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Summary

The blood-brain barrier of Drosophila is established
by surface glia, which ensheath the nerve cord and
insulate it against the potassium-rich hemolymph by
forming intercellular septate junctions. The mecha-
nisms underlying the formation of this barrier remain
obscure. Here, we show that the G protein-coupled
receptor (GPCR) Moody, the G protein subunits Gai
and Gao, and the regulator of G protein signaling
Loco are required in the surface glia to achieve effec-
tive insulation. Our data suggest that the four pro-
teins act in a complex common pathway. At the cellu-
lar level, the components function by regulating the
cortical actin and thereby stabilizing the extended
morphology of the surface glia, which in turn is nec-
essary for the formation of septate junctions of suffi-
cient length to achieve proper sealing of the nerve
cord. Our study demonstrates the importance of mor-
phogenetic regulation in blood-brain barrier develop-
ment and places GPCR signaling at its core.

Introduction

The complex nervous systems of higher animals are in-
sulated from the body fluid by an impenetrable blood-
brain barrier. In Drosophila, as in other insects, this
barrier serves primarily as a shield against the high po-
tassium levels of the hemolymph: if the barrier is com-
promised, action potentials can no longer propagate,
and the animal is paralyzed. The barrier is established
at the end of embryonic development by a thin layer of
epithelial cells, which are thought to be glia derived
from the neural ectoderm, named surface glia. This glial
epithelium ensheathes the entire nerve cord and gener-
ates an ionic seal by forming intercellular septate junc-
tions (SJs) (Carlson et al., 2000; Edwards et al., 1993).
A similar process occurs in the PNS, where peripheral
glia form a single-cell tube that envelops the nerve and
is sealed by autic SJs (Auld et al., 1995; Baumgartner
et al., 1996).

The cellular and molecular processes involved in the
ensheathment of the nervous system are generally not
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well understood. In the CNS, the study of the blood-
brain barrier has been hampered by technical difficul-
ties. The surface glia are extremely thin and delicate
and complete their seal only at the very end of embryo-
genesis, making their visualization and phenotypic
analysis challenging. In the PNS, Rho family GTPases
and a PAK-like serine-threonine kinase (Fray) have
been shown to be required for establishing or maintain-
ing the glial ensheathment of peripheral nerves (Leiser-
son et al., 2000; Sepp and Auld, 2003).

By contrast, SJ formation has been studied extens-
ively, but mostly in columnar epithelia such as the ecto-
derm and the trachea (for review, see Tepass et al.,
2001). SJs contain regularly spaced, electron-dense septa
that give them a ladder-like appearance. The septa are
thought to serve as a series of filters that impede the
penetration of small molecules through the intercellular
cleft; the more septa are arrayed, the tighter the seal
(Abbott, 1991). The SJ consists of a large complex of
transmembrane and intracellular proteins, including
Neurexin IV, Neuroglian, Contactin, Coracle, and the so-
dium pump. It is not clear to what extent the glial SJ
mirrors the ectodermal SJ; to date, two of the molecular
components of the ectodermal SJ have been shown to
be functional in peripheral glia. The fly SJ shows strik-
ing structural, molecular, and functional similarity to the
vertebrate paranodal junction, which is formed be-
tween neurons and myelinating glial cells (Poliak and
Peles, 2003; Salzer, 2002).

G protein-coupled receptors (GPCRs) are a large and
diverse superfamily of receptors that share a seven-
transmembrane-domain structure and interact with a
wide range of extracellular ligands. They transduce
their signal mostly through trimeric G proteins, which
consist of three subunits (o, §, and 7). Upon ligand bind-
ing, the GPCR catalyzes the exchange of GDP for GTP
at Go, leading to dissociation of the complex into Ga
and Gfy. Once separated, Go-GTP and Gy can each
interact with downstream effectors. Signaling is termi-
nated by GTP hydrolysis, which is stimulated by RGS
(regulator of G protein signaling) molecules; reassocia-
tion of Ga-GDP with GPy completes the cycle (Neer,
1995). Our understanding of the role of GPCRs and tri-
meric G proteins in metazoan development is limited to
relatively few examples, including germ-cell migration;
asymmetric cell division; and, most recently, Wnt and
planar polarity signaling (Katanaev et al., 2005; Knob-
lich, 2001; Kunwar et al., 2003; Schier, 2003). A role for
G protein signaling in Drosophila blood-brain barrier
formation was first suggested by the identification of
the RGS Joco, which is expressed in the surface glia
and shows locomotion defects as a mutant (Granderath
et al., 1999). However, Loco’s cellular function has not
been elucidated, nor has it been placed in a genetic
pathway.

In a reverse genetic screen for factors with glial ex-
pression and function, we identified two GPCRs of a
small novel Rhodopsin family, moody and tre1, as well
as loco. Here we show that moody, loco, and the Ga
genes Gi and Go are (differentially) expressed in the
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surface glia; Moody and Loco colocalize at the plasma
membrane, and Loco physically interacts with both Gi
and Go, suggesting that the four proteins are part of a
common signaling pathway. Using dye penetration into
the nerve cord as an assay, we show that all four fac-
tors are required for proper insulation of the nervous
system. Interestingly, loss and gain of signal cause quali-
tatively similar insulation defects, strongly suggesting
that the signal is graded or localized within the cell.
Using live imaging and transmission electron micro-
scopy, we examine the cellular function of the signaling
components in the morphogenesis of the surface glia
and in the establishment of the intercellular SJs that
generate the seal.

Results

The Development of the Surface Glial Sheath

The Drosophila nerve cord is ensheathed by a thin sin-
gle-layer epithelium, which in turn is surrounded by an
acellular layer of extracellular matrix material. Ultra-
structural analysis had revealed that SJs between the
epithelial cells are responsible for the insulation of the
nerve cord (Carlson et al., 2000; Edwards et al., 1993).
Independent fate-mapping studies showed that the
nerve cord is enveloped by glia expressing the glial-
specific marker Repo (Halter et al., 1995; Ito et al., 1995;
Schmidt et al., 1997), but to date there has been no
direct proof that it is these surface glia that form inter-
cellular SJs and thus the insulating sheath. Moreover,
the time course for the formation of the sheath and of
the SJ-mediated seal has not been established.

