
Development/Plasticity/Repair

The B� Protein Phosphatase 2A Regulatory Subunit well-
rounded Regulates Synaptic Growth and Cytoskeletal
Stability at the Drosophila Neuromuscular Junction
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Synaptic growth is essential for the development and plasticity of neural circuits. To identify molecular mechanisms regulating synaptic
growth, we performed a gain-of-function screen for synapse morphology mutants at the Drosophila neuromuscular junction (NMJ). We
isolated a B� regulatory subunit of protein phosphatase 2A (PP2A) that we have named well-rounded (wrd). Neuronal overexpression of
wrd leads to overgrowth of the synaptic terminal. Endogenous Wrd protein is present in the larval nervous system and muscle and is
enriched at central and neuromuscular synapses. wrd is required for normal synaptic development; in its absence, there are fewer
synaptic boutons and there is a decrease in synaptic strength. wrd functions presynaptically to promote normal synaptic growth and
postsynaptically to maintain normal levels of evoked transmitter release. In the absence of wrd, the presynaptic cytoskeleton is abnormal,
with an increased proportion of unbundled microtubules. Reducing PP2A enzymatic activity also leads to an increase in unbundled
microtubules, an effect enhanced by reducing wrd levels. Hence, wrd promotes the function of PP2A and is required for normal cytoskel-
etal organization, synaptic growth, and synaptic function at the Drosophila NMJ.
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Introduction
The regulation of neuronal growth is vital for the development
and refinement of neural circuits. The Drosophila larval neuro-
muscular junction (NMJ) is a useful system for identifying genes
controlling neuronal growth, because mutations that alter the
stereotyped morphology of the larval NMJ are readily identified.
To search for novel regulators of synaptic growth, we performed
a gain-of-function screen for genes whose neuronal overexpres-
sion affects growth at the Drosophila NMJ. We recovered a regu-
latory B� subunit of protein phosphatase 2A (PP2A) and have
characterized its role in synaptic development.

Protein phosphatase 2A is a ubiquitous serine–threonine
phosphatase required for many fundamental cellular processes,
including mitosis, apoptosis, and the regulation of cell morphol-
ogy (Janssens and Goris, 2001). The PP2A holoenzyme comprises
three subunits: a catalytic subunit and a structural subunit, which
comprise the core enzyme, and a regulatory subunit. Four struc-
turally distinct families of regulatory subunits, B, B�, B�, and B�,
can associate with the core PP2A enzyme. The catalytic subunits
of PP2A are highly conserved from yeast to human, whereas reg-
ulatory subunits are more diverse and likely govern the subcellu-

lar localization and substrate specificity of PP2A (Janssens and
Goris, 2001).

Although PP2A is present in all tissues, it is highly enriched in
the nervous system, in which it localizes to central synapses (Betz
and Henkel, 1994; Barnes et al., 1995) and associates with neuro-
nal microtubules (Sontag et al., 1995; Price et al., 1999). Regula-
tory subunits are differentially expressed in the vertebrate brain,
suggesting that they control specific aspects of PP2A function in
the nervous system (Strack et al., 1998). Several studies of the role
of PP2A in the brain have implicated PP2A in the regulation of
long-term potentiation (Woo and Nguyen, 2002; Jouvenceau et
al., 2003; Belmeguenai and Hansel, 2005). PP2A is also postulated
to contribute to the pathogenesis of Alzheimer’s disease, because
reduced PP2A activity is linked to increased levels of hyperphos-
phorylated tau (Sontag et al., 1996, 1999; Vogelsberg-Ragaglia et
al., 2001). Despite the prominent expression of PP2A in the de-
veloping nervous system and its localization at synapses, little is
known regarding the role of PP2A and its regulatory subunits in
synaptic development.

Here, we describe gain- and loss-of-function synaptic pheno-
types for a Drosophila B� regulatory subunit, which we have
named well-rounded (wrd). Neuronal overexpression of wrd pro-
motes synaptic growth. The endogenous Wrd protein is widely
expressed and is enriched at both central and neuromuscular
synapses. Loss-of-function mutants in wrd have reduced bouton
number and decreased synaptic strength. wrd is required presyn-
aptically for normal synaptic growth and postsynaptically for
normal levels of evoked transmitter release, implying a role in the
retrograde control of synaptic function. wrd mutants additionally
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demonstrate an increased proportion of unbundled synaptic mi-
crotubules. PP2A activity is also required for proper synaptic
microtubular organization, a function promoted by wrd. Hence,
wrd is required for normal synaptic growth and morphology and
likely mediates these functions by positively regulating PP2A
activity.

Materials and Methods
Genetics. Flies were raised on standard food at 25°C. Wild-type (WT) flies
were Canton S outcrossed to either the neuron-specific elav (embryonic
lethal, abnormal vision, Drosophila) Gal4 driver (Yao and White, 1994)
or the muscle-specific G7 Gal4 driver (Zhang et al., 2001). The P-element
insert lines were generated using the gene search P-element designed
with upstream activating sequence (UAS) promoters flanking both ends
(Toba et al., 1999). A Gene Search P-element on the X chromosome was
mobilized to generate hops onto the second and third chromosome,
which included insertions into the B� gene. The transgenic UAS wrd line
was made by cloning a cDNA of the RD splice form of wrd (see Fig. 1a)
into the pUAST vector (Brand and Perrimon, 1993). The wrd mutants
wrd104 and Df(3R)189 were generated by imprecise P-element excision.
The futschK68 mutants were obtained from Graeme Davis (University of
California, San Francisco, CA) (Roos et al., 2000). The UAS Mts (micro-
tubule star), UAS dominant-negative (dn) Mts, UAS Wdb (Widerborst),
and UAS dnWdb lines were obtained from Suzanne Eaton (Max Planck
Institute, Dresden, Germany) (Hannus et al., 2002). The deficiency line
Df(3R)DG4 was obtained from Bloomington Stock Center (Blooming-
ton, IN).

Antibody generation. A polyclonal rabbit antibody to Wrd was raised
against a 20 residue peptide sequence, DQYSENDSDAYDQSEQRARQ,
from exon 11, which is predicted to be present in all splice forms of wrd
(Zymed, San Francisco, CA). The secondary bleed was affinity purified
against the peptide, and the KSCN elution was used for all tissue staining
and Western blots.

