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The synaptic proteins neurexins and neuroligins
are widely expressed in the vascular system
and contribute to its functions

Alessia Bottos®-', Erika Destro®?-1, Alberto Rissone®P:1, Stefania Graziano®®, Gabriele Cordara®®, Barbara Assenzio®,
Maria Rosaria Cera?®, Luciana Mascia¢, Federico Bussolino®!, and Marco Areseb:1-2

aDepartment of Oncological Sciences and PInstitute for Cancer Research and Treatment, University of Torino School of Medicine, 10060 Candiolo (TO), Italy;
and ‘Department of Anesthesiology and Intensive Care, S. Giovanni Battista-Molinette Hospital, University of Torino, Corso Dogliotti 14, Torino, Italy

Edited by Robert Langer, Massachusetts Institute of Technology, Cambridge, MA, and approved October 13, 2009 (received for review October 14, 2008)

Unlike other neuronal counterparts, primary synaptic proteins are
not known to be involved in vascular physiology. Here, we dem-
onstrate that neurexins and neuroligins, which constitute large
and complex families of fundamental players in synaptic activity,
are produced and processed by endothelial and vascular smooth
muscle cells throughout the vasculature. Moreover, they are dy-
namically regulated during vessel remodeling and form endoge-
nous complexes in large vessels as well as in the brain. We used the
chicken chorioallantoic membrane as a system to pursue functional
studies and demonstrate that a monoclonal recombinant antibody
against B-neurexin inhibits angiogenesis, whereas exogenous neu-
roligin has a role in promoting angiogenesis. Finally, as an insight
into the mechanism of action of B-neurexin, we show that the
anti-B-neurexin antibody influences vessel tone in isolated chicken
arteries. Our finding strongly supports the idea that even the most
complex and plastic events taking place in the nervous system (i.e.,
synaptic activity) share molecular cues with the vascular system.

angiogenesis | vessel tone | cell-to-cell adhesion |
nervous-vascular parallels | synapses

N eurexins and neuroligins, which are transmembrane synaptic
proteins of the central nervous system, are codified in humans
by families of 3 and 5 genes, respectively (1, 2). Neurexins, produced
in long () and short (B) forms, have been widely studied because
of their extended alternative splicing (1, 3) and have been localized
indirectly at the presynaptic membrane (4). Neuroligins are local-
ized at the postsynaptic membrane (5) and interact with neurexins
from the opposite side (in trans) of the synaptic cleft in a calcium-
dependent manner (6). Both proteins display a strong and selective
synapse formation-promoting activity in vitro (7, 8). Nonetheless,
knockdown of the expression of the 3 « forms of neurexins (9) or
neuroligins 1-3 (10) in the mouse demonstrates that these proteins
have a more fundamental role in the modulation of synaptic
transmission than in the early adhesive steps of synapse formation.
The same studies revealed a redundancy of function between
isoforms of the same gene family. Neurexins and neuroligins are
part of a large set of synaptic cell adhesion molecules whose
elimination in mice surprisingly results in an overall maintenance of
synaptic structures (11).

The vasculature, much like the nervous system, consists of a
hierarchical organization of vessels that form a distributed
network to reach all regions of the body. Blood vessels form
through 2 main mechanisms: vasculogenesis, which is typical of
embryonic development and is based on the differentiation of
endothelial cells (ECs) from mesodermal precursors, and an-
giogenesis, which is the creation/remodeling of blood vessels
from preexisting ones (12). Angiogenesis is carried out by
different overlapping cellular processes, including, among oth-
ers, the proliferation and migration/adhesion of ECs and the
recruitment of pericytes and vascular smooth muscle cells
(VSMCs) during the final steps of maturation (13). The larger
blood vessels are formed by a luminal coating of ECs, called the
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“intima,” and a vessel wall, which in turn is divided into the
media, consisting of VSMCs, and the adventitia, the outer layer
of the vessel built by connective tissue and fibroblasts. These 3
compartments, with different functions, are involved in a mul-
titude of physiological and pathological events, including control
of vessel tone and atherosclerosis (14).

