
Regulation of Synaptic Plasticity and Synaptic Vesicle Dynamics by
the PDZ Protein Scribble

John P. Roche,* Mary C. Packard,* Stephanie Moeckel-Cole, and Vivian Budnik

Department of Biology, Molecular and Cellular Biology Program, University of Massachusetts, Amherst, Massachusetts
01003

The Drosophila tumor suppressor Scribble (Scrib) is a PDZ-
containing protein required for maintaining epithelial cell polar-
ity. At the larval neuromuscular junction, Scrib colocalizes and
indirectly interacts with another tumor suppressor and PDZ
protein, Discs-Large (Dlg). Previous studies demonstrate that
Dlg is critical for development of normal synapse structure and
function, as well as for normal synaptic Scrib localization. Here
we show that Scrib is also an important regulator of synaptic
architecture and physiology. The most notable ultrastructural
defect in scrib mutants is an increase in the number of synaptic
vesicles in an area of the synaptic bouton thought to contain
the reserve vesicle pool. Additionally, the number of active
zones is reduced in scrib mutants. Functionally, the scrib syn-

apse behaves relatively normally at low-frequency stimulation.
However, several forms of plasticity at this synapse are drasti-
cally altered in the mutants. Specifically, scrib mutants exhibit
loss of facilitation and post-tetanic potentiation, and faster
synaptic depression. In addition, FM1–43 imaging of recycling
synaptic vesicles shows that vesicle dynamics are impaired in
scrib mutants. These results identify Scrib as an essential
regulator of short-term synaptic plasticity. Taken together, our
results are consistent with a model in which Scrib is required to
sustain synaptic vesicle concentrations at their sites of release.
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Scaffolding proteins are crucial for the correct localization of
synaptic proteins (Koh et al., 2000; Sheng, 2001; Sheng and Sala,
2001). They are typically composed of multiple protein-binding
domains and hence are important in forming a linked network of
synaptic constituents and the underlying cytoskeleton. This link-
ing of proteins is thought to be important for the spatial conver-
gence of synaptic signaling mechanisms, for increased speed and
accuracy of synaptic transmission, and for regulatory mechanisms
required in synapse plasticity. Indeed, colocalization of trans-
membrane receptors with cytoplasmic signaling components via
their interaction with scaffolding proteins has been documented
in numerous studies. A prominent example is the mammalian
scaffolding protein PSD-95, which is believed to link NMDA
receptors to a Ras signaling pathway by simultaneously binding
the C terminus of NMDA receptor subunits and a synaptic
Ras–GTPase-activating protein SynGAP (Chen et al., 1998; Kim
et al., 1998).

Studies in both mammalian and insect preparations have iden-
tified members of the PSD-95 family, including the Drosophila
protein Discs-Large (Dlg), as central elements in the maturation
and plasticity of glutamatergic synapses (Lahey et al., 1994; Kor-
nau et al., 1995; Kim and Sheng, 1996). At these synapses,
PSD-95 and Dlg bind and localize a number of synaptic constit-

uents critical for initiation and maintenance of synaptic plasticity,
including NMDA and kainate receptor subunits and the cell
adhesion molecule Fasciclin II (Kornau et al., 1995; Niethammer
et al., 1996; Thomas et al., 1997; Garcia et al., 1998). We have
recently demonstrated that at synapses Dlg also interacts with a
novel PDZ scaffolding protein, Scribble (Scrib), through simulta-
neous binding of both the guanylate kinase domain of Dlg and the
PDZ2 domain of Scrib to the synaptic protein GUK-holder
(Gukh) (Mathew et al., 2002).

Scrib is a 1731 amino acid cytoplasmic protein first character-
ized in epithelial cells where it plays a central role in maintaining
apical polarity and in tumor suppression (Bilder and Perrimon,
2000; Bilder et al., 2000). Scrib contains several consensus binding
motifs including a set of 16 leucine-rich repeats and 4 PDZ
domains. In wild-type synapses, Scrib is tightly colocalized with
Dlg, a protein associated with both presynaptic and postsynaptic
membranes. However, loss-of-function mutations in dlg and gukh
lead to a striking mislocalization of Scrib at the neuromuscular
junction (NMJ) (Mathew et al., 2002).

Here we examined both the structure and physiology of scrib
mutant synapses to understand the synaptic function of Scrib and
to determine whether the defects in structural plasticity in dlg
mutants might result from the loss of synaptic Scrib function. Our
studies show that in scrib mutants short-term synaptic plasticity is
severely impaired. Ultrastructural analysis of scrib synapses, in
vivo labeling of activity-dependent vesicle recycling, and func-
tional studies using high-frequency stimulation are all consistent
with a model by which vesicle dynamics are disrupted in scrib
mutants. Our results point to a novel role for scaffolding proteins
in sustaining synaptic vesicle concentrations at their sites of
release during high-frequency stimulation, an important process
involved in many forms of synaptic plasticity.
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MATERIALS AND METHODS
Flies. The following fly strains were used in these studies: (1) mutations
in scrib [scrib1, scrib2, and Df(3R)Tl-x, a deficiency of the scrib region
(Bilder and Perrimon, 2000; Bilder et al., 2000)], (2) Gal4 driver strains
BG487 and C380 (Koh et al., 1999), (3) UAS-Scrib (Bilder and Perrimon,
2000), and (4) the wild-type strain Canton S (CS).

