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Cell Type-Specific Requirements for Heparan Sulfate
Biosynthesis at the Drosophila Neuromuscular Junction:
Effects on Synapse Function, Membrane Trafficking, and
Mitochondrial Localization
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Heparan sulfate proteoglycans (HSPGs) are concentrated at neuromuscular synapses in many species, including Drosophila. We have
established the physiological and patterning functions of HSPGs at the Drosophila neuromuscular junction by using mutations that block
heparan sulfate synthesis or sulfation to compromise HSPG function. The mutant animals showed defects in synaptic physiology and
morphology suggesting that HSPGs function both presynaptically and postsynaptically; these defects could be rescued by appropriate
transgene expression. Of particular interest were selective disruptions of mitochondrial localization, abnormal distributions of Golgi and
endoplasmic reticulum markers in the muscle, and a markedly increased level of stimulus-dependent endocytosis in the motoneuron.
Our data support the emerging view that HSPG functions are not limited to the cell surface and matrix environments, but also affect a
diverse set of cellular processes including membrane trafficking and organelle distributions.

Introduction
The function of heparan sulfate proteoglycans (HSPGs) has been
the subject of intense investigation in the last decade, and it is now
clear they play essential roles in development, controlling both
responses of cells to secreted growth factors, as well as the distri-
bution of growth factors in the matrix (Lin, 2004; Bülow and
Hobert, 2006; Kirkpatrick and Selleck, 2007). HSPGs are also
critical for nervous system development, affecting such diverse
events as axon guidance and the localization of synaptic compo-
nents (Hoch et al., 1994; Yamaguchi, 2002; Lee et al., 2004; Ro-
tundo et al., 2005; Jenniskens et al., 2006; Lindwall et al., 2007). A
number of growth factors that have a high affinity for heparan
sulfate (HS), including neuregulins and hepatocyte growth fac-
tor, affect neuromuscular junction (NMJ) development or func-
tion (Loeb, 2003; Madhavan and Peng, 2006). The HSPG
syndecan-2 participates in ephrin-mediated dendritic spine de-
velopment (Irie and Yamaguchi, 2004). Thus, HSPGs can poten-
tially affect synapse development in a number of ways, but their
contributions to synapse formation and function have not been

examined in a genetically accessible system in which heparan
sulfate synthesis or modification can be readily manipulated.

In Drosophila, two heparan sulfate-modified core proteins af-
fect the assembly of the neuromuscular junction (Johnson et al.,
2006). Syndecan (Sdc), a transmembrane proteoglycan (PG), in-
fluences presynaptic terminal growth, whereas Dally-like protein
(Dlp), a glycosylphosphatidylinositol (GPI)-linked HSPG, par-
ticipates in active zone assembly. These two proteoglycans are
proposed to play antagonistic roles in regulating the function of
the receptor tyrosine phosphatase Dlar.

The analysis of HSPGs to date has mostly focused on their
activities at the cell surface and in the extracellular matrix. More
recent work has highlighted their cellular functions, demonstrat-
ing that HSPGs are not simply growth factor coreceptors, but
control growth factor distributions by regulating endocytic traf-
ficking (Marois et al., 2006; Gallet et al., 2008). There are also
compelling data suggesting that one or more HSPGs serve to
internalize triglyceride-rich lipoprotein particles (MacArthur et
al., 2007). Studies of mice bearing mutations in Ndst2, a HS-
modifying enzyme critical for mast cell function, suggest that
normal HS biosynthesis is required to properly package the com-
ponents of secretory vesicles, indicating HS has important bio-
synthetic functions (Forsberg et al., 1999; Humphries et al.,
1999).

We are interested in understanding the function of HSPGs in
cell– cell communication and chose the Drosophila neuromuscu-
lar junction as a model system to explore both their role in the
assembly of a defined synapse, as well as their contribution to the
well characterized architecture and cellular processes required for
normal NMJ activity. We report here a detailed functional inves-
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tigation using mutants that affect HS chain initiation, polymer-
ization, or sulfation. We find that HS is concentrated at the NMJ,
as in vertebrates, and that mutations compromising HS synthesis
deplete HS from this cell– cell junction. Loss of HS affects both
NMJ structure and function, and causes surprising defects in
membrane trafficking and organelle localization in the neuron
and in the muscle cell.

Materials and Methods
Drosophila strains. All flies were cultured at 25°C in vials or bottles con-
taining standard cornmeal, agar, sugar, and yeast medium. Oregon-R
(�/�) flies were used as wild-type controls. sfl9B4 FRT2A/TM3 Ser GFP
and sfl03844 P[w�, FRT]2A/TM3 Ser GFP were crossed to generate sfl
transheterozygous null mutants (Lin and Perrimon, 1999) and sibling

controls. yw; FRT[42D] botv510/CyO GFP and yw; FRT[42D] botv423/
CyO GFP were crossed to generate botv mutants (Takei et al., 2004) and
sibling controls. FRTG13 ttv00681b/CyO ubq::GFP was used as a source of
homozygous ttv null mutants (Bellaiche et al., 1998). Heterozygous con-
trols carried TM3 Ser GFP or CyO ubq::GFP balancer chromosomes with
wild-type sfl or ttv alleles, except for FM1-43 labeling (see Fig. 7) in which
mutant stocks were outcrossed to Oregon-R to generate sfl/� or ttv/�
heterozygotes. dlp1 st ry/TM6B, Tb and ru h dlp2 st ry e/TM6B, Tb or
Df(3L)fz.D21 were crossed to generate dlp mutants. sdc mutants were
created by crossing sdc10608/CyO ubq::GFP with Df(2R)48/CyO ubq::GFP.
For rescue of ttv mutants, strains bearing a Gal4 driver (elav-Gal4, G14-
Gal4, or da-Gal4 ), ttv00681b, and CyO ubq::GFP were crossed to FRTG13
ttv00681b/CyO ubq::GFP; UAS-ttv-myc. The genotypes of progeny ex-
pressing UAS-ttv-myc with a Gal4 driver are shown as elav�ttv-myc,

Figure 1. HSPGs are localized at the Drosophila NMJ. A–L, NMJs at muscles 6 and 7 were stained with 3G10 antibody (green) to display the localization of HSPGs and anti-HRP (red) to label
motoneuron processes. Scale bars, 10 �m. A–C, In wild-type animals, HS is highly enriched at the NMJ, including both type Ib and Is boutons, but it is also enriched on trachea (A, asterisk). At muscle
13 (C, inset), HS is found at type Ib boutons (large arrow) and Is boutons (small arrow), but not at type II boutons (arrowhead). D–I, 3G10 anti-HS staining is nearly eliminated in botv510/botv423 and
ttv00681b mutant animals. J–L, sfl9B4/sfl03844 mutants show normal levels of 3G10 antibody staining. M–R, NMJs at muscles 6 and 7 stained with anti-Dlp antibody (green) and anti-HRP (red). Scale
bars, 10 �m. M–O, Anti-Dlp staining is enriched at the NMJ and has a somewhat punctate appearance. It overlaps with anti-HRP staining, but has a broader distribution. The inset in O shows a type
Ib bouton (O, arrow) in which anti-Dlp staining mostly surrounds anti-HRP staining. P–R, There is no anti-Dlp staining in dlp1/dlp2 mutants, demonstrating specificity of the anti-Dlp antibody.
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G14�ttv-myc, or da�ttv-myc. Similar crosses were performed to express
UAS-mitoGFP or UAS-CD8::GFP. UAS-ttv-myc flies were a generous gift
from I. The (Utrecht University, Department of Developmental Biology,
Utrecht, The Netherlands); UAS-mitoGFP was obtained from M. O’Connor
(Department of Genetics, Cell Biology and Development, University of Min-
nesota, Minneapolis, MN). Other fly strains used are described in Flybase
and are available from the Bloomington Stock Center.

