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The assembly of glutamatergic postsynaptic densities (PSDs) seems to involve the gradual recruitment of molecular components from
diffuse cellular pools. Whether the glutamate receptors themselves are needed to instruct the structural and molecular assembly of the
PSD has hardly been addressed. Here, we engineered Drosophila neuromuscular junctions (NMJs) to express none or only drastically
reduced amounts of their postsynaptic non-NMDA-type glutamate receptors. At such NMJs, principal synapse formation proceeded and
presynaptic active zones showed normal composition and ultrastructure as well as proper glutamate release. At the postsynaptic site,
initial steps of molecular and structural assembly took place as well. However, growth of the nascent PSDs to mature size was inhibited,
and proteins normally excluded from PSD membranes remained at these apparently immature sites. Intriguingly, synaptic transmission
as well as glutamate binding to glutamate receptors appeared dispensable for synapse maturation. Thus, our data suggest that incorpo-
ration of non-NMDA-type glutamate receptors and likely their protein–protein interactions with additional PSD components triggers a
conversion from an initial to a mature stage of PSD assembly.
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Introduction
Ionotropic glutamate receptors, subdivided into NMDA recep-
tors and non-NMDA receptors, dominate excitatory synaptic
transmission in our brain. Thereby, glutamatergic transmission
is supported by a specialized postsynaptic subcellular organiza-
tion, called the postsynaptic density (PSD). The PSD is involved
in clustering and anchoring of postsynaptic receptors and ion
channels and contains a specialized submembranous cytoskele-
ton with a rich collection of structural proteins that serve to or-
ganize this membrane specialization (Kim and Sheng, 2004). In
contrast to the assembly of presynaptic active zones involving the
delivery of prefabricated transport packets (Garner et al., 2002),
postsynaptic assembly seems to depend on gradual de novo clus-
tering of component proteins (Bresler et al., 2004). Synaptic non-
NMDA receptors may either be recruited into PSDs from a dif-
fuse plasma membrane pool by lateral migration (Borgdorff and
Choquet, 2002) or be incorporated via subunit-specific constitu-
tive or activity-dependent pathways (Bredt and Nicoll, 2003),

potentially using preformed slots established at the postsynaptic
membrane (Barry and Ziff, 2002). Rapid modulations of synaptic
receptor number, considered the key for plasticity of glutamater-
gic synapses, might involve cytoplasmic receptor-bearing vesicles
and exocytotic and endocytotic mechanisms (Malinow and
Malenka, 2002), and allow the activation of previously “silent”
synapses (Isaac, 2003).

Notably, recent reports also imply non-NMDA receptors in
the formation and stability of larger postsynaptic subcellular
compartments such as dendritic spines independent of their
ionic transmission (Kasai et al., 2003; Passafaro et al., 2003).
However, whether and if so where within the likely multistep PSD
assembly process non-NMDA-type glutamate receptors are
needed, remains unknown.

The neuromuscular junction of Drosophila (NMJ) allows for
the efficient genetic analysis of development, plasticity, and func-
tion of glutamatergic synapses (Jan and Jan, 1976; Keshishian et
al., 1996; Prokop, 1999; Koh et al., 2000; Richmond and Broadie,
2002). The glutamate receptor subunits expressed at the NMJ are
related to mammalian non-NMDA-type glutamate receptors,
and glutamate receptor levels can control the number of synapses
forming at the NMJ (Petersen et al., 1997; Sigrist et al., 2000,
2002, 2003; Marrus et al., 2004). Thereby, the formation and
growth of individual synapses is directly correlated with the entry
of glutamate receptors from diffuse extrasynaptic pools, and in
contrast to several other postsynaptic proteins tested, glutamate
receptors stably integrate into immature PSDs (Rasse et al., 2005).
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Here, we start from the observation that Drosophila larvae still
survived with extremely reduced levels of muscle glutamate re-
ceptors, hardly detectable by immunocytochemistry. We show by
ultrastructural and molecular analysis that maturation of PSDs
appeared defective in several aspects. We suggest that, during
synapse formation, glutamate receptors incorporating into the
postsynaptic membrane are critical to enlarge PSDs by organiz-
ing cell adhesion to bring presynaptic and postsynaptic mem-
branes in apposition. Such a mechanism could be the basis for
glutamate receptor levels to control the formation of synapses as
well as subsynaptic compartments.

Materials and Methods
Molecular biology. A genomic construct of gluRIIA (Qin et al., 2005) was
used for all clonings. The gluRIIA C-terminal deletion gluRIIA�C53 was
produced by circular PCR leaving out the respective end of the C termi-
nus without truncating the 3�-untranslated region (UTR) region (prim-
ers: 5�-TAGGTGGTCGGAATATTGGACG-3� and 5�-AGT-
CACTCGCTCCTCCACCG-3�). The PCR product was blunt-end ligated
and inserted into pUAST via EcoRI/XhoI. gluRIIAQ614R and gluRIIAE783A

(both genomic constructs) were produced by two-step overlap extension
PCRs (30 � 2 overlapping bases) using Elongase (Stratagene, La Jolla,
CA) and the following oligos: 5�-GCAGCGCATCCACTTCAACCT-3�
and 5�-TACCCAAATGCGCTATCTGTGTTCT-3� for both gluRIIAQ614R

and gluRIIAE783A; 5�-CTAGGCAGAATGTCGCAGCCCTGTCT-
CATAATGGAGCCCACCATCAGCCAAG-3� and 5�-CTTGGCTGATG-
GTGGGCTCCATTATGAGACAGGGCTGCGACATTCTGCCTAG-3� for
gluRIIAQ614R only; 5�-CGTGTCCATTCTCCAGCTGAGCGCCAG-
GGGCGAGCTGCAGAAGATG-3� and 5�-CATCTTCTGCAGCTCGC-
CCCTGGCGCTCAGCTGGAGAATGGACACG-3� for gluRIIAE783A only.
PCR fragments were inserted into the gluRIIA backbone via BglII/NcoI and
finally cloned into pUAST. All constructs were double-strand sequenced.

Genetics. The generation of animals expressing glutamate receptor
IIA (GluRIIA), which lacks most of the 3�-untranslated region
( gluRIIAhypo), was described previously (Qin et al., 2005). gluRIIA&IIB
double mutants ( gluRIIAnullIIBnull) were described before (Petersen et
al., 1997; DiAntonio et al., 1999; Qin et al., 2005). gluRIIC ( gluRIII )
mutants were established by crossing gluRIII1 to df(2L)ast4 (Marrus et al.,
2004). Leaky expression of GluRIIC (IIChypo) was performed as described
previously (Marrus and DiAntonio, 2004).

The genomic transgenes gluRIIA, gluRIIAhypo, gluRIIA�C53,
gluRIIAQ614R, and gluRIIAE783A, all established in df(2L)cl h4 back-
ground, were crossed to df(2L)gluRIIA&IIBSP22 to bring them into the
gluRIIAnullIIBnull background.

For activity suppression experiments, the following crosses were per-
formed: elav-gal4 with UAS-tnt, ok319-gal4 with UAS-tnt, cha-gal4 with
UAS-shiTS1 (raised at 29°C) and df(2L)clh4,gluRIIAhypo;elav-gal4 with
df(2L)gluRIIA&B SP22,UAS-tnt. shibireTS1 embryos were collected for
2 h, aged 12 h at 25°C, and then shifted to the restrictive temperature of
32°C until dissection.