Immunohistochemistry. Wandering third-instar larvae were dissected
in ice-cold PBS and fixed in either 4% formaldehyde or Bouin’s fixative
for 7 min. Larvae were then washed with PBS containing 0.1% Triton
X-100 (PBT) and blocked in 5% NGS in PBT for 30 min. Blocking was
followed by incubation in primary antibodies in 5% NGS in PBT ranging
from 1 h to overnight, three washes for a total of 30 min in PBT, incuba-
tion in secondary antibodies in 5% NGS in PBT for 1 h, three final washes
in PBT, and equilibration in 70% glycerol in PBS. A slightly modified
protocol was performed for the �-Wrd antibody, in which PBS rather
than PBT was used for incubation in the secondary antibodies as well as
the final washes. The following primary antibodies were used: rabbit
�-Wrd at 1:1000, rabbit �-Drosophila vesicular glutamate transporter
(DVGLUT) at 1:10000 (Daniels et al., 2004), rabbit �-glutamate receptor
III at 1:2000 (Marrus et al., 2004), mouse �-Bruchpilot at 1:100 (obtained
from Eric Buchner, Theodor Boveri Institute, Wurzburg, Germany)
(Wagh et al., 2006), mouse �-acetylated tubulin at 1:1000 (Sigma, St.
Louis, MO), and cyanine 5 (Cy5)-conjugated goat �-HRP at 1:1000
(Jackson ImmunoResearch, West Grove, PA). The antibodies mouse
�-Discs large (Dlg) [monoclonal antibody (mAb) 4f3], developed by
Corey S. Goodman (Renovis, San Francisco, CA), and mouse �-Futsch at
1:100 (mAb 22C1), developed by Seymour Benzer (California Institute of
Technology, Pasadena, CA), were obtained from the Developmental
Studies Hybridoma Bank, developed under the auspices of the National
Institute of Child Health and Human Development and maintained by
the Department of Biological Sciences of the University of Iowa (Iowa
City, IA). Secondary antibodies Cy3-conjugated goat �-mouse and Alexa
488 goat �-rabbit (Jackson ImmunoResearch) were used at dilutions of
1:1000.

Western blots. Second-instar larvae were homogenized in ice-cold ho-
mogenization buffer (67 mM Tris-HCl, pH 8.0, 67 mM NaCl, 2 M urea, 1
mM EDTA, and 1.3% SDS), and samples were run on 8% SDS-PAGE gels
according to standard procedures. Rabbit �-Wrd was used at 1:1000.
HRP-conjugated goat �-rabbit secondary antibody (Jackson Immu-
noResearch) was used at 1:10,000.

Imaging and analysis. Samples were imaged using a Nikon (Tokyo,

Japan) C1 confocal microscope. For detection of Wrd staining, wild-type
and mutant samples were imaged at the same gain. For all other data,
images were taken at the maximum level of brightness, which avoided
saturation. Images were analyzed using MetaMorph software (Universal
Imaging Corporation, West Chester, PA). The experimenter was blinded
to genotypes during both imaging and analysis. Statistical analysis was
performed using one-way ANOVA for comparison of samples within an
experimental group. n for each condition is described in the figures. All
histograms and measurements are shown as mean � SEM.

Bouton analysis. Quantification of bouton number and size was per-
formed as described previously (Wu et al., 2005) using confocal images
analyzed with MetaMorph software (Universal Imaging Corporation).
Wandering third-instar larvae were costained for antibody to HRP and
DVGLUT. HRP staining labels the neuronal membrane, whereas DV-
GLUT stains synaptic vesicles and highlights the cytoplasm of synaptic
boutons. Boutons were counted by identifying rounded profiles at the
synaptic terminal having both HRP staining and strong DVGLUT stain-
ing. To quantify bouton size, DVGLUT staining was thresholded to a
common value for all images in an experimental cohort. All boutons
analyzed were from 1b innervation on muscle 4. Muscle segments A2–A4
were analyzed, and muscle size for all genotypes was similar. The Meta-
Morph area function was then used to measure the thresholded region of
each bouton.

Microtubule unbundling assay. Measurements of synaptic cytoskeletal
organization were based on confocal images of larvae costained with
antibody to Futsch, a neuron-specific microtubule-associated protein
(MAP), and the antibody to DVGLUT, which highlights the cytoplasm of
the synaptic terminal. Futsch staining, which colocalizes with �-tubulin
at the NMJ (Roos et al., 2000), was used as a reporter for presynaptic
microtubules at the NMJ. Because Futsch staining varies widely in inten-
sity throughout the synaptic terminal, images were obtained at two in-
tensities for each NMJ. A low-intensity image was taken to avoid saturat-
ing the strong Futsch signal within the core region of the synaptic
terminal, whereas a high-intensity image allowed visualization of fainter
Futsch staining at the terminal boutons. (For ease of presentation in
Figures 6 and 7, all Futsch images in a given figure were taken at the same
gain, which was set for a moderate level of Futsch intensity.) Images were
analyzed using MetaMorph software, and the experimenter was blinded
during both imaging and analysis. Only Futsch-positive areas that over-
lapped with DVGLUT staining were counted as synaptic microtubules.
In MetaMorph, synaptic Futsch was thresholded to a common value for
each experimental cohort. Thresholded areas were classified as one of
two types of microtubule regions: unbundled microtubule regions,
which included looped, splayed, or punctuate Futsch staining (Packard
et al., 2002), or bundled microtubule regions. The area of the unbundled
and bundled microtubule regions was measured with MetaMorph. An
index of microtubule unbundling was then calculated by dividing the
area of unbundled microtubule regions by the total area of synaptic
microtubules at the NMJ [unbundled microtubules/(unbundled � bun-
dled microtubules)].

Electrophysiology. Intracellular electrophysiological recordings were
done as reported previously (Marrus and DiAntonio, 2004; Marrus et al.,
2004). Briefly, wandering third-instar larvae were dissected in 0.5 mM

Ca 2� Stewart saline (HL3) (Stewart et al., 1994). Both spontaneous min-
iature excitatory junction potentials (mEJPs) and evoked potentials
(EJPs) were then recorded in 0.5 mM HL3. At least 60 consecutive min-
iature events were measured per cell using MiniAnalysis (Synaptosoft,
Decatur, GA) and averaged to determine mean mEJP. Events with a slow
rise time were rejected as artifacts from neighboring electrically coupled
muscle cells. To record evoked EJPs, segmental nerves were cut and
suctioned into a stimulating electrode, in which they received a brief (1
ms) depolarizing pulse. Quantal content was estimated by dividing the
mean EJP by the mean mEJP. Cells across all genotypes had similar mean
input resistances and resting potentials. Quantal size was not signifi-
cantly different among any of the genotypes compared with wild-type
controls [wrd104/Df(3R)DG4, p � 0.3; all other genotypes, p � 0.9].
Statistical analysis was performed using one-way ANOVA to compare
samples in an experimental group.
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Results
Neuronal overexpression of well-rounded promotes
synaptic growth
To identify molecules that can regulate synaptic development, we
performed a gain-of-function screen for genes whose overexpres-
sion disrupts the stereotyped morphology of identified motoneu-
rons at the Drosophila NMJ. We generated a collection of �2500
transposable P-element insertion lines in which the yeast UAS
promoter was randomly inserted into the genome (Rorth et al.,
1998; Toba et al., 1999). When crossed to flies expressing the yeast
transcription factor Gal4, these lines express the gene adjacent to
the P-element insertion exclusively in tissues that express Gal4.
We designed our screen to enrich for genes that affect synapse
development. First, we drove P-element insertion lines with elav
Gal4 to limit expression to postmitotic neurons (Yao and White,
1994). Second, we identified lines whose neuronal expression
enhanced a known synaptic morphology mutant to lethality. We
demonstrated previously that neuronal overexpression of fat fac-
ets leads to synaptic overgrowth and that mutations in a second
synapse morphology gene hiw (highwire) are lethal in combina-
tion with overexpressed fat facets (DiAntonio et al., 2001). We
reasoned that other genes with synapse morphology phenotypes
might also be lethal in combination with overexpressed fat facets.
To identify such enhancers, we selected lines meeting two condi-
tions: (1) the lines are lethal when coexpressed with fat facets in
neurons but (2) the lines are viable on their own when driven in
neurons. For each enhancer, we performed a secondary screen to
identify lines that affect synapse morphology without a require-
ment for coexpressing fat facets. We assayed synapse morphology
at third-instar NMJs using an antibody that recognizes neuronal
membranes (�-HRP) and retained those lines whose neuronal
overexpression disrupts synapse morphology. This collection in-
cludes four lines in which the P-element insertion is positioned to
overexpress a regulatory B� subunit of PP2A, which we dubbed
well-rounded (wrd) based on its loss-of-function phenotype (see
below).