We developed several assays to follow the morpho-
genesis of the surface glial sheath. Due to the onset of
cuticle formation, immunohistochemistry becomes un-
reliable after 16 hr of development. We therefore used
live imaging of GFP-tagged marker proteins to visualize
cell shapes, in particular the actin cytoskeleton marker
GFP/RFP-Moesin (Edwards et al., 1997) and the SJ
marker Neuroglian (Nrg)-GFP (Morin et al., 2001). We
find that Nrg-GFP expressed under its own promoter
and RFP-Moesin driven by repo-Gal4 are colocalized in
the same cells, establishing that the SJ-forming cells
are repo positive (Figure 1N) and thus conclusively
demonstrating the insulating function of the surface
glia. To probe the permeability of the transcellular bar-
rier, we injected fluorescent dye into the body cavity
and quantified dye penetration into the nerve cord by
determining mean pixel intensity in sample sections
(see Experimental Procedures).

The surface glia are born in the ventrolateral neuroec-
toderm and migrate to the surface of the developing
nerve cord (lto et al., 1995; Schmidt et al., 1997), where
they spread until they touch their neighbors (17 hr of
development). The glia then join to form a contiguous
sheet of square or trapezoidal cells, tiled to form three-
cell corners (Figures 1A-1C). SJ material is visible as a
thin contiguous belt by 18 hr but continues to accumu-
late until the end of embryogenesis (Figures 1D-1F).
Similar to other secondary epithelia, the surface glia do
not form a contiguous adherens-junction belt (zonula
adherens), but only spotted adherens junctions, as vis-
ualized by Armadillo-GFP (driven by own promoter;

McCartney et al., 2001; Figure 1M). At 16 hr, the fluores-
cent dye freely penetrates into the nerve cord, but by
20 hr the nerve cord is completely sealed (Figures 1G-
11). The completion of the seal thus coincides with the
onset of visible movements in the late embryo.

To further gauge our dye-penetration assay, we ex-
amined embryos mutant for known septate-junction
components: Neurexin IV, which is required for blood-
nerve barrier formation in the PNS (Baumgartner et al.,
1996); Neuroglian; and the sodium-pump component
Nervana2, for which only a role in the earlier formation
of the ectodermal seal has been demonstrated (Genova
and Fehon, 2003). In all three mutants, we found severe
penetration of dye well after the nerve cord is sealed in
wild-type (22 hr, Figures 1J-1L). These findings provide
further evidence that the sealing of the nerve cord is
achieved by SJs and suggest that the components of
the ectodermal SJs are required for the function of sur-
face glial SJs as well.

Moody is Expressed in Surface Glia Together

with Known G Protein Signaling Components

In a genome-wide screen for glial genes, using FAC
sorting of GFP-labeled embryonic glia and Affymetrix
microarray expression analysis (H. Courvoisier, D. Lea-
man, J. Fak, N. Rajewsky, and U.G., unpublished data),
we identified two novel GPCRs, Moody (CG4322; Bain-
ton et al., 2005 [this issue of Cell]; Freeman et al., 2003;
Kunwar et al., 2003) and Tre1 (CG3171; Kunwar et al.,
2003). Both are orphan receptors belonging to the same
novel subclass of Rhodopsin-family GPCRs (Kunwar et
al., 2003). We examined their expression by RNA in situ
hybridization; different subtypes of glia in the embry-
onic nerve cord can be distinguished based on their
position and morphology (Ito et al., 1995). In the CNS,
moody is expressed in surface glia from embryonic
stage 13 onward (10 hr); in addition to cells surrounding
the nerve cord (subperineurial glia), this includes cells
lining the dorsoventral channels (channel glia). moody
is also expressed in the ensheathing glia of the PNS
(exit and peripheral glia) (Figure 2A). Both CNS and PNS
expression of moody are lost in mutants for the master
regulator of glial fate, glial cells missing (gcm™'7; Jones
et al., 1995), confirming that they are indeed glial (Fig-
ure 2B). tret is expressed in all longitudinal glia and a
subset of surface glia, as well as in cells along the mid-
line. As expected, the (lateral) glial expression is lost in
gcm mutants, while midline expression is not (Figures
2C and 2D). Both moody and tre1 are also expressed
outside the nervous system in a largely mutually exclu-
sive manner, specifically in the germ cells, the gut, and
the heart.

Several additional G protein signaling components
are found in the surface glia. The six extant Go. genes
show broad and overlapping expression in embryogen-
esis, with three of them (Go, Gq, and Gs) expressed
throughout the nervous system and Gi expressed more
specifically in surface glia (Figures 2G and 2H; Parks
and Wieschaus, 1991; Quan et al., 1993; Wolfgang et
al.,, 1990); GB13F and Gy1 are ubiquitously expressed
during embryogenesis (Schaefer et al., 2001; Yarfitz et
al., 1988). Finally, the RGS Joco is uniformly expressed
in early embryos due to a maternal contribution but is
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then transcriptionally upregulated in surface and longi-
tudinal glia, as well as in other tissues outside the ner-
vous system. The nervous-system expression of loco
is lost in gcm mutants (Figures 2E and 2F; Granderath
et al.,, 1999). The presence of both Moody and Loco
protein in the surface glia is confirmed using immuno-
histochemistry (Figures 21 and 2J), but at 17 hr of devel-
opment, when staining is feasible, the protein levels are
still quite low.