Antibodies and immunohistochemistry. Third-instar larvae were dis-
sected in ice-cold Ca 2�-free HL-3 saline (70 mM NaCl, 5 mM KCl, 20 mM

MgCl2, 10 mM NaHCO3, 5 mM trehalose, 100 mM sucrose, 5 mM HEPES,
pH 7.2) (Rawson et al., 2003). Larvae were fixed with Bouin’s fixative
(70% picric acid, 25% 37% formaldehyde, 5% glacial acetic acid) for
staining of NMJs with anti-Dally-like (30 min), anti-cytochrome c (5
min), and anti-glutamate receptor IIA (5 min). For staining with other
antibodies, larvae were fixed with 4% formaldehyde in PBS for 30 min.
Primary antibodies used were mouse anti-cysteine string protein (anti-
CSP) (kind gift from K. Zinsmaier, University of Arizona, Arizona Re-
search Laboratories Division of Neurology, Tucson, AZ) at 1:1000,
mouse anti-myc (Roche) at 1:100, mouse anti-binding Ig protein (BIP)
(Nventa Biopharmaceuticals) at 1:100, mouse anti-p120 (Calbiochem)
at 1:200, mouse anti-Dally-like (Developmental Studies Hybridoma
Bank) at 1:4, mouse anti-cytochrome c (BD Biosciences Pharmingen) at
1:50, and mouse anti-glutamate receptor IIA (anti-GluRIIA) (Develop-
mental Studies Hybridoma Bank) at 1:100. Staining was visualized with
Alexa Fluor-conjugated secondary antibodies (Invitrogen). For heparan
sulfate staining, larvae were dissected, fixed with Bouin’s fixative for 60
min, and treated with 20 mU of heparitinase I (Seikagaku) in hepariti-
nase I buffer (100 mM sodium acetate, 10 mM calcium acetate, pH 7.0) for
2 h at 37°C. After washing, samples were stained with 3G10 antibody

(Seikagaku) at 1:100. Anti-Dally-like, anti-myc,
and anti-heparan sulfate signals were amplified
with Tyramide Signal Amplification Fluores-
cence Systems (PerkinElmer). Larvae were
stained with fluorescein (FITC)-conjugated
goat anti-horseradish peroxidase (anti-HRP)
(Jackson ImmunoResearch Laboratories) at
1:50 to show axons and synaptic boutons (Bod-
mer et al., 1987). Images were captured with a
Nikon C1 confocal microscope and analyzed
with ImageJ 1.34 s and Adobe Photoshop. Iden-
tical confocal settings were used when imaging
mutant, rescued, and control samples to allow
direct comparisons.

Electrophysiology. Intracellular recordings
were performed as described previously (Raw-
son et al., 2003) with minor modifications.
Thin-walled glass intracellular electrodes were
filled with 3 M KCl and had resistances of 10 –20
M�. Preparations were immersed in room
temperature HL-3 saline containing 1.2 mM

Ca 2�. Miniature excitatory junction potentials
(mEJPs) at muscle 6 of the A2 or A3 hemiseg-
ment were collected for 1 min to derive an av-
erage frequency and strength of spontaneous
release. Excitatory junction potentials (EJPs)
were recorded by stimulating the nerve with 15
1 ms pulses at a frequency of 1 Hz and at a
strength 1.5 times that necessary to evoke the
compound response. Only recordings with
resting membrane potentials of at least �65 mV
were used. Recordings were acquired with an
Axonclamp 2B amplifier (Molecular Devices).
Mini Analysis program (Synaptosoft) was used
to analyze the recordings. The quantal content
for a given EJP was calculated by dividing the
evoked EJP amplitude by the mEJP amplitude,
and then adjusted for nonlinear summation of
EJPs (Martin, 1955).

Behavioral assay: muscle contraction assay.
Third-instar larvae were placed on a fresh agar

plate. For larvae undergoing continuous forward movements, the num-
bers of body wall contractions during 1 min were counted.

Electron microscopy. Third-instar larvae were dissected in Ca 2�-free
HL-3 saline and processed as described previously (Marqués et al., 2002).
Synaptic boutons between muscles 6 and 7 were examined using the
JEOL 1200-EXII transmission electron microscope and analyzed with
ImageJ 1.34 s. Three sfl03844 mutants and three Oregon-R control animals
were analyzed. Between 5 and 45 different sections were used to quantify
each phenotype.

Assay for vesicle recycling. Third-instar larvae were dissected in Ca 2�-
free normal saline (130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 36 mM su-
crose, 5 mM HEPES, pH 7.2). Boutons were stained in 1 �M FM1-43 in
high K � saline (75 mM NaCl, 60 mM KCl, 2 mM MgCl2, 36 mM sucrose,
1.5 mM CaCl2, 5 mM HEPES, pH 7.2) to depolarize the nerve (Ra-
maswami et al., 1994). Preparations were washed thoroughly in Ca 2�-
free normal saline to remove noninternalized dye. Images of synaptic
boutons at muscle 4 in segment A3 were captured using a Nikon Eclipse
E800 fluorescence microscope. Only synaptic boutons in focus were an-
alyzed with Adobe Photoshop and ImageJ 1.34 s.

Statistics. Numerical data are presented as mean � SEM. Student’s t
test was used to compare means between mutant and control groups;
significance is indicated as follows: *p � 0.01 and **p � 0.001 compared
with �/� (Oregon-R) and the relevant heterozygous control.