The wrd gene, previously annotated as CG 7913, is one of two
B� regulatory subunits in the Drosophila genome. There are five
wrd splice forms, labeled RA–RE, all of which share a common C
terminus encoded by exons 7–10 that includes the B56 domain
that is the defining feature of B� subunits (Fig. 1a). Splice forms
can be subdivided into two groups with very different N termini
(Fig. 1a): (1) RC, RD, and RE splice forms, which can include
exons 1–3 and (2) the RA and RB splice forms, which include
exons 4 – 6. Multiple P-element insertions were identified that are
predicted to overexpress both classes of transcripts (Fig. 1a).

Overexpression of wrd in neurons leads to synaptic over-
growth (Fig. 1b). To quantify this phenotype, we analyzed synap-
tic area, bouton size, and bouton number at NMJs on muscle 4 in
wandering third-instar larvae. We restricted our quantitative
analysis to the synapse from a single, identified motoneuron,
MN4-1b (Hoang and Chiba, 2001), although the phenotype is
qualitatively similar at all type I neuromuscular junctions, which
are the primary excitatory glutamatergic synapses at the NMJ. We
defined the synaptic area based on the localization of a synaptic
vesicle protein, DVGLUT, that is present at glutamatergic syn-
apses (Daniels et al., 2004). Overexpression of wrd leads to a 79%
increase in the area of the synaptic terminal (WT, 100 � 0.19% of
WT, n � 12; elav/P[676], 179 � 0.34% of WT, n � 12; p � 0.05).
In Drosophila, the NMJ is organized into synaptic boutons. In
addition to increasing synapse size, overexpression of wrd im-
pairs normal synaptic bouton development, leading to a 178%

increase in the number of boutons (WT, 14 � 0.1; elav/P[676],
39 � 3.3, n � 16; p � 0.001) and a 63% decrease in their relative
size (WT, 1.00 � 0.16, n � 16; elav/P[676], 0.37 � 0.01, n � 16;
p � 0.001) (Fig. 1b). Expression of wrd from a second P-element,
P[628], also leads to synaptic overgrowth, resulting in a 51%
increase in bouton number ( p � 0.01; n � 16).

Although these P-element lines are convenient for identifying
candidate genes that give gain-of-function phenotypes, they lead
to overexpression of genes on both sides of the P-element inser-
tion site. To test whether wrd is responsible for the gain-of-
function phenotype, we generated a transgenic fly in which a wrd
cDNA to the RD splice form is under the control of the UAS
promoter. Neuronal overexpression of this wrd cDNA leads to
synaptic overgrowth, with a 33% increase in bouton number
(WT, mean of 18.1 � 0.9, n � 36; elav UAS wrd, mean of 24.4 �
1.2, n � 36; p � 0.05) and a 20% decrease in bouton size (WT,
mean of 33.7 � 0.9 �m, n � 36; elav/UAS wrd, 27.1 � 0.7 �m,
n � 36; p � 0.05). Overexpression of wrd, therefore, can promote
synaptic growth and regulate synaptic bouton morphology.
Given that wrd is a regulatory subunit of PP2A, this finding sug-
gests that PP2A and its substrates may regulate growth and de-
velopment of the Drosophila NMJ.

Figure 1. well-rounded promotes synaptic growth. a, Gene structure of well-rounded (CG
7913). well-rounded has five splice forms. Exons are designated by boxes. Blue boxes indicate
exons common to all five splice forms, pink boxes designate noncoding exons, green boxes
designate a cluster of exons present in three of the wrd splice forms, and lavender boxes desig-
nate a second cluster of exons present in two of the wrd splice forms. Triangles indicate
P-element insertions obtained in gain-of-function screen (GS). Imprecise excision of P[2535]
was used to generate the wrd104 and Df(3R)189 mutants, whose deletions are illustrated by bars
at the bottom. wrd104 is missing exons 4 and 5 as well as some exons common to all splice forms,
whereas Df(3R)189 removes all of the wrd gene and five adjacent genes. Star marks the location
of the antigen for the Well-rounded antibody. b, Representative confocal images of muscle 4
synapses from wild-type third-instar larvae (elav Gal4/�) and wrd overexpressing (O/E) third
instars, which express additional wrd via the P[676] insert driven pan-neuronally with elav Gal4
(elav Gal4/P[676]). Synapses are costained with antibodies to DVGLUT (green), which high-
lights the cytoplasm of the synaptic terminal, and HRP (blue), which highlights neuronal
membranes.
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Drosophila Wrd is enriched in the larval nervous system and
is present at the NMJ
The gain-of-function wrd phenotype could be attributable to ei-
ther overexpression or misexpression of wrd in the CNS. Because
we are interested in molecules that normally regulate synaptic
growth, we characterized the expression of endogenous wrd to
distinguish between these possibilities. RNA in situ hybridization
demonstrates that wrd is enriched in the embryonic nervous sys-
tem, consistent with a role for wrd in nervous system develop-
ment (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). To analyze the subcellular localization of
the Wrd protein, we generated a polyclonal antibody to a peptide
from exon 11 of the wrd gene. The peptide antigen is common to
all five wrd splice forms and is absent from the other Drosophila
B� protein, Wdb, and all other predicted Drosophila proteins. The
affinity-purified antiserum labels the nervous system, imaginal
disks, salivary glands, and muscle in third-instar larvae. To con-
firm that the sera can recognize Wrd, we stained larvae overex-
pressing UAS wrd in the nervous system. Staining intensity in
brain was increased relative to wild type (Fig. 2a), as well as in
axons and at the NMJ (Fig. 2b), confirming that the antibody can
detect Wrd protein. In the preterminal axon, however, there is
very little Wrd detected, even when Wrd is neuronally overex-
pressed (Fig. 2b, arrows), demonstrating that Wrd is enriched in
synaptic boutons. In addition, the staining disappears in a wrd
null mutant (described below).

Because the antisera is specific for Wrd, we used it to charac-
terize Wrd localization in the nervous system. In the larval CNS,
staining is observed in the brain lobes and ventral nerve cord and
is enriched in the synaptic neuropil (Fig. 2a). Peripherally, stain-
ing is present in motoneuron axons and at the neuromuscular
junction (Fig. 2b,c). We costained larvae with �-Wrd and either
�-HRP, a presynaptic marker, or �-Dlg, a primarily postsynaptic
marker. The NMJ staining for Wrd overlaps well with �-HRP at
the NMJ, because the synaptic regions outlined by the two anti-
bodies align (Fig. 2c). Although the majority of Wrd is presynap-
tic, lower levels of Wrd may be present in the postsynaptic com-
partment, because some Wrd staining overlaps with Dlg staining.
Wrd staining is also present diffusely throughout the postsynap-
tic muscle. Because endogenous Wrd is in the presynaptic termi-
nal of the NMJ, it is positioned to regulate PP2A activity locally at
the synapse. The gain-of-function phenotype is therefore attrib-
utable to overexpression and not misexpression of wrd. The pres-
ence of Wrd at the NMJ and its ability to promote synaptic
growth suggests that it may normally function to regulate synap-
tic development.

