) transgenic mice expressing GFP
(9gad67::Gfp) in a subset of BCs (Ango et al., 2008). At postnatal

PCL
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Figure 1. Aberrant Axon Organization in
sema3a~"-Deficient Mice

(A) BC axon development during pinceau synapse
formation. Camera lucida-like reconstruction of
typical BC axon organization visualized with GFP
in B20 BAC transgenic mice at P6 (A1), P10 (A2),
P12 (A3), and P16 (A4). Note that from BC axon
shaft (yellow arrows), several BC axon collaterals
emerged with a rather straight path to PCs (white
arrows).

(B-D) Quantification of axon collateral orientation
(B) showed that 50%-80% displayed a descend-
ing orientation toward PCL at all observed devel-
opmental stages (P8-P21). These collaterals
emerged at a mean of (89.7° + 6.4°) (from BC axon
shaft, as quantified in C). The same collateral angle

Fe and orientation are observed for BCs indepen-
H dently of their position in the ML and the distance
W wt Sema3a*
from PC somata (D).

SE 3 (E) Schematic representation of characteristic BC

<’é£ axon organization and targeting toward PC soma.

éi (F) Schematic representation of one folium of

g ° cerebellum (F1). Sema3a in situ hybridization at

% P12 showed strong expression in PC somata (F2).

(G and I) BC axon organization was visualized with

PARV (G) or Golgi staining (I) in both WT (G1) and

I3 Wwt W Sema3a” sema3a~’~ (G2 and ) at P12 (G and I1) or P16 (12).

254 - u White arrows showed BC axon collaterals at both

x 20 Ff F[ soma and AIS. Yellow arrows showed BC axon

é 15 main shaft (). Note that collateral position and

"?‘;‘1_0 tortuosity are totally aberrant in sema3a~’~ (11-13;
Sos "n =10, p = 0.005, Student’s t test).

(H) Quantification of pinceau area at AlIS in both
WT and sema3a~’~ revealed a statistically signifi-
cant increase in primary and collateral branches at
P12 in sema3a—'~ (**n = 10, p = 0.002, Student’s
t test). ML, molecular layer; PCL, Purkinje cell
layer; IGL, internal granule cell layer.

Scale bars represent 10 pm.

0.0

Primary Collateral
branch branch

day 6 (P6), BCs first grew a main horizontal shaft in the molecular
layer (ML) with subsequent emergence of collaterals at later
developmental ages (Figure 1A). Quantification of BC collateral
orientation revealed that 64.3% + 2.6% at P8, 74% + 1.7% at
P12, 76.2% + 1.9% at P16, and 85.7% + 1.8% at P21 of them
were already topographically biased for the PCL location and
displayed a fairly straight descending axis toward the PC soma
across every developmental stage observed from P8 to P21
(n = 10 cells for each time point; Figure 1B). During this period,
only a few collateral branches grew in the opposite direction to-
ward the ML and underwent very little morphological changes,
as compared to branches that formed the pinceau synapse
with exuberant local terminal branching (Figure 1A). Another
distinctive feature of BC axon collaterals is that they emerged
at near right angles (n = 15 cells per time point, 89.7° + 6.4°)
from the main axonal shaft (Figures 1A, 1C, and 1D). Thus, our
data revealed that the mature BC projection pattern emerges
from unambiguous directionality of axon collaterals toward PC
soma during early postnatal development, rather than by
exuberant growth followed by pruning. These results suggested
that BC axon growth was guided by local cues originating from
PCs rather than from cell-cell interaction. Indeed, if cell-cell inter-
actions were involved in BC axon organization, axon collateral
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orientation should be more precise in BCs close to PCs than in
BCs far from PCs. To test this issue, we analyzed the direction-
ality of BC collaterals in the ML. Since no correlation was found
between the angle of descending BC axon collaterals and dis-
tance of PCs (Figure 1D), we hypothesized that an extracellular
cue was involved in innervation of PCs by BCs. This prompted
us to investigate the nature of such molecular cues (Figure 1E).

Aberrant BC Axon Organization in sema3a-Deficient
Mice

We recently performed a survey of all classical axon guidance
cues (i.e., Netrin, Slit, Semaphorin, and Ephrin) expressed by PC
using gRT-PCR approach during postnatal development (Saywell
et al., 2014). We identified the secreted axon guidance molecule
SEMABA as a potential candidate since it was the only secreted
guidance cue that displayed an expression profile matching with
BC axon development. In situ hybridization performed at P3, P8,
P12, and P16 (Figures 1F and S1, available online) and Allen brain
data analyses (Lein et al., 2007) confirmed our observation of
restricted expression of Sema3a mRNA in PCs. In addition, we
and others recently showed that secreted SEMAS3A protein was
enriched around PC soma during cerebellar development (Figures
S1B-S1G) (Carulli et al., 2013; Cioni et al., 2013). This further iden-
tified SEMAS3A as a candidate for BC axon organization.

To assess a role of SEMAS3A in GABAergic axon guidance, we
analyzed BC axon organization in sema3a~’~ mice (Taniguchi
et al., 1997). In wild-type (WT) mice, BC axons labeled with par-
valbumin (PARV) enwrapped the soma of PCs and sent their ter-
minal endings to the PC hillock (Figure 1G1). In sema3a™~ mice,
BCs failed to send their axons around the cell soma and axon
hillock of PCs (Figures 1G2 and 1H; **n = 10 cells, p = 0.002, Stu-
dent’s t test). This was not due to BC mislocalization because
labeled BC somata were clearly visible in the immediate vicinity
of sema3a~'~ PCs, as is the case in WT mice (Figure 1G). Simi-
larly, the number of PARV-expressing interneurons was not
significantly different in the ML of sema3a—'~ and WT mice (Fig-
ure S1H). Because we previously showed that a SEMA3A-FYN-
dependent mechanism was responsible for terminal axon
branching (Cioni et al., 2013), we wondered whether the reduced
axonal localization of BCs at PC soma and AIS was due to early
defect in terminal axonal branching rather than mislocalization or
aberrant axon collateral branching. For this purpose, we
analyzed a single BC axon in SEMA3A-deficient mice. Using
rapid Golgi staining, we observed a severe disorganization of
BC axon shaft and collaterals (Figure 11). Sema3a~'~ BC axons
lost both their characteristic horizontal shaft organization and
straight collateral descending paths toward PCL, and displayed
aberrant tortuosity in the ML (Figure 1I; *n = 10, p = 0.005,
Student’s t test). This phenotype was also revealed in BCs as a
population using the pan-axonal antibody SMI-312, which
specifically labels phosphorylated neurofilaments in BC axons
(Buttermore et al., 2012) (Figures S1I-S1K; **n = 14, p =
0.0045, Student’s t test). Thus, SEMAS3A is required for BC ste-
reotyped axonal organization.

