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Development/Plasticity/Repair

Differential Localization of Glutamate Receptor Subunits at
the Drosophila Neuromuscular Junction

Scott B. Marrus,! Scott L. Portman,! Marcus J. Allen,? Kevin G. Moffat,2 and Aaron DiAntonio!
'Department of Molecular Biology and Pharmacology, Washington University School of Medicine, St. Louis, Missouri 63110, and 2Department of Biological
Sciences, University of Warwick, Coventry CV4 7AL, United Kingdom

The subunit composition of postsynaptic neurotransmitter receptors is a key determinant of synaptic physiology. Two glutamate recep-
tor subunits, Drosophila glutamate receptor IIA (DGIuRIIA) and DGIuRIIB, are expressed at the Drosophila neuromuscular junction and
are redundant for viability, yet differ in their physiological properties. We now identify a third glutamate receptor subunit at the
Drosophila neuromuscular junction, DGIuRIIL, which is essential for viability. DGIuRIII is required for the synaptic localization of
DGIuRIIA and DGIuRIIB and for synaptic transmission. Either DGIuRIIA or DGIuRIIB, but not both, is required for the synaptic local-
ization of DGIuRIIL DGIuRIIA and DGIuRIIB compete with each other for access to DGluRIII and subsequent localization to the synapse.
These results are consistent with a model of a multimeric receptor in which DGIuRIII is an essential component. At single postsynaptic
cells that receive innervation from multiple motoneurons, DGIuRIII is abundant at all synapses. However, DGIuRIIA and DGIuRIIB are
differentially localized at the postsynaptic density opposite distinct motoneurons. Hence, innervating motoneurons may regulate the
subunit composition of their receptor fields within a shared postsynaptic cell. The capacity of presynaptic inputs to shape the subunit
composition of postsynaptic receptors could be an important mechanism for synapse-specific regulation of synaptic function and

plasticity.
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Introduction
Changes in synaptic strength are important for the development
of neuronal circuits and their modification by experience. The
postsynaptic response to transmitter is a key determinant of syn-
aptic strength and is a substrate on which plasticity mechanisms
can act. The central mechanism that controls the response to
transmitter is the function of the postsynaptic neurotransmitter
receptors. Subunit composition and synaptic localization are two
key mechanisms that regulate the function of these receptors.
The role of subunit composition in the assembly and traffick-
ing of vertebrate AMPA-type glutamate receptors has been stud-
ied extensively (Barry and Ziff, 2002; Malinow and Malenka,
2002; McGee and Bredt, 2003). The various receptor subunits
differ in a number of physiological parameters, including desen-
sitization kinetics and ion permeability (Hollmann and Heine-
mann, 1994; Westbrook, 1994). The differential utilization of
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these subunits alters the properties of the resulting postsynaptic
receptors (Jonas et al., 1994; Washburn et al., 1997). Subunit
composition also regulates the assembly, insertion, synaptic lo-
calization, and anchoring of AMPA receptors (Barry and Ziff,
2002; Malinow and Malenka, 2002; McGee and Bredt, 2003). One
mechanism that may influence the subunit composition of the
postsynaptic transmitter receptor is the identity of the presynap-
tic afferent (Toth and McBain, 1998, 2000; Craig and Boudin,
2001). Physiological studies of single hippocampal neurons dem-
onstrate that the AMPA receptors opposite mossy fiber and area
CA3 inputs are pharmacologically distinct (Toth and McBain,
1998).

The Drosophila neuromuscular junction (NM]J) is a glutama-
tergic synapse that expresses postsynaptic receptors that are ho-
mologous to vertebrate AMPA and kainate receptors. Two mus-
cle receptors have been identified, Drosophila glutamate receptor
ITA (DGIuRIIA) and DGIuRIIB, that differ in their physiological
properties (Schuster et al., 1991; Petersen et al., 1997; Davis et al.,
1998; DiAntonio et al., 1999). Receptors that differ in their sub-
unit composition display differences in their single-channel be-
havior that affects their synaptic response (DiAntonio et al.,
1999). Because DGIuRIIA and DGIuRIIB are redundant for via-
bility, neither must be essential for assembly or localization of
functional glutamate receptors. However, it is unknown what
role these receptors may play in glutamate receptor localization
or what other molecules and mechanisms regulate the localiza-
tion of functional glutamate receptors to the Drosophila NM]J.

Here, we report the identification and characterization of a
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novel glutamate receptor subunit that is present at the Drosophila
NMJ, which we named DGIuRIII. We find that DGIuRIII is essen-
tial for viability and is necessary for the synaptic localization of
DGIuRIIA and DGIuRIIB and for synaptic transmission. In con-
trast, either DGIuRIIA or DGIuRIIB, but not both, are required
for the synaptic localization of DGluRIII. DGIuRIIA and DGlu-
RIIB compete with each other for access to DGIuRIII and subse-
quent localization to the synapse. At postsynaptic cells that are
multi-innervated, DGIuRIIA and DGIuRIIB are differentially lo-
calized to the NMJs of distinct motoneurons. These studies de-
fine the logic of subunit assembly at the Drosophila neuromuscu-
lar junction and suggest that the presynaptic input shapes the
subunit composition of its receptor field.

Materials and Methods

Genetics

DGIuRIII mutagenesis. Ethyl methysulfonate was used to mutagenize an
isogenized white Canton S stock. An F2 lethal screen was performed over
the deficiency df(2L)ast4 that covers the 21D1-2;21E1-2 region and
identified 55 mutant alleles. One complementation group containing
two alleles represents the DGIuRIII gene, because it can be rescued by a
DGIuRIII genomic transgene. These alleles act as genetic nulls because
the homozygous phenotype is the same as the phenotype of the mutant
over a deficiency. The mutants in DGIuRIIA and DGIuRIIB used in this
study have been described previously (Petersen et al., 1997; DiAntonio et
al., 1999). In brief, DGIuRIIA null = DGIuRIIA*P°/DGIuRIIA BT
(DGIuRIIA null in combination with a DGIuRIIA and DGIuRIIB double
mutant); DGIuRIIB null = DGIuRIIAGB*"#?/df(2L )™ Pl g¢DGIuRIIA]/
+ (DGIuRIIA and DGIuRIIB double mutant in combination with a de-
ficiency that removes both DGIuRIIA and DGIuRIIB rescued with a
genomic DGIuRIIA rescue construct). We demonstrated previously that
this genomic rescue transgene of DGIuRITA functions in a manner that is
quantitatively very similar to the endogenous DGIuRIIA gene [Petersen
etal, (1997), their Fig. 4]. For the DGIuRIIA hypomorph (DGIuRIIB null
shown in Figure 6d), the full genotype is DGIuRIIA&B"?/df(2L)cl"*
H94Gal4/P[UAS-DGluRIIAmyc]. This is a DGIuRIIA and DGIuRIIB
double mutant rescued by the low-level expression of a DGIuRIIA trans-
gene (DiAntonio et al., 1999).

