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ABSTRACT One of the best-described transmembrane
signal transduction mechanisms is based on receptor activa-
tion of the a subunit of the heterotrimeric G protein Gs,
leading to stimulation of adenylyl cyclase and the production
of cAMP. Intracellular cAMP is then thought to mediate its
effects largely, if not entirely, by activation of protein kinase
A and the subsequent phosphorylation of substrates which in
turn control diverse cellular phenomena. In this report we
demonstrate, by two different methods, that reduction or
elimination of protein kinase A activity had no effect on
phenotypes generated by activation of Gsa pathways in Dro-
sophila wing epithelial cells. These genetic studies show that
the Gsa pathway mediates its primary effects by a novel
pathway in differentiating wing epithelial cells. This novel
pathway may in part be responsible for some of the complex,
cell-specific responses observed following activation of this
pathway in different cell types.

One of the simplest and best-understood transmembrane
signal transduction pathways in eukaryotic cells involves a
family of heptahelical receptors that are coupled by the
heterotrimeric GTP binding protein complex Gs, to the acti-
vation of adenylyl cyclase (AC). In this pathway, the initial
binding of extracellular ligands to these receptors results in the
activation of the Gs complex by promoting the exchange of
GTP for GDP on the a subunit and the dissociation of Gsa
from bg. The GTP-bound, activated Gsa then mediates the
activation of a family of ACs, resulting in elevation of the
intracellular levels of the second messenger, cAMP (1–5).
Termination of the signal occurs when GTP bound by the a
subunit is hydrolyzed to GDP by an enzymatic activity intrinsic
to the a subunit (6).
The role of intracellular cAMP is also thought to be well

understood. A large number of genetic and biochemical studies
in cultured mammalian cells have led to the view that cAMP
evokes its intracellular effects primarily, if not exclusively,
through activation of protein kinase A (PKA) (7–12). In all
metazoan systems, PKA is a tetrameric complex composed of
two regulatory subunits and two catalytic subunits. Upon
elevation of intracellular cAMP, cAMP binds to regulatory
subunits, releasing them from catalytic subunits which are then
free to phosphorylate substrate proteins. Thus, the traditional
transduction pathway is based in receptor activation of Gsa
leading to stimulation of AC, the production of cAMP, acti-
vation of PKA, and the phosphorylation of substrates that in
turn control diverse cellular phenomena such as metabolism,
cell proliferation, gene transcription, and learning and mem-
ory. Studies in cultured cell systems have also demonstrated a
wide variety of complex cell-specific responses to activation of
Gsa pathways (13–16). Given the traditional view of the Gsa
transduction pathway, specificity has been thought to be based

on a number of factors such as selective expression of
receptors and AC isoforms in the responding cell andyor
selective activation of specific intracellular pools of PKA
(17). More recently, a widely distributed family of Ca21-
permeable ion channels that are directly activated by cyclic
nucleotides has also been described (18, 19). Signals arising
from activation of these channels by cAMP are almost
certainly integrated with PKA-generated signals to produce
specific cellular responses to Gsa activation, although the
exact contribution of these channels to any particular cellular
response has yet to be clearly defined.
Aside from genetic studies in Dictyostelium, virtually all

evidence underlying this traditional pathway of Gsa-activated
signal transduction derives from the study of cultured cells.
Recently, we have begun to use the genetic tools available in
Drosophila to ask how activation of Gsa impacts on the
development and function of specific cell types in vivo and to
define the pathway by which these effects are mediated. Each
of the components of the traditional Gsa signaling pathway has
been identified in Drosophila (20–23). For example, a single
Drosophila gene encoding both a structural and functional
homolog of mammalian Gsa has been identified (DGsa; refs.
24–26). Drosophila genes encoding isoforms of PKA catalytic
and regulatory subunits have also been identified and sub-
jected to mutational analysis (27–29). Biochemical and genetic
analysis of PKA activity in flies carrying mutations in one
catalytic subunit gene, dco, indicate that this gene encodes the
sole cAMP-activated protein kinase activity in postembryonic
flies (28, 29). Consistent with this data, these studies have
demonstrated that only the dco gene is required for the
viability of the whole organism and is involved in mediating
vital intercellular communication during oogenesis, embryo-
genesis and larval development (28, 30–33).
In this report we demonstrate by two different methods

that elimination of PKA activity had no effect on the
development of phenotypes generated by activation of Gsa
pathways in Drosophila wing epithelial cells. These genetic
studies show that the Gsa pathway generates this phenotype
in differentiating wing epithelial cells by a mechanism that
does not involve the traditional transduction pathway devel-
oped on the basis of studies in cultured cells. This novel
pathway may in part be responsible for some of the complex,
cell-specific responses observed following activation of this
pathway in different cell types.

