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Axonal insulation is critical for efficient action potential propagation and normal functioning of the nervous system. In Drosophila, the
underlying basis of nerve ensheathment is the axonal insulation by glial cells and the establishment of septate junctions (SJs) between
glial cell membranes. However, the details of the cellular and molecular mechanisms underlying axonal insulation and SJ formation are
still obscure. Here, we report the characterization of axonal insulation in the Drosophila peripheral nervous system (PNS). Targeted
expression of tau-green fluorescent protein in the glial cells and ultrastructural analysis of the peripheral nerves allowed us to visualize the
glial ensheathment of axons. We show that individual or a group of axons are ensheathed by inner glial processes, which in turn are
ensheathed by the outer perineurial glial cells. SJs are formed between the inner and outer glial membranes. We also show that Neurexin
IV, Contactin, and Neuroglian are coexpressed in the peripheral glial membranes and that these proteins exist as a complex in the
Drosophila nervous system. Mutations in neurexin IV, contactin, and neuroglian result in the disruption of blood-nerve barrier function
in the PNS, and ultrastructural analyses of the mutant embryonic peripheral nerves show loss of glial SJs. Interestingly, the murine
homologs of Neurexin IV, Contactin, and Neuroglian are expressed at the paranodal SJs and play a key role in axon-glial interactions of
myelinated axons. Together, our data suggest that the molecular machinery underlying axonal insulation and axon-glial interactions may
be conserved across species.
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Introduction

Glial ensheathment of axons ensures proper action potential
propagation. During evolution, species developed mechanisms
to enhance the conduction velocity either by increasing the axon
diameter (for example, the squid giant axon) or by producing a
multilayered myelin membrane sheath around the axon as seen
in the vertebrates (Hodes, 1953; Peters et al., 1991). Myelination
provided additional advantages in establishing specific axon-glial
interactions to organize axons into unique molecular domains to
promote saltatory conduction (Bhat, 2003; Salzer, 2003).

In the fruit fly, Drosophila melanogaster, many types of glial
cells have been identified based on their anatomical features and
putative functions (Ito et al., 1995; Freeman et al., 2003). In the
absence of a myelin sheath and nodes of Ranvier, Drosophila
axons are wrapped by peripheral (inner) glial cells, which in turn
are wrapped by much larger perineurial (outer) glial cells (Bellen
etal., 1998). The inner glial cell processes wrap the axons, which
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in turn are ensheathed by the outer glial membrane. This insula-
tion protects the neural microenvironment from the high potas-
sium levels of the hemolymph (Hoyle, 1952). In addition to ax-
onal ensheathment, the glial membranes are also involved in the
formation of cellular junctional complexes at the membrane in-
terfaces between either two glial cells or between axons and glial
cells. One such junctional complex displays a unique ladder-like
structure characteristic of the septate junctions (SJs). In inverte-
brate species, SJs provide the functional equivalent of vertebrate
tight junctions (TJs) to maintain the blood—brain barrier (BBB)
(Bellen et al., 1998; Carlson et al., 2000; Tepass et al., 2001). Loss
or disruption of SJs resulting from mutations in genes encoding
SJ proteins leads to the breakdown of the barrier function, ulti-
mately resulting in paralysis (Auld et al., 1995; Baumgartner et al.,
1996). Recent analyses of SJs in Drosophila show the presence of a
number of proteins that are enriched at or associated with SJs (for
review, see Banerjee et al., 2006). Interestingly, most of these
proteins are localized at the epithelial SJs, only Neurexin IV (Nrx
IV) and Gliotactin are reported to be functional in the peripheral
glia, whereas Moody and Loco are required in the surface glia to
achieve effective insulation of the CNS (Bainton et al., 2005;
Schwabe et al., 2005).

Although axo-glial SJs and their molecular components have
been identified in vertebrates, the molecular components of Dro-
sophila SJs in the nervous system and their functions are still not
fully understood. Here, we report on the cellular basis of axonal
ensheathment in the Drosophila peripheral nerves and show that
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the inner glial membrane processes wrap the axons. We show that
SJs are established between the outer and inner glial membranes
and that these junctions are continuously present along the
length of the nerve fibers. Ultrastructural and dye exclusion anal-
yses of nrx 1V, contactin (cont), and neuroglian (nrg) mutants
revealed loss of SJs in the peripheral nerves and a breakdown of
the blood—nerve barrier (BNB) in the PNS, respectively. Our studies
provide evidence for an evolutionarily conserved molecular com-
plex at the SJs and provide a genetic basis to study axonal insulation
and axon-glial interactions in a Drosophila model system.

Materials and Methods

Drosophila stocks. nrx V3% con , and nrg’ alleles have been de-
scribed previously (Baumgartner et al., 1996; Faivre-Sarrailh et al., 2004).
Upstream activating sequences (UAS)-tau green fluorescent protein (GFP)
was obtained from S. Crews (University of North Carolina, Chapel Hill,
NC), repo-GAL4 was obtained from V. Auld (University of British Co-
lumbia, Vancouver, Canada), and gcmAP ! was obtained from B. Jones
(University of Mississippi, Oxford, MI). All other reagents used in the
current study were obtained from the Drosophila Stock Center (Bloom-
ington, IN).

Generation of antibodies and immunofluorescence analysis. For the pro-
duction of polyclonal antibodies against Reverse polarity (Repo) and
Nrg, cDNA fragments encoding C-terminal 295 and 140 amino acids,
respectively, were cloned in a his-tag vector pET28a(+ ) (Novagen, Mad-
ison, WI) and expressed in Escherichia coli BL21DE3. The recombinant
proteins were purified on cobalt columns and used for the immunization
of guinea pigs and rats as described previously (Bhat et al., 1996).

Antibody staining of embryos was performed as described previously
(Bhat et al., 1999). Primary antibodies used were rabbit anti-Nrx IV
(Baumgartner et al., 1996), guinea pig anti-Cont (Faivre-Sarrailh et al,,
2004), rabbit anti-GFP (Invitrogen, San Diego, CA), mouse anti-FAS II
(Developmental Studies Hybridoma Bank, University of Iowa, Iowa
City, IA), rabbit anti- 33 tubulin (Dettman et al., 2001), rat anti-Nrg (our
study), and guinea pig anti-Repo (our study). All secondary antibodies
used in this study were from Jackson ImmunoResearch (West Grove,
PA). Images were captured on Bio-Rad (Hercules, CA) Radiance 2000
confocal microscopes and processed with Adobe PhotoShop software
(Adobe Systems, San Jose, CA).

Transmission electron microscopy and data analysis. For transmission
electron microscopy (TEM), both wild-type and mutant embryos from
various genotypes were dechorionated. Homozygous mutant embryos
were screened against GFP from green balancers and processed for TEM
according to published procedures (Auld et al., 1995). Wandering third-
instar wild-type larvae were also fixed and processed according to Auld et
al. (1995). Analyses of embryonic wild-type nerves were based on three
wild-type (Canton S) samples and three each for mutants of nrx IV and
nrg. All of the samples were sectioned in a transverse plane. Overall, ~250
images were photographed and analyzed for each of the samples. Mutant
samples were processed for TEM in parallel with wild-type samples in
three separate batches to minimize variations resulting from processing
and fixation conditions. Serial sections were performed on the abdomi-
nal nerves of the wandering third-instar larvae. Approximately 50 semi-
thin (70 nm) serial sections of the larval peripheral nerve fibers were
analyzed for the presence of SJs within ~3.5 um region of the nerve.

