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INTRODUCTION
The development of the glial sheath in peripheral nerves is vital to
provide structural support, insulate and protect axons from physical
damage and pathogens. The architecture of peripheral nerves
consists of multiple glial layers and a surrounding basal lamina.
Centermost in vertebrate nerves are the myelinating or non-
myelinating Schwann cells that wrap individual axons or bundles
of axons, respectively. Groups of myelinated or non-myelinated
nerve fibers are initially encased by a basal lamina, later becoming
embedded in a collagenous connective tissue, called the
endoneurium, to form fascicles. Each fascicle is sheathed by the
perineurium, a protective barrier of overlapping squamous-like
perineurial cells (Olsson, 1990). Similarly, the Drosophila larval
peripheral nerve is made up of several distinct layers (Stork et al.,
2008). The innermost wrapping glia (WG) separate and ensheath
axons in a manner similar to vertebrate non-myelinating Schwann
cells. The WG are next surrounded by subperineurial glia (SPG),
which form intercellular septate junctions and create the blood-
nerve barrier (Stork et al., 2008). The outermost cell layer is a
monolayer of squamous-like perineurial glia (PG) (Lavery et al.,
2007). The final layer is the neural lamella (NL), a dense basal
lamina encasing each peripheral nerve. Drosophila and vertebrate
peripheral glia express many of the same proteins, such as NCAM
and L1 (Freeman and Doherty, 2006) and homologs of the
paranodal junction proteins (Bhat, 2003), and use many of the same

developmental programs, such as Erb/neuregulin signaling
(reviewed by Parker and Auld, 2006; Newbern and Birchmeier,
2010).

In vertebrates, the basal lamina contains extracellular matrix
(ECM) components known to be important for glial development.
For example, laminins, a major ECM component, are essential for
Schwann cell differentiation, axon sorting and myelination (Chen
and Strickland, 2003; Wallquist et al., 2005; Yang et al., 2005; Yu
et al., 2005). Similarly, non-myelinating Schwann cells lacking
laminins fail to differentiate and the associated C-fibers are lost (Yu
et al., 2009). These ECM signals are transduced by specific
receptors, which include Dystroglycan, Glypican and integrins
(Feltri and Wrabetz, 2005). Integrins are the best-characterized
ECM receptors in Schwann cells and consist of one alpha and one
beta subunit. Loss of 1 integrin or integrin-linked kinase (Ilk) in
myelinating Schwann cells results in defects in radial sorting and
myelination (Feltri et al., 2002; Fernandez-Valle et al., 1994;
Pereira et al., 2009). Although there is evidence for a role of
integrin adhesion and signaling in myelinating Schwann cells, the
role of integrins in the development of the non-myelinating
Schwann cells or of the perineurium is not understood.

Complicating the investigation of integrins in peripheral nerve
development is the complexity of integrin heterodimer expression
in vertebrates (Feltri and Wrabetz, 2005). By contrast, Drosophila
melanogaster has a relatively simple family of integrin subunits
consisting of five alpha and two beta subunits (Brown et al., 2000).
Therefore, we used Drosophila to investigate the role of integrins
and ECM interactions during the development of the glial layers of
the peripheral nerve. Here, we show that specific integrin
heterodimers play a role in the development and maintenance of
the glial layers. Downregulation of integrin expression results in
wrapping defects in both the PG and WG. Furthermore, the basal
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SUMMARY
Peripheral nerve development involves multiple classes of glia that cooperate to form overlapping glial layers paired with the
deposition of a surrounding extracellular matrix (ECM). The formation of this tubular structure protects the ensheathed axons
from physical and pathogenic damage and from changes in the ionic environment. Integrins, a major family of ECM receptors,
play a number of roles in the development of myelinating Schwann cells, one class of glia ensheathing the peripheral nerves of
vertebrates. However, the identity and the role of the integrin complexes utilized by the other classes of peripheral nerve glia
have not been determined in any animal. Here, we show that, in the peripheral nerves of Drosophila melanogaster, two integrin
complexes (PS2PS and PS3PS) are expressed in the different glial layers and form adhesion complexes with integrin-linked
kinase and Talin. Knockdown of the common beta subunit (PS) using inducible RNAi in all glial cells results in lethality and glial
defects. Analysis of integrin complex function in specific glial layers showed that loss of PS in the outermost layer (the
perineurial glia) results in a failure to wrap the nerve, a phenotype similar to that of Matrix metalloproteinase 2-mediated
degradation of the ECM. Knockdown of PS integrin in the innermost wrapping glia causes a loss of glial processes around axons.
Together, our data suggest that integrins are employed in different glial layers to mediate the development and maintenance of
the protective glial sheath in Drosophila peripheral nerves.
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Integrins are necessary for the development and
maintenance of the glial layers in the Drosophila peripheral
nerve
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lamina is essential for the proper maintenance of the perineurial
wrap. Collectively, our results demonstrate that Drosophila
integrins and the basal lamina are essential for proper glial sheath
development and maintenance in the peripheral nerve.

