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Abstract The scientific interest in the family of the so-

called nervous vascular parallels has been growing steadily

for the past 15 years, either by addition of new members to

the group or, lately, by deepening the analysis of estab-

lished concepts and mediators. Proteins governing both

neurons and vascular cells are known to be involved in

events such as cell fate determination and migration/

guidance but not in the last and apparently most complex

step of nervous system development, the formation and

maturation of synapses. Hence, the recent addition to this

family of the specific synaptic proteins, Neurexin and

Neuroligin, is a double innovation. The two proteins, which

were thought to be ‘‘simple’’ adhesive links between the

pre- and post-synaptic sides of chemical synapses, are in

fact extremely complex and modulate the most subtle

synaptic activities. We will discuss the relevant data and

the intriguing challenge of transferring synaptic activities

to vascular functions.
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Introduction

Neurexins and Neuroligins have been some of the most

studied specific modulators of synaptic activity of recent

years. The interest in these proteins has been raised con-

stantly since their identification, first because of their key

role as synaptic inducers and modulators and then for their

involvement in autism. Neurexins and Neuroligins have

hence attracted the most attention from the neurobiology

field, and also from clinical neurobiology [1], genetics

[2–4] and neuropsychiatry [5]. These various aspects have

been recently and thoroughly reviewed [6–10]. We will

cover the general properties of the two proteins with spe-

cial attention to some basic molecular features that are

possibly relevant to a widespread function. Next, we will

address the nervous vascular parallels and our recent data

on the expression and function of Neurexin and Neuroligin

in the vascular system and propose a number of working

hypotheses for future studies. Moreover, we will expose the

idea that these proteins in blood vessels affect cellular

processes rather distant from cell migration and guidance,

which are to date the most thoroughly studied events that

neurons and endothelial cells share on a molecular basis.

General features of neurexins and neuroligins

Neurexins were cloned in 1992 as pre-synaptic trans-

membrane receptors for a-latrotoxin, a toxin from a spider

venom, and their most peculiar feature immediately

appeared to be their large heterogeneity due to alternative

splicing [11]. Intriguingly, the theoretical number of iso-

forms of Neurexin generated by alternative splicing nears

that of the exceptional family of immunoglobulin proteins,

Dscam, found in Drosophila [12]. Because of these
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features, Neurexins were proposed as candidate molecules

coding for the neuron-to-neuron recognitions events which

make up the complexity of the central nervous system

[13, 14]. A few years later, Neuroligin, a transmembrane

post-synaptic protein that interacts with Neurexin, was

discovered [15]. Neurexins and Neuroligins are codified

respectively by three and five genes in Homo sapiens.

Neurexins are produced in a long (a) and a short (b) iso-

form from each gene. b-Neurexins contain a single LNS

domain (laminin, Neurexin, sex-hormone binding protein

domain; also called Laminin G domain), whereas

a-Neurexins contain six LNS domains organized in three

modules with EGF-like domains (Fig. 1). The major

extracellular domain of Neuroligins is homologous to

acetylcholinesterase (AChE), but is devoid of enzymatic

activity and mediates binding to Neurexins. Neuroligins

form homo-multimers through the AChE-homologous

domain, a structural association that is important for

Neuroligin function [16, 17]. Neurexin and Neuroligin are

believed to form trans-synaptic complexes which are cov-

ered on each intracellular face by a scaffolding network of

PDZ (postsynaptic density 95; discs large, Dlg; zonula

occludens-1, ZO-1) domain containing proteins [18].

Alternative splicing of both proteins regulates this inter-

action and modulates their acitivity (Fig. 1 [10, 19–23]).

The expression of Neurexins and Neuroligins has been

described as only neuronal with a few very specific

exceptions. Neuroligin 3 has been detected in pancreas,

skeletal/cardiac muscle [24] and glia [25], Neurexin 3 is

expressed as a heart-specific splice isoform [26], while

Neurexin 1-2 and Neuroligin mRNAs are, respectively,

present in human microvascular endothelial cells and

endothelial cells from large vessels [27, 28]. Interestingly,

it was recently described that pancreatic b-cells express

Neurexins and Neuroligins and that Neuroligin affects

insulin secretion in INS-1 b-cells and rat pancreatic islet

cells [29].

