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The congenital muscular dystrophies present in infancy with muscle weakness and are often associated with mental retardation. Many of
these inherited disorders share a common etiology: defective O-glycosylation of ␣-dystroglycan, a component of the dystrophin complex.
Protein-O-mannosyl transferase 1 (POMT1) is the first enzyme required for the glycosylation of ␣-dystroglycan, and mutations in the
POMT1 gene can lead to both Walker-Warburg syndrome (WWS) and limb girdle muscular dystrophy type 2K (LGMD2K). WWS is
associated with severe mental retardation and major structural abnormalities in the brain; however, LGMD2K patients display a more
mild retardation with no obvious structural defects in the brain. In a screen for synaptic mutants in Drosophila, we identified mutations
in the Drosophila ortholog of POMT1, dPOMT1. Because synaptic defects are a plausible cause of mental retardation, we investigated the
molecular and physiological defects associated with loss of dPOMT1 in Drosophila. In dPOMT1 mutants, there is a decrease in the efficacy
of synaptic transmission and a change in the subunit composition of the postsynaptic glutamate receptors at the neuromuscular junction.
We demonstrate that dPOMT1 is required to glycosylate the Drosophila dystroglycan ortholog Dg in vivo, and that this is the likely cause of these
synaptic defects because (1) mutations in Dg lead to similar synaptic defects and (2) genetic interaction studies suggest that dPOMT1 and Dg
function in the same pathway. These results are consistent with the model that dPOMT1-dependent glycosylation of Dg is necessary for proper
synaptic function and raise the possibility that similar synaptic defects occur in the congenital muscular dystrophies.
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Introduction
The congenital muscular dystrophies (CMDs) are a devastating
group of inherited neuromuscular disorders that are characterized by the onset of muscle weakness early during infancy. A
number of genetically distinct CMDs share an underlying molecular cause: defects in protein O-mannosylation (Michele et al.,
2002; Grewal and Hewitt, 2003; Godfrey et al., 2007). Mutations
in genes that encode putative glycosylation enzymes have been
identified in a number of clinically distinct CMDs and are associated with hypoglycosylation of ␣-dystroglycan (␣-DG), a component of the dystrophin complex that links the cytoskeleton to
the extracellular matrix (Haliloglu and Topaloglu, 2004). Mutations in protein O-mannosyl transferase 1 (POMT1), the first
enzyme necessary for O-mannosylation, are present in some patients with two CMD variants, Walker-Warburg syndrome
(WWS) and limb girdle muscular dystrophy type 2K (LGMD2K)
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(Balci et al., 2005; D’Amico et al., 2006; van Reeuwijk et al., 2006).
Both WWS and LGMD2 are associated with mental retardation.
In WWS, the mental retardation is severe and is likely caused by
structural abnormalities secondary to cell migration defects
(Beltran-Valero de Bernabe et al., 2002). In LGMD2, the mental
retardation can be mild and is not associated with structural abnormalities in the brain, suggesting that POMT1 deficiency may
lead to more subtle defects in neuronal structure or function
(Balci et al., 2005).
In a screen for synaptic abnormalities at the Drosophila neuromuscular junction (NMJ), we identified mutations in the Drosophila homolog of POMT1, rotated abdomen (rt), hereafter referred to as dPOMT1. dPOMT1 and its enzymatic partner
dPOMT2 are highly homologous to the human hPOMT1 and
hPOMT2, respectively, and both are required for proper glycosylation of Dg in SF21 cells (Ichimiya et al., 2004). It remains
unclear, however, whether they are required for glycosylation of
Drosophila Dg in vivo. Flies with mutations in dPOMT1 have been
described previously as having a rotated or twisted abdomen that
disrupts mating (Martin-Blanco and Garcia-Bellido, 1996;
Ichimiya et al., 2004). Because mutations in human POMT1 can
lead to mental retardation of unknown etiology, and because
synaptic defects possibly result in mental retardation, we performed a detailed analysis of molecular and physiological synaptic defects associated with this Drosophila model of CMD.
The Drosophila NMJ is a well established system for studying
the structure and function of glutamatergic synapses (Collins and
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DiAntonio, 2007). The postsynaptic glutamate receptor at the
NMJ is comprised of three essential subunits and either of two
nonessential subunits, DGluRIIA and DGluRIIB, which confer
distinct physiological and pharmacological properties to the receptor (DiAntonio, 2006). In a large-scale screen, we identified
dPOMT1 as a gene that, when mutated, leads to a selective reduction in the levels of DGluRIIB. In addition, synaptic strength is
impaired in dPOMT1 mutants because of a decrease in the number of synaptic vesicles released from the presynaptic motoneuron. This synaptic requirement for POMT1 is likely a result of its
role in glycosylating Dg, because we show that (1) dPOMT1 is
required to glycosylate Dg in vivo, (2) loss-of-function mutations
in Dg phenocopy dPOMT1 mutations, and (3) dPOMT1 and Dg
genetically interact. These results are consistent with the model
that POMT1-dependent glycosylation of Dg is necessary for
proper synaptic function and development at the Drosophila
NMJ and raise the possibility that similar synaptic defects occur
in the human CMDs.