Ectopic SEMAS3A Redirects BC Axons In Vivo
The defect in BC axon organization observed in sema3a—'~ mice
suggests an instructive role of SEMAS3A in BC axon pathfinding.

/-
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To further characterize such a role of SEMA3A, we developed a
mixed culture of GFP-expressing ML GABAergic interneurons
and SEMA3A-expressing Chinese hamster ovary (CHO) cells
(Figures S2A and 2A) (Biederer and Scheiffele, 2007). With this
assay, we assessed how SEMABA expression shapes BC axons
in vitro (Figures 2A and 2B; Experimental Procedures) (Stepany-
ants et al., 2004). In fields with CHO cells expressing TOMATO,
BC axonal terminals were equally distributed in each quadrant
(Figures 2A and 2C). However, fields with higher density of
SEMAS3A-expressing CHO cells received a larger number of
axonal endings (Figure 2C; **n = 18, p = 0.0006, two-way
ANOVA). Because SEMABSA induced local basket axon branch-
ing through an FYN-dependent signaling pathway (Cioni et al.,
2013), we wondered whether the local increase in axonal end-
ings was due to axon branching rather than axon guidance.
Thus, we performed the same experiment in the presence of
fyn-siRNA (small interfering RNA) to inhibit the formation of
axonal branches. In this condition, BC axon endings were also
preferentially distributed in quadrant-expressing SEMAS3A (Fig-
ures S2B-S2E; ***n = 20 cells per condition, p = 0.0009, two-
way ANOVA), suggesting that BC axon guidance is mediated
through SEMABSA independently of FYN signaling. To corrobo-
rate this finding, we analyzed BC axon tortuosity in fyn~'~ mice
at single-cell resolution. We found that both BC primary and
collateral branches displayed the same tortuosity index as in
control mice (Figures S2F-S2H), further suggesting that BC
axon pathfinding was independent of FYN signaling.

The effect of SEMABA was specific to GABAergic axons since it
was observed in neurites labeled with the specific BC axonal
marker SMI-312 (Figures S3A1, 2D, and 2E), but not in neurites
labeled by the microtubule-associated protein 2 (MAP-2) den-
dritic marker (Figures S3A2, 2D, and 2E). These effects were spe-
cific to SEMA3A because of the following reasons. First, they were
not observed with the cell adhesion molecules of the L1CAM
family, NF186 or NRCAM, which are expressed by PCs and
involved in BC axon extension and targeting (Buttermore et al.,
2012) (Figure 2C). Second, when SEMAS3C, a functionally similar
class 3 Semaphorin, was expressed in CHO cells, we observed
a repulsion effect on BC axons that was opposite to the attractive
effect of SEMAS3A on BC axons (Figures S3B and S3C; ***n = 15,
p = 0.0009, two-way ANOVA). Together, these findings indicate
that SEMABA instructs BC axon-specific layout in vitro.

To further characterize the role of SEMAS3A in BC axon guid-
ance in vivo, we grafted CHO cells expressing SEMA3A into
the developing cerebellum (Figure 2F) and reasoned that this
naive source of recognition cue should attract the GABAergic
axons. A total of 10* CHO cells were injected at P8, a period
when BC axon develops, and effects analyzed at post-injection
days (PID) 7 and 14 (Figures 2G and 2H). In control conditions,
injected CHO cells expressing TOMATO induced no effect on
BC axon (Figure 2H). Interestingly, the CHO cells were incorpo-
rated at multiple locations in the granule cell layer (GCL) and
continued to express the transgene at least for 14 days post-in-
jection. SEMA3A-expressing CHO cells induced aberrant BC
axon targeting that correlated with ectopic CHO cell location in
the GCL at PID 7 (Figures 2H2a-2H2c, quantified in Figure 2G;
*n =14, p = 0.047, Fisher’s test). Further, ectopic expression of
SEMABSA in GCL did not alter the general cellular organization
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A Figure 2. Expression of SEMASA Is Suffi-
cient to Attract BC Axons In Vitro and In Vivo
(A-C) Co-culture of GFP-labeled cerebellar in-
terneurons mixed with CHO cells transfected with
control TOMATO (red; A1) or SEMA3A (red; A2).
Schematic representation of the co-culture model
with GFP-labeled interneurons (green) and CHO
transfected cells in red (B). To quantify axon local-
ization or axon branch preferential localization,
images were separated in four equivalent quad-
rants centered on the neuron soma (B). The number
of ending points was counted in each quadrant and

*k
ns

(o] D E scored against the pixel intensity of TOMATO (A1),
- SEMABSA (A2), or potential attractant candidate for
2 100  —— 00 :g(gmgg 2 50 ug(émgg BC axon, NF186, and NRCAM, as quantified in (C).
— —_ [$] L]
g_% 80 E 400] +or Sao] Note that quadrants with high SEMA3A expression
23 ig = .‘;30‘ level correlate with highest percentage of axonal
25, 2 5 o endings. (C; **n = 18, p = 0.0006, two-way
58 0 € ) ANOVA). Striking BC axon organization with a main
2 ABCD ABCD ABCD ABCD AxonDendrite § Axon Dendrite .
° TOMATO NF186 NRCAM SEMASA shaft and several collaterals that are orientated to-
ward the source of SEMAS3A is observed in vitro in
F G o PID 7 PID 14 the presence of SEMA3A (A2) as compared to
%8 0% 0 %87,5% 0% 0% 33% control TOMATO (A1). Yellow arrows pointed to BC
Transfection /\ 5< 100% main shaft, and white arrows showed collaterals.
Injection of 10000 B2 sou ns (D and E) Quantification of the length (D) and
= © ° | — |
> @ heterologous cells £ B number of branches (E) in both dendrite and axon.
P8 / ;Zﬁ In the presence of SEMASA, a 2-fold increase in

both length (D; **n = 18, p = 0.0007, Student’s
t test) and axon branches is observed (E; **n = 18,
p = 0.0004, Student’s t test), but not for dendrite.
(F) Schematic drawing of the method used to
inject CHO cells transfected with molecules of
interest in P8 mice.

