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Three distinct genes encoding neurexins have 

been identif ied in vertebrates. Neurexins, to- 
gether w i t h  the closely related N C P  protein 

family [defined by Drosophila and human 

neurexin IV, along w i th  rat contactin-associ- 

ated protein (Caspr, also known as parano- 

din)], constitute a protein superfamily (2). 
Studies indicate that members o f  the N C P  

family are involved in neuronal-glial interac- 

tions in both vertebrates and invertebrates. 

Drosophila neurexin I V  mutants (nrx ZV) 
disrupt septate junctions and impair the 

blood-brain banier (3). Vertebrate Caspr may 

also mediate glial-dependent insulation o f  ax- 

ons (4). The protein binding domains in the 
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Fig. 1. Molecular analysis of the axo Locus. (A) A ax028 axopl* 
Cenomic structure of the axo locus. The exon- - -- P element B wl axoPi2 R l  R2 

intron boundaries o f  axo were determined from 
genomic sequence analysis. Three genes (axo, Genomic DNA J, 
gene b, and gene c) are localized in the vicinity 4 1 11 11 1 11 0 1 1 11 I 0 . . . . . 

ax0 1-1 7.5 kb 

of the P-element insertion site as determined by 
Northern blot and cDNA analysis. The axo gene aXO exom f 5' 

gene b contains at  least 13 exons that span more than 0 gene b exon 
45 kb of genomic DNA. The P element (vertical axo 
arrow) is inserted 23 bases upstream of the first gene 

exon o f  axo. The entire transcript of gene b is nested within the f ifth intron o f  axo. The c -....... Caspr 

transcript of gene c is located upstream of axo on the other side of the P element. The Paranodin 

direction of each transcript i s  indicated by horizontal arrows. The axoZ8 allele is m-~. .  .... NRX lV 
associated with a deletion of at least 10 kb at the 3' end of the axo Locus. The location 24 21 45 28 

of the deletion is indicated by the horizontal Line. One deletion breakpoint is localized 
between exons 11 and 12, as determined by genomic PCR. The location of the other -p . . . . . . . Neurexin la 
breakooint is not determined (indicated bv a dashed Line). The eenomic structure o f  - 
gene c is not completely mapped. (8) Northern blot analysis o f  axo and gene b. axo signal Kunih a - . EGF- FIB 
cDNA probes recognize a 7.5-kb band in the lane representin mRNA prepared from B wild-type adult flies. This 7.5-kb band is undetectable in  axoP ' mutants and is fully restored in two axoP" revertants, axoP12-R' ( R l )  and a ~ o ~ ' ~ - ~ ~  
(RZ). Complementary DNA probes from gene b recognize a 1.7-kb band. Neither this transcript nor the 4.2-kb transcript recognized by cDNA probes 
from gene c (not shown) is altered in  the axoP" mutant. (C) Diagram of the structural organization of AX0  as compared with that of members of 
the neurexin superfamily. The other proteins represented are Drosophila neurexin IV (NRX IV), rat Caspr/paranodin, and rat neurexin la (2-4). Gaps 
(dotted lines) are introduced into the sequences of the other proteins t o  maximize their alignment with the AX0  sequence. The percent amino acid 
identity between the different domains in  AX0  and the corresponding domains in NRX IV or neurexin l a  is shown. The asterisk indicates that the t w o  
domains are less than 20% identical. The cysteine-rich Kunitz-like domain is present only in AXO. In addition, all the other proteins except AX0  contain 
a transmembrane domain. DISC. discoidin domain. 
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cytoplasmic tails of neurexins and NCPs en- vironment and intracellular signaling path- the neurexin superfamily and analysis of their 
able members of the neurexin superfamily to ways (2). functions in vivo should help elucidate their 
provide a link between the extracellular en- Identification of additional members of biological significance. Here we report the 

genetic and molecular characterization of the 

&own G (D);; from a gcm/gcm 
embryo from the same cross. 
gcrn homozygous embryos are 
recognizable by the aberrant 

Fig. 2. Expression patterns of the 
axo transcript and encoded A X 0  
proteln (A) In sltu hybrldlzatlon 
wlth an axo cDNA probe In 
whole-mount wlld-type embryos 
(stage 13) orlented wlth anterlor 
to the left For methods, see 
(13) The top embryo shows a 
lateral vlew (ventral slde down) 
and the bottom embryo shows a 
dorsal vlew Arrow lndlcates the 
ventral gangllon, double-headed 
arrow lndlcates the nerve cord 
The segmentally repeated pat- 
tern seen as a serles of dlscrete 
spots In the ventral nerve cord 1s 
malntalned In the thlrd lnstar 
thoraclc gangllon (B) Anterlor 1s 