Materials and Methods
Fly stocks. Flies were raised and maintained at 25°C on standard fly media.
Wild-type (WT) flies were Canton S (CS) outcrossed to w ⫺, elav-Gal4
(Yao and White, 1994), G7-Gal4 (Zhang et al., 2001), actin-Gal4 (Krasnow et al., 1989), or C142-Gal4 (de Jong et al., 2005) flies. The P-element
collection (Bellen et al., 2004), including rtP line (the allele/gene is referred to as dPOMT1) (Martin-Blanco and Garcia-Bellido, 1996), deficiency lines for dPOMT1 [df(3L)ED4470] and dystroglycan [Df(2)JP6
(Deng et al., 2003) and Df(2R)ED2457], and a P-element that is inserted
in the dystroglycan gene (referred to as dgP) (PBac{RB}Dge01554) were
obtained from Bloomington Stock Center (Bloomington, IN). Dg 323 and
Dg 248 were kindly provided by Dr. Hannele Ruohola-Baker (University
of Washington, Seattle, WA). dPOMT1 transgenic lines were made by
cloning the cDNA RE38203 (Ichimiya et al., 2004) into the pUAST vector
(Brand and Perrimon, 1993).
Immunohistochemistry. Larvae were dissected and stained as described
(Marrus et al., 2004). In brief, wandering third instar larvae were dissected in cold PBS and fixed for 5–10 min in Bouin’s fixative and washed
three times with PBS ⫹ 0.1% Triton X-100. Primary antibodies were
used in the following dilutions: mouse ␣-DGluRIIA (1:100); mouse
␣-BRP (1:250) (Wagh et al., 2006) 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); rabbit ␣-DGluRIII (1:2500); rabbit ␣-DGluRIIB (1:2500)
(Marrus et al., 2004); ␣-dys-CO2H (1:2500) (van der Plas et al., 2006),
and Cy3- or Cy5-conjugated goat ␣-HRP (Jackson ImmunoResearch,
West Grove, PA). Goat Cy5-, Cy3-, and FITC-conjugated secondary antibodies against mouse and rabbit IgG were used at 1:1000 and were
obtained from Jackson ImmunoResearch.
Western blots. Wandering third instar larvae were dissected in ice-cold
homogenization buffer (67 mM Tris-HCl, pH 8.0, 67 mM NaCl, 2 M urea,
1 mM EDTA, and 1.3% SDS) and stored immediately on dry ice. The
samples were run on 6% SDS-PAGE gels according to standard procedures. Rabbit ␣-Dg pep was used at 1:1000 (Schneider et al., 2006); mouse
␣-␤-tubulin antibody (E7), 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, was used at
1:100. HRP-conjugated goat ␣-rabbit secondary antibody (Jackson ImmunoResearch) was used at 1:10,000.
Imaging and analysis. Imaging and analysis was done as described previously (Viquez et al., 2006) with the following minor differences. The average
intensity function in MetaMorph was used to measure the intensity of the
NMJ at muscle 4. 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. Bruchpilot (BRP) puncta were manually
counted at MN4b synapses on muscle 4. While counting, we made sure that
each of the BRP puncta had a DGluRIII puncta apposing it. Images for
␣-dystrophin staining were acquired using a Zeiss (Thornwood, NY) digital
camera attached to a Zeiss Axioplan microscope.
Electrophysiology. Intracellular electrophysiological recordings were
done as reported previously (Marrus and DiAntonio, 2004). Briefly,
wandering third-instar larvae were dissected in 0 mM Ca 2⫹ Stewart saline
(HL3) (Stewart et al., 1994). Both spontaneous miniature excitatory
junction potentials (mEJPs) and evoked potentials (EJPs) were then recorded 0.45 mM HL3. At least 60 consecutive miniature 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 likely artifacts arising 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
depolarizing pulse. Quantal content was estimated by dividing the mean
EJP by the mean mEJP (EJP/mEJP). Cells across all genotypes had similar
mean input resistances and resting potentials. Quantal size was not significantly different among any of the genotypes compared with wild-type
controls. Statistical analysis was performed using one-way ANOVA to
compare samples in an experimental group. Paired-pulse facilitation of
the EJPs was assayed in 0.4 mM Ca 2⫹ with an interpulse interval of 50 ms.
Mean EJPs of the first and the fifth pulses were used for calculating the
facilitation index/ratio. For electrotonic stimulation, recordings were
performed as described by Song et al. (2002). Briefly, the stimulation
electrode was kept as near as possible to the muscle, and the recordings
were performed in 1 M TTX. EJCs were recorded as described by Marrus
et al. (2004) in 2.0 mM Ca 2⫹ (Marrus and DiAntonio, 2004). Only recordings with holding currents ⬍1.0 nA were analyzed.