Electron microscopy. For transmission electron microscopy and mor-
phometric analysis of synapses, body wall muscles from different geno-
types were processed as described previously (Jia et al., 1993; Torroja et
al., 1999). Comparisons between genotypes were performed in animals
processed for EM simultaneously, and in at least two separate experi-
ments. Synaptic boutons from muscles 6 and 7 (segments A2 and A3) in
early to mid third instars were serially sectioned, and the section of
largest area (defined as the bouton midline) was used for quantitative
analysis (Thomas et al., 1997; Koh et al., 1999). To determine vesicle
density, vesicles at the bouton midline cross section were counted, and
the number of vesicles was divided by the area of the cross section. To
determine the number of vesicles in the readily releasable vesicle pool
(RRP), semi-circumferences with radii at 100, 150, and 200 nm from the
intersection of the T-shaped active zone and the presynaptic membrane
were traced (see Fig. 4 A), and the number of vesicles within or inter-
sected by each semi-circumference was counted. To determine subsyn-
aptic reticulum (SSR) length, electron micrographs were printed at
30,000–60,000� the SSR traced, scanned, and analyzed using NIH
Image as described previously (Budnik et al., 1996; Thomas et al., 1997).
The number of preparations ( N) and number of boutons serially sec-
tioned (n) and analyzed for each genotype are in the legend to Figure 2.

Electrophysiology. All recordings were done in muscle 6, abdominal
segment 2 or 3, of wandering third instar larvae. Dissections were done
in ice-cold HL-3 (Stewart et al., 1994) solution containing 300 �M Ca 2�.
HL-3 solution composition was as follows (in mM): NaCl 70, KCl 5,
MgCl2 20, NaHCO3 10, trehalose 5, HEPES 5, sucrose 115. Ca 2� was
added at various concentrations as indicated in Results. HL-3 solution
was superfused continuously through the recording chamber throughout
the duration of the experiment. Recordings were done in voltage-clamp
mode using an Axoclamp 2A amplifier (Axon Instruments), filtered at 1
kHz, and digitized with an Instrutech ITC-16 computer interface using
Pulse software (HEKA electronics). Both evoked and spontaneous
events were analyzed with Mini Analysis software (Synaptosoft Inc.).
Stimulation was performed with a Grass S88 stimulator via a AgCl2 wire
in a glass suction electrode. Nerves were stimulated for 0.3 msec at 1.5�
a voltage sufficient for maximal synaptic current. Muscles were held at
�70 mV.

FM1–43 labeling. Larvae were dissected in HL-3 containing 0.1 mM
Ca 2� (low-Ca 2� saline) and incubated in high K � HL-3 saline, adjusted
to maintain osmolarity (in mM): NaCl 40, KCl 90, CaCl2 1.5, MgCl2 20,
NaHCO3 10, trehalose 5, HEPES 5, sucrose 5, and containing 5 �M
FM1–43 for 2 min at room temperature. Samples were then washed three
times with low Ca 2� saline for 5 min each and fixed for 10 min in 4%
paraformaldehyde fixative. After washing with PBS, samples were
mounted in Vectashield mounting medium and imaged using a Bio-Rad
MRC 600 confocal. Samples were subsequently demounted and pro-
cessed for anti-HRP immunocytochemistry to visualize the presynaptic
arbor as in Thomas et al. (2000). For quantification of FM1–43 staining
intensities, samples were processed simultaneously and imaged using the
confocal microscope using identical acquisition parameters. Background
intensity (noise) was measured in NIH Image by tracing a line of 100 �m
across the muscle in a region devoid of boutons and measuring mean
intensity (in 0–256 gray scale). Signal intensity at boutons was deter-
mined by tracing four lines at 90° to each other from the center of the
bouton to the end of the bouton rim and measuring the maximum signal
intensity (in a 0–256 gray scale).

