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SUMMARY

Calcium/calmodulin  dependent kinase Il (CaMKiIl), contains CaMKII and FAS2. We demonstrate an alteration
PDZ-domain scaffolding protein Discs-large (DLG), of the FAS2 molecular cascade in integrin regulatory
immunoglobin  superfamily cell adhesion molecule mutants, as a result of CaMKIll/integrin interactions.
Fasciclin 2 (FAS2) and the position specific (PS) integrin Regulatory BPS integrin mutations increase the expression
receptors, including BPS and its alpha partners §PS1, and synaptic localization of FAS2. Synaptic structural
oPS2, aPS3bVolado), are all known to regulate the defects inPS integrin mutants are rescued by transgenic
postembryonic  development of synaptic terminal overexpression of CaMKIl (proximal in pathway) or
arborization at the Drosophila neuromuscular junction  genetic reduction of FAS2 (distal in pathway). These studies
(NMJ). Recent work has shown that DLG and FAS2 demonstrate that BPS integrins act through CaMKiII
function together to modulate activity-dependent synaptic  activation to control the localization of synaptic proteins
development and that this role is regulated by activation of involved in the development of NMJ synaptic morphology.
CaMKII. We show that PS integrins function upstream of

CaMKIl in the development of synaptic architecture at the

NMJ. BPS integrin physically associates with the synaptic Key words:Drosophila CaMKII, FAS2, Neuromuscular junction,
complex anchored by the DLG scaffolding protein, which  Synaptic proteins

INTRODUCTION (DLG) through a C-terminal PDZ consensus binding site
(Thomas et al., 1997; Zito et al., 199yosophilaDLG, like
Molecular mechanisms mediating the initial establishment aniis mammalian homologue PSD95, is a PDZ-domain
elaboration of neuronal synapses during embryogenesis aseaffolding protein with multiple binding sites that are capable
likely to be retained for postembryonic, experience-dependeif mediating the formation of large molecular complexes.
development of synaptic architecture. Indeed, severdSD95 binds NMDA receptors,*Kchannels and semaphorins
molecules that mediate embryonic pathfinding, targeat central glutamatergic synapses (Chung et al., 2000; Inagaki
recognition and synaptogenesis are known to play roles in latet al., 2001; Kim et al., 1996; Kim et al., 1995; Kornau et al.,
synaptic modulation events (reviewed by Zhang et al., 20011995; Niethammer et al., 1996; Xia et al., 2000). Similarly,
One class of cell adhesion molecules (CAM) important irDLG binds both FAS2 and Shaker* Kchannels, and is
both synaptic development and later modulation is theesponsible for their synaptic localization at hesophila
immunoglobin (Ig) superfamily, including NCAM and L1 in glutamatergic NMJ (Tejedor et al., 1997; Thomas et al., 1997;
vertebrates (Dahme et al., 1997; Luthl et al., 1994), apCAM ifito et al., 1997).
Aplysia (Bailey and Chen, 1989; Mayford et al., 1992) and DLG-dependent localization of FAS2 to thgrosophila
Fasciclin 2 (FAS2) inDrosophilagrasshopper. FAS2 is NMJ is negatively regulated by &#almodulin dependent
involved in axon sorting, fasciculation/ defasciculation andkinase Il (CaMKIl). Phosphorylated DLG disassociates from
target selection in the embryo (Bastiani et al., 1987; Davis @he synaptic protein complex, leading to the synaptic loss of
al., 1997; Grenningloh et al., 1991; Lin et al., 1994), andAS2 (Koh et al., 1999b). NMJs in animals expressing a
is later necessary for synaptic stabilization and growthfCaMKIl inhibiting peptide (ala) display impaired synaptic
modulation in the postembryonic neuromuscular junctiormodulation and altered synaptic morphology (Griffith et al.,
(NMJ) (Schuster et al., 1996a; Schuster et al., 1996b; Stewd®94; Wang et al., 1994). Thus, the current model suggests
et al., 1996; Thomas et al., 1997). that synaptic activity leads to CaMKIl activation via
Synaptic localization of FAS2 is regulated by Discs LargeCa*-dependent auto-phosphorylation. CaMKIl, in turn,
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phosphorylates DLG to release FAS2 from the synapticmoderately reduce@®PS expression at the NMJ due primarily to
complex, allowing developmental growth in response tagostsynaptic mislocalization (Beumer et al., 1999); and a series of
increased synaptic activity (Koh et al., 1999b). my#'C alleles, olfC*5, olfCX10, olfCX14 and olfCX17 (C. Ayyub)

An independent line of investigation has shown thafAyyub et al., 2000), which have been less thoroughly characterized.