MATERIALS AND METHODS

Fly Stocks. Vectors containing cDNAs or genes encoding
the short form (25) of wild-typeDrosophilaGsa (DGsaWT) and
site-directed mutant (Q215L) Drosophila Gsa (DGsa*; ref.
26), wild-type hemagglutinin (HA)-tagged rat GsaWT, and
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site-directed mutant HA-tagged (Q227L) rat Gsa (Gsa*; ref.
34), dominant-negative regulatory subunits of PKA (Rdn; gift
of Dan Kalderon, Columbia University; ref. 33) and b-galac-
tosidase (b-gal) were subcloned into plasmid pUAST (35) by
standard procedures. In these constructs, coding sequences are
located downstream of five consensus binding sites for the
yeast GAL4 protein. Resulting plasmids were used to generate
multiple Drosophila transgenic lines for each construct by
standard methods (35).
The GAL4-30A and 71B enhancer trap lines were a gift

from Andrea Brand (35). GAL4-10 was recovered in a screen
carried out in one of our laboratories (K. Moffat, J. Connoly,
J. Keane, S. Sweeney, and C.O., unpublished data). HEMy
TM3 flies were produced by recombining GAL4-10 onto the
same chromosome as a UAS-DGsa* transgene. yw;FRT40@
DCOH2yCyO, and y122, p[hsp-flp];FRT@40A, p[y1]25F;plz-
lacz f lies were gifts from Dan Kalderon (Columbia University)
and vn1, rhoVE flies were the gift of Seth Blair (University of
Wisconsin).

b-Gal and Antibody Staining. Expression of b-gal was
detected using 5-bromo-4-chloro-3-indolyl b-D-galactoside (X-
Gal) as a chromogenic substrate. Staining of imaginal discs was
done as described by Brand and Perrimon (35). X-Gal staining
of pharate adult wings was similar except that before fixation,
freshly removed wings were placed in Drosophila Ringers,
diluted 4-fold with water until the wing had unfolded (about
2–3 min) and then immediately transferred to 1% glutaralde-
hyde in PBS and processed as described for discs (35).
For antibody staining, pharate adults of the desired geno-

type were removed from the pupal case and an incision was
made along the dorsal midline of the abdomen and thorax. In
addition, the tips of the wings were cut off to facilitate
penetration of fixative. The tissue was rocked in 4% parafor-
maldehyde in PBS for 2–3 h at room temperature. Five micron
cryostsat sections were cut through the thorax and wings,
collected, and returned to fixative for at least another 20 min.
After washing three times in PBT (PBSy0.1% Triton X-100),
sections were blocked for 1 h in 10% horse serum in PBS. To
detect the HA epitope, the 12CA5 mAb (Boehringer Mann-
heim) was diluted to 1mgyml in 10% horse serum. Endogenous
Gsa was detected using the RM antibody (36) diluted to 2
mgyml. Integrin was detected with a specific PS-b-integrin
mAb (gift of D. Brower, University of Arizona) and F-actin
detected using rhodamine-phalloidin (Molecular Probes). An-
tibody binding was localized with biotinylated secondary an-
tibodies (Vector Laboratories) followed by either fluorescein-
ated avidin or peroxidase ABC reagent (both from Vector
Laboratories). Slides were then processed essentially as de-
scribe in Wolfgang et al. (36). Confocal images were recorded
on a Bio-Rad 6000 microscope.
Generation of dco Mutant Clones. First instar larvae, gen-

erated by crossing y122, p[hsp-flp]; FRT@40A, p[y1]25F;plz-
lacz females to y, w;FRT@40A, dcoH2yCyO; HEMyTM2males,
were heat shocked for 1 h at 388C to induce mitotic recombi-
nation, and adult f lies were examined for clones of y2 wing
tissue. Clones extending over both dorsal and ventral surfaces
were examined for blistering. Wings were removed in Ringers
solution, dehydrated in ethanol and mounted in cedar wood oil.