(G) Quantification of the percentage of BC axons
identified in the GCL (PID7 SEMA3A, *n = 14, p =
0.047; PID14 SEMABA, ns,n=9, p =1, Fisher's test).
(H) After 7 (H1 and H2) or 14 (H3 and H4) post-in-
jection days (PID), cerebellar slices are immuno-
stained with PARV antibody (green; H) to reveal
interneuron axons. Injection of CHO cells ex-
pressing TOMATO (yellow stars in H1 and H3) did
not change cerebellar organization and BC axon
endings at PC body and AIS (arrowhead; H1a and
H3a), as schematized in (H1c) and (H3c). Note that
no BC axon can be found in the GCL (H1 and H3) or
around CHO cells expressing TOMATO as
observed at high magnification in orthogonal views
from Imaris software (yellow star; H1b and H3b).
Injection of CHO cells expressing SEMABA trig-
gered ectopic localization of BC axons in GCL 7
PID (H2; white arrows). BC axons can be found
deep inside the ML (H2a) and observed around
CHO cells expressing SEMA3A-TOMATO at higher
1 magpnification in the orthogonal view (arrows; H2b)
oL | and as schematized in (H2c). (H4) Note that after 14
] PID, BC axons are no longer in the deep GCL, but
few axons can be found ectopically near the PCL
(white arrows in H4a; schematized in H4c).

Scale bars represent 10 um.

CHO cells Fixed after 7 and 14 days post injection

GCL

of cerebellar cortex or the morphology of migrating GABAergic  (Figures S4C and S4D). Conversely, ectopic expression of
interneurons (Figures S4A and S4B). In addition, atime-lapseim- SEMASA in the ML initiated the formation of upward axonal
aging experiment performed in cerebellar slices injected with  branches that grow toward local SEMABA (Figure S4E), suggest-
SEMABA-TOMATO or TOMATO revealed that BC migrating ing that only differentiating interneurons that reached the ML
behavior and migration speed were similar to that in control slice  responded to SEMASBA.
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The effect of SEMABA was transient (Figure 2H4). At PID 14,
axons retracted from CHO cells, suggesting that other cues
were needed to stabilize BC axons (Figures 2H4 and 2G; ns
[not significant], n =9, p = 1, Fisher’s test). No detectable effect
was found on BC axon organization in GCL with CHO cells
expressing TOMATO alone (Figures 2H1a and 2H1b, schema-
tized in Figure 2H1c). Similar experiments performed with CHO
cells expressing NF186 alone showed that NF186 did not
instruct GABAergic axons (Figures 2C-2G). Together, these re-
sults showed that SEMAS3A was sufficient to attract GABAergic
axons in vivo.

NRP1 Is Expressed by BCs during Cerebellar
Development

SEMABA signaling requires activation of the holoreceptor,
composed of the binding subunit NRP1 and the accessory
signaling subunit Plexin A. In view of NRP1 being the cognate re-
ceptor of SEMA3A, we sought to determine its expression
pattern in postnatal cerebellum. At first, we purified fluorescently
labeled BCs (gad67-gfp mice, G42 line) at P3, P8, P12, P16, and
P21 by using a manual sorting procedure (Saywell et al., 2014)
and explored nrp7 mRNA expression using gqRT-PCR (Fig-
ure S5A). The presence of nrp7 mRNA in BCs can be detected
from P8 to P21, but not at P3 (Figure S5B). If SEMA3A acts
directly on BC axons, NRP1 should be expressed by BCs and
localized in the axon. Concomitantly, SEMASA should be found
at BC axon terminals. At P8, we observed strong labeling of
SEMABSA at GABAergic interneuron axon endings (Figure S5C).
Likewise, in our in vivo grafts of CHO cells expressing
SEMA3A-TOMATO, we observed accumulation of SEMA3A-
TOMATO protein on BC terminals impinging onto the AIS of
PCs (Figure S5D). To further explore NRP1 expression pattern,
we used a proximity ligation assay (PLA), a very sensitive tech-
nique of amplification that is utilized to detect low levels of pro-
tein expression or protein-protein interactions in tissues (see
Experimental Procedures). With this approach, we obtained a
specific signal for NRP1 in BCs of acute cerebellar slices pre-
pared from WT P8 (Figure S5E), P12 (Figure 3A1), and P21 (Fig-
ure 3A3) mice. At P8 and P12, a period when BC axon navigates
toward PCs, NRP1 was clearly detected in BC axons, around the
PC soma and AIS (Figures 3A1a-3A1c and S7E). At P21, BC
axons had fully developed the pinceau and NRP1 expression
was maintained precisely in the pinceau area, suggesting an
additional role of NRP1 in BC axon organization (Figures 3A3a-
3A3c). Together, these results reveal that NRP1 expression in
BC axons is consistent with cell-autonomous function of the pro-
tein during BC axon layout.

To further confirm implication of NRP1 in BC axon guidance,
we bred a conditional NRP1 mutant strain (nrp1™™) with a
transgenic line expressing the cre recombinase under the
control of ptfla promoter (ptfia::cre), which is expressed in
BC progenitors during cerebellar development (Hoshino
et al., 2005). In the ptfta:cre ; nrp1™" mouse, NRP1 expres-
sion was undetectable in BC axons and was clearly absent
in the pinceau (Figures 3A2 and 3A4, as quantified in Fig-
ure 3B). Notably, the formation of the mature pinceau was
altered (Figure 3A4), highly suggestive of a cell-autonomous
function of NRP1 in BC axon layout.
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Aberrant BC Axon Organization in Ptf1a::cre; Nrp1™"

Mouse

To further characterize the role of NRP1 in BC axon develop-
ment, we analyzed the SEMABA-induced BC axon attraction ef-
fect in the presence of selective siRNA against Nrp1 (Figures
4A2-4C;***n = 15, p < 0.00001, two-way ANOVA) or NRP1-
blocking antibody (Figure 4C; ***n = 20, p = 0.002, two-way
ANOVA) (He and Tessier-Lavigne, 1997) in the SEMA3A-ex-
pressing CHO cell/BC co-culture assay. In both conditions,
SEMABSA failed to affect BC axon guidance, showing that
SEMASA-induced BC axon attraction is triggered by NRP1
cell-autonomous expression in BCs.