. . Lo i 9 1
integrins also regulate activity-dependent development df°r SOme experimentsn my89v andem cf mys*t were backcrossed
Drosophila NMJ  architecture (Beumer et al., 1999: a minimum of eight times to a Canton S (CS) stock, removing all

Rohrbough et al., 2000). Integrins are heterodimeri(?]arker mutations and producing a uniform genetic background that

. .. 1S conservatively 96% CS. To generate double mutantswas
transmembrane receptors for the extracellular matrix withyossed ontam cé mysst, andsn my&° v.

both adhesion and bi-directional transmembrane signaling camKil protein levels were manipulated by crossingvP]
functions. During embryogenesis, integrins play roles iInUASCAMKII] R3, located on chromosome 3 (V. Budnik) (Koh et al.,
neuronal pathfinding in vertebratesC. elegans and  1999b) intomys mutant backgrounds. To drive the inducible UAS
Drosophila (Baum and Garriga, 1997; Hoang and Chibaconstructs in muscle and nerve, we used previously described GAL4
1998; Ivins et al., 2000). Moreover, at least ten differengonstructs (FlyBase, 1998). One GAL#lavGAL4 (Lin and
integrin receptors are found in postembryonic vertebrat&oodman, 1994) is located on the tip of Yrehromosome, and was
synapses, and at least three in larZabsophila NMJs crossed onto each of thmys mutant chromosomes and the stock

. ; . ested for proper genotype by testing for viability and wing blister
(Beumer et al., 1999; B}”k'” ?t al., 1998 Co_he.” etal., 200dphenotypes ovenyg943 To inhibit CaMKII, we used the heat-shock
Fernandes (_at al., 1996; Martin et al., 1996; Pinkstaff et alinducible construct Pp70ala]2, which expresses the CaMKII
1999; Rodriguez et al., 2000; Rohrbough et al., 2000)npipitor peptide (ala) at a low level without heat shock induction
suggesting a persistent synaptic functibrosophilaintegrin - (Griffith et al., 1993; Wang et al., 1994). For descriptions of the
mutants display disrupted short-term memory and a l0ss @farker mutations used in this study see Lindsley and Zimm (Lindsley
functional synaptic plasticity (Grotewiel et al., 1998;and Zimm, 1992).
Rohrbough et al., 2000). Mutations of tiosophila 3 To genetically reduce FAS2 levels in integrin mutant backgrounds,
integrin BPS) subunit, or ona integrin partner Volado), ~ We recombinednyschromosomes with the P-element_alle“mm,
cause multiple alterations in synaptic architecture, indicatinnich reduces wild-type FAS2 to ~10%, alad2%, which reduces
a role for integrins in synaptic morphological developmenf”S2 %r.Ote'“ ~50% (C'd?OOdma“) (Gre””!”glo? ﬁt I?AI\” 21991)'.
(Beumer et al., 1999; Rohrbough et al., 2000). ecombinants were tested for proper expression of the FAS2 protein

. . . . by western blot analysis of flies putatively homozygous for the
Do integrins affect synaptic morphological deVe'Opmem;appropriatefaszmutant allele but heterozygous for the integrin allele

via CaMKII or via an independent, parallel pathway? We e fas276sn my&°v / fas279. The continued presence of timys

propose the hypothesis that integrins may act througfiiele was reconfirmed in each new stock by testing for viability and
CaMKIl at the Drosophila NMJ to modulate synaptic wing blister phenotypes ovenys943

structure. Integrins regulate CaMKII activation in cultured ) o

cells (Bilato et al., 1997; Blystone et al., 1999), and thigmmunocytochemistry and imaging

regulation has been proposed to mediate communicatidNa_ndering thirq instar larvae were dissected and immunologically

between heterologous integrin receptors expressed togetherSitined as previously reported (Beumer et al., 1999; Broadie and Bate,
single tissues, a condition seen at theosophila NMJ ~ 1993). To examine NMJ morphology, preparations were probed with

(Beumer et al., 1999; Rohrbough et al., 2000). We show he% mouse monoclonal anti-cysteine string protein (CSP) antibody

that t . . f CaMKII letel e%:200) (Zinsmaier et al., 1990). Staining was visualized using a
al ransgenic overexpression of L.a completely reSCUG, .14stain ABC Elite kit with NiGiand CoC# enhancement (Broadie

synaptic structural defects in integrin mutants, mdlcatl_ng thalg Bate, 1993). Images were captured digitally. For clarity, different
integrins act through alteration of CaMKII expression Offocal planes were occasionally combined in one picture using Adobe
activity. We also show that synaptic FAS2, whose regulatio®hotoShop. In confocal preparations, either rabbit anti-DLG (1:1000)
is downstream of CaMKII activity, is misregulated in integrin (Woods and Bryant, 1991), rabbit anti-synaptotagmin (1:500)

mutants and that genetic compensation for this misregulatidhittieton et al., 1993), mouse anti-CSP (1:500) (Zinsmaier et al.,

rescues synaptic structural defects in integrin mutants. WEP90), rabbit anti-HRP (1:500; Cappel/Oreon Teknica Corp.) or

upstream of CaMKIl to regulate NMJ morphological Was used to mark synaptic arbors.

