
Neurol. 27, 43 (1 990). 
12. B. E. Alger and R. A. Nicoll. J. Physiol. (London) 

328, 105 (1 982). 
13. N. R. Newberry and R. A. Nicoll, ibid. 348, 239 

(1 984). 
14. M. Avoli, Eur. J. Neurosci. 4, 16 (1992); R. Miles 

and R. K. S. Wong, Nature 329, 724 (1987); J. 
Physiol. (London) 388, 61 1 (1 987): R. K. S. Wong 
and D. J. Watkins, J. Neurophysiol. 48, 938 
(1 982). 

15. C. H. Davies, S. N. Davies. G. L. Collingridge, J. 
Physiol. (London) 424, 51 3 (1 990). 

16. P. Anderson, G. N. Gross. T. Lomo. 0. Sveen, in 
The Interneuron, M. A. B. Brazier, Ed. (Univ. of 
California Press, Berkeley, 1969), pp. 415465.  

17. T. J. Ashwood, B. Lancaster, H. G. Wheal. Brain 
Res. 293, 279 (1984); G. Buzsaki, Prog. Neuro- 
bid. 22, 131 (1984); J.-C. Lacaille and P. A. 
Schwartzkroin, J. Neurosci. 8. 141 1 (1988). 

18. M. A. Dichter and W. A. Spencer, J. Neurophysiol. 
32, 649, 663 (1969); M. S. Jensen and Y. Yaari, 
Ann. Neurol. 24, 591 (1988): E. W. Lothman, E. H. 

Bertram, J. L. Stringer, Prog. Neurobiol. 37, 1 
(1991): P. A. Schwartzkroin and D. A. Prince, 
Brain Res. 147, 11 7 (1978); S. L. Traynellis and R. 
Dingledine, J. Neurophysiol. 59, 259 (1988). 

19. T. J. Ashwood and H. V. Wheal, Brain Res. 367, 
390 (1986); J. Cronin, A. Obenaus, C. R. Houser, 
F. E. Dudek, ibid. 573. 305 (1992); J. E. Franck 
and P. A. Schwartzkroin, ibid. 329, 309 (1985); J. 
E. Franck, D. D. Kunkel, D. G. Baskin, P. A. 
Schwartzkroin. J.  Neurosci. 8, 1991 (1988); S. 
Nakajima, J. E. Franck, D. Bilkey, P. A. Schwartz- 
kroin, Hippocampus 1, 67 (1991): R. S. Sloviter, 
Neurosci. Lett. 1 17, 91 (1 992). 

20. H. G. Wieser et al., in Surgical Treatment of the 
Epilepsies, J. Engel, Jr., Ed. (Raven, New York, 
ed. 2), in press. 

21. We thank J. Williamson for technical assistance. 
Supported by grants from the National Institute of 
Neurological and Communicative Disorders and 
Stroke. 

25 June 1992; accepted 11 September 1992 

Selectivity for Polar, Hyperbolic, and Cartesian 
  ratings in ~acaque visual Cortex 

Jack L. Gallant,*$ Jochen Braun, David C. Van Essen* 
The neural basis of pattern recognition is a central problem in visual neuroscience. Re- 
sponses of single cells were recorded in area V4 of macaque monkey to three classes of 
periodic stimuli that are based on spatial derivative operators: polar (concentric and radial), 
hyperbolic, and conventional sinusoidal (Cartesian) gratings. Of 11 8 cells tested, 16 
percent responded significantly more to polar or hyperbolic (non-Cartesian) gratings than 
to Cartesian gratings and only 8 percent showed a significant preference for Cartesian 
gratings. Among cells selective for non-Cartesian gratings, those that preferred concentric 
gratings were most common. Cells selective for non-Cartesian gratings may constitute an 
important intermediate stage in pattern recognition and the representation of surface 
shape. 

