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Concerted Signaling by Retinal Ganglion Cells 
Markus Meister," Leon Lagnado,? Denis A. Baylor 

To analyze the rules that govern communication between eye and brain, visual responses 
were recorded from an intact salamander retina. Parallel observation of many retinal 
ganglion cells with a microelectrode array showed that nearby neurons often fired syn- 
chronously, with spike delays of less than 10 milliseconds. The frequency of such syn- 
chronous spikes exceeded the correlation expected from a shared visua; stimulus up to 
20-fold. Synchronous firing persisted under a variety of visual stimuli and accounted for 
the majority of action potentials recorded. Analysis of receptive fields showed that con- 
certed spikes encoded information not carried by individual cells; they may represent 
symbols i i l  a multineuronal code for vision. 

C u r r e n t  uniicrstanding of lio\\r tlic retina 
transmits the \.isual scene to tlie hrain is 
liascii primar~ly (111 electr~cal recordiligs fronl 
single neurons. As a consccluence, the spike 
trains from different optic nerve f~bers l i a ~ c  
commonly been treated as i~liicpelldcnt 
lliessages about the environnlent. Ho~vever,  
palrlvlse record~ngs from retinal gallglioli 
cells 111 goldfish ( I ) ,  rabb~ts  ( 2 ) ,  and cats 
(3-5) have shown that t h ~ s  assumytion is 
violateil-ncarbv cells of s~~ l l i l a r  f~lnct io~ial  
type have a strong tcndenc\- to f ~ r c  synchro- 
nously. These measurements lvere all oh- 
tailled in darkness or under constant uni- 
forln illumination [hut see ( h ) ] ,  ~vlien gan- 
gl lo~i  cells fire sporad~cally, and thus ~t ~vas  
not no>sihle to asscss the f~lnction of such 
correlations in v i~ua l  signaling. It has been 
suggcsteil that synchl-onous firing d u r ~ n g  VI-  

sual stimulation ~voulii ~mply  ~-cdundallcy 
alllong ~ ic~ l rona l  lncssaqes and thus an incf- 
ilcient use of the optic nerve (2) .  

TCJ asscss the ilnportalice of concerted 
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f~ r lng  in visual signaling, rvc uwd a micro- 
electroiie array to record simultaneously the 
spike trains of 30 to 59 ganglion cells in an  
isolated sala~na~iiier rctllia (7). This prepa- 
ratloll colitallls large liariiy neur~>lls a~ici has 
hecn used extcnsl\.ely to stuil\- tllc c c l l ~ ~ l a r  
mechanisms of retinal processing. Figure 1 A 
~llustrates the responses of t\vo nearl~y neu- 
r011s to sl>atially uniform illunllllation that 
regularly s\vitched het~vecn tn.0 intensity 
le\rels. A l t h o ~ ~ q h  each cell fireil only a few 
spikes per stimulus p c r ~ o J ,  a t  ti~lics tli;lt 
var~cil  by several liunilred ~nillisecoliJs from 
t r ~ a l  to trial, tllc spikes from the t ~ \ ~ o  cclls 
appeared to l>e t~glitl\- lockeii to each other 
111 time. T h e  llicall firing rate of cacli neu- 
ron \vas strongly modulated hy the perioil~c 
s t ~ m ~ i l u s  (Fig. IB),  and as a result, the cor- 
relation f~lnct ion between tllc t\vo spike 
tra~lis sllo\vcii a pronoullceii periodic corn- 
polient (Fig. 1C) .  Hon.cver, this s t im~~lus -  
induccil corrclat~oll \\.as dwarfed l?y a tall 
peak near zero dela\-, ~vitl i  a 1~111 width , ~ t  
half lnax~lli~llli of only 29 ms (Fig. 113). This 
strong tenciency to fire in near-synchrony 
slio~vs that the t ~ v o  neurons did not responil 
to light inilcpc~~dcntly.  