Unlike many other neuronal cues (15), none of the known key
synaptic proteins had been shown to participate in blood vessel
function. We have explored this possible involvement and demon-
strated that various isoforms of neurexins and neuroligins are
produced by vascular cells in embryo and adult animals. They are
alternatively spliced, are involved in blood vessel remodeling, and
form endogenous complexes analogous to their behavior in the
brain. We next used the chicken chorioallantoic membrane (CAM)
as a system to investigate the role of these proteins in angiogenesis.
We show that a monoclonal humanized recombinant antibody
against B-neurexin (anti-BNRXN) inhibits vascular remodeling/
angiogenesis, whereas the overexpression of neuroligin 1 by ECs
inserted in a tumor environment induces CAM vessel growth.
Finally, we demonstrate that the anti-BNRXN antibody modulates
the vascular tone of isolated arteries, providing important insights
into the molecular activity of B-neurexins.

Results

Expression of Neurexin and Neuroligin in the Vascular System. The
original aim of this study was to investigate the expression of
neurexin and neuroligin in an in vivo setting. Preliminary immu-
nohistochemical/immunofluorescence screening was performed
with a monoclonal anti-neuroligin antibody (monoclonal anti-
NLGN, ref. 5) and a home-made polyclonal anti-pan-neurexin
antibody (polyclonal anti-NRXN) that recognizes both «- and
B-neurexins (see Figs. S1, S2, and S3 for validation and controls of
specificity). The analysis revealed that neurexin and neuroligin are
expressed in the blood vessel walls of the chicken and mouse and
in human tissues. Furthermore, the analysis demonstrated that
smooth muscle cells (SMCs) of nonvascular origin (lung bronchio-
lar SMCs) also can express neurexin (Fig. S3). Prompted by these
findings, we next focused on large blood vessels. Fig. 1 displays the
peculiar expression pattern of neurexin and neuroligin that was
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Fig. 1. Neurexin and neuroligin expression in large blood vessels. Pictures
show immunostaining of blood vessels from adult chicken brain (A-C, H, /, L,
P-R), E11 chicken embryos (D-G), and adult mouse kidneys (M-0). Sections
were stained with polyclonal anti-NRXN (B, E, F, H, L, N, Q), anti-NLGN 4F9 (P,
R), anti-aSMA (C, G, I, O), or anti-FVIII (A, D, M) antibodies. Sections linked by
open arrows (A-C; D and E; F and G; H and I; M-O; Q and R) are consecutive.
(Scale bar, 50 um) See SI Text R1 for a further description of these results.

revealed. To illustrate the pervasiveness of neurexin and neuroligin
expression in the vascular system, we performed a thorough im-
munohistochemical analysis on ES chicken embryos (Fig. 24), E18
chicken embryo organs (liver, lung, and spleen; Fig. S3), and brains
from E18 chicken embryos and adult mice (SI Text R2 and Figs. S4
and S5). From this analysis we obtained a general quantification of
blood vessel labeling by neurexin and neuroligin antibodies (Table
1 and Figs. S4 and S5). These results indicate that both the arterial
and venous compartments of the vasculature produce neurexin and
neuroligin. Moreover, in the vast majority of vessels that we
analyzed, both proteins are expressed throughout the vessel wall in
a pattern similar to anti-a-smooth muscle actin (a-SMA, Figs. 24
and S3). This is particularly clear in the immature vessels of the ES
chicken embryo. Only in the well-structured and muscularized
arteries (Figs. 1 and S5) is neurexin expression limited to a subset
of SMCs. Another distinction that can be made is that the expres-
sion of neuroligin in the large arteries of the mouse brain (Fig. S5C)
appears to cover both the endothelial and mural layers, whereas it
is restricted to the endothelium in adult chicken brain arteries (Fig.
1, P and R). Whether this difference is related to the different
amount of coverage by SMCs in the 2 types of vessel or depends on
the subtype of vessel or function will need further analysis. In Fig.
S5 we also provide a quantification of the number of vessels in which
neurexin expression is independent of neuroligin expression in the
vessel wall.