Generation of loss-of-function wrd mutants
We demonstrated that Wrd localizes to synapses and can pro-
mote synaptic growth. Although these expression and gain-of-
function studies illustrate what wrd can do, only loss-of-function
analysis can demonstrate what wrd actually does. To test whether
wrd is required for normal synaptic growth, we generated loss-
of-function mutants. A P-element transposon, P[2535], located
in the middle of the wrd gene (Fig. 1a) was used to create impre-
cise excisions. Among the imprecise excisions, we generated a
small deficiency, Df(3R)189, that deletes the entire wrd gene as
well as five adjacent genes, CG 32920, CG 7215, CG 7217, CG
7212, and CG 7208. Because the entire coding sequence for wrd is
absent, Df(3R)189 is a definitive null for wrd. Homozygous
Df(3R)189 larvae are viable until the third-instar stage, after
which they fail to pupate and then die. A mutant exclusively in the
wrd gene, wrd104, was also obtained in the P-element excision

screen and is homozygous viable. In this mutant, the DNA en-
coding exon 4 through exon 7 is deleted. Because exon 7 is com-
mon to all five splice forms of wrd, wrd104 is a candidate protein
null.

To determine whether wrd104 expresses Wrd protein, we per-
formed immunoblot analysis from larvae of wild-type animals,
the definitive null Df(3R)189, and wrd104 homozygotes (hz). In
wild-type larvae, several bands are observed as predicted by the
presence of multiple wrd splice forms (Fig. 3a). These bands are
absent in the definitive null Df(3R)189, demonstrating that they
are specific for the Wrd protein. These bands are also absent in
wrd104 homozygotes. Because the antibody is directed to an
epitope downstream of the deletion, it could have detected any

Figure 2. Well-rounded is present at synapses. a, Confocal images of larval brains stained
with polyclonal antibody to Wrd. Left displays a wild-type brain, and right displays a brain from
an animal expressing a wrd cDNA driven pan-neuronally under elav Gal4. Wrd labeling is prom-
inent in brain lobes and the synapse-rich region of neuropil (arrow, right). Overexpression leads
to increased staining of brain lobes and cell bodies in the cortex of neuropil (arrowhead, left). b,
Confocal images of muscle 4 larval NMJs costained with antibody to Wrd (green) and the neu-
ronal marker HRP (red). Top row displays an NMJ from a wild-type animal, and bottom row is
from an animal with pan-neuronal expression of Wrd under elav Gal4. Overexpression (O/E)
leads to increased Wrd staining at the NMJ. c, Costaining of Wrd at wild-type NMJ with presyn-
aptic and postsynaptic markers. Image demonstrates a single confocal slice. Left, The NMJ is
stained for Wrd alone (green). Middle, The same synapse is stained for Wrd and Dlg (red), a
postsynaptic marker. Right, The synapse costained with Wrd and HRP (blue), a presynaptic
marker. Synaptic Wrd staining colocalizes nearly completely with HRP, as demonstrated by the
increased intensity throughout the NMJ in the overlay of Wrd and HRP. Overlay of Wrd and Dlg
demonstrates partial localization, because a ring of Dlg staining falls outside the Wrd staining.
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altered protein that included the C terminus. Therefore, only
small, N-terminal protein fragments would not be detected by
the antibody, and such fragments would encode none of the con-
served B56 domain. Because the wrd104 homozygotes live

through adulthood, these results demonstrate that the wrd gene is
not required for viability. Tissue staining in wrd104 homozygotes
confirms the loss of Wrd protein. For example, the synaptic stain-
ing in the neuropil is not detected in the wrd104 mutant (Fig. 3b).
Synaptic staining is also lost at the NMJ in the wrd104 mutant (Fig.
3c). Although most tissue staining is lost in the wrd mutants,
some does remain. Staining in the definitive null Df(3R)189 is
indistinguishable from wrd104 (Fig. 3b,c), indicating that residual
staining is attributable to cross-reactivity of the antibody with
another antigen and not mutant Wrd protein. The staining that
does disappear can be attributed to Wrd and confirms the enrich-
ment of endogenous Wrd in the nervous system.

wrd mutants alter synaptic morphology
The generation of wrd loss-of-function mutants allowed us to ask
whether wrd is necessary for normal synaptic growth. Because
overexpression of wrd increases bouton number and decreases
bouton size, we asked whether the wrd mutants affect bouton
number and bouton size. We analyzed type 1b boutons on muscle
4 in two different wrd mutants: wrd104 homozygotes and the
wrd104 mutation in combination with an independently derived
deficiency line, Df(3R)DG4, that deletes a segment of the third
chromosome, including the wrd gene (Fig. 4). In wrd104 homozy-
gotes, bouton number is decreased by 37%, whereas bouton size
is increased 49% relative to wild type. In wrd104/Df(3R)DG4 tran-
sheterozygotes, there is an 36% decrease in bouton number and
an 56% increase in bouton size. The results are not significantly
different for the two wrd mutants ( p � 0.99 for both bouton
number and size), demonstrating that the phenotype is caused by
the loss of wrd and not a second site mutation on the wrd104

chromosome. Because fewer synaptic boutons form in wrd mu-
tants, wrd is required for normal synaptic growth at the Drosoph-
ila NMJ. The abnormally large bouton size of wrd mutants dem-
onstrates that wrd is also required for normal bouton
morphology. In addition to being larger, boutons in wrd mutants
often display a more smoothly rounded contour than wild-type
boutons (Fig. 4d,e), leading us to dub this mutation well-rounded
(wrd). The well-rounded phenotype of larger boutons and de-
creased synaptic growth is the opposite of the overexpression
phenotype. wrd, therefore, is not only required to promote syn-
aptic expansion, but changes in its levels can bidirectionally reg-
ulate synaptic morphology and growth.

To understand how wrd regulates synaptic growth, we first
need to determine where wrd functions. The protein is present
presynaptically at the NMJ but is also present in the postsynaptic
muscle. To determine which cell requires wrd expression for nor-
mal synaptic growth and morphology, we used the Gal4/UAS
system (Brand and Perrimon, 1993) to drive expression of wrd in
either nerve or muscle in the wrd mutant background. Neuronal
expression of wrd from the elav Gal4 driver rescues the morpho-
logical phenotype, leading to a 54% decrease in bouton size and a
161% increase in bouton number relative to the wrd104 homozy-
gotes (Fig. 4b,c). The neuronal rescue of wrd leads to increased
bouton number and decreased bouton size relative to wild type,
consistent with the previously demonstrated gain-of-function
phenotype (Fig. 1b). Such exaggerated rescue suggests that we
have not achieved normal levels of Wrd expression, but it does
underscore that the level of presynaptic wrd can bidirectionally
regulate bouton size and number.