Results
HS is localized at the Drosophila NMJ
A variety of HSPGs are concentrated at the synapse of the verte-
brate NMJ (Jenniskens et al., 2006). These include agrin, which is

Figure 2. Functional analysis of sfl and ttv mutant synapses. A, Representative traces of evoked neurotransmission at abdom-
inal muscle 6 of wild type (�/�), sfl9B4/sfl03844 mutants, ttv00681b mutants, and ttv00681b mutant larvae expressing a UAS-ttv-
myc transgene driven by elav-Gal4, G14-Gal4, or da-Gal4. B, Average EJP amplitudes evoked in sfl or ttv heterozygous and mutant
animals, and in ttv mutant animals expressing UAS-ttv-myc as in A. In all graphs, error bars represent SEM. **p � 0.001 relative
to �/� and the relevant heterozygous control. Sample numbers (n) shown below the graph also apply to D. Both sfl and ttv
mutants display increased EJP amplitudes compared with heterozygous controls. Expression of Ttv-myc with elav-Gal4 or G14-
Gal4, but not da-Gal4, rescues the EJP amplitude of ttv mutants. C, Representative traces of spontaneous neurotransmission in
abdominal muscle 6 of animals with the same genotypes as in A. mEJP amplitudes are increased in sfl and ttv mutants, and rescued
by neuronal (elav-Gal4 ) or, to some extent, muscle (G14-Gal4 ) expression of Ttv-myc. D, Average mEJP frequency for the indi-
cated genotypes (as in B). sfl and ttv mutants have decreased mEJP frequencies relative to �/� and heterozygous controls; this
phenotype is rescued by UAS-ttv-myc expression with G14-Gal4 or da-Gal4, but not elav-Gal4 (Table 1).
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critical for clustering acetylcholine receptors in the postsynaptic
membrane (Hoch et al., 1994), and perlecan, a protein that binds
the collagen-tailed form of acetylcholinesterase (Arikawa-
Hirasawa et al., 2002). Two HSPGs have been localized to the
NMJ in Drosophila, Sdc and Dlp, a transmembrane and a GPI-
linked PG, respectively (Johnson et al., 2006). To evaluate the
distribution of HS at the Drosophila NMJ, we treated larval prep-
arations with heparitinase, which digests HS chains leaving de-
saturated uronate epitopes that are recognized by the monoclo-
nal antibody 3G10 (David et al., 1992). At body wall muscles 6
and 7 of third-instar larvae, substantial 3G10 antibody staining is
found on axons and synaptic boutons of the NMJ (also labeled
with anti-HRP) (Fig. 1A–C) as well as on tracheal branches, the
respiratory conducting elements (Fig. 1A, asterisk). Muscles 6
and 7 are innervated by two motoneurons that both use gluta-
mate as the neurotransmitter (Johansen et al., 1989). One mo-
toneuron forms larger type Ib boutons on muscles 6 and 7,
whereas the other makes smaller type Is boutons on these and
several adjacent muscles (Hoang and Chiba, 2001). Both the type
Ib and type Is-derived boutons are stained by 3G10 antibody. We
examined 3G10 staining at muscle 13 to evaluate HS localization
at type II boutons, which arise from a third type of motoneuron
and use multiple neurotransmitters (Hoang and Chiba, 2001).
HS is concentrated at type Ib and Is boutons of muscle 13 (Fig.
1C, inset, arrows), but there is little or no staining of type II
boutons (Fig. 1C, inset, arrowhead), demonstrating that HS pref-
erentially localizes to specific bouton types.

We used 3G10 antibody staining to evaluate the level of HS
remaining at the NMJ in third-instar larvae bearing mutations in
HS biosynthetic genes. These animals survive until the larval or
pupal stage by relying on maternally provided gene products. The
enzyme encoded by brother of tout velu (botv) initiates an HS
chain by adding N-acetylglucosamine (GlcNAc) to a tetrasaccha-
ride linker at specific sites on HSPG core proteins (Izumikawa et
al., 2006). The HS chain is extended by a copolymerase produced
from the tout velu (ttv) and sister of tout velu (sotv) genes (Izumi-
kawa et al., 2006). Next, N-deacetylase/N-sulfotransferase (en-
coded by sfl) modifies the chain by deacetylating GlcNAc and
introducing N-sulfate groups (Toyoda et al., 2000). We found no
3G10 staining at the NMJ in botv or ttv mutants (Fig. 1D–I), as
expected for animals that cannot initiate or extend an HS chain.
In contrast, sfl mutants exhibit normal 3G10 staining (Fig. 1 J–L),
showing that HS remains localized at these synapses even though
sulfation is dramatically reduced in these animals (Toyoda et al.,
2000).

We examined the localization of a particular HSPG, the glypi-
can Dlp, at the NMJ. Anti-Dlp antibody staining showed that Dlp
is concentrated in the region of the NMJ (Fig. 1M–O). Anti-Dlp
staining appears to surround the synaptic boutons detected by
anti-HRP staining, suggesting that Dlp may be present at higher
levels on the surface of the muscle cell at the NMJ. This staining is
lost in dlp mutant larvae (Fig. 1P–R).

The postsynaptic localization of Dlp protein contrasts with
the mostly presynaptic staining seen with 3G10 antibody, sug-
gesting that other presynaptic HSPGs are present at the NMJ. The
other HSPG known to localize to the NMJ, Sdc, is also reported to
show mostly postsynaptic staining (Johnson et al., 2006), again
begging the question of which PG is present at significant levels
presynaptically. To evaluate this issue, we used two approaches.
First, we used an antibody staining protocol that provided greater
penetration of the 3G10 antibody (0.3% Triton X-100) to im-
prove sensitivity, and second, we examined 3G10 staining in both
dlp and sdc mutant larvae. With this change in protocol, addi-

tional 3G10 staining is observed surrounding the synaptic bou-
tons in wild-type NMJs (supplemental Fig. S1A–F, available at
www.jneurosci.org as supplemental material). A significant por-
tion of this signal is lost in dlp mutants (supplemental Fig. S1G–L,
available at www.jneurosci.org as supplemental material), al-
though substantial presynaptic staining remains. In addition, dlp
mutants have almost no staining on the rest of the muscle cell
surface, suggesting that a low level of Dlp is normally present
there. In sdc mutants (supplemental Fig. S1M–R, available at
www.jneurosci.org as supplemental material), 3G10 staining at
and around the synaptic boutons was reduced, but not elimi-
nated; staining elsewhere in the muscle was unaffected. These
results demonstrate that Dlp and Sdc are both significant contrib-
utors to the HS found at the NMJ, but suggest the possibility that
other presynaptic HSPGs may also be present. Alternatively, Dlp
and Sdc may have significant presynaptic localization in addition
to their described levels postsynaptically.