In sum, the GPCR Moody, the RGS Loco, and Gi are
differentially expressed in surface glia. This expression

Figure 1. Developmental Time Course of the
Morphogenesis and Sealing of the Surface
Glial Epithelium

Images represent projections from stacks of
confocal sections, 10-15 um total (A-F, M,
and N), or single confocal sections (G-L).
Colocalization (M and N) was calculated in
individual confocal sections and projected
as described in Experimental Procedures.
(A-C) Ventral surface views of nerve cords
expressing the live actin marker GFP-Moesin
driven by panglial repo-Gal4. The epithelium
becomes confluent and shows strong accu-
mulation of cortical actin at ~16 hr (arrows);
cell-shape changes from square to rectan-
gular occur during condensation of the nerve
cord (16-24 hr).

(D-1) Ventral surface views (D-F) of nerve
cords expressing the live SJ marker Nrg-
GFP (expressed under own promoter), which
also labels the overlying ectoderm (arrow-
head). With increasing accumulation of SJ
material in a circumferential belt (arrows),
penetration of dye from the body cavity into
the nerve cord decreases (G-I); by 20 hr, the
nerve cord is completely sealed. Arrows in
() point to the location of the channels that
traverse the nerve cord along its dorso-
ventral axis.

(J-L) In mutants of SJ components, such as
Neurexin IV (Nrx?°2%), Nervana2 (nrv2674),
and Neuroglian (Nrg’#), the dye still pene-
trates into the nerve cord at 22 hr.

(M) Adherens junctions visualized by Arm-
GFP (expressed under own promoter); for
reference, the actin cytoskeleton is labeled
with mRFP-Moesin (driven by repo-Gal4). In
the surface glia, Arm-GFP shows a spotted
distribution along the cell perimeter (arrows)
and within the cell; by contrast, in the ecto-
derm (inset), the distribution along the pe-
rimeter is contiguous.

(N) SJs (visualized by Nrg-GFP, green) are
formed by surface glia, as shown by colocal-
ization with mRFP-Moesin driven by repo-
Gal4 (magenta).

colocalization

precedes and accompanies the morphogenesis and
sealing of the surface glial sheath.

Colocalization and Physical Interaction of GPCR
Signaling Components

To examine protein expression and distribution of
the GPCR signaling components in greater detail, we
turned to third-instar larval nerve cords. By this stage,
the surface glia have doubled in size and show robust
protein expression of GPCR signaling and SJ compo-
nents.
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Figure 2. The GPCRs moody and tre1, the Go. Genes Gi and Go,
and the RGS loco Are Expressed in Surface and Other CNS Glia
Expression is visualized by RNA in situ hybridization (A-H) or immu-
nohistochemistry (I and J) at 17 hr development; lateral (E, F, H,
and J) or ventral (A-D, G, and I) views. Arrows mark surface glia;
arrowheads mark longitudinal glia.

(A, B, and I) moody RNA (A) and protein (I) are expressed in surface
glia, as well as in PNS glia and in the gut; in gcm mutants (B), in
which all glia are lost, only gut expression remains.

(C and D) tre7 RNA is expressed in longitudinal glia, a small subset
of surface glia, and in midline cells (C); in gcm mutants (D), glial
but not midline expression is lost.

(E, F, and J) loco RNA (E) and protein (J) are expressed in surface
and longitudinal glia, as well as in the gut and heart; in gcm mu-
tants (F), only gut and heart expression remains.

(G) Gi RNA is differentially expressed in surface glia.

(H) Go is expressed ubiquitously throughout the CNS.

Moody immunostaining is found at the plasma mem-
brane, where it shows strong colocalization with the SJ
marker Nrg-GFP (Figure 3C). Loco immunostaining is
punctate and more disperse throughout the cytoplasm,
with some accumulation at the plasma membrane,
where it colocalizes with Moody (Figure 3A). To avoid
fixation and staining artifacts, we generated fluores-
cent-protein fusions (Moody-mRFP; Loco-GFP) and ex-
pressed them using moody-Gal4, which drives weak
surface glial expression (see Figure S1 in the Supple-
mental Data available with this article online). In the live
nerve-cord preparations, Loco-GFP is much less dis-
perse and shows strong colocalization with Moody-
mRFP at the plasma membrane (Figure 3B).

In the absence of a known ligand, the coupling of G
proteins to receptors is difficult to establish, but their
binding to RGS proteins is readily determined. Loco
physically binds to and negatively regulates Gi (Gran-
derath et al., 1999; Yu et al., 2005), and vertebrate Loco
homologs (RGS12/14) have been shown to negatively

regulate Gi/Go (Cho et al., 2000; Snow et al., 1998). In
S2 tissue-culture assays, we find that Loco binds to Gi
and Go, but not to Gs and Gq, in line with the previous
results (Figure 3F). Double-label immunohistochemistry
confirms that both Gi and Go are expressed in the sur-
face glia (Figures 3D and 3E).

Thus, Loco physically interacts with Gi and Go and
shows subcellular colocalization with Moody, suggest-
ing that the four signaling components are part of a
common molecular pathway.

Moody and Loco Are Required for Insulation

Using dye penetration as our principal assay, we exam-
ined whether the GPCR signaling components that are
expressed in surface glia play a role in insulation.
moody genomic (A77; Bainton et al., 2005) and RNAI
mutants show similar, moderate insulation defects (Fig-
ures 4A-4C; see Experimental Procedures). The em-
bryos are able to hatch but show mildly uncoordinated
motor behavior and die during larval or pupal stages.
The dye-penetration defect of moody*'” is completely
rescued by genomic rescue constructs containing only
the moody ORF. Both moody splice forms (o and f;
Bainton et al., 2005) are able to rescue the defect inde-
pendently, as well as in combination (Figure 4E). tret
genomic (Kunwar et al., 2003) and RNAi mutants show
no significant dye-penetration defect and no synergis-
tic effects when combined with moody using RNAi
(data not shown). Thus, despite the close sequence
similarity of the two GPCRs and their partially overlap-
ping expression in surface glia, only moody plays a sig-
nificant role in insulation. Overexpression of moody
causes intracellular aggregation of the protein (data
not shown).

loco is expressed both maternally and zygotically.
Granderath et al. (1999) had shown that loco zygotic
nulls are paralytic and suggested, on the basis of an
ultrastructural analysis, a disruption of the glial seal
(see below). In our dye-penetration assay, loco zygotic
null mutants show a strong insulation defect, which can
be rescued by panglial expression of Loco in its wt or
GFP-tagged form (Figures 4A, 4B, and 4E). The extant
null allele of loco (A13) did not yield germline clones;
we therefore used loco RNAi to degrade the maternal
in addition to the zygotic transcript. In loco RNAi em-
bryos, dye penetration is indeed considerably more se-
vere (Figures 4B and 4C). Overall, insulation as well as
locomotor behavior is affected much more severely in
loco than in moody and is close in strength to the SJ
mutants. Overexpression of loco is phenotypically nor-
mal (data not shown).

