
rapid kinetics and would be consistent with 
all other data. It would be surprising if 
integrins played a role in synaptic function 
only at frog motor nerve terminals. Howev- 
er, with the exception of a report that R G D  
peptldes block hippocarnpal long-term po- 
tentiation (251, other instances ha1.e not 
been described. Integrins, which can trans- 
~ L I C ~  signals in both d~rectlons across the 
cell membrane (17, 18, 23, 24),  might he 
involved Inore generally in cell-cell tro- 
phic-inductive interactions, in nlalntaining 
synaptic organi;ation, and in regulating 
synaptic f ~ ~ n c t i o n .  Integrins appear also to  
play a role in the enhancement of transmit- 
ter release by hypertonic solutions (26) and, 
if ~nvolved in helping regulate transmitter 

release at central nervous system synapses, 
might contribute to  the excitotoxic re- 
sponse to bra111 swelling with ischemia. 
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A VAMP-Binding Protein from Aplysia Required 
for Neurotransmitter Release 

Paul A. Skehel,* Kelsey C. Martin, Eric R. Kandel, Dusan Bartsch 

Before the fusion of synaptic vesicles with the plasma membrane, a protein complex is 
thought to form between VAMP-an integral membrane protein of the vesicle-and two 
proteins associated with the plasma membrane, SNAP-25 and syntaxin. The yeast two- 
hybrid interaction cloning system has now been used to identify additional proteins from 
Aplysia that interact directly with VAMP. A 33-kilodalton membrane protein, termed 
VAP-33 (VAMP-associated protein of 33 kilodaltons), was identified whose correspond- 
ing messenger RNA was detected only in the central nervous system and the gill of Aplysia. 
Presynaptic injection of antibodies specific for VAP-33 inhibited synaptic transmission, 
which suggests that VAP-33 is required for the exocytosis of neurotransmitter. 

A f~~ndamenta l  property of all neurons that 
lnteract by means of chemlcal synaptlc 
transmission is that neurotransmitter is 
stored in synaptic vesicles in the nerve ter- 
minal and released hv exocvtosis in re- 
sponse to an increase in preslinaptlc Ca" 
( I  ). Transmitter release can he modulated 
by actlvlty, and such modulation is a c o n -  
rnon feature of synaptic plasticity that is 
thought to contribute to memory forma- 
tion. Significant progress toward a molecu- 
lar descript~on of transnlltter release has 
been achieved by ~dentifying and analyzing 
protelns assoc~ated with synaptlc veslcles 
(2 ,  3 ) .  T h e  purification of vesicle-associat- 
ed proteins and the isolation of their cog- 
nate genes (4)  have been facilitated by the 
abundance of synaptic vesicles in the brain. 
Other proteins have been identified by 
their ability to  interact physically with 
vesicle-associated proteins in immune corn- 
plexes (5, 6) .  However, conventional bio- 
che~nical binding assays and immunopre- 
cipitation lnethods rely on  the formation of 
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relatively stable, high-affinity protein-pro- 
tein complexes; they do not detect weaker 
or Inore transient interactions. T o  identify 
proteins important for ves~cle exocytosis 
that bind more areaklv to comuonents of 
previously identified synaptic iomplexes, 
we have used the two-hybrid system devel- 
oped 111 yeast (7) .  W ~ t h  thls approach, we 
have now identified a protein from Aplysia 
californica that specifically interacts with 
the synaptlc vesicle protein VAMP (also 
termed synaptohrevin) (8). 

T h e  partial complementary D N A  
(cDNA) clones isolated in this screen con- 
tained an open reading frame encoding a 
19-kD polypeptide. Wi th  a polymerase 
chain reaction (PCR)-lxsed strategy, addi- 
tional cDNAs were isolated that contained 
a single long open reading frame encoding a 
putative 260-amino acid polypeptide with 
a predicted molecular Inass of 30 kD (Fig. 
1A) .  T h e  recombinant protein expressed in 
bacteria migrated at 33 kD on  SDS-poly- 
acrylatnide gel electrophoresis; the polypep- 
tide was therefore referred to as VAP-33 
(VAMP-associated protein of 33 kD). 