T o  q ~ ~ a n t i f y  tlic strength of concerted 
firing, action potentials from cells 1 , ~ n d  2 
Lverc d e f ~ ~ i c d  as a s p ~ k c  pair if they occurred 
n~itlhin 20 111s o t  e,~cli other. W e  then cum- 
p ~ ~ t c i l  a correlation ~lliiex as the number ot 
spike pairs obser~ei i  div~iicii hy tlic ~lurnllcr 

expected ~f tlie two neuron> respondeci in- 
depenilently (8). For tlie cell pair in Fig. I ,  
this index was 12.4, so that tiqhtly 11nkeil 
p a r ~ i t  spikes occurred about 12 times more 
frciluently th,m \\,as expected. Such anoln- 
alous palring acco~~nteci  for 69"O of all 
sp~kcs  generated hy cell 1 anL{ ifZ0/o of splkcs 
generated hy cell 2. LWe computed correla- 
tion f ~ ~ n c t l o n s  for all pairs amollg 32 cclls in 
this retina: 3100 of the pairs shelved clear 
evidence of concerted tiring, with a corrc- 
lation peak near zero delay ~vhose shape \vas 
silll~lar to that slio~vn in Fig. 113, though it 
~ar ieci  111 amplit~~clc.  Furtlicr statist~cal anal- 
ysis revealed that s\-nchrollous fmng  e\.ents 
gclierally cstcniled over more than tlvo 
neurons (9 ) .  O\.erall, these patterns of con- 
ccrteil ilring a c s o ~ ~ n t e d  for approx~mately 
50')/~) of all action potelltials from the re- 
cordeil sa~nplc  of gang11011 cclls. Because the 
electrode arr,Iy typically nionitored olily 
19%) c ~ f  the o\,erlyinq ganglion cells, \ye 
probably misseil many synchronous f ~ r i n g  
patterns. Thus, the ti-actional contribution 
of concerted flring to the r c t~na l  output may 
\yell exceed 5000. 

T h e  correlat~on 1ni1cx varled ~ v ~ t h  tlie 
illstance hetween the two neurons' rccep- 
tl\.e fields (FIR. 2). It decrcasccl from a 
maslmum of 20 a t  sliort dlstalices by a 
factor of i. over 290 ~ 1 1 1 .  In comparison, the  
centers of these neurons' receptive f~elils 
had approximately Gaussian-sliayeJ prof~lcs 
( 1  0), n ~ t h  an  ar.erage rad~us of 120 1~-111. 
Concertcil t ir i~lg thus appears to be associ- 
ated n ~ t h  o\rerlap of receptive-f~eld centers. 
A t  distances bet\veen 499 and 1009 ~ 1 1 1 ,  

the corrclat~on index dropped sigll~ficantly 
lxlon. 1,  ~lidicating that more dlstalit cells 
avoideci firing together. Whcli  separateci hy 
Illore tlla~n 1009 p m ,  galiglioli cells ap- 
pcarcil to s~gna l  independently as assesseil 
by this test. W h e n  the gangl~on c e l l  were 
sorteil by f ~ ~ n c t i o n a l  type (1 L?), it \vas 6~~11icl 
that pairs of "fast OFF" cells (Fig. 'A) 
e s l i ~ b ~ t e i l  more synchronous firing than did 
pair> of "slobv OFF" cclls (FIE. 2B), \vhere,~s 
pairs of O N  cclls proiluced the weakest 
correlatioli Index (Fig. 2C) .  O N  and OFF 
cells ge~icrally fired indcpencient17- of each 
other, altlio~lgli > o n e  pairs ~ v ~ t h  strong ior-  
rclat~ons \yere found a t  bliort distance> (Fig. 
2D). Tlie sliaye of tlie correlatioli f ~ ~ n c t i o l l  
(Fig. I D )  anil its dcpcliiicllcc o n  overlap of 
receytlve fields (Fig. 2 ) ,  as \\;ell as tlic ilom- 
lliance of synchronous firing among ncu- 
runs ~ v i t h  transient responses (Flg. 2A) ,  are 
rc~narltal~l\- sim~lar to tlie ohser\.at~ons of 
hlastronarile (.3) on cat ganglion cells under 
L I I I I ~ C ) ~ ~  ~ l lumina t~on .  In contrast ti) tliat 
st~lily, Lve gcnerall\- diil not ol?scr\.e a sharp 
\\,ell in tlie cross-correlogram het~veen an  
O N  cell and an  OFF cell. Furtliermore, the  
negat~r-e correl,itlon alnong cells of the 
same class a t  ilistances greater tllali 409 p m  
lias not heen reported previously. 
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Apparently, synchronous firing is a ma- 
jor component of retinal activity even dur- 
ing visual stimulation. The role of these 
correlations in retinal signaling depends on 
whether synchronous spike pairs are driven 
by the stimulus or by a noise source outside 
the visual pathway. To examine this, we 
measured the receptive fields of spike pairs 
by reverse correlation to a pseudorandom 
flickering checkerboard (1 1. 12). In all cas- " . ,  , 
es, the spike pair was visually driven. Its 