Neurons in the primary visual cortex (area 
V1) typically display tuning for elementary 
stimulus dimensions such as position, ori- 
entation, and spatial frequency (1). In the 
macaque monkey, subsequent stages of form 
processing are believed to take place in a 
hierarchv of extrastriate areas that includes 
areas V2, V4, and the inferotemporal cor- 
tex (IT) (2, 3). Although complex pattern 
recognition probably occurs in area IT and 
some IT cells are selective for faces, hands, 
or other highly complex stimuli (4, 5 ) ,  
little is known about the intermediate stag- 
es of processing involved in the generation 
of these higher order receptive field proper- 
ties. We have addressed this oroblem bv 
analyzing the receptive field characteristics 
of cells in area V4, an intermediate stage of 
the visual hierarchy. The stimulus set used 
in our experiments (Fig. 1A) was designed 
to meet several criteria: (i) it is rich enough 
to elicit responses from cells with complex 
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tuning properties, (ii) it is mathematically 
defined and permits calculation of tuning 
curves, (iii) it is based on specific compu- 
tational theories of vision, and (iv) psycho- 
physical and physiological observations 
have suggested the existence of cells tuned 
to these stimuli. 

The stimuli were sinusoidally modulated 
gratings from three distinct classes, which 
we call Cartesian, polar, and hyperbolic. 
Each class is defined by the coordinate 
svstem in which the modulation functions 
form a linear, orthogonal basis. Thus, the 
Cartesian modulation functions form a basis 
in Cartesian coordinates whose cardinal 
axes generate conventional horizontal and - 
vertical gratings. The intermediate func- 
tions generate Cartesian gratings at inter- 
mediate orientations. The polar functions 
form a basis in polar coordinates whose 
cardinal axes generate concentric and radial 
gratings, and the intermediate functions 
generate spiral gratings. Finally, the hyper- 
bolic functions form a basis in hyperbolic 
coordinates whose cardinal axes generate 
hyperbolic gratings that differ in orientation 
by 45", and the intermediate functions gen- 
erate hyperbolic gratings at intermediate 

orientations. The three stimulus classes are 
closely related to Lie differential operators, 
which take continuous derivatives of an 
image with resoect to different coordinate - 
systems. These operators may aid perceptu- 
al constancy by compensating for affine 
transformations of the retinal image that 
arise from changes in viewpoint and object 
orientation (6-8). The stimulus classes are 
also related to those used to identify cells in 
the medial su~erior temooral area that are 
selective for changes in rotation and in 
exoansion and contraction (9): when inte- ~, 

grated over time, rotating flow fields form 
concentric patterns, and expanding and 
contracting flow fields form radial patterns. 
Similar stimuli have been used in psycho- 
physical studies (10) and have provided 
some support for mechanisms selective for 
polar or hyperbolic stimuli. 

We first looked for cells in area V4 that 
respond more strongly to polar or hyperbol- 
ic gratings than to any Cartesian grating. 
We recorded extracellularly from single 
units in area V4 of anesthetized, paralyzed 
macaque monkeys (1 1, 12). In our primary 
test, we used polar and hyperbolic gratings 
that varied in spatial frequency and phase 
and Cartesian eratines that varied in orien- - - 
tation, spatial frequency, and phase (Fig. 
1A). Figure 1, B to D, illustrates three types 
of selectivity that we encountered. The cell 
represented in Fig. 1B responded vigorously 
to concentric stimuli but poorly to all Car- 
tesian gratings. The cell represented in Fig. 
1C also oreferred non-Cartesian stimuli. 
but the most effective stimulus was a hyper- 
bolic grating. The cell represented in Fig. 
ID preferred Cartesian gratings and was 
tuned for both orientation and spatial fre- 
quency. 

All 118 V4 neurons studied with this 
stimulus set gave responses significantly 
above the base-line rate. With a t test, we 
com~ared the normalized firing rate ob- - 
tained with the best Cartesian grating to 
that obtained with the best non-Cartesian 
grating (13). By this measure, 19 cells 
(16%) showed a statistically significant 
preference for non-Cartesian gratings, 
whereas 10 (8%) preferred Cartesian grat- 
ings (14). Out of 19 cells classified as - ~ ,  