RESULTS
Scrib mutants have altered synaptic structure,
including abnormal vesicle distribution
Previous studies have shown that mutations in dlg lead to prom-
inent defects in both synapse structure and function. At the
ultrastructural level these defects include an increase in bouton
size and number of active zones, as well as a poorly developed
SSR, an elaborate folding of the postsynaptic membrane at the
NMJ (Budnik, 1996; Thomas et al., 1997). Dlg is colocalized with
the PDZ-protein Scrib (Fig. 1A–C), and mutations in dlg also

result in severe mislocalization of synaptic Scrib (Mathew et al.,
2002). In contrast, although localization of Scrib to the NMJ is
completely disrupted in scrib mutants, the localization of Dlg is
not affected (Fig. 1D–F). Analysis of the NMJs in scrib mutants
has shown that the general morphology is not affected (Mathew
et al., 2002). We hypothesized that some of the defects in dlg
mutants might be the consequence of Scrib mislocalization. This
hypothesis was tested by serially sectioning type I synaptic bou-
tons in several scrib mutant allelic combinations and examining
their ultrastructure using electron microscopy. We found that the
synaptic structure in these mutants was drastically altered; how-
ever, these defects were quite distinct from those in dlg mutants.
One of the most prominent defects was an abnormally high
density of synaptic vesicles (Fig. 2A,B). In wild type, synaptic
vesicles are organized into at least two pools: a pool in direct
proximity to the T-shaped active zones [thought to represent the
readily releasable pool (RRP)], and a pool localized in a broad
area at the periphery of the entire synaptic bouton [representing
the reserve vesicle pool (RP)] (Kuromi and Kidokoro, 1998).
Typically, the central region of the bouton is devoid of synaptic
vesicles and contains endosomes and mitochondria, as well as
other nonvesicular material (Fig. 2A). In contrast, boutons in the
null allele scrib2 and scrib2/Df, but not those from the less severe
allele scrib1, were filled with synaptic vesicles and lacked an empty
core (Fig. 2B). The number and area of mitochrondrial profiles,
however, was unchanged in scrib mutant boutons (data not
shown). Overall, in these mutants there was a significant increase
in synaptic vesicle density, as measured by determining the total
number of vesicles at the central cross section of the boutons
divided by the area of this cross section (Fig. 3). In addition to this
striking defect in vesicle distribution and density, many boutons
contained morphologically abnormal vesicular material at the
core (Fig. 2D, asterisk and inset).

To determine whether both the RRP and the RP were affected
in scrib mutants, we counted the number of vesicles in an area 100,
150, and 200 nm around the active zone, which likely encompasses
the RRP (Fig. 4A). We found that the number of vesicles in these

Figure 1. Scrib colocalizes with Dlg. A–C, Confocal micrographs of
wild-type third instar larval NMJ at muscles 6 and 7 double labeled with
anti-Scrib (A) and anti-Dlg ( B). In C, both panels have been merged.
D–F, NMJ in scrib2 mutant showing absence of Scrib immunoreactivity
(D) and normal Dlg immunoreactivity ( E) in this mutant. In F, both D
and E have been merged. Scale bar, 10 �m.
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areas of scrib2/Df mutant boutons was not significantly different
from wild type (Fig. 4B–F). Thus, it is the distribution and density
of the RP that appear to be specifically affected in scrib mutants.

In addition to the defect in the RP, the average number of
active zones in both scrib2 and scrib2/Df was slightly lower than
wild type, although this difference was statistically different only
at scrib2 homozygous boutons (Fig. 3). Unlike dlg mutants, the

SSR appeared normal, and neither the number of SSR layers nor
the SSR density was significantly different from wild-type controls
(data not shown). This is in contrast to the observations in severe
dlg mutants, in which the number of active zones is increased
several fold and the SSR length is reduced (Budnik et al., 1996;
Thomas et al., 1997).

Another phenotype in scrib mutants was the presence of an
abnormally thick basal lamina (Fig. 2B–D). In �30% of boutons
examined, the muscle basal lamina appeared to be composed of
several layers of normally sized basal lamina (Fig. 2C). However,
at the majority of scrib mutant boutons, the basal lamina had a
uniform electron density (Fig. 4B,D). These data suggest that
scrib is involved in the normal development of several aspects of
synapse structure.

We next attempted to rescue the above mutant phenotypes by
expressing transgenic Scrib in motor neurons and muscles of
scrib2 mutants, using the Gal4 drivers C380 and BG487 (Koh et
al., 1999). We found that in these transgenic animals the density
of synaptic vesicles was significantly decreased from the levels
found in scrib mutants. In fact, the density of synaptic vesicles was
significantly lower even than the densities in wild-type boutons. A
similar effect was seen when analyzing the number of active
zones, which was significantly higher than not only scrib mutants
but also wild-type boutons (Fig. 3). These data suggest that
expression of Scrib in the mutant background not only rescues the
scrib mutant defect, but causes a new phenotype in the opposing
direction and likely results from an overexpression of Scrib com-
pared with wild type. In contrast, the defect in the basal lamina
was only partially rescued by transgenic Scrib expression. Thus,
both the synaptic vesicle density and the number of active zones

Figure 2. Synaptic ultrastructure is altered in scrib mutants. Electron
micrographs of type I synaptic boutons in wild-type (A) and scrib2/Df
third instar (B) larvae, showing the decrease in bouton size and increase
in both vesicle density and basal lamina thickness in scrib mutants. C,
High-magnification view of the synaptic basal lamina in a scrib2 mutant
showing several layers of basal lamina. D, Abnormal vesicle-like material
at the core of scrib2 mutant boutons is indicated with an asterisk and
shown at higher magnification in inset. b, Bouton; bl, basal lamina; SSR,
subsynaptic reticulum; arrow, active zones. Scale bar (shown in A): A, B,
D, 1 �m; C, inset, 0.6 �m.