We performed additional experiments with ptfla::cre; nrp1™"
mice to evaluate the role of NRP1 in BC axon pathfinding in vivo.
We observed a significant reduction of BC axons at the PC AIS
(Figures 4D and 4E; *n = 19, p = 0.0183, Student’s t test). To
further characterize the role of NRP1 in BC axon organization,
we performed Golgi staining in ptfia::cre; nrp1™" cerebellar
slices at a single-cell resolution. We observed wavy BC principal
axon shafts in the ML and poorly developed collaterals in PCL
with aberrant tortuosity (Figures 4E2 and 4F; *n = 10, p =
0.0002, Student’s t test). The BC axon phenotype observed in
the ptfia:cre; np1™ was reminiscent of that of sema3a
knockout mice, thus reinforcing the above hypothesis of a role
of SEMAS3A in BC axon pathfinding. Since SEMA3A has been
recently shown to be involved in climbing fiber synapse elimina-
tion during the same developmental stages (Uesaka et al., 2014),
we sought to examine if climbing fiber synaptogenesis was also
affected in our condition and could thus account for potential in-
direct effect in BC axon organization. We observed no gross
differences in both the morphology and localization of climbing
fiber synapses labeled with corticotropin-releasing factor (CRF)
and VGLUTZ2, respectively (Figure S6), suggesting that SEMA3A
acted independently on BCs and climbing fibers (Yamano and
Tohyama, 1994). Altogether, these data demonstrate that
SEMAS3A acts directly on NRP1 expressed by BCs during
cerebellar development to shape their stereotyped axonal
organization.

NRP1 Knockdown in BCs Affects NF186 Localization

in PCs

The cell recognition molecule NF186, expressed in Purkinje
and basket neurons, regulated cerebellar pinceau organiza-
tion during postnatal development and was required for
proper axon collateral extension and stabilization at AIS
(Ango et al.,, 2004; Buttermore et al., 2012; Zonta et al.,
2011). Since pinceau organization was altered in ptfia::cre;
nrp1™ mice, we wondered whether NF186 (Figure 5A) and
ANKG (Figure 5B) expression was also affected. While
ANKG (Figures 5A1 and 5A2) expression and localization re-
mained unchanged (Figure 5A3; ns, n = 14, p = 0.77, Stu-
dent’s t test), NF186 (Figures 5B1 and 5B2) expression pattern
at PC AIS was disturbed in ptfia::cre; np1™" as compared to
WT mice. Quantification analyses revealed a significant
diffusion of NF186 from AIS and soma toward both proximal
dendrite (Figures 5B2 and 5B3; **n = 34, p = 0.0017, Student’s
t test) and axon (Figure 5B3; *n = 34, p = 0.012, Student’s
t test) of PCs, as previously observed in ANKG-deficient
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(B) Quantification of NRP1 expression. Note that NRP1 localizes in both BC soma (yellow arrowheads) and axon (white arrows at P12; A1 and B1) and is further
enriched in pinceau at P21 (A3 and B3). NRP1 expression in BCs is completely lost in ptfia::cre; nrp1™" (A2 and A4), as quantified in (B2) and (B4).

Scale bars represent 10 um.

mice (Ango et al., 2004). ANKG is known to limit lateral diffu-
sion of NF186 within the membrane via interaction with the
non-phosphorylated form of the tyrosine residue in the FIGQY
sequence of NF186 (Garver et al., 1997). We therefore exam-
ined the phosphorylation state of NF186 in ptffa::cre; nrp1™"
mouse by immunoprecipitation. We observed an increased in
tyrosine phosphorylation signals as compared to WT that is
supportive of decreased binding with ANKG and increased
NF186 lateral diffusion (Figures 5C and 5D; n = 3, p = 0.006,
Student’s t test). These results further suggested that NRP1
expressed in BC axon affects NF186 localization in PCs by
controlling its level of phosphorylation.

NRP1 and NF186 trans-Interact during Pinceau
Formation

In addition to modulation of Semaphorin signaling through spe-
cific interaction with Plexin A, NRP1 was originally described to
mediate cell adhesion (Takagi et al., 1995). We therefore hy-
pothesized that during development, NRP1 involved in BC
axon guidance could subsequently control recognition and
maintenance of axon contact by interacting with NF186 or
NRCAM expressed at PC AIS. To investigate this possibility,
NRP1-Fc binding assays were performed in HEK293 cells
transiently transfected with NRCAM or NF186 (Figure 6A).
We found that NRP1-Fc strongly bound to HEK293 cells
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transfected with NF186 (Figure 6A2), but not with NRCAM (Fig-
ures 6A2 and 6C).

To further assess whether NRP1 can heterophysically interact
with NF186, we transfected HEK293 cells with complementary
DNAs encoding NRP1, NF186, or NRCAM, and then allowed
them to aggregate (Figure 6B). We transfected these different
cell populations separately with red (TOMATO) or GFP (Fig-
ure 6A). When HEK293 cells expressing NF186 (red) were plated
in the presence of HEK293 cells expressing NRP1 (green), red
and green cells co-aggregated to form mixed clusters (Fig-
ure 6B3), but when NRCAM was expressed instead of NF186,
the transfected HEK293 cells did not aggregate (Figure 6B2).
Moreover, NF186 and NRP1 proteins accumulated at sites of
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contact between transfected cells (Figure 6B3), and when the
B1B2 domains of NRP1 (NRP1AB1B2) are deleted, this interac-
tion is abolished (Figures 6B6 and 6D). Thus, NRP1-B1B2 do-
mains were required for interaction of NRP1 with NF186 and
cell-cell heterophilic adhesion. To firmly verify that endogenous
NRP1 and NF186 belong to the same protein complex, we per-
formed co-immunoprecipitation experiments. First, HEK293
cells were transfected with NF186 and WT NRP1, or NRP1 lack-
ing A1A2 domains (NRP1AA1A2) or NRP1AB1B2. NF186
strongly co-precipitated with NRP1 and NRP1AA1A2 (Figure 6E),
but not with NRP1AB1B2, thus reinforcing our observation from
the cell aggregation assay (Figure 6B, quantified in Figure 6D).
Furthermore, we investigated the likelihood of this interaction
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clear significant difference for basal (B3; **n = 34, p = 0.0017, Student’s t test) and apical diffusion (B3; *n = 34, p = 0.012, Student’s t test).

