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A Prgeessing Stream in Mammalian Visual Cortex 
Neurons far Nan-Fourier Responses 

Yi-Xiong Zhou and Curtis L. Baker, Jr.* 
Mammalian striate and circumstriate cortical neurons have long been understood as coding 
spatially localized retinal luminance variations, providing a basis for computing motion, 
stereopsis, and contours from the retinal image. However, such perceptual attributes do 
not always correspond to the retinal luminance variations in natural vision. Recordings from 
area 17 and 18 neurons of the cat revealed a specialized nonlinear processing stream that 
responds to stimulus attributes that have no corresponding luminance variations. This 
nonlinear stream acts in parallel to the conventional luminance processing of single cortical 
neurons. The two streams were consistent in their preference for orientation and direction 
of motion but distinct in processing spatial variations of the stimulus attributes. 

T h e  receptive fields of simple cells in the 
early visual cortex consist of elongated, 
alternating excitatory and inhibitory re- 
gions. Selectivity for stimulus orientation 
and spatial frequency is conventionally ex- 
plained in terms of linear spatial summa- 
tion: onlv those stimuli whose luminance 
variations match the layout of antagonistic 
receptive field regions will produce a re- 
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sponse (1). The wide range of preferred 
spatial frequencies of cortical neurons has 
supported a theoretical view of early vision 
in terms of local (piecewise) Fourier analy- 
sis (2). However, this scheme cannot ex- 
plain visual responses to motion, stereopsis, 
edges, and spatial position when these at- 
tributes do not correspond to the Fourier 
spatial frequency power of the stimuli (3). 
One stimulus that reveals the existence of 
"non-Fourier" processing is an envelope 
stimulus, which consists of a noise pattern 
or a high spatial frequency luminance grat- 
ing (carrier) whose contrast is modulated by 
a low spatial frequency pattern (envelope). 

Because there is no Fourier component 
corresponding to the pattern modulation, 
the detection of envelope patterns suggests 
the existence of nonlinear processing in the 
visual svstem (4). The nonlinear analvsis . , 
may occur after the cortical spatial frequen- 
cy-selective filtering, or before, as a conse- 
quence of early nonlinearity (5). 

We determined whether area 17 and 18 
neurons responded to spatially one-dimen- 
sional envelope stimuli ( 6 ) ,  using single 
stationary high spatial frequency (f,) lumi- 
nance gratings as the carriers and single 
moving low spatial frequency (f,) sine 
waves as the envelopes (Fig. 1A). Such 
envelope stimuli were perceived as a mov- 
ing pattern of spatially alternating transpar- 
ency and occlusion placed on a high spatial 
frequency luminance grating. The stimuli 
were generated by the multiplication of two 
grating patterns (carrier times envelope; 
Fig. 1B). In the Fourier frequency domain, 
such envelope stimuli consisted of a linear 
sum of three components closely centered 
about the high spatial frequency carrier: a 
stationam middle comuonent at the carrier 
spatial frequency (fc), a low side band (fc - 
f,) , and a high side band (f, + f,) (Fig. IC) . 
The two side bands moved oppositely at the 
same temporal frequency as the envelope 
(f,). However, no Fourier energy was at the 
envelope spatiotemporal frequency (f,,f,) 
(Fig. IC).  When a neuron responded to an 
envelope stimulus in which all the Fourier 
comuonents were clearlv outside its fre- 
quency-selective range and only the enve- 
lope spatiotemporal frequency was inside, 
this neuron must have been responding to 
the envelope of the stimulus as a result of 
nonlinear processing (7). 

Thirty-nine of 94 cells responded signif- 
icantly to the non-Fourier envelope pattern 
( B ) ,  although the envelope response was 
weaker than the same cell's luminance Frat- - 
ing response at its optimal spatial frequen- 
cy. Half of the simple (n = 22) and most of 
the complex (70%, n = 30) type cells in 
area 18 were envelope-responsive, whereas 
only 1 out of 12 simple and a minority of 
complex (20%, n = 30) cells in area 17 
were envelope-responsive (9). Envelope- 
responsive cells showed the same preferred 
direction. degree of tem~oral modulation. , - 
and preferred orientation to envelope pat- 
terns as they showed to luminance grating 
stimuli (10). 

The simplest explanation of such re- 
sponses would be an early nonlinear trans- 
form (Fig. 2A) in which any stimulus goes 
through a pointwise nonlinearity (1 1) be- 
fore spatial frequency-selective filtering. In 
this model. the nonlinearity ~roduces a , . 
Fourier component (distortion product) at 
the envelope spatiotemporal frequency, and 
the subsequent frequency filtering picks out 
the distortion product and removes the 
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high-spatial-frequency (>f,) components 
in the stimulus. Because there is no  spatial 
frequency-selective filtering before the 
nonlinearity, this hypothesis predicts that a 
wide range o f  changes in the carrier spatial 
frequency should not  affect the strength o f  
envelope responses. In addition, the enve- 
lope spatial frequency tuning should be the 
same as that for single luminance gratings 
in a given neuron because both the distor- 
t ion product and the luminance grating 
responses are processed by the same filter. 

