
d g t z e d  by an 8-b t  analog-to-dgta converter (Ma- 
trox) nstaled on a 486-66 PC, ln~t~ally, a reference 
map of the blood vessel pattern at t i e  s~ r i ace  of the 
cortex was obta~ned by means of light f tered at 
550 ? 40 nm (Eang) T i e  camera was then focused 
300 Fm below t i e  sudace of t'le cortex hght from a 
100-W tungsten-halogen g h t  soJrce drven by a dc 
power supply (Kepco) v!as passed thro'~gh a 610- 
nm f t e r  and Jsed to i l ~ m n a t e  the cortex durng data 
collect~on. Frames were s'Jmmed between 0.9 to 
3.6 s aqer stmuus onset, correspondng to t i e  tme  
of m a x i m ~ m  s~gnal as determined by o'Jr previo8~s 
experments (26). Data were analyzed w th  the use of 
in-house programs written n C t  T (Barland) and D L  
Researci Systems. 

8. Sq'~are-wave ~minancegratings (typca parametersfor 
V2, spata frequency. 0.1 5 cycle per degree, driti veoc- 
ty, 12" per second; 64%'~ contrastj and suuective grat- 
ings (typical spatial freq8Jency of subjectve orientaton, 
0 I 5  cycle per degree; spata freq~ency of ind'~c1ng 
Ines, 0 45 cycle per degree, driti velocity, 12' per sec- 
ond for V2\ were shown to the anima on a 17-~nch 
montor postoned 28 5 cm in front of it, In some exper- 
ments, t i e  spata freq8~ency of ~ ' ~ b j e c t v e  edges v!as 
systematicay vared Neutral gray ntensty was 6.0 cd; 
m2. A stmuli were shown bn0c'~lar~y S8Jbjectlve grat- 
n g  stimuli of four different or~entat~ons (O', 450 9 0 ,  and 
135') were randomly nterleaved with square-wave u -  
mnance gratng stimu and presented 80 to 100 tmes. 
Luminance-defined '~nducing lines, 1 to 2 p~xels \r!ide, 
were oriiogona to the subjective orentation for a sub- 
jective gratng stimu. Gratngs were dr~hed normal to 
the s~bjective edge orientaton and parallel to t i e  oren- 
tation of t i e  i nd~cng  lines in both directons separately. 
Eye positon and area centrali of both eyes were 
checked at t i e  start of imagng by use of a reverse 
optialmoscope to project an image of t i e  retinal vas- 
c '~lai '~re onto the screen. 

9. Or~entation maps obtained v!~th umnance grat'ngs 
composed of t i n  lines (of the same w ~ d t i  as the 
sJbjectl\/e grating nducng Ines) were identca to ori- 
entaton maps obtaned w t i  t i cker  bars (Fg. 2C) and 
reatvey independent of grating spatial frequency. 

10. We compared orientat~on strengths (magnit~de of 
t i e  or'entat'on vector) for those pixels n V2 (Fg. 2, C 
and D) that had similar orientat',on preferences for 
umnance and ~ ~ ~ b j e c t ~ v e  gratngs ( w ~ t h n  -t22.5" 
or:entat~on difference). The mean orlentatIan 
strengti for ~ m n a n c e  gratngs (4.56 x IO-"~nts) 
was tireefold h~gher than t i e  mean or~entation 
strength for S'Jbjective gratngs (1 .31 x lo -?  unts) 
for t iese pxes .  

11. We vectorially s8Jmmed t i e  responses of eac i  pixel 
to all orientat ons of umnance and subjective grat- 
ngs  separately, obtained the pxel's res8~ltant oren- 
taton preferences for b o t i  and derved t i e  dffer- 
ence between the two va l~es.  

12. Snge-unt  experments were carred out in 12 cats. 
Single units were recorded v!ith pa~~lene-insulated 
t8Jngsten microeectrodes. Responses were conven- 
tonally ampifled, d'spayed, and stored. Stmuus 
conditions were t i e  same as in tCle imaging studies. 

