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Macaque monkeys were shown achromatic gratings of var- 
ious contrasts during ‘C-2-deoxy-d-glucose (DG) infusion 
in order to measure the contrast sensitivity of different sub- 
divisions of primary visual cortex. DG uptake is essentially 
saturated at stimulus contrasts of 50% and above, although 
the saturation contrast varies with layer and with different 
criteria. Following visual stimulation with gratings of 8% con- 
trast, stimulus-driven uptake was relatively high in striate 
layer 4Ca (which receives primary input from the magno- 
cellular LGN layers), but was absent in layer 4Cb (which 
receives primary input from the parvocellular layers). In this 
same (magnocellular-specific) stimulation condition, striate 
layers 46, 4Ca, and 6 showed strong stimulus-induced DG 
uptake, and layers 2, 3,4A, and 5 showed only light or neg- 
ligible uptake. By comparison to other cases that were shown 
stimuli of systematically higher contrast, and to a wide va- 
riety of DG cases shown very different stimuli, it is evident 
that information derived from the magnocellular and par- 
vocellular layers in the LGN remains partially, or largely, 
segregated in its passage through striate cortex, and pro- 
jects in a still somewhat segregated fashion to different ex- 
trastriate areas. The sum of all available evidence suggests 
that the magnocellular information projects strongly through 
striate layers 4Ca, 48, and 6, with moderate input into the 
blobs in layers 2 + 3, and to blob-aligned portions of layer 
4A. Parvocellular-dominated regions of striate cortex include 
both the blob and interblob portions of layers 2 + 3,4A, 4Cb, 
and 5. Because the major striate input to V2 arrives from 
striate layers 2 + 3, and because the major striate input to 
MT originates in layer 48 and 6, it appears that area V2 
receives information derived largely from the parvocellular 
LGN layers, and that area MT receives information derived 
mainly from the magnocellular layers. 

In all mammals, the LGN can be divided into 2 or more layers 
on the basis of cytoarchitectonic criteria, as well as into laminar 
divisions based on differences in eye input. In the macaque, 4 
parvocellular (dorsal) layers and 2 magnocellular (ventral) layers 
are found in each nucleus. 
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Cells in the magno- and parvocellular layers differ from each 
other functionally as well as morphologically. In general, par- 
vocellular cells are highly sensitive to variations in stimulus 
color, while magnocellular cells are not (De Valois et al., 1958; 
Wiesel and Hubel, 1966; Schiller and Malpeli, 1978). The lu- 
minance contrast sensitivity of magnocellular cells is much higher 
than that of parvocellular cells (Sperling et al., 1978; Kaplan 
and Shapley, 1982; Hicks et al., 1983; Derrington and Lennie, 
1984). “Y” cells are found either exclusively (Dreher et al., 1976; 
Schiller and Malpeli, 1978) or preferentially (Kaplan and Shap- 
ley, 1982; Derrington and Lennie, 1984) in the magnocellular 
layers, depending on the criteria used to classify these cells (for 
review, see Shapley and Perry, 1986). According to several re- 
ports, cells in the magnocellular layers are more phasic, and 
have a higher optimal temporal modulation than do parvocel- 
lular cells (Wiesel and Hubel, 1966; Schiller and Malpeli, 1978; 
Hicks et al., 1983; Derrington and Lennie, 1984). 

Cells in the parvocellular and magnocellular layers of the LGN 
project in a strictly segregated fashion to striate layers 4Cb and 
4Ca, respectively. Minor projections terminate in other layers 
as well (Hubel and Wiesel, 1972; Hendrickson et al., 1978; 
Horton, 1984). However, it is not clear what happens to these 
carefully segregated inputs in subsequent striate layers. It is 
improbable that information that is so carefully segregated at 
earlier levels is connected randomly in striate cortex, but it has 
been difficult to trace the fate of information derived from mag- 
no- and parvocellular LGN layers through extragranular striate 
layers in any exact way. 

The issue is an important one because it has become increas- 
ingly obvious that cortical visual areas to which striate cortex 
projects are also distinct from one another, both functionally 
and anatomically. For instance, cells in area MT are almost 
uniformly direction-selective and color-insensitive (Zeki, 1974; 
Van Essen et al., 1981; Maunsell and Van Essen, 1983). In 
comparison, cells in another striate-recipient area, V2, are quite 
different: they are often color-selective, infrequently direction- 
selective, and sometimes disparity-selective (Zeki, 1983; Burk- 
halter and Van Essen, 1982; Van Essen and Maunsell, 1983; 
DeYoe and Van Essen, 1985; M. S. Livingstone and D. H. 
Hubel, unpublished observations). 