In addition to a- and b-Neurexins, neurons express

Neurexin-related proteins called CASPRs (contactin-asso-

ciated proteins), which resemble a-Neurexins but contain

an additional extracellular domain. CASPRs also function

as cell-to-cell adhesion molecules, but are mainly involved

in neuron–glia interactions outside synapses [30] and will

not be considered further here.

Evolution and alternative splicing

Global analysis of the gene structure and in particular of

the sequences regulating alternative splicing in the Neur-

exin and Neuroligin gene families suggests that their

functions may have been conserved, but also differentiated

during evolution. The two protein families indeed represent

strong candidates to study mechanisms of genomic evolu-

tion. Invertebrates present five different Neuroligins [31]

and just a unique Neurexin gene (encoding a-forms only)

[32–34]. Protein sequences and major structural features of

all these proteins are conserved between invertebrates and

humans, suggesting a conservation of the function of these

molecules during evolution. In fact, different studies

demonstrated an involvement of Neurexin and Neuroligin

1 in Drosophila synaptic activity at neuromuscolar junc-

tions [32, 34–36]. However, gene structure and alternative

splicing mechanisms appear different, probably due to the

high evolutive distance between vertebrates and the ana-

lyzed species (C. elegans, D. melanogaster, A. mellifera

and B. mori) [31, 33, 37]. Intriguingly, in contrast to

Drosophila in which alternative splicing of Neurexin has

been supposed but never observed [33], the honeybee

Neurexin 1 presents specific features of mammalian Neu-

rexins. In particular, this protein presents a relative amount

of different alternatively spliced isoforms, if compared to

vertebrate heterogeneity; moreover, similarly to vertebrate

Neurexins 3, some of them are putative soluble forms given

the lack of a transmembrane portion [31]. It has been

proposed that alternative splicing has developed before the

duplication of the ancestral a-Neurexin gene into three

different genes [38]. The presence of different alternatively

spliced isoforms in A. mellifera partially confirm the pro-

posed evolutionary model, but it indicates that the

alternative splicing mechanism had already appeared in

insects. Moreover, it is interesting to note that specific

features of vertebrate Neurexins are present in some

insects. Further analyses are required in order to understand

whether they represent an old character or instead a recent

acquisition due to a possible evolutionary convergence.

Generally, vertebrates present three different Neurexin

genes and at least four Neuroligins. Different studies

indicated that vertebrate Neurexins and Neuroligins are

strongly conserved from fish to human [6, 39–42]. The

comparison of human Neurexin genes indicated a strong

preservation of gene structure and a high degree of

sequence conservation in the introns flanking alternative

splicing sites, in particular between Neurexin 1 and 3 [33,

43]. Comparing human and zebrafish genes, we found

similar levels of sequence conservation [41], in particular

at the same intronic flanking regions highlighted in a pre-

vious study [43]. Our analyses indicated a strong selective

pressure acting on exonic and intronic regions during

vertebrate evolution and highlighted the presence of neo-

and subfunctionalization events (respectively, the de novo

acquisition of a function, or the partitioning of ancestral

functions between gene duplicates [44]) in zebrafish

homologs [41]. Notably, during evolution, the selective

pressure did not act generically, but was more restricted to

specific alternative splicing sites (splice sites 2–4). These
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differences remain to be explained and they could provide

useful information about the evolution of alternative

splicing mechanisms in vertebrates. From this point of

view, given the features previously described, Neurexins

might represent an excellent model for computational

analyses on conserved intronic flanking regions involved

in alternative splicing regulation. Although Neuroligins

are highly conserved in all the vertebrates, in zebrafish

duplicated genes underwent different evolutionary fates

differentiating their alternative splicing regulation [42],

thus a similar approach could be useful for this family

as well. Indeed, in our analyses, we found some cases of

sub-functionalization events within paralogous members of

this gene family in zebrafish [42]. However, in vertebrate

Neuroligin genes, the intronic sequence conservation

around alternative splicing sites is less evident, probably

because of the reduced extent of alternative splicing.

