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Summary

We recently described the characterization and cloning
of Drosophila neuroglian, a member of the immuno-
globulin superfamily. Neuroglian contains six immuno-
globulin-like domains and five fibronectin type 1l do-
mains and shows strong sequence homology to the mouse
neural cell adhesion molecule L1. Here we show that the
neuroglian gene generates at [east two different protein
products by tissue-specific alternative splicing. The two
protein forms differ in their cytoplasmic domains. The
long form is restricted to the surface of neurons in the
CNS and neurons and some support cells in the PNS; in
‘contrast, the short form is expressed on a wide range of
other cells and tissues. Thus, whereas the mouse L1
gene appears to encode only one protein that functions
largely as a neural cell adhesion molecule, its Dresoph-
ila homolog, the neuroglian gene, encodes at least two
protein forms that may play two different roles, one as
a neural cell adhesion molecule and the other as a more
general cell adhesion molecule involved in other tissues
and imaginal disc morphogenesis.

Introduction

Several vertebrate neural ceil adhesion molecules are
members of the immunoglobulin superfamily, includ-
ing N-CAM (Cunningham et al., 1987; Barthels et al.,
1987), MAG (Arquint et al., 1987; Salzer et al., 1987),
L1 (Moos et al., 1988), and contactin/F11 (Ranscht,
1988; Briitmmendorf et al., 1989). These molecules
have been implicated in such events as neurite out-
growth, growth cone guidance, axon fasciculation,
and myelination. Some of the genes encoding these
immunoglobulin superfamily cell adhesion molecules,
such as N-CAM and MAG, generate multiple protein
forms as a result of differential splicing (Murray et al.,
1986; Cunningham et al., 1987; Owens et al., 1987;
Barbas et al., 1988; Small et al., 1988; Santoni et al.,
1989; Frail and Braun, 1984; lLai et al., 1987). These
protein isotypes can differ from each other by their
mechanism of membrane attachment, by the size of
their cytoplasmic domains, or by the inclusion or ex-
clusion of relatively small amino acid inserts in their
extracellular domains. Some of these protein isoforms
are expressed in a tissue-specific fashion. For exam-
ple, a muscle-specific form of N-CAM is generated by
the inclusion of a muscle-specific exon encoding 37
amino acids not found in other tissues (Dickson et al.,

1987; Thompson et al., 1989). The unique biochemical
and functional properties of some of these different
protein isoforms are not well understood.

Homologs or close relatives of two of the vertebrate
immunoglobulin superfamily cell adhesion molecules
have recently been identified in insects (Harrelson
and Goodman, 1988; Bieber et al., 1989). Grasshopper
fasciclin 1l is related to N-CAM (Harrelson and Good-
man, 1988), whereas Drosophila neuroglian is highly
related on the structural and sequence level to 11 (Bie-
ber et al., 1989). Both fasciclin Il and neuroglian are
integral membrane glycoproteins with multiple im-
munoglobulin domains followed by multiple fibro-
nectin type 1ll domains, and within the developing
nervous system, both are expressed on subsets of
axon pathways. Drosophila neuroglian is expressed in
a wide variety of tissues in the developing embryo, in-
cluding the central and peripheral nervous systems
(CNS and PNS), salivary glands, trachea, hindgut, mus-
cle, and ectodermal tissues (Bieber et al., 1989).

This wide expression pattern of Drosophila neu-
roglian differs from the more restricted appearance of
its vertebrate homolog, L1. Within the mouse, L1 is re-
stricted largely to the developing nervous system, and
within the nervous system, L1 is confined to certain
regions and cell types. For example, only certain layers
and cells of the mouse neocortex and the cerebellum
express L1 (Fushiki and Schachner, 1986; Rathjen and
Schachner, 1984; Persohn and Schachner, 1987). In
the developing chick nervous system, the L1 homolog
Ng-CAM s restricted to extending neurites and mi-
grating neurons (Daniloff et al., 1986). Very few cells
outside of the nervous system express L1, although it
has been reported on certain proliferating epithelial
progenitor cells in the mouse intestine (Thor et al,,
1987). Molecular and biochemical analyses of the L1
protein and cDNAs have so far yielded evidence for
only a single type of L1 protein in vertebrates (Rathjen
and Schachner, 1984; Moos et al., 1988; Prince et al.,
1989).

Here we report on the discovery of two different
protein forms of the Drosophila L1 homolog, neuro-
glian; these two neuroglian isoforms arise by tissue-
specific, developmentally regulated alternative splicing.
The two forms of neuroglian have identical extracellu-
lar domains, but differ in the size of their cytoplasmic
domains. Using a monoclonal antibody (MAD) that is
specific for the long form of the protein, we show that
the long form is entirely restricted to the surface of
neurons in the CNS and PNS of both embryos and lar-
vae. The long form-specific MAb stains neither CNS
glia nor other nonneuronal tissues labeled by a MADb
that recognizes an epitope shared by the long and
short forms of neuroglian. Thus, it appears as if the
neuronal expression and function of Ll/neuroglian
have remained relatively conserved in both the ar-
thropods and the chordates; whereas in at least some
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Figure 1. Deglycosylation of Neuroglian Protein