In contrast to neuronal rescue, muscle expression of wrd with
the G7 Gal4 driver fails to rescue the loss-of-function bouton
number phenotype in the wrd mutant (WT, 19.5 � 1.4, n � 15;
wrd104 hz, 11.3 � 0.9, n � 15; muscle overexpression, 12.4 � 0.9,

Figure 3. Generation of wrd loss-of-function mutants. a, Western blot confirming absence
of Wrd protein in excision mutants. Genotypes are as follows: wild type, elav Gal4/�; wrd189/
Df(3R)DG4, Df(3R)189/Df(3R)DG4; and wrd104 hz, wrd104/wrd104. �-Wrd reveals three bands
(arrows) in wild-type animals, consistent with the presence of multiple wrd splice forms. These
bands are absent in the lane for wrd189/Df(3R)DG4, a definitive null lacking the wrd gene,
showing that the antibody specifically recognizes Wrd protein. The Wrd bands are also absent in
the wrd104 homozygote, which is therefore a protein null. Bottom half of blot shows a nonspe-
cific background band, here shown as a loading control. b, Representative neuropil staining for
Wrd in wild-type animals, wrd104 mutants, and wrd189 hz [Df(3R)189/Df(3R)189]. Animals
were costained for Wrd and Bruchpilot, an active zone marker with strong neuropil staining.
Bruchpilot staining is shown in insets. Absence of Wrd staining in wrd104 mutants and wrd189 hz
demonstrates specificity of staining at synapses in neuropil. Remaining staining outside of
neuropil represents background, because it persists in wrd189 hz, a definitive null. c, Represen-
tative synaptic staining for Wrd at the NMJ on muscle 4 of wild-type animals, wrd104 mutants,
and wrd189 hz. The NMJ is stained for Wrd as well as HRP to delineate the synaptic terminal.
Whereas Wrd staining is present at the NMJ in wild-type animals, it is essentially absent in the
wrd104 mutant and the wrd189 hz, demonstrating specificity of Wrd staining at NMJ.
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n � 16; p � 0.7). Muscle expression does result in a modest
reduction in bouton size of the wrd mutant (wrd104 hz, 60.6 � 3.1
�m; muscle rescue, 51.8 � 2.8 �m; p � 0.05), although boutons
remain 37% larger than in wild-type larvae (WT, 37.9 � 1.4 �m;
p � 0.001). Hence, the primary role of wrd in regulating synapse
morphology is in the neuron.

A postsynaptic requirement for wrd in regulating
neurotransmitter release
To assess the physiological consequences of loss of wrd function,
we analyzed evoked and spontaneous neurotransmitter release at
the NMJ of wild-type, wrd104/wrd104, and wrd104/Df(3R)DG4
third-instar larvae. Both wrd mutants show a large defect in
evoked transmitter release (Fig. 5a,c). This phenotype is not at-
tributable to postsynaptic dysfunction, because there is no signif-
icant change in quantal size, the postsynaptic response to the
fusion of a single synaptic vesicle (Fig. 5a,b) [p � 0.9; WT, n � 8;
wrd104 hz, n � 9; wrd104/Df(3R)DG4, n � 8], and glutamate re-
ceptor clusters are aligned opposite active zones (data not
shown). Instead, the defect is presynaptic. Estimates of quantal
content demonstrate that only half as many synaptic vesicles are
released by an action potential at wrd mutant NMJs ( p � 0.01)

(Fig. 5d). Because wrd functions presynaptically to control syn-
apse morphology and wrd mutants have a presynaptic deficit in
transmitter release, we anticipated that neuronal expression of
wrd would rescue the physiology phenotype. Instead, we found
that neuronal expression of wrd in an otherwise wild-type back-
ground leads to a significant decrease in quantal content (Fig. 5d)
( p � 0.01), and neuronal expression of wrd in the wrd104/wrd104

mutant fails to rescue ( p � 0.8). In contrast, muscle expression of
wrd rescues the quantal content defect in the wrd104/wrd104 mu-
tant (Fig. 5a,d). Hence, postsynaptic wrd is necessary for normal
levels of transmitter release from the presynaptic terminal. This
implies that wrd participates in an unknown retrograde signaling
system from muscle to nerve. When wrd is expressed postsynap-
tically in the wrd104 mutant, it is present throughout the muscle,
including at the NMJ (Fig. 5e).

wrd is required for the proper organization of
synaptic microtubules
wrd mutants demonstrate reduced NMJ expansion, a phenotype
also observed in several mutants that disrupt microtubules at the
Drosophila NMJ, including futsch, fragile X related protein, and
aPKC mutants (Roos et al., 2000; Zhang et al., 2001; Ruiz-Canada
et al., 2004). Mutants in futsch, a neuron-specific microtubule-
associated protein in Drosophila, are particularly reminiscent of
wrd mutants, because futsch mutants also display small NMJs
with large boutons (Roos et al., 2000). futsch is a homolog of
MAP1b, which stabilizes microtubules and regulates the stability
of microtubules in growth cones (Takemura et al., 1992; Goold et
al., 1999). The similarity of the futsch and wrd phenotypes sug-
gests that altered microtubular organization could be the molec-
ular mechanism underlying decreased NMJ growth in well-
rounded mutants.

To assay microtubule organization, we analyzed Futsch stain-
ing, which colocalizes with synaptic �-tubulin (Roos et al., 2000).
Because Futsch is neuron specific, it provides a clear marker for
the microtubule cytoskeleton at the NMJ. Futsch staining marks
both bundled and unbundled microtubules at the synapse. Bun-
dled microtubules normally occupy the filamentous core of the
nerve terminal. Three types of unbundled microtubules have
been described at the NMJ: looped, splayed, or punctate (Packard
et al., 2002). In mutants for futsch, decreased microtubule stabil-
ity is associated with an increased proportion of unbundled mi-
crotubule filaments and decreased synaptic expansion (Roos et
al., 2000). Thus, whereas unbundled microtubules as assayed by
Futsch staining reflect a normal type of microtubule organiza-
tion, increases in unbundled microtubules correlate with cy-
toskeletal instability and defects in synaptic growth.

As an index of cytoskeletal structure, we costained larvae for
Futsch and DVGLUT, a synaptic marker, and calculated the per-
centage of Futsch marking unbundled microtubules within the
synaptic terminal delineated by DVGLUT. At a wild-type NMJ,
Futsch staining highlights bundled microtubules that occupy the
core of the synaptic terminal (Fig. 6a). Most of the fainter Futsch
staining is present at terminal boutons, sites containing unbun-
dled microtubules (Roos et al., 2000), although occasional un-
bundling is observed within synaptic branches (Fig. 6a, arrows).
At wrd mutant synapses, however, these instances of unbundling
within branches are increased (Fig. 6a, arrows). Enlarged images
of synaptic branches proximal to the terminal bouton underscore
this point, because the wrd mutant branch shows increased un-
bundled microtubules relative to the wild-type branch (Fig 6b–
e). We compared levels of unbundled microtubules in wild-type
larvae and wrd mutants. wrd104 homozygotes display a 61% in-