13 Receptive i'eld propertles of a subset of V2 cells 
w iose l ~ m  nance and s8~bjective orientat~on prefer- 
ences dffered by 245'  or less ( I  7 cells) were studied 
In de ta .  Most of these cells (13 cells) were complex 
four cells were simple. Only 2 o; t i e  cells were end- 
stopped, t i e  rema~nder (15 cells) were non-end- 
stopped. T~!€flty-fO'Jr cells whose ocat~ons were 
identf ed were encountered at a var ety of dept is 
(1 60 to 1800 pmj:  11 cells were encountered 'n tCle 
superiica layers and 13 cells in the deep layers 

14. We correlated t i e  responses of single neurons (n = 

7) to ~ m n a n c e  and ~'Jbjeciive grat'ngs w~ th  t i e  op- 
tca ly  maged maps. Each of t i e  regons 'n ;.ie o r -  
entation d~fference map-in w i i c i  orientation pref- 
erences for umnance and subjective orientat~ons 
are similar, orthogonal, or n-between-contained 
neurons w~ th  matching responses. 

I 5  J. A. Movsion. I D. Thompson, D. J. Toliurst, 
J. Physiol, 283, 101 (I 978); K. A l b ~ s ,  Exp. Brain Res. 
24, 159 (1 975). 

16. We compared orientaton strengtis for those pixels 
in V1 (Fig. 3Cj that bad s m a r  orentation preferenc- 
es for l ~ m ~ n a n c e  and subjectve gratings ( w ~ t h ~ n  

t 2 2  5' orentaton dfference;. The mean orentation 
strength 'or subjectve gratngs (1 .OO x ~ n t s j  
was sght ly h ~ g i e r  than the mean orlentailon 
strengti for l ~ m  nance gratngs (0.87 x 10-"nnts) 
for t iese p~xels. Thus, the response to SJbje~tl\/e 
gratings in V1 was stronger for S'~bj€ctlV€ gratings 
t i an  for umnance gratings for t i s  s ~ b s e t  of pixels, 
a l t ioug i  t i ey  o c c ~ p e d  a small portion of V1. 

17. Recept~ve field propertles of a s ~ b s e t  of V1 cells 
whose umnance and subject ve or entation prefer- 
ences dffered by 245"  or less were studed in detail. 
Three cells were complex; one was a s~mple cell. 
Two cells were end-stopped, f o ' ~ r  cells were non- 
end-stopped. Six cells w iose locations were denti- 
fled v!ere enco~ntered at depths rangng from 300 
to1200 pm from the suriace. 

18. Responses to subjective gratings cannot be expaned 
by responses to n e  termnatons. We have siown t iat  
cells that share the same orentaton preference for u -  

eters. a gratng of i g h  spatial freq8~ency (0.5 cycle per 
degreej and o w  dr~t i  veocty (4' per second), which 
V1 ne8Jrons prefer, and a gratng of o w  spata fre- 
quency (0.1 5 cycle per degree) and h g i  dr~ft veloc~ty 
(12' per second). whici  V2 neurons prefer [(21)]. By 
d s t n g ~ i s i n g  the pnrton of the op t cay  maged re- 
gion that responded preferentally to the slower drt i  
rate, higher spata freq8~ency stim'~lus ( V l )  compared 
to the h gier driti rate, lower spata frequency st mu- 
LIS (V2), we C O ' J ~  locate t i e  VI:V2 bo '~nda@ accc- 
rately. The p iys~o log~ca border coinc~ded wi t i  the 
anatomical border between areas 17 and 18 as dem- 
onstrated by marker esons and histology. 

20. D. H. Hube and T. N. V\/iesel. J. Physio!, i iondonj 
165, 559 (1 963); ibid. 195,215 (1 968); T. Bonhoeffer 
and A. Grinvald, J. Neurosci. 13, 41 57 (1 993). 

21. T. Bonhoeffer, D -S. Kim, D. Malonek, D Sioham, 
A. Grnvad, Eur. J. Neurosci. 7, 1973 (1 995). 

22. C. Red~es. J. M Crook 0 .  D Creutzfedt EXD. Brain 
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the same parameters (spatial frequency, temporal fre- 
quencyj as the subjectve gratng but of an entirely df-  
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orentaton of I~mnance and ~Jbj€ctl\/e gratngs as v!ell 
as the dot gr~d show a sharper tunng, or a igher  re- 
sponse or both, to a subjective grating t ian to a dot 
gr~d A response to Four~er energy alone cannot explain 
v!hy t i e  response of a cell to an ntermedate subjectve 
orenta;ion IS i ' ,aierihan the resDonse at 90' or',entation 
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Paradiso, Science 273. 11 04 (1 996j: V A. Lamme, 
J. Neurosci. 15,1605 (1 995). D. A Leopod and N. K. 
Logothetis, Nature 379. 549 (1996). 
V1 and V2 in cats dffer In t i e r  t iaamic Inputs as 
w e :  V1 receves '~nput from X and Y cells located In 
tlie A-laminae of tne atera gen',c~Iate n~c leus  
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Requirement of CDC42 for Salmonella-Induced 
Cytoskeletal and Nuclear Responses 

