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Expression
of the major isoforms of three neurexin
genes
was analyzed in the developing
embryonic
nervous system
of mice by Northern
blot and in situ hybridization.
Transcripts of all three genes were detected as early as embryonic day 10 (ElO) and increased with maturation
of the nervous system. RNAs of the major neurexin
isoforms ((u and
p) were found throughout
the central nervous system exclusively
in postmitotic
neurons
and at least 1 d before
synapses
are formed. In contrast,
in the PNS the CX- and
p-isoforms
displayed
differential
expression
patterns. Neurexin Ill mRNA showed a more restricted
regional
expression than neurexin
I and II transcripts.
These expression
profiles are consistent
with the hypothesis
that the neurexins have a function in early neuronal differentiation
and axogenesis.
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The neurexins are encoded by a small family of three highly
related genes(Ushkaryov et al., 1992; Ushkaryov and Siidhof,
1993). Originally the neurexins were isolated as major components of the a-latrotoxin receptor (Meldolesi, 1982; Ushkaryov
et al., 1992; Petrenko, 1993). This toxin inducesa massiveCa2+
independent release of ACh when applied to neuromuscular
junctions (Frontali et al., 1976; Nicholls et al., 1982; Deri et al.,
1993), and neurexinstherefore may be involved in the regulated
vesicular releaseof neurotransmittersat synaptic terminals. Sequenceanalysis suggeststhat the neurexins are proteins with a
single transmembranedomain. Each gene generatestwo major
RNA isoforms (Ushkaryov et al., 1992), which in the caseof
neurexins 1 and 11encodeproteins with large (a form) or small
(p form) extracellular domains (Fig. 1). The extracellular domain of the a-form contains three internal repeatsof 406 amino
acids with homologiesto agrin, laminin A, and EGF-repeats.
The shorter p-form containsonly the C-terminal half of the third
neurexin-repeat.For neurexin Ill only sequencescoding for a
large a-variant have been reported (Ushkaryov et al., 1992).
Alternative splicing of the neurexin Ill transcript generatesmembrane-boundand potentially secretedisoforms(Ushkaryov et al.,
1992). In addition differential splicing of exons encoding segments of the extracellular domain generatesa vast number of
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neurexin isoformsthat differ in severalshort amino acid stretches.
The intracellular domain of neurexin la was shown to bind
in vitro to synaptotagmin (Petrenko et al., 1991; Hata et al.,
1993; Perin, 1994), a major integral membraneprotein of synaptic vesicles. Moreover, after purification on an cr-latrotoxin
column neurexin lol was found to be associatedwith several
proteins thought to be essentialfor the fusion of synaptic vesicles with the plasmamembrane(O’Connor et al., 1993). It was
therefore arguedthat neurexins are an important componentof
the machinery mediatingthe regulatedreleaseof neurotransmitters. So far, however, direct binding of a-latrotoxin to native or
recombinantneurexins has not been demonstrated,and physiological evidence for a function of neurexins in the regulated
releaseof neurotransmittersis lacking. The sequenceand structural homology of the neurexins to extracellular matrix molecules as well as their high polymorphism generatedby alternative splicing suggeststhat neurexins might function as cell
recognition moleculesof the nerve terminal (Ushkaryov et al.,
1992).
To validate this hypothesis we examined whether neurexins
are expressedduring the embryonic developmentof the murine
nervous system.Here we report on the spatialand temporal expressionprofiles of the major isoformsof neurexin I, 11,and 111.
Transcriptsof all three geneswere found in the embryonic CNS
and PNS at early embryonic stageswhen mostneuronsare born.
We detecteda new neurexin 1 transcript which is more abundant
than the previously reported a and p mRNAs. Whereasall isoforms of neurexin 1 and II are expressedin the spinalcord, they
show a differential expressionin dorsalroot ganglia (DRG) and
sympatheticganglia. Neurexin Ill is expressedat a lower level
in a smallernumber of cells in the CNS and is absentfrom the
PNS. As has been observed for the transcripts of other genes
encoding proteins involved in vesicular release,transcription of
the neurexin genesprecedessynaptogenesis.
Our resultsare consistentwith the idea that neurexins could be involved in early
neuronaldifferentiation and axogenesis.
Materials and Methods
outbredmicewerepurchased
from the Zentralinstitut
fiir Versuchstierzucht
(Hannover,Germany).The davof detectionof the
Animals. NMRI
vaginal

plug

was

designated

embryonic-day

zero-(EO).