. - . Integrin expression was examined with the following antibodies:
development, largely via regulation of FAS2 expression, an%ouse monoclonal anPS integrin antibody CF6G11 (1:500) or

that th.'s integrin function is required for synaptic StrucwralCFGGll ascites (1:300) (Brower et al., 1984); rabbit polyclonal 185E

alterations. (1:1000; R. Hynes) (Zusman et al., 1993), rat polyclonal cR82,
PS2hc2 (1:5) (Bogaert et al.,, 1987) and rabbit rabPS21 (1:1000)
(Bloor and Brown, 1998). All anti-integrin antibodies were

MATERIALS AND METHODS independently tested for their well-characterized embryonic staining
) ] ) patterns prior to probing the larval preparations (Bloor and Brown,
Fly stocks and genetic manipulations 1998; Brower et al., 1984). FAS2 was visualized using mouse

Drosophila melanogasterstocks were reared in well-yeasted, monoclonal anti-FAS2 1D4G9 (1:10; C. Goodman) (Zito et al., 1999).
uncrowded vials on standard medium at 25°C (Ashburner, 1983FaMKIl was visualized with rabbit anti-CaMKII (1:4,000; V. Budnik)
unless otherwise noted. Oregon-R or Canton S flies were used as wi(gkoh et al., 1999b). Fluorescent secondaries used were Alexa-red 594-
type control animals. An extensive allelic seriemgbspheroidmys and Alexa-green 488-conjugated goat anti-mouse and goat anti-rabbit
encode$PS integrin) mutant stocks were useyg943(Bunch etal.,  (1:500; Molecular Probes). Confocal microscopy was performed on
1992), an embryonic lethal genetic null mutamt; cf myd$st (Bunch  either a BioRad MRC-600 or a Zeiss LSM 510. ImageQuant software
et al., 1992), a regulatory mutant with greatly reduced pre- anftom Molecular Dynamics was used to quantify staining intensity.
postsynaptif3PS expression at the NMJ (Beumer et al., 1990); Statistical significance of all measurements was determined with the
my#° v (D. Brower) (FlyBase, 1998), a hypomorphic mutant with ANOVA test using InStat software.
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Western blot analysis PBS and resuspended i 3DS-sample buffer. The proteins were
To prepare proteins for western blot quantification, 10 third instapeparated on a 4-20% SDS-PAGE gel and transferred to PVDF
larvae were homogenized in 1QDNP40 buffer (150 mM NaCl, 1% Mmembranes. Membranes were blocked (5% powdered milk), and
IGEPAL CA630, 50 mM Tris (pH 8), & Complete™ Protease probed with either rab_blt anti-DLG (1:1000; D. Woods) (Woods and
inhibitor (Boehringer Mannheim), incubated on ice for 45 minutes an@ryant, 1991) or rabbit anfPS (1:1500; R. Hynes) (Zusman et al.,
centrifuged at high speed for 20 minutes at 4°C. The supernatant wa893). Bands were visualized with alkaline phosphate using
removed to a fresh tube, and the pellet was resuspended in B¥BT/BCIP as a substrate.

additional 100l NP40 and spun again for 20 minutes. The

supernatants were combined andu26f non-reducing sample buffer

was added to 100l of the supernatant. The sample was incubated aRESULTS

85°C for 10 minutes and separated on a 10% SDS-PAGE gel, then

traﬂs“erred onto PVDFImeflnbra”e- 'mTU”Ob'Omng as Perf)o”(“e@)ifferential NMJ structural growth defects caused by

with anti-FAS2 monoclonal 34B3C2 (1:100; C. Goodman) (G. ; :

Helt and C. Goodman, unpublished) and visualized withfnoiziéﬁ?aﬁgg:nversus pre/postsynaptic BPS
chemiluminescence reagents (Amersham). Anti-actin was used as a”. ) . o .
loading control (developed by J. J.-C. Lin and obtained from thé\ single integrin receptor family is present on both sides of
Developmental Studies Hybridoma Bank, University of lowa,the DrosophilaNMJ, comprising thgdPS subunit encoded by
Department of Biological Sciences, lowa City, IA 52242 undermyospheroidmyg and itsa-integrin partner&tPS1 (multiple
contract NO1-HD-7-3263 from the NICHD). Bands were quantifiededematous wings; mgvaPS2 (nflated; iffy andaPS3 {oladg
using NIH Image. \Vol) (Beumer et al., 1999; Rohrbough et al., 2000). Mutations
Immunoprecipitation in mysalter the synaptic level of the heterodimeric integrin

Immunoprecipitation assays were performed essentially as describ%%cgg;?rsplsn i?]?éalrlier: (Beumte_,'r ?t al.t,_ 199§|{}haIIOV\1:nicg the assay
by Thomas et al. (Thomas et al., 1997); however, antibodies were . g Synaptic function. ys.a e e.s are
coupled as described by Zhang et al. (Zhang et al., 2001) mbryonic Ie_thal because of_ catastrophic failure of
recombinant Protein A sepharose beads. Briefly, beads were wasHagvelopment (i.e. dorsal closure failure, gut defects and muscle
in phosphate-buffered saline (PBS) 0.2% NP40, 5% bovine serufietachment), precluding analysis of mutant phenotypes at
albumin (BSA) and incubated for 2 hours with rabbit anti-DLG the postembryonic NMJ. Therefore, we used two well-
(Woods and Bryant, 1991). Beads were washed, coupled witbharacterized regulatory hypomorphitys mutant alleles in
disuccinimidyl suberate, washed again and finally blocked with PB$hese analysesny§9, which causes loss of ~50% of synaptic
0.2% NP40 and 5% BSA. These beads were gently rocked witfhtegrin, andny4st, which causes a more severe ~80% integrin