CAC GFP was expressed in gluRIIAhypo background by crossing
df(2L)gluRIIA&BSP22,ok6-gal4 to df(2L)cl h4,gluRIIA hypo;UAS-cac GFP.
ok6-gal4 crossed to UAS-cacGFP served as control.

As wild type control w 1 was used. Rescue embryos and larvae were
selected using GFP-marked balancer chromosomes. If not indicated dif-
ferently, all animals were raised at 25°C.

Immunohistochemistry. Primary antibodies were used at the following
concentrations: mouse anti-GluRIIA (8B4D2; Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA), 1:100; rabbit anti-
GluRIIC, 1:500; mouse Nc82 (gift from E. Buchner, University of Würz-
burg, Würzburg, Germany), 1:100; rabbit anti-p21-activated kinase
(PAK) (gift from N. Harden, Simon Fraser University, Burnaby, British
Columbia, Canada), 1:2000; rabbit anti-�-Adaptin (gift from M.
Gonzalez-Gaitan, MPI of CBG, Dresden, Germany), 1:50; mouse anti-
fasciclin II (FasII) (1D4; Developmental Studies Hybridoma Bank), 1:50;
mouse anti-Dlg (Developmental Studies Hybridoma Bank), 1:500; and
goat anti-HRP cyanine 5, 1:200.

Styryl dye labeling. FM5-95 labeling was done as described previously
(Rasse et al., 2005).

Electrophysiology. Two-electrode voltage-clamp recordings were per-
formed at 22°C from muscle fiber 6 of abdominal segments 2 and 3 of late
third-instar larvae as described previously (Qin et al., 2005). The com-
position of the extracellular hemolymph-like saline (HL-3) (Stewart et
al., 1994) was as follows (in mM): 70 NaCl, 5 KCl, 20 MgCl2, 10 NaHCO3,
5 trehalose, 115 sucrose, 5 HEPES, 1 CaCl2, pH adjusted to 7.2. For
paired-pulse recordings, the interpulse interval was 19.5 ms and 4 s rest
was left between sweeps. The rise time and decay time constant (�) were
obtained from the average event at 0.2 Hz stimulation. The rise time was
measured from 10 to 90% of the maximum amplitude, and the decay was
fit with a single exponential function from 60% of the peak. All record-
ings consisted of 20 traces per cell. Stimulation artifacts of evoked exci-
tatory junctional currents (eEJCs) were removed for clarity.

Transmission electron microscopy. Dissected preparations of third-
instar larvae (NMJ 6/7; segment A2/A3) were primary fixed in a mixture
of 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M PBS, pH 7.2,
for 10 min and additionally fixed 60 min on ice with secondary fixative
comprising 2% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2,
washed three times for 5 min in sodium cacodylate buffer and postfixed
on ice for 1 h with 1% osmium tetroxide (in 0.1 M sodium cacodylate
buffer), followed by a 1 h washing step in sodium cacodylate buffer and
three brief washing steps in distilled water. The samples were stained en
bloc with 1% uranyl acetate in distilled water for 1 h on ice. After a brief
wash with distilled water, samples were dehydrated at room temperature
in increasing ethanol concentrations, infiltrated in Epon resin (100%
EtOH/Epon 1:1, 30 and 90 min; 100% Epon, overnight), and embedded
for 24 h at 85°C. The samples were trimmed, and series of 80 –90 nm
ultrathin sections were cut with a 35° diamond knife (Diatome, Biel,
Switzerland) on a Reichert Ultracut Ultramicrotome (Leica, Nussloch,
Germany) and mounted on Formvar-coated grids. The sections were
stained in uranyl acetate and lead citrate. Pictures were taken with a
Philips (Mahwah, NJ) EM 301 transmission electron microscope.

Dissection and immunostainings. Embryonic (stage 17; 20 –22 h old)
and larval dissections were performed as recently described (Qin et al.,
2005). The dissected samples were fixed either for 10 min with 4% para-
formaldehyde in PBS or for 5 min with ice-cold methanol (for 8B4D2
stainings), and then incubated with primary antibodies overnight. The
next day, fluorescence-labeled secondary antibodies (Dianova, Hamburg,
Germany) were applied for 2 h, and the dissections were mounted in
VectaShield mounting medium (Vector Laboratories, Burlingame, CA).

Imaging. In vivo imaging experiments were done as described recently
(Rasse et al., 2005). Imaging of embryonic and larval body-wall prepara-
tions was either performed on a Zeiss (Oberkochen, Germany) Axio-
scope with Axiocam camera, using a 100� oil objective of numerical
aperture 1.4. or on a Leica DM IRE2 microscope equipped with a Leica
TCS SP2 AOBS scan head, using a Leica HCX PL Apo CS, 63�, 1.32
numerical aperture oil objective.

Image analysis and statistics. To determine the PSD size (see Fig. 3 J, K ),
maximum projections of confocal z-stacks were subjected to background
correction, Gaussian blur filtering, and normalization of the maximum
pixel intensity. To determine the size of single PSDs (here visualized by
PAK immunostainings of NMJ 4), manual PSD segmentation was used.
Subsequently, the image was filtered (A trous filter) and a threshold of 50
(gray value) was applied. The resulting binary image was inverted to
obtain a binary mask, which was superimposed (minimum overlay) with
the original maximum projection. Finally, the remaining particles were
counted and analyzed for their pixel number, which was converted to
square micrometers. To quantify the distribution of FasII relative to
PAK, the intensity profile along the maximum diameter of the respective
PSD was plotted (profile length, 1 �m). In both cases, 20 intensity pro-
files were averaged. Analysis of synaptic membranes visualized by elec-
tron micrographs was performed manually by classifying the presynaptic
and postsynaptic membrane according to their electron dense character
and their linear apposition. Subsynaptic reticulum (SSR) thickness was
determined as described previously (Gorczyca et al., 1999) from electron
micrographs of midbouton sections. All image analysis was performed
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using NIH ImageJ. Adobe Photoshop (Adobe Systems, San Jose, CA) was
used for figure compilation.

The nonparametric Mann–Whitney rank sum test was generally used
for statistical analysis. The data are reported as mean � SEM, n indicates
the sample number, and p denotes the significance: *p � 0.05, **p � 0.01,
***p � 0.001.

Results
Formation of glutamatergic NMJ synapses deprived of
postsynaptic glutamate receptors
Previous work has identified a total of five glutamate receptor
subunits (Fig. 1A, scheme) within Drosophila muscles (GluRIIA,
IIB, IIC, IID, and IIE), from which two receptor complexes in-
corporating GluRIIC, GluRIID, and GluRIIE together with either
GluRIIA or GluRIIB seem to form (Fig. 1B). GluRIIA or GluRIIB
containing complexes coexist within individual synapses of the
NMJ. In both gluRIIA or gluRIIB single mutants, structurally
normal synapses form, meaning that either complex is per se
dispensable for the formation of proper NMJ synapses (Petersen
et al., 1997; DiAntonio et al., 1999; Marrus et al., 2004; Chen
et al., 2005; Qin et al., 2005). In gluRIIA&IIB double mutants
(gluRIIAnullIIBnull), however, and similarly in gluRIICnull,
gluRIIDnull, and gluRIIEnull single mutants, all glutamate receptor
subunits are absent from the NMJ, resulting in embryonic lethal-
ity (Petersen et al., 1997; Featherstone and Broadie, 2002; Marrus

et al., 2004; Qin et al., 2005). However, al-
ready minimal amounts of the relevant
glutamate receptors can rescue the lethal-
ity and even give rise to adult flies (Marrus
and DiAntonio, 2004; Qin et al., 2005).