When  expressed as a bacterial fusion pro- 
tein with elutathione-S-transferase. VAP-33 u 

bound specifically to in vitro-translated 
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VAMP, suggesting that the interaction de- 
tected in yeast was direct and not mediated 
by additional factors (9) (Fig. 1B). In vitro- 
translated VAMP also bound to GST-syn- 
taxin fusion protein, but not to GST alone 
or to an Aplysiu transcription factor GST 
fusion. Northern (RNA) blot hybridization 
analysis indicated that the VAP-33 gene was 
expressed only in the central nervous system 
(CNS) and the gill (lo) (Fig. 1C). The gill is 

a highly innervated tissue that contains the 
cell bodies of many peripheral nerves, which 
may account for the transcripts identified in 
this organ. 

The primary structure of VAP-33 shows 
no overall similarity to previously described 
proteins. A FASTA comparison of the se- 
quence with GeneBank identified regions of 
similarity with a major sperm protein (I I); 
however, the extracellular location of this 

Fig. 1. lsolatio~l of & A 
P ~ ~ ~ ~ ~ ~ ~ ~ '  ].T;L,:~z,;.;~;LE~&>6~FF~:I>p~T~L~~~A~L):L.~:!pT~F~~IFy~.FT~~F~P'x'~.'~_r~,p:J:;r;~ 'j J 
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- - 
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2 37- -- 
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syntaxn 1 !GST-TAX I, tt;e ~pol:,(k?lpl~ilc cilcc~ilc-ti b, !?GAD11 cDNA GST-1361 oi :lie NH -tbrri7,'ri;li 289 
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Fig. 2. Antiserum to VAP-33 recognizes a single 33-kD mem- 
brane protein. (A) Total protein extracted from Aplysia CNS 
was subjected to immunoblot analysis with a rabbit polyclonal 
antiserum that was prepared against a bacterially expressed 
GST fusion protein containing the COOH-terminal 190 amino 
acids of VAP-33. Molecular size standards are shown in kilo- 
daltons on the left. (B) Specificity of the antiserum for VAP-33. 
lmmunoreact'vity was detected by immune serum (lane 2) or 
immune serum that had been preincubated with recombinant 
GST (lane 4), but not by preimmune serum (lane 1) or immune 
serum that had been preincubated with GST-13B (lane 3). (C) 
VAP-33 is an integral membrane protein. Adult A. difomica 
CNS was fractionated as previously described (26), and the 
cell fractions were subjected to immunoblot analysis with an- 
tisera specific for VAP-33, VAMP, A. dKomica syntaxin, or 
Aplysia cell adhesion protein (ApCAM). P I ,  P2, P3, and S refer 
to the three pelleted fractions and the soluble fraction gener- 
ated from two-step sucrose centrifugation as described (26). 

c P I  P2 P3 s 

VAP-33 -0 

VAMP I) 

Syntaxln -- - 
ApCAM - 

Fw. 3. VAP-33 is present in 
neutites. Aplysia sensory 
and motor cell cocultures 
were subjected to indirect 
immunofluorescence anal- 
ysis with antiserum to b 

sperm protein and the expression pattern of 
VAP-33 suggest that this sequence similarity 
does not reflect a functional homology. 
VAP-33 has no hydrophobic NH2-terminal 
signal sequence, but the COOH-terminus is 
highly hydrophobic, characteristic of a class 
of integral membrane proteins typified by 
cytochrome b5 and which also includes two 
SNARE (soluble NSF receptor) proteins, 
syntaxin and VAMP (12). 