Figure 3. Morphometric analysis of synaptic boutons in wild-type and
scrib mutants. A, Vesicle density (number of vesicles/cross-sectional area).
B, Number of active zones per cross-sectional area. C, Basal lamina
thickness. D, Cross-sectional area. Asterisk represents significant differ-
ence; Student’s t test; p � 0.01. All measurements were performed at the
cross section of the bouton midline. The numbers of boutons quantified
are 17 boutons in two wild-type preparations and 16 boutons in four scrib2

preparations.
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can be modified in either direction by manipulating the concen-
tration of Scrib at the synapse.

scrib mutants have abnormal spontaneous release but
normal evoked release
To understand the physiological significance of the structural
defects observed in scrib mutants, we next examined synaptic
function. We measured both evoked synaptic events [excitatory
junctional currents (EJCs)] and spontaneous events [miniature
EJCs (mEJCs)] by two-electrode voltage-clamp experiments in
muscle 6 of third instar larvae. Changes in the frequency of
miniature synaptic currents result from alterations in presynaptic
function, caused by alterations either in the probability of release
( pR) or in the number of release sites. Conversely, changes in the
amplitude of miniature events are generally considered to result
from postsynaptic alterations, usually a change in receptor con-
centration or function. We found that in scrib2/Df larvae, there
was a significant decrease in the frequency of miniature synaptic
events (Fig. 5A,C). Additionally, there was a slight but significant
decrease in the amplitude of miniature synaptic events (Fig.
5A,B). Notably, presynaptic expression of transgenic Scrib using

the Gal4 driver C380 in the scrib2 mutant background not only
rescued the decrease in mEJC frequency but resulted in a signif-
icant increase in mEJC frequency compared with wild-type con-
trols. This is in striking agreement with the ultrastructural stud-
ies, which show that expression of transgenic Scrib not only
rescues the decrease in active zone number but results in a
significant increase in the number of active zones compared with
wild type. This result also is a strong indicator that, in this case,
mEJC frequency is a reflection of the number of release sites.

Presynaptic expression of Scrib in the scrib2/Df background had
no effect on mEJC amplitude (Fig. 5B), indicating that the re-
duced mEJC amplitude in scrib2/Df larvae arises from a postsyn-
aptic mechanism.

We also measured evoked release by stimulating the segmental
nerve innervating muscle 6 using a glass suction electrode. The
nerve was stimulated with suprathreshold voltage at a frequency
of 1 Hz, and the resulting EJCs were recorded (Fig. 6A). Sur-
prisingly, we found that there was no significant change in the
amplitude of evoked EJCs when we compared scrib2/Df with wild
type (Fig. 6B). There was a small but statistically insignificant
increase in the quantal content of scrib2/Df larvae (Fig. 6C)
resulting from the small decrease in mEJC size (Fig. 5B) and the
equivalent EJC size (Fig. 6B). There was a slight divergence in
wild-type and scrib mutant EJC amplitudes at low Ca2� concen-
trations, with a significant difference only at 0.3 mM Ca2� (Stu-
dent’s t test; p � 0.05) (Fig. 6D). A double logarithmic plot of EJC

Figure 4. The RRP distribution is not affected by mutations in scrib. A,
Active zone in a wild-type bouton indicating the areas around the active
zone in which vesicles were counted. Numbers correspond to nanometers.
B, C, E, F, Examples of active zones and associated vesicles in wild-type
(B, C) and scrib2/Df (E, F ) boutons. D, Number of vesicles in the area
described by a radius of 100, 150, and 200 nm, and with a center in the
middle of the active zone, in wild type (white) and scrib2/Df (black).
Numbers of active zones examined are 63 in scrib2/Df and 56 in wild-type
boutons. Scale bar, 2 �m.

