
Neurochem. 52, 521 (1989)l After preparat~on, the 
synaptosomes were suspended in Hepes-buffered 
sallne containing 142 mM NaCI, 2.4 mM KCI, 1.2 
mM MgSO,, 1.2 mM CaCI,, 1.2 mM K2HP0,, 10 
mM glucose, and 10 mM Hepes, pH 7 2, wlth a final 
protein concentration of 1 mg per milliliter of suspen- 
sion. The synaptosomes were loaded with radlola- 
beled neurotransmitter by incubation in 2 ml of 0.2 
pM [3H]NE (11 Ci/mmol) for 10 mln at 37% in 
Hepes-buffered saline. Then, 1 ml of synaptosome 
suspension was placed on filters (Whatman glass- 
microfiber filters, 0 7-pm pore size) In 10 parallel 
wells over a vacuum manifold, with each well being 
used for a slngle release condition Hepes-buffered 
sallne was the carrler solutlon for all agents, each 
wash was 2 ml and requlred about 1 s. Sequentla1 
washes were applled at one per minute. After seven 
Initial washes, all washes were collected and the 
tritium quantitated. At the end of each experiment, 
the filter paper was also collected and counted The 
percent of radloactivlty released at each wash was 
calculated as a fractlon of the total amount of radio- 
activity recovered during an experlment (after base- 
line had been established) Thls total included resid- 
ual counts on the fllter paper and unreleased counts 
In the synaptosomes (after lys~s). Total release per- 
centages from the stimulus sample plus the two 
following samples were normalized to the maxlmum 
amount released in a given experlment In the ex- 
perlments with Hgb, corrections for quenching were 
made The L-Glu release was measured with a 
bioluminescence assay [V. M. Fosse etal., J Neu- 
rochem. 47,340 (1986)l. The procedure for comput- 
ing the percentage of L-Glu released durlng each 
wash was analogous to that used for [3H]NE re- 
lease. The b~oluminescence measurements for en- 
dogenous L-Glu release were performed concur- 
rently with a Monolight (Analyilcal Luminescence 
Laboratory, San Dlego, CA) 2010 lumlnometer on a 
50-p1 aliquot of each wash Measurements were 
hear  over the range of lo- '  to M After an 
experlment, the synaptosomes were osmotically 
ruptured, and the residual L-Glu remaining on the 
ftlters was measured and added to the total amount 
of L-Glu recovered during the washes The percent- 
age released was expressed as a fractlon of thls 
total. 
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Paralysis and Early Death in Cysteine String 
Protein Mutants of Drosophila 

Konrad E. Zinsmaier,*.F Kai K. Eberle,? Ericf7 Buchner, 
Niklaus Walter, Seymour Benzer 

Multimeric complexes of synaptic vesicle and terminal membrane proteins are important 
components of the neurotransmitter release mechanism. The csp gene of Drosophila 
encodes proteins homologous to synaptic vesicle proteins in Torpedo. Monoclonal anti- 
bodies demonstrate different distributions of isoforms at distinct subsets of terminals. 
Deletion of the csp gene in Drosophila causes a temperature-sensitive block of synaptic 
transmission, followed by paralysis and premature death. 

Fast. excitation-couoled neurotransmitter 
release is mediated by the fusion of synaptic 
vesicles with the nerve terminal. Proteins of 
both vesicles and other synaptic compart- 
ments, including presynaptic Ca2+ chan- 
nels, participate in this process by forming a 
multimeric protein complex to ensure rapid 
and regulated release (1) .  Although the 
molecular mechanisms are not understood, 
considerable progress has been made in iden- 
tifying some of the components (2). How- 
ever, only synaptotagmin has thus far been 
genetically shown to be involved (3). 