Embryos

be-

tweenembrvonicdav 10 and El5 were fixed overnightin 4% (w/v)
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formaldehyde
in phosphate-buffered
saline, dehydrat&
embedded
in
paraffin,
and processed for in situ hybridization
as described previously
(Piischel et al., 1992).
Recombinant DNA. To generate probes specific for murine neurexin
transcripts,
fragments
from different
parts of the mRNAs
were amplified
from cDNA by the polymerase
chain reaction (PCR). Total RNA from
adult brain and El5 embryos
was prepared by standard procedures.
The
tissue was lysed in 4 M guanidinium
thiocyanate
and purified
by cen-
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Figure I. Schematic representation of the neurexin mRNAs (neurexin
I, II, and III) and the hybridization probes (NXl, NX2, and NX3) used.
A schematic representation of transcripts corresponding to the OL-, p-,
and secreted neurexin isoforms is shown together with the location of
the different probes used (indicated by solid bars). Lightly stippled boxes correspond to the internal repeats in the extracellular domain, heavily
stippled boxes to putative transmembrane domains, arrows to start codons, and stars to stop codons, respectively. In the neurexin III transcript an alternative splice site is indicated, which gives rise to the
membrane-bound
variant. Use of a downstream splice site and
translation of the intronic sequences creates a potentially secreted form.
Isoform-specific probes for neurexins I, II, and III were generated using
the primers listed in Table 1.

trifugation through a 5.7 M cesium chloride cushion as described previously (Ptischel et al., 1990). PolyA+ RNA was prepared using the
polyATract system (Promega). cDNA was generated form 1 pg of
polyA+ RNA in a final volume of 20 p,l using a cDNA synthesis kit
(Boehringer Mannheim) according to the manufacturer‘s specifications.
PCR was performed with 1 pl aliquots of a cDNA synthesis using 100
pmol of each primer (Table 1) and 5 U Taq polymerase (GIBCO-Bethesda Research Labs) according to the manufacturer’s specifications at
a final MgCl, concentration of 3 mM.
To avoid cross-hybridization of the probes, primer sequences were
chosen from untranslated sequences whenever possible. Attempts to isolate by PCR probes specific for the 5’ nontranslated sequences of the
neurexin I and II mRNA were unsuccessful. We therefore used probes
corresponding to the coding part of both transcripts (NXla, NX2a; see
Fig. 1) which were specific under the conditions used as they gave
distinct signals both in Northern blot and in situ hybridizations. Probes
derived from 3’ nontranslated sequences (NXlb, NX2b) should detect
both 01 and I3 forms of neurexins I and II. The probes derived from the
5’ nontranslated part of the l3 forms (NXlB and NX2B) are specific for
neurexins IB and 116, respectively. Probes NX3a, NX3Sa, and NX3Sb
were designed to recognize the transcripts encoding the membranebound and one secreted form of neurexin III, respectively, whereas the
NX3a probe detects all published neurexin III isoforms. Primers for
probe NX3Sa, however, gave a product only when using rat brain
cDNA.
PCR fragments were generated by 30 cycles of denaturation (1 min,
94”C), annealing (1.5 min, 60°C) and extension (1.5 min, 72”C), digested with EcoRI and BamHI (New England Biolabs), purified and
subcloned into Bluescript (Stratagene). The identity of the plasmids was
confirmed by partial sequencing (Pharmacia T7 sequencing kit).
Northern hybridization. Two micrograms of polyA+ mRNA were
separated on formaldehyde gels and blotted onto positively charged
nylon membranes (Boehringer Mannheim). Cloned PCR fragments and
a 1.9 kb fragment (probe NXl) derived from the pCMV-neurexin I
plasmid (generously provided by T Stidhof; Ushkaryov et al., 1992)
were randomly labeled with 32P (Pharmacia random-labeling kit). Hybridizations was performed in 50% (v/v) formamide (Fluka), 5 X salinesodium citrate (SSC), 5 X Denhardt’s solution, 25 mM sodium phosphate
buffer (pH 6.8), 5 mM EDTA, 0.1% (w/v) sodium dodecyl sulfate
(SDS), and 100 p,g/ml calf thymus DNA (Sigma) at 60°C overnight.
The filters were washed twice at room temperature for 5 min, twice at