(C and D) Immunoprecipitation of NF186 shows that phospho-tyrosine (PY) is increased in ptfla::cre; nrp1™" (C), as quantified in (D) (n = 3, p = 0.006,

Student’s t test).

in vivo using specific anti-NRP1 and anti-NF186 antibodies (Fig-
ure 6F) and observed a strong alignment of both proteins at the
AIS of PCs (Figure 6F3). Finally, we could co-immunoprecipitate
NRP1 with NF186 from WT, but not from ptfta::cre; np1™",
mouse cerebellar cortex (Figure 6G). Thus, NRP1 heterophilic
recognition and interaction with the extracellular domain of
NF186 are likely to be involved in PC AIS target innervation.
Because NF186 is expressed in both pre- and postsynaptic
sites in cerebellum (Buttermore et al., 2012), we investigated
whether NRP1 and NF186 could interact in cis by co-capping ex-
periments (Wong et al., 2000). Specific antibody for NRP1 was
used to cross-link NRP1 on the surface of NF186-expressing

HEK293 cells. Formation of NRP1 caps was observed as a
cluster of fluorescent spots on the cell surface (Figure 6H).
NF186 expression was detected on the same cells by indirect
immunofluorescence staining with NF186 polyclonal antibodies
and showed that NF186 did not co-localize with NRP1 (Figures
6H1 and 6H2), suggesting that these proteins were not associ-
ated in cis within the plasma membrane. In contrast, when the
co-capping was performed with L1ICAM or Plexin A1, known
binding partners of NRP1, clusters of LICAM and Plexin A1
co-localized with NRP1 caps, confirming their association in
cis (Figures 6H3 and 6H4). Thus, our data showed that NRP1
and NF186 were associated in trans, but not in cis.
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SEMABS3A and NF186 Expression Are Both Required for
BC Axon Subcellular Target Recognition
Since in our in vitro cell aggregation assay SEMAS3A is dispens-
able for NF186/NRP1 interaction, we therefore investigated if
axon guidance mediated by SEMA3A was necessary to induce
cell recognition in our co-culture model. gad67::gfp interneurons
were plated on a high percentage of CHO cells expressing
NF186 alone. The logic was that GABAergic axons will likely
encounter NF186-expressing cells, although they will not be
guided by SEMASA. In this condition, axons of GABAergic inter-
neurons did not show specific interaction with NF186-express-
ing CHO cells as compared to CHO cells expressing TOMATO
(Figure S7). In contrast, when NF186 was co-expressed with
SEMABSA, we found that GABAergic axons enwrapped CHO cells
co-expressing SEMA3A and NF186 (Figure 7A3; ***n = 24, p =
0.0001, Fisher’s test), but not cells co-expressing SEMA3A and
NRCAM (Figures 7A4 and 7C; arrows, ns, n = 15, p = 0.68,
Fisher’s test). Thus, our data showed that SEMA3A and NF186
acted together to specify BC axon layout and target recognition.
To further confirm that both NF186 and SEMASA were neces-
sary for BC axon target recognition and innervation, we explored
this possibility in our heterologous cell graft assay. CHO cells co-
expressing NF186 and SEMAS3A were injected in the cerebellum,
and BC axon localization was assessed. In contrast to BC axon
retraction observed in the presence of SEMA3A-expressing
CHO cells (Figure 2H4) or lack of BC axons in the presence of
NF186-expressing CHO cells (Figures 7B1a-7B1c and 7C; ns,
n =9, p =1, Fisher’s test), BC misrouted axons stayed in GCL
around the CHO cells expressing both NF186 and SEMAS3A for
a longer time period (Figures 7B2a-7B2c and 7D; n = 13, p =
0.0210, Fisher’s test). Altogether, these results showed that
expression of NF186 together with SEMAS3A was sufficient to
prevent BC axon retraction and to promote target recognition
and innervation.

Local SEMAS3A Promotes NRP1 Expression at the Axonal
Cell Surface

How could we resolve the apparent discrepancy of the require-
ment of SEMAS3A in BC axon recognition of NF186-expressing
cells and SEMASBA’s unneeded role in mediating trans-interac-
tion between NRP1 and NF186 in vitro? To investigate this ques-
tion, we hypothesized that local SEMA3A stabilized NRP1
expression at the cell surface to trigger interaction with NF186.
Indeed, secreted SEMABA anchored at the cell surface through
its C-terminal domain could locally stabilize NRP1 (Figure S1) (De
Wit et al., 2005, 2009). Thus, we labeled NRP1 in the presence or
absence of SEMA3A in non-permeabilized conditions. Cell-sur-
face clusters of NRP1 were observed in the presence of
SEMA3A-expressing CHO cells, but not in control condition or
when CHO cells expressed NF186 alone (Figures 8A-8C). Clus-
ters of NRP1 along the interneuron axon co-localized with
SEMAS3A expressed by CHO cells (Figure 8B). These results
show that local SEMABA stabilized NRP1 expression at neuronal
cell surface. In addition, we observed the formation of NF186
clusters only in the presence of SEMAB3A that co-localized with
SEMABA along the interneuron axon (Figures 8D and 8E). There-
fore, NRP1 surface expression stabilized by local SEMA3A could
facilitate its trans-interaction with NF186.
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To better pinpoint the molecular interplay among NRP1,
SEMABSA, and NF186, we next asked whether NRP1 binding to
SEMABSA or NF186 was mutually exclusive. SEMAS3A binding to
NRP1 depended mostly on A1A2 domains of NRP1 (Janssen
et al., 2012). In our study, we showed that NRP1 lacking A1A2
domains (NRP1AA1A2) interacted with NF186 in our cell
aggregation assay and also by co-immunoprecipitation in vitro
(Figure 6), suggesting that SEMABA binding and NRP1/NF186
interactions were on different sites. To strengthen this observa-
tion, we performed a neuropilin-Fc binding assay on cells ex-
pressing NF186 alone or in the presence of SEMA3A. We
observed that NRP1-Fc bound to NF186 in both conditions
(Figures 8F and 8G). Moreover, co-localization of the three
partners within the same clusters showed that binding of NRP1
to both SEMAS3A and NF186 happened at the same time and
was not mutually exclusive (Figure 8G). Altogether, our data
demonstrated that NRP1 stabilization at the cell surface by local
SEMAS3A promoted NRP1 trans-interaction with NF186 and
therefore favored target innervation (Figure 8H).

DISCUSSION

The construction of local GABAergic circuits is an important pro-
cess during CNS development that involves precise cellular and
subcellular target innervation to fulfill physiological neuronal
network synaptic function (Porter et al., 2001; Tamas et al.,
2003). Our findings provide new insights into the molecular
mechanisms responsible for synaptic specificity during con-
struction of neuronal circuits. As a model, we studied
GABAergic innervation of PCs by BCs and demonstrate that
the long-range axon guidance molecule SEMABA and its binding
receptor NRP1 are sufficient to attract the axon of the GABAergic
interneuron at the AIS of PCs. Subsequently, NRP1 is engaged in
target recognition and contact stabilization through trans-inter-
action with the postsynaptic protein NF186, thus participating
in the construction of the PC pinceau. This provides a striking
example of a local molecular continuum mechanism between
guidance and adhesion/recognition functions in the construction
of neuronal circuitry.