We started by studying the effects of
glutamate receptor deprivation at the well
described larval NMJ. Here, individual
synapses are considerably larger than in
the embryo (Rheuben et al., 1999), and
moreover, our recent in vivo imaging
study indicated a rate-limiting role for glu-
tamate receptor incorporation in the for-
mation of synapses at larval NMJs (Rasse
et al., 2005). Three different situations
combining a severe depression of gluta-
mate receptor subunits still compatible
with larval vitality have been described
previously. When gal4-inducible cDNA
constructs of either gluRIIC (Marrus and
DiAntonio, 2004) or gluRIID (Qin et al.,
2005) were brought into the correspond-
ing single mutant background, “leaky ex-
pression” permitted larval survival in the
absence of gal4-drivers. A strong reduc-
tion in the synaptic expression of all gluta-
mate receptor subunits was observed for
the gluRIIChypo (Fig. 1D) (Marrus and
DiAntonio, 2004) and gluRIIDhypo (Qin et
al., 2005) situation. In the third constella-
tion, the otherwise lethal gluRIIAnullIIBnull

situation could be rescued with a gluRIIA
genomic transgene encoding the whole
open reading frame but lacking parts of the
3�-UTR (from here on referred to as
gluRIIAhypo), resulting in �5% of wild-
type GluRIIA mRNA levels and certainly
no GluRIIB (Qin et al., 2005). Some PSDs
obviously still showed normal size and

glutamate receptor intensity at gluRIIChypo NMJs (Fig. 1D, ar-
row) (Marrus and DiAntonio, 2004). However, at larval NMJs of
gluRIIAhypo, no such PSDs could be observed (Fig. 1E). In fact,
only when using atypically long exposure times very faint residual
accumulations of GluRIIA and GluRIIC could be visualized (Fig.
1F). Thus, because of their extreme and consistent reduction of
glutamate receptors, we concentrated on gluRIIAhypo larvae to
study the formation of glutamatergic synapses mostly deprived of
glutamate receptors.

Presynaptic release sites are functionally and structurally
maintained at glutamate receptor-deprived NMJ synapses
We went on to further investigate NMJ synapses developing in
the near absence of glutamate receptors by using molecular
markers. The active zone (AZ) is a specialized presynaptic region,
where synaptic vesicles dock, fuse, and release their neurotrans-
mitters (Zhai and Bellen, 2004). In Drosophila, AZs are associated
with electron dense specializations (T-bars) (Atwood et al., 1993;
Zhai and Bellen, 2004). The monoclonal antibody Nc82 was
shown to label the AZs of Drosophila synapses (Wucherpfennig et
al., 2003) by recognizing the Bruchpilot protein (BRP), which is
essential for T-bar formation (Atwood, 2006; Kittel et al., 2006;
Wagh et al., 2006). At gluRIIAhypo synapses, the density and size of
synaptic clusters of both Nc82 (supplemental Fig. S1B, available

Figure 1. Larval NMJs with extremely reduced levels of postsynaptic glutamate receptors. A, Schematic view of a glutamate
receptor subunit. Abbreviations: NTD, N-terminal domain; S1 and S2, glutamate binding domains; M1–3, transmembrane do-
mains; P, reentrant pore loop. B, Two different glutamate receptor complexes are thought to form at the NMJ, incorporating
GluRIIC, GluRIID, and GluRIIE together with either GluRIIA or GluRIIB. In gluRIIAhypo (IIAhypo) animals, the embryonic lethal
gluRIIAnullIIBnull situation was rescued by a gluRIIA genomic transgene lacking 3�-UTR sequences, resulting in a severe deprivation
of GluRIIA and a complete lack of GluRIIB complexes. C–F, Shown are epifluorescence images of NMJs of muscles 6/7 from
gluRIIAhypo (E, F ), gluRIIChypo (IIChypo) (see Results, Formation of glutamatergic NMJ synapses deprived of postsynaptic glutamate
receptors) (D), and wild-type third-instar larvae (C). Stainings are against GluRIIA (red) and GluRIIC (green). C–E have identical
exposure times, and in F, exposure times were two or four times longer. All images were taken with wide-field microscopy. Scale
bar, 5 �m.
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at www.jneurosci.org as supplemental material) and Ca 2� chan-
nels (supplemental Fig. S1D, available at www.jneurosci.org as
supplemental material) appeared unaffected when compared
with wild-type controls (supplemental Fig. S1A,C, available at
www.jneurosci.org as supplemental material). Thus, consistent
with the presence of T-bars (see below in Fig. 4), AZ structures
seemed to establish normally at gluRIIAhypo synapses. AZs are also
surrounded by zones of endocytosis, which can be labeled in
�-Adaptin stainings (Dornan et al., 1997). The distribution of
�-Adaptin appeared unchanged as well (supplemental Fig. S1B,
available at www.jneurosci.org as supplemental material). Thus,
in contrast to the PSD (see below in Figs. 3, 4), the molecular and
structural composition of the presynaptic AZs seemed
unaffected.

Are these AZs still functional? We first found that gluRIIAhypo

larvae were only moderately limited in mobility. Moreover, styryl
dye (FM5-95) incorporation after high-frequency stimulation
(Kuromi and Kidokoro, 2002; Wucherpfennig et al., 2003)
showed that vesicle release persisted at gluRIIAhypo NMJs (supple-
mental Fig. S1F, available at www.jneurosci.org as supplemental
material). In a previous electrophysiological analysis we had
shown that nerve evoked excitatory junctional currents at
gluRIIAhypo NMJs are reduced to �30% of the wild-type level.
Notably, in this genotype, miniature excitatory junctional cur-
rents, indicating the postsynaptic glutamate sensitivity at individ-
ual synapses, were below the detection threshold, which we esti-
mate to be at �20% of the wild-type amplitude (Qin et al., 2005).
Thus, after an action potential, the number of presynaptically
released vesicles is likely increased as part of a presynaptic com-
pensation for reduced postsynaptic sensitivity (Petersen et al.,
1997; Reiff et al., 2002). In fact, paired-pulse stimulation at these
junctions led to an atypical depression as would be expected for a
synaptic system with a chronic increase in presynaptic release
probability (Fig. 2A,B) (wild-type control: 1.18 � 0.04, n � 7;
gluRIIAhypo: 0.83 � 0.05, n � 11; p � 0.003). In addition, we
recognized that the decay time constant (�) of evoked responses
was increased (Fig. 2A,B) (wild-type control: 4.96 � 0.42 ms, n �
12; gluRIIAhypo: 6.73 � 0.62 ms, n � 11; p � 0.013), potentially
pointing toward changes in glutamate clearance or atypical func-
tional properties of the glutamate receptors remaining at these
synapses. The rise time of evoked junctional currents was not
significantly altered (wild-type control: 1.08 � 0.05 ms, n � 12;
gluRIIAhypo: 1,17 � 0.08 ms, n � 11; p � 0.498). In summary, AZs
still formed at the presynaptic site of NMJ synapses deprived of
glutamate receptors. These AZs appeared fully active in vesicle
release, and likely vesicle release is even increased to compensate

for the drastically reduced postsynaptic glutamate sensitivity.
Such a compensation was described before for gluRIIA mutants,
which notably show a less drastic drop in postsynaptic glutamate
sensitivity (Petersen et al., 1997).