The Drosophila melanogaster cysteine 
string proteins (Dcsp's) (4) are membrane 
proteins containing an unusual cysteine mo- 
tif (C2X, C,,  X2 C,; C is cysteine and X is 

K. E Zinsmaler and S. Benzer, California Institute of 
Technology, Division of Biology 156-29, Pasadena, 
CA 91 125, USA. 
K K. Eberle and E. Buchner. Theodor-Boveri-lnstitut 

anv amino acid) and the "1" domain found 
in d n a ~  proteins, which midiate the regula- 
tion of heat shock protein (hsp) 70 protein 
activity and thereby the assembly of multi- 
meric protein complexes (5). A csp homolog 
of Torpedo califonica (Tcsp) has been iden- 
tified (6) that copurifies with synaptic vesi- 
cles (7). The inhibition of N-type Ca2+ 
channel activity by coinjection of Tcsp an- 
tisense mRNA into Xenopus oocytes suggests 
that Tcsp may be a regulatory subunit of 
Ca2+ channels (6). We show that, in Dro- 
sophila, the Dcsp proteins are localized to 
synaptic terminals and that deletion of the 
csp gene interferes with synaptic transmis- 
sion, causing paralysis and early death. 

To localize the gene product, we gener- 
ated monoclonal antibodies (mAbs) from, 
fusion ~rote in  ( 8 ) .  The DCSP-2 mAb dem- ~, 
onstrates the presence of Dcsp protein pre- 
svna~ticallv at larval and adult neuromuscu- , 

fur Biowissenschaften, ~m Hubland, D-97074 lar synaptic boutons are strongly 
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N. Walter, Zoologisches institut, Winterthurerstr. 190, stained (Fig. A '). In the 
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for the visual system in Fig. 1B. 
The DCSP-3 mAb detects isoforms pre- 

dominantly expressed in the photoreceptor 
terminals (Fig. ID), but not at motor nerve 
terminals (Fig. 1E). The exclusive localiza- 
tion of Dcsp to synaptic terminals in Dro- 
s o w  suggests an association with synaptic 
vesicles. Indeed, imrnunoprecipitation with 
antibody to Drosophila synaptotagmin (9) 
coprecipitates Dcsp's (1 0) , providing evi- 
dence for a similar synaptic vesicle localiza- 
tion as in Torpedo. 

We analyzed the csp gene (Il), which 
expresses three low-abundance transcripts 

(Fig. 2, A and B) exclusively in neurons as 
demonstrated by in situ hybdzation (4). 
The csp locus is at position 79E1-2 on chro- 
mosome 3 (4). Because no c h r o m d  re- 
arrangements of this region were available, we 
used site-selected P-element mutagenesis (1 2) 
to target the gene. Twenty-four thousand 
P-element insertion lines were screened and 
two, cspP' and af2, in close proximity to the 
csp transcription unit, were isolated (Fig. 2A). 
These were used to induce gene deletions 
(1 3). Genetic analysis identified two wmple- 
mentation groups (Fig. 3A). Deletion group I 
mutants exhibit a semilethal embryonic phe- 

notype; adult escapers show early death (Fig. 
3B) and the temperature-sensitive (ts) para- 
lytic behavior described below. Deletion 
group I1 mutants show a strong embryonic 
lethal phenotype; they apparently wmpond 
to a neighboring gene 970 base pairs (bp) 
upstream of csp (Fig. 2, A and B). 

Two group I deletions were molecularly 
analyzed in detail. The allele c.@' deletes the 
entire locus, representing a null mutation of 
the csp gene (Fig. 2A). The second deletion, 
cspX1, removes the csp promoter and the first 
exon of the gene (Fig. 2A). The molecular 
analysis showed that only deletions of wm- 