To confirm the intriguing concept of a co-localization of neurexin
and neuroligin in the wall of immature vessels, we performed
immunofluorescence detection followed by a confocal analysis on
ES5 chicken embryos. Fig. 2 shows that anti-NRXN staining overlaps
that of the anti-aSMA (Fig. 2B) and the anti-NLGN (Fig. 2C)
antibodies up to the intimal cell layer in a portion of the developing
aorta, aortic arch, and a small vessel of the head plexus. Hence,
during blood vessel assembly, neurexin and neuroligin are ex-
pressed in a pattern that allows their interaction.

Neurexin and Neuroligin Exist in Endogenous Complexes in Chicken
Embryo Arteries. To continue our studies, we used surgically
removed arteries from E18 chicken embryos. In these vessels,
which we characterized to ensure that no nerve tissue was
present in the preparation (Fig. S6 4), neurexin and neuroligin
are produced by overlapping luminal layers of cells (Fig. 34).
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Fig.2. Expression and co-localization of neurexin and neuroliginin early (E5)
chicken embryo. (A) Immunostaining of E5 chicken embryo sagittal sections
showing comparison of endothelial markers, neurexin, neuroligin, and
a-SMA. Class 3 vessels (see Table 1) are shown in low-magnification (Top) and
high-magnification (Middle) images of a cephalic region proximal to the
developing optic lobe. Sections of blood vessels of various wall thicknesses
located peripherally to the optic lobe as well as vessels entering the nerve
tissues are stained by the neurexin, neuroligin, a-SMA, and FVIII antibodies.
(Bottom) Class 4 vessels: aortic arches expressing neurexin, neuroligin, a-SMA,
and VEGFR-2. (B) Immunofluorescence and confocal analysis of E5 chicken
embryo sagittal sections showing that neurexin (red) is expressed by aSMA-
positive cells (green) in 3 examples of developing vessels: a portion of the
vessel wall of the developing aorta (Top), an aortic arch section (Middle), and
a small vessel of the head vascular plexus (Bottom). (C) Co-localization be-
tween neurexin (red) and neuroligin (green) in 2 different vessels: a section of
a developing aortic vessel wall (Upper) and a portion of the neck vascular
plexus (Lower). DAPI (blue) is nuclear staining. (Scale bar, 50 um.)

Immunoprecipitation of neurexin (Fig. 3B, Left) with the poly-
clonal anti-NRXN antibody followed by immunoblotting with
the monoclonal antibody indicated that neurexin proteins with
molecular weights in the range of 150-180 kDa (compatible with
the « isoforms) and 70-85 kDa (compatible with known S
isoforms; ref 16 and Fig. S2) were expressed in both the brain and
arteries. A 115-kDa protein band (possibly a highly glycosylated
B-neurexin isoform) appeared clearly in the arteries and in a
weak form in the brain.

The immunoblotting bands relative to the B isoforms ap-
peared as the sum of many thinner bands in both organs, a
pattern probably caused by a complex splicing and glycosylation
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Table 1. Quantification of neurexin and neuroligin expression in the E5 chicken embryo

Range of wall

thickness Number of a-SMA NRXN NLGN
(um), by SMA vessels in Range of vessel  Range of vessel staining staining staining

Class staining the class length (um) diameter (um) intensity intensity intensity Representative vessels of the class

1 0-4 17 20-250 4.5-135 0/+ + + Arteries and veins of the primary
cephalic plexus

2 4-6 13 21-270 5-250 + + + Intersomitic vessels

3* 6-10* 17* 34-1650* 13-115* ++ ++ ++ Dorsal aorta, subcardinal vein, primary
cephalic plexus

4% >10* 10* 52-1130* 33-116* +++ ++ ++ Aortic arches

Medial sagittal sections from 6 entire E5 chicken embryos were immunohistochemically stained and blood vessels throughout the sections were evaluated
for their expression of a-SMA, neurexin, and neuroligin. Next, various morphological parameters were measured, and the vessels were separated into 4 classes
based on the thickness of the SMA staining in their walls. Arbitrary values of expression were reported for each marker: +++, strong; ++, good; +, weak. Data
show that neurexin and neuroligin expression almost perfectly matches that of a-SMA.