Thus, positive (moody) and negative (loco) regulators
of G protein signaling show qualitatively similar defects
in loss of function, suggesting that both loss and gain
of signal are disruptive to insulation. Such a phenome-
non is not uncommon and is generally observed for
pathways that generate a localized or graded signal
within the cell (see Discussion).

G Protein Function in Insulation

Both Gi and Go have a maternal as well as a zygotic
component. Gi zygotic null flies survive into adulthood
but show strong locomotor defects (Yu et al., 2003). In
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our assay, Gi maternal and zygotic null embryos show a
mild dye-penetration defect, which is markedly weaker
than that of moody (Figures 4A and 4B), suggesting re-
dundancy among Go subunits. To further probe Gi
function, we overexpressed the wt protein (Gi-wt) as
well as a constitutively active version (Gi-GTP) (Schaefer
et al., 2001) in glia using repo-Gal4; such overexpres-
sion presumably leads to a masking of any local dif-
ferential in endogenous protein distribution. Expression
of Gi-wt results in very severe dye penetration, while
overexpression of Gi-GTP is phenotypically normal
(Figures 4A and 4B). Only Gi-wt but not Gi-GTP can
complex with Gfy; overexpression of Gi-wt thus forces
Gpy into the inactive trimeric state. Our result therefore
suggests that the phenotypically crucial signal is not
primarily transduced by activated Gi but rather by free
Gpy. Similar results have been obtained in the analysis
of Gi function in asymmetric cell division (Schaefer et
al., 2001; Yu et al., 2003).

Go null germline clones do not form eggs and do not

“«.+ colocalization

Figure 3. Colocalization and Physical In-
teraction of G Protein Signaling Components

(A-C) Projections of confocal stacks (5-7.5
pm) from third-instar larvae, ventral surface
views.

(A) Moody (magenta) and Loco (green) anti-
body stainings of fixed tissue. (B) Live imaging
of Moody-RFP (magenta) and Loco-GFP
(green) driven by the surface-glial-specific
moody-Gal4. Moody is found predominantly
at the plasma membrane; visible are the cell
boundaries between the surface glia (ar-
rows), as well as surface glial extensions into
the paracellular space between underlying
neuronal cell bodies (arrowheads; inset).
Loco is more broadly distributed within the
cell but strongly colocalizes with Moody at
the plasma membrane.

(C) Moody protein (magenta) colocalizes
with the SJ marker Nrg-GFP (green).

(D and E) Gi or Go (magenta) and Loco-GFP
(driven by moody-Gal4; green) antibody
stainings of fixed larval tissue, showing
coexpression in the surface glia; single con-
focal sections, lateral view.

(F) Transiently transfected S2 cells express-
ing Loco-GFP (driven by actin-Gal4; green)
alone or together with different Go. subunits
(magenta). Loco-GFP by itself localizes to
e cytoplasm/nucleus. In the presence of Gi or
Go, but not Gs, it relocalizes to cytoplasm/
plasma membrane.

&1

colocalization

merge

Loco-GFP + Go

survive in imaginal discs, indicating an essential func-
tion for cell viability (Katanaev et al., 2005). We there-
fore examined animals with glial overexpression of
constitutively active (Go-GTP), constitutively inactive
(Go-GDP), and wt (Go-wt) Go (Katanaev et al., 2005).
Overexpression of Go-GDP, which cannot signal but
binds free Gy, leads to severe dye penetration, again
pointing to a requirement for Gy in insulation. How-
ever, Go-GTP and Go-wt show a moderate effect, sug-
gesting that signaling by active Go does contribute sig-
nificantly to insulation, in contrast to active Gi (Figures
4A and 4B).

Overall, we find that all four GPCR signaling compo-
nents expressed in surface glia are required for insula-
tion, further supporting the notion that the four compo-
nents are part of a common pathway. The phenotypic
data suggest that this pathway is complex: two Go. pro-
teins, Gi and Go, are involved, but with distinct roles:
activated Go and Gy appear to mediate most of the
signaling to downstream effectors, while activated Gi
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Figure 4. Normal moody, loco, and G Protein
Activity Are Required for Proper Insulation of
the Nerve Cord

(A) Single confocal sections of dye-injected
embryos of different genotypes, showing dif-
ferent levels of dye penetration into the
nerve cord.

(B and C) Quantification of results of dye-
penetration assays. Columns represent in-
tensity of dye penetration as measured by
mean pixel intensity (see Experimental Pro-
cedures), +SEM, n = 34-55. The percentage
of embryos showing dye penetration is indi-
cated at the bottom of each column.

(B) Genomic mutants and embryos overex-
pressing UAS transgenes. All groups except
repo::Gi-GTP are significantly different from
wt with p < 0.01.

(C) RNAi-injected animals are shown sep-
arately since dye penetration increases slightly
when mock or dsRNA injection is performed
in addition to the late dye injection. Brackets
and asterisks in (C)-(E) indicate significance
levels of pairwise comparisons using one-way
ANOVA with Student-Newman-Keuls post hoc
test (C) or the y2 test (D and E): n.s. p > 0.05;
*p < 0.05; **p < 0.001.