Antiserum prepared against the bacteri- 
ally expressed COOH-terminal 19-kD of 
VAP-33 recognized a single 33-kD protein 
on immunoblot analysis of protein extracts 
from Aplysia CNS (13) (Fig. 2A). This 
signal was not observed with preimmune 
serum or with immune serum that had been 
preincubated with excess recombinant an- 
tigen (Fig. 2B). Immunoreactivity copurified 
with membranes on cell fractionation, but 
showed a different profile to that of VAMP, 
suggesting that VAP-33 is associated with 
cellular membranes but is not enriched in 
synaptic vesicles (Fig. 2C). The fraction en- 
riched in VAP-33 also contained the major- 
ity of immunoreactivity corresponding to 
ApCAM, an integral plasma membrane cell 
adhesion protein (14). Of the several iso- 
fonns of ApCAM, VAP-33 cofractionated 
with the transmembrane isoform. VAP-33 
is an integral membrane protein; it re- 
mained associated with membrane in 1M 
KC1 and was extracted entirely into the 
detergent phase by Triton-XI14 (15, 16). 

Analysis of primary Aplysia neurons by 
indirect immunofluorescence revealed VAP- 
33 immunoreactivity throughout the neu- 
rites, some of which appeared to contain 
higher concentrations of VAP-33 than oth- 
ers (Fig. 3). This staining pattern differed 
markedly from those of VAMP and syn- 
taxin (17). 

To assess the physiological function of 
VAP-33, we examined its role in synaptic 
transmission at a well-characterized glu- 
taminergic synapse between identified sen- 
sory and gill motor neurons in culture. We 
attempted to disrupt the activity of VAP-33 
in vivo by intracellular injection of anti- 
bodies to this protein. Immunoglobulins 
from preimmune and immune sera were 
purified and injected into the presynaptic 
sensory neuron of cocultures of Aplysiu sen- 
sory and motor neurons (18). The excitato- 
ry postsynaptic potentials (EPSPs) elicited 
in the motor neuron by extracellular stim- 
ulation of the presynaptic sensory neuron 
were recorded before and 15 to 20 hours 
after injection of immunoglobulin (19). Im- 
munocytochemical analysis of injected cells 
confirmed that both immune and preim- 
mune antibodies distributed throughout the 
processes of the sensory neuron (17). Al- 
though injection per se had a slightly de- 
pressive effect, cells injected with specific 
antibodies to VAP-33 showed a significant- 
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ly greater lnhlbitio11 of evoked synaptic po- 
tentlals (reduced by 55.4%) compared with 
those treated with prelmmune immuno- 
globulins (reduced by 11.5%) (Flg. 4A). 
Transmissions at this synapse shows homo- 
synaptic depression; the synapse depresses 
rapidly after repetitive presynaptic stimula- 
tion. In synapses blocked with alltibodies to 
VAP-33, the residual transmission exhibit- 
ed a normal rate of homosynaptic depres- 
sion, indicating that the observed decrease 
in evoked EPSPs was not attributable to 
increased spontaneous actlvlty (Fig. 4B). 
The residual transmission in inhibited syn- 
apses also remained proportionally respon- 
sive to the facilitative effects of serotonin 

(Fig. 4C), indicating that the structure of 
the synapses was not grossly perturbed. 

The precise function of VAP-33 In the 
cycle of vesicle exo- and endocytosis is not yet 
clear. In culture, synapses are silent in the 
absence of stimulation; therefore, the inhibi- 
tion of the evoked EPSPs by antibodies to 
VAP-33 is unlikely to result from a reduced 
rate of endocytosis. Reducing the activity of 
VAP-33 may therefore have reduced the 
number of vesicles available for release or 
inhibited the fusion event directly. 

The membrane localization of VAP-31 

and ~ t s  lnteractlon with VAMP suggest that 
VAP-33 may fu~lctlon in locallzlng vesicles, 
perhaps by a~lchori~lg them to the plasma 
membrane before release 111 a fashion slml- 
lar to the docki11g role proposed for syn- 
taxi11 and SNAP-25 (5, 20). However, 
VAMP appears also to be required for re- 
lease at a point subseiluent to vesicle dock- 
ing (21 ). Therefore, VAP-33 may partici- 
pate at a step between docking and neuro- 
transmitter release and, perhaps, function 
directly in the f~tsion of the vesicle and the 
plasma membrane. 