MATERIALS AND METHODS
Fly strains and genetics
The following fly strains were used: repo-GAL4 (Sepp et al., 2001); SPG-
GAL4 (Schwabe et al., 2005); nrv2-GAL4 (Sun et al., 1999); Gli-GAL4
(Sepp and Auld, 1999); 46F-GAL4 (a gift from Dr Yong Rao, McGill
University); UAS-mCD8-GFP (Lee and Luo, 1999); UAS-mCD8-RFP (a
gift from Dr Elizabeth Gavis, Princeton University); UAS-Mmp2 (Page-
McCaw et al., 2003); UAS-Dicer2 (Dietzl et al., 2007); tubP-GAL80ts

(McGuire et al., 2003); mys1 (Bunch et al., 1992); FRT19A,tubP-
Gal80,hsFLP,w* (Lee and Luo, 1999); repo-FLP (Stork et al., 2008); and
UAS-nls-GFP (a gift from Dr Douglas Allan, University of British
Columbia). The following GFP protein-trap insertions were used: perlecan-
GFP; Jupiter-GFP; nrv2-GFP; Ilk-GFP; talin-GFP (Kelso et al., 2004;
Morin et al., 2001). UAS-RNAi strains were obtained from the VDRC
(Austria) (Dietzl et al., 2007), NIG (Japan) and TRiP (Harvard). RNAi
experiments were carried out at 25°C and with UAS-Dicer2 in both control
and experimental crosses unless specified. Control and PS MARCM
clones were generated using female FRT19A; +/+; repo-GAL4, UAS-CD8-
GFP/TM6B, Tb or mys1, FRT19A/FM7; +/+; repo-GAL4, UAS-CD8-
GFP/TM6B, Tb with male FRT19A, tubP-Gal80, hsFLP, w*/Y; +/+; repo-
FLP.

Immunohistochemistry and imaging analysis
The following primary antibodies were obtained from the Developmental
Studies Hybridoma bank (NICHD, University of Iowa): mouse anti-PS
(CF.6G11) (Brower et al., 1984) used at 1:10; mouse anti-PS2 (CF.2C7)
(Brower et al., 1984) at 1:5; and mouse anti-Repo (8D12) (Alfonso and
Jones, 2002) at 1:50. Other primary antibodies were: rabbit anti-PS3
(Wada et al., 2007) used at 1:200; rabbit anti-HRP (horseradish peroxidase;
Jackson ImmunoResearch) at 1:500; and rabbit anti-Drosophila -laminin
(LanB2) (Abcam) at 1:100. All secondary antibodies were used at 1:200:
goat anti-mouse Alexa 568 and Alexa 647; goat anti-rabbit Alexa 568 and
Alexa 647 (Molecular Probes/Invitrogen).

Dissection and fixation for immunofluorescence were performed
according to standard procedures (Sepp et al., 2000). Unless specified
otherwise, images were obtained with a DeltaVision Spectris (Applied
Precision) using a 60� objective (NA 1.4) with 0.2 m z-sections. Image
stacks were deconvolved and rotated with SoftWorx (Applied Precision)
based on measured point spread functions of 0.2 m fluorescent beads
(Molecular Probes) mounted in Vectashield (Vector Laboratories). Images
were exported to Photoshop and Illustrator CS4 (Adobe) for compilation.
For lower magnification images, images were captured using a 20�
objective (NA 0.4, DeltaVision) or a 10� objective (NA 0.3, Axioskop 2,
Zeiss).

PG numbers were counted in nerves from abdominal segment 8 (A8)
from late third instar larvae. The mean and the standard deviation were
calculated in Excel 2010 (Microsoft).

RESULTS
In the larval peripheral nerve, axons are wrapped by three
consecutive layers of glia: the outermost perineurial glia (PG),
intermediate subperineurial glia (SPG) and inner wrapping glia
(WG) (Fig. 1A) (Stork et al., 2008). The dense basal lamina (the
neural lamella, NL) that surrounds the nerve can be visualized with
the proteoglycan Perlecan endogenously tagged with GFP (Fig.
1B). The PG are located just below the NL and specifically express
the enhancer-trap line 46F-GAL4 as well as Jupiter-GFP, a
microtubule-associated protein (Karpova et al., 2006)
endogenously tagged with GFP (Fig. 1C,D) (Table 1). Directly
below the perineurial layer are the SPG, which express either SPG-
GAL4 (Stork et al., 2008) or Gliotactin (Gli)-GAL4 (Fig. 1D, Table

1). In the center of the peripheral nerve are the WG that ensheath
individual axons and axonal bundles. WG express Nervana 2
(Nrv2)-GAL4 (Fig. 1E) and the Nrv2 protein tagged with GFP
(Nrv2-GFP) (Fig. 1F, Table 1).
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Fig. 1. Axons are surrounded by three glial layers in the
Drosophila larval peripheral nerve. (A)Transverse section of a third
instar larval peripheral nerve. From external to internal are the neural
lamella (NL), perineurial glia (PG), subperineurial glia (SPG), wrapping
glia (WG) and axons (AX). Two PG nuclei are shown (green). 
(B-F)Orthogonal sections from third instar nerves illustrate the GFP-
tagged proteins and GAL4 drivers used to label the ECM and the
different cellular glial layers. Panels have been digitally expanded. The
NL was labeled using Perlecan-GFP (B, green). PG were labeled using
46F-GAL4::CD8-RFP (B and C, red) and Jupiter-GFP (C and D, green).
SPG were labeled using Gli-GAL4::CD8-RFP (D and F, red). WG were
labeled using Nrv2-GAL4::CD8-GFP (E, green) and Nrv2-GFP (F, green).
Axons were immunolabeled using an anti-HRP antibody (E, red; F, blue).
Glial nuclei are shown by DAPI labeling (blue), except in C where the
SPG nucleus is immunolabeled with a Repo antibody (blue). Scale bars:
5m.