(D) The locomotor behavior of RNAi-injected
animals is assessed by hatching rate (total
height of bars), presence or absence of peri-
stalsis, and general motility (Experimental
Procedures; see Movies S1-S3).

(E) The ability of different moody and loco
transgenes to rescue their cognate genomic
mutant was assessed by determining the
percentage of embryos showing dye pene-
tration (n = 40-57).
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seems to function primarily as a positive regulator of
Gpy. The loss of moody appears much less detrimental
than the loss of free Gy (through overexpression of Gi-
wt or Go-GDP); this is inconsistent with a simple linear
pathway and points to additional input upstream or di-
vergent output downstream of the G proteins (see Dis-
cussion). Finally, we consistently observe that both loss
(moody, Gi null, and Go-GDP) and gain (loco and Go-
GTP) of signal are disruptive to insulation, suggesting
that the G protein signal or signals have to be localized
within the cell.

These complexities of G protein signaling in insula-
tion preclude an unambiguous interpretation of ge-
netic-interaction experiments and thus the linking of
moody to Gi/Go/loco by genetic means. We have gen-
erated double-mutant combinations between moody
and loco using genomic mutants as well as RNAi, with
indeed complex results: in moody loco genomic double
mutants, the insulation defect is worse than that of Joco
alone, while in moody loco RNAi double mutants the

insulation defect is similar to that of moody alone (Fig-
ure 4C). This strong suppression of loco by moody is
also observed in the survival and motor behavior of the
RNAi-treated animals (Figure 4D, Movies S1-S3). Thus,
the phenotype of the double-mutant combination is de-
pendent on the remaining levels of moody and loco,
with moody suppressing the loco phenotype when loco
elimination is near complete.

Cellular Function of GPCR Signaling

in the Surface Glia

To understand how the GPCR signaling components ef-
fect insulation at the cellular level, we examined the
distribution of different markers in the surface glia un-
der moody and loco loss-of-function conditions and
under glial overexpression of Gi-wt. To rule out cell fat-
ing and migration defects, the presence and position
of the surface glia were determined using the panglial
nuclear marker Repo (Halter et al., 1995). In all three
mutant situations, the full complement of surface glia
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Figure 5. GPCR Signaling Affects Cell Shape, the Accumulation of Cortical Actin, and the Integrity of the Septate-Junction Belt but Not
Surface Glial Cell Number or Migration

Images represent projections of confocal stacks: (B) and (E), 10-15 um total, (C) and (D), 35-45 .m; images show ventral surface views of
18-19 hr embryos, except for (D), which shows transverse views of one segment from confocal stacks in (C).

(A and B) Nrg-GFP expression visualizes the SJ belt and traces surface glial cell outlines; the overlying ectoderm is also labeled, leading to
a partial occlusion of the glia. (A) shows tracings of surface glial cell outlines based on confocal images; shaded boxes mark regions shown
in higher magnification images in (B). In the three mutant conditions (moody*?7, loco*'?, and repo::Gi-wt), surface glia show variable cell size
and shape. SJ material is unevenly distributed along the junction belt and is occasionally absent (dotted lines in [A]). Nrg-GFP label is
frequently found in ectopic locations (arrowheads in [A] and [B]).

(C and D) Repo immunostaining reveals number and position of surface glial nuclei. The normal complement of surface glia is found at the
surface of the nerve cord in the different mutants, but the position of the nuclei is more variable than in wild-type, as visualized by overlay of
connecting lines. A “blended” projection is used that decreases the brightness of individual sections from ventral to dorsal and thus highlights
ventral structures of the nerve cord.

(E) Actin cytoskeleton of the surface glia, as visualized by GFP-Moesin (driven by repo-Gal4). In moody and loco mutants, as well as under
Gi-wt overexpression, the cortical actin (arrows) is reduced or absent. By contrast, in the Nrg mutant, which lacks SJ, cortical actin appears
normal.

is present at the surface of the nerve cord, with the
positioning of nuclei slightly more variable than in wt
(Figures 5C and 5D).

In the three mutants, the SJ marker Nrg-GFP still lo-
calizes to the lateral membrane compartment, but the
label is of variable intensity and sometimes absent, in-
dicating that the integrity of the normally continuous

circumferential SJ belt is compromised (Figures 5A and
5B). Notably, the size and shape of the surface glia are
also very irregular. While qualitatively similar, the phe-
notypic defects are more severe in loco and under Gi-
wt overexpression than in moody, in line with the results
of our functional assays. When examining the three mu-
tants with the actin marker GFP-Moesin, we find that
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the cortical actin cytoskeleton is disrupted in varying
degrees, ranging from a thinning to complete absence
of marker, comparable to the effects observed with
Nrg-GFP (Figure 5E). However, GFP-positive fibrous
structures are present within the cells, indicating that
the abnormalities are largely restricted to the cell cor-
tex. The microtubule organization, as judged by tau-
GFP marker expression, appears normal in the mutants
(data not shown). The light-microscopic evaluation thus
demonstrates that, in the GPCR signaling mutants, the
surface glia are positioned correctly and capable of
forming a contiguous epithelial sheet as well as septate
junctions. Instead, the defects occur at a finer scale—
abnormally variable cell shapes and sizes, and irregular
distribution of cortical actin and SJ material.

The changes in cell shape and actin distribution that
we observe in the three mutants might simply be a sec-
ondary consequence of abnormalities in the SJ belt; to
test this possibility, we examined how a loss of the SJ
affects the morphology and the actin cytoskeleton of
the surface glia. SJ components are interdependent for
the formation and localization of the septa, and lack
of a single component, such as Nrg, leads to nearly
complete loss of the junction (Faivre-Sarrailh et al.,
2004; Genova and Fehon, 2003) and severe insulation
defects (see above). In Nrg mutants, the surface glial
cell shape and cortical actin distribution show only mild
abnormalities (Figure 5E). Thus, in contrast to the GPCR
signaling mutants, the complete removal of the SJ
causes only weak cytoskeletal defects, strongly ar-
guing against an indirect effect. We conclude that
GPCR signaling most likely functions by regulating the
cortical actin cytoskeleton of the surface glia, which in
turn affects the positioning of SJ material along the lat-
eral membrane.