Figure 4. Wrd is required for normal synaptic growth and morphology. a– c, Representative
NMJs from muscle 4 in wild-type animals (a), wrd104/Df(3R)DG4 mutants (b), and wrd104 ho-
mozygotes rescued with neuronal expression of UAS wrd under elav Gal4 (c). Synapses are
costained with antibodies to DVGLUT (green) and HRP (red). d, e, Enlarged images of boutons in
wild-type animals (d) and wrd104 homozygotes (e) highlighting increased size and rounded
contours of boutons in wrd mutant. f, g, Quantification of bouton number and bouton area in
segments A2 and A3 of muscle 4 1b innervation of third-instar larvae. Genotypes include wild
type (elav Gal4/�), wrd104/Df(3R)DG4 [elav Gal4/�; wrd104/Df(3R)DG4), wrd104 hz (elav
Gal4/�; wrd104/wrd104)], and neuronally rescued wrd104 hz (elav Gal4/UAS wrd; wrd104/
wrd104). Bouton number and bouton area in wrd mutants are significantly different from wild-
type animals; *p � 0.01 for bouton number in 4b; *p � 0.001 for bouton area in 4c. wrd104/
Df(3R)DG4 and wrd104 hz are not significantly different for either bouton number or bouton area
( p � 0.5). Neuronal expression of wrd cDNA rescues both bouton number and bouton area
defects in wrd mutants. **p � 0.01 for bouton number in 4b; **p � 0.001 for bouton area in
4c. For both quantifications, wild type, n � 36; wrd104/Df(3R)DG4, n � 32; wrd104 hz, n � 36;
and rescue, n � 16. Error bars represent SEM.
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crease in unbundled microtubules compared with wild-type lar-
vae at the NMJ (Fig. 6h). The wrd104/Df(3R)DG4 transheterozy-
gotes display a similar increase (Fig. 6h). As a second measure of
microtubule organization, we stained for acetylated tubulin, a

marker of stabilized microtubules (Zhang
et al., 2003). wrd104 mutants have a small
but significant 12% decrease in acetylated
tubulin intensity (WT intensity, 91.7 �
3.5; wrd104/wrd104, 80.8 � 3.14; n � 16 for
both genotypes; p � 0.05) (supplemental
Fig. 2b, available at www.jneurosci.org as
supplemental material). By these two mea-
sures, wrd mutants have an abnormal mi-
crotubule cytoskeleton at the NMJ. Addi-
tionally, neuronal expression of wrd,
which rescues the synaptic morphology
defect, decreases the proportion of unbun-
dled microtubules in the wrd104 homozy-
gote ( p � 0.05) (Fig. 6h). Because wrd reg-
ulates microtubule structure, this may
explain the role of wrd in promoting syn-
aptic growth. In support of this possibility,
we find a genetic interaction between wrd
and futsch in the regulation of bouton
morphology. Heterozygous mutations for
wrd and futsch show no significant increase
in bouton size compared with wild type,
whereas the transheterozygote has a 31%
increase in bouton size ( p � 0.01; n � 12).
No transheterozygous interaction was
identified for bouton number ( p � 0.7).
This genetic interaction is consistent with
the hypothesis that wrd affects synaptic
morphology, at least in part, by regulating
microtubule organization.

PP2A activity is essential for stability of
the NMJ cytoskeleton
The requirement of a PP2A regulatory
subunit for microtubule organization at
the synapse suggests that PP2A activity
regulates the synaptic cytoskeleton. To test
whether PP2A activity is required for cy-
toskeletal structure, we asked whether de-
creasing the catalytic activity of PP2A af-
fects the organization of synaptic
microtubules. We reduced PP2A activity
by targeting the single PP2A catalytic sub-
unit in Drosophila, mts. As the sole cata-
lytic subunit, mts interacts with all PP2A
regulatory subunits to mediate the cataly-
sis of PP2A. Homozygous mutants in mts
are embryonic lethal because cells are un-
able to complete mitosis (Snaith et al.,
1996). To circumvent this early lethality,
we inhibited PP2A activity using a well
characterized dominant-negative trans-
gene of mts (UAS dnMts) that binds to the
structural and regulatory subunits of
PP2A but lacks the active site of the en-
zyme (Hannus et al., 2002; Sathyanaray-
anan et al., 2004). We expressed the UAS
dnMts transgene under the neuronal elav

Gal4 driver to restrict the inhibition of PP2A activity to postmi-
totic neurons, thereby avoiding lethality from disruptions in mi-
tosis. Neuronal expression of the dominant-negative mts results
in a dramatic disruption of the cytoskeleton at the NMJ (Fig. 7a),

Figure 5. wrd is required postsynaptically for synaptic function. a, Representative traces from wild type (elav Gal4/�), wrd104 hz (elav
Gal4/�; wrd104/wrd104), and muscle rescue (G7 Gal4/UAS wrd; wrd104/wrd104). Calibration: 10 ms, 10 mV for evoked release; 250 ms, 2
mVforspontaneousrelease.b– d,ThemeanmEJPamplitude,EJPamplitude,andquantalcontentareplottedforwildtype(elavGal4/�),
wrd104 hz. (elav Gal4/�; wrd104/wrd104), wrd104/Df(3R)DG4 (elav Gal4/�; wrd104/Df(3R)DG4 ), neuronal Wrd (elav Gal4/UAS wrd), Wrd
neuronal rescue (elav Gal4/UAS wrd; wrd104/wrd104), muscle Wrd (G7 Gal4/UAS wrd), and Wrd muscle rescue (G7 Gal4/UAS wrd; wrd104/
wrd104) (n � 8 for wild type and wrd104/Df(3R)DG4; n � 9 for wrd104 hz and neuronal Wrd; n � 6 for Wrd neuronal rescue; n � 12 for
muscle Wrd; and n � 10 for Wrd muscle rescue). mEJPs are not significantly different for any of the genotypes compared with wild type
(wrd104/Df(3R)DG4, p�0.3;allothers p�0.9).MeanEJPvalueandquantalcontentaredecreasedby56and51%,respectively, in wrd104

hzmutants,withsimilardecreasesobservedinwrd104/Df(3R)DG4[wrd104 hzandwrd104/Df(3R)DG4arenotsignificantlydifferent;p�0.2
(EJP) and p � 0.3 (quantal content)]. Muscle expression of Wrd in the wrd104 hz mutants rescues both mean EJP and quantal content to
wild-typelevels[wrd104 hzvsmusclerescue, p�0.05(EJP)and p�0.001(quantalcontent);musclerescuevsWT, p�0.8(EJP)and p�
0.3 (quantal content)]. *p�0.01 and **p�0.001 for mean EJP relative to wild type in c. In d, *p�0.05, **p�0.01, and ***p�0.001
for mean quantal content relative to wild type. Error bars represent SEM. e, Wrd staining of NMJ in Wrd muscle rescue (G7 Gal4/UAS wrd;
wrd104/wrd104) demonstrates localization of Wrd at the NMJ when expressed in muscle in the absence of endogenous Wrd. Inset shows
similar staining pattern with Dlg, a primarily postsynaptic marker.
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with an 88% increase in the levels of unbundled microtubules, as
assayed by Futsch staining, relative to wild type after inhibition of
PP2A catalysis. Boutons are observed that are filled with an un-
usually high number of splayed filaments (Fig. 7a, arrows), and
the core region of several branches display attenuated Futsch
staining. This disorganized cytoskeleton is accompanied by an
aberrant NMJ morphology, with the presence of occasional ex-
tremely large boutons as well as the thin tendrils of very small
boutons (Fig. 7a). Overexpression of the wild-type mts transgene,
which has been shown to promote PP2A activity (Sathyanaray-
anan et al., 2004), has no effect on the proportion of unbundled
microtubules ( p � 0.6). PP2A activity is therefore required but
not limiting for normal cytoskeletal organization at the NMJ.