Drosophilahead extract prepared in the following manner. OR flie§oss (Beumer et al., 1999). Phenotypicaltyy®® NMJ
were frozen in liquid i agitated and heads isolated by sieving. Head !

were homogenized in 50 mM Tris (pH 7.2) 150 mM NaCl 2 mM§¥n:r$]Zﬁs igﬁ:@y Srrgcogg dt;;g ﬁfgggm%\nvglthaﬁéegﬁc?: C?: arggﬁr
EGTA 0.5% Triton X-100 and 2 complete protease inhibitors ’ . ; S :

(Roche). The supernatants were pre-cleared for 45 minutes wimumber of satellite boutons (Fig. 1A, Fig. 3A), which probably
protein A Sepharose at 4°C. The cleared supernatant was incubaf&Present developmentally arrested type | boutons (Beumer et
with Protein A beads coupled to either anti-kinesin (SUK4), anti-DLGal-, 1999; Zito et al., 1999). Thayss! synapses display the
(Woods and Bryant, 1991) or naive beads for 1 hour at 4°C. The bea@pposite phenotype of structural overgrowth, with an increased
were washed six times in 8Q0 PBS-NP40 buffer once with 5 ml number of boutons in a highly branched, over-elaborated

A B
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Fig. 1. Synaptic bouton quantification

in my$'C alleles. (A) Representative
muscle 12 NMJ morphology in mature
third instars of wild-typemy#9, myds?
andmyg$!fCX173leles. Black
arrowheads indicate type | boutons.
White arrowheads indicate type I
boutons. Scale bar indicates |20.

(B) Quantification of boutons for each
allele and fomy$IfCX17mygG43 g

null allele. Note thainygstis among
the least severe of tmeysovergrowth
alleles, whereas thay$° undergrowth
allele is clearly very different. Error
bars indicate s.e.m. Px0.05; **,
P<0.01; *** P<0.001).
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synaptic arbor (Fig. 1A, Fig. 3A) (Beumer et al., 1999). Thusdue to postsynaptic misregulation @PS. By contrast,
two integrin mutant alleles, which differentially alter integrin expression opPS integrin in muscle alone provided no rescue
expression at the NMJ, cause opposite morphological growthf themyss! phenotype (Table 1). We also attempted to rescue
phenotypes. the myds! phenotype by overexpressifiPS integrin in the
Our results suggest that they$® mutation causes specific presynaptic neuron, but were unable to do so because
mislocalization of postsynaptic (muscle) integrin, whereaverexpression of eith@PS alone or with ite partners in the
the myds! mutation results in globally decreased synapticnervous system caused extensive NMJ overgrowth, even in
expression in both the pre- and postsynaptic membran&gld-type animals (data not shown). The observation that both
(Beumer et al., 1999). In support of this conclusion, manyresynaptic overexpressioneldvGAL4 UASPS) and
my#$9 phenotypes, including NMJ undergrowth, reducedunderexpressiom{yss)) causes structural overgrowth suggests
bouton number and reduced physiological function, improvéhat BPS integrins are involved in a regulatory mechanism
over a mys deficiency, while my$sl morphological and sensitive to both over- and underactivation and pre- and
functional phenotypes are either unchanged or more sevepestsynaptic balance.
over the same deficiency (Beumer et al., 1999). For further Thus, we suggest thanyd$s! most probably represents
support, we analyzed th@fC locus, which has recently been the integrin loss-of-function phenotype, whereas ming®°
shown to be allelic tanyospheroid(Rodrigues and Siddiqi, synaptic undergrowth defect is due to alteration in fR&
1978; Ayyub et al., 2000). Mutants @ifC are recessive, with integrin expression pattern in postsynaptic muscle.
nervous system deficiencies in responding to a variety of ) _ )
odorants (Ayyub et al., 2000). Two alleledfc?® andolfcx14, ~  Integrins and DLG are associated in a
have been assayed 8PS protein expression and, likgydsl ~ neuromuscular junction complex
and my®9, express normal protein when assayed by wester@PS integrin is a transmembrane receptor present in both pre-
blot, and are therefore proposed to be regulatory mutants. Vemd postsynaptic membranes at the larval NMJ (Beumer et al.,
assayealfC mutants for changes in NMJ morphology. Of five 1999). DLG is a synaptic scaffolding protein associated with
mutant combinations assayed, foalf@17, olfcx17x943 olfcx10  poth pre-and postsynaptic membranes and is also involved in
and olfc*®) showed NMJ overgrowth phenotypes that werethe regulation of synaptic morphology, through the localization
more severe thamy$s! (Fig. 1), and the fifthqlfc*14) showed of diverse transmembrane proteins (including FAS2) (Guan et
less overgrowth thamys$sl No allelic combinations showed al., 1996; Lahey et al., 1994). We wished to determine whether
undergrowth. These results suggest that synaptic overgrowfiPS integrin associates with the DLG complex to tie together
represents a simpler genetic lesion that represents loss tbkse disparate receptor components in a common molecular
function. Thus, theny®° phenotype is probably attributable to machine.
a more complex gain-of-function alteration of the norRa% In confocal analysegPS integrin and DLG co-localize at
integrin expression pattern, which reduces postsynaptite larval NMJ (Fig. 2A). DLG clearly has less extensive
integrin while increasing extrasynaptic integrin (Beumer et al.expression, more tightly localized at NMJ boutons, whereas
1999). BPS is more extensive through the subsynaptic reticulum (SSR)
To test this idea further, we used tissue-specific GAL4&nd also localized at extrasynaptic sites in the muscle,
drivers (Brand and Dormand, 1995) to overexpr8S including the muscle sarcomere (Volk et al., 1990) and
integrin specifically either in musclenjosin heavy chain attachment sites (Leptin et al., 1989). However, both proteins
(MHC)-GAL4 or neurons émbryonic lethal, abnormal vision are most intensively expressed at the NMJ pre-/postsynaptic
(elav)-GAL4, and assayed NMJ structurentysmutants. The interface, where they co-localize (Fig. 2A). Therefore, we
undergrowth phenotype of they$® NMJ can be completely tested to determine BPS integrins form part of the synaptic
rescued by postsynaptic muscle expression, which increasesmplex linked by DLG. We performed protein
the amount of integrin localized to the synapse, of efRS  immunoprecipitation assays using rabbit anti-DLG to probe
alone or with its alpha partners (Table 1). This observatio®@regon R head extracts. DLG antibodies clearly co-
provides good evidence that timy$° synaptic undergrowth is immunoprecipitate DLG an@PS integrin protein (Fig. 2C),
consistent with co-localization observed in confocal analysis.
Inspection of the ratio of both bound proteins and proteins not