RESULTS

GAL4 Mediated Expression of DGsa*. Given the potential
for cell-specific responses to activation of Gsa pathways, we
have taken advantage of recently developed expression sys-
tems based in the yeast GAL4 protein and GAL4 upstream
activating control elements (UAS) (35) to examine the effect
of expression of an activated form of Drosophila Gsa subunit
(Q215L; DGsa*) in specific cell types at a variety of times in
development. Biochemical studies have shown that mutation
of this position in DGsa and in the equivalent position in

mammalian Gsa (i.e., Q227L; Gsa*), results in a greatly
reduced GTP hydrolytic rate and thus, in receptor-
independent activation of the a subunit and downstream
components of this pathway (26, 37). Expression of Ga pro-
teins containing such activating mutations has been demon-
strated in many situations to provide a valid system for
activating appropriate intracellular signaling pathways in the
absence of any knowledge of upstream receptors. Wild-type
DGsa cDNAs and those containing the Q215L activating
mutation were subcloned into a Drosophila transformation
vector downstream from 5 UAS sequences recognized by the
yeast GAL4 transcriptional activator. Expression of each of
these molecules during development was then mediated by
crossing resulting transformed lines to 22 different ‘‘enhancer
trap’’ lines in which GAL4 protein expression is controlled by
the insertion of transposable elements carrying the GAL4
gene adjacent to promoters and enhancers that now direct its
expression. Expression of DGsa* results in different pheno-
types (eight lethal, four wing, three smaller adult f lies, and
seven no phenotype; data not shown) depending on the
temporal and spatial pattern of expression dictated by indi-
vidual Gal4 lines and appear to have their basis in the
alteration of a number of cellular properties (e.g., cell adhe-
sion, proliferative potential).
One consistent effect of DGsa* was the formation of wing

blisters by GAL4 lines that mediate expression in wing epi-
thelium during late pupal periods. For example, when GAL4-
30A andGAL4-10 lines are used to drive expression of DGsa*,
the epithelia that form the dorsal and ventral surfaces of the
wing no longer adhere to one another and separate following
emergence from the pupal case, causing the wing to appear
ballon-like rather than flat (Fig. 1; for a review of wing
morphogenesis, see ref. 38). Nonneural wing tissue is orga-
nized into the patterned distribution of two cell types, intervein
(90%) and vein (10%). During wing development, intervein
cells are responsible for connecting and holding the two
surfaces of the wing together and, to that end, differentiate a
highly specialized system of cytoskeletal supports (the
transalar array) anchored in integrin-mediated basal adhe-
sions. Wing blisters (e.g., Fig. 1) can arise from (i) failure of the
dorsal and ventral wing surfaces to adhere properly during
pupal development, (ii) defects in the formation or organiza-
tion of the transalar array, or (iii) defects in the specification
of vein and intervein cells in the developing wing disc. For
example, f lies carrying mutations in the blistered gene have
enlarged veins, and thus blistered wings, due to the misspeci-

FIG. 1. Phenotypes produced when Gal4-30A is used to drive
expression of (A) wild-type DGsa or (B) DGsa*. Expression of
wild-type DGsa produces no visible phenotype while DGsa* results in
wing blisters.
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fication of intervein cells into vein cells (39). However, blisters
still form on expression of DGsa* in the wings of flies carrying
mutations in the vein and rhomboid genes (vn1, rhoVE). This
combination of mutations essentially eliminates wing veins
(not shown) (40). These results demonstrate then that the
blisters resulting from expression of DGsa* is specifically due
to alterations in the structure or function of intervein cells.
The pattern of GAL4 expression directed by lines which