Table 1. PCR primers used for generating
Probe
NXla
NXlb
NXlP
NX2a
NX2b
NX2P
NX3a
NX3Sa
NX3Sb

neurexin probes

Primers
GAGGATCCGAAIGTGGTGTKCAQTGTGGATT
GAGAA’ITCTCC/TTCTGCC/TCCGTG/ATGCAT
GGGAATTCGAGAAGCAGCCCAGCAGTGC
GAGGATCCCCTCCTGATCGCATTCCCTG
GAGGATCCCGCCATGTACCAGAGGATG
GGGAATTCGATATACGTCGTCCCAGCG
GAGGATCCGAA/GTGGTGT/CCAC/TGTGGATT
GAGAATTCTCC/TTCTGCC/TCCGTG/ATGCAT
GGGAATTCCCCAAGACGCCCAGCAAGGC
GAGGATCCCTGACAGGCGCAGAGCGGAG
AAGAATTCCCGCCGCTGCCGCTTCTGC
GGGGATCCGATGTATGTGGTCCCAGCG
AGAGGATCCTGGGCTACTTCTCCTTG
GGGAATTCGGAGGGTAAAGCTCATGTTG
GGGAATTCGTGCCGCCCTTACATGGAC
GAGGATCCCTCATCAACAAATTGCCCGC
GGGAATTCGTGCCGCCCTTACATGGAC
GCGGATCCCTTTGGAGGGACTTAGGATG

Positions0
2578-2596
3061-3080
5312-5331
5470-5490
120-139
387-368
1975-1994
2480-2461
5313-5321
5614-5594
535-554
720-701
409-426
778-758
4908-4926
5578-5559
4908-4926
5282-5263

Fragment
length (bp)
502
200
268
505
310
186
370
670
374

a Positions of primers taken from published cDNA sequences(Ushkaryov et al., 1992; Ushkaryov and Siidhof, 1993).
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Figure 2. Northern blot analysis of neurexin expression. A, PolyA+
RNA (2 kg per lane) from El2 (lanes E12) or El5 (lane E1.5) embryos,
and from newborn (lanes N) or adult (lanes A) brain was separated on
formaldehyde gels, blotted onto a nylon membrane and hybridized with
the NXl, NXla, NXlb, or NXlP probes as indicated. B, As A, but
polyA+ mRNA was hybridized with the NX2a, NX2b, or NX2P probes
as indicated. All hybridizations were done with blots run in parallel or
probed consecutively. All blots were hybridized with a y-a&in probe to
show that similar amounts of mRNA were loaded (data not shown). In
A, lanes 3, 4, 7, and 8 (bottom), a residual signal from a previous actin
hybridization is visible. Transcript sizes are indicated in kilobases.
65°C in 2X SSC, 0.1% (w/v) SDS, and twice at 65°C in 0.1X SSC,
0.1% (w/v) SDS. After exposition hybridized probes were removed
from blots by incubation in 90% (v/v) formamide, 10 mM EDTA, 10
mM Tris/HCl (pH 8.0) at 60°C for 30 min and rehybridized up to five
times.