Table 1. Rescue by Gal4 expression bound to beads (immunoprecipitation versus flow through
Genotype n lanes, Fig. 2C) indicates that a large portion o3R8 integrin
wild type 57.9 protein associates with a complex containing DLG. Control
my#$?9 37.45%+ experiments with either naive protein beads or beads coupled
my§’§:; UASBPS UASPS2 40,71 to anti-kinesin antibodies failed to immunoprecipitate
mﬁ; mhcGAL4; UABPS; UASPS2 el sufficient levels of BPS integrin protein to be detected
mysst UASBPS; UASPS?2 67.64 (Fig. 2B), demonstrating the specificity of the co-
myssk mhcGAL4; UABPS; UASPS?2 68.75 immunoprecipitation. The fact thiPS was found to co-

immunoprecipitate with the complex mediated by DLG

n. average bouton ”Umbgfvg“t‘sc'e 12 A Ti”imum ?f 20 A2 NMJ synapsegrovides support for integrins existing in a synaptic complex
per genotype were assayed. Data are for only one set of rescue combinatiors:

Data for rescue witmhcGAL4; UABPS; UASPSbr mhcGAL4; UABPS With FAS2 and CaMKil at the Synapse.

are essentially identical. Asterisks indicate significance relative to wild type. . . .

Circles indicate significance relative to eapsmutant without manipulated ~ G€netically increasing CaMKIl levels rescues ~ mys

integrin levels. Asterisks indicate significanc@<9.05; *** or °°°, phenotypes at the NMJ
P<0.0001). Animals with directly reduced CaMKII activity show altered
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synaptic structure at the larval NMJ (Griffith A
al., 1993; Wang et al., 1994), comparable '
myd$sI mutant phenotypes. Our hypothesis is
integrins may mediate their regulation of N
architecture through the modulation of CaMi
both pre- and postsynaptically. If integr
modulate CaMKIl in regulating synap
structure, then transgenically manipula
CaMKIl levels in integrin mutants shot
amelioratemyssynaptic structural defects. anti-DLG
We first inhibited synaptic CaMKII activi s ws P FT
in mys mutants with constructs tr a"_' i =
constitutively expressed the inhibitory pept Beads Kin,___DLG
ala (Griffith et al., 1993; Wang et al., 1994) 205
wild-type animals, expression of the ala pep 148
results in a ~40% increase in NMJ bol
number (Wang et al., 1994) (data not sho b o8
Expression of ala in integrin mutants resulte '
similar, though smaller, increases in bot
number, with 20% and 16% increasesrigs® )
and my$s! mutants animals, respectively (d = anti-8PS
not shown). Thus, integrin mutant phenoty ek -148
cannot be rescued by inhibition of CaMl
activity. Indeed, inhibition of CaMKII has le 22 [R——
effect in altering NMJ structure imysmutants :
than in controls.
We next overexpressed CaMKllthrougt
introduction of an inducibleUAS-CaMKIF
construct (Koh et al., 1999b). We again us

m:Jsc_Ig'glr_lverl(/lHdC—G,lALéb and neurcc)jnalcdrll\\;l Fig. 2. 3PS integrin interacts with DLG. (A) Co-localization of DLG (red) R