generate wing blisters on expression of DGsa* was determined
by using each to direct expression of b-gal placed under UAS
control. In late third instar larvae, GAL4-30A drives strong
expression in a group of cells largely restricted to a ring of wing
disc tissues that will form the most basalyproximal portions of
the wing blade (Table 1) while GAL4-10 directs a weak
cruciform expression pattern in the blade region (Table 1).
Later, during the second half of the pupal stage and in pharate
adult wings, b-gal expression in both GAL4 lines is detected
throughout the entire wing blade in both epithelial layers
which secrete the cuticular surface of the wing (Table 1).
A number of observations indicate that the blistering phe-

notype is a specific response of wing epithelial cells to activa-
tion of DGsa pathways. First, wing blistering depends on
expression of DGsa* because wings appear normal when these
GAL4 lines are used to drive expression of wild-type DGsa
(DGsaWT) (Fig. 1A) or in flies containing DGsa* transgenes
in the absence of a source of Gal4 protein (data not shown).
Consistent with this observation, wing blisters are observed
when these GAL4 lines are used to drive expression of
activated forms of mammalian Gsa (Q227L; Gsa*), and no
phenotype is observed following expression of wild-type mam-
malian Gsa (GsaWT) (data not shown). Second, no phenotype
or a different phenotype is observed following expression by
these GAL4 lines of activated or wild-type forms ofDrosophila
Gia and Goa or mammalian Gia proteins (data not shown),
indicating that this phenotype does not depend on nonspecific
components of this pathway like bg subunits. Finally, the
blistering phenotype depends on expression of DGsa* at
specific times during development. For example, one specific
Gal4 line, Gal4-71b, mediates expression in wing discs (Table
1) but only in a small region in the most proximal portion of
the wing in late stage pupae. No wing blisters are observed
when GAL4-71b is used to drive expression of DGsa* (data
not shown). Thus, expression primarily in third instar wing
discs leads to wild-type wings while expression during the later
half of pupal wing development generates blisters. These
observations indicate that blistering is a specific response of
wing epithelial cells to activation of DGsa pathways and cannot
be due to nonspecific responses produced by overexpression of
activated Ga proteins. In addition, it appears that the sensi-
tivity of wing epithelial cells to activation of this pathway
changes as they undergo their developmental program.
Cellular Distribution of Gsa Produced from UAS Trans-

genes Is Similar to That of the Endogenous DGsa Protein. To
address the possibility that wing blistering is a consequence of
aberrant DGsa* localization in pharate wing epithelia or to
activation of this pathway in a cell type that does not normally
express the DGsa protein, we used confocal microscopy to
localize both endogenous DGsa and exogenous forms of

activated and wild-type mammalian Gsa expressed from
GAL4-sensitive transgenes. To distinguish mammalian Gsa
from endogenous DGsa, the mammalian forms contained a
peptide epitope taken from the influenza HA protein. Previ-
ous studies have shown that these ‘‘tagged forms’’ of the
mammalian Gsa proteins (HA-GsaWT and HA-Gsa*) function
normally (34, 41). In Fig. 2A, a conventional differential
interference contrast image of a section through a pharate
adult wing reveals the two epithelial surfaces that are con-
nected at their basal surfaces by transalar elements (38).
Blistering must result from failure of these specializations to
form or the rupture of these connections during wing expan-
sion. In Fig. 2B, a confocal image of the same section localizes
endogenous DGsa to the basal membranes of these cells as well
as membranes surrounding individual transalar elements con-
necting the two epithelial surfaces. Using antibodies specific
for the peptide epitope, exogenously expressed HA-GsaWT
appears to be present in identical subcellular locations in wings