*Examples of blood vessels included in classes 3 and 4 are presented in Fig. 2A.

process. Neuroligin immunoprecipitation and immunoblotting
(Fig. 3B, Right) demonstrated the expression of neuroligin
proteins of similar molecular weights (about 118 kDa) in the
brain and arteries.

Because most known biological activities of neurexins and
neuroligins are related to their interaction (17), we dedicated our
next set of experiments to identifying complexes of these 2
proteins in the chicken arteries and brain. For this purpose, we
immunoprecipitated each of the 2 proteins in particular cation
and detergent conditions (see Materials and Methods) and im-
munoblotted the resulting precipitate with the antibody against
its respective partner. Fig. 3C shows that neurexin and neuroligin
can be co-immunoprecipitated reciprocally in arteries as well as
in brain. Notably, although all neurexin isoforms are produced
by arteries, only B-neurexin bands (in a single discrete form, not
as a stack of bands) co-precipitate with neuroligin, indicating a
selective interaction of the 2 proteins in this tissue.

Role of Neurexin and Neuroligin in Angiogenesis. At this stage, we set
up an adaptation of the aortic ring assay (18) using E18 chicken
embryo arteries embedded in Matrigel. The subsequent immuno-
histochemical analysis on the rings revealed that the original
histological structure of the section was considerably altered (Fig.
S6C, Upper, middle row). In particular, in these conditions cells
expressing neurexin, neuroligin, and «SMA were no longer found
in single continuous layers of cells but were scattered throughout
the ring and among sprouted cells within the Matrigel matrix. Of
particular interest was the complete overlap between cells express-
ing neuroligin and cells expressing VEGF receptor 2 (VEGFR?2) in
the sprouted region (Fig. S6C, Bottom).

Because the chicken embryo aortic ring is not a classical
angiogenesis assay (SI Text RS and Fig. S6), we chose the CAM
model to pursue functional studies on angiogenesis and targeted
neurexin and neuroligin separately. For the former protein, we
selected a specific isoform, B-neurexin, based on the following
considerations: (i) It is the most studied isoform in terms of
synaptogenic activity and neuroligin binding; (i) unlike a-neur-
exins, no data are available on B-neurexin—null mice; and (iii)
our co-precipitation experiments revealed a selective co-
precipitation of B-neurexin with neuroligin in blood vessels (Fig.
3C). B-Neurexin was targeted with a recombinant antibody that
specifically recognizes the native protein (Fig. S7). Fig. 4 shows
that, in the 10-day-old CAM in which the assay was performed,
the blood vessel wall produces neurexin and neuroligin (Fig. 44)
and that - and B-neurexin (Fig. 4B, Left) as well as neuroligin
proteins (Fig. 4B, Right) can be immunoprecipitated from this
tissue. Isoform analysis by RT-PCR revealed the expression of
both neurexin 1 and 3 (a and B) and of all neuroligin isoforms
(Fig. S6B, Table).
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The addition of the anti-BNRXN reduced the FGF-2-induced
formation of capillary bifurcations (a sign of angiogenesis) by
35%, whereas a non-immune antibody in the same format
(human IgG Fab;)) did not have any significant effect (Fig. 4C).