Overall, these data indicate that alternative splicing

Fig. 1 Neurexin and Neuroligin protein structures, interactions

domains and alternative splicing sites. The biochemical interaction

sites for the two proteins are indicated by an asterisk. In the

extracellular region of Neurexin, the second LG/LNS domain of the

a isoforms binds a-distroglican, while the sixth LG/LNS domain of

a-Neurexin and the only LG/LNs domain of b-Neurexin mediate the

binding with various Neuroligin isoforms, a- distroglycan and a

member of the leucine-rich repeat transmembrane neuronal proteins

(LRRTM2). In the case of Neuroligin, the acetylcholinesterase

domain is involved in Neuroligin dimerization and binding to all

Neurexin isoforms. The intracellular C-terminal region of Neurexin

binds to the PDZ domain containing protein CASK while the

Neuroligin C-terminal domain binds to the PDZ containing proteins

PSD-95 and S-SCAM. Finally, an intracellular stretch of 15

aminoacids in Neuroligin 2 binds Gephyrin. Neuroligin is displayed

as a dimer since this is the accepted functional form of the protein

[16, 17]. The position of the alternatively spliced sites are indicated

by numbers (1–5) in the case of Neurexins and by letters (A–B) in the

case of Neuroligins (with splice site B restricted to Neuroligin 1).

Splicing variants in the site B of Neuroligin 1 and site splice 4 (SS4)

in b Neurexin control the interaction between these proteins.

Neurexin 1b SS4?, as Neurexin 1a, has less affinity for Neuroligin

1 with splice site B and binds Neuroligin 2, while Neurexin 1b SS4-

binds with high affinity Neuroligin 1 in all the isoforms [10, 19–23]
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patterns have diverged after gene and genome duplication

during the evolutionary history of both Neurexins and

Neuroligins, contributing to their functional evolution.

Functions in the nervous system

During the formation of new synapses, different and

sequential events take place. Initially, axons grow toward

the target dendrites and form contacts, then the establish-

ment of synaptic junction with recruitment of pre- and

post-synaptic machinery occurs, followed by maturation

and specification of the synapses. All these key steps are

regulated by cell adhesion proteins [45, 46] and most of the

recent efforts have focused on understanding which of

these events involves Neurexin and Neuroligin. In a first

set of experiments, in vitro assays of synaptogenesis (the

formation of new synaptic contacts) were employed, sug-

gesting a role for Neurexin and Neuroligin in the

establishment of nascent synapses. Indeed, when Neuroli-

gin is over-expressed in non-neuronal cells co-cultured

with neurons, it triggers the assembly of pre-synaptic

structures in contacting axons [47]. Similarly, b-Neurexin

over-expressed in non-neuronal cells induces the formation

of GABA (inhibitory) and glutamate (excitatory) post-

synaptic differentiations [48, 49]. The over-expression of

Neuroligins also increases the total number of synapses and

promotes post-synaptic apparatus assembly [50, 51], while

their knock-down by RNAi has the opposite effect [51].

These results have sustained the original idea of Neurexin

and Neuroligin as mediators of cell-to-cell contacts during

synaptogenesis.

Surprisingly, however, neither Neurexin nor Neuroligin

null mice display defects in the number of synapses or in

their anatomical structure [52, 53]. Knock-out mice have

been generated only for the a isoforms of Neurexin, while

no data are yet available for b-Neurexins. a-Neurexins

knock-out mice are viable, but die perinatally from respi-

ratory troubles. The elimination of the three a-Neurexins

induces the highest penetrance of defects which, however,

do not include significant morphological synaptic altera-

tions. In particular, these mice only exhibit a decrease in

the number GABAergic, but not glutamatergic terminals.

Since Neurexins are expressed at both excitatory and

inhibitory synapses, it is possible that the function of

a-Neurexin is redundant at excitatory synapses, perhaps

because of b-Neurexins expression. The most relevant

functional phenotype in a-Neurexin null mice is the

impairment of neurotransmitters release, due to a decrease

of Ca2? channels function, in particular of the N-type [52].