Table 1. Pattern of GAL4 expression in wing discs and late
pupal wings

GAL4
line

Late third instar
wing discs Late pupal wing

10 Weak expression in
prospective wing blade

Strong expression
throughout wing blade

30 Strong expression in
prospective wing base

Strong expression
throughout wing blade

71b Strong expression in
prospective wing blade

Strong expression
restricted to wing base

FIG. 2. Localization of endogenous DGsa and HA-tagged mam-
malian Gsas, expressed from transgenes in pharate adult wings, by
immunofluorescence confocal microscopy. (A and B) Transverse
sections through pharate adult wings of a Gal4-30A fly in the absence
of an inducible transgene. (A) Bright field image. (B) The same section
viewed in a confocal microscope and immunostained for endogenous
DGsa protein. Note that immunostaining is most intense on the basal
surface of the wing epithelia (arrows) and along the transalar elements
(arrowheads). (C) Localization of wild-type rat HA-Gsa expressed
under Gal4-30A control from transgenes and detected using an
antibody to the HA epitope. The wild-type rat Gsa mimics the
distribution of endogenous DGsa. (D) Localization of rat HA-Gsa*
expressed under Gal4-30A control. (Bar 5 10 mm.)
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that will not contain blisters (Fig. 2C). The distribution of
HA-Gsa* in these cells in wings that will contain blisters is
similar to DGsaWT and HA-GsaWT in that the staining is
associated with the basal and transalar membranes of the
epithelium (Fig. 2D). However, whereas both endogenously
expressed DGsa and exogenously expressed HA-GsaWT ap-
pear tightly associated with these membranes (note the bright
and sharp line of staining), HA-Gsa* staining is somewhat
more diffuse suggesting that this activated form of Gsamay not
be as tightly associated with these cell membranes, as would be
predicted from a number of biochemical studies (34, 41). Since
the samples in Fig. 2 C and D were processed together (i.e.,
fixed, sectioned, stained, and photographed) under identical
conditions, the similar levels of staining observed reflect
similar levels of expression of each HA-tagged protein. Thus,
exogenously expressed Gsa proteins, whether wild type or
activated, are localized to the same subcellular domains and
expressed at roughly the same level as the endogenous protein.
In addition, at least at this level, the overall morphology of
wing epithelial cells is not overtly altered by expression of
activated forms of Gsa. Consistent with this conclusion, the
distribution of F-actin, as revealed by phalloidin staining, is
similar in cells expressing DGs* when compared with cells
expressing DGs (not shown). Since F-actin distribution serves
to accurately reflect the overall architecture of the transalar
apparatus (38), these results demonstrate that the blistering
observed on expression of DGsa* in pharate wings is not due
to incorrect formation of transalar connections.
Blistering Does Not Result from Inappropriate Localiza-

tion of Integrin Complexes. High levels of b-integrin are
detected in the transalar elements which connect the basal
surfaces of the dorsal and ventral epithelia of the wings (38).
In addition, wing blisters indistinguishable from those gener-
ated by expression of DGs* in late pupal wings can arise from
the loss of integrin function through mutations in genes
encoding either the a or b subunit of the PS-integrins (42–45).
These observations suggest that integrins in these regions serve
as a critical component of the mechanism which holds the
opposing epithelia together and prevent their separation dur-
ing the process of wing inflation.
To test whether expression of DGsa* produces blisters by

loss or inappropriate localization of integrin complexes, we
examined the distribution of b-integrin in sections of pharate
adult wings from flies expressing DGsaWT and DGsa*. No
difference could be detected in the levels or distribution of
b-integrin in f lies expressing DGsa*, which will have wing
blisters (Fig. 3B), compared with the DGsaWT expressing
f lies, which will have wild-type wings (Fig. 3A). Thus,
blistering must result from the rupture of these connections
during wing expansion.
DGsa*-Induced Blistering Occurs in the Absence of PKA.

Phenotypes arising from activation of DGsa pathways should
critically depend on activation of PKA, given the traditional
scheme developed in cultured mammalian cells. Consistent
with this prediction, many studies have demonstrated that
response of cultured cells to activation of this pathway through
expression of Gsa* depends on PKA (15, 46, 47). To test
whether this pathway is acting in wing epithelial cells to
generate blistering, we initially employed a dominant-negative
form of the regulatory subunit of PKA (Rdn) to inhibit PKA
activity in these cells (33, 56). A number of studies have shown
that during early stages of wing formation, PKA (as encoded
by the dco gene) functions to repress the expression of
signaling molecules like the transforming growth factor b
homolog decapentaplegic (dpp) that mediate subsequent
growth and pattern formation in the developing wing (31–33).
Thus, in the absence of PKA, inappropriate expression of dpp
leads to anterior wing duplications. As shown in Fig. 4A,
GAL4-30A-mediated expression of Rdn results, as expected, in
small wing duplications (arrows) in the most proximal portion