Table 1. Summary of markers for ECM and glial layers in the
peripheral nerve

Glia subtypes

NL PG SPG WG

GAL4 drivers

repo-GAL4 X X X
46F-GAL4 X
SPG-GAL4 X
Gli-GAL4 X
Nrv2-GAL4 X

GFP trap lines

perlecan-GFP X
viking-GFP X
Jupiter-GFP X
nrv2-GFP X

NL, neural lamella; PG, perineurial glia; SPG, subperineurial glia; WG, wrapping glia;
Gli, Gliotactin; Nrv2, Nervana 2. D
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Specific integrins are located in the glial cells of
the larval peripheral nerve
We began our investigation of the role of integrins in peripheral
nerve development by examining which integrins are expressed
by the glia. We were unable to detect integrin expression in
embryonic glia by genetic or immunofluorescence analysis (data
not shown). Thus, our analysis concentrated on larval peripheral
glia and on those integrin subunits with known vertebrate
homologs (PS, PS1, PS2, PS3) (Brown et al., 2000). All
three classes (PG, SPG and WG) expressed integrin complexes
when assayed with an antibody to the beta subunit, PS (Mys)
(Fig. 2). In addition, we observed immunolabeling with
antibodies to two alpha subunits, PS2 and PS3 (Fig. 3), but
not PS1 (data not shown). The integrin subunits were observed
in discrete puncta or stripes and were associated with Ilk-GFP
(Fig. 2A, Fig. 3A, see Fig. S1 in the supplementary material) and

Talin-GFP (see Fig. S2A-C in the supplementary material). The
GFP fusion proteins only partially overlapped with PS integrin;
compare the puncta (arrowheads) between the two focal planes
Z31 (see Fig. S1B in the supplementary material) and Z34
(see Fig. S1C in the supplementary material), which do overlap
in an orthogonal section of the nerve (arrows in Fig. S1D in the
supplementary material). This was not unexpected as Ilk and
Talin form adhesion complexes with integrins through binding
to the intracellular domain of beta integrin (Delon and Brown,
2007) and the integrin antibodies are thought to bind the
extracellular domain of these transmembrane receptors (Brower
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Fig. 2. PS integrin is expressed in the peripheral glia layers.
Immunolabeling for the PS integrin subunit in Drosophila third instar
nerves expressing either Ilk-GFP or different glial markers in single
0.2m z-sections. (A)PS (red), Ilk-GFP (green) and DAPI (blue)
labeling. Both PS and Ilk form puncta and are associated with each
other in the peripheral nerve. (B-G)PS labeling in the different glial
subtypes: PG using Jupiter-GFP (B-D, green), SPG using Gli-GAL4::CD8-
RFP (B-G, red) and WG using Nrv2-GFP (E-G, green). The labeled glial
layers are also illustrated to the right. The red boxes in B and E were
digitally expanded as shown in C and F, respectively. The green lines in
B and E indicate the positions of the orthogonal sections in D and G,
respectively. PS integrin was found in the PG outer membrane (C and
D, arrow), the PG-SPG boundary (C and D, arrowhead), the SPG inner
membrane (F and G, arrowhead) and the WG membrane (F and G,
arrows). Scale bars: 10m in A,B,E; 5m in C,D,F,G.

Fig. 3. PS2 and PS3 integrins are expressed in different glial
layers of the larval peripheral nerve. Drosophila third instar larval
nerves immunolabeled with antibodies to PS2 (A, red; B-D, blue) and
PS3 (A,E-G, blue) integrins in single 0.2m z-sections. (A)Ilk-GFP
(green) and integrin alpha subunit PS2 (red) and PS3 (blue)
immunolabeling. Both alpha subunits form puncta and are associated
with Ilk in the peripheral nerve. (B-G)Specific glial layers were labeled
with different markers: PG using Jupiter-GFP (B-D, green), SPG using
Gli-GAL4::CD8-RFP (B-G, red) and WG using Nrv2-GFP (E-G, green).
The labeled glial layers are also illustrated to the right. The red boxes in
B and E were digitally magnified as shown in C and F, respectively. D
and G are orthogonal sections of z-stacks at the positions indicated by
green lines in B and E, respectively. (B-D)PS2 integrin labeling is mostly
found in the outer glial cells, the PG outer membrane (arrows), the PG-
SPG boundary (arrowheads) and in the SPG inner membrane (asterisks).
(E-G)PS3 integrin labeling is mostly found in the internal glial layers, in
the SPG inner membrane (arrowheads) and in the WG membrane
(arrows). PS3 integrin labeling was often associated with the SPG
membrane protrusions (asterisks). Scale bars: 10m in A,B,E; 5m in
C,D,F,G.
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et al., 1984). The colocalization of the integrin subunits with Ilk
and Talin in the larval nerve suggests that adhesion complexes
are found throughout the glial layers of the peripheral nerve.

The beta integrin subunit is expressed in all glial
cell layers
To address which glial layers express different integrin complexes,
we used a combination of proteins endogenously tagged with GFP
and GAL4 drivers to label the individual glial layers (Fig. 1; Table
1). First, we examined the distribution of the common PS subunit,
which is able to form heterodimers with all alpha subunits. PG
were labeled with Jupiter endogenously tagged with GFP in
conjunction with SPG labeled using Gli-GAL4 driving the
expression of UAS-CD8-RFP (Gli::CD8-RFP). Immunolabeling of
PS integrin was observed on the PG outer membrane (Fig. 2C,D,
arrows) suggesting an interaction of the integrin complex with the
external ECM/NL (Stork et al., 2008). PS integrin
immunolabeling was also found between Jupiter-GFP and
Gli::CD8-RFP (Fig. 2C,D, arrowheads), suggesting that these
integrin proteins also localize to the PG and SPG boundary.

The PS was also observed in the nerve, internal to the CD8-
RFP-labeled SPG (Fig. 2C,D), in the areas occupied by WG and
axons. To study whether the internal PS integrin is located at the
WG membrane, Nervana 2 endogenously tagged with GFP (Nrv2-
GFP) (Morin et al., 2001) was used to label the WG (Fig. 2E-G).
At the same time, Gli::CD8-RFP was used to label the SPG
membrane. PS immunolabeling was consistently found to
associate with both the Gli::CD8-RFP-labeled SPG (Fig. 2F,G,
arrowheads) and with Nrv2-GFP. PS was often observed between
Nrv2-GFP and protrusions of CD8-RFP (Fig. 2F,G, arrows) and
thus might mediate interactions between the SPG and WG.