Results
Mutations in Drosophila POMT1 affect glutamate receptor
subunit composition at the neuromuscular junction
Clustering of neurotransmitter receptors opposite active zones is
essential for effective synaptic transmission. At the Drosophila
NMJ, postsynaptic glutamate receptors are comprised of three
essential subunits (DGluRIII, DGluRIID, and DGluRIIE), as well
as either of two nonessential subunits (DGluRIIA or DGluRIIB)
(Marrus et al., 2004; Featherstone et al., 2005; Qin et al., 2005).
These two classes of receptors differ in their localization, physiological properties, and modulation by second messenger systems
(Petersen et al., 1997; Davis et al., 1998; DiAntonio et al., 1999;
Chen et al., 2005). To investigate molecular mechanisms that
control the clustering and subunit composition of synaptic glutamate receptors, we have screened a large collection of Drosophila mutants for changes in glutamate receptor localization.
We stained for glutamate receptors at the NMJs from ⬃1500
lines carrying unique insertions of P-element transposons in or
near genes in the third chromosome (Bellen et al., 2004). Among
this group, we identified a P-element insertion, rtP, which has a
decrease in the levels of synaptic DGluRIIB with no detectable
change in the levels of DGluRIIA. The rtP transposon insertion
was previously identified as an allele of rt (referred to here as
dPOMT1), the Drosophila ortholog of the congenital muscular
dystrophy gene dPOMT1 (Martin-Blanco and Garcia-Bellido,
1996; Jurado et al., 1999). A second P-element insertion within
the dPOMT1 locus, P{SUPor-P}rt KG04772, shows a similar phenotype (data not shown). We assayed glutamate receptor localization quantitatively in a transheterozygote between the rtP insertion and a genetically unrelated deficiency that deletes
dPOMT1 and surrounding genes (Fig. 1 A, B). This transheterozygote also displays a selective reduction in DGluRIIB levels at
the synapse (Fig. 1 A, B) ( p ⬍ 0.001), demonstrating that this
phenotype is caused by the loss of dPOMT1 and not by a secondsite mutation elsewhere on the rtP chromosome. To investigate
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Figure 1. Mutations in dPOMT1 alter glutamate receptor subunit composition at the neuromuscular junction. A, Confocal images of larval NMJs stained with antibodies against DGluRIIA (red),
DGLURIIB (green), and HRP (blue). The genotypes of the larvae are as follows: WT (CS crossed with C142-Gal4), the dPOMT1 mutant (dPOMT1/def ), and the dPOMT1 mutant rescued with a dPOMT1
transgene [C142-GAL4/UAS-dPOMT1; rtP/df(3L)ED4470]. B, C, Histograms show the mean staining intensity for DGluRIIA (B) and DGluRIIB (C) at the NMJ as a percentage of WT levels. Levels of
DGluRIIB in the dPOMT1 mutant are significantly lower than in WT (*p ⬍ 0.01), and DGluRIIB levels increase at the NMJ after rescue (*p ⬍ 0.01). n ⫽ 10 for all genotypes. Error bars represent SEM.

whether the rtP allele expresses dPOMT1 transcript, we performed reverse transcription-PCR from WT and rtp/
df(3L)ED4470 (dPOMT1/def ) flies. The dPOMT1 transcript is
present in wild-type tissue, but is not detectable in the dPOMT1/
def line (supplemental Fig. 1C, available at www.jneurosci.org as
supplemental material), suggesting that the rtP (dPOMT1) mutant is either a severe hypomorph or a null. In this dPOMT1
mutant, other aspects of synapse morphology are unaffected.
There is no significant difference in the levels or distribution of
the synaptic vesicle protein DVGLUT (Daniels et al., 2004) or the
postsynaptic scaffolding protein DLG (Lahey et al., 1994) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). In addition, both the number and size of synaptic
boutons are unchanged in the mutant (supplemental Fig. 1 A, B,
available at www.jneurosci.org as supplemental material).
Hence, the selective reduction of synaptic DGluRIIB is the most
prominent anatomical defect in the dPOMT1 mutant.
To investigate where POMT1 functions, we used the Gal4/
UAS system (Brand and Perrimon, 1993) to express transgenic
dPOMT1 in the rtP (dPOMT1)/def mutant background. We generated a UAS-dPOMT1 transgene that rescues the rotated abdomen phenotype of rtP (dPOMT1) when ubiquitously expressed
under the control of actin-Gal4 (Krasnow et al., 1989) (supplemental Fig. 2, available at www.jneurosci.org as supplemental
material). Hence, our UAS-dPOMT1 transgene is functional, and
the rotated abdomen phenotype is attributable to loss of
dPOMT1. In an attempt to rescue the selective loss of DGluRIIB,
we expressed dPOMT1 in the presynaptic neuron with elav-Gal4
(Yao and White, 1994), the postsynaptic muscle with G7-Gal4
(Zhang et al., 2001), or simultaneously on both sides of synapse
using C142-Gal4 (de Jong et al., 2005). The selective expression of
dPOMT1 in either nerve or muscle fails to rescue the DGluRIIB
phenotype (supplemental Fig. 3A,B, available at www.jneurosci.org

as supplemental material). However, when dPOMT1 is expressed in
neurons and muscles with C142-Gal4, there is a significant increase
in the levels of DGluRIIB at the synapse (Fig. 1C). The mutant is also
rescued by the ubiquitous expression of dPOMT1 driven by actinGal4 (⬃40%; p ⬍ 0.01; n ⫽ 10). The rescue of rtP (dPOMT1) by the
transgenic expression of dPOMT1 demonstrates that the loss of
dPOMT1 function is responsible for decrease in DGluRIIB at the
synapse. Rescue of morphology was not complete, however, suggesting that the levels or timing of dPOMT1 expression may be critical
for its full function. In addition, the failure to rescue with either
presynaptic or postsynaptic expression suggests that dPOMT1 is required on both sides of the synapse.