HS biosynthetic mutants show defects in NMJ physiology
To assess the role of HS biosynthesis in synapse function, we
analyzed spontaneous and evoked neurotransmission in third-
instar larvae with mutations in HS biosynthetic genes. In re-
sponse to nerve stimulation, both ttv and sfl mutants exhibited
significantly increased EJPs compared with wild-type or het-
erozygous control larvae (20 –25% increase over controls) (Fig.
2A,B). Spontaneous release events (mEJPs) were also affected in
these mutants (Fig. 2C,D): mEJP frequency was substantially re-
duced in sfl and ttv mutants compared with heterozygous or wild-
type controls, suggesting that loss of HS biosynthesis affected the
spontaneous vesicle release probability in the motoneuron. We

Figure 3. Locomotion defects in HS biosynthetic mutants. Locomotion was quantified as the
number of muscular body contractions per minute during larval crawling. Error bars represent
SEM. **p � 0.001 relative to �/� and the relevant heterozygotes. (**)p � 0.001 compared
with ttv heterozygotes. Sample numbers ( n) are shown below the graph. Both sfl and ttv
mutants show a crawling defect. This defect is rescued in ttv mutants by Ttv-myc expression
with elav-Gal4 or G14-Gal4, but is not significantly rescued with da-Gal4.
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also found evidence for changes in postsynaptic responses in sfl
and ttv mutants (Fig. 2C). mEJP amplitudes were modestly in-
creased in sfl mutants relative to heterozygous and wild-type con-
trols (sfl mutants, 1.18, compared with sfl/TM3 heterozygotes,
0.79; p � 0.001; compared with �/�, 0.98; p � 0.05; TM3 is a
balancer chromosome bearing a wild-type sfl allele). mEJP am-
plitudes in ttv mutants were significantly elevated compared with
ttv/CyO controls (ttv mutants, 1.05; ttv/CyO heterozygotes, 0.82;
p � 0.001; CyO is a balancer chromosome bearing a wild-type ttv
allele); this phenotype was rescued by neuronal or muscle-
directed expression of a wild-type transgene ( p � 0.001 and 0.01,
respectively) (data not shown). Together, these electrophysiolog-
ical phenotypes indicate that HSPGs affect both presynaptic and
postsynaptic function.

The phenotypes of ttv and sfl mutants differ from those of dlp
mutants (Johnson et al., 2006) in that spontaneous neurotrans-
mitter release is affected as well as evoked responses. Thus, loss of
HS biosynthesis has broader effects on both presynaptic and
postsynaptic function at the NMJ than loss of a single HSPG. Loss
of sfl function had more severe effects on mEJP frequency and
amplitude than mutation of ttv, suggesting that lack of proper HS
modification can be more deleterious than loss of HS chains (see
below).

HS biosynthetic mutants have larval locomotion deficits
In addition to their electrophysiological phenotypes, we found
that ttv and sfl mutant larvae have defects in crawling behavior.
Larval crawling consists of repeated “strides” in which muscular
contractions propagate from one end of the body to the other. To
quantify the locomotion deficit, we counted the number of these
peristaltic contractions while larvae crawled on a flat surface.
Both sfl and ttv mutants had significantly reduced numbers of
contractions per minute in this assay (Fig. 3). As with some of the

physiological measures, crawling behavior was more severely af-
fected in sfl than ttv mutants.

Rescue of NMJ phenotypes by ttv transgene expression
To determine what cells require HS biosynthesis for normal NMJ
function, we sought to rescue ttv mutants with a ttv transgene. We
characterized the expression patterns of the Gal4 drivers for these
experiments using a membrane-tethered green fluorescent pro-
tein (GFP) reporter (UAS-CD8::GFP) (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material). elav-
Gal4, a common neuronal driver, drove GFP expression in the
CNS and in the motoneuron at the NMJ (supplemental Fig.
S2C,D, available at www.jneurosci.org as supplemental material).
In addition, elav-Gal4 directed a low level of GFP in muscle tissue
(supplemental Fig. S2D, inset, available at www.jneurosci.org as
supplemental material). G14-Gal4, which is described as a muscle
driver, drove strong expression of GFP at the NMJ and through-
out muscles 6 and 7 (supplemental Fig. S2F, available at www.
jneurosci.org as supplemental material). However, G14-Gal4 is
not solely muscle-specific, because we also observed high levels of
neuronal GFP in the mushroom bodies and lower levels in other
neurons in the brains of these animals (supplemental Fig. S2E,
available at www.jneurosci.org as supplemental material). da-
Gal4 is a strong ubiquitous driver, and gave very high levels of
GFP in all tissues examined (supplemental Fig. S2G,H, available
at www.jneurosci.org as supplemental material).

Expression of a myc-tagged form of Ttv with G14-Gal4 was
able to rescue ttv mutant animals to adulthood or to a later pupal
stage (Table 1). Expression of UAS-ttv-myc with elav-Gal4 also
improved viability, but expression with da-Gal4 did not. We eval-
uated HS biosynthesis in these animals by staining heparitinase-
treated NMJ preparations with 3G10 antibody. All three drivers
increased 3G10 staining, suggesting that HS synthesis was at least

Table 1. Summary of sfl mutant, ttv mutant, and ttv rescue phenotypes

Mutant phenotypes are shown in red; fully or partially rescued phenotypes are shown in blue. ND, Not determined.

*With no Gal4 driver present, there should be no expression of the UAS-ttv-myc transgene.

 description viability EJP 
amplitude 

mEJP
frequency 

locomotion HS level 
(3G10
staining) 

bouton 
number/ 
muscle
area 

FM1-43 
uptake 
(presynaptic 
endocytosis) 

cyt c  
(mitochondrial
marker)
in muscle 

BIP
(ER marker) 
in muscle 

p120  
(Golgi
marker)
in muscle 

sfl9B4/sfl03844 sfl mutant pupal lethal high low reduced normal normal increased reduced ND ND 

ttv00681b ttv mutant pupal lethal high low reduced severely 
reduced 

reduced increased reduced defect defect

ttv00681b;
UAS-ttv-myc

ttv mutant 
with ttv
transgene, 
no driver* 

pupal lethal 
(like ttv00681b)

high low reduced ND ND ND ND defect defect

ttv00681b;
elav>ttv-myc

ttv mutant 
with pan-
neuronal 
expression 
of ttv
transgene 

pupal lethal, 
but longer 
survival than 
ttv00681b

rescue low substantial 
rescue

restored
at
synapse 

rescue rescue reduced rescue partial 
rescue

ttv00681b;
G14>ttv-myc

ttv mutant 
with ttv
transgene 
expressed 
in muscles 

some adult 
escapers,
mostly pupal 
lethal

rescue rescue rescue partial 
rescue

rescue substantial 
rescue

partial rescue rescue,
more than 
+/+

rescue

ttv00681b;
da>ttv-myc

ttv mutant 
with 
ubiquitous 
high-level ttv
transgene 
expression 

pupal lethal 
(like ttv00681b)

high rescue reduced rescue reduced 
further
than
ttv00681b

partial 
rescue

ND partial 
rescue

defect
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partially restored (Fig. 4A–O). In elav-
Gal4�UAS-ttv-myc animals, HS appeared
to be localized primarily to the synapse.
G14-Gal4 and da-Gal4 gave similar or
even more substantial 3G10 staining at the
synapse, as well as additional staining in
the muscles and tracheal system. da-
Gal4�UAS-ttv-myc animals expressed
very high levels of Ttv-myc protein relative
to those with the G14-Gal4 driver, as
judged by anti-myc antibody staining (Fig.
4P–R). The failure to rescue viability sug-
gests that the HS chains in da-Gal4�UAS-
ttv-myc animals might be defective in
some way or that this level of Ttv protein is
somehow deleterious.