non-Cartesian, 12 preferred concentric 
gratings, only 3 preferred radial gratings, 
and 4 preferred hyperbolic gratings. The 
preferences seem to reflect a continuum of 
selectivity rather than distinct cell classes. 
For the remaining 89 cells (78%), the 
resoonses to the best Cartesian and non- 
Cartesian gratings could not be distin- 
guished statisticallv. Manv cells in this last 
category showed sharp tuning profiles in 
both Cartesian and non-Cartesian stimulus 
spaces, which suggests a form of multiplex- 
ing in the representation of pattern infor- 
mation. 
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Could some previously described proper- 
ty of V4 cells account for the preference for 
non-Cartesian gratings seen in some cells? 
Manv cells in V4 are selective for stimuli 
smaller than their classical receptive field 
(CRF) (15), and length suppression along a 
cell's preferred orientation might make a 
non-Cartesian grating more effective than 
any full-sized Cartesian grating. If so, a 
Cartesian grating that covered only a por- 
tion of the CRF would be even more effec- 
tive than the optimal non-Cartesian grat- 
ing. We therefore varied the length of - - 
Cartesian gratings by truncating them along 
the axis parallel to the grating orientation 
(Fig. 2A). The results in Fig. 2, B and C, 
represent the same cells as do the results in 
Fig. 1, B and C. The cells responded only 
weakly to Cartesian gratings of any length, 
although they still responded to the optimal 
non-Cartesian grating. We examined ten 

cells initially classified as non-Cartesian 
(seven concentric and three hyperbolic) 
using this procedure. Eight of the cells 
retained their   reference for non-Cartesian 
gratings, whereas only two cells responded 
comparably to the best non-Cartesian grat- 
ing and to a Cartesian grating of the opti- 
mal length and orientation. Thus, it ap- 
pears that size selectivity for Cartesian grat- 
ings generally does not account for non- 
Cartesian response preferences in V4 cells 
(16). 

Cells in V4 also have large nonclassical - 
suppressive zones surrounding the CRF 
(15). If we had misplotted the receptive 
fields of non-Cartesian cells, the stimuli 
might have encroached on this suppressive 
zone. Depending on the particular form of 
the suppressive interaction, this influence 
could have produced an apparent prefer- 
ence for non-Cartesian over Cartesian grat- 

- - ,  
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Cartesian Non-Cartesian 
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Cartesian Non-Cartesian Cartesian Non-Cartesian 

Fig. 1. (A) Stimulus set of Cartesian and non-Cartesian sinusoidal gratings. Gratings shown are 
square-wave gratings and the frequencies of high-frequency gratings have been reduced. Rings 
surrounding gratings represent borders of the stimuli, which were aligned as closely as possible 
with the classical receptive field (CRF). Gratings used in experiments were quantized to 250 
luminance levels and were displayed for 0.5 s on a neutral gray background. All gratings were 
sinusoidal functions of x and y, respectively: 

Co = cos(2a@x), Cgo = cos(2a@y), 

P, = c o s ( 2 a @ m ) ,  P, = cos 2a@ tan-' [ (:)I 
where Co and Cgo represent 0" and 90" Cartesian gratings, respectively; PC and P, are polar 
concentric and polar radial gratings, respectively; and Ho and H4, are 0" and 45" hyperbolic 
gratings, respectively. (B) Responses of a single V4 concentric cell to Cartesian and non-Cartesian 
gratings. The abscissa specifies grating type (six Cartesian grating orientations, concentric and 
radial gratings, and two hyperbolic grating orientations). The marginal histogram gives the mean 
relative firing rates and standard error of the means collapsed across spatial frequency. Squares in 
the two-way plot give normalized relative firing rates and standard errors. (C) Responses of a single 
V4 hyperbolic cell to Cartesian and non-Cartesian gratings. (D) Responses of a single V4 Cartesian 
cell to the same stimulus set. 

ings, although Cartesian stimuli placed in 
the CRF might have produced a stronger 
response. Therefore, we displayed both 
Cartesian and non-Cartesian eratines at - - 
four different positions centered on the 
circumference of the estimated CRF and at 
a fifth position centered in the CRF (Fig. 
3A). Responses shown in Fig. 3, B and C,  
are for the same cells represented in Fig. 1, 
B and C. For both cells there was no 
position at which any Cartesian grating 
elicited a response comparable to that for 
the best non-Cartesian grating. We used - - 
this procedure to examine ten cells initially 
classified as non-Cartesian. Six of the cells 
displayed consistent non-Cartesian stimulus 

Cartesian 

J 

Hz;:], ; ,  . & 
0  

e a # ( l l N s  
Cartesian 

g f O . 8  
n . O n  0 0  

- 2 0 . 6 -  n  n n  o  0 P;; .- ~ ~ 0 . 4  rn n u n  n n 

Fig. 2. (A) Cartesian and non-Cartesian grat- 
ings used in the length control test (schematic 
representation of gratings as in Fig. 1A). The 
same six Cartesian grating orientations were 
selected as in the previous test, but the length 
of the gratings was varied along the axis par- 
allel to the grating orientation. Cartesian and 
non-Cartesian gratings were interleaved. The 
spatial frequency used for each cell was the 
most effective of those tested in the series 
illustrated in Fig. 1 .  (B) Responses of the same 
concentric cell whose responses are shown in 
Fig. 1 B. The first six columns show responses 
to Cartesian gratings at the six orientations, and 
the last column shows responses to the non- 
Cartesian gratings. (C) Responses of the same 
hyperbolic cell whose responses are shown in 
Fig. 1C. 