Membranes were prepared from 10-14 hr embryos and treated
with TFMS (lanes 2) or endoglycosidase H (lanes 4). Samples
shown in lanes 1and 3 were incubated in deglycosylation buffer
without TFMS or endoglycosidase H. Aliquots of the deglycosyl-
ation reactions were separated on a 7.5% SDS-polyacrylamide
gel and electroblotted to nitrocellulose. Blot A was incubated
with a 1/1000 dilution of rat anti-neuroglian serum followed by
horseradish peroxidase-conjugated secondary antibody and
was developed by diaminobenzidine. Blot B was processed in
parallel using a 1/1000 dilution of BP-104 monoclonal ascites
fluid. Arrows indicate the two different forms of the neuroglian
protein.

arthropods, but not the chordates, the gene has
evolved a second protein form and a second pattern
of expression (and presumably a second function as
amore general cell adhesion molecule) in a variety of
nonneuronal tissues.

Results

Anti-Neuroglian Antibodies Detect Two Different
Forms of Neuroglian Protein
We recently described the cloning and sequence of
a Drosophila neuroglian cDNA encoding a mature
protein of 1216 amino acids with an apparent molecu-
lar mass on SDS-polyacrylamide gels of 167 kd (Bie-
ber et al., 1989). Using a rat anti-neuroglian polyclonal
antiserum, a second minor 180 kd form of neuroglian
can be detected in embryonic membranes on West-
ern blots (Figure 1A, [ane 1; see Figure 9A); this second
form was also seen in the previously published immu-
noprecipitation experiments (see Figure 3A in Bieber
et al., 1989).

We generated and characterized two different MAbs
that recognize Drosophila neuroglian and that help to

distinguish between the two forms of the protein. MAb
1B7 (Bieber et al., 1989) recognizes both the 167 and
the 180 kd form of the protein; it stains the outside of
living cells, suggesting that it recognizes a common
epitope in the extracellular domain of the two forms
of the protein. MAb BP-104 specifically recognizes the
larger protein (Figure 1B; see Figure 9B); it requires de-
tergent permeabilization of tissue to bind to the pro-
tein, suggesting that it recognizes an epitope specific
to the cytoplasmic domain of this form of the protein.
MAD BP-104 fails to bind to the 167 kd neuroglian spe-
cies on Western blots or in any other assay system.
Using the MAb BP-104 coupled to protein G-Sepha-
rose beads as an affinity matrix, the 180 kd neuroglian
form was purified to homogeneity and subjected to
an amino-terminal sequence determination (with the
kind help of Arie Admon). The derived amino acid se-
quence was identical to the previously published ami-
no terminus of the main 167 kd neuroglian form (Bie-
ber et al., 1989; data not shown).

Complete deglycosylation of embryonic membrane
proteins with trifluoromethanesulfonic acid (TFMS)
results in a downshift of approximately 12 kd for both
neuroglian forms, whereas removal of N-linked high-
mannose-type oligosaccharides with endoglycosidase
H causes a decrease in their apparent molecular mass
of about 5 kd (Figure 1). The glycosylation pattern of
both neuroglian proteins forms appears to be very
similar if not identical. Since the size differences be-
tween the fully glycosylated and the TFMS-treated,
deglycosylated proteins are the same for both neu-
roglian species, a structural variation in their polypep-
tide backbones appears to be the reason for their
different electrophoretic mobilities.

The Two Neuroglian Protein Forms Differ in Their
Cytoplasmic Domains
The antibody specific for the long form of the protein
(MAb BP-104) was used to screen the Zinn 9-12 hr Dro-
sophila embryonic Agtil cDNA expression library.
From this screen, a cDNA clone encoding the 180 kd
form of neuroglian was isolated. Using MAb BP-104,
2 positive recombinant phage (containing identical 4.3
kb inserts) out of a total of 5 x 10° phage screened
were isolated from this expression library. Sequence
analysis and S1 nuclease protection experiments (data
not shown) indicated that the first 5’ 3699 bp are iden-
tical to the previously described neuroglian sequence
(Bieber et al., 1989). The next 38 nucleotides just 3" to
the point where the two cDNAs diverge show a high
degree of homology (76% identity on the nucleotide
level; Figure 2A). Farther 3', beyond nucleotide 3737,
the two neuroglian cDNA sequences diverge complete-
ly and show no significant homology (Figure 2A).
The deduced amino acid sequences of the two
open reading frames show that the extracellular and
transmembrane domains of both forms are identical.
However, after the transmembrane domain, the two
neuroglian protein forms share only the first 68 amino
acids of their cytoplasmic domains. The short, more
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Figure 2. Nucleotide and Protein Sequences of the 3’ Ends of the Neurogiian mRNAs

(A) 3 end sequences of neuroglian cDNAs coding for the two forms of the neuroglian protein. Both sequences are colinear up to base
pair 3699, where they diverge. In frame stop codons and sites for restriction endonucleases used for the subcloning of specific DNA
fragments are indicated. (B) C-terminal sequences of the short and long forms of Drosophila neuroglian compared with mouse L1. The
first 68 amino acids of the cytoplasmic domains of both neuroglian forms are identical.