sensitivity profile was generally smaller 
than that of the two parent cells and was 
located in the region of overlap between 
the two parent receptive fields (Fig. 3). If 
the two neurons operated independently, 
the spike pair's reverse correlation' should 
approximate the sum of the two parent 
profiles, rather than their intersection (13). 
Thus, spike pairs encoded information not 
contained in the individual spike trains of 
the two parent ganglion cells. 

Two ganglion cells with overlapping re- 
ceptive-field centers share input from a 
common group of photoreceptors. In some 
species, stochastic fluctuations within the 
photoreceptors seem to account for the 
variation in the retinal response (14), and 

such noise has also been urouosed as the . . 
source of correlations among ganglion cells 
(2, 4). To test whether shared photorecep- 
tor signals can account for the synchronized 
firing observed here, we deliberately intro- 
duced stochastic fluctuations in the receD- 
tors by stimulation with a flickering check- 
erboard. For pairs of ganglion cells with 
overlapping receptive fields, two types of 
correlation function were observed. One 
type was consistent with an origin in shared 
photoreceptors (Fig. 4A). It showed broad 
peaks or valleys near zero delay, whose 
shape depended on the response class of the 
comDonent cells. Its time course slowed 
systematically as the mean stimulus inten- 
sity was decreased, probably reflecting 

0 Time (6) 1 

A B 

-2 -1 0 1 2 
Time relative to spike from cell 1 (s) 

Fast OFF pairs 

Fig. 1. Responses of two OFF-type ganglion cells 
to periodic flashes. The stimulus consisted of full- 
field illumination with white light, square-wave 
modulated with a period of 1 s between intensities 
of 9.4 x W/m2 (357 isomerizationsls per 
rod) and 1 1.1 x 1 0-6 W/m2 (422 isomerizationsls 
per rod). The recording lasted for 1300 s, yielding 
2333 spikes from cell 1 and 1774 spikes from cell 
2. (A) Firing times of cell 1 (upward ticks) and cell 2 
(downward ticks) during 10 successive flashes. 
(B) Average firing rates of cell 1 (thick line) and cell 
2 (thin line), computed by histogramming of the 
spike times relative to the preceding light step in 
20-ms bins. (C) Cross-correlation function be- 
tween the two spike trains (16), obtained by his- 
togramming of the pairwise diiences between 
spike times of cells 1 and 2 in 25-ms bins. (D) The 
central peak of (C) on an expanded time scale with 
2-ms bins. 

Slow OFF pairs 

C 
ON pairs ON-OFF pairs 

Distance between receptive fields (pm) 

Fig. 2. The correlation index for each pair of cells among 32 neurons, as a function of the distance 
between the centers of their receptive fields, determined under periodic flash stimulation as in Fig. 1. Each 
cell was classified according to its visual response properties (10). Large dots identify pairs of fast OFF 
cells (A), slow OFF cells (B), ON cells (C), and pairs composed of an ON and an OFF cell (D). For 
comparison, the small dots in (A), (B), and (C) identify all ON-ON and OFF-OFF pairs. 