More detailed insight into the nature of the defects in
GPCR signaling mutants is afforded by electron micro-
scopy. We examined the surface glia in nerve cords of
first-instar wild-type and mutant larvae. First, dye pene-
tration into the nerve cord was tested using ruthenium
red. In wild-type, the dye diffuses only superficially into
the surface glial layer, while in moody and loco mutants
the dye penetrates deep into the nerve cord, in concor-
dance with our light-microscopic data (Figures 6F-6l).
Tissue organization and SJ morphology were examined
under regular fixation in randomly selected transverse
sections. Granderath et al. (1999) had reported that the
surface glial sheath is discontinuous in loco mutant
nerve cords, but their analysis was carried out at 16 hr
of development, i.e., at a time when, even in wild-type,
SJs are not yet established and the nerve cord is not
sealed. In contrast to their findings, we observe that, in
loco as well as moody mutants, the glial sheath is in
fact contiguous at the end of embryonic development.
The ultrastructure of individual septa and their spacing
also appear normal, indicating that moody and loco do
not affect septa formation per se. However, the global
organization of the junctions within the glial sheath ap-
pears perturbed: in wild-type, the surface glia form
deep interdigitations (Figure 6B; cf. Carlson et al., 2000),
and the SJs are extended, well-organized structures
that retain orientation in the same plane over long dis-
tances (Figures 6B and 6C). In moody and loco mu-
tants, the SJs are much less organized; they are signifi-

cantly shorter in length and do not form long planar
extents as in wild-type (Figures 6D, 6E, and 6J).

Taken together, the light- and electron-microscopic
evaluations of the GPCR signaling mutants both show
defects in the organization of the surface glial epithe-
lium. The reduction in SJ length is consonant with the
variability and local disappearance of the Nrg-GFP
marker. Since the sealing capacity of the junction is
thought to be a function of its length (Abbott, 1991), the
reduction in mean SJ length in the mutants provides a
compelling explanation for the observed insulation
defect.

Discussion

In this study we have examined the formation of the
blood-brain barrier in Drosophila and its regulation by
GPCR signaling. Due to the high potassium content of
the hemolymph, flies are very sensitive to a disruption
of the barrier. Depending on the severity of the breach,
behavioral defects range from mild impairment of mo-
tor coordination to complete paralysis. The seal is cre-
ated by the intercellular SJs formed by the surface glia.
The technical difficulty in working with late embryos
had hampered the study of the surface glial sheath. By
applying live imaging and quantitative measurement of
dye penetration, we were able to record its develop-
ment and begin a genetic dissection of the underlying
cellular and molecular processes.

We found that the surface glia coalesce into a single-
layer epithelium and form contiguous SJ belts only late
in development. As judged by dye occlusion and onset
of embryonic movement, the sealing of the nerve cord
is complete by 20 hr of development. The orphan GPCR
Moody, the G protein o subunits Gi and Go, and their
regulator Loco are all (differentially) expressed in the
surface glia and, as mutants, show insulation defects,
which are manifest in dye penetration and abnormal
motor behavior. At the cellular level, the mutants show
a variable and often weak distribution of SJ material
along the circumference of the glial cells and, ultra-
structurally, a shortening of the length of the SJ. Multi-
ple measures thus indicate that GPCR signaling plays
a crucial role in the insulation of the nerve cord.

In addition to a reduction of the insulating SJs, our
analysis of the GPCR signaling mutants also revealed
irregular cell shape and size, as well as weaker and
variable accumulation of cortical actin in the surface
glia. Our data indeed suggest that the primary defect
in the mutants lies with a failure to stabilize the cortical
actin, whose proper distribution is required for the com-
plex extended morphology of the glia, which then af-
fects SJ formation as a secondary consequence. Sev-
eral lines of evidence exclude the reverse chain of
causality, that is, a primary SJ defect resulting in desta-
bilization of cortical actin and cell-shape change. Sur-
face glia coalesce into a contiguous sheath and show
strong accumulation of cortical actin before SJ material
accumulates and sealing is completed. In the GPCR
signaling mutants, there is misdistribution of SJ mater-
ial along the cell perimeter, but the junctions do form.
Finally, the GPCR signaling mutants show cell-shape and
cortical actin defects that are much more severe than
those observed in the near complete absence of SJ.
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Figure 6. GPCR Signaling Affects Organization and Length of the SJ

mean SJ lengths (nm)

(A-E) Conventional electron micrographs of wt (A-C), moody*’” mutant hatched (D), and loco®’® mutant unhatched (E) 24 hr embryos. White
boxes in panels (A) and (B) indicate location of regions shown in higher magnification in (B) and (C). In wild-type, surface glia show deep
interdigitations with long SJs (arrows). In the mutants, the surface glia appear less organized and have shorter SJs.

(F-1) Ruthenium-red stainings of wt (F and H), moody (G), and loco mutant () 24 hr embryos. In the mutants but not in wt, the dye penetrates

deeply into the nerve cord (arrowheads).

(J) Quantification of SJ length measurements (see Experimental Procedures). Columns represent mean SJ length as measured in random
nerve-cord sections, +SEM, n = 71-75. Brackets indicate statistical significance of comparisons using the t test, ***p < 0.001.