abundant form of the protein continues for another
17 amino acid residues before being terminated by an
in frame stop codon (Figure 2B). The high degree of
homology on the nucleotide level between the two
neuroglian cDNAs in this region is also reflected in
their amino acid sequences. Eleven out of the 17
C-terminal amino acids of the short form are found in
the protein sequence of the longer form. However, in
contrast to the short form, the long form of the pro-
tein extends for another 62 amino acids. It is this extra
cytoplasmic domain that is recognized by MAb BP-
104. The entire cytoplasmic domain of the long form
of the neuroglian protein form encompasses 148 ami-
no acid residues, compared with 85 amino acids in
the cytoplasmic domain of the short form (Figure 2B).

The long form-specific cytoplasmic extension has a
unique amino acid composition (Figure 2B). Only 4
different amino acids account for 77% of the 62 amino
acids in this extra domain: alanine (23/62), glycine
(12/62), serine (8/62), and proline (5/62). Using several
different secondary structure prediction programs,
no prevalent secondary protein structure was pro-
jected. Furthermore, no repeated pattern of amino
acids could be recognized. However, a high probabil-
ity for turn structures was predicted by these comput-
er programs at most of the glycine-glycine sequence
sites within this domain.

Comparison of the amino acid sequence of mouse
11 reveals that the size of the L1 cytoplasmic domain
(114 amino acids) falls between the two Drosophila
neuroglian forms (Figure 2B). Although the C-terminal
25 amino acids of the mouse 11 protein also have a
high alanine/glycine/serine/proline content of 52%,
there is no apparent sequence homology to the long
form-specific extension of neuroglian. Interestingly,
the cytoplasmic domain specific for the 180 kd (long)
form of N-CAM contains 47% alanine/glycine/serine/
proline residues (Cunningham et al., 1987). it is this
domain of the 180 kd N-CAM molecule that has been
implicated in the binding to spectrin and the specific
anchoring of this N-CAM species to the cellular cy-
toskeleton (Pollerberg et al., 1986, 1987).

The Two Forms of Neuroglian Protein Are Encoded

by Different mRNAs

The long and short forms of the neuroglian protein
are translated from two different mRNAs. RNA protec-
tion experiments were performed to demonstrate the
existence of different mRNA species for Drosophila
neuroglian. Fragments from both cDNAs starting at
the Scal site at nucleotide 3583 to the 3’ EcoRI clon-
ing site were subcloned in both Bluescript KS/+ and
Bluescript SK/+ vectors. [a-2P]JUTP-labeled RNA probes
were transcribed using T7 RNA polymerase and hy-
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Figure 3. Two Different Neuroglian mRNAs Are Detected by
RNA Protection Experiments Using Probes from the Two Neu-
roglian cDNAs

Sense (lanes 3 and 4) and antisense (lanes 1 and 2) 32P-labeled
RNA probes were generated from subcloned 3’ end Scal-EcoRI
fragments of the short (lanes 1 and 3) and long (lanes 2 and 4)
neuroglian cDNAs, using T7 RNA polymerase. Probes were hy-
bridized to 30 pg of total Drosophila 12-24 hr embryonic RNA,
treated with 10 ug/ml RNAase T1, and separated on an 8%
urea-polyacrylamide gel. Protected fragments were detected by
autoradiography for 12 hr at —80°C. 3*P-labeled, Hpall-cut pBR-
322 fragments were used as size markers.

bridized to 30 ug of total RNA isolated from 12-24 hr
Drosophila embryos. Single-stranded RNA molecules
were digested using RNAase T1, and protected RNA
fragments were analyzed on 8% urea-polyacrylamide
gels. Only antisense RNA probes yielded protected
RNA-RNA hybrid fragments (Figure 3, lanes 1 and 2).
A fragment of 115 nucleotides representing the shared
sequence between the two cDNAs (starting at the Scal
restriction site to the point where the two sequences
diverge) was protected by both antisense RNA probes.
In addition, the RNA probe derived from the short
neuroglian cDNA protected a homologous 283 nucleo-
tide fragment, whereas the long form-specific probe
hybridized over 478 nucleotides to its homologous
mRNA species.

The intensities of the protected RNA bands indicate
that the mRNA encoding the smaller neuroglian pro-
tein form is several times more abundant than the
mRNA coding for the longer polypeptide. The relative
abundances of the different mRNA species therefore

correspond to the relative amounts of the two neuro-
glian protein forms found in embryonic membranes
(Figure 1; see Figure 9).