Fig. 3. The receptive- 
field profiles of two indi- 
vidual cells (A and C) and 
their synchronous spike 
pairs (B), determined by 
reverse correlation to a 
flickering checkerboard 
stimulus [pixel size 90 
p,m, flicker interval 120 
ms, and mean intensity 
1.69 x W/m2 (see 
12)]. Whie corresponds 
to the maximal sensitivity 
in the center of the recep- 

1 - . ; - . - , I  
&< 

Cell 1 

tive field, 50% gray come- 
sponds to zero sensitivi- 0 = I rnrn 

ty, and darker grays cor- 
-Mzv I )  t.lax 

respond to sensitivities antagonistic to that of the center. (D) shows the contours at one standard deviat'ln 
from the center for Gaussian fits to the profiles in (A) and (C) (thin lines) and in (B) (thick line). The top and 
bottom rows of plots are from two different cell pairs. 
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changes in photoreceptor response kinetics 
d ~ l r ~ l l g  the ~1111-t frolll COIICS to rc~iis and 
adaotatiol1 within the rods 115). 111 dark- 
ness, the  correlat~on f ~ ~ ~ l c t i o l l  was of s~milar  
shape hut was less strongly modulated, sug- 
gesting that a t  least part of the dark act iv~ty 
derived irom phi~toreceptix f l~~ctuat ions  
similar to those uroduced hv ciilll flickering 
light (4). Ho~vevcr,  the correlation hlnction 
iierivcci from other cell palrs had a slllgle 
sharp peak near zero. Its shape \\.as indepen- 
dent o i  the  lnean light intensity and per- 
sisted unaltered in clarkness (Fig. 4R), 
. i~h ich  is illconsistellt . i~ i th  an origin In the  
slow fluctuations of photoreceptors. This 
class of correlatloll f ~ ~ n c t i o n s  acco~llltecl for 
the high values of the  co r re la t io~~  llldex in 
Fig. 2 ,  anc1 sho.ived a s im~lar  distance depen- 
ilcnce at all l ~ h t  levels. lncl~lding ilarkncss. u 

T o  produce the sharp peak in the  corre- 
lation f ~ ~ n c t ~ o n  (Fig. ID) ,  the ~ n p u t  signal 
shared hy the two observeil ganglion cells 
must consist of very briei events that dcpo- 
lar~zc the  postsynayt~c ga11gliol1 cells for 
only 1C to 20 nls. Furthermore, these dcpo- 
larizations lll~lst be strong, reliably trigger- 

illg action potentials in both ganglion cells, 
even though each o i  them also receives 
inrut  irom other unsharcd sources. Rv con- 
trast, the  sh;.red input call he loosely cou- 
pled to the  visual stimulus, \\.it11 tr~al-to- 
trial variations in the response time o i  up to 
several hundred nlillisecollds in dl111 light 
(Fig. iA) and syontaneous activity in dark- 
ness (Fig. 4R). Given the circuitry o i  the 
inner retina, this shared input lnight be 

1 Dark gn] Dark 1 

Time relative to spike from cell 1 (s) 

Fig. 4. Correaton functon beiweeii two ganglion 
cell spike trains under random flicker stmulaiion 
as i i i  Fig. 3 ,  performed at various mean ~iiiensiiies: 
2.32 x 1 0  W,'m2 (br~ghi): 2.63 x 10 "W,'m2 
(medum): 1 . 6 9 . ~  1 0-4 W,'m2 (dim): atid in dark- 
ness. (A) An ON and an OFF cell separated by 1 A0 
pm (6) T~vo OFF cells separated by 130 pm, 

Llclivercii hy a h~polar  cell, an amacrine cell, 
or a t h ~ r d  ganglion ccll ( t h r o ~ ~ ~ h  gay junc- 
tions). Bilmlar cells n r o d ~ ~ c e  s l o ~  aoten- 
~ ia l s ,  ~ ~ h i c h  are ~ ~ n l i k c l y  to t r ige r  l~recisely 
synchrono~~s  ganglion ccll sp~kes. Action 
potentials in a thirii ga~lglion cell c o ~ ~ l d  
have the desired effect, but we rarely en- 
cci~111tered correlation filllctio~ls wit11 a d i ~ ~  
a t  zero as n o ~ ~ l d  lie expected fro111 direct 
trallsmission between gallglioll cells (5, 16).  
It amears n o r e  likelv that the ssnchroniz- 

L L 

illg input derives iron1 a n  unobserved spik- 
ing neuron, for example, a spiking all~acrille 
cell 13. 17). 