Fig. 1 (left). Differential expression of Dcsp's at distinct synaptic termi- 
nals. The DCSP-2 mAb, which identifies all the cysteine string proteins, 
detects expression in a wide range of terminals, including the larval 
neuromuscular junctions (A), the adult visual system (B), and adult 
thoracic neuromuscular junctions (C). Note the strong staining of neuro- 
pils of the optic ganglia (L, M, Lo, Lp) (B), whereas the surrounding cell 
bodies are unstained. Fiber tracts containing axons but not synapses 
appear to contain little Dcsp protein. At motor nerve terminals, Dcsp is 
strongly expressed at synaptic boutons (arrows), but the axons of the 
motor neurons are not stained (A and C). Specific Dcsp proteins are 
expressed at distinct nerve terminals, as indicated by DCSP-3 mAb (D 
and E), which identifies a subset of Dcsp proteins expressed predomi- 
nantly in the terminals of photoreceptor cells R1-6, which innervate the 
lamina (L), and the R7-8 (arrowheads) terminating in the medulla (M), but 
not in the presynaptic endings of motor neurons (E). (Note: the cuticle is 
naturally brown.) lmmunohistochemistry was as described (19). Abbrevi- 
ations: Lo, lobula; Lp, lobula plate. Bar, 50 km. Fig. 2 (right). 
Molecular analysis of the csp gene. (A) The restriction map of the csp 
locus is shown within the region covered by the A-fix phage 9-8 (8). 
Position 0 indicates the starting point of csp transcription. Parts of this 
region were sequenced (8) and the exon-intron structure determined. 
Three alternatively spliced csp cDNAs (types I to Ill) are shown. Noncod- 
ing regions are indicated by open boxes; closed boxes indicate coding 
sequences. The shaded box corresponds to a neighboring transcription 
unit that expresses two RNA transcripts, types IV and V, which do not 
extend beyond the cspP1 P insertion (compare with Fig. 28). The map 

H S SBM B E  B S H  

- 1 b 1 2 3 4 5 6 7 8 k b  

I 
Qp8 N-V - 

--, Wll - I" 
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H pmbs 1 H 

s p r n b s z y  , 4 - 

probe 1 probe 2 p r o k  3 probe 4 

positions of the two P-element insertions cspP1 (-891) and cspP2 (+7.8) 
targeting the csp gene are indicated. The extent of the chromosomal 
rearrangements (bars above the restriction map) of cspR1 and cspX1 were 
determined by sequence analysis of their breakpoints; their map positions 
are indicated. The deletion cspR1 cuts out the entire csptranscription unl. 
CspX1 is a small deletion of 11 78 bp that uncovers the first csp exon and 
the promoter region. (B) The csp genomic region (A) was analyzed for 
transcription activity by Northern (RNA) blotting (20), and five different 
transcripts were identified (probe 1: Hind Ill-Hind 111, 12.3 kb). Transcript 
types I to Ill are detected with the type I cDNA (probe 4); they belong to 
the csp transcription unit. Transcripts types I and II migrate on Northern 
blots at 2.4 kb as a double band due (1 1) to their small size difference of 
only 60 bp; type Ill migrates at 2.9 kb and is head-specific. The highly 
abundant transcript types IV and V (probe 2: Sal I-Nde 1, 1.7 kb; shaded 
box in Fig. 2A) are detected by genomic fragments from positions -4000 
to -791. The corresponding gene was identified as an RNA helicase and 
a member of the DEAD box protein family (10). A genomic fragment 
(probe 3: polymerase chain reaction fragment from position -891 to 
+482) representing the deleted region of cspX1 detects only the low- 
abundance csp transcripts, but not the highly expressed neighboring 
transcript types VI and V. Molecular size markers are indicated on the left 
(in kilodaltons). 
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Fig. 3. Genetic analysis of csp mutants and protein expres- A 
sion of cspX1. (A) Genetic analysis of csp mutants. Comple- loo 
mentation analysis of group I (left) with the molecularly 
analyzed deletions cspX1 and cspR1 and two further EMS 
alleles cspE1 and cspE. All combinations are semilethal 
during development, allowing only a few flies to survive to 

rescues the developmental lethality of cspX1 and cspR1, but 
adulthood. The P rescue element P[W, csp] (14) completely 

not the strong recessive lethal phenotype of the complemen- = 
tation group II (middle). On the right side of the graph, 
complementation is shown between csp alleles and one 20 
member of the second complementation group; they com- 
plement each other fully. Flies were counted within 24 hours Adult age (days) 
of eclosion. (B) Adult mutant csp flies die prematurely after 4 
to 5 days at 22% as exemplified by cspX1. At higher - 
temperature (2g°C), flies become pa'ralyzed and die within an 
hour; wild-type flies are not affected at either temperature, r 
and their life-span is over 35 days. All flies were raised at Nrmhro l  - - , - , - , - , - , , 