The Long Form of Neuroglian Is Specifically
Expressed on the Surface of CNS and PNS Neurons
and on a Few PNS Support Cells

Neuroglian protein expression is widespread in the
Drosophila embryo (Bieber et al., 1989). MAb 1B7
recognizes both forms of the neuroglian protein and
stains hindgut, muscle, trachea, and salivary glands,
in addition to neurons and glia in both the CNS and
the PNS (Figure 4A). MAb BP-104 is specific for the
long form of the protein, and its staining is entirely re-
stricted to the nervous system (Figure 4B). Within the
CNS, it is expressed on neurons, but not on glia (Fig-
ure 5); in the PNS, it is expressed on both neurons and
a small number of support cells (Figures 6A and 6B).
No other tissues or cells outside the nervous system
are ever stained by MAb BP-104 during embryonic de-
velopment. Even within the nervous system, the num-
ber of BP-104-positive cells is considerably smaller
than the number of 1B7-positive cells. Certain glial
cells in the CNS, such as those along the peripheral
nerve roots, are stained by MAb 1B7, but are not recog-
nized by MAb BP-104 (Figures 4C and 4D), suggesting
that these glia express the short form but not the long
form of the protein. Axon tracts, such as the segmen-
tal and intersegmental nerves, are heavily stained by
MAD BP-104, showing that axons do express the long
form.

Figure 5 shows an example of the restricted expres-
sion of the long form of the protein in the CNS. In a
more dorsal focal plane, certain cells at the surface of
the ventral ganglia, including a pair of mesodermal
cells (the muscle pioneers) and the longitudinal glial
cells, are stained by MAb 1B7 but not by MAb BP-104
(Figures 5A and 5B). In contrast, the RP1 and RP2 neu-
rons are recognized by both antibodies. In a deeper
plane of focus, both antibodies stain many of the lon-
gitudinal and commissural axon tracts and certain
identified neurons (e.g., the aCC, pCC, and RP3 neu-
rons; Figures 5C and 5D). In the PNS, the long form
of the protein is expressed on the cell bodies of all
PNS neurons (arrowhead in Figure 6A), on a small
number of PNS support cells (including the inner-
most sheath cell; data not shown), and on all major
PNS sensory pathways (arrowhead in Figure 6B); how-
ever, it is not expressed on most of the side branches
of these PNS pathways that contain the axons of mo-
toneurons.

Expression of the long form begins at around 6 hr
of embryogenesis as a single neuron in each CNS
hemisegment, located about one-third the length of
a segment anterior from the segment boundary, ex-
presses this form of the protein. Expression then be-
gins on the surface of adjacent CNS cells. The pattern
of expression extends both rostrally and caudally
along the length of the CNS in a stripe about 4-5 cells
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wide (Figure 6C). By hour 7, the longitudinal stripe of
expression in the CNS is continuous, with no expres-
sion at the midline or at the lateral margin of the CNS;
expression in the PNS has begun. Interestingly, this
pattern of expression of the long form of neuroglian
does not appear to match simply the order of neu-
ronal differentiation as seen with a variety of antibod-
ies that reveal the order of differentiation and axon
outgrowth. Rather, this fongitudinal stripe of expres-
sion of the long form of neuroglian within the CNS
prefigures the location where the longitudinal axon
tracts will form and appears even before the longitudi-
nal glia have migrated into this same position (Jacobs
et al., 1989).

This restricted expression of the long form of neu-
roglian by neurons was also observed at later stages
of development. As represented by a wing disc in Fig-
ure 7A, the epidermal cells in all imaginal discs are
stained rather uniformly by MAb 1B7. In contrast, the
epidermal cells in the discs do not stain with MAb BP-
104, indicating that these cells express the short but
not the long form of the protein. Only neurons and
axon tracts in the discs express the neuron-specific
long form of the protein (Figure 7B). Staining of eye
imaginal discs with MAb BP-104 results in a strong
labeling of the newly generated photoreceptor cells
behind the morphogenetic furrow, as well as strong
staining of the axons in the optic statk connecting the
eye disc with the lamina of the optic lobe (Figures 7C
and 7D). Note in Figure 7C, that although the pho-
toreceptor axons entering the optic lobes express the
long form of neuroglian, most of the cells within the
optic lobes have not yet begun to express the long
form (in contrast, at this stage, most neurons in the
ventral nerve cord do already express the long form).
As can be seen in Figure 7D, the surfaces of all pho-
toreceptor cells are stained rather evenly by MAb BP-
104, indicating that they too express the neuron-spe-
cific long form of the neuroglian protein.

The Expression of the Two Forms of Neuroglian Is
Developmentally Regulated

The appearance of mRNAs coding for the two differ-
ent forms of neuroglian, as well as their correspond-
ing protein products, was examined during Drosoph-
ila embryogenesis using Northern and Western blot
analyses. Using the restriction endonuclease sites (Bam-
HI for the short form and Cfr10l for the long neuro-
glian form) indicated in Figure 2A, cDNA fragments
specific for the two different transcripts were isolated
and subcioned into Bluescript SK/+. [a-32PJUTP-la-
beled antisense RNA probes were transcribed from the
T7 promoter and used for probing Northern blots with
total RNA from staged Drosophila embryos. The RNA
probe specific for the short form of neuroglian de-
tected a single mRNA species of 5.5 kb, whereas the
probe specific for the long neuroglian species hybrid-
ized to two mRNAs of 5.7 and 76 kb (Figure 8). Signifi-
cant quantities of mRNA encoding the more abun-

dant, short neuroglian protein are detectable from 9
hr of development onward. The two mRNA species for
the larger neuroglian polypeptide begin to be ex-
pressed slightly later in development and reach a
peak at 12-15 hr of development, during the period
of axon outgrowth. it is unclear in which region the
76 kb mRNA species differs from the 5.7 kb transcript.