Li-Mei Chen, Silke Hobbie, Jorge E. Galan* 

The bacterial pathogen Salmonella typhimurium triggers host cell signaling pathways that 
lead to cytoskeletal and nuclear responses required for pathogenesis. Here, the role of 
the small guanosine triphosphate (GTP)-binding protein CDC42Hs in these responses 
was examined. Expression of a dominant interfering mutant of CDC42 (CDC42HsNI 7) 
prevented S. typhimurium-induced cytoskeletal reorganization and subsequent mac- 
ropinocytosis and bacterial internalization into host cells. Cells expressing constitutively 
active CDC42 (CDC42HsV12) internalized an S. typhimurium mutant unable to trigger 
host cell responses. Furthermore, expression of CDC42HsN17 prevented S. typhimur- 
ium-induced JNK kinase activation. These results indicate that CDC42 is required for 
bacterial invasion and induction of nuclear responses in host cells. 

In teract ion of the  bacterial pathogen Snl- 
monelln t>phimurium with host cells acti- 
vates a bacterially encoded protein secre- 

Department of Molec'~lar Genetics and M~crob~ology, 
School of Medic~ne, State Univers~ty of New York at 
Stony Brook, Stony Srook, NY, 11794-5222, USA. 

'To v!iom cor'.espondence sho '~ ld  be addressed 

t ion system that  directs the export and,  i n  
some cases, the  translocation into the  host 
cell of several bacterial prote i~ls  ( 1  ) .  These 
protei~ls,  i n  turn, trigger signal tra~lsduction 
pathways that  lead to a variety of cellular 
responses. 

h i n o n g  these responses is a n  extensive 
reorganization of the actin cy toske le to~~ ,  re- 

SCIENCE * VOL 274 * 22 DECEhIBER 1996 



sulting in morphological changes that re- 
semble the membrane ruffles induced by 
erowth factors. hormones. and activated " 
oncogenes (2). These cytoskeletal re- 
arrangements are accompanied by macropi- 
nocytosis (3) and ultimately result in bac- 
terial intemalization into the cell. The abil- 

A 
Phase contrast Fluorescence 

vector 

ity of Salmonella to enter nonphagocytic 
cells is essential to pathogenesis as it allows 
the bacteria to breach the intestinal wall or 
to gain access to the intracellular environ- 
ment where the host defense mechanisms 
can be more effectively evaded. 

Previous studies have established that 
Saltnoneb can induce complex signaling 
pathways in cultured epithelial cells (4, 5). 
Although the understanding of these sig- 
naling events is incomplete, it is clear that 
the bacteria are similar to other well-char- 

focal adhesions (6). We examined whether 
these small GTP-binding proteins contribute 
to the Salmonella-induced cellular responses. 
Mutants of CDC42H.s were expressed in 
COS-1 cells using a selection system (7) in 
which the cells expressing the different 
CDC42Hs proteins could be identified by the 
coupled expression of the green fluorescent 
protein (GFP). We transfected COS-1 cells 
with plasmids encoding various CDC42Hs 
mutants, infected the cells with wild-type S. 
typhimurium, and then looked for macropino- 
somes resulting from bacterially induced 
membrane ruffling (8) (Fig. 1, A and B). 
Alternatively, we fixed and treated infected 
cells with rhodamine-labeled phalloidin, 
which stains polymerized actin and therefore 
can reveal cytoskeletal changes (9) (Fig. 2, A 
and B), or we quantified bacterial internaliza- 
tion (10). 