In order to test these predictions, we 
used two kinds of  stimuli: (i) conventional 
luminance grating stimuli wi th only one 
Fourier frequency component and (ii) en- 
velope stimuli (Fig. 1) wi th three Fourier 
frequency components. The luminance spa- 
tial frequency dependence o f  a neuron was 

Space 

Temporal frequency 

frequency 
a 

Fig. 1. Spatially one-dimensional envelope 
stimuli. (A) A luminance profile of the stimulus 
at a given time. (B) The space-time intensity 
plot of a stimulus. The abscissa is spatial 
position, the ordinate is time, and the gray 
level indicates the luminance at a given spa- 
tial position and time. In this example, the 
contrast envelope moves leftward while the 
carrier remains stationary. (C) The power 
spectrum of the stimuli; symmetric left-side 
quadrants are omitted. Three Fourier compo- 
nents (solid circles) were in the spectrum, but 
no Fourier component was at the envelope 
spatiotemporal frequency (open circle). The 
hatched area indicates the neuron's frequen- 
cy-selective range for single luminance grat- 
ings. The temporal frequency of the drifting 
envelope was set to the optimal for the drifting 
luminance grating (f ,). 

measured wi th luminance grating stimuli at 
several spatial frequencies. Then the de- 
pendence o n  carrier spatial frequency was 
determined wi th envelope stimuli in which 
the envelope spatial frequency was fixed at 
the optimal luminance spatial frequency 
while the carrier spatial frequency was var- 
ied. Without exception (n = 39), the 
carrier spatial frequency dependence for an 
envelope-responsive neuron was found to 

Stimuli P 
nonlinearity 

be selective to a narrow range o f  high 
spatial frequencies (12) that was much 
higher than the selective range for lumi- 
nance gratings (Fig. 3A). The two spatial 
frequency-selective ranges did not  overlap, 
except for one cell. We then examined 14 
o f  these neurons for their dependence o n  
envelope spatial frequency. In most cases (n 
= 1 I), the envelope and luminance spatial 
frequency tuning curves were different: the 

I + 
Early filter 

v U L  
1 

Luminance Pointwise 
nonlinearity 

Late filter 

Integration 
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Fig. 2. (A) The "early nonlinear" 
hypothesis. (B) Proposed "two- 
stream" mechanism. The left 
stream is for luminance process- 
ing, and the right one is for enve- 
lope processing. The heavy arrow 
indicates a stronger response in 
the luminance than in the enve- 
lope stream. The icon in each 
filter box depicts the filter's tuning 
curve on a logarithmic spatial fre- 
quency scale, and the icons in the 
nonlinearity boxes indicate full- 
wave rectification. 

8 Fig. 3. Dependence of neuronal response to 
S A  envelope stimuli on the carrier and envelope 

spatial frequency. Responses to the stimulus 
moving in the preferred direction of the cell 
(solid lines and symbols) and to the nonpre- 
ferred direction of motion (dashed lines and 
open symbols) are shown. The measured value 
of spontaneous activity was subtracted from all 
the responses. The abbreviation "cpdd.' stands 
for cycles per degree of visual angle. (A) De- 

&' 0.1 1 10 pendence on the carrier spatial frequency. Two 
kinds of spatial frequency tuning curves mea- 

B sured on the same neuron are illustrated: (i) the 
luminance spatial frequency tuning curve (0, 
0), measured from the responses to single 
luminance gratings, and (ii) the carrier spatial 
frequency tuning curve (A, A) from the enve- 
lope responses. The envelope spatial frequen- 
cy was held constant at the cell's optimal lumi- 

Y 

nance spatial frequency (0.3 cpd), and the 
abscissa indicates the carrier spatial frequency 

2 3 4 d 6 5 6 6 f of the envelope stimuli. (B and C) Dependence 
V. I 

on the envelope spatial frequency for two other 
c neurons. Two spatial frequency tuning curves 

are plotted in each graph: (i) the luminance 
spatial frequency tuning curve (0, 0) and (ii) 
the envelope spatial frequency tuning curve (A, 
A) in which the carrier spatial frequency was 
fixed at the cell's optimal value [I .42 cpd for (B) 
and 2.73 cpd for (C), obtained from the mea- 
surement of the cell's carrier spatial frequency 
dependence as in (A)]. Curves in (B) and (C) 
were normalized to the largest value in the ". . 
preferred direction response curve. 