Transgenic constructs. The DGIuRIII cDNA was cloned into the pUAST
vector (Brand and Perrimon, 1993) and into a transformation vector
containing the myosin heavy chain (MHC) promoter (Petersen et al.,
1997). Genomic rescue constructs were generated by PCR usinga 5 oligo
GCTCTCAGCTACACATGTCG and a 3’ oligo GACGTAGCTGTA-
GAGCACAAG, and the product was sequenced and cloned into the
pUAST vector. Transformants were generated by standard techniques.

Immunohistochemistry

Antibodies. The mouse monoclonal anti-DGIuRIIA antibody 8B4D2, de-
veloped by Christoph Schuster (Max Planck Gesellschaft, Tubingen,
Germany) and Corey Goodman (Renovis, San Francisco, CA), was ob-
tained from the Developmental Studies Hybridoma Bank (University of
Towa, Iowa City, IA), developed under the auspices of the National Insti-
tute of Child Health and Human Development, and maintained by the
University of Iowa. It was used at a 1:100 dilution on larvae fixed for 5
min with Bouin’s fixative. The rabbit anti-DGIuRIIB antibody was raised
by Sigma-Genosys (St. Louis, MO) against the 15 C-terminal residues of
the predicted DGIuRIIB gene product (-ASSAKKKKKTRRIEK), affinity
purified and used at 1:2500 dilution. There is no detectable staining in
flies that are genetically null for DGIuRIIB, but staining appears normal
in flies null for DGIuRIIA. For both DGIuRIIA and DGIuRIIB, we occa-
sionally see extra synaptic puncta. These are not consistently observed
and, when present, do not show any colocalization between the two
receptor subunits. The rabbit anti-DGIuRIII antibody was raised by
Zymed (San Francisco, CA) against the 22 C-terminal residues of the
predicted DGIuRIII gene product (-QGSGSSSGSNNAGRGEKEARV),
affinity purified, and used at 1:2500 dilution. Synaptic staining appears
normal in flies lacking either DGIuRIIA or DGIuRIIB. Neither the anti-
sera to DGIuRIIB nor DGIuRIII work on immunoblots. The mouse
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monoclonal anti-fasciclin II (FasII) (1D4) antibody, developed by Corey
Goodman, was obtained from Developmental Studies Hybridoma Bank
and used at 1:5 dilution. The Cy3 (indocarbocyanine)-conjugated goat
anti-HRP antibody was obtained from Jackson ImmunoResearch (West
Grove, PA) and used at 1:2000 dilution. Secondary antibodies were ob-
tained from Molecular Probes (Eugene, OR) and used at 1:1000 dilution.

Anatomy. Embryonic RNA in situs were performed as described pre-
viously (Tautz and Pfeifle, 1989). Immunohistochemistry was performed
on wandering third-instar larvae. Larvae were pinned on Sylgard-lined
Petri dishes with insect pins. After dissecting open the dorsal side of the
larvae and removing the internal organs and trachea, the larvae were
pinned flat for fixation. Larvae were fixed for 5 min in either 3.7% form-
aldehyde in PBS or in Bouin’s fixative (necessary for anti-DGIluRIIA
staining). Larvae were incubated with the primary antibodies described
above, followed by the appropriate secondary antibodies, equilibrated in
70% glycerol, and mounted in VectaShield (Vector Laboratories, Burlin-
game, CA) mounting media.

Imaging and analysis. Larvae were imaged on a Nikon (Tokyo, Japan)
C1 confocal microscope. All images of mutant larvae were acquired in
conjunction with a wild-type control that had been simultaneously
stained. The same confocal gain setting was used for both the wild type
and mutant larvae. The gain was chosen as the maximum gain that did
not saturate the signal from wild-type larvae. A complete Z-stack was
acquired for each NM]J and rendered as a maximum projection. Quanti-
tative analysis of fluorescence intensity was done using MetaMorph soft-
ware (Universal Imaging Corporation, West Chester, PA). The differen-
tial localization of DGIURIIA and DGIuRIIB demonstrated in Figure 8b
does not depend on the color of the secondary antibody used.

Electrophysiology

Current clamp. Intracellular recordings were performed from muscle 6,
segments A3 and A4, of third-instar female larvae. The larvae were visu-
alized on a Nikon compound microscope with a fixed stage and differ-
ential interference contrast optics. Sharp electrodes (15-20 M(}), made
of borosilicate glass (outer diameter, 1.2 mm), were filled with 3 M KCL
The signal was acquired with an Axoclamp 2B amplifier (Axon Instru-
ments, Foster City, CA), further amplified and filtered at 1 kHz with a
Brownlee (San Jose, CA) Precision amplifier (Model 410), digitized with
a Digidata 1320A analog-to-digital board, and stored on a personal com-
puter using pClamp 9.0 (Axon Instruments). Input resistance was deter-
mined by injecting 1 nA into the muscle for 500 msec. Only cells with an
input resistance of =5 M() and a resting potential between —60 and —80
mV were included in the analysis. Recordings were performed in HL3
(hemolymph-like 3) Stewart saline (Stewart et al., 1994) that contained
(inmwm): 70 NaCl, 5 KCl, 0.45 CaCl,, 20 MgCl,, 10 HCO3, 5 trehalose, 115
sucrose, and 5 HEPES, pH adjusted to 7.2. There were only minor differ-
ences in the resting membrane potential and the input resistance between
wild-type and mutant larvae. Average values were as follows. (V,, =
mV * SE; R;,, = MQ * SE): (1) w—/Canton S (n =10) V,, = 70.9 = 1.7;
R, = 8.3 * 0.7, (2) DGIuRIII*/df(2L )astl; P[UAS-cDGIURIII]/+ (n =
11)V,, =68 = 1.7; R;, = 5.7 = 0.4. For analysis of excitatory junctional
current kinetics, responses from type Ib and type Is synapses were iso-
lated following the method of Lnenicka and Keshishian (2000).