Early stop of postsynaptic maturation at glutamate receptor-
deprived NMJ synapses
Next, we were interested in analyzing postsynaptic assembly at
glutamate receptor-deprived synapses. The PAK kinase forms a
complex with PAK-interactive exchange factor (PIX) and Rac,
involved in aspects of PSD assembly (Albin and Davis, 2004).
PAK widely serves as a PSD marker at NMJ synapses and strictly
colocalizes with the glutamate receptor subunit GluRIIA (Rasse
et al., 2005). The size of PAK signals at individual PSDs seemed
strongly reduced in gluRIIAhypo animals (Fig. 3, compare C, D). In
fact, quantification of gluRIIAhypo NMJs of mature third-instar
larvae showed a significant reduction in the size of PAK signals
(Fig. 3J) (wild type, 0.385 � 0.005 �m 2, n � 1709, six NMJs;
gluRIIAhypo, 0.311 � 0.006 �m 2, n � 1014, seven NMJs; p �
0.0001), whereas the density of PSDs (identified as PAK spots)
over the NMJ surface appeared unchanged.

In principle, the observed molecular defects in postsynaptic
assembly might not reflect a genuine inability to form mature
PSDs but instead a deficit in maintenance of matured PSDs (and
thus “defective synapses” would have accumulated until late lar-
val development as predominantly analyzed in this study). How-
ever, also earlier during development, in first- (data not shown)
and second-instar gluRIIAhypo larvae, synaptic PAK signals were
identically reduced (Fig. 3H,K) (quantification for second-
instar: wild type, 0.358 � 0.007 �m 2, n � 699, six NMJs;
gluRIIAhypo, 0.280 � 0.006 �m 2, n � 622, six NMJs; p � 0.0001).

Reduced synaptic PAK signals pointed toward defects in the
molecular and/or structural assembly of the PSD region of syn-
apses lacking glutamate receptors. FasII, an NCAM (neural cell
adhesion molecule)-related cell adhesion molecule, and Discs
large (Dlg), founding member of the PSD-95-type MAGUK
(membrane-associated guanylate kinase) family, take part in
growth and maturation of the NMJ structure and interact molec-
ularly (Schuster et al., 1996; Thomas et al., 1997; Zito et al., 1997).
At wild-type NMJs, FasII and Dlg are highly enriched at the “peri-
synaptic” muscle membrane but are clearly reduced at the actual
postsynaptic membrane (Fig. 3A,C,G). In gluRIIAhypo larvae,
however, FasII and Dlg did not appear reduced at postsynaptic
membranes (Fig. 3B,D,H). In fact, quantification of FasII (Fig.
3I) demonstrated a distinct reduction of FasII staining intensity
at postsynaptic sites (identified by PAK labeling, also note the
decreased PAK spot size in gluRIIAhypo) for wild type but a flat
distribution at gluRIIAhypo synapses (for numbers and details, see
legend).

Hence, perisynaptic proteins such as the membrane protein
FasII and the membrane-associated Dlg are now present in a
membrane compartment normally destined to become postsyn-
aptic membrane. We conclude that a lack of glutamate receptors
interferes with the maturation of postsynaptic sites, and the mo-
lecular composition of these postsynaptic assemblies seemed to
remain in an immature, nascent state.

Ultrastructural analysis: lack of apposition between
presynaptic and postsynaptic membranes at NMJ synapses
deprived of glutamate receptors
Defects in NMJ morphology became obvious in immunolabel-
ings of gluRIIAhypo NMJs (Fig. 4C). Both the number of boutons
as well as the number of synapses per NMJ were reduced at

Figure 2. Indications of chronically increased release probability at glutamate receptor-
deprived NMJ synapses. Shown are average eEJC traces of wild-type (A) and gluRIIAhypo (B)
larval NMJs after paired-pulse stimulation (interpulse interval, 19.5 ms). eEJCs of gluRIIAhypo

were strongly reduced in amplitude as described previously (Qin et al., 2005) and showed an
untypical paired-pulse depression and an increased decay � (wild type, 1.18 � 0.04, n � 7;
gluRIIAhypo, 0.83 � 0.05, n � 11, p � 0.003; decay �: wild type, 4.96 � 0.42 ms, n � 12;
gluRIIAhypo, 6.73 � 0.62 ms, n � 11, p � 0.013).
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gluRIIAhypo NMJs (third instar, NMJ 4, Ib innervation; bouton
number: wild type, 26.7 � 2.5, n � 6, gluRIIAhypo, 13.3 � 1.9, n �
7, p � 0.0047; synapse number: wild type, 285 � 16, n � 6,
gluRIIAhypo, 153 � 17, n � 7, p � 0.0023). In addition, boutons
often appeared abnormally round (Fig. 4C) and no longer polyg-
onal as typically observed in wild type (Fig. 4A).

To further analyze how far postsynaptic differentiation was
affected by the lack of glutamate receptors, NMJs of mature
gluRIIAhypo larvae were subjected to transmission electron mi-
croscopy (EM). Within NMJ terminals, synaptic vesicles and typ-
ical organelles such as mitochondria seemed unaffected. More-
over, presynaptic T-bars were found at apparently normal
frequency (per midbouton section: wild type, 0.88 � 0.13, n � 8;
gluRIIAhypo, 0.89 � 0.26, n � 9; p � 0.96), consistent with the pres-

ervation of AZ function (see above). T-bars
also enabled an unambiguous localization of
synaptic sites within electron micrographs.
Notably, the glutamate receptor-deprived
synapses showed severe defects in mem-
brane organization. Normally, presynap-
tic and postsynaptic membranes are more
electron dense than neighboring extrasyn-
aptic membranes, and show a flat and lin-
ear apposition, easily visualized in EM
cross sections (Fig. 4E, arrows). This
membrane apposition at mature synapses
typically covers a few hundred nanome-
ters, far exceeding the diameter of the at-
tached T-bar (Fig. 4E). At gluRIIAhypo

NMJ synapses, however, presynaptic and
postsynaptic membranes showed either no
or only reduced electron density (Fig.
4D,F–J). Most notably, the area of close
apposition between presynaptic and
postsynaptic membrane was clearly re-
duced or sometimes totally absent at
gluRIIAhypo NMJ synapses (Fig. 4F, ar-
rows;G–J). Instead, the membranes nor-
mally destined to show synapse-specific
organization were of typical perisynaptic
organization, which is characterized by the
SSR that forms by pronounced infoldings
of the muscle membrane only focally con-
tacting the presynaptic neuronal plasma
membrane (Gorczyca et al., 1999). Consis-
tent with the decreased diameter of
the Dlg-positive area surrounding bou-
tons (Fig. 3H), the SSR was reduced in
gluRIIAhypo larvae (Fig. 4, compare B, D,
white arrows) (Fig. 4K, SSR thickness, type
Ib boutons: wild type, 684 � 55 nm, n � 7;
gluRIIAhypo, 311 � 13nm, n � 9; p �
0.0047).