Biochemical methods and immunoprecipitation. Wild-type fly heads
were homogenized in 10 ml of ice-cold buffer containing 50 mm Tris-
HCI, pH 7.6, 3 mm MgCl,, 320 mu sucrose, and protease inhibitors using
a glass homogenizer. The homogenates were centrifuged at 1000 X g for
15 min at 4°C. The supernatants were centrifuged again at 100,000 X g
for 2 h at 4°C. The membrane pellets were extracted for 30 min on ice in
buffer containing 50 mm Tris-HCI, pH 7.6, 2% sucrose monolaurate,
0.1% sodium deoxycholate, and protease inhibitors. The solubilized pel-
lets were centrifuged again at 100,000 X gfor 2 h at 4°C. The supernatants
were used for the immunoprecipitation. The Protein A beads (100 ul)
were preincubated with 8 ul of either Nrx IV, Cont, or Nrg antibodies for
3 hand washed three times with PBS. The antibody-Protein A beads were
added to 1.5 ml of the solubilized membrane fraction and incubated
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overnight at 4°C. The beads were washed four times with 50 mm Tris-
HCI, pH 7.6, for 10 min each. The protein complexes bound to the beads
were eluted in 150 ul of 100 mm glycine-HCI, pH 2.5. Twenty microliters
of the samples from each genotype were separated on SDS-PAGE for
immunoblotting with respective antibodies.

Sucrose density gradient centrifugation. Fly heads were homogenized in
10 mm Tris-HCIL, pH 7.4, containing 100 mm NaCl, 10 mm EDTA, 1 mm
PMSF, and 0.5% Triton X-100 with protease inhibitors followed by cen-
trifugation at 100,000 X g for 20 min at 4°C. After protein estimation, 2
mg of total protein was layered on a 10—45% continuous sucrose gradi-
ent followed by centrifugation at 100,000 X g for 20 h at 4°C. Fractions of
250 wl were collected from the top, and appropriate amounts were pro-
cessed for immunoblotting as described above.

Dye exclusion assay. Stage 16—17 embryos were collected and prepared
for dye injections as described previously (Lamb et al., 1998). Rhodamine
(30 mg/ml)-labeled dextran (10,000 molecular weight, neutral; Invitro-
gen) in injection buffer (5 mm KCI, 0.1 mm sodium phosphate, pH 6.8)
was injected into the body cavity at the posterior end of the embryo by
using an Eppendorf (Hamburg, Germany) micromanipulator FemtoJet.
The embryos were visualized directly under a confocal microscope, and
images were captured simultaneously within a specified time. For wild-
type and for each mutant (counter selected against a GFP balancer), 10
embryos and 18 embryos, respectively, were injected with the
rhodamine-labeled dextran dye.

Statistics. Statistical analysis was performed using Student’s t tests.
Data are expressed as the means = SEM.

Results

Axonal ensheathment of the Drosophila embryonic and larval
peripheral nerves

In the Drosophila embryonic nervous system, ~10% of the cells
constitute glial cells of various types and function. They have
been classified using various enhancer trap markers that identify
specific subsets of glial cells (Ito et al., 1995). To understand the
anatomical and cellular basis of axonal insulation, knowledge of
the spatiotemporal distribution of the ensheathing glial cells and
their membrane processes along the axons in the nervous system
is essential. We analyzed the general distribution of glial cells at
three key developmental stages [stages according to Campos-
Ortega and Hartenstein (1997)] to determine the relationship
and pattern of peripheral glial cells and the nerve fibers. To visu-
alize glial cell distribution at embryonic developmental stages 13,
14, and 16, we used antibodies against a glial-specific homeodo-
main protein, Repo, which is expressed exclusively in glial cell
nuclei (Fig. 1A,D,G, green) (Campbell et al., 1994) and a cell
adhesion molecule, Fasciclin II, which is expressed in the motor
axons (Fig. 1A-I, red). At stage 13, most of the glial cells have
been specified. The peripheral glial cells are still present at the
nerve exit at the CNS—PNS border (Fig. 1 A-C; white lines in C, F,
and I represent the CNS—PNS border). To determine the extent
of the glial cytoplasm and glial processes at stage 13, we used
repo:GAL4::UAS:tau-GFP combination to express tau-GFP in the
glial cells to aid in the visualization of the glial cytoplasm and glial
processes, because tau-GFP binds to the microtubular network
(Williams et al., 2000). As shown in Figure 1B and at a higher
magnification in Figure 1C, immunostaining against GFP re-
vealed that glial cytoplasm is already surrounding the nerve fibers
and that peripheral glia are positioned into a cone shape ready to
move toward the periphery (Fig. 1C, arrow). At stage 14, the
peripheral glial cells have completed their proliferation and
~8-10 glial cells per abdominal hemisegment lineup along the
nerve tracts (Jones et al., 1995; Sepp et al., 2000). The peripheral
glial cell nuclei are present on the nerve tracts and are better
separated from each other compared with stage 13 (Fig. 1, com-
pare A and D). Immunostaining of repo:GAL4::UAS:tau-GFP
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Figure 1. Glial cell profile in the embryonic and larval PNS. A-(, Stage 13 wild-type (A) and repo-GAL4::UAS-tauGFP (B, C)
embryos stained with anti-Repo (green; A) and anti-Fas Il (red; A—C) show that the clusters of peripheral glial cells begin to
migrate to the periphery along the motor axon tracts. The anti-GFP (green; B, €) shows the profile of the glial microtubular
cytoskeleton, thus highlighting the glial process extension. C, Higher magnification of a portion of the embryo shown in B reveals
that the glial cytoplasmic processes (arrow) extend along the motor axon tracts (arrowhead) to reach the periphery. The (NS—PNS
boundary is highlighted by a white line (C, F, I). DF, Stage 14 wild-type (D) and repo-GAL4::UAS-tauGFP (E, F) embryos show
Repo-positive glial cells (green; D) moving further into the periphery along the motor axons (red; D). The tau-GFP visualized by
anti-GFP staining (green; E, F) shows the extent of the glial microtubular network (arrow; F) along the axonal tracts (arrowhead;
F). The group of lateral chordotonal sensory organs (Ich) is also visible in this focal plane and shows expression of GFP in ligament
cells, which ensheath chordotonal neurons. G-/, Stage 16 wild-type (G) and repo-GAL4::UAS-tauGFP (H, I) embryos show that the
Repo-positive glial cells (green; G) have migrated to the periphery, and the glial processes (green; H, I) visualized by anti-GFP
staining show near complete ensheathment of the peripheral nerve (arrow; /) axon tracts (red; H, I). The glial ensheathment has
extended up to Ich. The axon tracts are seen running through the glial cells. The sensory bipolar dendritic neuron is also en-
sheathed by its supporting glial cell (green arrow). J, A portion of the third-instar larval ventral nerve cord with peripheral nerves
expressing GFP under repo-GAL4 driver. The glial nuclei (arrows) are randomly lined up along the peripheral nerves, and no
consistent distance is observed between neighboring glial cells. K, A portion of an abdominal nerve with a glial cell nucleus (N)
from repo-GAL4::UAS-tauGFP stained with anti-GFP reveals the pattern of the glial microtubular network (arrows) with tracts of
microtubules separated from each other. L-Q, A portion of a peripheral nerve of repo-GAL4::UAS-tauGFP stained with anti-GFP (L,
0) and anti-Fas Il (M, P) reveals the ensheathment of the nerve by the glial membranes (N, Q). The glial membrane extends partly
into theinitial portion of the third-instar larval neuromuscular junctions (arrows; N, Q) (Sepp et al., 2000). The glial processes also
display arborizations at the initial contact site with the muscle (@, arrows). The Fas Il marked synaptic boutons (arrowheads; N, Q)
that are away from the nerve entry site are devoid of glial insulation and are protected by the musculature.
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stage 14 embryos shows that glial cells are
further along the axon tracts and are sur-
rounding the axons (Fig. 1 E). At a higher
magnification, the glial cell bodies and
processes (Fig. 1 F, green, arrow) are seen
ensheathing the axon tracts (red, arrow-
heads). At stage 16, the migration of the pe-
ripheral glial cells (green) along the nerve
tracts (red) is complete (Fig. 1G). Immuno-
staining of repo:GAL4::UAS:tau-GFP stage
16 embryos shows that glial cell bodies and
processes have completely ensheathed the
major axon tracts (Fig. 1H). As shown in
Figure 11, at a higher magnification, the
glial cell bodies and processes (green, ar-
rows) are seen ensheathing the axons
tracts (red, arrowheads). The ensheath-
ment of lateral chordotonal sensory neu-
rons (Ich) by the ligament cells is also high-
lighted by tau-GFP. Similarly, a bipolar
dendritic neuron is also ensheathed by its
cognate glial cell (green arrow). These data
show that glial ensheathment of the axons
begins as soon as the peripheral glial cells
exit the CNS, and in the later stages of de-
velopment, the glial cells continue to mi-
grate along the axon tracts and stretch
their processes for long distances to insu-
late the embryonic peripheral nerves.