Results

DGIuRIII encodes a novel glutamate receptor that is
expressed in the somatic musculature

To date, six ionotropic glutamate receptors have been described
in Drosophila. Four of these are expressed exclusively in the CNS
(Ultsch et al., 1992, 1993; Veolkner et al., 2000), whereas two
receptors, DGIURIIA and DGIuRIIB, are expressed in somatic
muscle (Schuster et al., 1991; Petersen et al., 1997). The muscle
receptors DGIuRIIA and DGIuRIIB localize to the neuromuscu-
lar junction and form part of the functional receptor complex
(Petersen et al., 1997; DiAntonio et al., 1999). However, neither
of these receptors is essential and, on the basis of the multimeric
nature of vertebrate glutamate receptors (Dingledine et al., 1999;
Barry and Ziff, 2002), we reasoned that other subunits might
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exist. We searched for candidate molecules from among the
many Drosophila genes that are predicted to encode glutamate
receptors (Littleton and Ganetzky, 2000). We focused on one
predicted gene, CG4226, because it shows the greatest sequence
identity to the muscle receptors DGIuRIIA and DGIuRIIB (Fig. 1).
Embryonic whole-mount in situ hybridization demonstrates that
CG4226 RNA is expressed in the somatic musculature but is not
detected in the CNS of late-stage embryos (Fig. 2a) and third-
instar larvae (data not shown). We named this receptor
DGIuRIII

DGIuRIII exhibits 35-39% amino acid identity to the previ-
ously described DGIuRIIA and DGIuRIIB, respectively (Fig. 1a)
(Schuster et al., 1991; Petersen et al., 1997), and 22% identity to
the neuronal DGIuRI (Ultsch et al., 1992). Figure 1b diagrams the
predicted evolutionary relationship between Drosophila and
mammalian glutamate receptors. Although DGIuRIII is a mem-
ber of the AMPA-kainate superfamily, it cannot be classified as
AMPA- or kainate-type on the basis of sequence. Vertebrate
AMPA receptors are localized to synapses via interactions with
PSD-95/Dlg/Z0O-1 (PDZ)-domain proteins (Sheng and Pak,
1999). Neither of the previously characterized Drosophila muscle
receptors contain recognizable PDZ-binding motifs; however,
DGIuRIII exhibits a class II C-terminal consensus PDZ-binding
domain site [-EARV; -X-®-X-®, where ® is any hydrophobic
amino acid (Hung and Sheng, 2002)]. Based on the sequence and
expression data for DGIuRIII, we chose to undertake a genetic,
physiological, and cell biological analysis of its function.

DGIuRIII is localized opposite active zones at the NMJ

We studied the distribution and composition of the native gluta-
mate receptor, so antibodies were required for all three glutamate
receptor subunits. A monoclonal antibody to DGIuRIIA
(8B4D2) was previously reported; however, its specificity for DG-
luRIIA had not been tested. We found that this antibody robustly
stains the NM]J of both wild-type and DGIuRIIB null mutant
larvae. However, staining is undetectable in larvae that are genetic
nulls for DGIuRIIA (Fig. 3a—c). Hence, this monoclonal is specific
for DGIuRIIA. We raised antibodies to peptide antigens from
both DGIuRIIB and DGIuRIIL. The peptides were selected from
regions that do not share homology among the three receptors or
with any other predicted Drosophila proteins. The anti-
DGIuRIIB antisera stains the NMJ of both wild-type and DGlu-
RIIA null larvae but does not stain larvae that are genetic nulls for
DGIuRIIB (Fig. 3d—f). Hence, this sera is specific for the DGlu-
RIIB subunit. Because DGIURIII is reported here for the first
time, we describe the staining pattern of the anti-DGIuRIII sera in
detail below.

DGIuRIII protein is localized to the neuromuscular junction
at every muscle (Fig. 2b) (data not shown). Transmitter release
occurs from presynaptic specializations termed active zones. We
previously demonstrated that epitope-tagged transgenic gluta-
mate receptors are concentrated in puncta that lie opposite the
presynaptic active zones, placing them in an ideal position to
detect the release of glutamate (Petersen et al., 1997). We inves-
tigated whether endogenous DGIuRIII has the same distribution.
The absence of staining for the periactive zone marker FasII de-
fines active-zone regions at synaptic boutons (Fig. 2d) (Sone et
al., 2000; Wan et al., 2000). We found that DGIuRIII localizes to
puncta that precisely fill the holes in the FaslI stain (Fig. 2c—e),
demonstrating its presence opposite active zones. In addition, we
previously used immunoelectron microscopy to demonstrate
that the myc-tagged DGIuRIIA is present opposite each active
zone (genotype, MHC-DGIuRIIAmyc) (Petersen et al., 1997).
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DGLuRIII (1) MKKELSGNSSARWPQMFGGNSREAGMWQRILL L LEBCMWSAFFMCRSRGQQH
DGLuRIIA (1) =emmmmemmmiaee MRLCPVVIYAFBITIGFLEGITALGGDDRNEN
DG1uRIII (51) NIeRlFl@DDEL [ JKEFMTYVYNATNIGPESEQTMRFYPLIRAL KIEDGEVT
DGLuRIIA 33) T I[R4ENFKII[FL SEDQAFREVIN - -MKFSELRFVTILERY Mg TNDBFL
DI SO SN GRS IR 0L, RC 0t IINGVAATFGPSSKAASDIVARYENS FRIISOIRGIQ
DGILuRIIA [C:2DIR0IRICF THNGVAATFGPSSKAASDIVARS LKLIFATR

DGLURIII (151) KP) LUL Y[ZAQAT DUVQN -FG) IVAIDADDARA,
DGLuRITA (131) QEQL SI SLS REXMF EMIKSNYE| L IMETPEG--L,
DGLuRIII (200) [MeDIBLQLREVHN RVIY- KFHKDPIRF[NVMAINS IRG - - - &R LDCEPQ
DGLURITA (179) (KelJEMNIQALNS [KLEINLADYARY(T LINE TDETFH IQIL DCEPS
DGLURIII (246) M NSHTE [EQYNHI NIREQY TDHINE E L AAD; A
DGLURIIA (229) T KVEL Df [§P FRN HEDPHN SGERDIY - - JISD[FK. SV
DGLURIII (296) [SNLWUNPEPPIYSLPYGYVHQRENIVYESSDPPRYL I HDMIHDEN QNFACN
DGLURIIA (277) [§8KY- NigF ERKKTRLIK LGN----- WINAIL T)DA) SY
DGLURIII (346) SEFYPDRMVVPRITCDFAASGGRTHAMERYLARL| GVNNT -N
DGLuURIIA (321) IRAMQPFHPPN[IHCGSSSP----- MLIGAF IVNE IMEDDVEPH
DGLURIII  (395) [gREASILQFMSDEleLIITIANI Digl. DGIGIATRNDIGRG - -QITQMIVDVK-
DGLuRITIA (366) [FKIENMKLIFYEWLISHIFN (41 VNEPMM DNGIKKRLMILELES
DGLURITI (442) ------- AQKKMINR] RIGPAEES YNITARELNLTENAL| DLI
DGluRIIA (416) AGTTQDFSEQRK HYE Ei@dAMMKIIDHENFR - -[@R E KNE ISt
DGLuRITI (485) DAIARHVGFEY PIADQQYEALD NG E TINNDRYHMET
DGLURIIA (464) ASFPSSWSSITERMIWNGN-- NP DERRIRKLPOHHZQ I
DGLURITI (535) pRNECANKTANDIRYScIeINe  RRAVIONZH VE[]T L D! GG I
DGLuRIIA (512) TITQMR%& (VDFTVPFMQLGHS ILIYKS PRdGKiToigA Gl (3 M
il IM2