It has heen proposed that the primary 
task of the r e t n a  is to rcciuce redundancv 111 

the messages that c ~ ~ c o d c  visual scenes. Re- 
dundancy r e s ~ ~ l t s  because nearby points in a 
natural image are likely to have similar 
illtellsities (1 8), hecause the local illte~lsity 
t c ~ ~ d s  to vary slowlv, anii because the ab- 
sorption spectra of ci~ffercnt photoreceptor 
pigme11ts overlap substantially. In  this view, 
lateral inhibition, tc~nporal adaptation, and 
spectral antagonism all act to produce a 
Inore de-correlated ancl compact rearesen- 
tation o i  the  ~ i s u a l  scene at the level of the  
optic nerve (1 9). A t  first sight, the  fi~liiillg 
of strong correlations alllong retinal gangli- 
on cells appears to contradict this l ~ ~ p o t h -  

uted neural code, one expects to find neural 
c i r c ~ ~ ~ t r y  that detects such activity in optic 
nerve iil~ers. 
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the reverse correlation cf the spike pair apprcxl- 
mates the suln cf the t\:!c snge-cell reverse ccrre- 
aticns If, Instead cf randcm flicker a single small 
spct were used to probe respcnses the receptive 
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fled for joint sp~kes should apprcxlnate the ~ntersec- 
ticn of the two snge-cell feds.  

14. H. 6 Barlo!:! '$4. R. Lev~ck, W,. Vccn, \./ision Res. 
S~,ppt. 3 ,87  11 971). A,-C Ahc. K. Donner, C Hlden. 
L. 0 Larsen T. Re~.ter rhatL:r.e 334. 348 i1988i; D. 
A. Bavlcr. G. Matthews K '$4 Vau J. Pivsro!. 309. 
591 l i seo i .  

15 D. A. Baycr, T. D Lamb, K. '$4 Vau, J. Pirysb!. 288, 
589 11 9791 

16. G. P Moore, J. P Segunclo D. H. Perkel, H Levitan 
Biop'lys. J. 10 876 I 197C). 

17 Hmacrine cells n salamander retna have been asso- 
ciated with inhibitory effects [F. VYerbIi~i G. W,agure, 
P Lukas~e:v~cz S. Easof S. M Wu, !/is:~at rhe:>,a- 
sc!. 1.  31 7 (1 988): D F. Wunk and F S. Vi'erblln, J. 
Gen. Piiysio'. 73  263 (1979)l. but this diverse cell 
class lmal \:!ell contain excitaton: neurons as is true 
of other species F. I\/,illar et at., R1e~:,rosc:. Let?. 61 . 
31 1 (1985); R H Masland. J. W I\/,~lls. C. Cassidy. 
Pioc. R. Soc. Lonaon 6 223. 121 I l984) ,  R. C Gllck- 
man, A R. Adolph, J. E Dc~:~!ling, Braill Res. 234, 81 
(1982). G D. Guiloff and H. Kc lb  V1sio11 Res. 32, 
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physio,. 63 ,  105 11 WC)] and may be lmedated b l  the 
gap junctions that link many neurons in the nner 
retna [D. I. Vanel Progr Retila! Eye Res. 1 3  301 
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Pheromone Response in Yeast: Association of 
Beml p with Proteins of the MAP Kinase 

Cascade and Actin 
Thomas Leeuw, Anne Fourest-Lieuvin, Cunle Wu, 

Janet Chenevert," Karen Clark,t Malcolm Whiteway, 
David Y. Thomas, Ekkehard Leberert 