(e av-s 4, and also expresse a integrin (green) in the third instar NM3PS staining overlaps, but is not restricted
ubiquitously GAL4-e22¢ (Koh et al., 1999a {4 the domain of DLG staining. (B) Immunoprecipitations of fly head extracts using
Overexpression of CaMKIl ubiquitously, protein A beads or beads coupled to either anti-kinesin or DLG were examined by
either pre- or postsynaptically, in wild-ty  western analysis. Note detectaPRS is found only in the IP with DLG beads
animals produced no significant altera  validating the DLG IP assay. (C) Anti-DLG immunoprecipitation (IP) experiments

in synaptic architecture (Fig. 3). Similai from adult heads were performed and western blots of total lysate (LYS), material
presynaptic CaMKII over-expression imy$° on beads (IP-resuspended to same volume as lysate) and unbound proteins or flow
mutants did not detectably alter the N through_ (F_T) were probed_wit_h e_ither anti-DLG_or RIS antibodies. These _
undergrowth phenotype. By contrast, transg results indicate that quantitative immunodepletion of DLG leads to a substantial

expression of CaMKIl in postsynaptic mus ~ "eduction o3PS from the lysate.
completely rescued themy®° undergrowtt.
phenotype (Fig. 3A). Theny®® NMJ is spatially contracted synapse morphology, but also rescuad®®, as expected (Koh
and contains 35% fewer type 1 boutons than normal, bwt al., 1999a) (Fig. 3B).
CaMKIl expression in muscle rescued both the abnormal We conclude thatmy#$° synaptic undergrowth can be
growth and the reduced number of type | boutons to normaiescued by genetically increasing CaMKIl  only
levels (Fig. 3B). This finding reinforces our conclusion that thepostsynaptically, whereas CaMKII must be increased on both
my#° defect of NMJ undergrowth is due entirely to asides of the synapse to completely resomgds! synaptic
postsynaptic impairment. overgrowth. These results are consistent with integrins
In the myds1 mutant, expressing CaMKII in the presynaptic regulating synaptic growth through a CaMKIl-dependent
terminal caused no detectable alteration in the overgrowtpathway, and withmydsl having defects in both pre- and
phenotype (Fig. 3A). Expressing CaMKIl in postsynapticpostsynaptic CaMKIl regulation, wheremy#? is specifically
muscle caused a slight, but insignificant, decrease in thdefective in postsynaptic CaMKII regulation.
overgrowth phenotype, to partially rescue thgss! mutant o o ) )
overproduction of type | boutons (Fig. 3A,B). By contrast,Fasciclin 2 expression is increased in  myospheroid
transgenically expressing CaMKII ubiquitously completely!ntegrin mutants
rescued thenys$sovergrowth phenotype (Fig. 3A). Theyssl  Although CaMKIl is known to have multiple synaptic targets,
NMJ is overly expansive and contains 25% more type bne of the most clearly understood is DLG. The ultimate result
boutons than normal, but combined pre/postsynaptic CaMKIbf CaMKIl phosphorylation of DLG is to limit the localization
expression rescued the abnormal growth and reduced tléthe homophilic adhesion receptor FAS2, which dictates the
number of type | boutons to normal (Fig. 3B). Ubiquitousdirectionality and degree of synaptic elaboration. As we have
CaMKIll overexpression in wild-type animals had no effect ordemonstrated thgPS integrin lies upstream of CaMKIlI, we

anti-DLG

anti-BPS merge

98
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Fig. 3. Rescue ofmysmutant phenotypes by genetic manipulation of CaMKII expression. (A) Phenotypic rescue of structural defects at the
third instar NMJ on muscle 4. Black arrowheads indicate type Ib boutons; open arrowheads indicate type 1s boutons. Gpaie bar: 2

(B) Quantification of synaptic bouton numbemirysand CaMKIl overexpression mutant animals. In all cases, type | boutons on a minimum of
20 muscle 12 NMJs in hemisegment A2 were quantified. Error bars indicate s.e.m. Asterisks indicate significance relatiyeetoQuitdes
indicate significance relative to eatlysmutant without manipulated CaMKII levels. (* dP<0.05; *** or °°°, P<0.001).

hypothesized an alteration in FAS2 localization. We thereforésee below), we quantified FAS2 levels in tfas2 mutants,
assayed FAS2 expression nmy$° and my$s! alleles in two  fasZ76andfas286 We observed a ~90% and ~50% reduction
ways: (1) quantitative confocal immunocytochemistry to assapf FAS2, respectively, in these alleles which is consistent with
FAS2 localization at the NMJ (Fig. 4A,B), and (2) western blotpublished levels of expression (Grenningloh et al., 1991). In
analysis to assay FAS2 levels in whole animal protein extractsothmy#°andmyss?, quantification of the FAS2 band relative
(Fig. 4C,D). to an actin internal control band supported the increased