Figure 5. Mutation of scrib alters spontaneous synaptic currents. A,
Representative spontaneous mEJC recordings from third instar larvae of
wild type (lef t) or scrib2/Df (right). Recordings were done in muscle 6,
which was held at �70 mV in a 0.5 mM Ca 2� saline solution. Spontaneous
events were recorded for 1 min in 0.5 mM Ca 2� saline solution, and the
average amplitude (B) and frequency (C) of the spontaneous events were
quantified. n � 17 wild type, 8 scrib2/Df, and 7 scrib2 with presynaptic
expression of transgenic Scrib (scrib2 UAS-scrib) larvae. Asterisk repre-
sents significant difference; Student’s t test; p � 0.05.
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amplitude in the linear portion of the Ca2� concentration curve,
an indicator of Ca2� cooperativity (Dodge and Rahamimoff,
1967), reveals a slight change in the slope of the linear fit, from
3.4 � 0.1 for wild type to 2.8 � 0.4 for scrib2/Df (Fig. 6E). Thus,
vesicle release in scrib2/Df is slightly more sensitive to external
Ca2� levels than wild-type larvae. However, this change in sen-
sitivity is very small in comparison to other Drosophila mutations
that alter the Ca2� sensitivity of vesicle release (Zhong and Wu,

1991; Rohrbough et al., 1999), perhaps a result of a mislocaliza-
tion of release machinery with respect to cytoplasmic Ca2�

rather than a complete elimination of a critical component of the
Ca2� sensing process.

scrib mutants have altered short-term
synaptic plasticity
The similarity of evoked responses was surprising in view of the
drastic changes in the ultrastructure and the decrease in sponta-
neous release frequency at synapses of the scrib mutant larvae.
We next tested the response to high-frequency stimulation to
determine whether underlying defects may be uncovered during
conditions in which the speed and accuracy of vesicle dynamics
play a more crucial role. In wild type at 0.5 mM Ca2�, 10 Hz
stimulation results in short-term facilitation of the synaptic cur-
rent (Fig. 7A). This is thought to be caused by increased vesicular
release resulting from residual Ca2� remaining in the neuronal
cytoplasm from previous depolarizations, acting on unknown
targets to increase vesicle release (Zhong and Wu, 1991; Zucker,
1999; Zucker and Regehr, 2002). In contrast to wild type,
facilitation was severely reduced or absent in scrib2/Df mutants
(Fig. 7 A, B), and unlike some other mutants that do not exhibit
facilitation (Broadie et al., 1997; Rohrbough et al., 1999, 2000),
the baseline transmission of scrib2/Df was equivalent to wild
type at 0.5 mM Ca 2�. Presynaptic expression of transgenic
Scrib restored the response of the synapse to high-frequency
stimulation (Fig. 7 A, B).

To test whether the effect seen at 0.5 mM Ca 2� resulted from
the specific inability to show facilitation or was a more global
defect in synaptic vesicle replenishment at high stimulation fre-
quencies, we tested the synaptic response at higher Ca2� concen-
trations (1.0 mM), where no facilitation is seen in wild-type larvae.
At 1.0 mM Ca2�, little change in EJC amplitude is seen after
switching to 10 Hz stimulation frequencies (Fig. 7C,D), presum-
ably because of a balance between the number of vesicles released
and the resupply of the RRP. In contrast to the maintained EJC
amplitude seen in wild-type larvae at 10 Hz, a significant depres-
sion is seen in scrib2/Df mutants, becoming apparent immediately
after the first few stimuli (Fig. 7C,D). Thus, high-frequency stim-
ulation causes scrib2/Df mutant synapses to exhibit both a lack of
facilitation at low Ca2� concentrations and faster synaptic de-
pression at higher Ca2� concentrations. These data suggest that
scrib2/Df is defective not in the ability to exhibit facilitation but
rather in the ability to resupply the RRP during high-frequency
firing.

Another form of activity-dependent short-term plasticity ex-
hibited at the Drosophila NMJ is post-tetanic potentiation (PTP).
After a short train (30 sec) of high-frequency (10 Hz) stimuli, the
EJC is potentiated for a period of 3–4 min relative to EJCs
before the tetanus. The amplitude of wild-type EJCs is potenti-
ated more than twofold after the train of high-frequency stimu-
lation (Fig. 8A,B). scrib2/Df, in contrast, shows only a modest
potentiation after the same stimulation protocol. Thus, multiple
forms of activity-dependent plasticity are altered at the scrib
synapse.

scrib mutants have altered vesicle cycling
The alteration in short-term plasticity observed in response to
high-frequency stimulation in scrib mutants, combined with the
ultrastructural observations showing a remarkable increase in
vesicle density, suggest that vesicle dynamics might be affected in
the mutants. For example, if the rapid recruitment of vesicles to