Haploid cells of the yeast Saccharomyces cerevisiae respond to mating pheromones with 
polarized growth toward the mating partner. This morphological response requires the 
function of the cell polarity establishment protein Bemlp. lmmunochemical and two- 
hybrid protein interaction assays revealed that Beml p interacts with two components of 
the pheromone-responsive mitogen-activated protein (MAP) kinase cascade, Ste20p and 
Ste5p, as well as with actin. Mutants of Bemlp that are associated with defective 
pheromone-induced polarized morphogenesis interacted with Ste5p and actin but not 
with Ste20p. Thus, the association of Beml p with Ste20p and Ste5p may contribute to 
the conveyance of spatial information that regulates polarized rearrangement of the actin 
cytoskeleton during yeast mating. 

H a n ~ o i d  cells of S .  ic~e~sisiiie secrete the 
pep t~de  l ihcro~nones a anLl a factors to in- 
duce the coniugation o t  cells with opposite 
m a t ~ n g  types  T h e  Lihcromones h ~ n d  to spe- 
c i f ~ c  receptors and thcrchy trlgger ciifteren- 
tiation processes (1 ) .  T h e  rcspol ld~~lg cells 
adopt ,I liolari:ed cell shape with lllclllhrane 

T. Leeuw A. Fcurest-Lieuv~n C. W U  K. Clark, I\/, White- 
\:!al. D. V. Thomas, E Leberer, Eukapctic Genetics 
Group B~otechnology Research I ns t~ t~~ te .  National Re- 
search Council of Canada. 61 00 Rovalmount Avenue, 

psc~iections ~lirecteil toward the pllcro~llollc 
source (2 ) .  Po1ari:cd morphogenesis in the 
direction of an  external signal 1s a charac- 
teristic fe,lture of ~iiffere~ltiateii cells. Exam- 
ples inclu~le chemot,~ctic responses in neL1- 
tropl~ils anii Diityosteiiu~n, polarized growth 
of T cells tmvarcl antigen-presenting cells, 
anLl the dc~.elopmcnt of cell polarity d~lr ing 
Llifferentiation of ep~thel ia l  and neuronal 
cells ( 3 ) .  T h e  moleculdr ~ncchallls~lls by 
xvhich the l?ositlonal inforlllation of an  ex- 

Montreal Quebec H4P 2 R 2  Canada. ternal 51gnal iS translated into the estahlish- 
J Cheneveri, Department of Boclielnistp and Bophys- 
its, University California, Sari F.anclsco, CA 94143- n x n t  of cell polarity are poorly understoo~l. 
C448 USA. In conjugating yeas  cells, development of 

.present address: station ~ ~ ~ ~ ~ i ~ ~ ~ ~ ,  671 cer1tre cell polarity rcqulrcs the sll~all Rho-like 
Nat~onal de a Recherche Sc~entifioue C6230 V i e  guanosine trinhosrhate ( G T P ) 4 l i n ~ i i n ~  pro- . . ~. 
franche-sur-mer France. tell1 CJc42p and its gu,inosine diphosphate 
:Present address, Department of Botany Un~versltl of 
Maryland College Park MD 2C742-5815 LlSA (GDP)-GTP exchange hctor Cdc?4p, :as ~vell 
"To \::horn correspondence should be addressed. as the Src homology 3 (SH3) domain-con- 

tainlng pr~jtein Benllp that associates xvith 
Cdc24p (4-6).  These proteins also partici- 
pate in regulation the d c ~ ~ e l ~ ~ p r n e n t  of cell 
p~lar i ty  d u n ~ l g  h~ ldd~ng ;  this pr~lcess is ~ l n ~ l e r  
the colltrol of an  lntcrllal program that in- 

L L 

cludes the function of bud-site selection pro- 
teins, ~vlhiclh specify the site of bud fi7rmation 
(7. 8). D~lrin? mating, this i ~ l t e r ~ ~ a l  program 
IIILIS~ lie L~verriLldcn by spatial ~ n f ~ ~ r m a t i o n  
i~l~lio>eci hy the external pheromone signdl in 
i>rder ti? specify the site of cell gr i~~t- th .  