VAMP recently has also been shown to 
interact with synaptophysin (22). Thus, at 
least four proteins Interact directly wlth 
VAMP: syntaxin, SNAP-25, synaptophy- 
sin, and VAP-31. Two of these proteins, 
syntaxin and SNAP-25, form part of the 
20s NSF-SNAP receptor complex thought 
to act directly in fusion (20, 22, 23). Al- 
though the signlflcance of the interact1011 
of VAMP with synaptophysln is not clear, 
the block of synaptic transmissio11 that re- 
sults from injection of specific antibodies to 
VAP-33 indicates that the interaction be- 
tween synaptobrevin and VAP-33 is re- 
quired, at some point, in the exocytosis of 
synaptic vesicles. The multiple interactions 

Fig. 4. Presynaptic intracelular in- A n = 7  Before lg 15 to 20 hours 

iection of antibodies to VAP-33 in- . T Injectlon after lg lnjectlon 

hibits synaptic transmission but 
does not affect homosynaptic de- 
pression or serotonin-induced dis- 
habituation. (A) Initial evoked EP- 
SPs recorded in the postsynaptic 
motor neuron after presynaptic in- 
jection of VAP-33-specific or pre- 
Immune immunoglobulin (g).  Mean 
percentage changes (?SEM) in 
EPSP amolitude before and 15 to 

VAP-33- pre. 

Uninjected 
-101 

n=12 preimmune 19 & A\ 
_I 10 mv 

100 ms 

described for VAMP may reflect ~LIIIC~LOII- 
ally distinct stages 111 the complex processes 
of docking, fuslon, and exocytosls. 

- 

20 hours after injection of the indi- VAP-33-specflc IQ 

cated g are indicated. Injection of 
VAP-33- Pre- 

VAP-33-specific Ig slgnificanty de- JL AL -U 

creased EPSP amptude relative to 
preimmune Ig (P < 0.01, unpared preimmune IQ 

Student's t test). Representative 
recordings are shown on the right. 
(B) Homosynaptc depression is not 
affected by injection of VAP-33- _liomv 
specific Ig. EPSPs were recorded in 100 ms 

the motor neuron after stimulation 
of the sensory cell at 0.05 Hz. The 
mean percentage changes (?SEM) $ - 
between the mean of the second, 500! C n=6 Before After 

third, and fourth E S P  and the i n  '2 0 0  

I 
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Requirement of MIP-I for an Inflammatory 
Response to Viral Infection 

Donald N. Cook,* Melinda A. Beck, Thomas M. Coffman, 
Suzanne L. Kirby, John F. Sheridan, Ian B. Pragnell, 

Oliver Smithies 

Macrophage inflammatory protein-1 a (MIP-1 a )  is a chemokine that has pro-inflammatory 
and stem cell inhibitory activities in vitro. Its biologic role in vivo was examined in mice 
in which the gene encoding MIP-la had been disrupted. Homozygous MIP-la mutant 
(-/-) mice were resistant to Coxsackievirus-induced myocarditis seen in infected wild- 
type (+/+) mice. Influenza virus-infected -/- mice had reduced pneumonitis and de- 
layed clearance of the virus compared with infected +/+ mice. The -/- mice had no overt 
hematopoietic abnormalities. These results demonstrate that MIP-la is an important 
mediator of virus-induced inflammation in vivo. 

T h e  recruitment of leukocytes to sites of 
infection is crucial to the inflammatory 
clearance of pathogens. Various ~nolecules 
may control leukocyte trafficking in vivo, 
including the chemokines, a family of low 
lnolecular weight proteins that induce leu- 
kocyte chelnotaxis in vitro ( 1  ). MIP- la  is a 
lnetnber of the p chemokine subfamily, 
which also includes MIP-1p and RANTES. 
MIP- la  induces chelnotaxis of monocytes, 
CD8+ T cells ( 2 ) ,  CD4+ T cells, and B cells 
in vitro (3). However, the importance of 
MIP-la  in vivo has been ~ ~ n c l e a r ,  because 
Inany of its activities are shared by other P 