Figure 6. Mutation of scrib has little effect on evoked synaptic currents.
A, Representative recordings from third instar wild-type larvae (lef t)
or scrib2/Df (right). Recordings were done in muscle 6, which was held
at �70 mV in 0.5 mM (top) or 1.0 mM (bottom) Ca 2� saline solution.
The segmental nerve was stimulated with suprathreshold voltage at a
frequency of 1 Hz, and the resulting EJC was recorded. B, Quantifi-
cation of the average EJC amplitude and quantal content ( C) at 0.5 mM
Ca 2�. n � 8 wild type, 7 scrib2/Df, and 10 scrib2, with presynaptic
expression of transgenic Scrib (scrib2 UAS-scrib) larvae. D, Quantifi-
cation of the average EJC at various Ca 2� concentrations. Black filled
squares represent the average EJC from wild-type larvae; open circles
represent the average EJC from scrib2/Df larvae (n � 3–15). There was
a significant difference only at one Ca 2� concentration tested, 0.3 mM
(Student’s t test; p � 0.05). E, Fit to the linear portion of the Ca 2�

concentration curve. Slopes obtained are 3.4 � 0.1 for wild type and
2.8 � 0.4 for scrib2/Df.
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the RRP is altered, then synaptic transmission is expected to be
normal at low stimulation frequencies, because at these frequen-
cies the RP does not contribute to vesicle release. However, at
high frequencies the RRP size must be maintained by rapid

recruitment of vesicles (Kuromi and Kidokoro, 2000). The vesi-
cles are replenished to some degree by endocytosis of recently
released vesicles. The increased density of vesicles in scrib mu-
tants suggests that the defects in short-term plasticity are not
likely a result of vesicle depletion, as is seen in the endocytotic
mutant shibire, but more likely a result of the inability to rapidly
recruit vesicles into the RRP. We tested this hypothesis by
activity-dependent labeling of recycling vesicles using the styryl
dye FM1–43 (Betz and Bewick, 1992).

For these studies, preparations were dissected in 0.1 mM Ca2�

HL-3 saline and subsequently depolarized for 2 min in HL-3
saline containing 90 mM K� in the presence of 5 �M FM1–43.
After washing and fixing, samples were imaged by confocal mi-
croscopy. In wild type, strong FM1–43 fluorescence was observed
at type I boutons (Fig. 9). This labeling paradigm has been shown
to label what has been termed the exo/endo cycling pool (ECP) in
Drosophila (Kuromi and Kidokoro, 1998), a pool that has been
shown to contribute to both low- and high-frequency vesicle
release (Kuromi and Kidokoro, 2000).

Figure 7. scrib mutants exhibit reduced synaptic current amplitude dur-
ing high-frequency stimulation. A, Representative currents recorded from
wild type (lef t), scrib2/Df (middle), and scrib2 with presynaptic expression
of transgenic Scrib (scrib2 UAS-scrib) larvae (right) at 1 and 10 Hz in 0.5
mM Ca 2�. B, Average response to high-frequency stimulation for wild
type (black filled squares; n � 14), scrib2/Df (open circles; n � 16), and
scrib2 UAS-scrib (gray-filled triangles; n � 4) in 0.5 mM Ca 2�. Dashed line
represents normalized level of control (100%). C, Representative currents
recorded from wild-type (lef t) and scrib2/Df (right) larvae at 1 and 10 Hz
in 1.0 mM Ca 2�. D, Average response to high-frequency stimulation for
wild type (black filled squares; n � 4) and scrib2/Df (open circles; n � 4) in
1.0 mM Ca 2�. Dashed line represents normalized level of control (100%).
Arrow denotes switch from 1 to 10 Hz stimulation frequency.

Figure 8. scrib mutants do not exhibit PTP. A, Representative recordings
of wild type (lef t) and scrib2/Df (right) using the PTP protocol. This
protocol consisted of eliciting EJCs in a saline solution containing 0.4 mM
Ca 2� and stimulating the segmental nerve at a frequency of 1 Hz for 30
sec, 10 Hz for 30 sec (tetanus), and 1 Hz for the remainder of the
experiment. Each symbol represents the amplitude of the EJC at that time
point. The black bar represents the period of time in which the nerve was
stimulated at 10 Hz. B, The amplitude of the EJCs for the 30 sec before
tetanus was averaged and used as a control level. The average amplitude
of the EJCs in 10 sec intervals for 1 min after cessation of tetanus is
represented for wild type ( filled squares; n � 7) and scrib2/Df (open circles;
n � 7). Dashed line represents normalized level of control (100%).
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We found that this loading procedure resulted in fluorescence
that was observed in a broad area at the periphery of synaptic
boutons, whereas the central core of the boutons was devoid of
fluorescence (Fig. 9). This is in agreement with previous reports
showing a similar distribution of synaptic vesicles (Kuromi and
Kidokoro, 2000). In scrib2/Df mutants we found a 54 � 5%
reduction in FM1–43 fluorescence compared with wild-type lev-
els (n � 163 boutons in scrib2/Df and 159 boutons in wild type).
In addition, the distribution of the FM1–43 label was affected in
the mutants, which showed a significantly larger percentage of
boutons with diffuse FM1–43 throughout the bouton surface
(62% of boutons in scrib2/Df versus 10% of boutons in wild type).
Thus, scrib2/Df mutants exhibit a decrease in activity-dependent
endocytosis or altered distribution of endocytosed vesicles, or
both. Because scrib2/Df larvae have very high synaptic vesicle
densities in contrast to endocytotic mutants such as shibire and
AP2, which show synaptic vesicle depletion (Chen et al., 1991; van
der Bliek and Meyerowitz, 1991; Gonzalez-Gaitan and Jackle,
1997), we propose that the defect in scrib mutants arises from a
defect in exocytosis that secondarily causes effects on vesicle
distribution, rather than a specific defect in endocytosis or endo-
cytotic sorting. Indeed, the number of vesicles contained in the
ECP is known to affect further loading of synaptic vesicles
(Kuromi and Kidokoro, 1998).