Expression of UAS-ttv-myc with these
same drivers rescued some of the electro-
physiological and behavioral phenotypes
of ttv mutants (Figs. 2, 3; Table 1), but
sometimes with surprising cell type re-
quirements for HS synthesis. For example,
the reduced mEJP frequency in ttv mu-
tants suggests a defect in presynaptic func-
tion, but this phenotype was rescued by
expression of UAS-ttv-myc using the
mostly muscle-directed G14-Gal4 driver
(Fig. 2D). Pan-neuronal expression with
elav-Gal4�UAS-ttv-myc did not increase
the mEJP frequency so G14-Gal4-driven
expression in neurons cannot be responsi-
ble for this rescue. Therefore, we conclude
that HS biosynthesis is required specifi-
cally in muscles for this motoneuron phys-
iological attribute. The elevated EJP am-
plitude of ttv mutants was substantially
rescued with either G14-Gal4 or elav-
Gal4�UAS-ttv-myc (Fig. 2B), suggesting
that neuronal expression of Ttv-myc may
be sufficient to restore normal muscle re-
sponses to motoneuron stimulation.
However, since elav-Gal4 gave a low level
of UAS-CD8::GFP expression in muscle
tissue (supplemental Fig. S1D, available at
www.jneurosci.org as supplemental mate-
rial), we cannot be completely certain
about the critical site(s) of HSPG action
for these phenotypes. Expression of Ttv-
myc using G14-Gal4 also restored normal
crawling behavior, whereas elav-Gal4 gave
substantial rescue (Fig. 3). The rescue of
these multiple electrophysiological and
behavioral defects by UAS-ttv-myc expression shows conclusively
that these phenotypes result from loss of ttv activity.

Expression of UAS-ttv-myc with the strong ubiquitous da-
Gal4 driver did not ameliorate ttv mutant phenotypes to the
same extent as the other drivers. da-Gal4-directed expression
rescued the mEJP frequency (Fig. 2 D), but did not reduce the
abnormally elevated EJP amplitude (Fig. 2 B), nor did it rescue
crawling behavior (Fig. 3). Clearly rescue of ttv mutants can-
not be achieved simply by a high level of ubiquitous Ttv ex-
pression but depends on careful control of the sites and level of
ttv product.

Morphological changes at the synapse of HS
biosynthetic mutants
To evaluate the importance of HS biosynthesis for synapse devel-
opment, we examined the morphology of the NMJ in sfl and ttv
mutant larvae (Fig. 5). ttv mutant synapses are reduced in size
and have significantly fewer boutons per unit muscle area com-
pared with controls (Fig. 5C,G), whereas sfl synapses are smaller
than normal but with no reduction in number of boutons relative
to muscle area (Fig. 5B,G). We also noted alterations in bouton
morphology: both sfl and ttv motoneuron boutons are bigger
than normal, with a reduced number of “buds” (Fig. 5A–C, in-

Figure 4. Rescue of HS biosynthesis by Ttv-myc expression. A–O, Anti-HRP (green) and 3G10 anti-HS (red) staining of NMJs at
muscles 6 and 7 from wild type, ttv mutants, or ttv mutants expressing Ttv-myc driven by elav-Gal4, G14-Gal4, or da-Gal4. The
penetration of the 3G10 antibody was increased by staining in buffer containing 0.3% rather than 0.1% Triton X-100, so the
tracheal staining in wild type (A, C) is more apparent than in Figure 1. The insets in G–O show larger images of boutons. Scale bar,
10 �m. D–F, 3G10 staining is lost in ttv00681b mutants. G–I, 3G10 staining is restored to synapses when Ttv-myc is expressed with
elav-Gal4. J–L, G14-Gal4 expression of Ttv-myc increases 3G10 staining primarily at synapses, and to a limited extent in the
muscles and trachea. Note that 3G10 staining appears to surround the synaptic boutons (insets). M–O, da-Gal4 expression of
Ttv-myc almost fully rescues 3G10 staining. P–R, Expression level of Ttv-myc as shown by anti-myc antibody staining (red) of
muscle 6 and 7 NMJs from ttv mutants expressing Ttv-myc with elav-Gal4, G14-Gal4, or da-Gal4. Anti-HRP staining is shown in
green. da-Gal4 gives extremely high levels of Ttv-myc expression relative to elav-Gal4 or G14-Gal4. Neuronal Ttv-myc (in elav-
Gal4�UAS-ttv-myc animals) should localize to the cell bodies, which are not visible in these images.
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sets). During larval growth, new boutons can be added to the
extending nerve terminals, with the result that larger boutons
sometimes display small buds known as satellites. In contrast to
normal synapses, we found that sfl and ttv synapses consisted
primarily of large boutons without any buds; a similar increase in
ttv bouton size was observed previously (Kraut et al., 2001). Our
results suggest that these mutants have some defect in initiating
new bouton formation, and are consistent with a role for HSPGs
in normal synapse growth.

We rescued the growth defect of ttv mutant synapses by pre-
synaptic and postsynaptic expression of UAS-ttv-myc. Expression
with either elav-Gal4 or G14-Gal4 increased the number of bou-
tons per unit muscle area to normal levels (Fig. 5G). Expression
with G14-Gal4 also restored a normal level of bouton budding
(Fig. 5E). In contrast, expression of UAS-ttv-myc with elav-Gal4
resulted in elevated bouton budding (Fig. 5D, inset), suggesting
that presynaptic overexpression of Ttv-myc causes too many new
buds to initiate. Ubiquitous overexpression of UAS-ttv-myc with
da-Gal4 had the opposite effect on synapse development: the
number of boutons relative to muscle area was significantly re-
duced compared with ttv mutants and we observed no bouton
budding (Fig. 5F). Overexpression of UAS-ttv-myc with da-Gal4
in a wild-type animal also reduced bouton number significantly
(5.01 � 10�4/�m 2 compared with 7.54 � 10�4/�m 2 for �/�;
p � 0.001); this effect was not seen with elav-Gal4 (8.44 � 10�4

boutons/�m 2; p � 0.12). Rather than rescuing the morphology,
the HS synthesized in da-Gal4�UAS-ttv-myc animals seems to
inhibit synapse growth, showing that appropriate Ttv expression
is critical for synapse development.