The expression pattern of the different mRNA spe-
cies for neuroglian reflects the appearance of the cor-
responding protein products (Figure 9). Very little neu-
roglian protein is detected before 8 hr of embryonic
development. The shorter form of the neuroglian pro-
tein becomes strongly expressed during the 8-12 hr
window; the neuron-specific long form of the protein
increases in abundance just slightly after the short
form. Thus, the expression of neuroglian protein on
the cell surface seems to be primarily regulated at the
transcriptional level using tissue-specific alternative
splicing to determine when and where each form of
the protein is generated.

Discussion

We previously described the characterization and
cloning of Drosophila neurogtian, a member of the
immunoglobulin superfamily that appears to be the
arthropod homolog of the vertebrate neural cell adhe-
sion protein L1 (Bieber et al., 1989). In this paper, we
report on the expression and sequence of two differ-
ent forms of the neuroglian protein. Two monoclonal
antibodies, 1B7 and BP-104, were used as specific
probes to study the temporal and spatial expression
of the two different forms of the neuroglian protein.
MAb 1B7 recognizes both the long and short forms
of the protein, whereas MAb BP-104 recognizes the
unigue cytoplasmic extension of the long form of the
protein. The longer, less abundant form has an extra
62 amino acids at the C-terminus of its cytoplasmic
domain as compared with the small, major form of
the protein; the amino acid sequences of the extracel-
lular and transmembrane domains of both forms are
identical.

Both forms of neuroglian are encoded by a single
gene and generated by tissue-specific, alternative splic-
ing. During embryogenesis and larval development,
neuroglian is expressed in a wide variety of tissues, in-
cluding many of the neurons and glia of the CNS and
PNS, the trachea, the hindgut, muscle, ectodermal tis-
sues, and the imaginal discs. The expression of the
long form is entirely restricted to the surface of neu-
rons in the CNS and neurons and a few support cells
in the PNS and is completely absent from nonneu-
ronal tissues during embryonic and larval stages of
development. Within the developing CNS, the differ-
ences in the expression of the short and long forms
is striking: several different classes of glial cells, which
prefigure the longitudinal tracts and peripheral nerve
roots (Jacobs and Goodman, 1989), specifically express
the short form of the protein but not the neuron-spe-
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Figure 5. The long Form of Neuroglian
Shows a More Restricted Pattern of CNS Ex-
pression Than the Short Form

Staining of the ventral nerve cord with
MADb 1B7 (A and C), which recognizes both
forms of neuroglian, or MAb BP-104 (B and
D), which recognizes only the long form of
the protein. (A) and (B) show neuroglian-
positive cells in a most dorsal plane of fo-
cus in the CNS. Neurons RP2 and RP1 (right
pair of arrowheads in [A]) are stained with
both antibodies, whereas the longitudinal
glia (left pair of arrowheads in [A]) as well
as the muscle pioneers (M) stain with MAD
1B7 but not with the long form-specific
MAb BP-104. (C) and (D) present a deeper
plane of focus. Many axon tracts in the an-
terior (AC) and the posterior (PC) commis-
sures and in the segmental (SN) and inter-
segmental (ISN) nerves, as well as certain
identified neurons such as aCC, pCC
(pairs of arrowheads in [C] and ID]), and
RP3 (single arrowhead in [C] and [D}), are
stained by both MAbs. Arrowheads: (A) Left
pair, longitudinal glia; right pair, RP2 and
RP1. (B) Top right pair, aCC and pCC; bot-
tom right pair, RP2 and RP1. (C) Top right
pair, aCC and pCC; bottom right single,
RP3. (D) Top right single, RP3; bottom right
pair, aCC and pCC. Bar, 30 pm.

cific long form. Lacking an antibody specific for the The expression of the long, but not the short, form
short form of neuroglian, we cannot exclude at this of neuroglian thus appears in line with the expression
time the possibility that some neuronal cells coex- of its homolog, the neural cell adhesion molecule 11,
press both forms of the neuroglian protein on their in mouse and other vertebrates. In the developing ver-
surfaces. tebrate CNS, 11 is expressed on specific regions and

Figure 4. Expression of the Long Form of Neuroglian Protein Is Restricted to the Surface of Neurons