dPOMT1 promotes neurotransmitter release by increasing
probability of release
Changes in the subunit composition of the Drosophila glutamate
receptor complex can change the function and structure of the NMJ
(DiAntonio et al., 1999; Sigrist et al., 2002). DGluRIIA is the predominant subunit at a wild-type synapse, and the genetic deletion of
DGluRIIB in the presence of wild-type levels of DGluRIIA does not
lead to a change in quantal size, a measure of the postsynaptic response to a single vesicle (DiAntonio et al., 1999). As such, the selective reduction in DGluRIIB would not be predicted to decrease
quantal size. To investigate synaptic function in the dPOMT1 mutant, we performed intracellular recordings from muscle 6 of segments A3 and A4 at the larval NMJs of WT and dPOMT1 mutants.
We did not observe a significant decrease in the amplitude of miniature excitatory junctional potentials (mEJP: WT, 0.79 ⫾ 0.02 mV;
dPOMT1, 0.77 ⫾ 0.03 mV; n ⫽ 9; p ⫽ 0.4) or frequency of mEJP
(frequency: WT, 2.5 ⫾ 0.9 Hz; dPOMT1, 3.1 ⫾ 1.1 Hz; n ⫽ 9; p ⫽
0.3) (Fig. 2A). There is, however, a dramatic decrease in evoked
synaptic transmission. Indeed, the EJP amplitude is decreased nearly
threefold in the dPOMT1 mutant (Fig. 2B). Because the response to
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a single vesicle is unchanged, the decrease in
evoked release indicates that the nerve is releasing fewer synaptic vesicles. Indeed, estimates of quantal content based on the direct
method (EJP/mEJP) show an approximately
threefold reduction in the number of released vesicles (Fig. 2C). As with the change
in DGluRIIB levels, expression of dPOMT1
in neither the nerve nor muscle was able to
rescue the defect in synaptic release (data not
shown). However, expression of dPOMT1
using C142-Gal4 restores transmitter release
to wild-type levels (Fig. 2C). Expression of
dPOMT1 from the ubiquitous actin-Gal4
driver also rescues quantal content (⬃50%
increase; p ⬍ 0.001; n ⫽ 9). Hence, the loss of
dPOMT1 is responsible for the reduced
quantal content in the rtP (dPOMT1) mutant, and therefore dPOMT1 is required for
normal synaptic transmission at the Drosophila NMJ.
Decreased transmitter release could be
caused by defects in the generation or
propagation of action potentials to the
synapse. To test this hypothesis, we bypassed action potential-stimulated release
by direct electrotonic stimulation of the Figure 2. dPOMT1 mutants have a defective synaptic transmission. A, Representative mEJP traces from WT (CS crossed with
(dPOMT1/def ) larvae. B, Representative EJP traces for WT, dPOMT1/def, and dPOMT1 rescued
nerve in 1 M TTX, which suppresses ac- C142-Gal4 ) and dPOMT1 mutant
P
[C142-Gal4/UAS-dPOMT1;
rt
/df(3L)ED4470]
larvae. C, Quantal content for all genotypes. n ⫽ 9 for all genotypes; **p ⬍ 0.001.
tion potentials (Song et al., 2002). If reError bars represent SEM. D, Quantal content calculated by direct method from WT and mutant (dPOMT1/def ) recorded in 1 M
duced transmitter release was a result of
TTX. n ⫽ 10; **p ⬍ 0.001.
action potential defects, then direct stimulation should rescue the phenotype and
significantly different from that of WT. Together, these data inlead to normal transmitter release. If the defect is downstream of
dicate that a change in the number of release sites is unlikely to
the action potential, then electrotonic stimulation should still
explain the defects in transmitter release in the dPOMT1 mutant.
lead to defective transmitter release. With electrotonic stimulaThe probability ( p) that a synaptic vesicle will be released after an
tion in the presence of TTX, there is a significant decrease in
action
potential is another key determinant of synaptic release. To
P
evoked transmitter release in the rt (dPOMT1)/def mutant when
investigate
potential changes in release probability, we measured
compared with wild type (Fig. 2 D). This difference in quantal
short-term
facilitation,
which varies inversely with p. When a nerve
content is similar to that observed after action potentialis
repeatedly
stimulated
with a short interpulse interval, the subsestimulated release. Thus, defective action potentials do not exquent
evoked
events
are
often larger because of residual calcium in
plain the reduction in quantal content in dPOMT1 mutants.