T h e  hillding of pllcron~olles to  their re- 
c e p t i ~ s a a t i \ ~ a t e s  a hcterotrimeric G T P -  
biniiillg pri)tt'ill ( G  prote111) common to 
both cell types. Thro~ lgh  the ,~c t ion  of the  
Stc7017 protein kinase, the G protein P and 
y subunits stimulate a XlAP kin,ise casc,liie 
\\-hose components constitute a sigllallng 
complex by association with the scaffcol~! 
protein S t c i p  (9 ) .  Ste20p phosphorylates 
S t e l l p ,  a MEK Ih/lAP or cxt racel l~~lar  sip- 
nal-regulatccl k~llase kinasc) k ~ n a s e  ho- 
molop, in vltro (1 d )  and LS tllerefore l~kely  
to he a c ~ ~ n s t i t u e n t  of this s ~ g n a l ~ n g  corn- 
plex. T h e  STE2d and BEM1 genes can 
t~lnct i i>n a> 111gh-ci~7sage suppressor.; of ,I G 
protein p subunit m ~ ~ t a n t  that is partially 
defective in sigllalillg ( I  1 , 12) .  

Spec~fic a l l t~hod~es  to Ste70p, Remlp, 
S te ip ,  and actln (Fig. I A )  ryere used to 
investigate the relative ilistrihut~on nf these 
proteins in yeast cell tractions (13) .  X h o ~ ~ t  
50':) of total StcZOp and >hi74 of total 
B e n l l ~  seciimenreii \~- i rh  the ~? i r t~cu la t e  frac- 
tion, which also conta ine~i  SteSp and acrln 
(55 and 6596, re spec ti^-ely, of total lirotein) 
(14).  LY'ashing the part~culate fracticx~ with 
incre,~sinq concentr,it~ons of NaCl  solul~i- 
lizcJ ~ncrcasing amounts of SteZOy, Bemlp, 
actin, and, to a lchscr extent, S t e j p  (Fig. 1B). 
These proteins \\-ere completely soluhili:ed 
\vith 1% SDS h ~ ~ t  r e ~ n a ~ n e d  in the particu- 
late fraction after treatment with NP-40 or 
Triton X-IOC7 , ~ t  co~lcelltratiolls that are 
knon-n to release n~cml~rane-l1ounJ protein>. 
T h e  res~llts suggest that Stc217~7, Remlp, a n J  
S t e i ~ ~  21-e not directly hound to nlernbranes 
l7~1t rather are associated ~ ~ i t h  c o l ~ l ~ l e x e s  of 
h ~ g h  Lien>ity. S~lcrose dcns~ty  graiilcnt cell- 
t r i f~~qat ion resol\wt these conlplcxes lnto 
trvo t~--,~ctions: a heavy fraction llligrati~lg a t  
46 to 4ii'?zA ( \ ~ / L Y )  sucrose that contalneil 
, ~ c t ~ n ,  and a llgllt tract1011 nligratlllg at  38 to 
40nh >ucrosc tlh,~t i i i~l  not contam actin (Fig. 
I C ) .  h)larker enzymes for Golgi vesicles and 
the  plasm,^ mcn~l , rane-g~~a~~osine  d~phos-  
plh,ltase (GDPasc) and ,~denosine triplhos- 
phatase (ATPase),  respectively-c11d 11ot co- 
loca11:e n-ith tlhcsc fractions. These 
ohser~-ations are consistent with the view 
that Ste70y, Rcmlp, and S te jp  are constlt- 
uents of a large lirotein conlplex that is p,~rtly 
hound to the actin cytoskcleton a11d 1s not 
Liirectly l~ound  tn the mcmlirane. 

W e  nes t  ~nves t~ga ted  whether Ste70y, 
S te jp ,  and B e m l ~ ?  are associ,1ted 111 vivo. 
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