In situ hybridization.
In situ hybridization of paraffin sections was
done as described previously using 35S-labeledRNA probes (Ptischel et
al., 1992). Only signals detected in several independentexperiments and
on several sections were considered for the description of transcript
expression patterns.
Results
Northern blot analysis of neurexin transcripts
In order to analyze the expression patterns of the major isoforms
of the three neurexin genes during murine embryonic development, several specific probes were generated by PCR. Based on
the published rat sequences primers were designed to amplify
the corresponding sequences from murine cDNA generated from
El2 embryonic or adult brain mRNA (Table 1, Fig. 1; see also
Materials and Methods). To avoid cross-hybridization
of the
probes, primer sequences were chosen from untranslated sequences whenever possible. We first analyzed neurexin expression by Northern blot hybridization to confirm the specificity of
the probes and for an initial characterization of the expression
profiles of the neurexin genes (Fig. 2).
A 1.9 kb BamHI fragment from the rat neurexin I cDNA
(probe NXl) detected three transcripts of 9.2 kb, 6.5 kb, and 5.1
kb of similar abundance in both newborn and adult mouse brain
(Fig. 2A). The 9.2 kb transcript was also detected by the NXla
probe (Fig. 2A) and corresponds in size to the rat neurexin Ia
transcript (Ushkaryov et al., 1992). A 6.1 kb mRNA was seen
when using probes NXlb and NXlP (Fig. 2A) and is similar in
size to the rat neurexin Ip mRNA (Ushkaryov et al., 1992). In
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addition. a strong signal at 3.8 kb was observed with the NXlb
probe b&h in Ei2 a;d El5 embryos and in newborn and adult
brain (Fig. 2A). This transcript was of much higher abundance
than the 6.1 kb neurexin Ip RNA. NXl b did not hybridize to
the neurexin Ia transcript in Northern blot analysis as was expetted from the published neurexin I sequence. Also, this probe
gave a different pattern from that of the NXla probe when used
for in situ hybridization experiments (see below).
Probe NX2a hybridized to a single transcript of 7.4 kb (Fig.
2B) which is in good agreement with the reported size of the rat
neurexin IIa transcript (Ushkaryov et al., 1992). A transcript of
the same size as the rat neurexin IQ3 RNA (4.4 kb) was seen
with both the NX2b and NX2P probes in embryos and newborn
and adult brain (Fig. 2B), with levels increasing from El2 to
adult stages. The NX3a probe hybridized to a 8 kb transcript in
newborn and adult brain which is in accordance with results
obtained with rat brain (not shown). However, no signals were
detected when using either the NX3Sa or NX3Sb probes (data
not shown).
In situ hybridization analysis of neurexin expression during
embryonic development
The spatial and temporal expression patterns of the three neurexin genes were examined using antisense RNA probes derived
from the cloned fragments NXla, NXlb, NXlP, NX2a, NX2b,
NX2p, NX3a, and NX3Sb. The NXlb and NXlP, as well as
the NX2b and NX2P, probes gave identical results both on
Northern blots (see above) and in situ hybridization experiments
(data not shown), and they detected the neurexin Ip and neurexin
IIP transcripts, respectively. We used the NXlb and NX2b
probes for all further analysis. No specific hybridization was
obtained with NX3Sb (data not shown).
Expression in spinal cord and PNS
At El2 all neurexin genes were expressed in the developing
nervous system exclusively in postmitotic neurons (Fig. 3). In
the thoracic spinal cord the probes NXla, NXlb, NX2a, and
NX2b gave similar results. In dorsal root ganglia (DRG), however, NXlb detected low, and NX2a no signals above background (Fig. 3G,H). Probe NX3a revealed a more restricted transcript pattern with strong hybridization in the more medial part
of the mantle zone, whereas the intermediate zone and the most
ventral part of the spinal cord were not labeled (Fig. 35). Expression of all three neurexin genes was more restricted at the
lumbar level (Fig. 3A-E). As already seen in the thoracic region,
NXla and NXlb showed hybridization patterns very similar to
that produced by the NX2a and NX2b probes. This expression
domain showed little or no overlap with that detected by NX3a.
Thus, neurexins I/II and neurexin III may initially be expressed
in mutually exclusive cell populations. As judged by their respective positions in the mantle zone, transcripts of all three
genes accumulated within a day after the neurons became postmitotic (Nornes and Carry, 1978; Altman and Bayer, 1984).
These findings were corroborated by Northern blot analysis (data
not shown) and by in situ hybridization with the NXl b, NX2b
and NX3a probes of thoracic cross sections obtained from El0
and El 1 embryos (data not shown). These gave similar results
as obtained for the caudal region of El2 embryos.
At El5 the majority of the neurons have been born in the
spinal cord (Nornes and Carry, 1978; Altman and Bayer, 1984).
At this stage the expression patterns of the different neurexin
genes became more distinct. NXla/b hybridization signals were
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Figure 3. Cross sections of El2 (AJ) and El5 (K-O) mouse embryos
from the lumbar (A-E) or thoracic level
(F-O) were hybridized with the NXla
(A, F, K), NXlb (B, G, L), NX2a (C,
H, M), NX2b (D, I, N), or NX3a (E, J,
0) probes. Expression is seen in spinal
cord (SC), dorsal root ganglia (drg), and
sympathetic ganglia (sg). dh, Dorsal
horn; vh, ventral horn; v, ventricular
layer; m, mantle layer. Scale bar: A-H,
200pm; K-O, 400 urn.