FAS2 levels at the larval NMJ were clearly elevated in botiFAS2 expression observed at the synapse in confocal
my#$9 andmyds! mutants (Fig. 4A). To quantify this elevated immunocytochemistry experiments (Fig. 4E). We measured a
expression, we measured the average anti-FAS2 fluoresce8% increase in FAS2 myds! animals and a 17% increase in
intensity (green) relative to the internal control of anti-HRPmy#°animals. Note that the relative change of FAS2 levels in
(red), a neuronal membrane marker. In buotisalleles, FAS2  my#$9 and myds! mutants is the same using both techniques.
synaptic localization was very significantly increased relativelhus, at least part of the increased synaptic FAS2 levels could
to the internal control (Fig. 4B). The increase was mosbe explained by more abundant FAS2 protein in itines
marked formyds! mutants, with a 64%P<0.0001) increase mutants.
in FAS2 synaptic expression. Imy$° mutants, FAS2 Taken together, these data are consistent with the hypothesis
expression was also greatly increased (4B%§.0001) The that thePS integrin receptor, together with s partners,
two mysalleles were also significantly different from eachfunctions via CaMKIl to regulate both FAS2 expression and
other P<0.002). In the reverse experimefdPS integrin its localization at the NMJ synapse. By contrast, FAS2 has no
expression and localization levels were unalteredas?  detectable effect on the expression or localizatior3l®S
mutant animals (data not shown). When we measured FAS&tegrin.
levels in the ubiquitous CaMKIl transgenic line, which . ] o
rescues botmy#9 and mysst structural defects (Fig. 3), we Genetically reducing FAS2 expressionin — mys
found that FAS2 expression was reduced in boy®® and ~ mutants rescues synaptic structural defects
mydsl to levels comparable with controls (Fig. 4C). IndeedAs the synaptic structural defects wiy$® and my$s! are
overexpression of CaMKIl in wild-typemy®° and mydsl  accompanied by a striking increase in FAS2 expression at the
reduced FAS2 levels in all three genotypes, to a uniform levelynapse, we next determined if genetically reducing FAS2
that represented ~80% of wild-type levels (Fig. 4C) (Koh eexpression would rescue these developmental phenotypes. We
al., 1999h). recombined twdas2regulatory allelesfas®76 (~90% loss of

We next assayed total FAS2 protein levels using quantifieBAS2) andasZ86(~50% loss of FAS2) (Fig. 4E) (Grenningloh
western blot analysis of staged third instar larva (Fig. 4D,E)t al., 1991) onto chromosomes carrying f8eS integrin
As a control and verification test for subsequent experimentsutations, generating four stockasZ76my#9, fasZ76mydsy,
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fas286my#9 andfas286mydsl Each genotype was then testedexcessive NMJ overgrowth. By contrastpig$® mutants, the

for alterations in the synaptic architecture phenotype at theeduced FAS2 level resulted in an increase in bouton number

third instar NMJ. towards normal, although the rescue was not complete (Fig.
Animals doubly mutant fofas®76 and eithermys allele  5B).

reduced FAS2 expression to very low levels, below 20% Taken together, these data are consistent with regulation of

of wild type (Fig. 4E), and showed reduced NMJ growthFAS2 being a primary mechanism by which postsynaptic

phenotypes, consistent with those published fasZ76 integrins regulate synaptic growth at the NMJ. However, the

mutants alone (data not shown) (Schuster et al., 1996ayergrowth ofmydsl in the presence of high expression of

Schuster et al., 1996b; Stewart et al., 1996). By contrasEAS2, and the incomplete rescuenaj$® by restoring FAS2

fasZ86 in conjunction with eithemy#° or my$sl, produced levels, indicates that other mechanisms must be involved.

FAS2 protein at near normal levels, as measured by western

blot analysis (Fig. 4E). Most strikingly, NMJ synaptic

architecture, including bouton size, neurite branch length andlSCUSSION

number, and synaptic area, is altered towards normal by o

genetically reducing FAS2 levels in bothy®® and mys¢st  Integrins regulate CaMKII activity and FAS2

animals (Fig. 5A). Irmy$s! mutants, the reduced FAS2 level €xpression during postembryonic synaptic

resulted in a highly significanP£0.0002) decrease in bouton development of the NMJ

number to near normal numbers (Fig. 5B), resulting in n@everal studies in the laboratories of Budnik, Goodman,

significant difference between wild-type amayds! fasZ286  Grifith and Wu have shown that activity-dependent

bouton numbers. This result is particularly striking becausdevelopment at thBrosophilaNMJ is mediated by the €4

either my$s! or fas®86 (Stewart et al., 1996) alone causesdependent kinase CaMKIl phosphorylating the scaffolding
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(A) Phenotypic rescue at the third
instar muscle 4 NMIny$° causes
undergrowth, whereasyd$s! causes
overgrowth. Other phenotypic
characteristics include increased
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size. Black arrowheads indicate type
Ib boutons. Open arrowheads indicate ™
type 1s boutons. Scale bar:20.