We next analyzed the glial distribution
along the third-instar larval abdominal
nerves to determine how larval nerves are
insulated given that some of these nerves
run almost the entire length of the larval
body. The larval nerves exit the ventral
nerve cord and innervate the musculature
of each individual abdominal segment (Leis-
erson et al., 2000). As shown in Figure 1], GFP
fluorescence of the repo:GAL4::UAS:GFP
third-instar larvae allowed us to visualize the
glial cells on the nerve tracts. Most of the GFP
protein remains in the cell body, but some of
the GFP is transported along the glial mem-
branes, which highlight the nerve tracts. The
glial cells are present along the length of the pe-
ripheral nerves and do not display any uniform
distribution along the nerves (Fig. 1], arrows).
To determine the extent of glial cytoplasm and
glial microtubules, we immunostained
repo:GAL4::UAS:tau-GFP third-instar larval
abdominal nerves (Fig. 1K). This revealed an
extensive microtubular network in the glial cy-
toplasm (Fig. 1K, arrows; N is a glial nucleus),
indicating that glial cytoplasm is distributed to
accommodate axonal fascicles during en-
sheathment. To further analyze axonal en-
sheathment of the abdominal nerves at the
level of the neuromuscular attachment sites be-
tween glial cells, axons, and the musculature,
we immunostained repo:GAL4::UAS:tau-GFP
third-instar abdominal nerves with anti-GFP
(Fig. 1L, O, green) and anti-Fas II to highlight
axons and synapses (Fig. 1 M, P, red). This re-
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vealed that the peripheral nerve axons are en-
sheathed by the glial membrane processes and
that glial ensheathment in larval nerves extends
partly to neuromuscular synapses (Fig. 1N, Q,
merge) (Sepp et al., 2000). In addition, glial
processes form arborizations at the initial areas
of the neuromuscular synapses (Fig. 1Q, ar-
rows; arrowheads point to synaptic boutons in
N, Q). Together, the immunofluorescence data
show that axonal ensheathment in the Dro-
sophila PNS is performed by ensheathing pe-
ripheral glial cells.

Ultrastructural analysis of the axonal
ensheathment and the presence of
septate junctions in the

peripheral nerves

The light microscopic analysis of the pe-
ripheral glial distribution on the embry-
onic and larval abdominal nerves provided
a gross anatomical perspective. We wanted
to further analyze the ultrastructural fea-
tures of the embryonic and larval periph-
eral nerves with respect to the nature of
axonal ensheathment, the arrangement of
axon fascicles and the presence of cellular
junctions. As shown in Figure 2 A, a cross
section of an embryonic peripheral nerve
at low magnification revealed many single
axons (Fig. 2, a) or a group of axons sur-
rounded by glial membrane processes of
the inner glial cell (Fig. 2, g). Such an ar-
rangement of axon fascicles has been de-
scribed previously (Juang and Carlson,
1994; Auld et al., 1995). After closer exam-
ination, the glial membranes (inner and
outer) come in close apposition to estab-
lish electron-dense junctional structures,
which represent the glial—glial SJs (Fig. 2 A,
arrow). Next, we analyzed the ultrastruc-
ture of a third-instar larval abdominal
nerve. As shown in Figure 2B, the cross
section of the larval nerve revealed the
presence of ~80-90 axons (a) tightly held
together and ensheathed by inner glial
membranes (m). The outer or perineurial
glial membrane (P) wraps around the
nerve fiber, and areas where the outer and
inner glial membranes come in close prox-
imity show the presence of SJs (Fig. 2B,
arrow). The nerve is surrounded by a neu-
ral lamella (Fig. 2, 1), which is secreted by
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Figure 2.  Axonal ensheathment and presence of junctions in the nerve fibers. 4, Cross section through a 20- to 22-h-old
wild-type embryonic nerve fiber showing tightly held axons (a) surrounded by a glial cell (g). The electron-dense region where
two glial membranes come in close apposition is highlighted by an arrow. B, Cross section through a wild-type third-instar
peripheral nerve at a low magnification shows the arrangement of axons (a) surrounded by glial membranes (m). The outer
perineurial glial cell (P) is surrounding the axons (a) and the inner glial membranes (m). The nerve is surrounded by a neural
lamella (I). Note the presence of electron-dense areas that contain SJs (arrow). C, Section through a peripheral nerve showing glial
membrane (m) interspersed between the axons (a). D, A nerve fascicle containing a group of axons is collectively wrapped by the
inner glial membrane (m). The arrowheads point to the boundary of the glial membrane that ensheaths this fascicle. Some axons
(a) in the peripheral nerves are individually wrapped by the inner glial membrane (E, arrowheads). F, A portion of the same nerve
asin Batahigher magnification shows axons (a) surrounded by glial membrane processes (m). Theinner and outer glial membranes come
in close proximity to form the SJs (arrows). Glial membranes with SJs always display a distinct electron dense ladder-like structure corre-
sponding to glial— glial SJs (F, G, arrows). Scale bars: 4, D, 0.5 wm; B, €, 1 um; E, 0.25 um; F, G, 0.1 em.