Importantly, all of the PS integrin observed in the peripheral
nerve appears to be expressed by glial cells and not neurons. We
confirmed this by knockdown of PS expression using PS-RNAi
specifically in the glia cells (see below). Our data indicate that PS
integrin is expressed by the glial cells and forms adhesion
complexes in the glial membranes in the larval peripheral nerve.

Differential glial expression of integrin alpha
subunits
Both the PS2 and PS3 integrin subunits were located to
adhesion complexes with Ilk-GFP and Talin-GFP in the larval
peripheral nerve and were expressed with different intensities in the
different glial layers (see Fig. S1E-G in the supplementary
material). The specific glial layer markers outlined above were
used to further characterize the discrete localization of the alpha
subunits (Fig. 3). PS2 integrin immunolabeling was found on the
external surface of the nerve, outside of the Jupiter-GFP-labeled
PG, similar to PS (Fig. 3B-D, arrows). This further supports a role
for the integrin complex in mediating adhesion between the PG and
the ECM. PS2 was also found between Jupiter-GFP and
Gli::CD8-RFP (Fig. 3C,D, arrowheads), indicating that PS2 is
also localized at the PG and SPG boundary. A few PS2-positive
puncta were also found in the center of the nerve, internal to
Gli::CD8-RFP (Fig. 3C,D, asterisks), suggesting that PS2 might
be expressed at low levels by the internal WG or by extensions of
the SPG into the center of the nerve.

Conversely, most of the PS3 integrin immunolabeling was
found in the center of the nerve internal to the Gli::CD8-RFP (Fig.
3F,G, arrows and arrowheads). PS3 was located between the
RFP-labeled SPG processes and Nrv2-GFP-labeled processes.
Moreover, PS3 was associated with CD8-RFP-labeled

membranes seen protruding between the internal Nrv2-GFP-
labeled members of the PG (Fig. 3F,G, asterisks), suggesting that
PS3 might be involved in an interaction between SPG and WG.
However, we cannot rule out the possibility that PS3 expression
might indicate an interaction between the WG and their associated
axons. In general, our data suggest that the PS2 and PS3 integrin
subunits are both expressed by the different glial layers and might
be important for glia-ECM and glia-glia interactions.

Integrin function is necessary in larval peripheral
glia
The question then arises, what functions do integrins have in the
peripheral glia? Null mutants of PS (mys) are embryonic lethal and
we were unable to detect PS immunolabeling in embryonic glia
(data not shown). In mys mutant embryos, we were unable to detect
any defects in glia cell migration (data not shown). This, paired with
a lack of peripheral axon defasciculation, which is a hallmark of
disruption in glial ensheathment, suggests that integrin function
occurs at later developmental stages. Therefore, we took two
approaches to remove PS function from peripheral glia during
larval development: MARCM analysis and RNA interference
(RNAi). To generate mosaic clones for a mys null in peripheral glia
we used the MARCM technique and assayed glial development in
third instar larvae. CD8-GFP-labeled mys clones were seen in the
peripheral (Fig. 4A, arrows) and central (Fig. 4A, arrowhead)
nervous systems. Using this approach, the majority of glial clones
were in the PG (14/14 in control larvae and 14/16 in mutant larvae).
In control wild-type clones, the CD8-GFP-labeled PG formed a thin
layer on the outside of the HRP-labeled axons (Fig. 4B), resulting in
an intact circle around the nerve (Fig. 4D). In controls, PS
immunolabeling was consistently found in the perineurial membrane
(Fig. 4C,D, arrows) and internal glial layers. In the mys null clones,
PS labeling was absent from the GFP-labeled perineurial membrane
(Fig. 4F,G, arrowheads) but still present in the internal wild-type
SPG and WG layers. Loss of PS integrin resulted in PG that failed
to form a uniform sheath, such that CD8-GFP-labeled membranes
were observed only on one side of the nerve (Fig. 4E) and failed to
encircle the nerve (Fig. 4G). It is important to note that the CD8-
GFP-labeled membranes of the PS mutant PG still covered a
significant distance along the length of some nerves suggesting that,
without PS integrin, PG were able to send out processes along the
nerve. Although MARCM analysis revealed the importance of PS
integrin in larval PG development, this approach had two
disadvantages. First, the majority of glial clones were in the PG. SPG
(n0) and WG (n2) clones were rare, as these glial subtypes do not
actively divide at later stages. Second, in each nerve with PG clones,
only a small population of PG were PS mutants, making it difficult
to evaluate the overall impact.

To overcome these limitations, we used RNAi (Tavernarakis et
al., 2000) to knock down integrins in all or individual glial
subtypes. RNAi lines known to target specific integrin subunits
(Perkins et al., 2010) were obtained; these target at least two
independent regions of each integrin subunit. We tested the ability
to knock down specific integrin subunits in glia using the repo-
GAL4 driver. Repo is a transcription factor that is exclusively
expressed in all glia except the midline glia (Xiong et al., 1994).
When repo-GAL4 was used to drive PS-RNAi, immunolabeling
by the PS antibody was decreased (Fig. 5B) as compared with
control nerves (Fig. 5A). The degree of PS integrin
immunolabeling in the underlying body wall muscles was used as
an internal control. This suggests that PS-RNAi is able to knock
down PS expression specifically in glia. In addition, the loss of
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PS labeling throughout the nerve in the repo::PS-RNAi larvae
suggests that PS integrin is expressed only by glial cells and not
by the neurons.
PS2-RNAi and PS3-RNAi lines were used to knock down