(A) and (B) show 12 hr Drosophila embryos dissected onto glass slides and stained with MAb 1B7 (A) or MAb BP-104 (B). MAb BP-104
specifically recognizes the long form of the neuroglian protein, whereas MAD 1B7 recognizes an epitope common to both forms. Neu-
roglian protein is detected by MAb 1B7 in the brain (B), the central and peripheral nervous systems (CNS), salivary gland (S}, trachea
(M), and the hindgut (H). In contrast, MAb BP-104 (B) stains only the CNS and PNS and none of these other tissues. (C) and (D) depict
a close-up of the peripheral nerve roots as stained with either MAb 1B7 (C) or MAb BP-104 (D). Both antibodies stain the axons of the
segmental (SN) and the intersegmental (ISN) nerve roots. Note: The arrows mark where these two nerves come together just outside
the CNS, at a distinctive set of glia. At this location, their axons mix and diverge into several different pathways. The glial cells (G), which
are associated with the peripheral nerve roots, are recognized only by MAb 1B7. The single arrowheads mark the peripheral edge of
the ventral nerve cord. Bar, 50 um (A); 38 um (B); 10 um (C and D).
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types of neurons at times of cell migration and neurite
outgrowth and appears at points of neuron-neuron
contact, but not at contact sites of neurons and glia
(Grumet and Edelman, 1984; Persohn and Schachner,
1987). Astrocytes and oligodendrocytes in the CNS do
not express L1 (Rathjen and Schachner, 1987), al-
though some experimental evidence has led to the hy-
pothesis that L1 may be involved in a heterotypic inter-
action in the vertebrate CNS between neurons, which
express the protein, and glial cells, which do not (Gru-
met et al., 1984; Grumet and Edelman, 1988). In the
PNS of mice and rats, however, most Schwann cells ex-
press L1 at some point in development (Salton et al.,
1983a; Faissner et al., 1984; Seilheimer et al., 1989),
and L1 appears to be involved in mediating neuronal
growth on Schwann cells in culture (Stallcup and Beas-
ly, 1985; Bixby et al., 1988; Seitheimer and Schachner,

Figure 6. Early Embryonic CNS and PNS
Expression of the Neuron-Specific Long
Form of Neuroglian Protein

MAb BP-104 strongly stains all neurons (ar-
rowhead in [A]) and axon tracts (arrowhead
in [B]) in the PNS of the Drosophila em-
bryo. It also stains a few PNS support cells,
including the innermost sheath cells (data
not shown). Staining for the long form of
the protein is first detectable at around 6
hr of development in a small repeated clus-
ter of cells along the midline of the CNS;
the embryo shown here is 7 hr old and
shows the continuous stripe of longitudi-
nal staining ([C]), ventral view; [D], lateral
view of the same embryo). See text for de-
tails. Bar, 30 pm.

1988). Antibody perturbation experiments indicate
that the L1 protein is also involved in neurite outgrowth,
and axon fasciculation and appears to function in a
homophilic manner (Fischer et al., 1986; Lagenaur
and Lemmon, 1987; Landmesser et al., 1988).

The strong expression of the long form of neu-
roglian on axon tracts in both the CNS and the PNS
of Drosophila embryos and larvae suggests that neu-
roglian may serve a function in axon fasciculation in
arthropods similar to that of its homolog, L1, in chor-
dates. Although the expression of the neuron-specific
long form of Drosophila neuroglian shows many par-
allels with the appearance of L1 in vertebrates, the
overall pattern of neuroglian versus L1 expression
shows some significant differences. Evidently, some-
time in the evolution of the arthropods, but not the
chordates, the ancestral L1/neuroglian gene evolved a
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second protein form and a second pattern of expres-
sion (and presumably a second role as a more general
cell adhesion molecule) in a variety of nonneuronal
tissues. Given that the tissue specificity of certain cell
adhesion molecules, such as P-cadherin, differs sig-
nificantly even between phylogenetically closely re-
lated species (Shimoyama et al., 1989), it is perhaps
not too surprising to see differences in the tissue
specificity of Drosophila neuroglian versus vertebrate
1. Thus, whereas L1 in vertebrates appears to come in
only one protein form and to function primarily as a
neural cell adhesion molecule, neuroglian in Dro-
sophila appears to have two forms, two different pat-
terns of expression, and presumably two different
developmental roles: one as a neural cell adhesion
molecule and the other as a more general cell adhe-
sion molecule involved in the events of tissue and im-
aginal disc morphogenesis.

Figure 7. Epidermal Celis of the Imaginal
Discs Express the Short Form of Neu-
roglian, whereas the Neurons and Axon
Tracts in the Discs Express the Long Form
(A) and (B) show a comparison of MAb 1B7
(A; wing disc) versus MAb BP-104 (B; leg
disc) staining of imaginal discs. MAb BP-
104 recognizes only the long form of neu-
roglian. Whereas MAb 1B7 stains the disc
tissue uniformly, MAb BP-104 stains only
the embryonic nerves (N) and the newly
formed neurons (arrows) and axons (arrow-
head) within the discs at this stage. In (C)
and (D), MAb BP-104 staining in the eye
disc (F) and the optic stalk (S) is shown. As
seen at the lower magnification (C), the
axon tracts of the optic stalk (S) connecting
the photoreceptor cells with the lamina (L)
of the optic lobe express high levels of the
long form of the protein. At higher magnifi-
cation (D), the staining of the photorecep-
tor cells with MAb BP-104 can be seen.
MAb 1B7 stains most cells throughout the
eye disc (nat shown).