the outer glial cells (Leiserson et al., 2000). Within the abdominal
nerve, two types of insulations are observed: ensheathment of
individual axons by the inner glial membrane and ensheathment
of axon fascicles (a group of axons = a fascicle) by the inner glial
membrane. As shown in Figure 2C, axons (a) are surrounded by
the membrane (m) processes of the inner glial cells, thereby in-
sulating individual axons. An entire fascicle that is ensheathed by
the inner glial membrane (m) indicated by arrowheads is shown
in Figure 2 D. All of these axons are held in register by the inner
glial membrane (Fig. 2 D, arrowheads). This pattern was consis-
tently observed in 50 consecutive serial sections of third-instar

peripheral nerve fiber (data not shown). An example of a single
axon (a) that is ensheathed by the inner glial membrane is shown
in Figure 2E. The arrowheads point to the membrane process
that provides ensheathment to a single axon. These data indicate
that Drosophila peripheral axons may be ensheathed individually
like the Schwann cell myelinated peripheral axons of the verte-
brates or collectively like the unmyelinated peripheral nerves of
the vertebrates. Thus, ensheathment of axons does occur in the
Drosophila peripheral nerves except that the membranes do not
undergo multiple wraps as seen in vertebrate myelinated axons.
Next, we analyzed the areas of the peripheral nerves, where the
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inner and outer glial membranes come in close apposition to
establish electron-dense cellular contacts. At a higher magnifica-
tion, the region indicated by an arrow in Figure 2B revealed
distinct electron dense ladder-like structures between the outer
and inner glial membranes (m). These structures represent the
glial-glial SJs characteristic of the pleated SJs (Fig. 2 F, arrows)
(Banerjee et al., 2006). A similar region from another abdominal
nerve also shows the presence of ladder-like SJs between the outer
and inner glial membranes (m) with arrows pointing to individ-
ual septa of the ladder (Fig. 2G). The presence of SJs is consis-
tently seen in the serial sections at the same region running along
the length of the nerve fibers (supplemental Fig. 1S, available at
www.jneurosci.org as supplemental material). Together, the ul-
trastructural analysis of the peripheral nerve fibers provided a
detailed anatomical view of the axonal ensheathment by the glial
cells and also revealed the presence of septate junctions between
the glial membranes.

Septate junction proteins Nrx IV, Cont, and Nrg are
expressed in the Drosophila peripheral nerves

The ultrastructural analysis of the peripheral nerves showed the
presence of SJs. We established whether NRX IV, CONT, and
NRG, which we have shown previously to localize to epithelial Ss
(Faivre-Sarrailh et al., 2004), are expressed in the peripheral
nerves and whether these proteins are expressed by axons or glia
or both. To visualize the peripheral nerves of wild-type stage 16
embryos, we performed triple immunostaining using antibodies
against Nrx IV (Fig. 3A, green), FaslI (Fig. 3A-E, red), and Repo
(Fig. 3A—F, blue). Nrx IV localization in the peripheral nerve is in
the glial membrane (Fig. 3A, arrowhead, green) along FaslI-
labeled motor axons (Fig. 3A, red, arrow), and Repo is localized
to the glial nuclei (Fig. 3A, blue). Similarly, immunostaining
against Cont showed that Cont is also expressed in the glial cells
and localizes to the glial membrane (Fig. 3B, green, arrowhead)
and shows no detectable expression in the axons (Fig. 3B, red,
FaslII arrow). In contrast, immunostaining against Nrg showed
that Nrg is expressed in both the glial cells and the axons. The glial
expression of Nrg is seen along the membranes (Fig. 3C, arrow-
heads), and coexpression with FasII is seen as yellow in the axons
(Fig. 3C, arrow). Thus, the immunofluorescence analysis showed
that the septate junction proteins Nrx IV, Cont, and Nrg are
expressed in the peripheral nerves.

To further confirm the glial membrane localization of Nrx IV,
Cont, and Nrg, we studied the localization of these three proteins
in glial cells missing ( gem) mutant embryos. gcrm mutants retain
very few glial cells in the embryos compared with wild type
(Hosoya et al., 1995; Jones et al., 1995). gem mutant embryos,
identified by the loss of Repo-positive glial nuclear staining (Fig.
3D-F, blue), shows absence of glial membrane staining of Nrx
(Fig. 3D, green), Cont (Fig. 3E, green), and Nrg (Fig. 3F, green).
Long stretches of peripheral axons stained with either anti-Fas II
(Fig. 3D, E, red) or anti-HRP (Fig. 3F, red) do not show any glial
membrane ensheathment. However, Nrx IV, Cont, and Nrg show
normal localization in the epithelial cells and trachea (Fig. 3,
compare D and Ewith A—C, respectively). The axonal localization
of Nrg is unaffected in gem mutants (Fig. 3F). Together, these
data demonstrate that Nrx IV, Cont, and Nrg are components of
the glial membrane in the peripheral nerves, and Nrg has addi-
tional expression in the axons of the peripheral nerves.

Next, we performed the TEM analysis of the gem mutant
nerves to establish that the ensheathment of the axons is depen-
dent on the peripheral glial cells. As shown in Figure 3G, in the
wild-type nerves, axons (a) are properly ensheathed and the inner
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Figure3. Localization of Nrx IV, Cont,and Nrg in the embryonic nervous system. 4, A portion
of a wild-type stage 16 embryo stained for Nrx IV (green), Fas Il (red), and Repo (blue). Nrx IV
localizes to the glial membrane (arrowhead), whereas Fas I stains the motor axons (arrow). The
glial nuclei are lined up along the length of the nerve fiber (blue). Cont (B; green, arrowhead)
and Nrg (C; green, arrowhead) also localize to the glial membrane. However, Nrg has additional
localizationin the neurons (C; yellow, arrow). D-F, A segment of a stage 16 gcm mutant embryo
shows an absence of Repo-positive glial cells (blue) and a lack of glial membrane localization of
Nrx (green; D), Cont (green; E), and Nrg (green, F). However, the epithelial localization of Nrx
and Cont (D, E, respectively) as well as the neuronal localization of Nrg (F) in gcm mutant
embryos remain unaltered (compare with wild type in A-(). Sensory and motor neurons are stained
by anti-HRP (red; F). G, A cross section through a wild-type embryonic peripheral nerve fiber shows
ensheathment of the axons by the glial membrane and close apposition of glial membranes where SJs
are observed (black arrowhead). H, A cross section through a gcm mutant embryonic peripheral nerve
shows the absence of a glial membrane (black arrowhead). However, the axons (a) are still held
together as reported previously by Jones et al. (1995). 1, A portion of the wild-type nerve from G ata
higher magnification shows glial membranes (black arrows) in close apposition surrounding the ax-
ons (a). J, A portion of a gem mutant peripheral nerve lacks glial membranes (black arrowheads)
around the axons (a). Scale bars: G, H, 0.5 um; 1,J,0.2 em.