~ . 2 0 . 2 -  
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preferences across all positions where these 
cells were driven strongly. Another cell 
preferred hyperbolic patterns at one posi- 
tion and radial patterns at another. The 
remaining three cells responded equally to  
the best non-Cartesian grating and to a 
Cartesian grating a t  a n  offset position. In  
n o  case did a cell respond significantly 
better to a Cartesian grating at  a n  offset 
position than to the best non-Cartesian 
grating. Thus, it  appears that preferences 
for non-Cartesian patterns are not, i n  gen- 
eral, due to nonclassical surround interac- 
tions. 

Many of these cells displayed insensitiv- 
ity to spatial phase as well as to local 
stimulus position. The  stimuli illustrated in  
Fig. 1A were each presented at two or three 
spatial phases. The  particular cells tested 
were not phase-dependent, so the data in- 
clude all phases collapsed together. Signif- 
icant phase dependence was evident i n  only 
3 of the 19 non-Cartesian cells and in only 

B s k  CRF- 0 0 . n n .- .z o Bottom n n . rn . 
gS  eft- . . . 
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9 e ~ c l , * S 0 0 @ *  
Cartesian Non-Cartesian 

C 
5 %  CRF- .- 
.zOBottom 
0 0 ;=Right- 
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Fig. 3. (A) Diagram of grating placement in the 
position control test (schematic representation 
of gratings as  in Fig. 1A). Cartesian and non- 
Cartesian gratings were centered at four posi- 
tions around the circumference of the original 
CRF location and at one position within the 
CRF. The spatial frequency used for each cell 
was the most effective of those tested in the 
series illustrated in Fig. 1. (B) Responses of the 
same concentric cell whose responses are 
shown in Figs. 1 B and 28. (C) Responses of the 
same hyperbolic cell whose responses are 
shown in Figs. 1C and 2C. 

1 of the 9 Cartesian cells. In  this respect, 
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most cells were more like complex cells in  
area V1 than simule cells ( 1  ) . 
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Our standard siimulus set included Car- 
tesian gratings generated according to mod- 
ulation functions that fell along the cardi- 
nal axes of the space (horizontal and verti- 
cal gratings) as well as four intermediate 
orientations. In contrast, the non-Carte- 
sian stimuli only included those with mod- 
ulation functions that fell along the cardi- 
nal axes of their respective spaces: concen- 
tric and radial gratings (polar class) and 
orthogonal hyperbolic gratings (hyperbolic 
class). Given this difference and the con- 
servative criterion that was used to classify 
cells as non-Cartesian. it is notable that 
twice as many cells preferred non-Cartesian 
to Cartesian gratings. W e  suspected that 
this bias would be even greater if the non- 
Cartesian stimulus spaces were sampled 
more densely. Accordingly, we recently 
added spiral gratings and hyperbolic grat- 
ines at  additional orientations to our stim- - 
ulus repertoire. Some cells prefer spiral 
gratings over other non-Cartesian and Car- 
tesian stimuli, and these cells have smooth 
tuning functions i n  the polar stimulus space 
(Fig. 4, A and B) . We also found cells that 
are tightly tuned to particular hyperbolic 
grating orientations. Our preliminary re- 
sults suggest that the proportion of non- 
Cartesian cells may be significantly larger 
than our initial estimates and that these 

' 1 6 8 4 2 1 0 1 2 4 ~ 1 6  
Concentric frequency (cycleslCRF) 

Fig. 4. (A) Gratings of the polar class (sche- 
matic representation of gratings as  in Fig. 1A). 
The cardinal axes are concentric (abscissa) 
and radial (ordinate) gratings, and the interme- 
diate gratings are spirals. Two spiral polarities 
are shown. (B) Responses of a single V4 cell to 
concentric, radial, and spiral gratings. The cell 
responded better to spiral patterns than to any 
concentric or radial pattern. 

cells may occur in  spatially segregated clus- 
ters. 