Compared to the columnar epithelia of the ectoderm
and the trachea (~5 pm), the surface glial sheath is
very thin (~0.5 pm). Compensating for their lack in
height, surface glia form deep “tongue-and-groove” in-
terdigitations with their neighbors. This increases the
length of the intercellular membrane juxtaposition and
thus of the SJ, which ultimately determines the tight-
ness of the seal. We propose that the surface glial inter-
digitations are the principal target of regulation by
GPCR signaling. In GPCR signaling mutants, a loss of
cortical actin leads to diminished interdigitation and
thus to a shortening of the SJ, resulting in greater per-
meability of the seal (Figure 7B). This model integrates
all our observations at the light- and electron-micro-
scopic levels.

Our proposal that Moody, Gi, Go, and Loco act in
a common pathway is principally based on common
expression in the surface glia and on the strong pheno-
typic similarities between these factors at the systemic
and cellular level. In addition, we demonstrate physical
interaction between Gi, Go, and Loco, thus directly
connecting these three components, and show colocal-
ization of the Moody and Loco proteins at the plasma
membrane. However, due to the transient nature of re-
ceptor-G protein interactions, a physical coupling of
Moody with either of the o subunits can only be demon-
strated once the ligand is identified. The complexity of
this pathway results from the involvement of two dif-
ferent trimeric G proteins that, upon coupling with
active receptor, generate three active components (Gi,
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Go, and Gfy) capable of transducing signal to distinct
effectors (Neer, 1995). The marked differences in phe-
notypic strength between the three components strongly
support the notion that they do indeed generate dis-
tinct outputs in insulation, with activated Go and free
Gy having a greater role than Gi (Figure 7A). Further-
more, the differences in phenotypic strength between the
different agonists (loss of GBy > moody null > Gi null) are
inconsistent with a simple linear pathway and suggest
that the outputs generated by the G proteins have op-
posing effects or, quite possibly, that the G proteins re-
ceive multiple activating inputs.

A striking feature of Moody/Loco signaling is that
both loss of signal (loss of moody and Gi, quenching
of free GBy) and gain of signal (loss of loco, Go-GTP
overexpression) cause qualitatively similar systemic
and cellular defects. This phenomenon is characteristic
of pathways that generate a localized or graded sig-
nal—such a signal will be diminished by loss as well as
by uniform excess of activity. The behavior has been
observed in contexts such as planar polarity, asymmet-
ric cell division, and axon guidance (Huber et al., 2003;
Knoblich, 2001; Mlodzik, 2002). We propose that, in our
context, localized G protein activity functions to prop-
erly localize or distribute actin at the cell cortex of the
surface glia, thereby molding the deep interdigitations
critical for insulation. Differential G protein signaling to
the actin cytoskeleton has been shown to be responsi-
ble for polarized growth in yeast and in Dictyostelium
and leukocyte chemotaxis (Madden and Snyder, 1998;
Manahan et al., 2004; Wu, 2005). Free GBy promotes
actin polymerization and morphologic extension by lo-
calized activation of Cdc42 and Rac, while active Go
is likely to promote actin myosin Il accumulation and
contraction by activation of RhoA. Thus, in these para-
digms, the graded distribution of G protein activities
sets up a differential localization of two inherently an-
tagonistic processes—expansion and contraction. Our
genetic results are consistent with such antagonistic G
protein output in insulation. A deeper exploration of the
molecular connections between Moody/Loco signaling
and the actin cytoskeleton and of the similarities be-
tween GPCR signaling in glial ensheathment and in
chemotaxis will be a subject of further investigation.

Interestingly, moody is required not only for the es-

Figure 7. Model of Moody/Loco Signaling
and Cellular Function

Schematic depicting the proposed Moody/
Loco pathway (A) and its role in regulating
surface glial morphology and septate-junc-
tion length (B). For description, see text.

surface

neuronal glia
cortex

wildtype

GPCR
signaling
mutants

tablishment but also for the maintenance of the blood-
brain barrier in adult flies (Bainton et al., 2005), suggest-
ing that the morphology of the surface glia requires
continued regulation. Both Moody and Loco are also
expressed and required for morphogenesis in other
embryonic tissues (T.S. and U.G., unpublished data).
Moody’s sibling receptor Trel has been shown to be
necessary for normal germ-cell migration, apparently
by signaling through a different pathway (Kunwar et al.,
2003). The closest vertebrate homologs of Moody (EX33
and GPR84) are both expressed in migratory blood cells
(Wittenberger et al., 2001; Yousefi et al., 2001), and verte-
brate homologs of Loco (RGS3 and 4) are upregulated
in pathologically motile glioblastoma cells (Tatenhorst
et al., 2004). These findings suggest that the GPCR sig-
naling components identified in this study are involved
in morphogenetic processes well beyond insects.

Experimental Procedures

Fly Strains and Constructs
The following fly strains were obtained from published sources:
repo-Gal4 (V. Auld); actin-Gal4 (Y. Hiromi); nrv2674, Nrg@3°% (Nrg-
GFP), and Goi”® (W.Chia); UAS-GFP-Moesin (D.Kiehart); arm-Arm-
GFP (M. Peifer); UAS-tau-GFP (M. Krasnow); Nrx#°?° (M. Bhat);
Nrg™ (M. Hortsch); gcm™N'7 (B. Jones); loco’® (C. Klambt); UAS-
Goi"t and UAS-Gai®™P (J. Knoblich); and UAS-Goo, UAS-Go.o®TF,
and UAS-Gao®PP (A. Tomlinson). UAS-GFPnuc was generated by
H.Q. Fan (H.Q. Fan and U.G., unpublished data). The moody*’” al-
lele is an imprecise P element excision of EP1529 and removes
the entire ORF of moody (=CG4322), CG4313, and part of CG4290
(Bainton et al., 2005). Genomic rescue constructs for the two dif-
ferent moody splice forms (gen-o. and gen-f) or both (gen-of) con-
tain the complete moody gene and all intergenic sequences up to
the neighboring genes (9.4 kb) (see Bainton et al., 2005). Full-length
cDNAs were obtained from the following sources: moody (R.J.B.);
tre1 (RT-PCR); and Gi, Go, Gs, Gq, and loco (DGCr1, BDGP; Sta-
pleton et al., 2002). The frameshift at position 838 of the loco cDNA
was repaired using a small RT-PCR product.