DGLURIII (585) LISVFVRFLKTIVITRIBKMONENGHECNRERE VIICRR IHYTG
DGLuRITA (562) IFAQLIMLAFVFIYIHYREML Planga 1oloEMENT Evvns Tilimdc
IM3

NGCD1LPREP YR I ARBTNE Y TANIRAF L T sHKEHes
QO INgGlH MR L TS MEMFEN ML s TRRNNY- L EY NG S
DGLURIII (685) [ANLKJES Y[R Y ML LADRIE VAR LBF L NN o oG Y
DGLURIIA (661) ksPoli1ERDiYHEasHRdERYSL Fr sERNDUONCR KDF N
DGLURIIL

(735) KDL [ASOUNNN R EDYEM ENHR{FQ RS KF|
DGLURIIA (711) LSTRIKIAAYARUNIE SHETMNI[ER QIEaQL G

DGLuRIII (635)
DGLuRIIA (612)

DGLURIII (785) IAEFEAENTTS] IL Y DLSQUCIT I PHIA S®F EEPDPAT
DGLURIIA (761) LENI4LESD SILg! KHNGGELSIHIY TWD S YHEVYG -
TM4
DGLuRIII (835) PDMTFE[HRREI G FLI A{VQUVARE ERWTIEMWAFK
DGLuRITIA (810) DELSII[4RG L VIBAG] GVILENF| [V QUIVANE ERWTISMOIAF K]
DGLURIII (885) KEIR INNRISJIVAGTPISSVRTTPRRYLELSL DNTPKSHERVVIG
DGLuRIIA (860) LI KFRVRKLGMRISS - - -~ -a-- - BISPLSYS SRS SGHIW- - - - -
DGLURIII (935) [EMEEMREMAQGHGSSSGSNNAGRGEKEARY
DGLuRITA (894) [EPIKIAKSRSKTVE-----v-n-cmmomenn

DGIuRIII

DGIuRIIA
DGIuRIIB

, DGIuRI
_E GIuR2 (human AMPA)
GluR5 (human kainate)

NR2 (human NMDA)
GIuRd2 (human &)
Figure 1. Sequence of DGIuRIII. a, The predicted amino acid sequences of DGIuRIIl and

DGIuRIIA are aligned, and identical amino acids are shaded. The putative transmembrane do-
mains (TM1-TM4) are indicated. b, Dendrogram illustrating the predicted evolutionary rela-
tionships among glutamate receptors. Dendrogram was generated with the AlignX software in
the VectorNTI package.

DGIuRIII colocalizes with this tagged DGIuRIIA and appears to
be present at every punctum (Fig. 2f~h). This confirms that
DGIuRIII localizes opposite active zones and suggests that it is a
component of the receptor complex at each release site.
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DGIuRIII is an essential gene
To investigate the role of each subunit in
the assembly and localization of glutamate
receptors, we needed mutations in each
gene. We previously generated mutations
in DGIuRIIA and DGIuRIIB (Petersen et
al., 1997; DiAntonio et al., 1999). To iden-
tify a DGIuRIII mutant, we analyzed a se-
ries of lethal mutations in the region of
DGIuRIII (see Materials and Methods).
We identified one complementation
group containing two mutant alleles as the
DGIuRIII gene. Both alleles are embryonic
lethal over a deficiency, as is the transhet-
erozygote. Late-stage embryos appear
grossly normal but are paralyzed and fail
to hatch, which is consistent with a failure
of neuromuscular transmission. The le-
thality of both alleles can be completely
rescued by transgenic addition of a con-
struct containing genomic DGIuRIII.
Because we are particularly interested
in the development of neuromuscular
transmission during larval growth, we de-
vised a method for generating DGIuRIII
hypomorphs that were viable throughout
larval development. We generated flies
that carried a DGIuRIII cDNA construct
under the control of the UAS promoter in
the hopes of using mosaic expression to
rescue the lethality. However, leaky ex-
pression of the UAS-DGIuRIII cDNA in
the absence of Gal4 was sufficient to rescue
the lethality and provided us with a useful
hypomorph. Staining of these “weakly”
rescued flies reveals that DGIuRIII levels
are dramatically decreased (Fig. 4a,b). In
contrast, full rescue of the same mutant
with the genomic transgene restores high-
level expression of DGluRIII at the synapse
(Fig. 4c). Despite the near absence of DG-
luRIII at the synapse, these weakly rescued
flies appear to be healthy. They eclose as
adults and have no obvious abnormalities
with locomotion, flight, or fertility.

DGIuRIII is necessary for localization of
DGIuRIIA and DGIuRIIB and for
synaptic transmission

To study interactions among the various
glutamate receptor subunits, we examined
synaptic expression of DGIuRIIA and DG-
IuRIIB in the DGIuRIII loss of function
mutants. We found that DGIuRIIA and
DGIuRIIB are virtually undetectable at

Afferents Regulate Postsynaptic Receptor Subunit Choice
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DGIuRII

Figure2.  Expression pattern of DGIuRIII. a, Embryonic in situ demonstrates the presence of DGluRIIl transcript in the somatic
musculature (**) but notin the (NS (*). b, Confocal fluorescence microscopy of muscles 6 and 7 in a third-instar larvae reveals that
DGluRIll is localized to the NMJ. c—e, High magnification view reveals that DGIuRIIl is localized to puncta, which are located in
regions that fail to stain with Fasll. /~ h, DGIuRIII puncta colocalize with DGIuRIIA-myc puncta, which are located opposite active
zonesin flies that express amyc-tagged DGIuRIIA transgene (MHC-DGIuRIIAmyc) (Petersen etal., 1997). Scale bars: b, 15 wm;
c—e, 6 um; f=h, 12 wm.