Spatial frequency (cpd) 
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preferred range of envelope spatial frequen- 
cy was lower than that of luminance spatial 
frequency (Fig. 3, B and C). 

The frequency-selective nature of the 
carrier spatial frequency dependence and the 
discrepancy between envelope and lumi- 
nance spatial frequency dependences rule 
out the possibility of explaining the enve- 
lope responses by any early pointwise non- 
linearity (Fig. 2A). Instead we propose a 
special processing stream (Fig. 2B, right 
side) that is parallel to the luminance pro- 
cessing (Fig. 2B, left side) in the receptive 
field organization. This envelope-responsive 
stream can be modeled by three stages: (i) 
early spatial frequency filtering selective to a 
narrow range of high frequency, providing 
the carrier spatial frequency dependence; (ii) 
pointwise nonlinearity; and (iii) late spatial 

frequency filtering, which corresponds to the 
envelope spatial frequency dependence. 
Consider an envelope stimulus with a carrier 
spatial frequency inside the selective range 
of the early filter and with its envelope 
spatial frequency inside the selective range 
of the late filter. The Fourier comuonents 
(close to the carrier frequency) in the stim- 
ulus are passed by the early filter. The 
nonlinearity produces a Fourier component 
(envelope component) at the envelope spa- 
tiotemporal frequency. This Fourier compo- 
nent is then picked up by the late filter, 
allowing the neuron to respond to the enve- 
lope stimulus. Notice that the envelope- 
responsive stream does not respond to lumi- 
nance grating stimuli: since the spatial fre- 
auencv-selective ranees of the earlv and late 
filters do not overlap:any luminance grating 
stimulus cannot pass both the early and the 
late filters. To account for the cell's lumi- 
nance response properties, a separate lumi- 
nance-processing stream (Fig. 2B, left side) 
is still needed. 

Because seDarate filters mediate the ree- - 
istration of Fourier energy in the envelope 
stimuli and the extraction of the envelope 
component, the three-stage cascade model 
predicts a separable dependence on the 
carrier and envelope spatial frequencies; 
changing the envelope spatial frequency 
should not affect the shaue and ranee of the - 
carrier spatial frequency dependence. Four- 
teen enveloue-resuonsive cells were exam- 
ined for their dependence on carrier spatial 
frequency under a series of envelope spatial 
frequencies. Varying the envelope spatial 
frequency affected only the magnitude of 
the carrier spatial frequency tuning without 

0: 1 1 
Spatial frequency (cpd) 

Fig. 4. Carrier spatial frequency tuning curves 
of three neurons, measured with various enve- 
lope spatial frequencies. The conventions for 
symbols and axes are the same as in Fig. 3A, 
unless indicated. (A and B) Two directionally 
biased neurons. The luminance spatial fre- 
quency tuning curves are indicated by (0, 0). 
Three carrier spatial frequency tuning curves 
for each graph were measured with the enve- 
lope spatial frequencies 0.05 cpd (A, A), 0.1 
cpd (H, 0), and 0.2 cpd (4, 0). (C) A nondi- 
rectionally biased cell. Only the responses to 
one direction of stimulus motion are plotted. 
Three envelope spatial frequencies [0.l cpd 
(A), 0.2 cpd (H), and 0.3 cpd (+)I were used in 
measuring the carrier spatial frequency tuning 
curves. 

changing its shape and optimal frequency 
(Fig. 4), demonstrating separable carrier 
and envelope spatial frequency dependen- 
cies (as predicted by Fig. 2B). 

These findings indicate that contrast 
envelope detection is functionally impor- 
tant and not an "accidental" secondary 
consequence of imperfections in an other- 
wise iinear mechanism. The proposed two- 
stream model supplements a conventional 
linear-filter model with a ~arallel. nonlin- 
ear pathway. Such an arrangement permits 
the robust detection of moving, oriented 
contours in a manner invariant with their 
composition. The lack of correspondence 
between spatial frequency selectiviq for 
luminance and envelope gratings seems 
puzzling but supports the distinct nature of 
envelope information. Further studies on 
interactions between the two pathways may 
shed light on the functional importance of 
this discrepancy. 
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G Protein-Coupled Signal Transduction Pathways 
for Interleukin-8 

Dianqing Wu, Gregory J. LaRosa, Melvin I. Simon* 
Interleukin-8 (IL-8) is one of the major mediators of the inflammatory response. The 
pathways by which IL-8 activates inositide-specific phospholipase C (PLC) were investi- 
gated by co-expression of different components of the guanosine triphosphate binding 
protein (G protein) pathway in COS-7 cells. Two distinct IL-8 receptors reconstituted 
ligand-dependent activation of endogenous PLC when transfected together with the G 
protein a subunits Ga,,, Gal,, or Gal,. However, reconstitution was not observed with 
cells that overexpressed Ga, or Gal l .  Furthermore, IL-8 receptors interacted with en- 
dogenous pertussis toxin-sensitive G proteins or with the recombinant G protein Gi to 
release free py subunits that could then specifically activate the p2 isoform of PLC. These 
findings suggest that IL-8 acts through signal-transducing pathways that are limited to 
specific heterotrimeric G proteins and effectors. These may provide suitable targets for the 
development of anti-inflammatory agents. 