m - 18"C, newly emerged flies were transferred to the indicated ' ' ' " " " " " ' " ' ' 
group I 

temperature, and dead flies were counted every 12 hours. &IOU@ 11 @IOU0 1/11 

(C) lmmunostaining of protein immunoblots or immunohisto- 
chemical staining with all antibodies shows almost complete C DCSP-2 DCSP-3 D 

absence of Dcsp proteins in cspX1 (21). Whether the residual 
staining represents nonspecific background or faint Dcsp S 5 DCSP-1 

expression is unclear, but the genetics predict a hypomor- 
;; 5 

phic allele. On immunoblots, DCSP-2 mAb (left) detects 
Dcsp proteins in wild-type flies ranging in size from 32 to 36 
kD; these are highly reduced in cspX1. DCSP-3 mAb specif- 
ically detects two of the Dcsp isoforms; they are almost 
absent in the mutant. Molecular size markers are indicated rff + 2f: 
on the left (in kilodaltons). (D) lmmunohistochemical test of y 
DCSP-1 mAb [former ab49 (41 stain on the optic lobes in the 
mutant cspX1 shows almost no Dcsp expression. Note that 
the neuropil is much lighter than the cortical cells (compare 
to wild type in Fig. 1). Cx, cortex; Np, neuropil. Bar, 50 bm. 36 , - - 'i 

32 - 

plementation group I afFect exclusively the csp 
transcription unit. T o  test whether the ts 
d v t i c  behavior of these mutants indeed . , 
corresponds to the csp gene, we used a genom- 
ic DNA fragment to rescue the mutant phe- 
notype (14). Both the lethality and the early 
adult death o f  cspR1 and cspX1 were rescued by 
the construct P[w+, csp+] (Fig. 3B), which 
includes the entire csp transcription unit and 
parts of the neighboring transcription unit 
(Fig. 2). Mutants of the second complemen- 
tation group were not rescued (Fig. 3A). This 
confirms that the ts lethality and paralytic 
behavior were caused by mutations o f  the csp 
eene. 

The phenotypes of the analyzed csp dele- 
tion mutants are sumrisine. The mutant with . " 
a complete deletion of the csp gene, M1, is a 
recessive, ts embryonic semilethal; 4% escape 
to adulthood at 2YC, but none escapes at 
29°C. Lethality is first observed in 18- to 
24-hour-old embryos, which seem to develop 
properly; antibody staining of homozygous 
embryos with the neuron-specific antibody 
22C10 (15) show no  obvious morphological 
abnormalities of the nervous system (lo), but 
they fail to hatch. Flies that survive to adult- 
hood quickly become paralyzed when exposed 
to 2TC, and die rapidly; at 22OC, they die 
within 4 to 5 days (Fig. 3A). Death is preced- 

Fig. 4. Electroretinogram and EM of A lgoc 2 6 " ~  34.c , 200~  2 0 0 ~  2 6 0 ~  s0c 
cspX1. (A) ERGS of a will8; csp+ (upper 4, , J 5' 1 5 2  .-- . , , ' I  / row) and a w1118; cspX1 fly (lower row). wf f f8  

I ~ " l  ' I (r (/ IJ - 
The response contains a brief, posl ie 12mY'q, c I,- I 1 ' 5 
"on" transient, a sustained gradually wfff8, 4. - - -' 

-- ' 
,- I' - 4- 60;- - - 

negative photoreceptor potential, and a 
brief "off" transient (wanheads) (16). E';2 m$-( 4q'+g 'u ' 
The flies were heated within 15 min from - - - - - - \ -  