expression of the corresponding alpha subunits. In repo::PS2-
RNAi nerves, PS2 labeling was removed but the PS3 labeling
appeared normal (see Fig. S3B in the supplementary material).
Consistently, PS3 labeling, but not PS2 labeling, was greatly
reduced in repo::PS3-RNAi nerves (see Fig. S3C in the
supplementary material), indicating that the PS2-RNAi and
PS3-RNAi constructs were subunit specific. Labeling of muscles
and of trachea were used as internal staining controls for PS2 and
PS3, respectively.
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Fig. 4. MARCM analysis of a PS mutant in the larval peripheral
nerve. MARCM using flipase expression in glia was used to generate
wild-type or homozygous PS (mys) clones labeled with CD8-GFP.
(A)Control and mys glial clones were identified with CD8-GFP and
immunolabeled for Repo (red) and HRP (blue). At low magnification
(10� objective), clones were seen in both peripheral nerves (arrows)
and the CNS (arrowheads). (B-G)High-magnification images of nerves
with control and mutant PG clones shown in single 0.2m z-sections
(B,E) and orthogonal sections of z-stacks (D,G). Green lines indicate the
positions of orthogonal sections. Boxed regions were digitally expanded
as shown in C and F. (B-D)In control clones, CD8-GFP labeling wraps
around the circumference of the nerve. Arrows indicate PS labeling
(red) in the PG outer membrane, as compared with the core of HRP-
labeled axons (blue). (E-G)In mys clones, CD8-GFP labeling is found
only on one side of the HRP labeling in the z-section. The CD8-GFP-
labeled membrane does not wrap around the nerve in the orthogonal
section. PS labeling is not found in the PG outer membrane
(arrowheads), but is still seen in the inner layers of glia within the nerve.
Scale bars: 10m in B,E; 5m in C,D,F,G.

Fig. 5. Expression of PS-RNAi in peripheral glia. (A,B)repo-GAL4
was used to express CD8-GFP (green) and PS-RNAi in all peripheral
glia. All panels are projections of the entire z-stack. PS labeling (red)
was greatly decreased in the RNAi nerve (B) when compared with
control nerve (A). As an internal control, PS labeling was also observed
in muscles and remained unchanged. CD8-GFP (green) was not evenly
distributed along the RNAi nerve (B) compared with the control nerve
(A). Axons were labeled with HRP (blue). (C-J)46F-GAL4 was used to
express CD8-GFP (green) and PS-RNAi in the PG. (C,G)Lower
magnification views (20� objective) of control (C) and mutant (G)
nerves. Note the seamless coverage of GFP in control nerves (arrow)
and the discontinuity of GFP in mutant nerves (arrowhead). (D-F,H-J)
High-magnification images of control (D,F) and a mutant (H,J) nerves in
single 0.2m z-sections (D,H) and orthogonal sections of z-stacks (F,J).
Green lines indicate the positions of orthogonal sections. Boxed regions
were digitally expanded as shown in E and I. (D-F)In the control nerve,
CD8-GFP labeling wraps around the circumference of the nerve. Arrows
indicate PS labeling (red) in the PG outer membrane, as compared
with the core of HRP-labeled axons (blue). (H-J)In the 46F::PS-RNAi
nerve, CD8-GFP labeling is found only on one side of the nerve (HRP-
labeled axons, blue) and fails to wrap the entire circumference.
Arrowheads point to PG outer membrane where no PS labeling is
found. The labeled glial layers and morphological changes are
illustrated to the right. N, nerve; M, muscle; VN, ventral nerve cord.
Scale bars: 50m in C,G; 10m in D,H; 5m in A,B,E,F,I,J. D
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The knockdown of the integrin complex in glial cells caused
glial defects and decreased viability. For example, repo::PS-RNAi
animals died in late third instar and pupal stages. When UAS-CD8-
GFP was co-expressed to label the glial membrane, we observed
morphological changes paired with reduced intensity and changes
in the distribution of CD8-GFP (Fig. 5B). This suggests that PS
integrin is necessary in glial cells in the larval peripheral nerve.
However, repo-GAL4 is expressed in all three glial layers, which
are functionally and morphologically distinct. Therefore, to test for
integrin function in the individual glial layers, different GAL4
drivers were used to express integrin RNAi in specific glial
subtypes.

Integrin function is necessary for perineurial glia
wrapping
To study how loss of integrin affects the outer PG layer, 46F-
GAL4 was used to express the integrin RNAi constructs. In
control third instar larvae, 46F-GAL4-driven CD8-GFP formed a
seamless sheath around the exterior of the peripheral nerves (Fig.
5C,F). The coverage of 46F::CD8-GFP throughout the entire
surface of HRP labeling (see Movie 1 in the supplementary
material) suggests that the membranes from different perineurial
cells attach to each other and wrap around the nerve
collaboratively. In third instar larvae with 46F-GAL4 driving the
expression of PS-RNAi (46F::PS-RNAi), PS antibody
labeling was decreased in the PG (Fig. 5I,J, arrowheads) as
compared with controls (Fig. 5E,F, arrows). The PS labeling
appeared normal in the internal glia, indicating that PS integrin
expression was knocked down specifically in the PG.
PS RNAi caused similar morphological changes to the PG as

observed in the PS (mys) null MARCM clones. The CD8-GFP-
labeled PG membrane was observed only on one side of the nerve
(Fig. 5H) and failed to encircle the nerve (Fig. 5J). Moreover,
individual PG cells became distinct (Fig. 5G) as the PG became
detached from each other (see Movie 2 in the supplementary
material).