Specific Local GABAergic Circuit Formation by
Guidance Cues

Here, we provide evidence that shows precise guidance of local
GABAergic interneuron axons is occurring through extracellular
cues, even though BCs are physically close to PCs. We observed
that local expression of SEMA3A was sufficient to attract BC
axons toward their targets, both in vitro and in vivo, in an
NRP1-dependent manner. This finding shows that BC axon
geometric specificity is shaped by local external cues. This is
in line with the observation that GABAergic axon trajectories
are well correlated with their postsynaptic targets as opposed
to the rather straight axons of projecting neurons that made en
passant synapses with nearby targets (Stepanyants et al,
2004). Compelling evidence of the role of SEMAS3A in BC axon
organization and guidance was obtained by ectopic expression
of SEMASA in vivo, which induced aberrant axonal pathfinding.
This aberrant axonal targeting is also observed when PCs are
misplaced in GCL, as is the case in the cerebellar-deficient folia
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(alpha N-catenin) mutant mice. These data suggest an instruc-
tive role of SEMABSA in target cells for local axonal pathfinding
of GABAergic interneurons.

Once GABAergic axons reach their target field, they contact
postsynaptic cells using molecular cues that remain poorly un-
derstood. For example, in the cortex nearly all pyramidal cells
receive inhibitory inputs from different types of GABAergic inter-
neurons without noticeable discrepancy, arguing for a rather
unspecific innervation mechanism (Lee et al., 2006; Packer and
Yuste, 2011; Wierenga et al., 2008). On the other hand, speci-
ficity and stringency of GABAergic connectivity have been
demonstrated (Ango et al., 2004; Betley et al., 2009; Stepanyants
et al., 2004). Both mechanisms may not be mutually exclusive, as
dense local connectivity is not necessary random and could be
instructed by specific target recognition mechanisms. Here, we
observed that ectopic expression of SEMAS3A alone only
induced transient aberrant axonal localization. Although many
potential targets are present in the cerebellar GCL, axons of
BCs retracted during cerebellar development. Our result is
reminiscent of the observation in spinal cord, where GABApre
neurons do not form connections with other available local neu-
rons, and instead retract their axons, arguing for high stringency
in the recognition program (Betley et al., 2009).

Role of NF186 in Axon Pathfinding

We and others have previously shown that NF186 expressed by
PCs was necessary to stabilize pinceau synapses (Ango et al.,
2004; Kriebel et al., 2011; Zonta et al., 2011). Recent data further
suggested that NF186 might be involved in guiding BC axons
(Buttermore et al., 2012). In fact, knocking down NF186 in BCs
and/or PCs disrupted the stereotyped organization of BC axon
collaterals in the ML (Buttermore et al., 2012). Here, we provide
evidence that NF186 alone was not sufficient to attract BC
axons. We observed that both in vitro and in vivo expression of
NF186 had no effect on BC axon localization per se. Instead,
we found that PCs secrete SEMAB3A, which accumulates around
the soma and attracts GABAergic axons toward the PCL (Carulli
et al., 2013; Cioni et al., 2013). But how do we reconcile the
NF186 knockdown phenotype with SEMA3A function on BC

axon organization? Accumulating evidence suggests that the
L1CAM family is involved in regulating SEMAS3A function by
forming a ternary complex with the classical SEMABA receptor
composed of NRP1 and Plexin As (Castellani et al., 2000; Wright
et al.,, 2007). It is then possible that NF186 belongs to the
SEMABSA receptor complex, as demonstrated for other L1CAM
family members such as L1, CHL1, and NRCAM (Castellani
et al., 2000; Demyanenko et al., 2011; Wright et al., 2007). How-
ever, we were unable to identify cis-interaction between NF186
and NRP1. Alternatively, NF186 may affect sensitivity of
GABAergic axons to SEMASBA by regulating the trafficking of
SEMAS3A receptor complex (Dang et al., 2012; Law et al,
2008). Indeed, during axonal navigation SEMABA-induced
growth cone remodeling is correlated with endocytosis of
NRP1 (Betley et al., 2009; Castellani et al., 2004; Fournier
et al., 2000). Interestingly, NRP1 internalization is controlled by
L1CAM (Castellani et al., 2002) and hence provides an entry
point for NF186 to control axon guidance. Indeed, NF186 ex-
pressed in BC axons (Buttermore et al., 2012) could control
NRP1 internalization during axon navigation indirectly through
interaction with TAG-1 (Volkmer et al., 1998), a protein that
was recently shown to control NRP1 endocytosis (Dang et al.,
2012). The observation that specific deletion of NF186 in both
PC and BC axons, but not in PCs solely (Buttermore et al.,
2012), induced BC axon disorganization favors the hypothesis
of a presynaptic action of NF186.

Local Molecular Continuum between Axon Guidance
and Cell Recognition

One important result of our study is that NRP1 provides a molec-
ular bridge between guidance and target recognition, which en-
sures precise subcellular innervation of PCs by BC axons. The
prevailing view of target recognition is that a specific set of
recognition molecules such as CAMs are expressed locally in
discrete cell populations and at specific subcellular domains.
Nevertheless, the mechanism that ensures the final encounter
between pre- and postsynaptic elements in a micrometer range
remains unknown. For example, in the retina pre- and post-
synaptic cells expressing the same adhesion molecule are

Figure 6. NF186 trans-Interacts with NRP1 via its B1B2 Domain

(A and C) Soluble NRP1-Fc (red; A) interacts specifically with HEK293 cells transfected with NF186 (green; A2), but not with another L1CAM family molecule,
NRCAM (green, A1).

(B) Aggregation assay of mixed HEK293 cells transfected with GFP or TOMATO alone (B1) showed no intrinsic adhesion properties. When cells are transfected
with NRP1 and GFP (B2) and further mixed with cells transfected with NRCAM and TOMATO (B2), we detected a clear trans-homophilic adhesion for NRP1-NRP1
(green aggregate), but no heterophilic adhesion with NRCAM- and TOMATO-expressing cells (B2). In contrast, when NRP1- and GFP (B3)-transfected cells are
mixed with NF186 and TOMATO cells (B3), we observed a strong heterophilic trans-interaction. Moreover, we completely lost this trans-interaction when NRP1 is
truncated for its B1B2 domains (B4 and B6), but not when A1A2 are deleted (B5).