The general idea is hence that Neurexins are important in

Ca2?-triggered neurotransmitters release. This is in line

with the molecular interaction of Neurexin with the

synaptic vesicle exocytotic apparatus. Indeed, at the

intracellular side, Neurexins bind CASK, a component of a

tripartite complex that, with Mint and Veli, directly couples

synaptic vesicles to adhesion molecules [54]. Analogous to

a-Neurexin null mice, Neuroligin 1-3 triple knock-out mice

lack any significant defect in the synaptic ultrastructure

[53]. These mice are born normally, but die postnatally due

to respiratory problems and show a dramatic decrease in

spontaneous inhibitory synaptic activity.

Globally, the phenotypes observed in the genetic mouse

models demonstrate that Neurexin and Neuroligin have a

fundamental role in synaptic transmission rather than in the

early adhesive steps of synapses formation. These results

seem to contradict the synapse-inducing capacity of

Neurexin and Neuroligin in cultured cells. However, as

previously proposed [6], this discrepancy can be justified

by the fact that, in vitro, an increase in signal transmission

due to Neurexin–Neuroligin interaction can stabilize tran-

sient synaptic contacts, thus increasing their number [50].

The in vivo studies also highlight the existence of a func-

tional redundancy within the Neurexin and Neuroligin gene

families, at least in mice. Indeed, for both proteins, only

deletion of two or more isoforms leads to a severe phe-

notype and causes the perinatal death of the mice.

During the years, the idea that Neurexins and Neuroli-

gins may regulate the validation of synapses and the

maturation of excitatory and inhibitory specializations [50]

has been raised. Neuroligin 1 and 2 localize, respectively,

at the excitatory and inhibitory synapses, while Neuroligin

3 appears to be present at both [50, 51, 55, 56]. The dif-

ferent isoforms of Neuroligin may act by nucleating

different post-synaptic scaffold molecules. Neuroligin 1

binds to PSD95, an intracellular protein required for the

differentiation of excitatory synapses, whose amount also

dictates the balance between excitatory and inhibitory

contacts [57]. On the other hand, Neuroligin 2 contributes

to the assembly of inhibitory synapses by interacting with

the specific inhibitory post-synaptic scaffold molecule ge-

phyrin [58, 59]. Coupling of scaffold molecules at the post-

synaptic density allows, moreover, the recruitment of

transmembrane receptors to the post-synaptic side such as

NMDA-type and AMPA-type glutamate receptors [60, 61].

The role of Neurexins in the specification of synapses is

less clear, even though, apparently, a hierarchical code

based on alternative splicing governs its interaction with

different Neuroligins at excitatory and inhibitory sites [10,

19–21]. Moreover, a- and b- Neurexin 1 interact with the

post-synaptic leucine-rich repeat trans membrane protein

LRRTM2 and promote excitatory synapse formation

[62, 63].

Recent reports indicate that the trans-synaptic interac-

tion between pre- and post-synaptic adhesion molecules

controls vesicular clustering and maturation at the
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pre-synaptic side, and Neurexin and Neuroligin are

appealing candidates in mediating this mechanism. In this

respect, over-expression of Neuroligin promotes pre-syn-

aptic maturation, synaptic zone stability and increase in

pre-synaptic vesicle clustering in collaboration with

N-Cadherin and the post-synaptic scaffolding molecules

S-SCAM [64, 65].

Another recently reported process is that the synaptic

localization of Neurexin and Neuroligin is dynamically

regulated through membrane turnover. Synaptic activity

affects membrane exposure of both proteins by increasing

Neurexin and Neuroligin membrane insertion and

decreasing their internalization [66, 67]. These data support

the idea that Neurexin and Neuroligin interaction increases

after the formation of synaptic contacts and that they are

essential in the maintenance of proper neural-circuits in

pre-formed synapses.