moody-Gal4 was generated by cloning of the 2.4 kb genomic
region directly upstream of the moody ORF into the pCasprAUG-
Gal4 vector; the construct drives faithful surface-glial-specific
expression in third-instar larval nerve cords (Figure S1). UAS-Loco-
GFP was generated by in-frame fusion of EGFP (pEGFP by Clon-
tech) to the C terminus of the glial-specific variant of Loco (Gran-
derath et al., 1999). UAS-Moody-mRFP was generated by in-frame
fusion of mRFP (gift from R. Tsien) to the C terminus of the B splice
form of Moody; when driven by repo-Gal4, the protein fusion res-
cues moody*’” from 1% to 80% adult viability. UAS-mRFP-Moesin
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was constructed analogous to the UAS-GFP-Moesin reported by
Edwards et al. (1997). All constructs were cloned into pUAST
(Brand and Perrimon, 1993). UAS marker strains were examined
for morphological abnormalities and behavioral/viability problems
when expressed in glia (repo-Gal4); glial specificity of the repo-
Gal4 driver was established for the late embryo and third-instar
larvae (Figure S1). For live genotyping, mutant and transgenic lines
were balanced (Kr::GFP; Casso et al., 2000) or positively/negatively
marked using GFP markers nrg-Nrg-GFP and simu-CD8-RFP
(E. Kurant and U.G., unpublished data). All strains were raised at
25°C.

Immunohistochemistry and Imaging

RNA in situ hybridization was performed as described at http://
www.fruitfly.org/about/methods/RNAinsitu.html. Schneider (S2) cells
were cotransfected with actin-Gal4; UAS-Loco-GFP; and UAS-Gi,
Go, Gs, or Gq using cellfectin (Invitrogen) and plated on poly-L-
lysine (Sigma) coated coverslips for immunohistochemistry. Immu-
nohistochemistry followed standard procedures using rat anti-Repo
(Developmental Studies Hybridoma Bank), anti-GFP (Molecular
Probes), rabbit anti-Moody, guinea pig anti-Loco (W. Chia), rabbit
anti-Gi (J. Knoblich), rat anti-Go (A. Tomlinson), rabbit anti-RFP (US
Biological), fluorescent secondary antibodies (Cy3/Jackson Immu-
noResearch; Alexa Fluor 488/Molecular Probes), or Vectastain Elite
kit (Vector Labs).

Live imaging was carried out as follows: dechorionated embryos
(stage 17) were mounted under halocarbon oil, injected with 100
mM potassium cyanide (2%-3% of egg volume) to subdue their
movement, and imaged after 30-60 min incubation. Dissected
third-instar larval cephalic complexes were mounted in saline and
imaged directly. All confocal images were acquired using a Zeiss
LSM 510 system. Stacks of 10-30 0.5 micron confocal sections
were generated; image analysis was performed using Zeiss LSM
510 and Imaris 4.0 (Bitplane) software. Colocalization of double-
labeled specimens was assessed in 3D using Imaris 4.0. The pro-
gram calculates colocalization separately for each slice of a confo-
cal stack by computing the geometric mean of the pixel intensities
of the two channels after appropriate thresholding. The results for
each section are then assembled as a separate channel of the
stack. Time-lapse microscopy of 21-22 hr embryos was carried out
using a Zeiss Axioplan 2 with MetaMorph software (Universal Im-
aging Corporation).

For electron microscopy, first-instar wild-type and mutant larvae
were processed for conventional EM or ruthenium-red dye penetra-
tion by the methods described in Auld et al. (1995). Sections were
examined with a Tecnai T12 electron microscope operated at 80
kV, and micrographs were recorded with an AMT or Gatom digital
camera. For quantification, random images were shot, and the
length of visible SJ membrane stretches in each image was mea-
sured using MetaMorph software (Universal Imaging Corporation).
Statistics were calculated using the t test.

Embryo Injections and Assays

DsRNA synthesis and microinjection were performed as described
by Kennerdell and Carthew (1998). To rule out saturation effects,
the total concentration of dsRNA (500-700 bp) was always 5 nmol/
ml; for single injections, 2.5 nmol/ml GFP dsRNA coinjected with
2.5 nmol/ml with loco, moody, or tre1 dsRNA; as control, 5 nmol/
ml GFP dsRNA was injected.

For the dye-penetration assay, fluorescent dye (Texas red-cou-
pled dextrane, 10 kDa, 2.5 mM; Molecular Probes) was injected
from posterior into the body cavity of 21-22 hr embryos; after 10
min, dye diffusion was analyzed using confocal microscopy. Dye
penetration was quantified by calculating the percentage of em-
bryos showing visible dye penetration and as the mean pixel inten-
sity (ranging from 0 to 255) within a representative window of the
ventral portion of the nerve cord (n = 31-52). To adjust for variability
in laser intensity, autofluorescent Convallaria was used for calibra-
tion. In addition, background as measured by mean pixel intensity
in embryos without dye penetration was subtracted from the mean
pixel intensities for all embryos processed in a batch. To assess
significance, one-way ANOVA was performed over all groups with

Student-Newman-Keuls post hoc test; for the rescue experiments,
the y? test was used.

For testing locomotor behavior, the animal’s posterior end was
gently poked with a needle to trigger an escape response, and
body-wall peristalsis/general motility was assessed. The following
phenotypic categories were used: (1) hatched larva/normal loco-
motion, (2) latched larva/peristaltic waves intact/mobility impaired,
(3) hatched larva/no peristaltic waves/mobility impaired, and (4) un-
hatched larva. Eighty-five to one hundred and thirteen animals
were analyzed per group, and significance was assessed using the
%2 test.

Supplemental Data

Supplemental Data include one figures and three movies and can be
found with this article online at http://www.cell.com/cgi/content/full/
123/1/133/DC1/.
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