Abnormal synaptic ultrastructure in sfl mutants
To assess the morphology of HS-deficient synapses in greater
detail, we examined sfl mutants by transmission electron micros-
copy (TEM). The most striking phenotype we observed was a
change in the distribution of mitochondria in sfl mutant muscles.
In a wild-type synapse, mitochondria are densely packed beneath

the postsynaptic membrane near the boutons, but the number of
these mitochondria is grossly reduced in sfl mutant NMJs (Fig.
6A,B) (1.11/�m 2 compared with 1.82/�m 2 for �/�; p � 0.01).
The numbers of mitochondria in other parts of the muscle cell,
such as between the contractile fibers, were unaffected (Fig.
6C,D) (0.265/�m 2 compared with 0.325/�m 2 for �/�; p �
0.32), and mitochondrial numbers in motoneurons were un-
changed, based on counts of presynaptic mitochondria in TEM
sections (data not shown). Thus, the defect may represent a fail-
ure to properly localize or retain mitochondria in a specific re-
gion of the muscle cell.

sfl mutant synapses appeared to be normal in many respects,
with well aligned presynaptic and postsynaptic membranes. We
did not detect any changes in the number or morphology of
motoneuron active zones (Fig. 6E–J). This finding was con-
firmed by anti-NC82 staining, a marker for synaptic active zones
in Drosophila (our unpublished data). Boutons were surrounded
by a normal amount of subsynaptic reticulum, but sfl mutant
muscles had gaps in the membranous structures around 	40%
(17 of 44) of the boutons (Fig. 6, compare E, F, with G, H). These
enlarged postsynaptic “pockets” are similar to those seen in syn-
apses that developed under partial loss of Wingless (Packard et
al., 2002).

We also noted a change in the vesicle population of the pre-
synaptic cells. Wild-type and sfl boutons have similar numbers
and distributions of synaptic vesicles (35 nm in diameter), but sfl
mutants have reduced numbers of larger 70 nm vesicles, or cis-
ternae (Fig. 6E, I, arrows; compare with G, J). TEM characteriza-
tion of NMJs in animals with endocytosis defects has demon-
strated increased numbers of 70 nm cisternae; these intracellular
vesicular structures accumulate when endocytosis is compro-
mised and are presumed to be intermediates in synaptic vesicle
recycling (Wucherpfennig et al., 2003; Zhang, 2003). We ob-
served a greater than twofold reduction in the number of cister-
nae in sfl mutant terminals (0.46/�m 2 compared with 1.29/�m 2

Figure 5. Synapse morphology in HS biosynthetic mutants. A–F, Anti-HRP staining of muscle 4 NMJs from wild type, sfl or ttv mutants, and ttv mutants expressing UAS-ttv-myc driven by
elav-Gal4, G14-Gal4, or da-Gal4. Scale bar, 10 �m. The insets show larger views of terminal type Ib boutons. ttv mutants have fewer, larger boutons than controls, with fewer buds. sfl mutants also
have larger boutons with fewer buds. G14-Gal4�UAS-ttv-myc completely rescued ttv synapse and bouton morphology. elav-Gal4�UAS-ttv-myc rescued bouton number and size, but caused
increased bouton budding. da-Gal4�UAS-ttv-myc enhanced the ttv mutant phenotypes. G, Average numbers of boutons per unit muscle area for the indicated genotypes. Error bars represent SEM.
**p � 0.001 compared with �/� and the relevant heterozygote control. Sample numbers (n) are shown below the graph. ttv mutant synapses have fewer boutons than controls. This phenotype
is rescued by elav-Gal4 or G14-Gal4 driving Ttv-myc expression, and exacerbated by expression of Ttv-myc with da-Gal4 ( p � 10 �4 compared with ttv00681b mutants).
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for �/�; p � 0.001), suggesting that sfl
mutants have a vesicle trafficking defect.

sfl and ttv mutants have
endocytosis abnormalities
To directly assess membrane trafficking at
the Drosophila NMJ, we observed the in-
ternalization of a lipophilic dye, FM1-43,
after repetitive motoneuron stimulation.
Repeated low-frequency depolarization
mediated by incubation in high K� saline
results in selective uptake of this fluores-
cent dye into the recycling pool (also
known as the exo/endo pool) of synaptic
vesicles (Kidokoro et al., 2004; Rizzoli and
Betz, 2005). Using this assay, we found a
dramatic increase in FM1-43 fluorescence
in the motoneuron terminals of both ttv
and sfl mutants compared with wild-type
and heterozygous controls (Fig. 7A–C,G).
This increase depends on nerve stimula-
tion, because it did not occur when prepa-
rations were treated with FM1-43 without
high levels of K� (our unpublished obser-
vation). Mutant neurons showed no more
fluorescence than controls in the absence
of stimulation, demonstrating that muta-
tion of sfl or ttv does not affect membrane
affinity of FM1-43 or fluorescence of the
dye in the membrane (our unpublished
observation). Therefore, we conclude that
loss of HS biosynthesis or modification
produces an increase in activity-
dependent endocytosis at the NMJ. This
increase in endocytosis documented by
FM1-43 uptake is consistent with the de-
crease in the number of cisternae observed
by TEM: both of these phenotypes are op-
posite to those observed in endocytic mu-
tants (Wucherpfennig et al., 2003; Zhang,
2003). We did not see a change in the over-
all number of synaptic vesicles in sfl mu-
tants by TEM; however, the recycling pool
labeled by our FM1-43 protocol is re-
ported to represent a modest proportion (14 –19%) of all synap-
tic vesicles (Delgado et al., 2000; Rizzoli and Betz, 2005) so an
increase in this portion of the total vesicle pool might not be
apparent.

To confirm that the stimulus-dependent increase in FM1-43 up-
take is mediated by loss of HS biosynthesis, we demonstrated that the
elevated level of FM1-43 internalization found in ttv mutants is re-
stored to normal by elav-Gal4-directed expression of UAS-ttv-myc
(Fig. 7D,G). FM1-43 uptake is rescued to somewhat lesser degrees
by muscle-directed (G14-Gal4) or ubiquitous expression (da-Gal4)
(Fig. 7E–G). These rescue experiments support the conclusion that
HSPGs serve to limit synaptic vesicle recycling at the NMJ.

Morphological changes in muscle cells of HS
biosynthetic mutants
The TEM analysis of sfl mutants showed that the muscles of these
animals have a number of morphological abnormalities, in par-
ticular a maldistribution of mitochondria beneath the cell surface
in the vicinity of synaptic boutons. To further explore this phe-

notype, we examined both sfl and ttv mutant NMJs using a
mitochondria-specific antibody (anti-cytochrome c) and a
mitochondrial-directed GFP marker (mito-GFP). Anti-
cytochrome c staining of wild-type NMJs revealed the concentra-
tion of mitochondria surrounding the motoneuron boutons, as
well as some enrichment around nuclei (Fig. 8A–C). Confirming
our TEM analysis, neither sfl nor ttv mutants show a concentra-
tion of anti-cytochrome c staining surrounding type Ib synaptic
boutons (Fig. 8D–G,J). Muscle-directed (G14-Gal4) expression
of UAS-ttv-myc in ttv mutants partially restored the staining
around boutons and nuclei, whereas elav-Gal4�UAS-ttv-myc
had little effect (Fig. 8G–L). Mitochondrial number in the pre-
synaptic terminals of sfl mutants is unaltered as measured by the
levels of Mito-GFP (Fig. 8M,N), a result confirmed by direct
counts of mitochondria in TEM sections of sfl nerve terminals
(our unpublished data). Thus, HS biosynthetic mutations specif-
ically affect mitochondrial localization in the postsynaptic cell
near the motoneuron boutons.