' 

to the left (C and D) Dissected 
embryonic ventral nerve cords, 
double-labeled by In sltu hybrld- 
lzatlon wlth an axo cDNA probe , 

(blue) and lmmunostalned wlth 
the BPI02 monoclonal antlbody 
(orange), whlch stalns axonal 
tracts (75) Anterlor 1s at the top 
In (C), the locat~on of the axo- 
expressing cells relatlve to the 
axonal tracts suggests thew Iden- 
tlty as a subset of longltudlnal 
glla Thls control embryo, de- 
rived from the Intercross of gcml 
CyO males and females, 1s gcm/ 
CvO In nenotvDe The nerve cord 

cells are observed whenmglia a; 
eliminated by the gcrn mutation. (E) lmmunostaining of a dissected wild-type nerve cord with a 
polyclonal antiserum to AXO. Anterior is to the left. In contrast to the distribution of the axo 
transcript seen in (A) and (C), the A X 0  protein is localized to longitudinal axon tracts (solid arrow) 
as well as to an axonal scaffold in the brain (open arrow). (F) lmmunostaining of an axoPl2 embryo 
with polyclonal antiserum to AXO. No staining is detectable. Scale bar, 50 p,m in (A), (B), (E), and 
(F); 20 Fm in (C) and (D). 

Fig. 3. Temperature-dependent A 
failure of conduction in axo. (A) 
A representative set of record- A B kDv- Ef- 
ings from one of the axoP" lar- 
vae that showed a complete loss 

380 of the EJP at elevated tempera- - 
ture. A t  20°C (top), the EJP ap- 
peared normal in amplitude and 

-J--J- IP 
duration. However, after 10 min 

& ' O m V k m s  

at 38OC (middle), the response 
could no longer be evoked. When C 0.5 r n v L  
the temperature returned to 5 rns 
20°C (bottom), the EJP fully re- 
covered. (0)  A representative set 
of recordings from a wild-type 
larva under the same conditions as in (A). In the wild-type larva, the EJP persisted at the elevated 
temperature for at least 20 rnin. (C) Graded electrotonic EJPs were still elicited in larvae 
after the active response failed at  38OC by the positioning of the stimulating electrode closer to the 
nerve terminal and the use of stimuli of increasing intensity. After 10 rnin at  38OC, compound 
action potentials recorded with a suction electrode were severely diminished in axoPIZ (D) but not 
in normal (E) larvae. Recovery was nearly complete upon return to room temperature. 

Drosophila axo gene, which encodes a mem- 
ber of the neurexin superfamily expressed in 
glia but is also apparently required for normal 
axonal membrane excitability. axo was iden- 
tified by isolation of a recessive P element- 
induced mutation, auoP1', in a screen for 
temperature-sensitive paralytic mutations (5).  
A single P element at 64C1-3 on the polytene 
chromosomes was detected in axoPI2; its pre- 
cise excision in rare revertants confirmed that 
it caused the mutant phenotype. 

Genomic DNA flanking the element was 
cloned and used to identify the corresponding 
axo transcript (6) (Fig. 1A). Northern (RNA) 
blot analysis revealed a 7.5-kb transcript that 
is missing in axoP1' mutants but is restored in 
revertants (7) (Fig. IS). The complete loss of 
a gene product in auoP1', rather than the 
production of a thermolabile protein, is con- 
sistent with other temperature-sensitive para- 
lytic mutants in Drosophila in which the 
elimination or reduced expression of various 
ion channels under all conditions renders the 
organism hypersensitive to the physiological 
effects of elevated temperatures (8, 9). 

A set of overlapping cDNAs encompass- 
ing the entire axo transcript was isolated and 
sequenced (10). A X 0  contains several mo- 
tifs, including an NH,-terminal hydrophobic 
signal sequence followed by a consensus 
cleavage site, three cysteine-rich epidermal 
growth factor (EGF) repeats, five laminin G 
(Lam G) repeats, and a fibrinogen Ply-like 
(FIB) segment. The arrangement of these do- 
mains, together with computer-based se- 
quence alignments, identified A X 0  as a 
member of the neurexin superfamily (Fig. 
1C). Several features distinguished A X 0  
from other members of the superfamily: a 
Kunitz-like domain (11); the presence of both 
a Lam G domain (characteristic of neurexins) 
and a FIB domain (characteristic of NCPs) 
adjacent to the second EGF repeat; and the 
absence of a transmembrane domain, which 
suggests that A X 0  is secreted rather than 
membrane-associated (12). 