DISCUSSION
We have demonstrated here that the PDZ-containing protein
Scrib substantially alters aspects of synapse ultrastructure. The
effects include an increase in the number of synaptic vesicles, a
decrease in the number of active zones, and a thickened basal
lamina. Mutations in scrib also cause numerous functional
changes, the most profound of which are the virtual elimination of
short-term facilitation, an increase in synaptic depression, elimi-
nation of PTP, and altered vesicle recycling. These data indicate
that Scrib has a prominent role in synapse function and, taking
into account its multiple PDZ domains, is likely involved in the
precise localization of proteins necessary for vesicle dynamics.

Facilitation is a Ca2�-dependent process that takes place in
many synapses. This process is thought to result from residual
Ca 2� accumulation, which acts on unidentified components of
the exocytotic pathway (Zucker, 1999). The precise mechanism
by which high-frequency stimulation may lead to an increase in
quantal content is currently unknown; however, several possibil-
ities exist, including an increase in the pR of docked vesicles or an
increase in the number of docked vesicles (Zucker, 1999). There
are several mutations in Drosophila that have effects on facilita-
tion and PTP, including dunce (cAMP-specific phosphodiester-
ase II) (Zhong and Wu, 1991), rutabaga (Ca2�/calmodulin-
dependent adenylyl cyclase) (Zhong and Wu, 1991), volado
(�PS3-integrin) (Rohrbough et al., 2000), leonardo (a 14-3-3
protein family member) (Broadie et al., 1997), and latheo (an
origin of replication complex protein) (Rohrbough et al., 1999).
Of these mutants, scrib behaves most like rutabaga and latheo, in
that both of these lack facilitation when baseline synaptic trans-
mission is equivalent to wild type, and both have altered Ca2�

sensitivity of vesicle release, although the alterations in Ca2�

sensitivity are much more dramatic in both rutabaga and dunce
mutants than in scrib mutants. It will be interesting to determine
whether the localization of either of these proteins is altered in
scrib mutants.

Three alternative models, or a combination of these, may
contribute to the functional abnormalities observed in scrib mu-
tants. One possibility is that the lack of facilitation observed at
low Ca2� in scrib mutants is caused by the inability of these
synapses to recruit, transport, or convert vesicles into the RRP.
This notion is supported by the FM1–43 studies, showing that
endocytosis of vesicles in scrib mutants is greatly reduced, be-
cause endocytosis would be influenced by the amount of vesicles
released as well as the number of vesicles already contained in the
synapse (Kuromi and Kidokoro, 1998). In other words, the cel-
lular machinery underlying facilitation may be intact in scrib
mutants, but the inability to recruit additional vesicles may mask
the expression of facilitation. Similarly, during high-frequency
stimulation at higher Ca2�, a decreased capability to recruit
vesicles to the RRP would result in increased magnitude of
depression in scrib mutants.

A second model is based on evidence indicating the existence
of a feedback mechanism at the Drosophila NMJ that operates to
maintain the excitability of the muscle within a narrow range
(Stewart et al., 1996; Marek et al., 2000; Paradis et al., 2001).
Because of this compensatory mechanism, the decrease in num-
ber of active zones in scrib mutants may lead to a maximal
increase in pR, thus maintaining EJC amplitude at low frequen-
cies. Stimulation of the terminal at frequencies that in wild type
lead to facilitation, however, would be unable to further increase
pR in scrib mutants, precluding further increases in the amplitude

Figure 9. Vesicle recycling is impaired in scrib mutant larvae. Third
instar larvae were incubated with FM1–43 for 2 min in the presence of 90
mM K � Stewart’s HL-3 saline solution. The boutons were subsequently
washed three times for 5 min, fixed, and visualized using confocal micros-
copy. Representative micrographs show uptake of FM1–43 in wild-type
(A) and scrib2/Df (B) larvae. C, D, After FM1–43 labeling, preparations
were stained with anti-HRP antibodies to show the location of the
synaptic boutons displayed in A and B. E, F, High-magnification views of
FM1–43-labeled synaptic boutons in wild type (E) and scrib2/Df (F).
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of the EJC. In other words, compensatory mechanisms in scrib
mutants bring the mutant synapse to a facilitated state even at
low-frequency stimulation, preventing a further increase in EJC
amplitude at higher frequencies. The rapid depression observed
in scrib mutants could be explained according to this model by the
inability of the terminal to fulfill the increased demand for
primed vesicles that is imposed by the increase in pR. In intact
Drosophila larvae, motoneurons stimulate the muscles by firing
trains of high-frequency action potentials (Budnik et al., 1990). In
scrib mutants, loss of high-frequency responsiveness might lead to
the buildup of synaptic vesicles, perhaps explaining the enhanced
density of synaptic vesicle in scrib mutants. Thus this model is
consistent with the electrophysiological and ultrastructural obser-
vations in the mutants.