the
presynaptic
terminal
(Zucker and Regehr, 2002). When probaWhy is quantal content decreased in the dPOMT1 mutant?
bility of release is low, such short-term facilitation is more proReduced quantal content could be caused by a decrease in the
nounced. After a short train of stimuli (see Materials and Methods
number of release sites (n) or by a decrease in the probability that
for details), we measured the amplitude of each EJP and calculated
a synaptic vesicle will be released from a release site ( p). To
the facilitation index as the ratio of the fifth to the first EJP. Although
investigate the mechanism responsible for the decrease in quantal
the wild-type NMJ facilitates, the dPOMT1 mutant NMJ has greatly
content in the dPOMT1 mutants, we have assessed both n and p.
enhanced facilitation, leading to an approximately onefold increase
Active zones are the sites of neurotransmitter release, and in Droin the degree of facilitation (Fig. 3B,C), consistent with a decrease
sophila individual release sites can be observed by staining for
release probability. To test this hypothesis directly, we recorded
Bruchpilot, the Drosophila homolog of the active zone protein
evoked junctional currents (EJCs) from WT and dPOMT1 mutants
CAST (Wagh et al., 2006). Each active zone is apposed to a cluster
in presence of high external calcium (2.0 mM Ca 2⫹). At this calcium
of glutamate receptors (Marrus and DiAntonio, 2004), and a
concentration,
the probability of release is very high, and transmitter
functional release site includes both elements of this synaptic
release
is
near
saturation. High calcium should rescue defects in
dyad. We stained the NMJ of wild type and dPOMT1 mutants
probability of release, but would not rescue a reduction in the numwith ␣-Bruchpilot and an antibody to the essential glutamate
ber of release sites. The dPOMT1/def mutants display wild-type EJC
receptor subunit DGluRIII and counted the number of release
amplitudes when recorded in high calcium (WT, 66 ⫾ 3.0 pA;
sites (Collins and DiAntonio, 2007; Pack-Chung et al., 2007;
dPOMT1/def, 57 ⫾ 3.7 pA; n ⫽ 10; p ⫽ 0.3) (Fig. 3D), indicating that
Dickman et al., 2008) (Fig. 3A). There is no significant difference
the mutant defect likely lies at the level of release probability. The
in active zone number in the dPOMT1 mutant (WT, 254 ⫾ 16;
rescue of transmitter release by high calcium, the large increase in
dPOMT1/def, 252 ⫾ 18; n ⫽ 9). In addition, almost all active
facilitation at low calcium, and the lack of change in anatomically
zones are apposed to glutamate receptors at both wild-type and
identifiable release sites in the mutant indicates that dPOMT1 promutant NMJs; thus, there is no evidence for postsynaptically simotes transmitter release by enhancing release probability.
lent synapses. The frequency of mEJPs in dPOMT1/def is also not
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wild-type and dPOMT1 mutant larvae (Fig.
4B) ( p ⫽ 0.3); however, the ⬎200 kDa Dg
band is undetectable in the dPOMT1 mutants (Fig. 4A,C). This loss of the putative
glycosylated form of Dg is restored by the
transgenic expression of dPOMT1. These
data indicate that Dg is a likely target of
dPOMT1 in the fly. In the absence of
dPOMT1, we do not observe the highmolecular-weight glycosylated form of Dg;
however, the levels of the nonglycosylated
form are approximately normal. Hence,
there are two changes to Dg protein in
dPOMT1 mutants: total expression levels are
reduced, and there is no apparent glycosylation. Either or both of these alterations may
underlie the phenotypes we observe. If the
nonglycosylated form of Dg can function,
then overexpression of Dg should rescue defects caused by loss of dPOMT1. However,
we find that whereas overexpressing Dg in a
wild-type background leads to no gross defects, overexpression of Dg in the dPOMT1
mutant leads to lethality (data not shown).
This suggests that glycosylation of Dg is essential for its function and that increased levels of the nonglycosylated Dg may be toxic.
Dystroglycan is a component of the
dystrophin glycoprotein complex (Ervasti
et al., 1990). We wished to assess whether
loss of glycosylated Dg affects the levels
and localization of dystrophin. Drosophila
Figure 3. Probability of release is decreased in dPOMT1 mutants. A, NMJs stained for active zones (␣-BRP; red), glutamate dystrophin localizes to both the neuroreceptor clusters (␣-DGluRIII; green), and neuronal membrane (␣-HRP; blue) from WT (CS crossed with w⫺) and dPOMT1 mutant muscular junction and the muscle sarco(dPOMT1/def ) larvae. Individual BRP puncta (A, inset) were counted from the entire NMJ (n ⫽ 9 for both; p ⫽ 0.8). B, First meres (van der Plas et al., 2006, 2007). In
through fifth EJP sweeps in response to a train of stimuli in WT (CS crossed to w⫺) and the dPOMT1 mutant (dPOMT1/def ) larvae. the dPOMT1 mutant, dystrophin still loC, Quantification of the facilitation index (FI) for WT and dPOMT1/def. n for WT ⫽ 7 and for dPOMT1/def ⫽ 9; p ⬍ 0.001. The calizes to these structures (Fig. 4 D), so glydystroglycan mutant (DgP/def ) shows an increase in the FI similar to that of dPOMT1/def. n ⫽ 9; **p ⬍ 0.001. FI was calculated cosylated Dg is not necessary for the localby dividing the fifth pulse (B, red) by the first pulse (B, green). Error bars represent SEM. D, Sample EJC traces from WT and mutant
ization of dystrophin, consistent with
(dPOMT1/def ) larvae. n ⫽ 10; p ⫽ 0.3.
results from vertebrates (Cote et al., 2002).