and outer glial membranes are in close apposition (black arrow-
head). In gem mutant embryos, no glial membrane is seen sur-
rounding the nerve bundles (Fig. 3H), and the outer and inner
glial membranes are absent (black arrowhead). At a higher mag-
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nification, the wild-type glial membranes
(Fig. 3I) closely wrap around the axons
(black arrows). The higher magnification
of gem mutant nerves do not show any glial
membranes (Fig. 3/, black arrows), indi-
cating that the membranes around the ax-
ons come from the peripheral glial cells.
Together, the immunofluorescence and
ultrastructural analysis of the wild-type
and gem mutant embryos further establish
that peripheral glial cell membranes are re-
sponsible for the ensheathment of the Dro-
sophila peripheral nerves.

Nrx 1V, Cont, and Nrg are
interdependent for their localization in
the peripheral nerves

We next studied the localization of Nrx IV,
Cont, and Nrg in the embryonic nervous
system (Fig. 4A-D). Nrx IV (Fig. 4A), Nrg
(Fig. 4B), and Cont (Fig. 4C) show colo-
calization at the nerve glial membranes
(Fig. 4D, white arrows). We have shown
previously that Nrx IV, Cont, and Nrg are
interdependent for their epithelial SJlocal-
ization (Faivre-Sarrailh et al., 2004). Hav-
ing established that Nrx IV, Cont, and Nrg
colocalize in the peripheral nerves, we in-
vestigated whether these proteins are in-
terdependent for their localization in the
peripheral nerves. We studied the effect of
the absence of each of these three proteins
on the localization of the other two in the
embryonic peripheral nerves using nrx IV,
cont, and nrg null mutants. nrx IV mutant
embryos (Fig. 4E-H) were stained with
anti-Nrx IV (Fig. 4E), anti-Cont (Fig. 4F),
and anti-Nrg (Fig. 4G). Cont and Nrg pro-
teins showed a rather diffused localization
when compared with their wild-type local-
ization in Figure 4, C and B, respectively.
In addition, Cont is present as puncta in
the cytoplasm of the glial cells as reported
previously for epithelial cells (Faivre-
Sarrailh et al., 2004) because of its failure
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Figure4. Interdependence and protein complex formation between Nrx, Cont, and Nrg in the nervous system. A portion of a

wild-type stage 16 embryo stained for Nrx IV (4), Nrg (B), and Cont (€). Nrx IV, Cont, and Nrg colocalize in the glial membrane
(A-D; arrows). E-H, A stage 16 nrx [V null embryo stained with anti-Nrx IV (E), anti-Cont (F), and anti-Nrg (G) shows highly
diffused localization of Cont (F) in the glial membranes (compare with €). Cont is also localized extensively in small puncta in the
cytoplasm of the glial cells (arrowheads; insetin H). Nrg (G) appears diffused along the nerve fibers (compare with B). I-L, A stage
16 cont null embryo stained with anti-Cont (/), anti-Nrx IV (/), and anti-Nrg (K) shows diffused localization of Nrx IV (/) and Nrg
(K) (arrowheads; inset in L), compared with their respective wild-type localization in A and B, respectively. M—P, A stage 16 nrg
null embryo stained with anti-Nrg (M), anti-Nrx IV (N), and anti-Cont (0) shows reduced levels of Nrx IV (N, compare with
wild-type A) and Cont (0, compare with ) in the glial membrane (arrowheads; inset in P). Coimmunoprecipitation experiments
reveal a tripartite complex between Nrx IV, Cont, and Nrg. Adult head lysates were immunoprecipitated with anti-Nrx IV, anti-
Cont, and anti-Nrg antibodies, and the immunoprecipitated proteins were resolved by SDS-PAGE and immunoblotted with
anti-Nrx IV (Q), anti-Cont (R), and anti-Nrg antibodies (S). All three proteins were immunoprecipitated by their cognate antibod-
iesand also coprecipitated the other two proteins. All antibodies coprecipitated both isoforms of Nrg (167 and 180 kDa isoforms).
The Pls were used as controls, which did not precipitate any of these proteins. T, Sucrose density gradient centrifugation of head
lysates shows cosedimentation of Nrx IV and Cont and partial cosedimentation of Nrg with Nrx IV and Cont, suggesting that these
proteins may exist as a biochemical complex in vivo. U, Immunoblots of the 20-h-old wild-type, nrx IV, cont, and nrg mutant
embryos probed with antibodies against Nrx IV (Ua), Cont (Ub), and Nrg (Uc) show dramatic reduction of Cont and Nrg in nrx [V
mutants. For protein level control, the blots were probed with anti-Barren, an unrelated protein (Ud) (Bhat et al., 1996).

to get targeted properly to the membrane in the absence of Nrx IV
(Fig. 4 H, arrowheads and inset). Similarly, cont null mutant em-
bryos (Fig. 4I-L) also showed less defined distribution and re-
duction of Nrx IV (Fig. 4]) and Nrg (Fig. 4K) in the glial mem-
brane (Fig. 4L, inset and arrowheads). nrg null mutant embryos
(Fig. 4 M—P) display significant reduction in Nrx IV (Fig. 4 N) and
Cont (Fig. 40) localization in the glial membranes (Fig. 4P, ar-
rowheads and inset). These results demonstrate that Nrx IV,
Cont, and Nrgare interdependent for their proper localization in
the embryonic peripheral nerves.

Nrx IV, Cont, and Nrg exist as a complex in the Drosophila
nervous system

We performed previously ultrastructural analyses of the embry-
onic epithelia in nrx IV, cont, and nrg mutants, which showed that
these genes are required for the formation and/or organization of
epithelial SJs (Baumgartner et al., 1996; Faivre-Sarrailh et al.,
2004). Nrx IV, Cont, and Nrg are interdependent for their proper

localization both in the epithelia (Faivre-Sarrailh et al., 2004) and
in the peripheral nerves, as shown in the preceding section (Fig.
4). These phenotypic similarities raised an interesting possibility
that these proteins are part of a macromolecular protein complex
that exists in the nervous system. To determine whether these
three proteins form a biochemical complex in the nervous sys-
tem, we used Drosophila heads, which are a rich source of both
neurons and glial cells. Coimmunoprecipitation experiments us-
ing Nrx IV, Cont, and Nrg antibodies efficiently coprecipitated
Nrx IV (Fig. 4Q), Cont (Fig. 4R), and Nrg (Fig. 4S). The preim-
mune sera (PI) for all of these antibodies were used as controls
and did not immunoprecipitate any of these proteins. Interest-
ingly, both isoforms of Nrg (180 kDa neuronal and 167 kDa
epithelial) were immunoprecipitated by Nrx IV and Cont anti-
bodies, suggesting that both isoforms are part of a protein com-
plex that includes Nrx IV and Cont. However, at this point, we
cannot differentiate whether isoform-specific complexes are
formed or whether both isoforms are in the same complex. In
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Disruption in CO morphology and BNB function in nrx [V, cont, and nrg mutants. A, Schematic of a CO showing the various cell types. Cap cells (cc; green), scolopale (s.c.; red), and