Given that PS2 integrin labeling was mostly observed on both
sides of perineurial cells, we asked whether loss of PS2 integrin
would phenocopy the PS-RNAi. 46F-GAL4 was used to express
UAS-PS2-RNAi and similar PG wrapping phenotypes were
observed (data not shown). However, the penetrance of the
phenotypes was much lower in the 46F::PS2-RNAi larvae than in
the 46F::PS-RNAi larvae (Table 2). The severity of the defects
was also different. In 46F::PS2-RNAi larvae, all defective nerves
fell into category 1, in which a minority of PG failed to wrap,

whereas in 46F::PS-RNAi most of the defective nerves fell into
category 2, in which the majority of perineurial cells displayed a
wrapping failure. Given the efficiency of UAS-PS2-RNAi (see
Fig. S3B in the supplementary material), the difference between
46F::PS2-RNAi and 46F::PS-RNAi might be due to
compensation by another alpha subunit. As the PS3 integrin was
also found in the peripheral nerve, UAS-PS3-RNAi was co-
expressed with UAS-PS2-RNAi using 46F-GAL4. As expected,
more nerves (92%) had PG that failed to wrap and most of them
(69%) were scored as category 2 (Table 2). This suggests that PS2
and PS3 integrins are functionally redundant in the PG, similar to
observations made concerning midgut formation (Martin-Bermudo
et al., 1999).

To determine whether PG wrapping requires the integrin
adhesion complex, we specifically knocked down Talin using
RNAi driven by 46F-GAL4 and observed wrapping defects similar
to those caused by integrin RNAi (Table 2, see Fig. S2D-F in the
supplementary material). Our data suggested that PG wrapping of
the peripheral nerve requires an integrin adhesion complex that
contains PS2PS or PS3PS integrin plus Talin.

To check whether the PG wrapping defect is due to an
insufficient number of PG to match the growing nerve surface, we
quantified the PG number in A8 nerves by co-expressing a nuclear-
localized GFP (UAS-nls-GFP) using 46F-GAL4. Control nerves
had 40±6 PG on average (n12). Knockdown of PS resulted in
either a reduction or an increase in PG nuclei depending on the
RNAi line used [13±3 (n11) for PS-RNAi (VDRC_GD) and
57±7 (n14) for PS-RNAi (NIG)]. However, knockdown of Talin
also showed an increase in the number of PG [50±7 (n12) for 
Talin-RNAi (NIG) and 55±8 (n14) for Talin-RNAi
(VDRC_GD)]. As all these RNAi lines generate the glial wrapping
phenotype, these changes in glial number are unlikely to be
responsible for the failure of the PG to wrap the growing nerve.

The neural lamella is required by the perineurial
glia
Most integrins function through binding to the ECM, including
PS2PS integrin in Drosophila (Bokel and Brown, 2002).
Integrins are in turn important for ECM deposition, such as in
epithelial morphogenesis (Narasimha and Brown, 2004). However,
when PS integrin was knocked down in all glial layers using repo-
GAL4, Perlecan-GFP and -Laminin labeling appeared normal in
RNAi nerves as compared with control nerves (see Fig. S4 in the
supplementary material). This suggests that glial integrins are not
required for NL formation.
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Table 2. Severity of integrin and talin RNAi-induced phenotypes using 46F-GAL4
Category 0 Category 1 Category 2 

No. Drosophila line Total n % n % n %

1 w[1118] (control) 69 67 97 2 3 0 0
2 UAS-PS-RNAi (VDRC_GD) 64 0 0 2 3 62 97
3 UAS-PS-RNAi (NIG) 59 2 3 12 20 45 76
4 UAS-PS2-RNAi (VDRC_GD) 63 53 84 10 16 0 0
5 UAS-PS2-RNAi (NIG) 53 49 92 4 8 0 0
6 UAS-PS3-RNAi (VDRC_GD) 61 59 97 2 3 0 0
7 UAS-PS3-RNAi (NIG) 57 54 95 3 5 0 0
8 UAS-PS2-RNAi + UAS-PS3-RNAi 39 3 8 9 23 27 69
9 UAS-talin-RNAi (VDRC_GD) 51 0 0 16 31 35 69
10 UAS-talin-RNAi (NIG) 65 0 0 3 5 62 95

Category 0, nerves in which no perineurial glia show wrapping defects; category 1, nerves in which a minority of perineurial glia show wrapping defects; category 2, nerves in
which the majority of perineurial glia show wrapping defects. VDRC_GD, GD constructs from Vienna Drosophila RNAi Center; NIG, fly stocks of the National Institute of
Genetics in Japan.
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The question is, then, whether integrin function in the PG relies
on the NL. The major components of the NL, such as Collagen IV,
Perlecan and laminins, are deposited by migrating hemocytes
during embryogenesis (Olofsson and Page, 2005; Stork et al.,
2008). Consistently, expression of perlecan (trol) and collagen IV
(viking) RNAi in glia did not affect or remove the NL (data not
shown). Instead, we chose to remove the entire ECM layer by
expressing a matrix metalloproteinase, Matrix metalloproteinase 2
(Mmp2), in glial cells. Mmp2 is one of two Mmp family members
in Drosophila (Page-McCaw et al., 2003) and is attached to the
extracellular membrane through a glycophosphatidylinositol (GPI)
anchor (Llano et al., 2002). Constitutive expression of Mmp2 by
repo-GAL4 or 46F-GAL4 caused lethality at embryonic and larval
first instar stages. Therefore, to study the function of the NL in later
stages, a temperature-sensitive inhibitor of GAL4 (GAL80ts) was
used. Embryos and larvae were raised at the permissive
temperature (18°C) and then, at the early third instar stage, Mmp2
expression was activated by transferring the larvae to the restrictive
temperature (29°C) for one day prior to dissection. The ECM was
labeled using Perlecan-GFP (or Collagen IV-GFP, data not shown)
and Laminin immunolabeling to determine the effectiveness of the
Mmp2 in disrupting the NL. In control nerves, Perlecan-GFP and
-Laminin were both found in the NL surrounding the PG (Fig. 6A-
E). When Mmp2 was expressed by the PG, Perlecan-GFP and
Laminin were greatly reduced and became detached from the PG

(Fig. 6F and arrows in 6I,J), suggesting that overexpression of
Mmp2 in PG was sufficient to remove the NL. Surprisingly, high
levels of Laminin immunolabeling were observed within the PG
(Fig. 6I,J, arrowheads), suggesting that glia might upregulate
Laminin to compensate for the loss of the NL.