found throughout the gray matter of the spinal cord with somewhat higher levels in the dorsal horn, whereasNX2a/b showed
very strong and uniform expression (Fig. 3K-h9. The NX3a
probe labeled a subsetof neurons that are uniformly scattered
throughout the spinal cord (Fig. 30). Significant differences in
transcript distribution were obvious in DRGs and sympathetic
ganglia (SG) at this stage(Fig. 4). All isoforms of the neurexin
I and II mRNAs were present in DRGs (Fig. 4A-H) whereas
only neurexin Io and IIB transcriptswere detectedin SGs (Fig.
4A,G). The neurexin III genewas not expressedin any of these
structures(Fig. 30). Only a subsetof DRG neuronsshowed a
signal with the NX2a probe (Fig. 4F).
Expressionin embryonic brain
At El2 the neurexin I and II genes showed very similar expressionpatterns in the developing brain. Both the 01-and Bisoforms were detected in all parts of the brain with the excep-

which had already left the ventricular zone. Similar to the data
obtained for spinal cord, NX3a detected a more restricted expressionpattern (Fig. SE). No expressionwas seenin the roof
of the midbrain (tectum) but high levels were obvious in the
tegmentum and at the midbrain/forebrain junction (Fig. SE).
Neurexin III mRNA was strongly expressedin the prospective
basalforebrain (ganglionic eminence)at higher levels compared
to those of neurexin I and II transcripts.All neurexin mRNAs
were absentfrom the frontal cortex at this stage.
At El5 most brain regions as well as the cervical ganglia
expressedneurexin Iol, IIa, IB, and IIB mRNAs in a very similar
pattern (Fig. 9-Z). Whereasthe trigeminal ganglion contained
all forms of neurexin I and II transcripts, the superiorcervical
ganglion expressedonly neurexins Io and IIB (Figs. 5F-J, 6A0). Strong hybridization signalswere seenthroughout the hindand midbrain including the cerebellarprimordium. The anterior
parts of the tectum displayed higher levels of neurexin tran-

tion of the forebrain,

scripts than its more posterior

where

only weak signals were seen (Fig.

SA-D). Hybridization was restricted to postmitotic neurons

parts. In the frontal cortex strong

signalswere observedin the cortical plate, part of the striatum,
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Figure 4. Cross sections of El5 mouse embryos from the thoracic
level were hybridized with the NXla (A, B), NXlb (C, D), NX2a (E,
F), or NX2b (G, H) probes. Expression is seen in the dorsal root (drg)
in A, C, E, and G and sympathetic ganglia (sg) in A and G. A higher
magnification of the DRGs displayed in A, C, E, and G is shown in B,
0, F, H. Note that only a subset of DRG neurons express neurexin 11~
Medial is to the left. Scale bar: A, C, E, G, 200 pm; B, U, F, H, 100
pm.

and the hippocampus (Fig. .5K-N). The neurexin III probe
showed a different pattern with prominent expression in the
striatum (the caudate-putamen;Fig. 5J) and somerestricted cell
populationsin the cortex and mid- and hindbrain. In the frontal
cortex two distinct cell layers in the cortical plate and at the
interface between the cortical neuroepithelium and the corpus
callosum showed neurexin III signals(Fig. 50). Neurexin III
was absent or only weakly expressedin cervical ganglia. The
olfactory epithelium (Fig. 7C, and data not shown) and the retina
contained all neurexin mRNAs at El5 (Fig. 7A,B, data not
shown). Neurexin I and II transcriptswere found in all cells of
the inner nuclearlayer of the retina, whereasneurexin III mRNA
was restrictedto a smallzone of the inner nuclear layer adjacent
to the outer nuclear layer. Outside the CNS, the neurexin III
gene was activated around the primordia of the vibrissa follicles
(Fig. 70).