To prove a role for neuroligin in angiogenesis, we set up an assay
in which ECs, which constantly express this protein (see also SI Text
R7 and Fig. S9), were mixed with the tumor cell line MDA-MB-435
(19) and laid on the CAM. It is known that reciprocal signaling
between ECs of the growing vasculature and target cells in the
surrounding organ, including tumors, is mediated by a variety of
soluble and membrane-bound molecules (20). This phenomenon in
turn modulates tumoral angiogenesis and metastasization (21). Our
assay showed that, in a tumorigenic environment, a much stronger
angiogenic response occurs with ECs overexpressing neuroligin 1
than with the WT ECs (Fig. 4D).

Anti-BNRXN Antibody Modulates Blood Vessel Tone. We next sought
to gain insight into the cellular activities underlying the anti-
angiogenic properties of the anti-BNRXN antibody. When we
performed in vitro assays to analyze the influence of this reagent
on the adhesive, proliferative, migratory, or survival responses of
vascular mural cells, none of these responses altered signifi-
cantly. The antibody also did not affect the neurexin- or neu-
roligin-mediated cell aggregation measured through a specific
assay (SI Text R6 and Fig. S8). We then decided to investigate
whether the reagent affected another important property of
SMCs, i.e., their contractile activity. Indeed, there is a tight link
between vascular tone, hemodynamics, and vascular remodeling,
in both the embryo and adult organism (22, 23). To this aim, we
tested the effect of the anti-BNRXN antibody on the tone of
whole arteries stimulated either by membrane depolarization or
by a soluble agonist. Although the tension induced by potassium
depolarization remained unaffected by all treatments (Fig. 54),
the anti-BNRXN treatment (Fig. 5C) significantly reduced the
development of vessel tension throughout the stimulation with
noradrenalin (NA). The maximal response value (Emax) also was
reduced significantly by the anti-BNRXN antibody (untreated =
1.19 = 0.15 mN/mm (SEM); human IgG Faby = 0.90 = 0.05;
anti-BNRXN 0.58 = 0.06; P = 0.017 vs. human IgG Fab,), P =
0.0022 vs. untreated).

Discussion

Here we provide evidence that various isoforms of neurexins and
neuroligins, exquisitely synaptic proteins, are expressed in the
blood vessel wall where they exist in preformed complexes, as
they do in the central nervous system. These data are based on
transcription analysis as well as on biochemical and immunobhis-
tochemical studies performed using different affinity reagents,
i.e., 2 different antibodies for both neurexin and neuroligin.

Bottos et al.
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Fig. 3. Neurexin and neuroligin expression pattern, protein production, and
co-precipitation in the E18 chicken embryo arteries. (A) (Top) Phase-contrast and
immunohistochemical staining of artery sections. (Middle and Bottom) Immuno-
fluorescence and confocal analyses reveal the co-localization of neurexin and
neuroligin with aSMA-expressing cells. (Middle) Polyclonal anti-NRXN (red) and
anti-aSMA (green) staining. (Bottom) Monoclonal anti-NLGN (red) and anti-
aSMA (green) staining. (B and C) E18 chicken embryo arteries were lysed using
immunoprecipitation or co-immunoprecipitation buffers (see Materials and
Methods) (B) (Left) « and B isoforms of neurexin were immunoprecipitated from
both E18 chicken embryo arteries and brain with the polyclonal anti-NRXN.
Immunoblotting was performed with monoclonal anti-NRXN. (Right) Neuroli-
gins were immunoprecipitated from E18 chicken embryo arteries and brain with
the polyclonal anti-NLGN antibody. Immunoblotting was performed with mono-
clonal anti-NLGN. (C) Co-immunoprecipitation of neurexin and neuroligin in E18
chicken embryo arteries and brain. (Left) Similar neuroligin isoforms were immu-
noprecipitated with neurexin in the arteries and brain. (Right) B-Neurexin iso-
forms preferentially precipitate with neuroligin in chicken embryo arteries,
whereas both a- and B-neurexin were enriched by neuroligin in the brain.
Immunoblots shown are representative of 3 experiments. White arrow, a-neur-
exin; black arrow, 115-KDa neurexin; striped arrow, B-neurexin.

Bottos et al.