Although dystrophin is still present at the
dPOMT1 is required for the glycosylation of dystroglycan
NMJ and sarcomeres, its levels are reduced. At the NMJ, there is
in vivo
an ⬃20% reduction in dystrophin ( p ⬍ 0.01), which is restored with
Because POMT1 is required to O-glycosylate proteins, the lack of
transgenic dPOMT1 rescue (Fig. 4D,E). A similar reduction is obglycosylation of a target protein is a likely explanation for the pheserved for sarcomeric dystrophin (data not shown), suggesting that
notype of dPOMT1 mutants. In vertebrates, POMT1 glycosylates
the glycosylation of Dg promotes the stability of dystrophin.
␣-dystroglycan, and the loss of POMT1 result in hypoglycosylation,
and in some cases loss, of dystroglycan (Jimenez-Mallebrera et al.,
Dystroglycan and dPOMT1 mutants genetically interact
2003; Akasaka-Manya et al., 2004; Kim et al., 2004). Because glycoBecause Dg is abnormally processed in the dPOMT1 mutant, the
sylation is important for dystroglycan function, the congenital musdPOMT1 phenotypes may be attributable to loss of Dg function. If
cular dystrophies associated with mutations in POMT1 likely are
this is the case, then Dg mutants may display phenotypes similar to
caused by loss of dystroglycan function. In Drosophila, dPOMT1 can
those described above for dPOMT1. We obtained two Dg mutants
promote the glycosylation of the dystroglycan ortholog Dg in vitro
and two genetically unrelated deficiencies that delete Dg and adja(Ichimiya et al., 2004), but it is not known whether it is required in
cent genes. For both Dg mutants in combination with either defivivo. To investigate whether dPOMT1 mutants affect the glycosylaciency, there is a significant decrease in the levels of the DGluRIIB
tion state of Dg, we performed a Western blot with protein extract
subunit at the larval NMJ [WT, 100% ⫾ 6.8%; PBac{RB}Dge01554/
from larval brain and body walls of wild type and dPOMT1 mutants
Df(2R)ED2457 (Dgp/def), 45% ⫾ 4.8%; n ⫽ 10; p ⬍ 0.001], without
pep
a change in the levels of DGluRIIA (Fig. 5). Hence, loss of Dg, like loss
and probed for Dg with the previously characterized dg antibody
(Schneider et al., 2006). This antibody recognizes two bands on a
of dPOMT1, leads to a change in glutamate receptor subunit comWestern blot, one of ⬃110 kDa, the predicted size for the unmodiposition. Electrophysiological studies also highlight the similarity in
fied protein, and another of ⬎200 kDa, which is thought to be the
phenotype between Dg and dPOMT1 mutants (Fig. 6A,B). Both Dg
glycosylated form (Schneider et al., 2006). From the immunoblot,
alleles have a marked reduction in the amplitude of evoked EJPs with
levels of the 110 kDa Dg band are not significantly different between
no change in the amplitude of spontaneous mEJPs (WT, 0.96 ⫾

3786 • J. Neurosci., April 2, 2008 • 28(14):3781–3789

Wairkar et al. • Synaptic Defects in a Model of Muscular Dystrophy

0.05; DgP/def, 0.85 ⫾ 0.05; n ⫽ 10; p ⫽ 0.4).
Hence, quantal content is dramatically reduced when Dg function is impaired (Fig.
6C). As with dPOMT1 mutants, this decrease in transmitter release is accompanied
by an increase in short-term facilitation (Fig.
3C), consistent with a lowered probability of
release. In summary, the synaptic phenotypes observed in dPOMT1 mutants are also
displayed by the Dg mutants.
The similarity in phenotypes between
dPOMT1 and Dg mutants is consistent
with the model that dPOMT1-dependent
glycosylation of Dg is necessary to promote synaptic vesicle release and regulate
glutamate receptor subunit composition.