Because inhibiting both the mts catalytic subunit and the wrd
regulatory subunit disrupts the synaptic cytoskeleton, Wrd likely
functions to promote PP2A activity. This hypothesis predicts that
loss-of-function wrd mutants should enhance the mts phenotype.
To test for a genetic interaction between wrd and mts, we used
wrd104 heterozygous mutants (het). We found no interaction
with an mts heterozygous loss-of-function mutant but did with
neuronal expression of the dominant-negative mts transgene.
When only one of two genomic copies of wrd is disrupted, there is
no significant effect on microtubule unbundling in an otherwise
wild-type background ( p � 0.6). However, the wrd104 heterozy-
gote significantly enhances the unbundling phenotype of neuro-
nal dominant-negative mts expression (Fig. 7b), leading to a 46%
increase in unbundled microtubules relative to inhibition of mts
alone ( p � 0.01). In addition, the cytoskeletal morphology of
these double mutants is more severely disrupted than under the
dnMts condition. Whereas the filamentous microtubule core is
attenuated when mts is inhibited, simultaneously inhibiting mts
and wrd results in synapses in which microtubules are splayed or
punctate throughout the normally stable core region of the syn-
aptic terminal (Fig. 7a). This genetic interaction demonstrates
that wrd promotes PP2A function and suggests that wrd posi-
tively regulates the PP2A holoenzyme to stabilize the synaptic
cytoskeleton.

Discussion
Regulation of synaptic growth and morphology are essential for
the development and refinement of neural circuits. Here we show
that well-rounded, a regulatory subunit of protein phosphatase
2A, is required for normal growth and morphology of the Dro-
sophila neuromuscular junction. We identified wrd in a gain-of-
function screen for candidate mediators of synaptic growth.
Overexpression of Wrd protein in neurons leads to overgrowth of
the NMJ and a decrease in the size of synaptic boutons. Although
the Wrd protein is widely expressed, it is enriched in the synaptic
neuropil and at the NMJ. We generated null mutants for wrd and
find that presynaptic expression of wrd is required for normal

4

wrd104 hz (d, e), and rescue (f, g). Top row shows staining for Futsch alone, and bottom row
shows costaining of Futsch and HRP. Arrowheads in top row indicate instances of unbundled
microtubules. Although insets display a similar number of boutons for each genotype, instances
of unbundled microtubules are greatest in the wrd104 mutant and take up a greater proportion
of the total microtubule area than in the other genotypes. c, Quantification of unbundled mi-
crotubules as a percentage of total area of synaptic microtubules. For wild type (elav Gal4/�),
wrd104 hz (elav Gal4/�; wrd104/wrd104), wrd104/Df(3R)DG4 [elav Gal4/�; wrd104/Df(3R)DG4],
and neuronal rescue (elav Gal4/UAS wrd; wrd104/wrd104), n � 27, 27, 23, and 28, respectively.
Both wrd mutants have increased unbundled microtubules relative to WT; *p � 0.01. Neuronal
rescue significantly decreases unbundled microtubules relative to both wrd mutants; **p �
0.05. Error bars indicate SEM.

Figure 6. Loss of wrd disrupts cytoskeletal stability. a, Representative confocal images of
muscle 4 synapses from wild type (elav Gal4/�), wrd104 hz (elav Gal4/�; wrd104/wrd104), and
rescue (elav Gal4/UAS wrd; wrd104/wrd104). Left column displays synapses stained with anti-
body to Futsch, a reporter for microtubules, and right column displays corresponding synapses
costained with �-Futsch and �-HRP. Futsch staining demonstrates bundled microtubules
within the core of the synaptic terminal. Unbundled microtubules are visible at terminal bou-
tons and, in some instances, along the shaft of the terminal, as marked by arrows. The wrd
mutant shows an increased occurrence of unbundled microtubules along the shaft of the ter-
minal. Asterisks mark junction between the synaptic terminal and preterminal axon. Insets
mark a representative sample of unbundled microtubules at terminal boutons and are enlarged
in b– g. b– g, Enlarged insets displaying representative terminal boutons from wild type (b, c),
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synaptic growth and morphology. Postsynaptic expression of wrd
is required for normal levels of evoked neurotransmitter release.
An increased proportion of unbundled synaptic microtubules
accompanies the defect in NMJ morphology, suggesting a poten-
tial molecular mechanism for the aberrant synapse morphology.
High levels of unbundled microtubules are also observed when
the catalytic activity of PP2A is inhibited, an effect enhanced by
reducing the expression of wrd. Hence, both the regulatory wrd
subunit and the catalytic subunit of PP2A are required for normal
cytoskeletal organization at the Drosophila NMJ. Our findings
demonstrate that well-rounded is required for normal synaptic
growth and morphology at the Drosophila NMJ and suggest that
well-rounded regulates the cytoskeleton by promoting PP2A
activity.

Regulation of synaptic morphology and growth by PP2A and
well-rounded
Protein phosphatase 2A is a ubiquitous serine–threonine phos-
phatase required for viability in mammals and Drosophila. PP2A
comprises three subunits: a core enzyme consisting of a structural
and catalytic subunit and a variable regulatory subunit, which can
regulate activity, substrate specificity, and subcellular localization
of the core enzyme (Janssens and Goris, 2001). Although the core
enzyme is expressed in all tissues, it is highly enriched in both the
vertebrate and Drosophila nervous system (Mayer et al., 1991;
Mayer-Jaekel and Hemmings, 1995; Strack et al., 1998; Zolnier-
owicz et al., 2004). In mice, B� regulatory subunits are also highly
enriched in the brain, especially during development (Martens et
al., 2004). We observe similar results with the Drosophila B� sub-
unit well-rounded. Wrd protein is present in many tissues but is
enriched in the larval nervous system, especially in the synaptic
neuropil and the NMJ.

Although PP2A is highly expressed in the developing nervous
system, relatively little is known about its role in nervous system
development, particularly at the cellular level. In vivo models
have demonstrated a role for PP2A in differentiation of neural
structures, such as forebrain and midbrain in Xenopus (Yang et
al., 2003) and sensory organs in Drosophila (Shiomi et al., 1994).
Evidence for a role in controlling synaptic structure comes from
pharmacological studies in cultured cells, in which treatment
with okadaic acid, an inhibitor of both PP2A and protein phos-
phatase 1 (PP1), leads to a decrease in neuronal processes and
number of synapses (Tapia et al., 1999). Our work at the Drosoph-
ila NMJ demonstrates in vivo that PP2A and a specific PP2A
regulatory subunit are required for the normal morphological
development of synapses.