(C) Quantification of (A).

(D) All quantifications of the cell aggregation assay in (B).

(E) NRP1 and NF186 co-immunoprecipitated in vitro, and this interaction is completely lost when the NRP1-B1B2 domains are absent (E1 and E2). Co-immu-
noprecipitation intensity was normalized to NF186 immunoprecipitation (E3) (n = 3, *p = 0.02, Student’s t test).

(F) APLA assay at P21 for NRP1 co-labeled with NF186 in both ptfta::cre; nrp1*'* (F1) and ptfia::cre; np 1™ (F2). Note the strong proximity between NF186 and
NRP1 (arrows; F1), as quantified in (F3). In ptfia::cre;np1™” we completely lost NRP1 expression around PCs. Moreover, NF186 diffused along PC apical
membrane and AIS (arrows; F2).

(G) In vivo, NRP1 and NF186 co-immunoprecipitated strongly in ptfia::cre; nrp
as quantified in (G3). A co-capping assay was performed with NRP1.

(H) Capping of NRP1 was induced in control cells expressing NF186 alone (H1) or cells expressing NRP1 with NF186 (H2), L1CAM (H3), or Plexin A1 (H4).
Scale bars represent 10 um.

1+, and we specifically lost this interaction in ptfta::cre; nro1™" (G1 and G2),
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Figure 7. SEMA3A and NF186 Act Together
to Stabilize BC Axons In Vitro and In Vivo
(A) Co-culture of GFP-positive interneurons mixed
with CHO cells transfected with control TOMATO
(red; A1), SEMABA (red; A2), SEMA3A and NF186
(red and blue, respectively; A3) or SEMA3A and
NRCAM (red and blue, respectively; A4). Note that
only co-expression of SEMA3A with NF186 trig-
gers a near-complete coverage of the CHO cells
with GFP-positive axons (arrow; A3). High magni-
fication in (A3c) and (A4c) showed across Z stack
how the axon enwrapped the CHO cells in
SEMABA co-expressed with NF186 (A3c), but not
with NRCAM (A4c), as analyzed in (C).

(B) Cerebellar grafts of CHO cells expressing
NF186 and TOMATO have no intrinsic effects on
BC axon attraction in GCL (B1). Note the charac-
teristic pinceau formation on the PCs (arrows;
B1a); summarized in (B1c). However when
SEMABA was co-expressed with NF186 (B2), we
clearly observed a strong and significant increase

P3DIV 1

>
@
o

SEMA3A
GFP

S

Z=0.7um Z=1.4um 7=2 11im ¢ of ectopic BC axons in GCL at P7 and up to PID 14
Adc (arrow; B2b); summarized in (B2c).
< (C) Quantification of percent of axonal surface
e coverage on CHO cells. Co-expression of
ZZO SEMA3A with NF186 induced significant axon
@ 7-0.7 7-1.4um 7-2.1um

surface coverage of the CHO cells (**n = 24, p =
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Figure 8. SEMA3A Stabilizes NRP1 at
Axonal Cell Surface and Facilitates NF186
Binding

(A—-C) Co-culture of GABAergic interneurons with
CHO cells expressing TOMATO (A), SEMA3A-
TOMATO (B), or SEMA3A-TOMATO with NF186
(C). In non-permeabilized condition (A1-A5), NRP1
labeling is not detectable at the cell surface (A2). In
the presence of SEMA3A-TOMATO (B1-B5), NRP1
(B2) is present at the axonal cell surface at points of
contact with SEMAS3A. Blue arrows in (B2) indicate
NRP1 labeling. Yellow arrows highlight the co-
localization of NRP1 with SEMABA. In the presence
of NF186 alone (C1-C4), no NRP1 expression was
observed at point of contact with BC axons (yellow
arrows).

(D) When CHO cells co-expressed SEMA3A-
TOMATO and NF186, NF186 co-localized with
SEMA3A-TOMATO puncta (yellow arrows) at
contact points with BC axon (D3 and D4).

Dashed lines in (A)-(D) outline GABAergic axon
localization.

(E) Note that NF186 expression alone does not
form puncta at contact points with BC axons
(yellow arrowheads; E1-E4).

Scale bars represent 10 pm.

(F) Soluble NRP1-Fc (red; F1) interacted specif-
ically with HEK293 cells transfected with NF186
(green; F2).

(G) In the presence of SEMAS3A (green; G3 and G4),
soluble NRP1-Fc (red; G1, G2, and G4) still inter-
acted with NF186 (purple; G2 and G4). Note that
NRP1-Fc co-localized with SEMA3A and NF186
(yellow arrowheads).

(H) Model depicting the dual NRP1 functions in BC
axon pathfinding (left panel), subcellular recogni-
tion (middle panel), and terminal branching (right
panel). During axonal navigation, NRP1 expressed
in BC axons (red rectangle) is guided by secreted
SEMABA (blue circle, left panels). cis-interaction of
NRP1 with protein X regulates axon guidance. As
BC axons reach their target area, extracellular
matrix (ECM)-attached or membrane-bound
SEMAB3A (blue circle with red border) stabilized
NRP1 at BC membrane (middle panel) and facili-
tated BC axon target recognition through NF186
trans-interaction. NRP1 switches from cis-inter-
action with SEMA3A to trans-interaction with
NF186 (middle panels) to mediate adhesion/
recognition. Finally, BC axons at PC AIS will form
extensive terminal branching in an SEMA3A-FYN-
dependent manner (left panel).



organized into the same sublaminae and form synaptic contacts
through homophilic interactions. Interestingly, forced expression
of a new adhesion protein in this model triggers mistargeting of
neuritic processes to a new sublamina (Yamagata and Sanes,
2008). Although the mechanism that guides both neuritic pro-
cesses in specific sublaminae is not understood, the result is
supportive of the idea that axon guidance and target recognition
are intimately linked.