ligament (lig) are the three glial cell types. The neuron (neu; blue) has a rootlet (r), and its dendrite (d) projects into the lumen (lu) of the scolopale. The cc and the lig cell attachment sites of the CO
to the epidermis (ep) are also shown. The presence of extensive SJs has been reported between the cap and scolopale cells, thus providing a functional BNB. B, Wild-type CO triple stained with
anti-33 tubulin (green) marking the cap cells, anti-Crb (red) marking the lumen of the scolopale, and anti-22C10 (blue) marking the sensory neuron. C~H, Wild-type COs (C, E, G) stained with
anti-CRB (red) and anti-22C10 (blue) in combination with anti-Nrx IV (C, D), anti-Cont (E, F), and anti-Nrg (G, H) show a fusiform shape of the scolopales in the CO cluster. nrx IV (D), cont (F), and
nrg (H) mutants as evident from the lack of staining of their respective antibodies show a defective morphology and a disarrayed organization of the cluster. /-L, Dye exclusion assays performed on
the wild-type embryos (1), nrx IV (J), cont (K), and nrg (L) mutant embryos. Confocal images after dye injection of the regions of the peripheral nervous system at the level of the COs are shown.
Wild-type embryos (/) excluded the dye from the COs even after 30 min of injection, indicating that a functional BNB is present. Under identical conditions nrx IV (J), cont (K'), and nrg (L) mutant
embryos failed to exclude the dye from the C0s. Confocal images showed dye penetration into COs within 15 min after injection, indicating that the BNB has broken down in these mutants.

addition, we also performed sucrose density gradient analysis of
the fly head lysates to determine how Nrx IV, Cont, and Nrg
distribute in buoyant density gradients. As shown in Figure 47,
Nrx IV and Cont cosediment in overlapping fractions (lanes
5-7). Nrg shows distribution in the lighter sucrose density frac-
tions (3, 4) that do not overlap with Nrx IV and Cont but partially
overlaps with that of Nrx IV and Cont (fractions 5-7), indicating
that these proteins are associated with subcellular structures of
the same density and may associate into a biochemical complex
that is partially maintained during subcellular fractionation.

The immunofluorescence analysis of nrx IV, cont, and nrgnull
mutants showed that in each of these mutants, the other two
proteins show qualitatively reduced fluorescence intensities un-
der identical confocal settings (Fig. 4 E-P). The possible explana-
tion for reduced fluorescence intensity could be that loss of any of
these proteins affects the localization or stability of the other
proteins. We determined whether the levels of the other two pro-
teins had changed in nrx IV, cont, and nrg null mutants using
immunoblot analysis. As shown in Figure 4Ua, Nrx IV protein
levels did not seem to be affected in cont and nrg mutants when
compared with wild type (+/+). Cont protein levels were se-
verely affected in nrx IV mutants compared with wild-type and
nrg mutant embryos (Fig. 4Ub). Nrg protein levels were also af-
fected in nrx IV mutants but showed no change in cont mutants
(Fig. 4Uc). These changes were not reflected when the same im-
munoblots were probed with an unrelated protein, Barren (Fig.
4Ud), used as a loading control (Bhat et al., 1996). At this stage,
we cannot rule out whether the change in Cont and Nrg protein
levels in nrx IV mutants are attributable to reduced stability or
less synthesis of these proteins. Together, the biochemical data
indicate that Nrx IV, Cont, and Nrg form a protein complex in
the nervous system and that, in the absence of Nrx IV, the stability
of Cont and Nrg is severely affected.

Chordotonal organ SJs and blood—nerve barrier defects in nrx
1V, cont, and nrg mutants

One of the key functions that has been attributed to the SJs in the
nervous system is the formation and/or maintenance of a BNB in
insects (Baumgartner et al., 1996; Carlson et al., 2000). To test
whether Nrx IV, Cont, and Nrg play a role in mediating neuron-
glial interactions in the embryonic nervous system, we chose lat-
eral chordotonal sensory organs (COs) of the Drosophila PNS
because of the presence of both neuronal and glial cell types. We
also wanted to test whether disruption in the fine structure of the
COs would lead to a breakdown of a functional BNB in the em-
bryonic nervous system. The COs are composed of four cells: cap,
scolopale, ligament, and a bipolar neuron. The cap, scolopale,
and ligament cells are considered glial cells (Carlson et al.,
1997a,b). The anatomical features of a CO highlighting the posi-
tion and nature of the cells have been schematized in Figure 5A
based on immunostaining with cell-specific markers. A wild-type
CO is shown highlighting the cap cells by staining with anti-33
tubulin (Fig. 5B, green) (Dettman et al., 2001), scolopale cell
lumen, which is labeled with anti-Crb (Fig. 5B, red) (Bhat et al.,
1999), and the sensory neuron marked with anti-22C10 (Fig. 5B,
blue) (Fujita et al., 1982). The scolopale cell-neuron association
forms the core of this organ and provides a functional BNB (Carl-
son et al., 1997a,b, 2000). As shown in Figure 5C—H, COs were
visualized by immunostaining using anti-Crumbs (red) labeling
the scolopale and anti-22C10 (blue) labeling the sensory neurons
in combination with Nrx IV (Fig. 5C,D), Cont (Fig. 5E, F ), or Nrg
(Fig. 5G,H). The Nrx IV, Cont, and Nrg staining revealed that
they localize in the scolopale and cap cells, which have been
shown to contain SJs and maintain a functional BNB (Carlson et
al., 1997a). Nrgis also expressed in the neurons as seen along with
22C10 staining (Fig. 5G). The COs in null mutants of nrx IV (Fig.
5D), cont (Fig. 5F), and nrg (Fig. 5H) consistently displayed a
disorganized morphology and rounded shape of scolopales com-
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pared with the fusiform shape of their respective wild-type coun-
terparts (Fig. 5C, E, and G, respectively). The cap cells are present
in nrx IV, cont, and nrg mutant COs (data not shown). These
results suggest that Nrx IV, Cont, and Nrg are not required for the
cell specification of the COs but rather for proper neuron-glial
interactions during CO morphogenesis.