Beginning at embryonic stage 13, axo 
transcripts were detected in the differentiat- 
ing nervous system in wild-type but not in 
axoP" embryos in a segmentally repeated 
pattern of discrete spots directly overlying the 
longitudinal axonal tracts (Fig. 2, A and C). 
This pattern was not coincident with neuronal 
cell bodies, which lie lateral and medial to the 
nerve bundles (13), but corresponded with 
the location of a subset of glial cells, includ- 
ing longitudinal glia and segmental boundary 
cells (14). The glial identity of these cells was 
confirmed by elimination of the axo signal in 
gcrn (glial cells missing) embryos (15) (Fig. 
2, C and D). This pattern of expression was 
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maintained tl~roughout the third larl-a1 instar. 
The distributio~l of the A X 0  protein (16 )  
differed from that of the o.uo transcript: A X 0  
coincided ~vith axonal tracts in the 1-entral 
nerve cord, brain. and parts of the peripheral 
nel.\-ous system (Fig. 2E). Thus, A X 0  ap- 
peared to be secreted from glia and subse- 
quelltly localized to axolial tracts. 

These results suggested that illlpair~ne~lt 
of some aspect of ~leurolial develop~ne~lt or 
fu~lctioll caused by loss of A X 0  resulted in a 
paralytic phenotype. I m ~ ~ ~ ~ ~ n o l ~ i s t o c l ~ e ~ ~ ~ i c a l  
studies of irso lllutallts indicated that del-el- 
op~nent of the ernbryo~lic ner\.ous syste~n was 
nonnal, as were the number and distributiou 
of synaptic bo~itons at the larval neuromus- 
cular junction. Thus. the paralytic phenotype 
apparently involved a f~inctional rather than a 
structural defect. 

Excitatory ju~lctiollal potentials (EJPs) 
were recorded at the larval neuro~nuscular 
ju~lctiou ( I  7). At 20°C, the resting ~ n e ~ n b r a ~ l e  
potential and the a~llplitiide and d~~ra t ion  of 
el-oked EJPs Mere 1lo11nal in trsoP1' larl-ae. 
Ho~vever. EJPs were lost within 10 llli~l at 
38°C (in 15 out of 20 larl-ae) (Fig. 3A) (IS).  
During this interval, the threshold required to 
evoke EJPs iqcreased until transalission 
failed completely. At 38°C. electrotonic stim- 
ulatio~l still elicited the graded release of 
neurotransmitter in usoP1' larvae, demon- 
strating that both ~leurotralls~nitter release and 
postsyllaptic response were apparently nor- 
mal under these co~lditio~ls (Fig. 3C). How- 
ever, direct nerve recordings revealed a de- 
fect in axolial conduction. At 37"C, com- 
pound actiou potentials in mutant nerl-es 
Lvere either lost or were reduced by more than 
90°/6 ( i i  = lo),  in contrast ~vi th  wild-type 
nerl-es. in which no failure \\as seen ( i l  = 7) 
(Fig. 3. D and E) (17). 

Defects in septate junctions in Di~o.sopliilcr 
i1r.1- IF' mutants result ia loss of the blood- 
braill barrier and the failure of action poten- 
tial in high [K-'~] bathing solutions. Temper- 
ature-dependent failure of ne1l.e conduction 
in nsoP1' larvae occurred el-en when l a ~ ~ a e  
were bathed in low [K+] solutions. and fail- 
ure Lvas not exacerbated in high [K~'] solu- 
tions. T11us. the blood-brain barrier was intact 
in (1x0 111uta1lts. 

Taken together. the phenotypic and 1110- 
lec~ilar properties of A X 0  suggest that it is a 
compoaeat of a glial-aeuronal sigliali~lg path- 
way that is important in establishing the elec- 
trical properties of axonal membraaes. \Ve 

have previously shown that a temperature- 
sensitive defect in axonal conductioa is con- 
ferred by mutations in structural or regulatory 
genes that result in reduced numbers of sodi- 
urn channels ( 8 ) .  Moreover, kinesill muta- 
tions in Di.o.sop1~iltr also impair action poten- 
tial propagation as an apparent consequence 
of reduced sodium and potassium channel 
density in axonal membranes (19). Conse- 
quently. we hypothesize that an ciso-depen- 
dent signal is required for the nonnal expres- 
sion. localization, or clustering of some set of 
ion channels. The aberrant expression or dis- 
tribution of these channels in tr.~o mutants 
~vould thus underlie the observed defect in 
nerve conduction at elevated te~nperatures. 
Recent work with vertebrate cell culture sys- 
tems denlo~lstrates that glia actively deter- 
mine ~ l e ~ l r o ~ l a l  function by secreting factors 
that affect neuronal membrane excitability ( I .  
20). Ho~vel-er, the identity of these factors is 
still unknonn. A X 0  may be one such factor 
in Dro.sopliilcr. 
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