Here we demonstrated that NRP1 involved in BC axon guid-
ance is subsequently engaged in target recognition by trans-in-
teracting with NF186 located at PC AIS. The adhesion property
of NRP1 was discovered long before its role in axon guidance
(Takagi et al., 1995), but until now the binding elements of
NRP1 that mediate this function were unknown. Our data show
that B1B2 domains of NRP1 are involved in the interaction with
NF186. The same domains were also identified previously to
mediate cell adhesion function in heterologous cell lines (Shimizu
et al., 2000; Takagi et al., 1995). How is NRP1 engaged in axon
guidance switch to cell adhesion activity? Axon guidance mole-
cules SEMA3s and Plexin As do not interact with B1B2 domains
of NRP1 (Shimizu et al., 2000), suggesting that the dual functions
of NRP1 may occur independently. However, we cannot exclude
the possibility that the adhesion activity of NRP1 could inhibit its
axon guidance function and vice versa. One intriguing observa-
tion is that NRP1 functions depend on the mode of interaction
with L1CAM. It has been proposed that trans-interaction of
NRP1 with L1CAM can switch NRP1 function induced by cis-
interaction (Castellani et al., 2002). It is therefore tempting to
speculate that switching NRP1 binding mode ensures the
transition from guidance to adhesion by facilitating target cell
recognition, possibly via specific structural domains (Figure 8H).

Overwhelming evidence suggests that many molecules that
were initially discovered for their functions in axon guidance
also play important functions in synapse formation, as reviewed
in Chen and Cheng (2009). Although these steps can certainly
happened independently, our results provide proof of the exis-
tence of a molecular link between these steps that may facilitate
the task of matching appropriate pre- and postsynaptic partners.
Future studies combining both properties of these molecules
might shed further light on the rules that govern formation of
brain connectivity.

EXPERIMENTAL PROCEDURES

Mixed Co-culture Assay

Animals and surgical procedures are described in the Supplemental Experi-
mental Procedures. The experimental plan was designed according to the
European Communities Council Directive and the French law for care and
use of experimental animals with authorization number B 34-309 and
approved protocol number CEEA-LR-1103.

CHO cells were maintained in Ham F12 (GIBCO) supplemented with 10%
fetal calf serum and a mix of penicillin/streptomycin. A total of 15 x 10*
cells were plated in a 24-well plate containing 18 mm coverslips and
coated with Poly-L-Ornithine. After 1 day, cells were transfected with
plasmids using JetPrime transfection reagent (PolyPlus) for 15 hr. The
medium was then replaced with fresh Neurobasal supplemented with
Glutamax (GIBCO), B27 (GIBCO), and a mix of penicillin/streptomycin. At
the same time, dissociated cerebellar GABAergic interneurons were plated
on CHO cells (10° cells/well). We plated neurons at low density to allow
analysis of individual cells.

In Vivo Injection of CHO Cells

CHO cells were maintained in Ham F12 supplemented with 10% fetal
calf serum and a mix of penicillin/streptomycin. A total of 1 x 10° cells were
plated in 10 cm dishes. After 1 day, cells were transfected with plasmids
using the JetPrime transfection reagent (PolyPlus) for 15 hr. The next day, cells
were trypsinized (Trypsin 0.25%, GIBCO) and diluted to a concentration of
5,000 cells/uL. The same day, P8 pups were anesthetized as previously
described. After incision of the skin overlying the skull, a small hole was
made directly over the left hemisphere of the cerebellum by trepanation.
A micropipette was inserted to a depth of 1.5 mm below the skull to inject
2 pL cell suspension.

Analysis of CHO Grafting

Seven or 12 days after CHO grafting, cerebellar slices that contained CHO
cells were imaged using confocal microscopy. CHO cells expressing our
transgene were systematically imaged using the red and green channels. After
acquisition, allimages were analyzed using ImageJ. Pixel intensity in the green
channel, corresponding to BC axon immunofluorescence, was measured,
including 40 um around the CHO cells. The same region of interest (ROI)
was used in all images.

Histological Procedures, Immunohistochemistry, PLA, Golgi
Staining, and Fc Binding

Under deep general anesthesia, experimental animals were transcardially
perfused with 4% paraformaldehyde in 0.12 M phosphate buffer (pH 7.2—
7.4) (10 mL). Brains were immediately dissected and stored overnight in the
same fixative at 4°C. Cerebella were then cut with a vibratome in 70 uM
parasagittal sections collected in PBS. Sections obtained from different exper-
imental sets were processed for immunofluorescent labeling with different
primary antibodies after 2 hr in a blocking solution containing PBS, 0.2% Triton
X-100, and 5% horse serum. For mixed co-culture assay, after 24 hr of growth,
cultures were fixed with 4% paraformaldehyde in PBS, permeabilized with
0.2% Triton X-100, and immunostained.

For Fc binding experiments, rat NRP1-Fc (5 pg/mL) from R&D Systems
was applied to the culture medium for 1 hr and then incubated with fluores-
cein-conjugated and anti-human Fc (1:200) prior to fixation in 4% paraformal-
dehyde. NF186 is then processed using classical immunohistochemistry.

For the PLA technique, 60 um sagittal sections were treated for NRP1 immu-
nolabeling before application of Goat Plus and Minus probes. Experiments
were then done according to the manufacturer’s instructions (Olink
Bioscience).

For Golgi staining, fixed cerebellum 250-pum-thick slices were immersed
in impregnation solution (Bioenno Tech, LLC) for 5 days in the dark,
followed by incubation in the staining solution (Bioenno Tech, LLC) to
develop the impregnation. Finally, slices were dehydrated in graded
ethanol baths, cleared in xylene, and mounted on slides with Permount
mounting medium.

Co-capping Assay

To cap surface NRP1, cells were incubated with anti-NRP1 antibody (1/500, in
HBSS, 1% horse serum) for 30 min at 4°C. Cells were washed in ice-cold
HBSS and labeled with Alexa488 secondary antibody (1/100, in HBSS, 1%
horse serum). Cells were incubated for 1 hr at 37°C and then fixed with 4%
paraformaldehyde for 15 min. Detection of NF186, L1CAM, or Plexin A1 was
performed at room temperature with dedicated primary and secondary anti-
bodies. Finally, cells were washed, mounted in Vectashield, and imaged using
a ZEISS LSM780 confocal microscope.

Aggregation Assay

HEK293T cells were maintained in DMEM supplemented with 10% fetal calf
serum and a mix of penicillin/streptomycin. A total of 1 x 10° cells were plated
in 3 cm dishes. After 1 day, cells were transfected with plasmids of interest
associated with GFP or TOMATO, depending on the experimental condition,
using the JetPrime transfection reagent (PolyPlus) for 15 hr. The next day, cells
were trypsinized (Trypsin 0.25%, GIBCO) and resuspended in 1 mL DMEM.
Cells were then mixed together and plated for 2 hr at room temperature in a
1:1 ratio (GFP and TOMATO).
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