DGIuRIIA null

Wild type DGIuRIIB null

DGIuRIIA

GIURIIB

Antibodies for DGIuRIIA and DGIuRIIB are subunit specific. a—c, All visible anti-DGIuRIIA staining disappears in
DGIuRIIA null mutants but is unaffected by the absence of DGIuRIIB. d—f, All visible DGIuRIIB staining disappears in DGIuRIIB
mutants but is unaffected by the absence of DGIURIIA. Anti-HRP (inset) shows the location of the nerve and synapse. Full geno-
types are s follows: wild type, Canton S/w’; DGIuRIIA null, DGIURNA*®*/DGIURIIA&B?2; DGIuRIB null, DGIURIIASB 2 /df(2L)cI;
PlgDGIuRIIA]/+ (DGIuRIIA and DGIuRIIB double mutant rescued with a genomic DGIuRIIA rescue construct).

Figure 3.

synapses expressing very low levels of DGIuRIII (Fig. 4e,h). Full
rescue of the DGIuRIIT mutant with the genomic transgene re-
stores synaptic localization of both DGIuRIIA and DGIuRIIB
(Fig. 4f,i). Hence, DGIuRIII is essential for the synaptic localiza-
tion of both DGIuRIIA and DGIuRIIB.

We next examined the physiological consequences of the near
total absence of all known muscle glutamate receptor subunits.
Electrophysiological recordings from wild-type muscles revealed

numerous miniature excitatory junctional potentials (mEJPs)
(Fig. 5a). Each mEJP represents the postsynaptic depolarization
in response to the spontaneous fusion of a single synaptic vesicle.
In the DGIuRIII weak rescue mutant, mE]JPs are essentially unde-
tectable; only rare and small events are observed (Fig. 5b). Very
similar results were observed in 10 of 10 wild-type cells and 11 of
11 mutant cells. This indicates a dramatic loss in postsynaptic
responsiveness to glutamate. Hence, DGIuRIII is required for
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Figure5.  DGIuRlllis required for synaptic transmission. a, b, Representative traces of spon-
taneous transmitter release recorded from muscle 6 of wild-type (a) and DGIuRIII mutant (b)
third-instar larvae. There is almost no detectable response to the spontaneous fusion of single
vesicles in the mutant. Full genotypes: a, wild type (Canton S/w’); b, DGIuRIIl mutant over
deficiency rescued weakly with a CDNA transgene (DGIuRIII"/df(2L)ast1; PIUAS-cDGIuRIII/+).
(alibration: 2 mV, 140 msec.

normal synaptic transmission at the Drosophila NM]J. The dearth
of detectable mEJPs indicates that if other uncharacterized gluta-
mate receptors are expressed at the NMJ, they are not sufficient to
mediate robust synaptic transmission. However, we did observe
robust evoked release in the mutant, indicating substantial ho-
meostatic compensation, as has been observed in other glutamate
receptor mutants (Petersen et al., 1997; DiAntonio et al., 1999;
S.B.M. and A.D., unpublished observations).

Competition between DGluRIIA and DGIuRIIB

Having demonstrated that DGIuRIII is important for the local-
ization of DGIuRIIA and DGIuRIIB, we assessed the role of DG-
[uRIIA and DGIuRIIB in the localization of DGIuRIIL. We found
that the absence of either DGIuRIIA or DGIuRIIB has no effect on
the synaptic localization of DGIuRIII (Fig. 6a—c). Because DGlu-

DGIuRIIl is required for synaptic localization of DGIURIIA and DGIuRIIB. Confocal microscopy of muscle 4 using
anti-glutamate receptor antibodies and anti-HRP (inset) is shown. a—c, DGIuRIII levels are greatly reduced in strong DGIuRIII
hypomorphs (DGIuRIIP/df(2L)ast1; PIUAS-cGIuRIII]/+) but are restored by the addition of genomic DGIuRIll (DGIuRIP/df(2L)ast1;
PlgGluRlll]/+). Anti-HRP (inset) demonstrates normal synaptic structure in the hypomorphs. d—i, Both DGIuRIIB (d—f) and
DGIURIIA ( g—i) are nearly undetectable in the near absence of DGIuRIII but are present when DGIuRIIl levels are rescued. Scale
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RIIA and DGIuRIIB are redundant for vi-
ability, we wondered whether the DGIu-
RIIA and DGIuRIIB double mutant would
reveal a role for these subunits in the local-
ization of DGIuRIII. Although the double
mutant is lethal, we previously generated a
mosaic rescue system that allows us to an-
alyze synapses in the absence of DGIuRIIB
and the near absence of DGIuRIIA (Di-
Antonio et al., 1999). In muscles with ex-
tremely low levels of DGIURIIA and no
DGIuRIIB, we found that DGIuRIII is
barely detectable at the synapse (Fig. 6d).
The occasional DGIuRIII staining that is
observed at these synapses corresponds
with a punctum of weak DGIuRIIA stain-
ing (data not shown). Together, our re-
sults indicate that DGIuRIII and either
DGIuRIIA or DGIuRIIB are required for
the proper localization of the glutamate re-
ceptor to the NM]J. These data are consis-
tent with a model in which these receptor
subunits function together in a complex
that includes DGIuRIII in association with
either DGIURIIA or DGIuRIIB.

One prediction of the above model is
that DGIuRITA and DGIuRIIB would
compete with each other for inclusion in
the glutamate receptor complex. To test
this prediction, we assessed the synaptic
localization of all three subunits in wild-
type larvae and larvae that overexpress either DGIuRIIA or DG-
luRIIB. DGIuURIII is unaffected by these manipulations; it is ro-
bustly expressed at the synapse in all three genotypes (Fig. 7a—c).
However, the overexpression of either DGIuRIIA or DGIuRIIB
has a profound effect on the synaptic localization of the other
subunit (Fig. 7). Overexpression of DGIuRIIB leads to a large
decrease in the levels of DGIuRIIA at the synapse (Fig. 7, compare
d and f). Overexpression of DGIURIIA gives the reciprocal phe-
notype; DGIuRIIB is no longer detectable at the synapse in these
larvae (Fig. 7, compare g and /). The data shown in Figure 7 are
for type Ib boutons on muscle 4; however, very similar results
were observed at other muscles and at type Is boutons (data not
shown). Together, these results indicate that DGIuRIIA and DG-
luRIIB compete with each other, but not with DGIuRIII, for ac-
cess to the synapse.