Together, we conclude that glutamate
receptors are directly or indirectly needed
to confer proper molecular composition
to synaptic membranes. In result, the ma-
ture apposition between presynaptic and
postsynaptic membranes normally ex-
tending over a few hundred nanometers,
and likely acting as a prerequisite for prop-
erly timed neurotransmission, could no
longer be observed.

Initial molecular assembly of PSDs independent of
glutamate receptors
We showed, that despite dramatic glutamate receptor depriva-
tion, a residual postsynaptic assembly of NMJ synapses demon-
strated by PAK localization still took place in gluRIIAhypo larvae.
At NMJs of gluRIIAhypo embryos, glutamate receptors were not
detectable (Fig. 5C), and indistinguishable from gluRIIAnullIIBnull

NMJs in stainings (Fig. 5B). Nevertheless, as shown above, traces
of residual glutamate receptor levels could be observed at larval
NMJs of gluRIIAhypo animals (Fig. 1E,F). In principle, these min-
imal glutamate receptor levels could be sufficient to establish the
observed residual postsynaptic assembly, which in turn could
suggest a role of glutamate receptors in initial PSD formation. To

Figure 3. Molecular markers of postsynaptic assembly at glutamate receptor deprived NMJ synapses. A, B, At wild-type
third-instar larval (L3) NMJs (A), FasII (red) is highly enriched in the perisynaptic membrane but reduced at synaptic membranes.
FasII “holes” match the PSDs identified via PAK labeling (green). B, Boutons of gluRIIAhypo: atypically homogenous FasII distribu-
tion with either no or only very small holes at PAK sites. C, D, Dlg (red) shows perisynaptic distribution at wild-type boutons as well
(C), but homogenous staining at gluRIIAhypo boutons (D). E, F, Single confocal z-sections labeled for Dlg (red) and PAK (green),
from wild-type (E) and gluRIIAhypo NMJs (F ). Note that thickness of postsynaptic Dlg signal was reduced in gluRIIAhypo consistent
with a decrease in SSR diameter as observed with electron microscopy (see below). G, H, Second-instar larval (L2) NMJs of
gluRIIAhypo (H ) and wild type (G). FasII (red) and PAK (green) showed a similar distribution as observed in third instar (A, B). I,
Quantification of the FasII (red) and PAK (green) intensity profiles at single PSDs (0 �m: PSD center) of gluRIIAhypo (dashed lines)
and wild-type (solid lines) second-instar larvae. In gluRIIAhypo, FasII showed a flat intensity profile, whereas in wild-type FasII,
intensity was clearly reduced at the postsynaptic membrane marked by PAK (in PSD center: wild type, 74.7 � 1.8%, n � 20;
gluRIIAhypo, 95.8 � 1.5%, n � 20; p � 0.0001; percentages are relative to average intensity in neighboring perisynaptic
segments). J, K, Size of synaptic PAK accumulations at gluRIIAhypo (red) and wild-type (black) NMJs (muscle 4, 1b innervation) in
larval stages L2 (K ) and L3 (J ). Scale bars: large panels, 5 �m; small panels, 2 �m.
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address this question, PAK localization
was studied at embryonic synapses fully
lacking glutamate receptors [stage 17;
20 –22 h after egg laying (AEL)]. However,
at both gluRIICnull (Fig. 5E) as well as glu-
RIIAnullIIBnull (Fig. 5F) NMJs, PAK still
accumulated opposite presynaptic active
zones, identified via Nc82 labeling, similar
to wild-type synapses (Fig. 5D). Similarly,
PAK also accumulated at NMJs of gluRII-
Ahypo embryos (Fig. 5G). Thus, initial mo-
lecular assembly at prospective PSDs re-
gions still seemed possible in the absence of
postsynaptic glutamate receptor complexes.

Neurotransmission and glutamate-
triggered ionic conductance are
dispensable for NMJ synapse
maturation and growth
So far, we showed that glutamate receptors
are specifically needed to allow the matu-
ration of the synaptic membrane organi-
zation. The question arose, whether the
defects at synapses lacking glutamate re-
ceptors are mediated by the loss of synap-
tic transmission, resulting from the ab-
sence of glutamate receptors. To check
whether a lack of synaptic transmission
could in fact be responsible, several inde-
pendent experimental strategies to block
synaptic transmission were chosen. In lar-
vae, tetanus toxin light chain (TNT) was
expressed using the mosaic motoneuron
driver line ok319-gal4 (Sweeney et al.,
1995). Such larvae appeared paralyzed,
whereas in comparison locomotion de-
fects in gluRIIAhypo larvae were only mod-
erate. However, NMJ synapses of these tet-
anus toxin expressing larvae had fully
developed postsynaptic receptor fields
(Fig. 6C). In addition, transgenic expres-
sion of temperature-sensitive, dominant-
negative Dynamin (UAS-shibireTS1) at
29°C with the cha-gal4 driver was used to
silence the cholinergic neurons “up-
stream” of motoneurons (Salvaterra and
Kitamoto, 2001). This led to a severe pa-
ralysis of larvae, while again mature PSDs
formed (Fig. 6D). Together, a severe
blockade of NMJ transmission did not in-
terfere with postsynaptic assembly.

It could be argued that, when tetanus
toxin expression was driven by ok319-gal4,
suppression of presynaptic release was not
complete, as indicated by larval survival.
Thus, we cannot exclude that in particular
residual miniature events might be present
(Sweeney et al., 1995). In principle, small
residual levels of spontaneous activity, as likely present in the
tetanus toxin-expressing larvae, might already be sufficient to
allow postsynaptic assembly. In fact, miniature activity has been
implicated in the formation of postsynaptic receptor fields in the
embryo (Saitoe et al., 2002). However, this finding was discussed

controversially (Featherstone and Broadie, 2002; Verstreken and
Bellen, 2002). Complete suppression of synaptic release at the
NMJ leads to late embryonic lethality in Drosophila. Thus, we
studied the consequence of completely suppressing all synaptic
transmission including miniature responses at the embryonic