However, it is formally possible that the
two genes function in parallel pathways. A
powerful approach for identifying genes in
the same pathway is to test for transheterozygous interactions. Heterozygous mutations (loss of one of two alleles) in either
dPOMT1 or Dg have no affect on either the
levels of DGluRIIB or quantal content Figure 4. dPOMT1 is necessary for the glycosylation of dystroglycan in vivo. A, Western blot showing the glycosylated ⬎200
(Fig. 7C,D). If the genes function in paral- kDa dystroglycan protein in WT (CS crossed to w⫺), dPOMT1 mutant (dPOMT1/def ), and dPOMT1 rescue [Act-GAL4/UAS-DPOMT1;
lel pathways, and neither pathway is im- rtP/df(3L)ED4470] larvae. ␤-Tubulin is shown as a loading control. B, Blot showing the nonglycosylated dystroglycan protein
paired enough to show a phenotype, then (⬃110 kDa) in the same genotypes as in A. ␤-Tubulin is shown as a loading control. C, Levels of the glycosylated ⬎200 kDa
we would predict that the transheterozy- dystroglycan protein are significantly increased in larvae rescued with the dPOMT1 transgene (n ⫽ 2; p ⬍ 0.01). D, Quantification
gote, in which one allele of each gene is of synaptic dystrophin levels in the same genotypes as in A. n ⫽ 7 (WT); n ⫽ 15 (dPOMT1 mutant and rescue); *p ⬍ 0.01. E,
mutant, would also have no phenotype. Representative NMJs stained with ␣-dystrophin antibody. The genotypes are identical to those in A.
However, if the genes function in the same
pathway, then mutations in two steps of
Glycosylation of dystroglycan is required for its binding to comone pathway may enhance each other and lead to phenotype; this
ponents of the extracellular matrix (Martin, 2007). In addition,
is what we observe. The transheterozygote between dPOMT1 and
loss of glycosylation can lead to a decrease in the levels of dystroDg exhibits both a decrease in the levels of DGluRIIB at the NMJ
glycan (Jimenez-Mallebrera et al., 2003; van Reeuwijk et al.,
(Fig. 7 A, C) and a marked reduction in quantal content (Fig.
2005). Hence, glycosylation enzymes such as POMT1 may be
7 B, D) without a decrease in mEJP amplitudes (Fig. 7E). This
required for both the activity and stability of dystroglycan. In
experiment demonstrates that dPOMT1 and Dg genetically interDrosophila, dPOMT1 promotes the glycosylation of Dg in vitro,
act and, in conjunction with the biochemical data, supports the
and
the loss of dPOMT1 in cultured Drosophila SF21 cells results
model that the glycosylation of Dg by dPOMT1 is required for norin
hypoglycosylation
of Dg (Ichimiya et al., 2004). Here we demmal synaptic development and function at the Drosophila NMJ.
onstrate that dPOMT1 is required in vivo for the normal glycosylation of Dg. In the absence of dPOMT1, the total levels of
Discussion
dystroglycan are decreased, because the glycosylated band is lost
POMT1 is required for the O-glycosylation of dystroglycan, and
with no commensurate increase in the nonglycosylated band.
mutations in POMT1 can lead to two variants of congenital musThe failure to observe more nonglycosylated Dg suggests that
cular dystrophy, WWS and LGMD2K (Balci et al., 2005; D’Amico
glycosylation may be important for the stability of Dg.
et al., 2006; van Reeuwijk et al., 2006). Both diseases are associDrosophila perlecan binds to Dg that lacks the mucin-rich
ated with mental retardation; however, for the milder LGMD2 no
O-glycosylation
domain (Schneider et al., 2006), so it is plausible
apparent structural abnormalities are present in the brain that
that
the
nonglycosylated
Dg could retain some function. The
would explain the onset of mental retardation. In this study, we
ability to manipulate Dg and dPOMT1 independently allowed us
characterize a Drosophila model of POMT1 deficiency. We find
to test whether the decrease in total Dg was the major cause of the
that, as in vertebrates, Drosophila POMT1 is required for glycodPOMT1 phenotypes. We find that increasing the levels of dyssylation of dystroglycan. In Drosophila, the inability to glycosylate
troglycan in a dPOMT1 mutant leads to lethality. This suggests
dystroglycan, or the genetic disruption of dystroglycan, does not
that too much nonglycosylated Dg may be toxic, and is consistent
lead to gross structural abnormalities at the neuromuscular juncwith the model that glycosylation is required for Dg function.
tion, but rather disrupts presynaptic glutamate release and alters
the subunit composition of postsynaptic glutamate receptors.
Similar synaptic changes at vertebrate central synapses are a potential cause of mental retardation in CMD patients.
Glycosylation of dystroglycan by POMT1
The glycosylation of dystroglycan is affected in many forms of
CMD (Grewal and Hewitt, 2003; Haliloglu and Topaloglu, 2004).

dPOMT1 and Dg are required for efficient
neurotransmitter release
Previous analysis of dPOMT1 mutants demonstrated that loss of
dPOMT1 leads to a rotated abdomen phenotype and disrupted
muscle structure (Ichimiya et al., 2004; Lyalin et al., 2006; Haines
et al., 2007). Our analysis adds a second major phenotype: a se-
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Figure 5. Mutants deficient in dystroglycan have altered glutamate receptor subunit composition. Sample larval NMJs from WT (CS crossed to w⫺) and the dystroglycan mutant (dgP/def ) stained
with ␣-DGluRIIA (red), ␣-DGluRIIB (green), and ␣-HRP (blue) antibodies. n ⫽ 10 for all genotypes; **p ⬍ 0.001.