What are DGIuRIIA and DGIuRIIB competing for? If DGlu-
RIIA and DGIuRIIB must assemble with DGIuRIII to reach the
synapse, then they may be competing for access to DGIuRIII if its
levels are limiting. To test this model, we co-overexpressed DG-
luRIIB and DGIuRIII. We found that postsynaptic overexpres-
sion of DGIuRIIB reduces the levels of DGIuRIIA at the synapse
to 27 = 2% of wild-type levels (MHC-DGIuRIIB/*; n = 16).
However, when DGIuRIII is simultaneously overexpressed with
DGIuRIIB, the levels of DGIuRIIA at the synapse are significantly
increased (52 * 3% of wild-type levels, MHC-DGIuRIIB/MHC-
DGIuRIIT; n = 16; p << 0.001). Hence, DGIuRIIA and DGIuRIIB
compete with each other for access to DGluRIII.

Afferents regulate the differential localization of DGluRIIA
and DGIuRIIB

Having identified competitive interactions between DGIuRIIA
and DGIuRIIB in mutant larvae, we assessed whether these recep-
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Figure 6.  Either DGIuRIIA or DGIuRIIB is required for synaptic localization of DGIuRIII. Confo-
cal microscopy was performed on muscle 4 with anti-DGIuRIIl and anti-HRP (inset). DGIuRIII
staining appears normal in larvae that are genetically null for either DGIuRIIA or DGIuRIIB but is
barely visible in muscles that lack DGIuRIIB and have only low levels of DGIuRIIA. Full genotypes:
a, wild type, Canton S/w ~; b, DGIuRIIA null, DGIuRIA***/DGIURIA&B**?%; ¢, DGIuRIIB null,
DGIURNA&B P /df(2L)c™; ~ PlgDGIuRIA/+; d, DGIuRIA hypomorph, DGIuRIIB null,
DGIuRIA&B*"?/df(2L)cI"™ H94Gal4/P[UAS-DGIuRIIAmyc]. Scale bar, 10 wm.

tor subunits are differentially used at wild-type synapses. Dro-
sophila muscle cells are multi-innervated by different classes of
motoneurons that have distinct morphological and physiological
properties (Atwood et al., 1993; Jia et al., 1993; Kurdyak et al.,
1994; Lnenicka and Keshishian, 2000; Hoang and Chiba, 2001).
Each muscle receives innervation from a type Ib motoneuron,
whereas most also receive innervation from type Is and/or type II
motoneurons. We double stained wild-type larvae for both DG-
luRIIA and DGIuRIIB. We observed robust staining of DGIuRIIA
and DGIuURIIB at type Ib synapses (Fig. 8, asterisk). However,
synapses made by other motoneurons onto the same postsynap-
tic cells show a differential utilization of DGIuRIIA and DGlu-
RIIB. The most striking difference was observed on muscle 8,
where DGIuURIIB is strongly expressed at the NMJ of both inputs,
whereas DGIuRIIA is only highly expressed at the type Ib input
[Fig. 8a,b, *, # (synapses from the two motoneurons)]. The iden-
tities of the innervating motoneurons onto muscle 8 are not well
defined; however, we found a similar difference between the type
Ib and type Is innervations of the well characterized lateral mus-
cles 6, 7, 13, and 12 (Fig. 8c—f). DGIuRIIB is highly expressed at
both classes of synapses, whereas DGIuRIIA is less strongly ex-
pressed at the Is than the Ib synapse. For each cell, we calculated
the intensity of staining for each receptor at the type Is and Ib
synapses. For DGIuRIIB, the ratio of Is to Ib is 1.21 = 0.05 (n =
14), whereas for DGIuRIIA, the ratio of Is to Ibis 0.66 * 0.05 (n =
14). Hence, the distribution of glutamate receptor subunits op-
posite each motoneuron is significantly different ( p << 0.001).
We found that DGIuRIII, the essential subunit, is highly ex-
pressed at all of these synapses (Fig. 8f). To investigate whether
this differential localization of DGIuRIIA and DGIuRIIB changes
the physiology of the synapse, we assessed the kinetics of the
excitatory junctional currents from the type Ib and type Is neu-
rons. As predicted from the single-channel properties of these
channels (DiAntonio et al., 1999), the synaptic currents from the
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type Is neuron are significantly faster than from the type Ib neu-
ron (width at half-maximum; mean * SE; Is, 7.48 = 0.23 msec;
Ib, 8.34 £ 0.18 msec; n = 7; p = 0.012). These anatomical and
physiological results indicate that afferents converging on a single
postsynaptic target may regulate the subunit composition of
postsynaptic receptors.

Having observed differences in the localization of DGIuRIIA
and DGIuRIIB at different synapses, we assessed their localization
at individual receptor puncta at synapses in which they are both
highly expressed. For this, we analyzed individual confocal slices
at high resolution. We observed very little colocalization of DG-
IuRITA and DGIuRIIB. Instead, DGIuRIIB often forms a ring,
whereas DGIuRIIA is a patch that fills the hole in the DGIuRIIB
ring (Fig. 8g). Although no single confocal slice shows this ring
and spot appearance for every receptor puncta, analysis of the
entire stack indicates that this is the most common arrangement
of receptors. This demonstrates that these subunits are differen-
tially localized even within a single receptor patch, suggesting that
they rarely, if ever, coassemble into the same glutamate receptor
complex.

Finally, we investigated glutamate receptor localization to the
less well characterized type II synapses. Type Il NMJs are primar-
ily peptidergic, although they stain for glutamate, which could be
released as a cotransmitter (Johansen et al., 1989; Jia et al., 1993).
We observed faint staining of DGIuRIII and DGIuRIIA at type II
NMJs of multiple muscles but did not detect DGIuRIIB (Fig.
9a—c). Hence, this class of synapse appears to be glutamatergic as
well as peptidergic. The differential utilization of DGIuRIIA and
DGIuRIIB allowed us to test whether these two subunits compete
for DGIuRIII or for access to synaptic anchoring sites. Overex-
pression of DGIuRIIA, which is normally present at type II syn-
apses, leads to more robust expression of DGIuRIII at type II
synapses (Fig. 9d). However, overexpression of DGIuRIIB, which
is not present at type II synapses, drove DGluRIII away from type
IT synapses (Fig. 9e). It is not displaced by DGIuRIIB, because
even overexpressed DGIuRIIB is still not detectable at these syn-
apses (Fig. 9f). Because DGIuRIIB expression redistributes DG-
luRIII away from type II synapses, although it is not present at
these synapses, this supports the model that DGIuRIIB is com-
peting with DGIuRIIA for DGIuRIII and not for access to binding
sites at these synapses.