Finally, the discussion on the synaptic functions of

Neurexin and Neuroligin must include a comment on their

involvement in human pathology. Indeed, notwithstanding

a number of important open questions [6, 68, 69], the role

of Neurexin and Neuroligin in the pathogenesis of autism

spectrum disorders (ASDs) and other cognitive diseases is

generally accepted. Different genetic alterations (point

mutations, translocations, frameshifts, large-scale dele-

tions, missense mutations, internal deletions) have been

detected in the Neurexin and Neuroligin genes in patients

with autism [70–73]. Of general interest is the fact that a

point mutation in the Neuroligin 3 gene (R451C) causes

defective protein trafficking and leads to retention of the

protein in the endoplasmic reticulum. As a direct conse-

quence, the delivery of Neuroligin 3 to the cell surface is

decreased as well as its binding activity to Neurexin [74].

Furthermore, the R451C mutation induces a misfolding

problem in the a/b-hydrolase fold that is common to other

disease-inducing point mutations [75].

Functions in the vascular system

Biochemistry and cell biology teach us how nature econ-

omizes its resources. Once a molecule or a molecular

module has been engineered at significant cost by evolu-

tion, it will be used in many different frameworks and, if

specific functions are needed, they will be achieved by

combining these elementary units. The nervous and vas-

cular systems are not atypical in this context, rather, they

share anatomical and functional features in addition to

many molecular cues. Indeed, in the last decade, there has

been an exponential surge of interest on these relationships.

Three paradigmatic phases of nervous system development

can be broadly identified: genesis of neurons, outgrowth/

guidance of axons and synapses formation. The first two of

these steps share a number of molecular determinants and

cellular events with the vascular system. For example, the

Delta/Notch and the gridlock proteins are involved in both

neural and vascular cell fate specification (reviewed in

[76, 77]), while the Semaphorins/Plexins-Neuropilins, the

EphrinB2/EphB4, the Netrin/DCC/Unc5 and the Slit/

Roundabout families are involved in axon guidance and

vascular patterning [78, 79].

The molecular pathways and cellular activities of the

guidance proteins have been the focus of much interest in

the last few years [78, 79]. On the other hand, even though

some of the same proteins can be expressed at the synapses,

none of the specific components of the synaptic machinery

has been shown to participate to the vascular function until

recently. In fact, we discovered that a/bNeurexins and

various isoforms of Neuroligins are expressed by cells of

the vascular wall (endothelial and smooth muscle cells), in

which they are alternatively spliced and form endogenous

complexes in analogy to their behavior in the brain [80].

Next, we targeted b-Neurexin with a recombinant antibody

that specifically recognizes the native protein and demon-

strated that this reagent affects an important property of

vascular smooth muscle cells (VSMC), i.e. vessel tone

control, by reducing the tension induced by noradrenalin in

whole chick embryo arteries. This is not surprising con-

sidering the role of Neurexins as calcium ion channels

modulators [52]. Furthermore, as supported by the links

between vascular tone, hemodynamics, and vascular

remodeling [81], we demonstrated that the anti-b-Neurexin

antibody significantly reduces the FGF-2-induced angio-

genesis in the chicken chorioallantoic membrane (CAM)

assay. More of our data are discussed below, while detailed

information can be found in ref. [80]. A representative

image of Neurexin/Neuroligin expression in whole mouse

brain and blood vessels is presented in Fig. 2 (modified

from [80]).

Why synaptic proteins on blood vessels?

Probably the most appealing and certainly challenging

issue of the novel findings described above does not lie

merely in the two proteins being expressed and functioning

in the vascular system, but in the fact that synaptic activity

appears distant from the vascular functions. This is an

important issue that distinguishes Neurexins and Neuroli-

gins from the proteins that mediate axon or vessel

patterning, whose neuronal role can easily be linked to

many cellular events of angiogenesis (especially migration

and adhesion, but also proliferation and cell survival). This

fact, along with the heterogeneity of the Neurexin and

Neuroligin protein families and their multifaceted func-

tions, complicates the anticipation of their role in the

Neurexin/Neuroligin in blood vessels 2659
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vascular context. Moreover, although b-Neurexin null mice

are not yet available, no vascular defects have been

described for mice carrying null mutations within the three

a-Neurexins [52] or the three Neuroligin [53] genes, so that

the most direct approaches aimed at illustrating the func-

tions of these proteins have not been informative in this

context. We cannot exclude, however, that dedicated

studies could reveal vascular defects in Neurexin and

Neuroligin null mice. In particular, since these animals die

of respiratory failure [52, 53], the lung, the organ with the

highest proportion of endothelial cells, should be one of the

first targets of analysis.