Using different approaches, we have shown that neurexin and
neuroligin are involved in angiogenesis. We produced a specific
reagent against B-neurexin that reduced angiogenesis in the
CAM. The neuronal activity of this protein, i.e., organization of
synaptic contacts, is not directly related to the best-studied
cellular events of angiogenesis (proliferation, adhesion, or mi-
gration) and, in fact, the antibody treatment did not affect any
of these activities. However, this reagent affects blood vessel
tone, and this effect provides an interesting insight into the
possible mechanism of action of B-neurexin. Indeed, SMCs are
excitable cells, like neurons, and the other main neurexin
isoform («) is functionally coupled to voltage-gated calcium
channels (9). Moreover, in addition to the links between hemo-
dynamics and vascular remodeling, the contractile properties of
supporting/mural cells appear to have a direct role in transcap-
illary pillar formation during intussusceptive angiogenesis, a
fundamental process of blood vessel remodeling in various
embryo organs including CAM (24).

Neuroligin is invariably produced in ECs. When ECs overex-
pressing neuroligin were introduced in a tumoral pro-angiogenic
setting, their presence further promoted angiogenesis in the host
CAM vessels. An interesting possibility is that neuroligin might
mediate the secretion by ECs of direct or indirect inducers of
angiogenesis (20, 25), analogous to its role in insulin release from
pancreatic 8 cells (26). Although no vascular defects have been
described for mice carrying null mutations within the 3 neuroligin
genes (10), the experimental settings that we used involve the
overexpression of the protein within an environment that notori-
ously induces an abnormal vascular response (27).

Our findings may be important from 2 perspectives. The first
is the potential role of neurexin and neuroligin during the growth
and remodeling of the vascular system. The complexity of these
protein families greatly enlarges the number of their possible
activities. We believe that the following general working hypoth-
eses can be introduced. First, in analogy with the synaptic
environment (11), a redundant collection of adhesive proteins
that includes neurexins and neuroligins could finely regulate the
plethora of blood vessel functions. Second, the most likely
function of neurexins and neuroligins, which are physically
associated within the developing vascular system, may be in
regulating the EC-mural cell interactions, an important step
during blood vessel disassembly and maturation. However, the
functions of these 2 proteins can be analyzed both in relation to
each other and separately. For example, neuroligin co-
precipitates specifically with B-neurexins and not with a-neur-
exins, which can remain “orphans.” Third, neurexins and neu-
roligins could exploit some known or unknown vascular
counterparts of their neuronal protein partners, such as calcium
channels (9), as suggested by our data on vessel tone control, or
others, such as dystroglycan (28) or intracellular PDZ domain-
rich proteins, to carry out their biological activity. Alternatively,
as many neuronal cues (29), they could produce their effect by
interacting with the molecular machinery of key regulators of
angiogenesis.