The abnormalities in mitochondrial distributions in the mus-

Figure 6. Ultrastructure of sfl mutant synapses. A, B, Electron micrographs showing synaptic boutons (large arrowheads) and
the underlying muscle in wild-type and sfl03844 mutant NMJs. Wild-type NMJs have an abundance of mitochondria (arrow)
between the boutons and the contractile fibers of the muscle, but sfl mutants have significantly fewer. Scale bar, 1 �m. C, D,
Electron micrographs showing the contractile muscle fibers from wild-type and sfl mutant animals (same scale as in A and B).
Similar numbers of mitochondria (arrows) are found within the contractile apparatus of sfl mutant muscles as in wild type. E–H,
Higher-magnification views of boutons from wild-type and sfl mutant animals. Scale bars: E, G, 0.5 �m; F, H, 0.1 �m. The arrows
in E point to 70 nm cisternae, which are more numerous in wild type than in sfl mutants. The arrows in G point to enlarged pockets
between the postsynaptic membrane and the subsynaptic reticulum in sfl mutants. I, J, Electron micrographs showing synaptic
vesicles near active zones in wild type and sfl mutant NMJs. Scale bar, 0.1 �m. Numerous 35 nm vesicles are seen in both
genotypes, but sfl mutants have fewer 70 nm cisternae (arrows) than controls.
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cles of sfl and ttv mutants prompted us to examine other mem-
brane compartments in muscle cells. We used anti-BIP antibod-
ies to visualize endoplasmic reticulum (ER) and anti-p120 as a
Golgi marker (Sanyal et al., 2005; Tsruya et al., 2007). ttv mutants
show a marked reduction in the level of anti-BIP immunostain-
ing (Fig. 9A,B); BIP levels in the muscle are rescued by expression
of a UAS-ttv-myc transgene in neurons with elav-Gal4, and in-
creased above normal levels by muscle (G14-Gal4) expression
(Fig. 9C,D). Golgi organization is also altered in ttv mutant mus-
cles, with dramatically reduced levels of p120 that can be rescued
with G14-Gal4-directed expression of UAS-ttv-myc, or partially
rescued with elav-Gal4 (Fig. 9E–H). It should be emphasized that
these changes in intracellular membrane organization are not a
consequence of compromising cell viability: the muscle cells of

HS biosynthetic mutants show a normal
membrane potential and an increased EJP
in response to motoneuron stimulation.
These findings demonstrate that the loss of
heparan sulfate affects intracellular mem-
brane organization. They suggest that
HSPGs participate in intracellular com-
partment or membrane trafficking, either
directly, or indirectly by affecting signaling
between the muscle and the motoneuron.

Discussion
Our analyses of Drosophila HS biosyn-
thetic mutants demonstrated that proper
HS synthesis is important for many facets
of NMJ structure and function. Defects in
HS biosynthesis affected synapse growth
and the formation of new boutons, dis-
turbed both spontaneous and evoked elec-
trophysiological properties, and produced
locomotion defects in mutant animals. No-
tably, loss of HS also increased synaptic ves-
icle endocytosis and had profound conse-
quences for intracellular organization in the
muscle cell, suggesting that HSPGs normally
regulate membrane trafficking and organelle
localization both in neurons and muscles.

Mutations affecting different aspects of
HSPG biosynthesis cause
distinct phenotypes
The consequences of losing HS biosynthetic
functions were broader and more substan-
tial than the previously reported defects
caused by loss of the individual HSPGs Sdc
or Dlp. Johnson et al. (2006) found that both
Sdc and Dlp contribute to synaptic develop-
ment, but Sdc specifically promotes synapse
growth, whereas Dlp influences active zone
morphology. dlp mutants show defects in
synapse physiology as well: muscle responses
to nerve stimulation are substantially in-
creased, although spontaneous neurotrans-
mitter release is normal. Although HS bio-
synthetic mutants had features resembling
both sdc and dlp mutants (for example, ttv
mutants have a similar reduction in synapse
size as sdc mutants, and increased EJP ampli-
tudes like dlp mutants), sfl and ttv also affect
spontaneous neurotransmission, unlike dlp.

Also, there were no apparent changes in active zone morphology in
sfl mutants like those caused by loss of dlp. These differences indicate
that sfl and ttv mutants have some defects distinct from those caused
by loss of individual HSPGs.

Our analysis of mutants affecting either HS chain synthesis or
sulfation shows that their phenotypes are not precisely the same;
in fact, loss of sulfation has more severe consequences for spon-
taneous neurotransmission and locomotion than simple loss of
HS chains. Although we cannot know precisely the level of gene
function that remains in these animals, either from maternal con-
tributions or some residual gene activity of the mutant alleles
[both described as genetic nulls (Bellaiche et al., 1998; Lin and
Perrimon, 1999)], we have conducted biochemical and structural

Figure 7. Endocytosis abnormalities in HS biosynthetic mutants. A–F, Images of FM1-43 dye uptake in synapses at muscle 4 of
wild type, sfl or ttv mutants, and ttv mutants expressing UAS-ttv-myc with elav-Gal4, G14-Gal4, or da-Gal4. Scale bar, 10 �m. G,
Average FM1-43 uptake for the indicated genotypes. Error bars represent SEM. ** /*p � 0.001 relative to �/� and � 0.01
relative to sfl/�; **p � 0.001 compared with �/� and ttv00681b/�. Sample numbers (n) are shown below. sfl and ttv mutant
synapses show substantial increases in vesicle recycling as measured by FM1-43 uptake. This phenotype is rescued by expression
of Ttv-myc with elav-Gal4, G14-Gal4, and, to a lesser extent, da-Gal4.
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analysis of the HS chains in the third-
instar larvae of these mutants and showed
that the levels of HS were reduced at least
15-fold in ttv and sulfated HS was undetect-
able in the sfl alleles used (Toyoda et al.,
2000). These observations suggest that the
unmodified HS chains in sfl mutants have
more deleterious biological activities than
the few or shortened HS chains that remain
in ttv mutants. Proteoglycans carrying un-
sulfated chains may localize correctly in cells
(as reflected in the normal 3G10 staining
pattern in sfl mutants), but may fail to bind
critical partner proteins or interfere with
normal HSPG functions.

Appropriate HS biosynthesis is required
for normal NMJ structure and function
We determined the cell type requirement
for HS biosynthesis by rescue experiments
with ttv mutants. One surprising finding
was that widespread high-level expression
of ttv� did not provide full rescue. Indeed,
ttv; da-Gal4�UAS-ttv-myc animals
showed significantly less rescue than mu-
tants with only neuronal or muscle expres-
sion of UAS-ttv-myc, and synapse size was
reduced even further in these animals than
in ttv mutants. Since overexpression of
Ttv-myc with da-Gal4 in an otherwise
wild-type animal also reduced synapse
size, we conclude that high levels of Ttv
protein are detrimental in some way. Ttv is
part of a copolymerase with Sotv (Han et
al., 2004; Izumikawa et al., 2006); excessive
levels of Ttv may enhance HS polymeriza-
tion (Busse et al., 2007) or interfere with
the activity of this protein complex. In ad-
dition to potential changes in HS chain
length produced by overexpression of Ttv,
these polymers may have aberrant levels or
patterns of sulfation (Presto et al., 2008).