Nothing is known about the functional significance
of the two different forms of the neuroglian protein
with different cytoplasmic domains. Since both forms
have identical extracellular domains, a difference in
binding specificity between the two seems unlikely.
However, as was shown for E-cadherin, the structure
of the cytoplasmic domain can have a significant in-
fluence on the binding affinity to its extracellular do-
main (Nagafuchi and Takeichi, 1988). Nevertheless, a
differential involvement of the two neuroglian poly-
peptides in some cytoplasmic event appears more
likely. One alternative is that the two forms interact
differently with cytoskeletal components. Supporting
this possibility are the findings on the 180 kd (long)
form of N-CAM. It has a unique, 261 amino acid cyto-
plasmic insert (Cunningham et al., 1987) and interacts
specifically with celluiar spectrin molecules (Poller-
berg et al., 1987). This interaction results in a lower
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Figure 9. Embryonic Developmental Western Blots Stained with
Anti-Neuroglian Antibodies

Membranes from staged Drosophila embryos were prepared,
and 20 pg aliquots were separated on a 7.5% SDS-polyacryl-
amide gel before being electroblotted to nitrocellulose filters
(lanes 1, 0-4 hr; lanes 2, 4-8 hr; lanes 3, 8-12 hr; lanes 4, 12-16
hr; lanes 5, 16-20 hr; lanes 6, 20-24 hr). Blot A was incubated with
a 1/1000 dilution of rat anti-neuroglian serum followed by a
horseradish peroxidase-conjugated secondary antibody and
developed with diaminobenzidine. Blot B was probed with a
1/1000 dilution of BP-104 monoclonal mouse ascites fluid.

Figure 8. Developmental Northern Blots for
the Two Neuroglian mRNAs

Total RNA was prepared from staged Dro-
sophila embryos. Aliquots (30 ng) were
separated on a 1% agarose gel (lanes 1, 0-3
hr; lanes 2, 3-6 hr; lanes 3, 6-9 hr; lanes 4,
9-12 hr; lanes 5, 12-15 hr; lanes 6, 15-18 hr;
- lanes 7, 18-21 hr) and transferred to nylon
filters. These filters were hybridized to T7
RNA polymerase transcribed, 32P-labeled
- single-stranded RNA probes specific for
the short (A) or the long (B) form of neu-
roglian. (C) The Northern blot shown in (A)
was subsequently probed with a 32P-la-
beled cDNA fragment for Drosophila a tu-
bulin 4 (Natzle and McCarthy, 1984).

diffusion coefficient of the 180 kd N-CAM form in the
plane of the membrane as compared with the 120 kd
and 140 kd forms (Pollerberg et al., 1986). The unusual
amino acid composition of the long form-specific cy-
toplasmic domain of neuroglian could be indicative
of an interaction with some cytoskeletal protein such
a3 spectrin. Although the 180 kd-specific domain of
N-CAM shares no primary sequence homology with
the long form-specific domain of neuroglian, both
have an unusual high content of the same 4 amino
acids: alanine, glycine, proline, and serine. Whether
this unusual amino acid content is involved in spec-
trin binding is unknown.

Both N-CAM and L1 are phosphorylated at one or
several serine and threonine residues (Sorkin et al.,
1984; Mackie et al., 1989; Salton et al., 1983b; Faissner
et al., 1985). Although the 8 additional serine residues
in the long neuroglian form are not present in the
context of a known phosphorylation signal, they could
be targets of a so far uncharacterized, serine-specific
protein kinase. It was recently postulated by Schuch
et al. (1989) that cell adhesion molecules can influ-
ence cellular secondary messenger systems. The dif-
ferent cytoplasmic domains of neuroglian described
here could have very different functions and activities
in such a process.

Different isoforms with different C-terminal cyto-
plasmic domains have been observed among several
vertebrates cell adhesion molecules (Cunningham et
al., 1987; Owens et al., 1987; Lai et al., 1987). Thus far,
however, biochemical, immunological, and cDNA anal-
yses have not revealed a second form of the L1 protein
in vertebrates (Salton et al., 1983b; Rathjen et al., 1987;
Moos et al., 1988; Prince et al., 1989). In mouse, rat,
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and chicken, the mature L1 protein appears as a single
polypeptide with an apparent molecular mass of ap-
proximately 200 kd. The existence of two different poly-
peptide forms of neuroglian therefore appears unique
to Drosophila. The cDNA sequences downstream from
the point where the two transcripts diverge are coded
for by two different exons (M. Hortsch et al., unpub-
lished data). The exon encoding the short form-spe-
cific cytoplasmic domain resides 5’ to the exon encod-
ing the long form-specific domain. Since the first 5
38 nucleotides of both exons are highly conserved,
we interpret this to represent a fairly recent exon du-
plication event that now results in the generation of
two different neuroglian gene products in flies. The
identification of neuroglian homologs in other more
primitive insects such as grasshopper might help to
elucidate how widespread the multiple neuroglian/L1
protein forms are and when in the phylogeny of the
arthropods the exon duplication occurred.