On this background, we can hypothesize the role and

mechanism of action of Neurexin and Neuroligin in the vas-

cular system taking into account two points of view: (1) the

role that these two proteins may have during the growth and

remodeling of the vascular system itself, and (2) the possi-

bility that they mediate physical neurovascular connections.

In the first instance, we should consider that Neurexin

and Neuroligin have been originally described as cell-to-

cell adhesive proteins and that, in principle, they could

promote adhesion in the vascular context. Cell adhesion is

never a purely mechanical phenomenon [82], so that

adhesive molecules can modulate different cellular events

including the paradigmatic steps of new vessels formation

(proliferation, migration, matrix adhesion, cell survival).

Nevertheless, as explained above, the mouse genetic

models indicate that the two proteins are not heavily

involved in the early adhesive events at the synapse and, at

least in the case of b-Neurexin, our data do not point to

such roles: neither overexpression of the protein, nor the

treatment of b-Neurexin expressing cells with the anti-b-

Neurexin antibody, that reduces angiogenesis, alters these

parameters significantly [80]. Reasonably, Neurexin and

Neuroligin could modulate phenotypes that have received

little interest in relation to angiogenesis, such as exocytosis

and smooth muscle cells tone. The involvement in exocy-

tosis is well supported for both proteins. Neurexin mediates

calcium-dependent exocytosis [52] and forms intracellular

complexes with modulators of this process [54], while

Neuroligin 2 affects insulin secretion [29] and binds to a

modulator of insulin release (Epac2) [83, 84]. Exocytosis

in endothelial cells plays an important role by allowing the

control of vascular tone, inflammation and angiogenesis.

One of the exocytotic mechanisms typical of endothelial

cells involves specific organelles called Weibel-Palade

bodies, which can quickly release their contents in a rapid

response to a stimulus [85]. The role of Neurexins as

VSMC tone modulators is directly supported by our data

[80] and again by their role as calcium ion channels

modulators [52].

Regarding the mechanism of action of Neurexins and

Neuroligins, we should first of all address the potential

molecular components of their vascular pathways (Fig. 3).

Synaptic protein partners of the two proteins that are

identical or have analogous counterparts in the vascular

system should be obviously considered. Representative

examples are: dystroglycan, a widely distributed protein

connecting the extracellular matrix and cytoskeleton [86,

87], calcium channels [52, 88], thrombospondin-1, a well-

known angiogenesis modulator [89, 90], and N-Cadherin, a

member of a family of proteins that mediate Ca2?-

Fig. 2 Neurexin and Neuroligin expression in blood vessels of the

adult mouse brain. a The three panels were produced by merging

several low magnification images taken from a sagittal section of a

mouse brain stained with antibodies to Synaptophysin, Neurexin and

Neuroligin, which globally produce a similar expression pattern.

Enriched areas for Neurexin and Neuroligin expression are located

in the cortex, hippocampus, hypothalamus and cerebellum.

b Magnifications of an area proximal to the hypothalamus (boxed
area in a), which presents many large vessels, including arteries and

veins. An artery (*) and a vein (**) are highlighted. Arrows indicate

blood vessels in which Neurexin expression is limited to the outer

layer of the vessel wall. Scale bar 100 lm. This figure was partially

modified from ref. [80]
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dependent cell-to-cell adhesion [64, 91]. Moreover, good