The second perspective concerns the possible existence of
physical cross-talk between neurons and blood vessels mediated
by neurexins and neuroligins. We mainly discuss the possibility
that these proteins can mediate cross-talk during embryonic
development or within plastic events involving both the nervous
and vascular systems in the adult. In the developing embryo,
blood vessels are innervated by neuronal axons of various origins
that navigate through a maze of signals until they reach their
target. Neurexins and neuroligins are not guidance molecules,
but it is known that cell-to-cell adhesion mediated by the alpha
4 integrin expressed on axons and the VCAMI1 adhesion recep-
tor expressed on cardiac myocytes is important for the sympa-
thetic innervation of the heart (30). Another intriguing possi-
bility is that neurexin and neuroligin mediate cross-talk between
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neuroligin in CAM blood vessels. CAMs were sectioned and stained with
anti-aSMA, anti-FVIIl, polyclonal anti-NRXN, and monoclonal anti-NLGN an-
tibodies. Images show that neurexin and neuroligin are expressed in devel-
oping vessels of the E10 chicken CAM. (Scale bar, 50 um) (B) Biochemical
analysis of neurexin and neuroligin expression on E10 CAM: differentisoforms
of neurexin were immunoprecipitated from the CAM tissue with the poly-
clonal anti-NRXN antibody (Left). Neuroligins were immunoprecipitated from
E10 chicken CAM as in the brain with the polyclonal anti-NLGN antibody
(Right). (C) Effect of the recombinant anti-BNRXN antibody on FGF-2-induced
angiogenesis. The CAM angiogenesis assay was used to evaluate the effects of
the recombinant anti-BNRXN antibody on sprouting angiogenesis. The anti-
body decreases the number of vessel bifurcations compared with treatment
with human IgG Fab(y) or with FGF-2 alone. (Top) A snapshot of the CAM disc.
Blue arrowheads indicate the bifurcation used for scoring the result of the
graph. (Bottom) Bars represent the number of vessel bifurcations per disc
counted after the different treatments. n = 35 for FGF-2 alone, n = 31 for
FGF-2 + anti-BNRXN antibody; n = 31 for FGF-2 + human IgG Faby). Error bars
indicate 95% confidence intervals (Cl). ANOVA gave F = 11.081. *, P< 0.01 for
anti-BNRXN antibody vs. FGF-2 alone and FGF-2 + human IgG Fab(y
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Fig. 5. Anti-BNRXN antibody inhibited NA-induced contraction on isolated
E18 chicken embryo arteries. (A) Anti-BNRXN did not affect K*-induced con-
traction. Mesenteric arteries were incubated overnight with medium alone
(n = 4), 20 pg/mL of human IgG Fab) (n = 7), or 20 pg/mL of anti-BNRXN
antibody (n = 7). Bars represent mean tension recorded expressed as mN/
mm = SEM. (B) Original representative traces showing the dose-response
curve to NA (0.01-100 uM) of 1 artery incubated with 20 ug/mL of human IgG
Fab) (green) or 20 ug/mL of anti-BNRXN antibody (red). (C) Effect of recom-
binant anti-BNRXN on the NA dose-response curve. Mesenteric arteries were
incubated overnight with (M) medium alone (n = 4), (A) 20 pg/mL of human
1gG Fab) (n = 7), or (A) 20 pg/mL of anti-BNRXN antibody (n = 7). Anti-BNRXN
antibody decreased the mean tension value of mesenteric arteries compared
with medium alone or human IgG Faby). Data are expressed as mean = SEM.
ANOVA gave F = 10.653. *, P < 0.01 for anti-BNRXN antibody vs. medium
alone and P = 0.018 vs. human IgG Fab(;) by Bonferroni posttest.

the nervous and vascular systems during angiogenesis/
synaptogenesis/neurogenesis events that take place in the cere-
bellum and hippocampus upon repetitive physical activities
and/or motor skill learning (31, 32). It is particularly interesting

by Student Newman-Keuls test. N.S., P = 0.109 for FGF-2 alone vs. FGF-2 +
human IgG Faby) by Student Newman-Keuls test. The mean angiogenic level
inthe untreated CAM discs (not presented in the graph) was 26.5 *= 12% (95%
Cl) or 26.5 = 6% (SEM) higher than in the samples treated with anti-B-neurexin
(n =29). (P <0.01for anti-BNRXN antibody vs. untreated CAM discs. P = 0.91
for 1I9G Fab(y) vs. untreated CAM) (D) Pro-angiogenic effect of neuroligin 1
overexpression in ECs. Cultrex plugs (see Materials and Methods) of either
nontransfected or neuroligin 1-overexpressing porcine aortic ECs (PAE cells)
mixed with the tumor cell line MDA-MB-435 were incubated on CAM for 2
days, and vessel bifurcation was counted as in C. Bars represent the mean
count of bifurcationsin a fixed area. Error bars indicate 95% Cl. n = 24 for PAE
NLGN-+MDA-MB-435; n = 16 for PAE-WT + MDA-MB-435. *, P< 0.01. Identical
results were obtained with 2 different clones of PAE-NLGN.
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that spatial motor learning in the rat results in the induction of
neuroligin 1 in the hippocampus (33). Moreover, it is well known
that neuroligin and neurexin produced by non-neural cells can
induce pre- and post-synaptic specialization, respectively, in
neurons (7, 34). Hence, in the right environment, these proteins
presented by vascular cells could stimulate synaptic plasticity.