Experimental Procedures

Generation and Screening of Monoclonal Antibodies

and Antisera

The generation of MAb 1B7 and of rat anti-neuroglian serum an-
tibodies has been previously described by Bieber et al. (1989).
MAD BP-104 was generated using membrane proteins from cul-
tured embryonic Drosophila neurons. The procedures for neu-
ron culture and membrane isolation have been previously de-
scribed by Patel et al. (1987). BALB/c mice were immunized with
intraperitoneal injections containing approximately 1 mg of pro-
tein. The primary injection consisted of membrane protein sus-
pended in a 1:1 mixture of PBS 2 mM NaH,PO,H,0, 8 mM
Na,HPO,4, 170 mM NaCl [pH 74]) and Freund’s complete adju-
vant. Mice were given three boosting injections at 3 week inter-
vals. Boosting injections were identical to the primary injection
except that incomplete Freund’s adjuvant was used. Three days
prior to fusion, a final injection of protein in PBS alone was ad-
ministered. Mouse spleen cells were fused to NS-1 myeloma
celis (Oi and Herzenberg, 1980), and hybridoma supernatants
were: screened by immunofluorescence on 10-15 hr whole-
mount Drosophila embryos as previously described (Patel et al.,
1987).

Immunocytochemistry

Staged embryos were dissected onto glass slides and stained
with MAbs as described by Bieber et al. (1989). Imaginal discs
were dissected from late third instar larvae or collected in a mass
disc isolation. Staining of whole mounts and imaginal discs was
performed using horseradish peroxidase-conjugated goat anti-
mouse 1gG secondary antibodies (Jackson ImmunoResearch
Laboratories, Inc.) as outlined by Patel et al. (1989). For some
preparations, staining was enhanced by the addition of NiCl, to
a concentration of 0.05% to the diaminobenzidine staining solu-
tion. A Zeiss Axiophot microscope with Nomarski optics was
used to view and photograph mounted embryos, dissected em-
bryonic nervous systems, and imaginal discs.

SDS-PAGE and Western Blot Analysis

Total membrane proteins from 10-14 hr Drosophila embryos
were prepared as previously described (Patel et al., 1987). Pro-
teins were separated on 7.5% SDS~polyacrylamide gels, and im-
munoblots were performed according to Burnette (1981), with
the modifications described by Hortsch et al. (1985).

Deglycosylation of Proteins

Total membrane proteins from 10-14 hr embryos were degly-
cosylated with TFMS as described by Edge et al. (1981). Degly-
cosylation with endoglycosidase H was carried out according to

the manufacturers specifications (Boehringer Mannheim Bio-
chemica). Deglycosylated protein was analyzed by immunoblot-
ting as described above.

cDNA Expression Cloning

A 141000 dilution of MAb BP-104 mouse ascites fluid was used
to screen the Kai Zinn 9-12 hr Drosophila embryo Agt11 cDNA
expression library (Zinn et al., 1988). Nitrocellulose filters were
processed as described for Western blots using a horseradish
peroxidase-conjugated goat anti-mouse IgG secondary anti-
body and diaminobenzidine for the detection of positive phage.

DNA Sequencing

DNA sequencing was petformed according to the dideoxy chain
termination method (Sanger et al., 1977) using Sequenase (United
States Biochemical Corp.), [®*S]dATP, and 60 cm buffer gradient
gels (Biggin etal., 1983). Subcloning into the Bluescript KS/+ vec-
tor (Stratagene) and M13mp10 has been described previously
(Bieber et al., 1989).

RNA Protection Experiments

RNA protection experiments were carried out using a modifica-
tion of the method described by Zinn et al. (1983). Scal-EcoRlI
fragments isolated from the 3’ ends of both neuroglian cDNA
probes were subcloned into Smal- and EcoRl-cut, phosphatized
Bluescript KS/+ and SK/+ vectors and linearized plasmid DNA
was transcribed in the presence of [a-32P]JUTP by T7 RNA poly-
merase. Probe (10° cpm) was hybridized to 30 ug of total Dro-
sophila 12-24 hr embryonic RNA overnight at 45°C. The mixture
of RNAase A and RNAase T1 used by Zinn et al. (1983) resulted
in the degradation of some of the RNA-RNA hybrid fragments.
Presumably this was due to base slippage in the AFrich 5 parts
of the probes. RNAase treatment was therefore performed for 30
min at 37°C using 10 pg/mi RNAase T1, resulting in a slightly
higher background. Protected RNA fragments were separated
on 8% urea-polyacrylamide gels and visualized by autoradiogra-
phy at ~80°C.

Northern Blot Analysis

Total RNA was prepared from staged Drosophila embryos, sepa-
rated by formaldehyde-containing 1% agarose gels (Lehrach et
al., 1977), and blotted onto GeneScreen Plus membranes. Hy-
bridization was carried out according to the method of Church
and Gilbert (1984), using [0-?P]JUTP-labeled RNA probes tran-
scribed by T7 polymerase or DNA probes radiolabeled by the ex-
tension of sequences randomly primed with oligonucleotides as
described by Feinberg and Vogelstein (1983).
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