Previous studies have reported a small 
proportion of cells in  areas V4 and IT that 
respond vigorously to complex stimuli such 
as faces (4), Walsh patterns (1 7), Fourier 
descriptors (1 8), and assorted elaborate 
two- and three-dimensional stimuli (5). 
Here we report responsiveness to complex, 
periodic patterns in  area V4. Our procedure 
includes interleaved presentation of several 
stimulus classes (Cartesian, polar, and hy- 
perbolic) and has controls that allow us to 
determine whether non-Cartesian resuonse 
preferences are due to selectivity along 
some simpler dimension. In  addition, our 
stimuli vary systematically along several 
dimensions, which allows us to estimate 
tuning curves for a cell's responses to the 
various stimulus classes. 

The  functional role of non-Cartesian 
cells in  vision is not yet clear. W e  suspect 
that they may play a role i n  the perception 
of solid shape. As noted earlier, the deriva- 
tion of a stable, canonical representation of 
objects is likely a n  important aspect of 
vision. Several theories based on  Lie groups 
have been proposed to account for this 
function (6-8). These theories postulate 
the presence in  the visual system of a family 
of continuous differential operators that 
normalize the visual image by removing the 
effects of two-dimensional affine transfor- 
mations. Because the three stimulus classes 
we have examined are closelv related to  Lie 
orbits (the continuous vector fields of Lie 
operators), our findings are superficially 
consistent with this idea. However, several 
features of our data are incompatible with 
current proposals, including (i) the lack of 
phase sensitivity, (ii) the distribution and 
restricted size of local receptive fields, (iii) 
the unequal proportions of concentric, ra- 
dial, and hyperbolic cells, and (iv) tuned 
responses across multiple stimulus classes i n  
a significant subpopulation of cells. 

Other proposals for visual object repre- 
sentation use transformational invariants or 
symmetry groups but do not rely o n  Lie 
group theory (1 9). Cells selective for non- 
Cartesian stimuli might play a role i n  such 
processes by responding to regions of sym- 
metry or high informational content in  a 
visual scene. Another class of theories pre- 
supposes that object recognition is based on  
a rich representation of the surface structure 
and topology of objects from the observer's 
point of view. Some theories center on  
invariants i n  the visual scene such as rela- 
tionships between the reflectance map and 
the underlying three-dimensional surface 
structure of objects (20). Non-Cartesian 
cells might mediate the construction of 
such a representation by acting as efficient 
filters for the extraction of the relevant 
information from the retinal image. 
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The process whereby theory motivates 
experiments and experiments guide theory 
is central to the emerging field of computa- 
tional neuroscience. The present experi- 
ments, for example, were motivated in part 
by theoretical proposals, but those propos- 
als now require substantial revision to be- 
come compatible with our findings. This 
cycle will surely continue because the algo- 
rithms implemented by the brain are likely 
to be far more complex and sophisticated 
than anything yet conceived by experimen- 
talists or theorists. 
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bomb value" [assumed to be about 0.10 TU 
(6)]. We have rerun the model, making this 
correction and choosing -55 per mil for 
the value of the prebomb 14C concentration 
(3, 6). The new calculation yields an effec- 
tive deep water age of about 500 years, not 
983 years as estimated in (1); the new 
vertical diffusion coefficient is about 3.9 x 
lo-' m2 s-' [the estimate in (1) was 2.3 x 
lop5 m2 s-'1. 

The new calculations, which reduce the 
deep water age by about a factor of 2 and 
increase the vertical diffusion, show that 
larger fluxes are required to reproduce the 
NO3- and 0, profiles than was assumed in 
(I) .  Thus, for the 1500-m boundary, we 
estimate the NO3- flux to be 5.9 mmol 
m-2 the 0, utilization rate to be 63 
mmol mP2 and the respective C 
fluxes to be 0.47 to 0.58 g mP2 For 
the deep Atlantic Ocean, W. S. Broecker 
et al. (6) correlated the change (A) in 14C 
with AO, content and arrived at a slope of 
0.8 mmol m-3 0, per mil A14C. AS radio- 
carbon decays at 10 per mil per 80 years, 
Broecker et al. concluded that (6) the mean 
0, utilization rate was 10 mmol rnp3 per 
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