Expression of a dominant-negative mutant 
of CDC42Hs (CDC42HsN17) abrogated the 
cytoskeletal rearrangements (Fig. 2, B and C)  
and the formation of macropinosomes (Fig. 1) 
induced by S. typhimurium infection and pre- 
vented bacterial internalization into trans- 

Fig. 1. Requirement of CDC42 for Salmonella- 
induced macropinocytosis. COS-1 cells were 
transfected with vectors coding for CDC42Hs 
mutants and GFP. (A) Transfected cells were in- 
fected with wild-type strain SL1344 (13)for 1 hour 
and examined by phase and fluorescence micros- 
copy. (B) Quantitation of transfected cells under- 
going macropinocytosis as a consequence of in- 
fection. The n values are the number of cells ex- 
amined and represent a combination of at least 
five experiments. (C) Expression levels of the dif- 
ferent CDC42 mutants in the transfected cells, as 
determined by immunoblot analysis. 

acterized agonists in eliciting both cytoskel- 
etal reorganization and induction of gene 
expression. 

A group of low molecular weight GTP- 
binding proteins (CDC42, Rac, Rho) have 
been shown to coordinate signaling cascades 
that produce both morphological and nuclear 
responses to a variety of extracellular signals. 
In these cascades, in which one guanosine 
triphosphatase regulates the action of the 
next, CDC42 controls the formation of filo- 
podia, Rac controls the subsequent formation 
of lamellopodia and membrane ruffling, and 
Rho controls the formation of stress fibers and 

Fig. 2. Requirement of CDC42 
for Salmonella-induced cytoskel- 
etal rearrangements and bacterial 
intemalization. COS-1 cells were 
transfected with vectors coding 
for CDC42N17 and GFP, infected 
with SL1344, and stained with 
rhodamine-labeled phalloidin to 
visualize F-actin (A to C) or exarn- 
ined for the presence of intemal- 
ized bacteria (D). (A) Vector- 
transfected cells before (1) and 
after (2 and 3) infection. 'panels 1 and 2 show 
composites of images obtained with fluorescein 
isothiocyanate (FITC) and rhodamine filters. Panel 
3 shows the same image as panel 2 but obtained 
with the FlTC filter alone. (6) Cells expressing 
CDC42N17 and GFP before (1) and after (2) infec- 
tion. Photomicrographs are composites of images 
obtained with FlTC and rhodamine filters. (C) 
Quantitation of transfected cells with cytoskeletal 
rearrangements resulting from infection. (D) 
Quantitation of bacterial invasion (10). The n val- 
ues are the number of cells examined for each 
category and represent a combination of at least 
five experiments. 
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fected cells (Fig. 2D). A small number of cells 
expressing CDC42HsN 17 responded to infec- 
tion but these cells had few macropinosomes, 
minor cytoskeletal rearrangements, and few 
internalized bacteria (less than three bacteria 
per cell). In contrast, expression of wild-type 
CDC42Hs, a prenylation-defective form 
(CDC42HsS188), a constitutively active form 
(CDC42HsL61), or GFP alone had no effect 
on the infection-induced cytoskeletal rear- 
rangements and macropinocytosis (Figs. 1 and 
2, A to C )  and bacterial internalization (Fig. 
2D). Similar results were obtained with trans- 
fected HeLa cells ( 1 1 ). 

To test whether expression of a consti- 

tutively active form of CDC42Hs confers 
on the cell the ability to internalize an 
invasion-defective mutant of S. typhimur- 
ium, we infected Rat-1 cells stably express- 
ing CDC42HsV12 (12) with the noninva- 
sive strain SB136. This strain carries a non- 
polar mutation in the invA gene, which 
encodes an essential component of the in- 
vasion-associated type 111 protein secretion 
system, and therefore cannot initiate host 
cell signaling (13). SB136 was internalized 
by Rat-1 CDC42HsV12 stable transfectants 
but not by the control Rat-1 cells stably 
transfected with the vector alone (Fig. 3), 
indicating that activation of CDC42Hs can 

Fig. 3. Rescue of an invasion-defective S. typhimurium mutant looo 
by expression of constitutively active CDC42HsV12. Rat-1 cells 
stably transfected with a CDC42HsVl2-coding plasmid or the 
empty vector were grown on 24-well plates to -80% confluency 5 
and infected with either wild-type SL1344 or the invasion-defec- 
tive isogenic mutant SB136 (13) at a multiplicity of infection (MOI) % loo 

of 10. The percentage of internalized bacteria was determined i c  by the gentamicin resistance assay (13). For each cell line, the :$ 
percentage of SL1344 internalized was taken as 100% (in differ- .? 
ent experiments the actual internalization values for SL1344 l o  
ranged from 10 to 30% of the inoculum). The values represent 
the mean ? SD of triplicate samples. The difference between the 
SL1344 and SB136 internalization values in all cells was statis- 
tically significant (P = <0.001). 1 