To establish whether the anatomical defects observed in the
COs of nrx IV, cont, and nrg mutants lead to a breakdown of a
BNB in the PNS, we performed a dye exclusion assay according to
Lamb et al. (1998). Live embryos from late stage 16 or early stage
17 from wild-type, nrx IV, cont, and nrg mutants were injected
with a 10 kDa rhodamine-labeled dextran dye into the body cav-
ity and monitored for varying periods of time under a confocal
microscope. As shown in Figure 51, wild-type embryos excluded
the dye from entering the COs or the nervous system even after
30—60 min of injection. In contrast, mutants for nrx IV (Fig. 5]),
cont (Fig. 5K), and nrg (Fig. 5L) failed to exclude the dye from
COs, and within 15 min of injection, COs were filled with the dye
revealing their anatomical features resulting from dye fluores-
cence under the confocal microscope. Together, the immunoflu-
orescence and dye exclusion data strongly suggest that Nrx IV,
Cont, and Nrg are required for proper CO morphogenesis and
that loss of any one of these proteins results in the breakdown of
the BNB in the embryonic nervous system.

nrx IV, cont, and nrg null mutants lack glial septate junctions

Having established that mutations in nrx IV, cont, and nrg show a
loss of BNB function in the PNS, we investigated the precise
phenotypic defects in the mutant nerves. We performed ultra-
structural analysis of nrx IV, cont, and nrg null mutants at the level
of embryonic peripheral nerve fibers. Ultrastructural analysis of a
cross section through a wild-type embryonic nerve reveals close
apposition of the outer and inner glial membranes and presence
of extensive pleated SJs between these membranes (Fig. 6 A, ar-
rows). The inner glial membranes ensheath the axons (Fig. 6, a),
which show a clear axolemmal membrane (Fig. 6, arrowheads).
An ultrastructure of a comparable cross section through an em-
bryonic nerve of nrx IV null mutants revealed complete loss of s
between the glial (g) membranes (Fig. 6 B, arrows). The inner
glial membrane and the axolemma show a fuzzy appearance
(black arrowheads), indicating that loss of Nrx IV might also
affect the inner glial membrane interactions with the axonal axo-
lemma. The intermembrane spacing between the outer and inner
glial membranes did not reveal any change in nrx IV mutant
peripheral nerves. These data demonstrate that Nrx IV is critical
for establishing glial-glial SJs. cont mutant peripheral nerves also
showed a similar loss of glial SJs with no significant change in the
intermembrane spacing (Fig. 6G, arrows) as nrx IV mutants (Fig.
1B, arrows). Similarly, we performed the ultrastructural analysis
of nrg null mutant embryonic peripheral nerves, which revealed
an interesting phenotype (Fig. 6 D). nrg mutants showed an ab-
sence of glial SJs (Fig. 6 D, F, arrows) compared with wild-type
nerves (Fig. 6C,E, arrows). In addition, the outer and inner glial
membranes were more spaced apart compared with the wild-type
membranes under identical magnification (Fig. 6, compare F and
E). At a higher resolution, the nrg mutant nerves showed parts of
the nerve with missing axons and the interaxonal spaces filled
with the inner glial cytoplasm (Fig. 6 F, asterisks). A statistical
analysis of the intermembrane spacing between the outer and
inner glial membranes of wild-type, nrx IV, cont, and nrg mutants
(n = 7) show that nrg mutants have an average of six times more
spacing compared with wild-type nerves (Fig. 6 H). The outer and
inner glial membrane spacing of nrx IV and cont mutant nerves
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Figure 6.  nrx IV, cont, and nrg null mutant embryos lack glial SJs. 4, Ultrastructure of a
portion of a wild-type embryonic nerve shows the presence of distinct ladder-like SJs between
the glial membranes (arrows). Also note the smooth membrane surfaces of the axons and the
inner glial membrane (arrowheads). B, Ultrastructure of a portion of a nrx IV null mutant em-
bryo shows loss of SJs between the glial membranes (arrows) and a fuzzy appearance at the
axon-glial interface (arrowheads). Axons are marked as a, and glial cells are marked as g. G, E,
Electron micrograph of a cross section through a wild-type peripheral nerve fiber at increasing
magpnifications reveals the presence of extensive glial SJs (arrows) and axons (a). D, F, Electron
micrograph through a cross section of nrg mutant peripheral nerve fiber at increasing magnifi-
cations show complete lack of glial SJs (arrows) and increased spacing between the glial mem-
branes. Note the missing axons in the nrg mutant nerves (asterisks; D, F). G, Ultrastructure of a
cross section of cont mutant peripheral nerve shows loss of glial SJs (arrows) without any change
in the intermembrane spacing, a phenotype that is similar to that of nrx /V mutants. H, Statis-
tical analysis of glial intermembrane spacing in wild-type, nrx IV, cont, and nrg mutant nerves.
The intermembrane spacing did not seem significantly different between the wild-type, nrx IV,
and cont mutants. The intermembrane spacing between the outer and inner glial membranesin
nrg mutant showed a dramaticincrease when compared with wild-type nerves. Scale bars: 4, B,
E-G,0.2 um; (,D, 0.5 wm.

were similar to wild type. The phenotypes in nrg mutants suggest
that Nrg may help in maintaining the intermembrane distance
between the glial membranes by homophilic adhesion and that
Nrx IV and Cont along with Nrg then establish SJs. Together, the
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ultrastructural analyses of nrx IV, cont, and nrg mutant nerves
indicate that Nrx IV, Cont, and Nrg are required to establish SJs
between the glial-glial membranes in the Drosophila nervous
system.

Discussion

The ensheathment of nerve fibers provided an evolutionary ad-
vantage for species to achieve higher nerve conduction velocities
to prey on other species or evade predators to maximize survival.
In the present study, we addressed some of the cellular and mo-
lecular aspects of axonal insulation in Drosophila PNS. We have
shown that inner glial membrane processes are involved in the
ensheathment of either an individual axon or a group of axons.
This glial ensheathment not only provides insulation of axon/s
but also generates unique junctions between either glial mem-
branes or between axons and glial membranes. We showed that
Nrx IV, Cont, and Nrg are involved in the establishment of glial-
glial SJs. Although additional components involved in these in-
teractions need to be identified, our findings as reported here
provide a basis for additional analysis of neuronal SJs, which
would be relevant to the understanding of their vertebrate coun-
terparts: the paranodal axo-glial SJs (Bhat et al., 2001; Boyle et al.,
2001; Bhat, 2003; Hortsch and Margolis, 2003; Salzer, 2003 ).

Axonal ensheathment: unmyelinated versus myelinated

nerve fibers

The fundamental basis of axonal ensheathment in any species is
to faithfully transmit neuronal signals along the nerve fibers and
optimize desired cellular responses. To maximize the speed of
conduction and/or to minimize the loss of nerve signals, many
species evolved mechanisms in which axonal lengths remained
short (as seen in insects) by increasing the diameter of the axons
or by clustering voltage-gated Na * channels to discrete unmyeli-
nated regions of the axon, the node of Ranvier, as seen in myelin-
ated nerve fibers of vertebrates. Most invertebrate species use
some type of glial cells to ensheath their axons without generating
amyelin sheath. The insulation is contiguous without any breaks,
suggesting that primitive nodal structures or clustering of
voltage-gated Na " channels may not exist in invertebrates. How-
ever, recent reports have challenged some of these notions. In
copepod crustaceans, ultrastructural analysis of the first antenna
and the CNS has revealed extensive myelination of sensory and
motor axons (Lenz et al., 2000; Weatherby et al., 2000). These
studies have raised some fundamental questions about axonal
insulation and origins of myelination.