of the anterior compartment of the wing, consistent with the
expression pattern dictated by GAL4-30A in wing discs during
early larval periods (Table 1). These duplications are similar to
duplications generated in clones of cells homozygous for dco
null mutations (31–33) consistent with previous results which
indicate that dco encodes the sole cAMP-dependent protein
kinase activity in these cells (28, 29). By constructing flies that
carry both DGsa* and Rdn GAL4-sensitive transgenes, acti-
vation of DGsa pathways and inhibition of PKA occur simul-
taneously within cells of the wing epithelium when these
GAL4 lines are used to drive expression. Coexpression of
DGsa* and Rdn in these cells results in a superimposition of the
DGsa* phenotype on the Rdn phenotype—i.e., wing duplica-
tions that contain blisters (Fig. 4B). Thus, each phenotype
occurs independently when these proteins are coexpressed,
indicating that PKA activity is not required to generate the
blistering observed on activation of the DGsa pathway in wing
epithelial cells.
Although Rdn expression generates a wing phenotype equiv-

alent to that found in dco-null clones, biochemical studies of a

FIG. 4. Phenotypes produced when Gal4-30A is used to drive
expression of Rdn (A) or Rdn and DGsa* (B). Rdn expression produces
a small anterior wing duplication while expression of both Rdn and
DGsa* produces both the anterior wing duplication and blisters within
the duplication.

FIG. 3. The distribution of b-integrin in cross-sections through
pharate adult wings. To control for variations in staining, a pharate
wing expressing DGsa*, thereby destined to form blisters (B), was
mounted next to a pharate wing expressing DGsa, which will form a
normal, unblistered wing (A). In each case, Gal4-30Awas used to drive
expression. The pairs were then sectioned and stained together for
peroxidase activity. Sixteen such pairs were processed and the images
presented represent the typical degree of variation observed both
within and between samples. (Bar 5 10 mm.)
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variety of mutations in the dco gene suggest that these
phenotypes can also be generated in f lies containing up to
roughly 10% the normal PKA activity (28, 33). Thus, the
blistering observed on activation of DGsa pathways could
depend on residual activity not eliminated by Rdn expression.
To address this possibility, we eliminated all dco-dependent
PKA activity by generating clones of cells within the devel-
oping wing which are homozygous for null alleles of dco.
Clones of cells in which dco-generated PKA activity has been
eliminated were again observed to produce anterior dupli-
cations of the normal wing pattern (Fig. 5B) (31–33) while
expression of DGsa* by GAL4-10 produces large blisters in
wings containing no dco-null clones (Fig. 5A). As shown in
Fig. 5C, GAL4-driven expression of DGsa* in dco-null
clones again results in the formation of blisters within large
clones (arrows) generated by elimination of PKA activity.
This result demonstrates that the blistering observed on
expression of DGsa* in pharate wings occurs even in the
complete absence of dco-encoded PKA activity.

DISCUSSION

Previous studies have shown that each of the components of
the traditional Gsa signaling pathway are present inDrosophila

and specifically, that DGsa is the functional, as well as struc-
tural, homolog of its mammalian counterpart (24–26). Thus,
we have been able to exploit a number of genetic techniques
available in Drosophila to examine how activation of the
ubiquitous Gsa signaling pathway in vivo might lead to the cell
type-specific responses observed in many differentiated cells in
culture. Here, we have used the GAL4yUAS system (35) to
direct the expression of site-directed mutant forms of the
DGsa that result in activation of this protein, and hence
downstream components of the pathway defined by this sig-
naling molecule. By use of GAL4 enhancer trap lines that drive
expression in specific spatial and temporal patterns during
development, we have been able to define a set of cell-specific
phenotypes. By characterizing one of these phenotypes, wing
blistering, in more detail, we have been able to further
demonstrate that this phenotype represents a specific response
of wing epithelial cells to activation of DGsa pathways, that the
sensitivity of wing epithelial cells to activation of this pathway
changes as they undergo their developmental program, and
that blister formation does not result from misspecification of
vein cells into intervein cells because blisters form in the
complete absence of wing veins. Thus, blisters must result from
some restricted alteration in the structure or function of
intervein cells.
A number of observations suggest that the blistering phe-