Figure 4. Electron microscopic analysis of glutamate receptor-deprived NMJ synapses. A, C, HRP labelings of wild-type (A) and
gluRIIAhypo NMJs (C). Boutons of gluRIIAhypo tend to be round and are often placed in large intervals along motoneuron branches.
B, D, Transmission electron micrographs of wild-type (B) and gluRIIAhypo (D) NMJs. Presynaptic T-bars were observed at appar-
ently unchanged density (B, D, arrowheads), whereas the typical electron dense character of synaptic membranes (B) was reduced
at gluRIIAhypo NMJs (D). SSR appeared reduced (B, D, white arrows). E, F, High magnitude electron micrographs of wild-type (E)
and gluRIIAhypo (F ) synapses. In wild type, presynaptic and postsynaptic membranes are characterized by a close apposition (E,
arrows) and electron dense character. At gluRIIAhypo synapses, membranes lacked electron density and membrane apposition (F,
arrows). G–I, Additional examples illustrating ultrastructural defects at gluRIIAhypo synapses. J, Estimation of ultrastructural
defects at gluRIIAhypo synapses. All analyzed gluRIIAhypo synapses showed either moderate or complete loss of electron density,
with only 1 of 31 gluRIIAhypo synapses showing linear membrane apposition covering several hundred nanometers as typically
observed in wild type (“full contact”). The remaining synapses showed strong or very strong defects in apposition between
presynaptic and postsynaptic membranes. K, Quantification of SSR thickness from EM cross sections. All shown images derived
from type Ib innervations on muscles 6/7 or 12/13 of third-instar larvae. Scale bars: C, 5 �m; D, 500 nm; E, G, 200 nm.
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NMJ. To this end, a dominant-negative al-
lele of Dynamin (shibireTS1), which blocks
both evoked as well as spontaneous synap-
tic transmission at restrictive temperature
(Koenig et al., 1983), was used. To this
end, after 12–14 h (AEL) at 25°C, embryos
were transferred to 32°C 8 –10 h before
dissection. We found that PSDs (as judged
by GluRIIA/GluRIIC costaining) formed
apparently normally in shibireTS1 mutants
at restrictive temperature (Fig. 6 J). The
same result was obtained in embryos ex-
pressing tetanus toxin under control of the
strong pan-neuronal driver elav-gal4 (Fig.
6 I). Together, apparently neither evoked
nor spontaneous miniature responses
were needed to allow normal postsynaptic
assembly. Thus, it appeared unlikely that a
general lack of postsynaptic conductance
could underlie the postsynaptic defects at
glutamate receptor-deprived NMJs. In
fact, PAK accumulation at PSDs was even
possible when a receptor-deprived situa-
tion (gluRIIAhypo) was combined with a
concomitant block of activity mediated by
tetanus toxin (Fig. 5H).

We concluded that ionic conductance
through postsynaptic glutamate receptors
associated with neurotransmission did not
appear to be a prerequisite for synapse as-
sembly. Several studies have measured
glutamate in the Drosophila hemolymph
(Echalier, 1997). Thus, glutamate receptor
conductance in response to such extracel-
lular glutamate, not associated with vesic-
ular release, could per se be implicated in
synapse formation. However, genetic con-
stellations meant to increase hemolymph
glutamate levels were shown to decrease

Figure 5. Synapse assembly at embryonic NMJs lacking glutamate receptors. A–C, Embryonic Drosophila NMJs (stage 17) stained for HRP (gray), GluRIIA (red), and GluRIIC (green). Wild-type (A)
NMJs showed synaptic expression of GluRIIA and GluRIIC, whereas, as expected, glutamate receptors were absent from NMJs of gluRIIAnullIIBnull embryos (B). In gluRIIAhypo embryos (C), glutamate
receptors were below detection limit as well. D–H, Despite the absence of glutamate receptors, embryonic NMJs of gluRIICnull (E) and gluRIIAnullIIBnull (F ) animals still showed accumulations of the
PSD marker PAK (green) opposite presynaptic release sites labeled with Nc82 (red) similar to wild type (D). PAK also accumulated at gluRIIAhypo NMJ synapses with (H ) or without (G) a concomitant
block of presynaptic activity through pan-neuronal expression of tetanus-toxin (elav-tnt). Scale bar, 5 �m.

Figure 6. NMJ synapse assembly after suppression of neurotransmission or glutamate receptor ligand binding. A–E, Stainings
of third-instar NMJs (muscle 6/7) for HRP (gray), GluRIIA (red), and GluRIIC (green). Shown are controls (A), gluRIIAhypo (B), larvae
expressing either tetanus toxin with the mosaic motoneuron driver ok319-gal4 (C) or shibireTS1 in cholinergic neurons (D) (at
29°C), and a pore-modified version of GluRIIA ( gluRIIAQ614R) (E) expressed in the gluRIIAnullIIBnull background. F, Scheme of
GluRIIA Q614R: a genomic gluRIIA clone with the exchange Q614R. G–K, Stainings of embryonic NMJs (stage 17) for HRP (gray),
GluRIIA (red), and GluRIIC (green). Blockade of synaptic transmission by expression of tetanus toxin light chain with the pan-
neuronal driver elav-gal4 (I ) or by raising shibireTS1 animals (J ) at restrictive temperature led to embryonic lethality. However,
proper clustering of glutamate receptors was observed (G). PSD assembly appeared also unaffected when gluRIIAE783A (see L) was
expressed in the gluRIIAnullIIBnull background (K ). A gluRIIAhypo NMJ (H ) is shown for comparison. L, Scheme of GluRIIA E783A,
carrying a point mutation in the S2 glutamate binding domain resulting in embryonic lethality. Scale bars, 5 �m.
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the size of postsynaptic glutamate receptor
fields (Featherstone et al., 2002), arguing
against a PSD stabilizing role of such con-
ductances in response to extracellular glu-
tamate. Nonetheless, we tried to directly
address the role of glutamate-mediated re-
ceptor conductance. First, a pore-
modified gluRIIA genomic transgene
( gluRIIAQ614R) (Fig. 6F), changing the
pore from MQQ to MRQ (Jonas and Bur-
nashev, 1995; Kask et al., 1998; DiAntonio
et al., 1999; Aronoff et al., 2004) was engi-
neered. This rescued the gluRIIAnullIIBnull

situation and allowed the formation of ap-
parently normal receptor fields at larval
NMJs (Fig. 6E). A “complete block” of
NMJ transmission, however, should result
in embryonic lethality, arguing that
gluRIIAQ614R does still allow some ionic
conductance when incorporated into the
glutamate receptor complex (DiAntonio
et al., 1999).

In fact, embryonic rescue of the
gluRIIAnullIIBnull situation was no longer
possible with a GluRIIA mutated in the
glutamate binding pocket ( gluRIIAE783A)
(Fig. 6L) (Grunwald and Kaplan, 2003).
However, at these embryonic gluRIIAE783A

NMJs, wild-type-like patches of the gluta-
mate receptor subunits GluRIIA and
GluRIIC formed at apparently normal
density (Fig. 6K). Consistently, PAK ki-
nase and presynaptic BRP also clustered
normally at these synapses (data not
shown), which should be most severely de-
prived of glutamate-triggered ionic con-
ductance (also given that gluRIIAhypo em-
bryos survive despite the absence of
detectable spontaneous responses). As a
result, a lack of glutamate receptor-
mediated ionic conductance is most un-
likely to be responsible for the PSD defects
observed at NMJ synapses lacking gluta-
mate receptors. Instead, glutamate recep-
tors might well be involved in postsynaptic assembly via protein–
protein interactions.