Our rescue analysis showed some unex-
pected tissue requirements for HS synthesis.
Most strikingly, the reduced mEJP fre-
quency of ttv mutants, a presynaptic defect,
was rescued by muscle rather than neuronal
expression of ttv�, demonstrating that HS biosynthesis in muscle is
critical for a motoneuron property. In addition, G14-Gal4-driven
expression rescued other neuronal phenotypes such as synapse
growth and activity-dependent endocytosis, which were also ame-
liorated with elav-Gal4. Conversely, neuronal expression of UAS-
ttv-myc restored normal BIP staining and rescued other muscular
defects. Although we cannot rule out rescue by the very low level of
elav-Gal4-driven expression in muscle cells, neuronal HS synthesis
appears to be critical for muscle integrity. These results may reflect
the need for HS molecules on the surface of one synaptic partner
modulating activities in the other cell (Marqués, 2005).

The organization of intracellular organelles is altered in HS
biosynthetic mutants
The localization of mitochondria beneath the postsynaptic mem-
brane was abnormal in HS biosynthetic mutants, as shown both

by TEM and anti-cytochrome c staining. The defect was specific
to the vicinity of the boutons, because mitochondrial distribu-
tions within the muscle contractile fibers were normal, as were
levels of mitochondria in the presynaptic terminal. This pheno-
type was substantially rescued in ttv mutants by expression of a
wild-type transgene in muscle, suggesting there is a cell-
autonomous requirement for HS production to maintain normal
mitochondrial organization in the postsynaptic cell. Presynaptic
targeting of mitochondria to axon terminals has been well docu-
mented (Stowers et al., 2002; Guo et al., 2005; Glater et al., 2006);
anterograde transport depends on kinesin motors and microtu-
bules, whereas anchoring in response to nerve growth factor and
phosphoinositide 3-kinase signaling appears to require F-actin
(Chada and Hollenbeck, 2004; Hollenbeck and Saxton, 2005;
Frederick and Shaw, 2007). Less is known about the importance
of postsynaptic mitochondrial localization, although the devel-

Figure 8. Abnormal mitochondrial localization in muscles of HS biosynthetic mutants. A–L, Muscle 6 and 7 NMJs stained with
anti-cytochrome c (red) to visualize mitochondrial localization and anti-HRP (green) to label motoneuron processes. The images
in C and F are single confocal images from the superficial region of the NMJ near the boutons; other images are composites
showing staining from the surface of the boutons down into the contractile apparatus of the muscle. Scale bar, 10 �m. A–C, In
wild-type NMJs, mitochondria are enriched in the vicinity of the boutons and around nuclei (arrows), but are also distributed
throughout the muscle. D–G, J, sfl and ttv mutants do not show the normal enrichment of mitochondria around type Ib boutons
and nuclei. H, I, K, L, Expression of Ttv-myc with G14-Gal4, but not elav-Gal4, restores significant cytochrome c staining. M, N,
NMJs from muscles 6 and 7 of sfl heterozygous or mutant animals expressing a mitochondrial GFP fusion protein (green) driven by
elav-Gal4. Anti-CSP staining (red) labels boutons. Scale bar, 10 �m. Mitochondrial localization is unaffected in sfl mutant neurons.
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opment and plasticity of dendritic spines depends on mitochon-
drial distribution (Li et al., 2004). HSPGs could influence mito-
chondrial organization at the NMJ by affecting extracellular
signaling events, such as that described in axon terminals in
which nerve growth factor signaling recruits axonal mitochon-
dria to specific sites (Chada and Hollenbeck, 2004; Hollenbeck
and Saxton, 2005; Frederick and Shaw, 2007). Alternatively,
HSPGs could affect mitochondrial transport within cells, or in
some way regulate the fission and fusion events that are a critical
feature of mitochondrial biology (Cerveny et al., 2007).

We found that levels of the ER-resident protein BIP and the
Golgi protein p120 were reduced in the muscle cells of HS bio-
synthetic mutants. Expression of a wild-type transgene in either
neuron or muscle restored the levels of these ER and Golgi mark-
ers, demonstrating that the loss of HS caused these cellular phe-
notypes. Given that HS-modified proteins are primarily known
as molecules of the cell surface and the extracellular matrix, these
changes in cellular organization and mitochondrial localization
were, on the face of it, surprising. However, there is growing
evidence that the activity of HSPGs is not limited to events in the
extracellular space or at the plasma membrane. For example,
HSPGs, synthesized in the Golgi, may affect the biosynthesis of
other protein components destined for secretion or delivery to
the cell surface, perhaps serving as a scaffolding molecule within
the Golgi. The cellular phenotypes of Ndst2 mutant mice support
this model. Ndst2 encodes a sulfotransferase critical for synthesis
of heparin, the highly sulfated form of heparan sulfate that is a
component of mast cell secretory vesicles. In addition to lacking
heparin, mast cells from Ndst2 mice lack a number of proteases
that are normally found within secretory granules; this protease
defect is posttranslational, suggesting that proper biosynthesis of
secretory granule components depends on the ability to make
heparin (Forsberg et al., 1999; Humphries et al., 1999). If HSPGs
serve as molecular scaffolds for a variety of membrane-associated
proteins, loss of HS biosynthesis could affect other cellular com-
partments as well as secretory granules.

HSPGs may also affect intracellular organization via effects on
membrane trafficking, particularly endocytosis. We found that
the rate of synaptic vesicle recovery measured by FM1-43 dye
internalization was more than doubled in HS biosynthetic mu-

tants compared with controls. This increase in endocytosis was
entirely corrected by expression of the wild-type transgene in
neurons, and mostly corrected by muscle-driven expression. The
number of 70 nm cisternae, presynaptic vesicles known to be
affected by rates of endocytosis (Wucherpfennig et al., 2003;
Zhang, 2003), found in sfl mutants also support the conclusion
that HSPGs limit the recovery of synaptic vesicles. A few previous
studies have implicated HSPGs in other endocytic and trafficking
processes. For example, Syndecan-2 participates in trafficking of
membrane proteins such as FGF receptor and �1-integrin in cul-
tured cells (Zimmermann et al., 2005). Dlp promotes internaliza-
tion of the lipid-modified morphogens Hedgehog and Wingless
(Gallet et al., 2008), perhaps by association with lipoprotein par-
ticles (Eugster et al., 2007). HSPGs also play important roles in
lipoprotein uptake by the liver: selective loss of Ndst1 in hepato-
cytes greatly reduces uptake of triglyceride-rich lipoprotein par-
ticles, leading to elevated serum triglyceride levels (MacArthur et
al., 2007). Clearly, additional studies will be required to elucidate
the mechanisms of these complex effects of HSPGs on trafficking
and cellular organization.
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