19" to 38OC, then kept at 38°C (5 min for 
w1 118, 1 min for wl1 i8; cspX1), &led to B 
20°C within 2 min, and allawed to recover 
in the dark (1 5 min for wl1 18, 60 min for 
wl1 18; cspX1). The cycle was then partial- 
ly repeated. Note the disappearance of 
the transients after 1 min at 38°C in w1 18; 
cspX1 (arrawheads), but not in wild type, 
even after 5 min. Gradual recovery of the 
transients began after a few minutes of 
darkness at 20°C. The spikes superim 
posed on the 38°C traces of the mutant 
were from muscle tremors picked up by 
the indifferent electrode in the thorax. 
Scale: "Light on" intervals (0.6 s) are 
indicated by horizontal bars, amplitude 
by vertical bars (2 mV). Changing temperature is indicated on top. (B) Electron microscopy of synaptic 
terminals of photoreceptor axons in the lamina. Synaptic vesicles (arrawheads) were seen in wild type 
(left). In the cspX1 mutant (right), synaptic vesicles were diicult to discern, even at synaptic sites (wow). 
The mutant synaptic terminals consistently showed electrondense debris, which may represent 
degeneration products of vesicles. It remains unclear whether the number ~f vesicles is reduced or their 
mutant properties make them undetectable by the standard EM technique. At lower magnification, no 
rnorphdogical defect in the photoreceptor sons was evident. Note that both wild type and mutant were 
processed identically and simultaneously (22); this experiment was repeated several times with similar 
results. Bar, 0.2 p.m. 
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ed by increasingly sluggish behavior, then 
intense, spasmic jumping, shaking, uncoordi­
nated locomotion, and paralysis. The second 
mutant, cspxl, with a smaller deletion, yield­
ed more escapers (16%) at 25°C and was 
therefore more useful for further analysis. Im-
munoblots and immunohistochemistry of 
adults demonstrated some residual protein ex­
pression in cspxl (Fig. 3, C and D), but not in 
cspR1. 

To test for physiological correlates of the ts 
paralytic behavior of csf>xi, we compared mu­
tant and wild-type electroretinograms (ERGs) 
as the temperature was increased from 19° to 
38°C. The mutant ERG showed a loss of "on" 
and "off' transients, which were restored by 
return to lower temperature (Fig. 4A). These 
transients derive from the response of first-
order interneurons in the lamina and thus 
depend on synaptic transmission (16); their 
disappearance suggests blockage of synaptic 
transmission from photoreceptor terminals to 
lamina neurons. 

To look for visible synaptic abnormalities 
in the photoreceptor terminals, we compared 
synaptic regions in the lamina of mutant cspxl 

flies to those of wild type by electron micros­
copy (EM) (Fig. 4B). In contrast to wild type, 
synaptic vesicles in the mutant were hardly 
visible; the terminals were filled with uniden­
tified fine, electron-dense "debris," possibly 
caused by neuronal degeneration. "Collard 
pit" structures at the terminal membranes, 
which would be suggestive of a block in 
endocytosis, as reported in the mutant shibire 
(17), were not observed. 

Taken together, the synaptic vesicle lo­
calization of Tcsp in Torpedo, the ts behav­
ioral and physiological phenotypes of csp 
mutants in Drosophila, and the effects of 
Tcsp mRNA on N-type Ca2 + channel ac­
tivity indicate a role for these synaptic 
vesicle proteins in neurotransmitter release. 
Although the csp gene is not completely 
indispensable (some flies can survive its 
complete deletion), the block of synaptic 
transmission at higher temperatures indi­
cates a possible requirement for the Csp 
proteins in stabilizing the components of 
the neurotransmitter release machinery. It 
is noteworthy that the entire delation of 
dnajy a paralog of csp in Escherichia coliy 

exhibits a ts phenotype suggestive of chap-
erone activity (18). Mutants of the synaptic 
vesicle protein synaptotagmin (Syn) in 
Drosophila and Caenorhabditis elegans show 
phenotypic defects similar to those of csp 
mutants (3). They demonstrate an impor­
tant requirement of the syn gene for proper 
synaptic function, but even null mutations 
do not completely eliminate neurotrans­
mitter release (3). The Csp proteins could 
act as modulators or chaperones in synaptic 
vesicle formation, vesicle transport, or the 
assembly or regulation of multimeric pro­
tein complexes that interact with presynap-

980 

tic membranes. Further studies with mutants 
affecting synaptic transmission may lead to a 
genetic dissection of the mechanisms. 
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