Discussion
The neurexinsform a small genefamily of three highly related
genesthat give rise to a great variety of alternatively spliced
transcripts(Ushkaryov et al., 1992). Thesegenesare almostexclusively expressedin neural tissue(with the notable exception
of neurexin III; seeabove), and the neurexin I protein is highly
enriched at synapses(Valtorta et al., 1984; Ushkaryov et al.,
1992). Originally the neurexinswere isolatedas componentsof
the purified receptor for a toxin from black widow spidervenom,
a-latrotoxin (Ushkaryov et al., 1992; Petrenkoet al., 1993). This
toxin binds to a receptor on synaptic terminals and induces a
massiveCa2+independentreleaseof neurotransmitter(Frontali
et al., 1976; Nicholls et al., 1982; Deri et al., 1993). Notably, in
vitro the C-terminal tail region of neurexin binds to synaptotagmin (Petrenko et al., 1991; Hata et al., 1993; O’Connor et al.,
1994), a synaptic vesicle membraneprotein implicated in the
Ca*+ triggering of synaptic vesicle exocytosis (Bommert et al.,
1993; DeBello et al., 1993; Elferink et al., 1993).
Northern blot hybridizations revealed a complex pattern of
neurexin transcriptsin mouseembryos and brain. In addition to
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the known major (Y- and B-isoforms we found a smaller transcript of 3.8 kb which was detected only by the NXlb probe.
We considerit unlikely that this result reflects cross-hybridization to related gene products becauseof the high stringency of
the hybridization procedure used. Thus, the 3.8 kb transcript,
which is the most abundant neurexin I mRNA found in this
study, may representanother alternatively splicedvariant or the
product of an alternative polyA addition site. This interpretation
is supportedby our in situ hybridization analysis which gave
identical results with the NXlb and NXlB probes.In contrast,
the NXlb probe did not hybridize to the neurexin Io transcript,
a result that is difficult to reconcile with the data publishedby
Ushkaryov et al. (1992). As these authors did not specify the
probesusedin their Northern blot analysis,we have no explanation for our failure to detect the neurexin Ia mRNA with the
NXlb probe.
The neurexin genesare expressedas early as El0 in the embryonic nervous system of the mouse. In situ hybridization
showed that their expressionis limited to postmitotic neurons
and increaseswith developmentas more neuronsare born. During the development of the embryonic nervous systemmitotic
neuronalprecursorsare located in the ventricular zone (Nornes
and Carry, 1978; Altman and Bayer, 1984). After completion of
their final mitosis the cells migrate from the ventricular zone to
the mantle zone where their terminal differentiation takesplace.
In the spinalcord the extent of the mantle zone increasesby the
continuousaddition of new postmitotic neuronsbetweenE9 and
E15. As a general rule this processproceedsfrom anterior to
posterior and ventral to dorsalwith the more anteriorly and ventrally located neuronsbeing the more mature cells of the developing spinal cord. Accordingly, expressionof all three neurexin
genesis more restricted at the lumbar, more immature, level
where the development of neuronslags by approximately 1 d
relative to the thoracic region. Neurexins Ia, IIa, IB, and IIB
show very similarexpressionpatternsin the CNS. In spinalcord
neurexin Ia and IB transcriptsare expressedat a slightly higher
level in the dorsalhorn ascomparedto the other layers, whereas
neurexin IIa and IIB mRNAs are expresseduniformly throughout the gray matter. Neurexin III differs from the other genesby
its more restricted expressionpattern. Major differences in expressionare seen in the PNS (Table 2). All isoforms of the
neurexin I and II mRNAs were presentin DRGs whereasonly
neurexin Io and IIB signalswere detected in SGs. The same
observation was made in the cranial region. Whereas all neurexin I and II transcriptswere found in the trigeminal ganglion,
only neurexin Ia and IIB expressionwas detectedin the superior
cervical ganglion. The neurexin III gene was not expressedin
any of these structures.All neurexin transcripts were found in
the spinal cord as early as ElO, that is, at least 1 d before synapsesare formed. However, neurexin mRNAs are presentonly
in structureswhere synapsesare formed or which are innervated:
the CNS and PNS, the retina, the whisker padsand the olfactory
epithelium. The differences in peripheral expressionpatternsas
well as the more restricted transcription of neurexin III indicate
that each neurexin might have a specific role in the different
structures.
Our resultsmay reflect the possibility that the neurexin genes
are active long before synapsesare formed, whereasthe encoded
proteins are required only later for synaptic transmission.However, although it is dangerousto draw conclusionsfrom transcript distributions without information about the expressionof
the correspondingproteins, we think that our data allow some
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Figure 5. Sagittal sections of El2 (AE) and El5 (F-O) mouse embryos
were hybridized with the NXla (A, F,
K), NXlb (B, G, L), NX2a (C, H, &I),
NX2b (0, Z, N), or NX3a (E. J. 0)
probes. Expression was seen in the
hindbrain (h), midbrain (m), cerebellar
primordium (ce), forebrain (f) including the caudate-putamen (cp), the cortical plate (c), the hippocampus (hi),
the tectum (t). the trigeminal ganglion
(tg). the superior cervical ganglion
(scg), and the spinal cord (SC). K-O,
Neurexins are differentially expressed
in El5 brain. cc, Corpus callosum. ge,
Ganglionic eminence. Scale bar: A-E
and K-O, 800 pm; F-J, 1600 bm.