Discussion

In this study, we investigated the localization of glutamate recep-
tor subunits at the Drosophila NMJ. We previously described two
subunits, DGIuRIIA and DGIuRIIB, that have distinct physiolog-
ical properties but are redundant for viability (Petersen et al.,
1997; DiAntonio et al., 1999). We now identify a novel glutamate
receptor subunit, DGIuRIII, and demonstrate that it is an essen-
tial gene required for the synaptic localization of DGIuRIIA and
DGIuRIIB and for synaptic transmission. We found that either
DGIuRIIA or DGIuRIIB, but not both, is required for the synaptic
localization of DGIuRIII. These two redundant subunits compete
with each other for access to DGIuRIIIL. Together, these results
suggest the existence of a receptor complex that must include
DGIuRIII and either DGIURIIA or DGIuRIIB. The presence of
two interchangeable, yet physiologically distinct, subunits pro-
vides the cell with opportunities for synapse-specific regulation
of synaptic function. DGIuRIIA and DGIuRIIB are differentially
localized to the postsynaptic membrane opposite the terminals of
distinct motoneurons that converge on the same postsynaptic
cell. Hence, afferents may regulate postsynaptic receptor subunit
choice. This study defines molecules and mechanisms that con-
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trol the localization of glutamate receptors at the Drosophila neu-
romuscular junction and highlights the role of the nerve in shap-
ing the synaptic properties of its postsynaptic partner.

DGIuRIII is a novel glutamate receptor at the Drosophila NMJ
To define the molecular composition of the glutamate receptor
complex at the Drosophila NM]J, we identified and characterized a
novel muscle-expressed receptor that we named DGIuRIII (pre-
viously known as CG4226). Based on sequence homology, DG-
IuRIII is most closely related to the previously described Drosoph-
ila muscle glutamate receptors DGIuRIIA and DGIuRIIB. In situ
hybridization reveals that somatic muscles of embryos and third-
instar larvae express the DGIuRIII transcript. Immunocytochem-
istry with an antibody recognizing DGluRIII demonstrates that it
is expressed at the neuromuscular junction. We found that DG-
IuRIII is located in discrete puncta at type I synapses. These
puncta are located in the gaps in FaslI staining, which were pre-
viously shown to represent active zones (Sone et al., 2000; Wan et
al., 2000) and colocalize with myc-tagged DGIuRIIA receptors
that are present opposite EM-identified active zones (Petersen et
al., 1997). Because transgenic myc-DGIuRIIA is present opposite
every active zone (Petersen et al., 1997) and because DGIuRIII
colocalizes with every myc-DGIuRIIA punctum, it is likely that
DGIuRIII is present opposite every active zone. Hence, the anti-
body against DGIuRIII may provide a useful reagent to assess the
number of active zones using light microscopy.

Many Drosophila muscles are innervated by both type I syn-

Overexpress
DGIuRIIB

DGIuRIIB

Competition between DGIuRIIA and DGIuRIIB. a—i, Confocal microscopy was performed on muscle 4 with anti-
DGIuRINl (a—c), anti-DGIuRIIA (d—1), anti-DGIuRIIB ( g—i), and anti-HRP (inset) from larvae that are genetically wild type (Canton
S) (a,d,g), overexpress DGIURIIA (MHC-DGIuRIIA) (b,e,h), or overexpress DGIuRIIB (MHC-DGIuRIIB) (c,f,i). Overexpression of either
DGIuRIIA or DGIuRIIB reduces the synaptic localization of the other but does not affect the localization of DGIuRIII. Scale bar, 8 m.
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apses, which are the classic glutamatergic
input, as well as by type II synapses, which
are thought to be peptidergic. Although
the presynaptic terminals of type II mo-
toneurons are filled with dense-core vesi-
cles, they also stain strongly for glutamate
(Johansen et al., 1989; Jia et al., 1993). It is
not known whether these synapses medi-
ate ionotropic or metabotropic glutama-
tergic transmission or whether they even
release glutamate. We observed DGIuRIII
at type II synapses as well as type I syn-
apses, albeit at much lower levels. Hence, it
is likely that type II synapses are able to
mediate ionotropic glutamatergic synaptic
transmission, potentially releasing gluta-
mate as a  cotransmitter  with
neuropeptides.

Glutamate receptor interactions
Mammalian glutamate receptors are com-
posed of multiple subunits. Recent exper-
iments indicate that the functional recep-
tor is a tetramer and that assembly of the
receptor occurs through a “dimerization
of dimers” (Ayalon and Stern-Bach, 2001).
Insertion of the receptor into the synaptic
membrane is regulated by the precise sub-
unit composition (Barry and Ziff, 2002).
Our results are consistent with a similar
model for Drosophila glutamate receptors.
We found that the presence of DGIuRIII is
required for the localization of DGIuRIIA
and DGIuRIIB to the NMJ, and that either
DGIuRIIA or DGIuRIIB is required for the
synaptic localization of DGIuRIII. More-
over, DGIuRITA and DGIuRIIB compete with each other, but not
with DGIuRIIL for synaptic localization. These observations are
consistent with a model in which these molecules are part of a
complex, and that DGIuRIII is a required component that must
interact with either DGIuRIIA or DGIuRIIB. Although acting as
genetic nulls, the molecular lesions in the DGIuRIII mutants are
not defined, and thus it remains a formal possibility that a mo-
lecularly defined null could indicate another function for DGlu-
RIII. The inability of individual subunits to localize to the synapse
suggests that receptor interactions are necessary for either assem-
bly and trafficking of receptors to the synapse or stabilization of
receptors at the synapse.

We previously observed a competition between DGIuRIIA
and DGIuRIIB at the level of synaptic function. Overexpression
of DGIuRIIA leads to a dose-dependent increase in quantal size,
whereas overexpression of DGIuRIIB leads to a dose-dependent
decrease in quantal size (Petersen et al., 1997; DiAntonio et al.,
1999). Hence, the relative levels of these two subunits are an
important determinant of postsynaptic sensitivity to glutamate.
Sigrist et al. (2002) also observed a competition between these
two subunits; they found that overexpression of DGIuRIIA mod-
ulates synaptic morphology and that this phenotype can be sup-
pressed by the co-overexpression of DGluRIIB. Our demonstra-
tion that DGIuRIIA and DGIuRIIB compete with each other for
access to DGIuRIII and subsequent localization to the synapse
provides a cell biological explanation for these previous findings.