C-terminal truncation of GluRIIA mimics the receptor
deprivation defects
We sought to determine parts of the glutamate receptor proteins
involved in synapse assembly and maturation. gluRIIA was de-
leted from its C terminus and a truncated genomic transgene
( gluRIIA�C53) (Fig. 7F), missing the last 53 amino acids of the
C terminus, but not the 3�-UTR, was expressed in the
gluRIIAnullIIBnull background. Rescue capability of gluRIIA�C53

was lower than observed for gluRIIAhypo (24 and 43% of expected
mendelian rate of adult flies, respectively). Similar as found in
gluRIIAhypo (Fig. 7B), glutamate receptors at gluRIIA�C53 PSDs
(Fig. 7C) were hardly detectable and drastically reduced (differ-
ent from gluRIIAhypo with only �5% of GluRIIA mRNA level left,
the GluRIIA mRNA level of gluRIIA�C53 was not decreased) (data
not shown). Alongside the reduction in synaptic glutamate re-

ceptors, NMJ morphology was clearly defective as well, harboring
atypically round boutons (Fig. 7C). PSDs, visualized by labeling
PAK, appeared decreased in size. As in gluRIIAhypo, the perisyn-
aptically expressed proteins FasII and Dlg were essentially evenly
distributed over the bouton surface (Fig. 7D,E). Transmission
electron micrographs showed a drastic drop in the overall thick-
ness of the SSR (Fig. 7G, arrows) (wild type, 684 � 55 nm, n � 7;
gluRIIA�C53, 168 � 30 nm, n � 5; p � 0.0025), and the number of
membrane stacks appeared reduced. Importantly, membrane ap-
position in the synaptic region was only partly established or
completely missing, and both presynaptic and postsynaptic
membranes lacked electron-dense character (Fig. 7H, I). As for
gluRIIAhypo, presynaptic elements seemed unaffected (Fig. 7G).

In summary, the gluRIIA�C53 phenotype was very similar to
the defects observed for gluRIIAhypo (while even somewhat stron-
ger). These data are consistent with the concept that a lack of
interactions with other PSD components mediated by the intra-
cellular C terminus interferes with PSD assembly. However, lack

Figure 7. PSD assembly defects after C-terminal truncation of GluRIIA. A–C, Epifluorescence images (recorded with equal
illumination time) of third-instar NMJs stained for HRP (gray), GluRIIA (red), and GluRIIC (green). Expression of a truncated GluRIIA
variant, missing the last 53 amino acids of the C terminus ( gluRIIA�C53; see scheme in F ), in the gluRIIAnullIIBnull background (C)
led to synaptic glutamate receptor levels similar as in gluRIIAhypo (B) but severely reduced in comparison with controls (A)
(wild-type genomic gluRIIA construct expressed in gluRIIAnullIIBnull). Boutons in gluRIIA�C53 were atypically round as observed in
gluRIIAhypo (B). D, E, gluRIIA�C53 NMJs stained for FasII (D; red) and Dlg (E; red). Similarly to gluRIIAhypo, FasII and Dlg were no
longer restricted from the synaptic membrane but rather evenly distributed over the bouton surface. PAK (green) accumulations
as well were clearly decreased in size. F, Schematic view of GluRIIA �C53. G, Transmission electron microscopy of gluRIIA�C53

third-instar boutons uncovered a phenotype very similar to gluRIIAhypo. While the formation of presynaptic T-bars persisted
(arrowheads), the SSR was strongly reduced in overall thickness (arrows; wild type, 684 � 55 nm, n � 7; gluRIIA�C53, 168 � 30
nm, n � 5; p � 0.0025). H, I, Higher magnifications: often complete (I ) or partial (H ) lack of the electron dense character of
presynaptic and postsynaptic membranes could be observed. The synaptic membrane apposition was either fully missing (I ) or
only partly established (H ) at gluRIIA�C53 synapses (arrows). Scale bars: A, 5 �m; E, small panels, 2 �m; G, 500 nm; I, 200 nm. J,
Model: Maturation of PSDs requires glutamate receptors. Model shows the maturation of individual synapses with either normal
or severely reduced/absent glutamate receptor levels. Initial definition of postsynaptic membranes (PAK accumulation) takes
place even in the absence of glutamate receptors. However, additional expansion of postsynaptic membrane domains including
recruitment of electron density at both presynaptic and postsynaptic membranes and evenly spaced adhesion between these
membranes (apposition) fails when glutamate receptors are lacking. Thus, while presynaptic specializations mature, the PSD
resides in an immature state and size with normally perisynaptic CAMs occupying principal PSD membranes.

11274 • J. Neurosci., November 1, 2006 • 26(44):11267–11277 Schmid et al. • GluRs Essential for Postsynaptic Maturation



of a C-terminal sequence could per se also affect initial transport
and/or assembly of glutamate receptor complexes. In any case,
this experiment independently shows that a lack of glutamate
receptors interferes with the PSD assembly process.

Discussion
A detailed molecular and cell biological insight into the forma-
tion of glutamatergic synapses is important for understanding
the development of excitatory neuronal circuits and also the pro-
cess of long-term information storage in the CNS (Chklovskii et
al., 2004). So far, studies on cultivated brain neurons analyzed
mechanisms of glutamate receptor trafficking during synapse
formation and have suggested a temporal sequence of presynap-
tic and postsynaptic assembly (Washbourne et al., 2002; Gun-
delfinger et al., 2003; Bresler et al., 2004). However, whether in
turn the process of incorporating glutamate receptors is needed
for the establishment of synaptic structures was hardly addressed.

A transmission-independent role of glutamate receptors in
postsynaptic maturation
We addressed the relationship between neurotransmitter recep-
tor incorporation and synapse assembly by genetically reducing
or eliminating the expression of all neurotransmitter receptors at
a certain synapse type. To our knowledge, consequences of elim-
inating all postsynaptic glutamate receptors expressed at a spe-
cific glutamatergic synapse had so far not been described. Here,
we showed that a lack of glutamate receptors provoked a specific
block in the molecular and ultrastructural maturation of PSDs.

Notably, loss of transmission concomitant with losing gluta-
mate receptor complexes seemed not involved, based on the fact
that neither blocking synaptic transmission (Fig. 6C,D, I,J) nor
affecting glutamate binding by site-directed mutagenesis (Fig.
6K) did provoke similar defects. Thus, consistent with studies in
other synaptic systems (Harris, 1980; Verhage et al., 2000; Baines
et al., 2001; Misgeld et al., 2002; Varoqueaux et al., 2002; Hee-
roma et al., 2003), ionic transmission through the postsynaptic
neurotransmitter receptors does not appear essential for princi-
pal synapse assembly. Instead, our data clearly imply that a criti-
cal level of glutamate receptor protein is needed to allow synapse
maturation.

Ultrastructural and molecular maturation of NMJ synapses
requires glutamate receptors
A model for the maturation of individual NMJ synapses in either
the presence or absence of postsynaptic glutamate receptors is
given in Figure 7J. At glutamate receptor-deprived synapses, syn-
aptic vesicles appeared normally distributed, and their activity-
mediated release appeared increased, likely as part of a compen-
sation for reduced postsynaptic sensitivity. Moreover, functional
active zones with presynaptic dense bodies still formed. Thus,
active zones still assemble when the mature organization of syn-
aptic membranes (“tight planar apposition”) is not established.
Consistently, previous work had shown that the formation of
presynaptic dense bodies persisted even after genetic elimination
of postsynaptic muscle cells (Prokop et al., 1996). In contrast,
active zone formation is severely affected in bruchpilot mutants,
whereas the presynaptic and postsynaptic membranes remain
tightly apposed (Kittel et al., 2006; Wagh et al., 2006).