notype does not result from inappropriate localization of
exogenously expressed DGsa protein or in disruption of the
normal architecture of intervein cells. In addition, blistering
does not appear to be due to some indirect effect of DGsa*
expression on the localization of integrin complexes that
mediate the adhesion of dorsal and ventral wing surfaces.
Blistering then is a very specific response of these cells to
activation of the DGsa pathway. Because the overall organi-
zation of intervein cells is apparently unchanged by expression
of DGsa* and the distribution of a number of critical proteins
is not altered, these blisters must result from rupture of the
basal adhesion complexes that hold the two epithelial layers
together during wing expansion. Identical blistering pheno-
types can be generated by mutations in genes encoding either
the a or b subunit of the PS-integrins within the basal adhesion
complex (42–45). Thus, these observations suggest that the
function of the DGsa pathway within these specialized cells is
to regulate the adhesive properties of the integrin molecules;
a regulatory pathway that must play a role in the complex
morphogenic changes that occur as the wing develops during
pupal stages (38). This proposed molecular interaction be-
tween the Gsa pathway and integrins can be tested at the
genetic level given existing mutations in each of the two a
subunits and common b subunit which form these integrin
complexes (42–45).
By two different methods, we have been able to demonstrate

that the pathway by which activation of the DGsa pathway
affects the properties of the basal adhesion complexes does not
depend on PKA. Although expression of Rdn should inhibit all
PKA activity within these cells, regardless of isoform, abun-
dant genetic and biochemical evidence has demonstrated that
the only functional PKA catalytic subunits in postembryonic
flies are the product of the dco gene (28, 29). Consistent with
this conclusion, expression of Rdn in wing discs results in the
anterior wing duplications observed in clones of cells contain-
ing homozygous dco-null mutations. Since blistering occurs on
co-expression of DGsa* with Rdn and on expression of DGsa*
in dco-null clones, the traditional transduction pathway devel-
oped on the basis of biochemical studies in cultured mamma-
lian cells; namely, Gsa activation of AC leading to stimulation
of PKA does not lead to the generation of the blistering
phenotype in these cells.
Although the molecular components of the DGsa pathway

leading to blister formation remain to be identified, two
general alternatives are possible. First, these studies may

FIG. 5. Wings from (A) HEM fly (Gal4-10, DGsa*) with severe
wing blisters; (B) a fly with a dco-null wing clone (note large anterior
duplication; and (C) a HEM fly carrying a dco-null wing clone.
Position of clones are marked by arrow heads. Despite the absence of
PKA in the region of the clone, the wing still blistered. (Bar5 200mm.)
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define a novel signal transduction pathway activated directly by
DGsa. Recently, a number of studies in cultured cells have also
proposed novel functions for Gsa which are independent of
PKA (48–51). In each case, however, further study has shown
that the effects observed are likely to be indirect and depend
instead on the activation of PKA (46, 47). At this time then, the
only effectors whose activity is clearly modulated directly by
Gsa are AC isoforms. Alternatively, the primary mediator of
the effects of cAMP in these cells may be amolecule other than
PKA. There is, however, no method available for directly
determining in vivo whether intracellular concentrations of
cAMP are elevated on expression of DGsa* in wing epithelial
cells. In any event, the genetic studies presented here show that
novel Gsa pathways do exist, indicating that the in vivo
response of cells to activation of this ubiquitous signaling
pathway cannot be explained simply by activation of PKA but
may represent the interaction of both PKA-dependent and
novel PKA-independent pathways. Inputs from each of these
pathway are likely to be coordinated with signals generated
through other pathways to produce the complex, cell-specific
responses observed following activation of Gsa pathways in
different cell types in culture and in symptoms present in
individuals with McCune–Albright syndrome generated by
somatic mutations resulting in activated Gsa proteins (52, 53).
Many recent studies have pointed out the importance of

genetic analysis in delineating and organizing the components
of complex transmembrane signal transduction pathways. Only
recently have these techniques been applied to pathways
activated by heterotrimeric G proteins in metazoan organisms
(54, 55). We anticipate that further application of the genetic
tools available in Drosophila will not only delineate the com-
ponents of the novel pathway activated by DGsa in wing
epithelial cells but the components of pathways leading to
specific responses of other cell types to activation of this and
other Ga pathways.
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