What role might each subunit play in the synaptic localization
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DGIuRIII

Figure8. DGIuRIIA and DGIuRIIB are differentially localized within a single postsynaptic cell.
Confocal microscopy was used to assess the localization of glutamate receptor subunits onto
single postsynaptic muscles that are innervated by two motoneurons (*, #). a, b, On muscle 8,
DGIuRIIB is abundant opposite bothinputs ( ), whereas DGIuRIIA s only abundant at the type Ib
input (). ¢, d, Similar results are seen at muscle 13 where DGIuRIIB is abundant at both types Ib
(*)and s (#) NMJ (d), whereas DGIuRIIA is expressed at higher levels at the type Ib (*) input (c).
e, f, Similar results are found at muscle 13 when comparing the expression of DGIURIII (1) with
DGIuRIIA (e). g, High-resolution images of a type Ib synapse show that DGIuRIIA (red) and
DGIuRIIB (green) are not extensively colocalized within receptor puncta. Scale bars: a, b, 10 um;
¢, d, 8 um;e,f,9 um;g,6 pum.

of the glutamate receptor complex? In many systems, proteins
containing the PDZ domain play important anchoring and struc-
tural roles in synapse organization (Hung and Sheng, 2002). It is
interesting that DGIuRIII alone among the Drosophila muscle
receptors contains a predicted PDZ-binding domain at the cyto-
plasmic C terminus. The sequence at the terminus is -EARYV,
which is a class II PDZ-binding domain (-X-®-X-®, where ® is
any hydrophobic amino acid) (Hung and Sheng, 2002). Al-
though it remains possible that internal PDZ-binding domains
may be present in DGIuRIIA or DGIuRIIB, it is an intriguing
possibility that DGIuRIII contains essential localization signals.
However, because DGIuRIII requires either DGIuRIIA or DGlu-
RIIB for proper localization, this PDZ-binding domain is not
sufficient to target this receptor to the synapse. In fact, DGIuRIIA
and DGIuRIIB must themselves contain important localization—
stabilization signals. These two subunits are expressed at different
levels at distinct NM]Js on a single postsynaptic cell. In addition,
they localize to different domains within a single postsynaptic
receptor patch. Hence, DGIuRIIA and DGIuRIIB must contain
targeting information that is not present in DGIuRIIIL Defining
the role of each subunit will require the identification of their
binding partners and of the synaptic anchoring proteins used at
each type of neuromuscular junction.
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Afferents regulate the composition of postsynaptic

glutamate receptors

When presynaptic inputs that use different neurotransmitters,
such as GABA or glutamate, converge on a single postsynaptic
target, the postsynaptic receptors that cluster at each terminal
match the presynaptic transmitter phenotype (Craig et al., 1994;
Craig and Boudin, 2001). Hence, the afferent regulates the
postsynaptic receptor choice. There is much less evidence that
afferents regulate the subunit composition of a particular recep-
tor type. A few studies using pharmacological and physiological
analysis at vertebrate glutamatergic synapses suggest that such
regulation does occur. Toth and McBain (1998, 2000) studied
mossy fiber and CA3 commissural afferent inputs onto single
hippocampal interneurons. They found that philanthotoxin-433,
which blocks GluR2-lacking AMPA receptors, blocked mossy fi-
ber but not CA3 synaptic transmission. Hence, there is afferent-
specific utilization of AMPA receptor subunits. However, what is
not clear in this system is the spatial distribution of synapses. If
the afferents innervate distinct compartments of the interneuron,
then the subunit choice could be a consequence of differential
sorting of receptors by the postsynaptic cell and not be induced
by the afferents. A similar phenomenon has recently been ob-
served for NMDA receptor subunits. Inputs from the left and
right sides of the brain converging on a single hippocampal neu-
ron show differential sensitivity to an antagonist of channels con-
taining the NR2B (NMDA receptor 2B) subunit (Kawakami et
al., 2003). In the present study, we took advantage of the single-
cell resolution achievable in the insect nervous system to investi-
gate this issue with direct anatomical observation.

In the Drosophila neuromuscular system, each muscle is
unique and identifiable. Most muscles are multi-innervated by
identified motoneurons that make synapses with different mor-
phological and physiological properties. Each muscle coexpresses
the essential glutamate receptor subunit DGIuRIII as well as the
DGIuRIIA and DGIuRIIB subunits. However, the levels of these
three subunits differ at distinct synapses within a single muscle. If
we take muscle 13 as an example, it is innervated by three mo-
toneurons, each of which makes a different class of synapse (types
Ib, Is, and II). In muscle 13, DGIuRIII is present at high levels at
the type Ib and Is synapses and is present at the type II synapse.
DGIuRIIB is present at high levels at the type Ib and Is synapses
but is not detected at the type II synapse. Finally, DGIuRIIA is
present at high levels at the type Ib synapse, at lower levels at the
type Is synapse, and is present at the type II synapse. Hence, each
motoneuron contacts a postsynaptic density with a different
complement of glutamate receptor subunits. Because DGluRIIA
and DGIuRIIB have different single-channel properties that af-
fect the synaptic response (DiAntonio et al., 1999), this differen-
tial localization of receptor subunits may regulate the synaptic
function and plasticity of the NM]J of each afferent. We previously
found that lower levels of DGIuRIIA, relative to DGIuRIIB, lead
to a smaller quantal size (Petersen et al., 1997) and report here
that DGIuRIIA levels are relatively lower at type Is boutons. How-
ever, the quantal size is slightly higher at type Is boutons than at
type Ib boutons (Karunanithi etal., 2002). This apparent paradox
may be resolved by the observation that at type Is boutons, syn-
aptic vesicles are larger and, hence, contain more glutamate (Ka-
runanithi et al., 2002).

How does the identity of the presynaptic motoneuron regu-
late the postsynaptic subunit composition? One hypothesis from
the vertebrate work is that the postsynaptic cell targets subunits to
distinct compartments, and that afferents then innervate differ-
ent compartments. This is unlikely at the Drosophila NM]J. The
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reveals the shape of the nerve (insets). Scale bar, 30 m.

postsynaptic muscle has a very simple shape, and the distinct
synapses can be adjacent to each other, so each neuron is proba-
bly not innervating a distinct compartment. A second model is
that there is a temporal, as opposed to spatial, compartment, with
the timing of receptor expression and motoneuron innervation
determining the subunits that predominate opposite each nerve.
This is unlikely because all three receptors are expressed and new
boutons are added throughout development (Schuster et al.,
1996; Petersen et al., 1997; Zito et al., 1999). We favor an alternate
model in which the neuron recruits particular subunits to its
synapse. This could occur via distinct molecular cues or because
of differences in activity among the different classes of motoneu-
rons. The possibility that activity is the key factor is consistent
with the recent finding of experience-dependent changes in the
expression of DGIuRIIA (Sigrist et al., 2003). The genetic and
anatomical tools available in the Drosophila neuromuscular sys-
tem should allow us to test these models in the future.
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