A third possible mechanism involves altered buffering of neu-
ronal Ca2� levels. Cytoplasmic Ca2� buffering is important in
regulating synaptic vesicle release, especially during high-
frequency stimulation (Dittman and Regehr, 1998; Stevens and
Wesseling, 1998; Wang and Kaczmarek, 1998; Zucker and Re-
gehr, 2002). A prevalent form of buffering Ca2� at synapses is
mitochondrial Ca2� uptake, and this form of Ca2� uptake has
been shown to have effects on high-frequency synaptic firing
patterns (Nguyen et al., 1997). The number of mitochondria in
scrib boutons, however, was unchanged from wild type, making
this possibility less likely. However, elimination or mislocalization
of other critical Ca2� buffering or sensing molecules may play a
role in the defects seen in scrib synapses. Ultimately, the identi-
fication of Scrib binding partners may shed light on the precise
mechanisms by which facilitation and sustained release are af-
fected in scrib mutants.

Another defect in scrib mutant synapses was an abnormally
thick basal lamina. The synaptic basal lamina has long been
recognized as containing important elements for postsynaptic
differentiation and for the clustering of neurotransmitter recep-
tors (Sanes and Lichtman, 1999). The effects of Scrib on the basal
lamina may reflect the inability of Scrib to selectively recruit
synaptic components to their correct destination.

PDZ proteins are characterized by multiple modular sequences
involved in protein–protein interactions and for this reason are
frequently called scaffolding proteins (Sheng and Sala, 2001).
These proteins bring together components necessary for certain
cellular functions by binding to distinct partners through their
multiple interaction domains. Scrib contains four PDZ domains
and hence could form a multiprotein complex with at least four
different proteins. Elucidation of the identity of these binding
partners will be important in understanding the precise role that
Scrib plays in synaptic vesicle dynamics. In epithelial cells it has
been suggested that Scrib is involved in vesicle sorting (Bilder and
Perrimon, 2000), an important mechanism involved in segregat-
ing transmembrane proteins in these cells. Another PDZ domain-
containing protein, EBP50, has also been shown to be involved in
vesicular sorting, in particular, sorting of endocytotic vesicles
involved in recycling �2 adrenergic receptors (Cao et al., 1999). A
similar mechanism, perhaps operating through a conserved cas-
sette of proteins, may be altering vesicle dynamics at the synapse.

One might hypothesize, on the basis of the mislocalization of
Scrib in dlg mutants (Mathew et al., 2002), that by mutating dlg
one would see, in addition to a dlg-specific phenotype, the scrib
phenotype as well. Indeed this seems to be the case in other cell
types in which mutation of either dlg or scrib causes similar
phenotypes: formation of tumors and loss of cell polarity (Bilder
and Perrimon, 2000). However, we have found that at the Dro-

sophila NMJ the effects of scrib mutation are quite different from
that of several dlg mutants (Budnik et al., 1996). These differences
may stem from the fact that residual synaptic Scrib is still present
in dlgXI-2 mutants, although at a lower level, and hence the
remaining Scrib may be sufficient to override the synaptic scrib
phenotype. Interestingly, levels of synaptic Scrib have an opposite
influence on the regulation of the number of active zones than do
levels of synaptic Dlg. Although a decrease in Dlg levels in severe
dlg mutants causes an increase in active zone number, the same
phenotype is observed by increasing Scrib levels. This observa-
tion is consistent with the notion that at synapses Scrib may
negatively regulate Dlg function. This is in contrast to the obser-
vation in epithelial cells, where Dlg and Scrib appear to function
in a similar manner during the determination of cell polarity and
tumor suppression (Bilder and Perrimon, 2000). This may reflect
the ability of Dlg and Scrib to bind different protein partners with
different functions in the two cell types. Indeed, partners such as
Fasciclin II bind to Dlg at synapses but are absent in epithelial
cells (Thomas et al., 1997). Thus, the specific influence of scaf-
folding proteins in different cell types may be highly dependent
on the availability of specific binding partners.

In conclusion, we have characterized a novel player in synapse
formation and function. We also have introduced a relatively new
function for a member of the PDZ protein family, regulation of
synaptic vesicles. It will be important to understand the specific
subset of proteins that interacts with Scrib, because this is likely
the key to understanding how this protein is involved in synaptic
vesicle regulation.
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