candidates can be found among intracellular PDZ domain-

rich proteins such as the homologs of PSD-95, an intra-

cellular ‘‘scaffold’’ protein that binds Neuroligin [92], and

CASK, the interactor of Neurexins [80, 92, 93]. On a wider

perspective, a literature analysis indicates that one of the

most plausible downstream mediators for vascular Neu-

roligin is nitric oxide, a mediator involved in all aspects of

blood vessel functions [90, 94–97]. This is sustained by

two facts: (1) PSD-95 modulates its synaptic activities

through nitric oxide [98] and binds to neuronal nitric oxide

synthase [99], which is structurally and functionally similar

to endothelial nitric oxide synthase, and (2) thrombo-

spondin-1, that is known to inhibit nitric oxide activity

[90], binds to Neuroligin and accelerates synaptogenesis in

the nervous system [89]. Finally, more vascular protein

partners of Neurexins and Neuroligins should be searched

among modulators of membrane trafficking. Indeed, as

mentioned above, the two proteins are dynamically

exchanged at the membrane [66, 67], and receptor

Fig. 3 Molecular interactions of Neurexin and Neuroligin. a General

summary of the main biochemical interactions described for Neurexin

and Neuroligin in the central nervous system. Neurexin and Neurol-

igin localize at the pre- and post-synaptic side, respectively, and two

b-Neurexin molecules bind a Neuroligin dimer. Neuroligin 1 is

enriched at the excitatory synapses, where it binds PSD-95. Neurol-

igin 2 and 3 are preferentially expressed at inhibitory synapses, where

the post-synaptic scaffold is nucleated by Gephyrin and Collybistin.

Another PDZ-domain protein that interacts with Neuroligin is

S-SCAM, which mediates the binding with N-Cadherin (N-Cad)

and Distroglycan (DG). Thrombospondin 1 (TSP1) has been recently

reported as a new interactor for Neuroligin 1. CASK is the only

intracellular binding partner identified for Neurexin and, through the

recruitment of other adaptor proteins, it creates a bridge with

Ca2?channels. The three-dimensional molecular arrangement of

Neurexins and Neuroligins as well as the identity of the other

interacting partners at the synapse were derived from references [58,

120–122]. The double arrow represents the functional interaction

between Neuroligin 1 and N-cadherin [64] and between a-Neurexins

and voltage dependent calcium channels (VDCC) [52]. b Hypothetical

reconstruction of the Neurexin and Neuroligin molecular partners in

blood vessels. Very little is known about the biochemical network

around Neurexin and Neuroligin in the vascular system. We

demonstrated that Neuroligin is widely expressed in blood vessels,

while Neurexin is preferentially restricted to mural cells. In the

vascular system, the b isoform of Neurexin preferentially binds

Neuroligin. Moreover, a link between Neurexin and Ca2?channels

might also exist in blood vessels. Considering the vascular expression

of several described Neurexin and Neuroligin partners, we propose a

potential scenario of molecular interactions that may involve these

proteins in blood vessels. Question marks indicate the hypothetical

interactions. Finally, since their identity needs to be confirmed, the

intracellular partners of Neurexin and Neuroligin are generally

indicated as PDZ domain containing proteins and labeled with a

different color code because of their are likely part of respectively

‘‘pre- and post-synaptic’’ families

Neurexin/Neuroligin in blood vessels 2661
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trafficking is recognized as a key mechanism for altering

the strength of synapses during synaptic plasticity [100].

One last note on the mechanism of action of Neurexins and

Neuroligins concerns their functional interdependence.

Even though we have found that the two proteins physi-

cally associate within blood vessels as well as in brain, the

possibility that they perform autonomous separate func-

tions cannot be ruled out, as recently shown in neurons

[101]. This idea is further suggested by the much higher

amount of Neuroligin that is expressed in blood vessels and

by the fact that vascular Neuroligin co-precipitates spe-

cifically with b-Neurexins and not with a-Neurexins [80],

which can remain orphan.

The second point of view concerns the possible exis-

tence of a physical cross-talk between neurons and blood

vessels mediated by Neurexins and Neuroligins. This event

could be part of very different scenarios. One is the rec-

ognition/adhesion between the axon terminals (varicosities)

and the target region of the blood vessels that takes place in

the final phase of the autonomic innervation of the vascular

system [102]. These cell-to-cell adhesive events would be

temporary, since normally the varicosities are located at a

certain distance from the smooth muscle layer [103].