Vector CDC42HsV12 

Fig. 4. Role of Rac-1 in Salmonella-induced cytoskeletal rearrangements, macropinocytosis, and 
bacterial internalization. COS-1 cells were transfected with vectors coding for Racl mutants and GFP 
and then infected with SL1344. Quantitation of transfected cells undergoing macropinocytosis (A) or 
cytoskeletal rearrangements (B) as a consequence of infection. (C) Quantitation of bacterial internaliza- 
tion. The n values are the number of cells examined for each category and represent a combination of 
at least five experiments. (D) Expression levels of the different Racl mutants in the transfected cells were 
compared by immunoblot analysis. 

Fig. 5. Requirement of CDC42 for Salmonella-induced 
JNK activation. COS-1 cells were transfected with avec- 
tor coding for a FLAG epitope-tagged Jnk-1 plus either 
pcDNA3-CDC42HsN17 or pcDNA3. Cells were then 
treated with DMEM alone or infected with wild-type QST-cJun(1-79- 

SL1344 in DMEM for 30 min and Jnk-1 activity was substrats 
measured in an immune complex kinase assay (17). phosphorylation 

Substrate phosphorylation was quantitated by means of medium Sa/monella 
a Phosphorlmager and relative values are shown below 
each lane. Similar results were obtained in at least four 
experiments. Expression levels of FLAG epitope-tagged 
Jnk-1 in the different cell lysates were compared by im- 
munoblot analysis. 

rescue the invasion phenotype of the inwA 
mutant. Similar results were obtained with 
COS-1 cells transiently expressing the con- 
stitutively active mutant CDC42L61 (1 1). 

We next investigated whether Racl 
plays a role in the Salmonella-induced cy- 
toskeletal rearrangements and bacterial in- 
ternalization. COS-1 cells were transfected 
with an expression vector coding for Racl 
mutants (7), infected with wild-type S. ty- 
phimurium, and examined for macropino- 
somes (8 ) ,  cytoskeletal changes (9), and 
bacterial internalization (10). Expression of 
a dominant interfering mutant of Racl 
(RaclN17) modestly inhibited the bacteri- 
ally induced changes, but to a much lesser 
extent than did CDC42HsN17 (Fig. 4). In 
contrast, expression of wild-type Racl, a 
constitutively active form (RaclVlZ), or 
the vector alone had no effect on bacterial 
internalization, cytoskeletal rearrange- 
ments, or macropinocytosis. A previous 
study indicated that Racl is not required for 
Salmonella-induced cytoskeletal rearrange- 
ments in Swiss 3T3 cells (14). This discrep- 
ancy may be due to the fact that we exam- 
ined a larger number of cells, perhaps allow- 
ing detection of more subtle effects. 

We have shown that S. typhimurium acti- 
vates several transcription factors that are in- 
volved in the production of pro-inflammatory 
cytokines such as interleukin 8, and that these 
nuclear responses require activation of the 
MAP kinases JNK and p38 (15). It has been 
reported that constitutively active CDC42 
leads to the activation of the JNK and p38 
MAP kinases (16). We therefore tested the 
possibility that CDC42 is required for Salmo- 
nella-induced activation of JNK (1 7). Expres- 
sion of a dominant interfering mutant of 
CDC42 (CDC42HsN 17) prevented bacteri- 
ally induced JNK activation (Fig. 5), suggest- 
ing that CDC42 is required for these nuclear 
responses. 

The mechanisms by which CDC42 is en- 
gaged in the cellular responses to infection are 
not known. The strict dependence of the 
responses on the bacterial Type 111 protein 
secretion system suggests that translocation of 
a bacterial effector protein (proteins) into the 
host cell may stimulate the signaling pathways 
leading to ( 2 x 4 2  activation. Previous work 
implicating arachidonic acid metabolites in 
Salmonella-induced cytoskeletal changes (5) 
and Rho family function (18) raises the pos- 
sibility that this cellular signaling pathway 
may be important. 