Plas et al., 2006). However, the reduced synaptic function in dPOMT1 and Dg mutants
is unlikely to be caused by the reduction in
levels of postsynaptic dystrophin, because
mutations in dystrophin lead to an increase,
rather than decrease, in evoked transmitter
release (van der Plas et al., 2006).
In which cells does glycosylated dystroglycan function to promote transmitter release? We have generated a functional
dPOMT1 transgene whose ubiquitous expression rescues the rotated abdomen phenotype. We investigated the spatial requireP
Figure 6. Quantal content is reduced in dystroglycan mutants. A, Sample mEJP traces from WT and Dg /def larvae. Genotypes ment for dPOMT1 in synaptic function by
are the same as in Figure 5. B, Sample EJP traces from WT and DgP/def larvae. C, Quantal content of WT and dystroglycan mutant driving the transgene at the NMJ using neu(dgp/def ) larvae. Quantal content was calculated by dividing the mean EJP amplitude by mean mEJP amplitude. n ⫽ 10; **p ⬍ ronal, muscle, ubiquitous, and neuronal/
muscle synaptic Gal4 driver lines. We find
0.001.
that the synaptic dPOMT1 phenotypes are
rescued only when the transgene is driven by
vere impairment in the ability to release neurotransmitter. We
either the neuronal/muscle C142-Gal4 or ubiquitous actin-Gal4
investigated the mechanism underlying this synaptic phenotype.
driver and not when it is expressed exclusively in the presynaptic or
We detect no change in the number of anatomically defined neupostsynaptic cell. Therefore, dPOMT1 may be required for glycosyrotransmitter release sites (n), suggesting that probability of relating dystroglycan both in neurons and muscles to maintain the
lease ( p) is impaired in the mutant. Consistent with this hypothnormal function of the NMJ. Dystroglycan is expressed in both musesis, when transmitter is released in low calcium conditions, there
cles and brain in Drosophila (Dekkers et al., 2004; Shcherbata et al.,
is an increase in short-term facilitation, which usually varies in2007),
and our results are consistent with the model that it functions
versely with release probability. In addition, high external calin
both
neurons and muscles at the NMJ.
cium, which saturates release probability, rescues the defects in
evoked transmitter release in the dPOMT1 mutant. These data
demonstrate that the defect in synaptic transmission in the
dPOMT1 mutant is attributable to a reduction in release probability rather than a reduction in the number of release sites.
What might be the molecular cause of this decrease in probability
of release? Our data suggest that the proximate cause is probably the
loss of glycosylated dystroglycan. We find that mutations in Dg also
have a decrease in p, and the strong genetic interactions between
dPOMT1 and Dg heterozygotes are consistent with the genes working in the same pathway to promote transmitter release. Why then
would the loss of glycosylated dystroglycan impair transmitter release? We do not know the answer, but speculate that dystroglycan,
via its interactions with the extracellular matrix, is an important part
of a transsynaptic complex that plays a structural and/or functional
role at the synapse to promote normal synaptic function. Indeed,
components of the extracellular matrix and dystrophin regulate synaptic function at the Drosophila NMJ (Johnson et al., 2006; van der

Subunit-specific regulation of glutamate receptors
by dPOMT1
One of the intriguing findings of this study is the specific reduction in the DGluRIIB subunit of the glutamate receptor in
dPOMT1 and dg mutants. At the Drosophila NMJ, postsynaptic
glutamate receptors are comprised of three essential subunits as
well as either of two nonessential subunits, DGluRIIA and DGluRIIB (for review, see DiAntonio 2006). Receptors with these
alternate subunits are differentially localized opposite the terminals of distinct motoneurons that synapse with the same muscle
cell, leading to the suggestion that presynaptic activity may shape
glutamate receptor subunit composition (Marrus et al., 2004).
Although extensive studies have been done in vertebrate AMPAtype receptor subunit composition and trafficking (Barry and
Ziff, 2002; Malinow and Malenka, 2002; McGee and Bredt, 2003),
mechanisms that describe such subunit-specific regulation of
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glutamate receptors are not well understood at the Drosophila NMJ. Recently, the
actin/spectrin-binding protein Coracle
was shown to regulate the subunit composition of glutamate receptors at the Drosophila NMJ. Mutations in Coracle lead to
a specific loss in the DGluRIIA subunit,
demonstrating that distinct molecular
pathways can control subunit composition (Chen et al., 2005). Our results indicate that dPOMT1 via Dg also regulates the
subunit composition of glutamate receptors at the Drosophila NMJ. It is tempting
to speculate that dystroglycan, which participates in clustering acetylcholine receptors in vertebrates (Cote et al., 1999; Grady
et al., 2000), could be involved in the clustering of DGluRIIB subunit of glutamate
receptors. However, it is also plausible that
the changes in DGluRIIB levels are secondary to the changes in synaptic function
and do not reflect a direct function of dystroglycan in receptor localization. These
findings open a new path for understanding the molecular and/or activitydependent cues that control the localization of specific glutamate receptor
subunits at the Drosophila NMJ.
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