further suggestionson the possiblefunction of neurexins.Two
different but not mutually exclusive hypothesesfor a function
of neurexins have been put forward. Neurexin I was shown to
interact with someproteins of a multicomponent complex (the
20s complex) implicated in the regulated vesicular releaseof
neurotransmittersat central synapses,and therefore may be a
componentof the releaseapparatus(O’Connor et al., 1993; Hata

et al., 1993). Alternatively, the neurexins have been suggested
to act as synaptic cell recognition moleculesthat mediatecellcell or cell-matrix interactions (Ushkaryov et al., 1992).
As expressionof neurexin transcriptsprecedessynaptogenesis
it is likely that their suggestedinvolvement in the vesicular release of neurotransmitters

is not their sole function.

Similar

to

the neurexins, transcriptsfor several proteins of the 20s fusion
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Table 2. Neurexin expression in the embryonic
peripheral nervous system at El5
Transcript
Neurexin
Neurexin
Neurexin
Neurexin
Neurexin

Ia
Ip
IIa
IIP
IIIcl

central and

SC

DRG

SG

TG

SCG

Brain

+
+
+
+
*

+
+
Y
+
-

+
-

+
+
+
+
-

+
+
-

+
+
+
+
+

Data are summarized from by
expression in all or most cells;

+
-

hybridizations
as shown
in Figures
3-6. +,
*, expression
in subset of cells; -. no expression. SC, spinal cord; DRG, dorsal root ganglia;
SG, sympathetic
ganglia;
TG,
trigeminal
ganglion;
SCG, superior
cervical
ganglion.

Figclre 6. Sag&al sections of El5 mouse embryos were hybridized
with the NXla (A), NXlb (B), NX2a (C), and NX2b (D) probes. Expression is seen in the trigeminal ganglion (tg), and the superior cervical
ganglion (scg). Arrows indicate positions of superior cervical ganglia
which do not express neurexin Ip (B) or IIa (C) transcripts. Scale bar,
550 *m.

(i.e., NSF a/P-SNAP) mediating the docking and fusion of vesicleswith different membranes(Bennett and Scheller,
1993; Siillner et al., 1993; Bennett and Scheller, 1994) are detected before synapsesare formed (Piischel et al., 1994). Interestingly, synaptotagmin,which interactswith neurexin I in vitro,
stimulatesfilopodia formation upon transfectioninto fibroblasts
(Feany and Buckley, 1993). The presynapticmembraneprotein
SNAP-25, another component of the 20s fusion complex, has
been shownto be necessaryfor the growth of developing axons
(Osen-Sandet al., 1993).Thus, similar to SNAP-25, the neurexins might also be involved in axogenesis.This would suggest
that neurotransmitterreleaseand axogenesisare basedon similar
mechanisms.A role of neurexins in axon growth may account
for their early embryonic expression.However, other possible
functions, for example, cell-cell or cell-extracellular matrix interactions are equally conceivable. Localized interactions with

sitrr

the extracellular environment could even help to organize the
assemblyof active zones at differentiating synapses,thus coupling extracellular signalsto a localized docking and fusion of
synaptic vesicles. Our analysisof the neurexin expressionpattern constitutesonly a first step towards further elucidating the
function of theseneuronalmembranecomponents.

complex
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