Wrd and PP2A catalytic activity regulate the
synaptic cytoskeleton
Loss of wrd and inhibition of PP2A catalytic activity both increase
the proportion of unbundled synaptic microtubules as assayed by
staining for Futsch, a homolog of the microtubule-associated
protein MAP1B, which promotes microtubule stability (Take-
mura et al., 1992; Goold et al., 1999). Similar Futsch localization
is associated with a destabilized microtubule cytoskeleton and
defects in synaptic growth (Roos et al., 2000; Zhang et al., 2001; da
Cruz et al., 2005). Phosphorylation dynamics are known to play
an important role in cytoskeletal stability. For example, phos-
phorylation of MAP1B inhibits its stabilizing function, because
phosphorylated MAP1B leads to a reduction of stable microtu-
bules in growth cones (Goold et al., 1999). Work in cultured
neurons demonstrates that inhibition of PP2A and PP1 with oka-
daic acid disrupts microtubules, demonstrating a requirement

Figure 7. PP2A activity is required for cytoskeletal stability of synapse. a, Representative
confocal images of muscle 4 synapses from wild type (elav Gal4/�), wrd104 het (elav Gal4/�;
wrd104/�), dnMts (elav Gal4/UAS dnMts), and dnMts; wrd104 het (elav Gal4/�; wrd104/UAS
dnMts). Left column shows synapses labeled with Futsch, and right column shows correspond-
ing synapses labeled with �-DVGLUT and �-HRP. In the elav dnMts case, arrows mark boutons
with dramatic unbundling of microtubules. b, Quantification of percentage unbundled micro-
tubules at NMJ. Unbundled microtubules are measured as a proportion of total area of micro-
tubules at synaptic terminal. n � 19, 14, 27, 16 for WT, wrd104 het, dnMts, and wrd104 het;
dnMts, respectively. Reduced PP2A activity leads to significantly increased microtubule unbun-
dling relative to wild type; *p � 0.05. The combined wrd104 het; dnMts mutant shows a signif-
icant increase in unbundled microtubules relative to dnMts alone; **p � 0.01. The heterozy-
gous wrd mutant thus enhances the effect of reduced PP2A activity, suggesting that it can
positively regulate the activity of PP2A toward the synaptic cytoskeleton. Error bars indicate
SEM.
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for dephosphorylation by PP2A and/or PP1 for stability of the
neuronal cytoskeleton (Merrick et al., 1997; Tapia et al., 1999).
PP2A also regulates the dephosphorylation of MAP1B (Gong et
al., 2000), a potential mechanism for the cytoskeletal disruption
observed with inhibition of PP2A activity. Our findings support
and extend these observations by demonstrating a requirement
for PP2A catalysis and a B� regulatory subunit for normal synap-
tic cytoskeletal organization in vivo. The reduced stabilizing func-
tion of phosphorylated MAP1B, the similarity of futsch and wrd
mutant phenotypes, and the genetic interaction between futsch
and wrd are consistent with the model that Futsch or other MAPs
are substrates for the PP2A at the Drosophila NMJ. In this model,
reduced PP2A function would lead to hyperphosphorylation of
MAPs and microtubule destabilization, culminating in abnormal
synaptic morphology and impaired synaptic growth.

Wrd and other PP2A regulatory subunits in Drosophila
In addition to wrd, four other PP2A regulatory subunit genes
have been identified in Drosophila. Two of these have been char-
acterized: twins, a B regulatory subunit, and wdb, the second B�
subunit in Drosophila. Nulls for twins and wdb are lethal (Uemura
et al., 1993; Hannus et al., 2002), making well-rounded the first
nonessential subunit characterized in Drosophila. twins is ex-
pressed in the nervous system (Mayer-Jaekel et al., 1993), in
which it is required for normal differentiation of sensory organ
structures (Shiomi et al., 1994). The expression of wdb in the
nervous system has not been characterized, although neuronal
overexpression of wdb disrupts sensory organ formation and
axon guidance (Abdelilah-Seyfried et al., 2000; Kraut et al., 2001).
Because mutants of each regulatory subunit have distinct loss-of-
function phenotypes, these subunits are not redundant. How-
ever, inhibiting the catalytic subunit disrupts the synaptic cy-
toskeleton more severely than does a null mutant for the
regulatory wrd subunit, implying that other regulatory subunits
must also mediate some PP2A function at the synapse. As a sec-
ond B� subunit, widerborst is a logical candidate to overlap in
function with wrd. However, unlike wrd, we find that neuronal
overexpression of widerborst does not lead to synaptic over-
growth [mean bouton number per NMJ: WT (elav/�), 16.7 �
16; elav/UAS Wdb, 17.5 � 16; p � 0.6]. Furthermore, we find no
enhancement of the wrd phenotype by expressing a dominant-
negative widerborst transgene (Hannus et al., 2002) in motoneu-
rons (mean bouton number per NMJ: wrd104 hz, 14.6 � 14; elav/
UAS dnWdb, wrd104 hz, 14.3 � 16; p � 0.8; mean bouton area:
wrd104 hz, 48.0 � 2.3 �m, n � 14; elav/UAS dnWdb, wrd104 hz,
46.4 � 2.1 �m, n � 16; p � 0.5). Hence, our characterization of
wrd demonstrates a specific role for a particular B� subunit in
synaptic development, although the residual PP2A activity at wrd
mutant synapses must require other regulatory subunits.

Postsynaptic wrd regulates presynaptic
neurotransmitter release
Synaptic strength is decreased in wrd mutants attributable to a
decrease in quantal content, the number of vesicles released by
the nerve. Quantal content is a presynaptic property, reflecting
the number of presynaptic release sites and the probability of
release from each site. Although presynaptic wrd expression res-
cues the wrd synapse morphology phenotypes, postsynaptic wrd
expression rescues the defect in quantal content. This suggests
that wrd is required for a retrograde signal controlling presynap-
tic release. Activity-dependent retrograde signals that respond to
changes in quantal size have been described previously at the
Drosophila NMJ (Petersen et al., 1997; DiAntonio et al., 1999;

Paradis et al., 2001). In wrd mutants, however, quantal size is
normal. Hence, if wrd functions in this same retrograde signaling
pathway, it must function downstream of glutamate receptor ac-
tivity and membrane depolarization. In this model, PP2A-
dependent dephosphorylation of a component of the homeo-
static retrograde signaling pathway would be required for
appropriate regulation of presynaptic release characteristics.

Regulation of synaptic stability in development and disease
PP2A activity and the phosphorylation state of MAPs have been
implicated in the pathogenesis of neurodegenerative disease. Hy-
perphosphorylated tau, an MAP, accumulates in intracellular
neurofibrillary tangles and is associated with neurodegeneration
and neuronal death in Alzheimer’s disease. PP2A dephosphory-
lates MAPs, including tau (Ulloa et al., 1993; Saito et al., 1995;
Gong et al., 2000), and reduced amounts of PP2A mRNA and
protein are present in postmortem brains of Alzheimer’s patients
(Vogelsberg-Ragaglia et al., 2001; Sontag et al., 2004). Our data
now demonstrate a physiological requirement for PP2A in orga-
nizing the synaptic cytoskeleton. In the most severe mutant, in
which the PP2A catalytic and the wrd regulatory subunits are
simultaneously inhibited, we observe a highly attenuated cy-
toskeleton with barely visible MAP staining. Thus, interfering
with PP2A during development provokes features reminiscent of
the synaptic and axonal loss that may precede cell death in neu-
rodegenerative disease (Coleman and Yao, 2003; Scheff and
Price, 2003). Additional dissection of PP2A function at the syn-
apse could enhance our understanding of mechanisms control-
ling synaptic structure during development and disease.
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