At developing NMJs, newly forming “nascent” PSDs are char-
acterized by small GluRIIA accumulations strictly colocalized
with PAK kinase (Rasse et al., 2005). Even in the complete ab-
sence of glutamate receptors ( gluRIIC single or gluRIIA&IIB
double mutant) (Fig. 5E,F), postsynaptic PAK patches, as typical

for small nascent synapses, still formed, indicating that principal
cues for the definition of postsynaptic membrane patches per-
sisted in this situation. However, these PAK patches consistently
failed to reach mature size (Fig. 3 J,K). PAK, which mediates
effects of Rho-GEF dPIX has been implicated in postsynaptic
maturation, with PAK mutants showing a partial depletion of
GluRIIA, and reduced SSR formation. However, neither pak nor
dpix mutants have so far been reported to show defects in synap-
tic membrane apposition (Parnas et al., 2001; Albin and Davis,
2004). Thus, postsynaptic differentiation is not completely
blocked in the absence of glutamate receptors. Instead, two
postsynaptic “assembly modules” (PAK/dPIX signaling and glu-
tamate receptor localization) appear only partly dependent on
each other, with glutamate receptor localization being essential
for PSD maturation but not for initial PSD assembly.

At the cholinergic mouse NMJ, genetic deletion of the adult
acetylcholine receptor subunit � (AChR�) led to severely reduced
AChR density. Notably, a profound reorganization of AChR-
associated components of the postsynaptic membrane and cy-
toskeleton was observed in this situation (Missias et al., 1997).

Glutamate receptor complexes and synaptic cell adhesion
Synaptic membranes are electron dense and apposed to each
other, leaving a cleft of consistent width, likely essential for robust
timing and efficacy of neurotransmission. In contrast, perisynap-
tic membranes are less electron dense and tend to undulate. At
NMJs lacking glutamate receptors, FasII/Dlg complexes ectopi-
cally remained at synaptic sites and membranes now appeared
undulated, indicating perisynaptic type of membrane adhesion.
Thus, glutamate receptors seem essential to establish the type of
membrane adhesion found at the synapse, whereas usually peri-
synaptic adhesion molecules as FasII mediate a qualitatively dif-
ferent type of membrane adhesion. Notably, undulation of peri-
synaptic membranes was impaired at NMJs lacking glutamate
receptors leading to a less developed SSR (Figs. 4D,K; 7G). More-
over, boutons often appeared atypically round (Figs. 4C; 7D,E),
further indicating that membrane–membrane adhesion is funda-
mentally affected at NMJ terminals lacking glutamate receptors.

Several classes of bona fide cell adhesion molecules (CAMs)
have been implicated in mediating membrane adhesion at syn-
apses, particularly transsynaptic neurexin–neuroligin pairs and
cadherins (Murthy and De Camilli, 2003). The specific contribu-
tions of these synaptic CAMs during initial synapse assembly and
maturation are under intense investigation. Our data are consis-
tent with the idea that the C-terminal, intracellular domains of
glutamate receptors might engage in interactions with other PSD
components, which in turn cluster postsynaptic CAM-type
membrane proteins. These would then mediate interactions to
cluster presynaptic CAMs or bind components of the extracellu-
lar matrix to allow synaptic membrane apposition. Alternatively,
direct interactions of glutamate receptors with other membrane
protein complexes, as recently demonstrated for Stargazins/
TARPs (transmembrane AMPA receptor regulatory proteins)
(Osten and Stern-Bach, 2006), might be involved.

To our knowledge, no CAM single mutant has so far been
reported to provoke a defect in synaptic membrane apposition as
severe as the one observed here for glutamate receptor mutant
situations. Thus, multivalent interactions of the heterotetrameric
glutamate receptor complexes as well as the redundant involve-
ment of several CAM species might occur.

Schmid et al. • GluRs Essential for Postsynaptic Maturation J. Neurosci., November 1, 2006 • 26(44):11267–11277 • 11275



Glutamate receptor levels in control of synapse formation
PAK labeling suggested that initial steps in defining postsynaptic
membranes persisted even in the total absence of glutamate re-
ceptors, whereas these initial assemblies could not mature on the
ultrastructural level when glutamate receptors were lacking. We
recently achieved in vivo imaging of photolabeled GluRIIA at the
developing NMJ, and found that newly forming PSDs in fact
grow by a continuous incorporation of glutamate receptors,
whereby the accumulation of presynaptic active zone material
(BRP) appeared slightly delayed. Thereby, the entry of GluRIIA,
likely derived from cell-wide plasma membrane pools via lateral
diffusion, directly correlated with PSD growth. Once glutamater-
gic PSDs reached a certain size, they stabilized and GluRIIA was
essentially immobilized. In comparison, other postsynaptic pro-
teins showed high turnover equally over all synapses (Rasse et al.,
2005). This slow turnover of glutamate receptors is consistent
with the view that multiple interactions of glutamate receptor set
the core of a transsynaptic interaction matrix. Several lines of
genetic and experience-dependent manipulations point toward a
rate-limiting role of GluRIIA levels in NMJ synapse formation
(Broadie and Bate, 1993; Reiff et al., 2002; Sigrist et al., 2002;
Yoshihara et al., 2005). In summary, the available data suggest
that incorporation of glutamate receptors might be a key event to
allow additional expansion of initial postsynaptic assemblies, fi-
nally leading to mature PSDs. Thereby, the overall level of gluta-
mate receptors available in the muscle membrane might control
the total number of synapses forming per NMJ (Rasse et al.,
2005).

Understanding the plasticity processes taking place at gluta-
matergic synapses has been a focus of attention within cellular
neuroscience. Hereby, rapid changes in synaptic receptor num-
ber were reported to mediate plastic changes of synaptic trans-
mission, often on the timescale of tens of minutes in mammalian
preparations (Malinow and Malenka, 2002; Sheng and Kim,
2002; Bredt and Nicoll, 2003; Collingridge et al., 2004). Notably,
however, a recent study indicated that the cycling of synaptic
glutamate receptors needed 16 h or more (Adesnik et al., 2005).
Similar timing was observed for nicotinic acetylcholine and
GABA receptors (Akaaboune et al., 2002; Thomas et al., 2005).
Thus, parts of the synaptic glutamate receptor population might
be needed to reside stably within the PSD to maintain synapse
stability. In fact, only severe receptor deprivation interfered with
proper postsynaptic assembly at the NMJ, suggesting that the
glutamate receptor level should not fall below a certain critical
threshold.

Notably, the extracellular domain of the mammalian AMPA
receptor subunit GluR2 has been shown to increase the size and
density of spines in hippocampal neurons, and to induce spine
formation in GABAergic interneurons normally lacking spines
(Passafaro et al., 2003). It will be interesting to see whether these
structural roles of glutamate receptors have a common mecha-
nistic denominator.

Different types of synapses differ strongly in the ultrastruc-
tural detail of their postsynaptic specializations. Thus, a typical
neuron of our brain, acting as a postsynaptic partner for different
types of presynaptic inputs, has to establish and maintain differ-
ent postsynaptic architectures, suggesting the existence of “iden-
tity molecules” allowing the self-assembly of such architectures,
and potentially a match with membrane cues of the presynaptic
partner cell. Obvious candidates for such molecules are the
postsynaptic neurotransmitter receptors themselves. This study
is consistent with such a view.
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