The PG (46F::CD8-RFP) expressing Mmp2 did not form a
complete circle around the nerve (Fig. 5H,J). Thus, disruption of
the ECM by Mmp2 generated a wrapping defect in the PG similar
to that of the PS knockdown in the 46F::PS-RNAi nerve.
Remarkably, the short-term expression of Mmp2 in the PG resulted
in a strong CNS phenotype in which the ventral nerve cord became
thin and elongated compared with that of controls (see Fig. S5 in
the supplementary material). This suggests a role of the ECM and
PG in maintaining nervous system morphology by constricting the
ventral nerve cord.

Integrin function is necessary for axon
ensheathment by wrapping glia
In the larval nerve, PS integrin is not only found in the outer glial
cells, but is also observed in the central regions where the WG
ensheath axons (Fig. 2E-G). To study integrin function in the WG,
the Nrv2-GAL4 driver was used to knock down PS in GFP-labeled
WG (Fig. 7). In wild-type nerves, the WG (n72) labeled with CD8-
GFP formed complex processes along the nerve (Fig. 7B; see Movie
3 in the supplementary material). The CD8-GFP labeling filled in the
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Fig. 6. Overexpression of Mmp2 degrades the neural lamella and causes a perineurial glial wrapping defect. 46F-GAL4 was used to
express CD8-RFP (red) and UAS-Mmp2 in the PG. Expression was regulated by a temperature-sensitive GAL80 under the control of a ubiquitous
tubulin promoter (tubP-GAL80ts). The NL was labeled by Perlecan-GFP (green) and -Laminin (blue). The labeling and changes to the NL and PG are
also illustrated beneath. (A,B,F,G) Single 0.2m z-sections of the nerves; (C,H) projections of the entire z-stack. Boxed regions were digitally
expanded as shown in D and I. (E,J)Orthogonal sections of z-stacks from the positions indicated by the green lines. (A-E)In a control nerve,
Perlecan-GFP (green) and -Laminin (blue) labeled the outermost NL (arrows), which surrounds the CD8-RFP-labeled PG (red). Diffuse, low-level
Laminin staining was apparent within the nerve. (F-J)In a 46F::Mmp2 nerve, both Perlecan-GFP (green) and -Laminin immunolabeling (blue)
indicate that the remaining NL is partially detached from the surface of the nerve (arrows). -Laminin immunolabeling appeared to be increased
within the CD8-RFP-labeled (red) PG (arrowheads). The PG no longer wrapped around the entire circumference of the nerve and borders of distinct,
individual PG were identified. Scale bars: 10m in A-C,F-H; 5m in D,E,I,J.
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space between the HRP-labeled axons (Fig. 7A-C), as each WG
produces extensive processes that wrap around axons. In the
Nrv2::PS-RNAi larvae, CD8-GFP still formed processes in
between the HRP labeling and spread along the nerve. However, the
complexity of the processes was greatly decreased. For example, in
the PS-RNAi line (VDRC_GD29619), all WG (90/90) had severe
defects in which CD8-GFP labeling was observed in a single
longitudinal process (Fig. 7D-F; see Movie 4 in the supplementary
material). Importantly, this phenotype was repeated in the two PS
(mys) null MARCM clones that we were able to obtain in the WG
(data not shown). This suggests that the WG are unable to form or
maintain complex processes when PS integrin is reduced.

Although PS had a clear function in the WG, we were unable
to detect the presence of ECM components in the internal regions
of the peripheral nerve. For example, Perlecan-GFP and Viking-
GFP (Collagen IV) were observed exclusively in the NL with no
internal labeling (Fig. 6A,F; data not shown). We also assayed the
distribution of Laminins. Drosophila has two alpha genes but only
one beta (LanB1) and one gamma (LanB2) gene. Strong beta and
gamma laminin expression was detected in the NL, but only
diffusely in internal regions of the nerve (Fig. 6B,D,E). However,
we cannot rule out the possibility that low levels of ECM might be
deposited internally given the diffuse laminin labeling we observed.
Therefore, to test whether an internal ECM is necessary for the
ensheathment of peripheral axons, Mmp2 was overexpressed in the
WG using Nrv2-GAL4. Unlike repo-GAL4 or 46F-GAL4,
constitutive expression of Mmp2 with Nrv2-GAL4 did not cause
lethality or a decrease in the WG processes in the peripheral nerve
(Fig. 7G,H). This suggests that the internal PS integrin might
function in the WG by binding to an unknown ligand that is not an
ECM component.

DISCUSSION
The integrin complex in peripheral glia
Peripheral nerves in vertebrates and Drosophila are organized in
similar ways, with central axons wrapped by an inner class of glia
that are surrounded in turn by layers of external glia. The glia and
the surrounding ECM establish a tubular sheath to protect axons
from physical damage and pathogens (Parmantier et al., 1999). We
show that at least two integrin heterodimers are expressed in these
different glial layers and are localized at focal adhesions with Ilk
and Talin. We found that PS2PS integrin is prevalent in the PG
and that the PS3PS integrin is more prevalent in the WG. Since
PS2 integrin is expressed mostly in the outermost PG and can
bind ligands that contain the tripeptide RGD sequence (Bunch and
Brower, 1992; Fogerty et al., 1994), it most likely functions by
binding to ECM ligands in the NL. The majority of PS3 integrin
is expressed by the internal SPG and WG and PS3 integrin has
been shown to interact with laminins in Drosophila (Schock and
Perrimon, 2003; Stark et al., 1997). However, it is possible that the
integrin complex in the WG might have other ligands and might
mediate direct cell-cell interactions as we failed to detect a
pronounced basal lamina associated with the peripheral axons and
Mmp2 expression had no effect in the internal regions of the
peripheral nerves.