Another intriguing possibility is that Neurexin and Neu-

roligin mediate cross-talk between the nervous and

vascular system during angiogenesis/synaptogenesis/neu-

rogenesis events that take place in the cerebellum and

hippocampus upon repetitive physical activities and/or

motor skill learning [104, 105]. It is well known that

Neuroligin and Neurexin produced by non-neural cells can

induce, respectively, pre- and post-synaptic specialization

in neurons [47, 49]. Hence, in the right environment,

Neurexins and Neuroligins produced by vascular cells

could stimulate synaptic plasticity. In this respect, it is very

intriguing that spatial motor learning in the rat results in the

induction of Neuroligin 1 in the hippocampus [106].

Neurexin–Neuroligin-mediated cross-talk between blood

vessels and neuronal cells could also be at play in the so-

called ‘‘vascular niche’’ of the subgranular zone (SGZ) of

the hippocampus where neuronal precursors are in intimate

contact with the blood vessels (reviewed in [107]). Finally,

as suggested by the expression of Neurexin and Neuroligin

in the vessels of the brain parenchyma [80], these two

proteins could mediate a pervasive interaction between the

vasculature and the surrounding neural tissue. If this is the

case, they would be ideally positioned within the so-called

‘‘neurovascular unit’’ to rapidly match the cerebral blood

flow to the metabolic demands of neurons [108]. Apposi-

tion of neuronal processes or perikaria to the basal lamina

of blood vessels is anatomically possible [109–112], but

has never been thoroughly investigated. Since Neurexin

and Neuroligin normally interact in an extracellular matrix-

free environment, discontinuities in the basal lamina and/or

synapse-like junctions such as those present at the bound-

ary between endothelial cells and pericytes (peg-sockets)

[110, 113] would also need to be present at the neuron/

blood vessel interface. In the circumstance of Neurexin/

Neuroligin being part of the neurovascular unit, their bond

with autism could be double. Indeed, two independent

studies [114, 115] have described bilateral temporal

hypoperfusion in autistic children. Temporal regions are

implicated in social perception, language, and theory-of-

mind, abilities that are impaired in autism. Moreover, a

significant negative correlation has been observed between

rCBF (regional cerebral blood flow) in the left superior

temporal gyrus and the diagnostic score for autism ADI-R.

The more severe the autistic syndrome, the more rCBF is

low in this region, suggesting that left superior temporal

hypoperfusion is related to autistic behavior severity [116].

These last observations are particularly intriguing when

related to the involvement of b-Neurexin in vessel tone

maintenance [80].

Our final comments are dedicated to the broadest sig-

nificance of the synaptic–vascular parallels. On the one

hand, the capacity to form billions of specific and plastic

cell-to-cell contacts through the synapses represents the

most fascinating anatomical and biochemical features of

the nervous system. Indeed, the trans-synaptic signaling

specializations include the differentiation and coordination

of the pre- and post-synaptic membranes, including the

formation of excitatory and inhibitory contacts, the direc-

tionality of the signal, the selective formation or

stabilization of the contacts and the destabilization of the

inappropriate ones [17]. Neurexin and Neuroligin partici-

pate in many of these activities and are likely to regulate

more of them as the investigation goes on. While the task

of forming and operating synapses is enormously complex,

blood vessels do not appear to have the same needs, so that

proteins engineered to support synaptic functions may

appear ‘‘wasted’’ in a simpler context such as the vascular

system. However, we may consider this situation as another

example of the already cited ‘‘economy of nature’’, or the

use of efficient solutions in different frameworks. For

example, an intriguing parallel can be drawn between the

scaffolding proteins that are positioned at the intracellular

side of tight junctions (which are typical of endothelial and

epithelial linings) and synapses [54, 117]. Moreover, our

data show that some of these intracellular proteins are

modulated during endothelial–mural cells interaction [80].

From the opposite point of view, we should not dismiss the

idea that the vascular system requires processes previously

unknown or underestimated in their complexity. In par-

ticular, we should remember that blood vessels are highly

heterogeneous [118] and perform a multitude of tasks,

some of which require rather accurate cell-to-cell recog-

nition events (e.g., leukocyte extravasation [119]). The
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existence of alternatively spliced transcripts of Neurexins

and Neuroligins in vascular cells [80] is in favor of not just

a mechanical/adhesive function, and we believe that this

discovery will be the ground for the introduction of novel

paradigms in vascular biology.
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