Materials and Methods
Detailed methods can be found in the S/ Text.

Production of Antibodies. The anti-B-neurexin humanized recombinant anti-
body (anti-BNRXN, clone AbyD02101) was produced by AbD Serotec Morpho-
Sys AG, using the HUCALGOLD library (35). The B-neurexin-specific peptide
HFHGSSKHHSVPIAIYRSPASLRG was used in the screening. This antibody is
subject to restrictions for in vivo use in mammalian models and requires a
license from MorphoSys AG.

The rabbit polyclonal anti-NRXN and anti-NLGN antibodies were raised
against the peptide AKSANKNKKNKDKEYYV and PHPHPHSHSTTRYV, respec-
tively, and then were purified on the antigenic peptides.

Protein Immunoprecipitation and Co-Immunoprecipitation from Tissues. Frozen
tissues were disgregated with a tissue potter and lysed for 40 min on ice with
lysis buffer (10 mM Tris HCI, pH 7.5; 150 mM NacCl; 5 mM EDTA, pH 8; 10%
glycerol; 1% Triton X-100; and 1% 3-[(3-Cholamidopropyl)dimethylammo-
nio]1-propanesulfonate (CHAPS)) and protease and phosphatase inhibitors
(50 pg/mL pepstatin, 50 ug/mL leupeptin, 10 ug/mL aprotinin, 1 mM PMSF, 100
uM ZnCl;, 1 mM Na orthovanadate, and 10 mM NaF). Samples then were
pre-cleared with protein A-Sepharose (Amersham Biosciences) and incubated
for 1 h with rabbit anti-NRXN anibody (1.5 png/mg) or rabbit polyclonal
anti-NLGN antibody (2.5 pg/mg). Immune complexes were analyzed by im-
munoblot. To detect neurexin, the membrane was incubated with the mouse
monoclonal anti-NRXN antibody (Becton-Dickinson); to detect neuroligin, the
membrane was incubated with mouse monoclonal anti-NLGN antibody (4F9;
Synaptic Systems). For the co-immunoprecipitation experiments, some mod-
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ifications were applied, as detailed in the S/ Text, to preserve the neurexin—
neuroligin interaction.

Aortic Ring Assay. Mesenteric arteries were removed surgically from E18
chicken embryos, transferred to a petri dish, and rinsed in PBS. Next, they were
cleaned of fibroadipose tissue, and rings about 1 mm in length were cut and
incubated in Growth Factor Reduced Matrigel (Becton-Dickinson) for 4 days
before immunohistochemical analysis.

CAM Angiogenesis Assays. Cortisone acetate-treated filter disks (5 mm) saturated
with 5 uL of 100 ng/mL FGF-2 (R&D Systems) and 9 ug of anti-BNRXN antibody or
human IgG Fab() (Jackson ImmunoResearch) were laid on the CAMs of 10-day-
old embryos. For the neuroligin angiogenesis studies, 1 X 105 MDA-MB-435 +
PAE-NLGN or 1 X 105 MDA-MB-435 + PAE-WT were embedded in Cultrex
Basement Membrane Extract (R&D Systems) and laid on the CAM. After 2 to 3
days of incubation, the angiogenic bifurcations were counted.

Contractile Response in Embryonic Chicken Mesenteric Artery. Isometric tension
exerted by the vessels was recorded using the wire-myograph technique
(Danish Myo Technologies) according to Mulvany and Halpern (36). The
preparations were stimulated with isotonic depolarizing KCl solutions. After
washout, cumulative dose-response curves to NA (0.01-100 pM) (Sigma-
Aldrich) were performed.
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