(B) Quantification of NMJ synaptic
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protein DLG, which, in turn, tethers the homophilic adhesiormechanism(s) by which integrins modulate NMJ structural
molecule FAS2 to control its synaptic localization (Budnik etdevelopment. This article presents molecular and genetic
al., 1996; Koh et al., 1999b; Tejedor et al., 1997; Thomas @vidence that strongly support the hypothesis that synaptic
al., 1997; Zito et al., 1997). Independently, integrins have beentegrin receptors containirg’S modulate CaMKII activation
implicated in activity-dependent synaptic developmenibn both sides of the synaptic cleft and, through CaMKIl,
following the isolation of integrin mutants that affect short-control both the expression and the synaptic localization of
term memory in Drosophila and in our subsequent FAS2 at the synapse. The primary experimental results
demonstration that synaptic integrins modulate NMJupporting these conclusions are detailed below.
architecture in a manner reminiscent of alterations in the First, transgenic expression of CaMKIl is sufficient to
CaMKII-DLG-FAS2 pathway (Beumer et al., 1999; Grotewiel completely rescue all synaptic structure defectsysmutants.
et al., 1998; Rohrbough et al., 2000). The purpose of this studyenetically increasing CaMKIl in postsynaptic muscle, but
was to determine whether integrins function to regulate FASRot presynaptic neuron, completely rescues the structural
synaptic expression by the CaMKIl pathway, or rather affectindergrowth of themy#® integrin mutant, whereas it is
morphology via an independent, parallel mechanism. If theecessary to elevate CaMKIl both pre- and postsynaptically to
former were true, our aims were to determine where in theescue structural overgrowth in tiny$SImutant. These results
CaMKII-DLG-FAS2 pathway the integrins function and to are consistent with the postsynaptic mislocalizatiorf@g
assess whether disruption of CaMKII-mediated regulation oiftegrin in themy®° mutant, as opposed to the global loss of
FAS2 is sufficient to account for the structural defects observeslynaptic integrin in theny$s! mutant (Beumer et al., 1999).
in integrin mutant synapses. These data indicate that coordinate regulation of CaMKIl in
To assay themys requirement in synaptic developmentthe muscle and motoneuron is necessary for proper
comprehensively, we compared and contrasted two regulatodevelopment of synaptic architecture.
alleles with opposing structural phenotypesy®°, which Second, at the distal end of the cascade, both the expression
causes NMJ undergrowth, amdydsl, which causes NMJ and synaptic localization of FAS2 are increasednigs
overgrowth (Beumer et al., 1999). In both mutants, we haveutants, although the extent of FAS2 misregulation was
observed a correlation between the morphological alteratiorsgnificantly different between the two regulatory mutants.
and synaptic function (Beumer et al., 1999), in contrast to thenportantly, both the NMJ overgrowth myssl) and
homeostasis seen fas2mutant synapses (Davis et al., 1997;undergrowthifiy®9) phenotypes are rescued towards wild-type
Stewart et al., 1996) but consistent with the parallel alterationstructure by genetically reducing the amount of FAS2 available
seen in CaMKIll-inhibited synapses (Wang et al., 1994)at the synapse to near normal levels. niyds! mutants,
However, the correlation between synaptic structural andorrecting for FAS2 level suppresses the synaptic overgrowth,
functional alterations imysmutants is not striking, and it is while in my®° mutants, correcting the FAS2 level suppresses
clear that integrins primarily mediate architectural regulationthe synaptic undergrowth. These results support the conclusion
Therefore, our focus in this study was exclusively on thehat FAS2 is centrally involved in mediating synaptic growth,
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but suggest that the FAS2-mediated mechanism is mois then followed by facilitation instead of habituation.

complex than previously thought. Moreover, presynaptically targeted expression of a
) ) constitutively active form of CaMKIl eliminated habituation.
Do integrins do more than regulate FAS2 at the Thus, appropriate regulation of CaMKII appears necessary for

synapse? many aspects of developmental plasticity.

Our results demonstrate that integrins regulate morphological In summary, we conclude that architectural developmental
growth at the postembryonic NMJ through activation ofdefects observed in NMJ synapses mutanBRS integrin are
CaMKIl in both pre- and postsynaptic compartments. Onelue to the loss of the ability to regulate synaptic CaMKII
important target of CaMKII is FAS2 and it is clear thatproperly. One function of CaMKIl is to phosphorylate the
regulation of FAS2 expression and localization is an importargcaffolding protein DLG, and thus regulate the proteins
component of integrin regulation. However, the modulation ofynaptically localized by this scaffold. FAS2 is the central
FAS2 levels alone is unlikely to account fully for the alterationsknown output of this regulatory cascade. Loss of this regulation
in synaptic architecture in integrin mutants. In particular, botlis central to themys mutant defects in the postembryonic
mys$s1 and my$° upregulate synaptic FAS2 levels, albeit to elaboration of NMJ structure. It is clear from this study,
different degrees, yet show opposite alteration in synaptibowever, that regulation of FAS2 localization via CaMKIl is
growth. Moreover, reducing FAS2 levels rescues both undepnly one facet of how integrins function at the synapse.
and overgrowth defects, but the rescue is not perfect.
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