Integrin-ECM interactions are required for
perineurial glia function
PG form the outermost glial layer in the Drosophila nervous
system but their origin and function are not well understood, even
though they were identified some time ago (Edwards et al., 1993;
Schmid et al., 1999). Drosophila PG are structurally similar to their
vertebrate counterparts and have been proposed to have similar
roles (Lavery et al., 2007). Vertebrate perineurial cells and the
associated collagen fibers provide important mechanical support to
nerves and their development might rely on ECM-mediated
signals, as 1 integrin is found in the perineurium (Feltri et al.,
2002). However, little is known about the role of integrins in
perineurial cells.

Our results show that Drosophila PG express PS2 and PS
integrin subunits (and to a lesser extent PS3), which colocalize
with both Ilk and Talin. Knocking down integrins disrupts
perineurial wrapping, but we were unable to distinguish whether
the PG failed to initiate wrapping or failed to maintain their
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Fig. 7. Expression of PS-RNAi in the wrapping glia. Nrv2-GAL4
was used to express CD8-GFP (green) and PS-RNAi in the WG. Anti-
HRP and DAPI labeling were used for axons (red) and nuclei (blue),
respectively. The labeling and phenotypes observed in the WG are
illustrated to the right. (A,D)Single 0.2m z-sections; (B,E,G,H)
projections of the entire z-stack; (C,F) orthogonal sections at the
positions indicated by the green lines. (A-C)In a control nerve, CD8-GFP
surrounded the DAPI-labeled glia nucleus (blue) and extended along
the nerve to fill complex processes (arrows) in between the HRP labeling
(red, arrowheads). (D-F)In an Nrv2::PS-RNAi nerve, CD8-GFP was
found only in a single process that extended along the labeled axons
(red, arrowheads). Arrows point to small projections and puncta of
CD8-GFP. (G,H)In an Nrv2::Mmp2 nerve, the CD8-GFP-labeled
processes of the WG appeared normal and spread throughout the
labeled axons, similar to the control nerve. Glial nuclei were identified
by Repo immunolabeling (blue in G). Scale bars: 10m in A,B,D,E,G,H;
5m in C,F.
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processes around the nerves to accommodate the growing nerve
surface. However, degradation of the NL by Mmp2 overexpression
generates a PG wrapping phenotype similar to that of PS RNAi.
Thus, binding of PS integrin to ligands in the ECM mediates the
radial spread of PG around the tubular structure of the nerve and
suggests that PG retract their membrane when integrin-ECM
interaction is interrupted. Moreover, knockdown of Talin in the PG
produces a similar wrapping defect. This suggests that, in the PG,
integrin adhesion complexes mediate the connection between the
extracellular NL and the intracellular actin cytoskeleton and are
required for the initiation or maintenance of glial ensheathment.

The function of the PG in the peripheral nerve is not well
understood. The PG do not generate an impermeable barrier and it
is the SPG layer that creates the blood-nerve barrier (Stork et al.,
2008). Loss of PG ensheathment did not result in paralysis or
lethality, which are signs of a disrupted blood-brain barrier
(Baumgartner et al., 1996; Schwabe et al., 2005). Larger molecules
(~500 kDa) are blocked by the NL or the PG (Stork et al., 2008),
perhaps mirroring the protective function of the vertebrate
perineurium against pathogens (Parmantier et al., 1999). However,
in Mmp2-overexpressing larvae, the affected nerves become thin
and are difficult to retain intact during tissue preparation. This
suggests that the NL and PG provide important mechanical support
as is seen with the perineurium in mammalian nerves (Parmantier
et al., 1999).

PS integrin is required to maintain wrapping glia
ensheathment of the peripheral axons
In the center of Drosophila peripheral nerves, the WG embed
axons in bundles or individually within single membrane wraps,
similar to the non-myelinating Schwann cells of vertebrate
peripheral nerves (Corfas et al., 2004). Our results show that WG
predominantly express PS3 and PS integrin subunits in
complexes positive for Ilk and Talin along the WG membrane.
When PS expression is knocked down, the complexity of the glial
processes between the associated axons is greatly reduced. Only a
few long processes and small membrane protrusions are observed
around the axons, suggesting that the WG might be retracting their
processes in the absence of PS integrin. The role of integrins
appears to be conserved between WG and Schwann cells in
vertebrates. For example, myelinating Schwann cells lacking 1
integrin or Ilk do not extend membrane processes around axons,
resulting in impaired radial sorting (Feltri et al., 2002; Pereira et
al., 2009). The role of integrins in non-myelinating Schwann cells
is not known but our results suggest that integrins have similar
functions in Drosophila and vertebrates in mediating the glial
ensheathment of peripheral axons.

No clear ECM has been observed in the internal regions of
Drosophila nerves by immunofluorescence analysis or transmission
electron microscopy (Lavery et al., 2007; Stork et al., 2008).
Therefore, the integrin complex could promote WG sheath
formation by mediating direct cell-cell adhesion between the glial
membrane and its associated axon, or between glial membranes. A
potential candidate for an integrin-interacting protein expressed on
axons or glia is Neuroglian, the Drosophila L1 (Nrcam) homolog.
L1 is an Ig domain transmembrane protein that is known to bind
RGD-dependent integrins (Ruppert et al., 1995; Montgomery et al.,
1996). Loss of the integrin-binding domain of L1 results in
wrapping defects in both myelinating and non-myelinating
Schwann cells (Itoh et al., 2005). However, we cannot rule out the
presence of low levels of ECM given the weak laminin
immunolabeling that we observed. Even though Mmp2 expression

in the WG had no effect, it is still possible that the integrin-
mediated adhesion is Mmp2 resistant. To resolve this issue, further
ultrastructural and genetic studies will be required.
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