Our results indicate that CDC42 induc- 
es cytoskeletal rearrangements indepen- 
dently of Rac. Although membrane ruffling 
has been associated more frequently with 
Rac activity, the relative importance of the 
different G proteins in modulating cytoskel- 
eta1 rearrangements may largely depend on 
the agonist and cell type (19). Potential 
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targets of CDC42 that may largely play a 
role in these responses include a group of 
protein kinases with holnology to the yeast 
Ste20 protein (PrlK kinases), the Wiskett- 
Aldrich syndronle protein (WASP) ,  and 
phosphatidylinositol-3-kinase (PI3-kinase) 
(2L1). PI3- kinase is unlikely to  play a role in  
S. typhimurium-induced signaling, however, 
as \vortmannin, a potent inhibitor of PI3- 
kinase, has n o  effect o n  the  S ,  typhimtnium- 
induced cell responses ( 1 1 ). 
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Consequences of Retinal Color Coding for 
Cortical Color Decoding 

D e n n i s  IvI. Dacey et al. in  their report (1 )  
and Richard H. Masland in his Perspective 
12) draw attention to imvortant details in , , 

the  encoding of color in  the  retina of ma- 
caque monkeys and humans. T h e  centers of 
red-green opponent retinal ganglion cells 
can be driven by a single cone, but the  cone 
specificity of the  surrounds is in question. 
Dacey et al. state that horizontal cells that  
subserve red-green opponent cells are C ~ I I -  

tacted by both L- and M-cones, a finding 
with implications for receptive field forma- 
tion (1 ), retinal coding (1 . 2) ,  and cortical 
decoding (2 ) .  While Dacey et al. may well 
be correct that surrounds are shaped by 
post-horizontal cell processes, I question 
u~hether  mixed cone surrounds pose insur- 
mountable vroble~ns for retinal color codine " 
or cortical color decoding. T h e  color signals 
of units with lnixed cone surrounds are less 
colnplicated if the  spatial properties of the 
units are taken into account usine the  In- " 
gling-Martinez identity (3)-a rigorous 
statement of the  co-coding hypothesis dis- 
cussed by Masland. Let s be the weight of a 
P cell-L-cone center and s and z be the  
weights of M- and L-cones driving the  sur- 
round. T h e  Ingling-Martinez identity that 
describes this P cell is 

where C and S are center and surround 
spatial weighting or modulation transfer 
f ~ ~ n c t i o n s .  In  this equation, the  first term 

represents the  bandpass spatial response to 
achromatic stimuli and the  second term, 
the  lowpass spatial response to chromatic 
stimuli. If 7 = 0, then the  surround is pure, 
and the  cone weighting of the  achromatic 
and chrolnatic respollses differ only in po- 
larity. T h e  effect of inixed cone surrounds is 
to  give the  achromatic and chromatic re- 
sponses different cone weightings (4) .  This 
is the  case psychophysically-for the CIE 
standard observer, the  achromatic response 
is approximately 5L:3M, while the red- 
green color response is 2L:3M. Reconciling 
these different u~eights using pure surrounds 
has motivated several ~nodels  (5). Mixed 
surrout~ds can yield this result directly [that 
is, if ( x ,  y, z) = (3.5, 3.0, and 1.5)] and is 
roughly what would be expected (6 )  for 
randotn surrounds constructed o n  a n  
L-cone rich-retina (such as that posited to 
underlie the  standard observer's luminosity 
f i~nct ion) .  

Do mixed cone surrounds pose difficul- 
ties for cortical color/lu~ninance decoding? 
Recent lnodels of achromatic/chrolnatic de- 
tnultiplexing rely o n  spatial filtering opera- 
tions that are based o n  the  spatial properties 
of the center/surround combinations in  Eq. 
1, but are robust with respect to surround 
cone ratios (4 ,  7-9). Filtering lnodels have 
n o  problem accounting for the  major red- 
green cell classes in cytochrome oxidase 
blobs; type 11 cells, double-opponent cells, 
and double-opponent cells can be created 
from filtering operations o n  parvo cells (8). 
Similar models account for extraction of 
achromatic information (4.  7, 9) .  These 
filtering operations do not  alu~ays create a 
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