chemokines, including an ability to bind to 
the same receptor (4). T o  determine its 
function in vivo, we used homologous re- 
colnbination in mouse strain 129-derived 
embryonic stern (ES) cells to generate a 
deletion in the MIP- la  gene. The deletion 
included 300 nucleotides (n t )  of DNA up- 
stream of the mRNA start site, as well as 
the first exon and half of the second exon of 
the MIP-la  gene (Fig. 1) .  Injection of these 
cells into C57BL/6J blastocysts produced 
nine chimeras, five of which transmitted 
the mutant MIP-la  allele to the offspring. 
Matings between F, heterozygotes (+/-) 
yielded offspring of the MIP-la  genotypes - - - . - 

D. N. Cook and 0 .  Smithes. Department of Pathology, +/+> +/-> and -1- in Mendelian propor- 
Un~vers~ty of North Carol~na, Chapel HIII. NC tions. The -/- Inice had no gross abnor- 
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S. L. Kirby. Department of Medicne, University of North phages$ them with L929 
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(Fig. 1E). Because the deletion includes 
allnost half of the MIP-la  coding region, 
any lnRNAs transcribed from the tnutant 
MIP-la  locus are ~~nl ike ly  to encode a func- 
tional protein. 

MIP- la  inhibits the proliferation of ear- 
ly hematopoietic progenitor cells in vitro 
(6).  Therefore, we colnpared the peripheral 
blood and bone marrow of +/+ Inice to 
that of / mice to determine whether the 
tnutation had affected hematouoiesis. N o  
significant differences between the two 
genotypes were observed in peripheral 
blood (hematocrits, total white blood cell 
counts, and differential counts) or in bone 
marrow [total nucleated cells Der fetnur and 
early hetnatopoietic progenitor cell number 
( 7 ) ]  (two-tailed t test). Analysis of cell pop- 
ulations in lytnph nodes and spleens re- 
vealed that both T and B cell numbers in 
the -1- Inice were indistinguishable from 

L 2  

those of +/+ tnice. Thus, the / mice 
lack any overt hematopoietic abnormalities. 

In light of evidence for a role of MIP- la  
in autoi~nlnune disease (8), we tested the 
response of the -1- mice to Coxsackie- 
virus B3 (CVB3). CVB3 infection of hu- 
mans is a major cause of lnyocarditis in 
young adults, and in neonates it is frequent- 
ly lethal. CVB3 also induces lnyocarditis in 
various strains of mice, and the pathophys- 
iology closely resembles that of humans; 
rnacrophages and neutrophils accutnulate in 
the heart around dav 5 Dostinfection (D.i.1 & .  

and are gradually reilaced by a T cell infil- 
trate by day 10 p.i. Substantial evidence 
suggests that the cardiac lesions result from 
an autoilntnune mechanism ~nediated pri- 
marily by cytotoxic T lymphocytes, al- 
though direct viral-mediated cytopathology 
may also occur (9).  

T o  determine the role of MIP-la  in 
CVB3-induced myocarditis, we killed mice 
at various titnes after infection and analvzed 
histologic sections of heart by light micros- 
copy (10). Cardiac lesions were first oh- 
served in +/+ mice at day 6 pi . ;  at days 10, 
15, and 21 p.i., the tnajority of +/+ Inice 
had moderate to severe mvocarditis (Fie. 2) .  " .  
The lesions were characthrized by a mono- 
nuclear cell infiltrate and evidence of cy- 
tolvsis. In contrast, none of the -1- mice 
had myocarditis or evidence of cytolysis at 
any time. 

T o  test whether some unidentified, nat- 
ural, strai11-specific differences between 129 
and C57BLl6T mice at  or near the R the- , , 
lnokine locus tnay account for the odserved 
difference in inflamtnation between the two 
groups, we interbred +/+ tnice having 129- 
derived DNA at the P chelnokine locus 
(129+/129+) and infected thetn with 
CVB? (1 1 ). Three of five infected 129+/ 
129+ mice developed myocarditis, whereas 
none of an additional five - 1  tnice had 
inflammation. T h ~ s  result hemonstrates 
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