A wide range of chemical signals are trans- 
duced into intracellular chanees in metab- 

u 

olism through the coupling of receptors to 
heterotrimeric giranosine triphosphate 
(GTP) binding proteins (G proteins). The 
interaction of ligand with a G protein- 
coupled membrane receptor results in the 
exchange of guanosine diphosphate (GDP) 
bound to the G urotein a subunit for GTP. 
which causes the subsequent dissociation of 
the heterotrimer into the a and BY subunits , . 
(1, 2). To examine the nature of the signal 
transduction pathways that take part in 
complex cellular responses such as inflam- 

mation, we sought to reconstit~~te signal 
transduction with white cell-specific recep- 
tors and to examine their requirements for 
specific G proteins and specific effectors. 
The peptide cytokine IL-8 is one of the most 
potent chemoattractants for neutrophils (3). 
IL-8 also induces angiogenesis, mediates cy- 
tokine-induced transendothelial neutrophil 
migration (4), and triggers a variety of other 
effects associated with the inflammatory re- 
sponse (3). The complementary DNAs 
(cDNAs) that encode two distinct types of 
IL-8 receptors, designated a and P, have 
been cloned and sequenced (5-7). These 
receptors appear to couple to G proteins and 
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have been characterized: Ga,, Ga l , ,  Ga14,  
Gal,,  and G a I 6  (2). All of the a subunits 
activate the PLC-P1 isoform (9, lo) ,  and 
most of them activate the PLC-P2 isoform 
(10, 11). Furthermore, the free py complex 
activates PLC-P2 but not PLC-P1 in 
cotransfection assays (12) and preferentially 
activates PLC-P2 in cell-free assays (13). 
The responses of cells to ligands that induce 
PLC activity have been divided into two 
groups: those that are sensitive to pertussis 
toxin inhibition and those that are resistant 
(2). Pertussis toxin covalently modifies cer- 
tain G a  subunits so that ligand-induced 
exchange of GDP for GTP on the G a  
subunit is blocked. Pertussis toxin-resistant 
activation of PLC is probably mediated by 
the a subunits of the G class. The Ga, 
subunits that activate ~ ~ 8 - p  lack a site for 
modification by pertussis toxin (2), and a 
variety of specific antisera to the Gcr, sub- 
units block receptor-mediated responses 
that are resistant to pertussis toxin (14). 
The pertussis toxin-sensitive response can 
be reconstituted through receptor-mediated 
release of Py subunits from members of the 
G, class (12). The toxin apparently blocks 
the activation of PLC-p2 by interfering 
with the release of the Py subunits from the 
trimeric G proteins. 

The expression of PLC-P2 appears to 
be developmentally regulated and is ex- 
pressed in the hematopoietic lineage (1 5). 
Expression of certain G a  subunits, such as 
Ga,,, is limited to cells derived from the 
hematopoietic lineage (1 6). To determine 
whether the two IL-8 receptors, IL-8Ra 
and IL-8RP, transduce signals through any 
of the known G family members, we 
cotransfected C O ~ - 7  cells with cDNAs 
encoding IL-8Ra or IL-8RP alone or to- 
gether with Ga,, G a l l ,  Ga14, Ga15, or 
Gal,. Neither nontransfected COS-7 
cells (Fig. 1) nor cells transfected with 
receptors alone showed any ligand-in- 
duced release of inositol phosphates (Fig. 
1, A and B). However, ligand-induced 
release of inositol phosphates was detected 
in cells that co-expressed IL-8Ra or IL- 
8RP and Ga16 or Ga14 but not in cells 
cotransfected with either of the IL-8 re- 
ceptors and Ga,  or Ga, , .  This indicates 
that both IL-8 receptors can activate PLC 
molecules that are endogenous to COS-7 
cells by specifically coupling to G a I 4  and 
Ga16 but not to Ga,  or G a l l .  Tests with 
specific antibodies indicated that PLC-P1 
was present in COS-7 cells but PLC-P2 
was not (12). Both IL-8 receptors can also 
couple to Ga l ,  (Fig. 1, A and B), the 
mouse counterpart of human Ga16 (1 7). 
The dose-dependent responses to ligand 
indicate a mean effective concentration 
(EC,,) for both IL-8Ra and IL-8RP of 
about 2.5 nM (Fig. l C ) ,  which is very 
close to the inhibition constant of IL-8 for 
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