In invertebrates like Drosophila, two types of glial cells are
involved in insulation. The inner peripheral glial cells are in-
volved in axonal ensheathment, and the outer (perineurial) glial
cells wrap around the inner glial cells to provide another level of
ensheathment. This two-cell ensheathment in Drosophila periph-
eral nerves may be advantageous to ensure that high K™ contain-
ing hemolymph does not interfere with action potential propa-
gation (Hoyle, 1952). Although the cellular aspects of axonal
insulation are being unraveled, the molecular mechanisms un-
derlying the axonal ensheathment remain to be investigated.
Most importantly, what are the protein constituents of the insu-
lating membranes, and whether some of the vertebrate myelin
proteins have their homologs in invertebrates? A detailed molec-
ular analysis of the nature of the glial cells that ensheath axons as
in Drosophila (supplemental Fig. 2S, available at www.jneurosci.
org as supplemental material) or produce myelin-like structures
and the type of myelin in copepods may provide insights into
whether myelinating glial cells arose from a common ancestor.
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However, a genetic dissection of the axonal ensheathment in Dro-
sophila will uncover some of the basic aspects of the neuron-glial
interactions that lead to ensheathment of nerve fibers across
species.

Adhesive interactions between neurons and glia: SJs in flies
and vertebrates

Cell adhesion molecules play a pivotal role in establishing inter-
cellular junctions [e.g., cadherins and associated catenins form a
protein scaffold that establish adhesion contacts at the adherens
junctions and link them to the actin cytoskeleton (Shan et al.,
2004)]. Similarly, claudins and associated cellular scaffolding pro-
teins are required for establishing TJs (Gow et al., 1999; Anderson et
al., 2004). In both of these examples, transmembrane proteins
bring two opposing membranes together to establish junctions
through homophilic and/or heterophilic interactions.

Our finding that nrg null mutant nerves display increased
spacing between the outer and inner glial membranes (Fig. 6)
suggest that Nrg may be involved in cell-cell interactions and
cell-cell adhesion between glial membranes. In contrast, the ob-
servation that loss of nrx IV and cont does not affect the mem-
brane spacing between the inner and outer glial membranes sug-
gests that Nrx IV and Cont are not involved in membrane
adhesion or bringing the glial membranes in close apposition.
Together, these data suggest that Nrg is critical for both the ad-
hesion and SJ formation, whereas Nrx IV and Cont are critical for
the formation of the septa at SJs. In addition, the missing axonal
fascicles in nrg mutant nerves could result from axon fascicula-
tion defects or axonal degeneration as a secondary consequence
resulting from the loss of glial support. The axonal fasciculation
defects have been observed previously in nrg mutants (Hall and
Bieber, 1997). Alternatively, axonal loss in nrg mutants might
result from a disruption in axonal cytoskeleton, because Nrg pos-
sesses domains that could potentially interact with and stabilize
the axonal cytoskeleton (Cleveland, 1996). Based on Nrg expres-
sion in S2 cells, Nrg is predicted to recruit membrane skeleton
assembly within specialized domains of neurons in response to
cell adhesion (Dubreuil et al., 1996). Both Nrg protein forms
Nrg'®” and Nrg '®° contain a short cytoplasmic domain as a bind-
ing site for ankyrin (Hortsch et al., 1998). Ankyrins are linker
proteins that connect various membrane proteins with the actin-
spectrin network in the cell (Bouley et al., 2000). Loss of axons
observed in nrg mutants is clearly suggestive of axon-glial inter-
dependence that may alter axonal survival. In vertebrates,
axolemmal-myelin interactions are critical for the formation of
the paranodal axo-glial SJs (Bhat, 2003; Banerjee et al., 2006;
Garcia-Fresco et al., 2006). This raises an interesting possibility
that axon-glial interactions in Drosophila may use similar inter-
active mechanism for establishing axo-glial SJs (supplemental
Fig. S2, available at www.jneurosci.org as supplemental mate-
rial). Thus, our studies on Nrx IV, Cont, and Nrg suggest that
these proteins are critical for the formation and/or organization
of the SJs between either glial cells and possibly between axons
and glial cells, which remains to be further investigated.

SJs as molecular barriers: a common theme in

axonal insulation

Invertebrate axons are insulated from their salt-rich environment
through a glial-dependent BBB, which plays a crucial role in elec-
trical and chemical insulation (Auld et al., 1995; Baumgartner et
al., 1996; Bainton et al., 2005; Schwabe et al., 2005). Ultrastruc-
tural studies have demonstrated SJs between perineurial glial cells
and inner glial cell membrane to form the structural basis of BBB
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of some insects (Carlson et al., 2000). As reported in this study,
absence of SJs in nrx IV, cont, and nrg mutants (Fig. 6), and a
compromised BNB in the PNS as evidenced by dye exclusion
analyses (Fig. 5), provide additional confirmation in support of
SJs as a prerequisite for BNB formation. Not just in the PNS,
recent reports on the BBB formation and function also in the
CNS of Drosophila underscore the importance of SJs in proper
sealing and insulation of the nerve cord (Schwabe et al., 2005),
thereby supporting that insulation and establishment of func-
tional SJs in both PNS and CNS go hand in hand. Although,
G-protein-coupled receptor signaling pathway members have
been identified to establish the BBB in Drosophila CNS, the sig-
naling mechanisms that operate in the PNS still remain to be
established.

Drosophila neural SJs and vertebrate axo-glial SJs:

molecular similarities

The axo-glial SJs in the myelinated axons share many anatomical
features similar to those of invertebrate SJs, especially the
electron-dense ladder-like transverse septa (Bhat, 2003; Banerjee
et al., 2006). Ensheathment of Drosophila axons by perineurial
glial cells in the absence of myelin-producing glial cells would
have predicted that the molecular components of the inverte-
brate SJs would be different from those of the vertebrate axo-glial
SJs. Surprisingly, the fly S] molecular components are present at
the vertebrate axo-glial SJs and not at the TJs, which serve similar
functions. Thus, the molecular similarities reflect an evolution-
arily conserved function of creating an ionic barrier both at Dro-
sophila SJs and at axo-glial SJs in the paranodal region (Rios et al.,
2003). More importantly, Drosophila nerves contain a large num-
ber of axons, which are collectively held together by glial mem-
branes not only to maintain nerve fasciculation but also to main-
tain the insulation of individual axons. It would be of significant
interest to establish whether axo-glial SJs are present in Drosoph-
ilanerves (Jia etal., 1993; Juang and Carlson, 1994; Banerjee et al.,
2006) (supplemental Fig.S2, available at www.jneurosci.org as
supplemental material) and to identify downstream components
of these junctions in Drosophila that link these junctions to the
glial or axonal cytoskeleton. Identification of such molecules will
provide insights into whether these junctions play a much
broader role in axon-glial signal transduction. In summary, the
molecular and functional similarities between the Drosophila S]s
and vertebrate axo-glial SJs should allow us to undertake a genetic
and molecular dissection of the formation and function of these
junctions in Drosophila.
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