Since different striate layers project to these functionally unique 
extrastriate areas, it is possible that information that is segre- 
gated in parvocellular and magnocellular LGN layers remains 
distinct in different striate layers and is relayed in parallel to 
distinct extrastriate areas. The alternative possibility is that the 
magnocellular and parvocellular information is recombined along 
entirely unknown lines in striate cortex, and then sent on in 
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transformed form to the various extrastriate areas. By looking 
carefully at the flow of magnocellular and parvocellular infor- 
mation in striate cortex, we hoped to discriminate between these 
2 possibilities. 

The obvious way to analyze the projection of magnocellular 
and parvocellular pathways through striate cortex would seem 
to be with HRP or other anatomical tracers. However, the ar- 
chitecture of striate cortex is so intricate that it has been difficult 
to define all the important intrinsic connections. For instance, 
no direct information is yet available on the intrinsic input to 
the blobs, or into the interblob regions, within either layer 2, 3, 
5, or 6 (Livingstone and Hubel, 1984b; Blasdel et al., 1985; 
Fitzpatrick et al., 1985). On the other hand, such a maze of 
connections has now been demonstrated between the different 
striate layers that it is difficult to know which are relevant for 
a given functional circuit. That is, a given functional circuit 
could be channeled over a much simpler subset of the possible 
connections demonstrated within striate cortex. 

In order to analyze the flow of magno- and parvocellular 
information through striate cortex, we have instead used the 
14C-2-deoxy-d-glucose (DG) technique, coupled with specific 
visual stimulation, in an approach that can be very loosely 
described as a “functional HRP.” In this specific study, ach- 
romatic visual stimuli of low (< 10%) contrast were used to 
selectively stimulate magnocellular inputs to striate cortex, and 
DG was injected to label those cell regions throughout striate 
and extrastriate cortex that are activated by the low-contrast 
(magno-specific) visual stimulus. 

This particular kind of visual stimulus was chosen because 
single-unit electrophysiological studies indicate that the lumi- 
nance contrast sensitivity of parvocellular LGN cells (and hence 
their efferents) is quite poor. According to these reports, par- 
vocellular cells do not respond to stimulus contrasts below about 
lo-12%, even when the temporal and spatial aspects of the 
stimuli are optimized. By comparison, magnocellular cells (as 
well as the whole monkey) are apparently sensitive to contrasts 
as low as 1% (Sperling et al., 1978; Kaplan and Shapley, 1982; 
Hicks et al., 1983; Derrington and Lennie, 1984; see also Blasdel 
and Fitzpatrick, 1984). 

The initial finding that magnocellular (but not parvocellular) 
cells respond at stimulus contrasts below about 10% was ser- 
endipitous (Sperling et al., 1978; Kaplan and Shapley, 1982). 
Subsequent electrophysiological reports (Hicks et al., 1983; 
Blasdel and Fitzpatrick, 1984; Derrington and Lennie, 1984) 
have supported the initial finding, but it remains possible that 
the apparent difference in contrast sensitivity is in fact due to 
microelectrode sampling biases of some sort. By using deoxy- 
glucose to measure levels of neural activity in response to dif- 
ferent stimulus contrasts, we eliminated the possibility of such 
a sampling bias because DG measurements presumably reflect 
the activity of all cells activated by the stimulus. 

In addition, by stimulating with selectively higher contrasts 
in adjacent, nonoverlapping portions of the receptive field, we 
have been able to quantitatively measure the contrast gain func- 
tion of cells in different striate layers. Such a selective measure 
of the contrast gain function would be much harder to achieve 
using the single-unit technique, and it is directly relevant to a 
quantitative analysis of striate visual processing. For instance, 
laminar variation in the contrast gain might be expected in a 
straightforward way from the wide variation in contrast thresh- 
olds of magnocellular and parvocellular inputs to striate cortex. 
In the one previous single-unit study of contrast gain in this 

area (in which laminar position was not assessed), wide vari- 
ability of both the contrast gains and thresholds was evident 
(Albrecht and Hamilton, 1982). Such apparent variability might 
simply indicate a difference in the contrast gain functions in 
different laminae (or, for that matter, within blob-versus-inter- 
blob compartments within a lamina). DG data from the present 
study support this idea. 

Materials and Methods 
The general surgical and histological procedures used in this study are 
identical to those described in the first paper of this series (Tootell et 
al., 1988a). In the present experiment, 3 macaque monkeys (2 M. as- 
same&s and 1 M. cynomolgus) were used in DG tests using low-contrast 
visual stimuli. A much larger number of monkeys (also used in related 
studies) were shown high-contrast stimuli. An acrylic head pedestal was 
implanted on each monkey about a week before the main DG experi- 
ment. During the later experiment, the animals were anesthetized (l-2 
mg/kg/hr morphine sulfate, sodium pentobarbital as needed, and 751 
25% nitrous oxide/oxygen), paralyzed (1 O-20 mg/kg/hr gallamine tri- 
ethiodide and l-3 mg/kg/hr tubocurarine), and artificially respired. Clear 
contact lenses of the appropriate curvature were placed on the cornea, 
and 3 mm artificial pupils were inserted in front of the lens, centered 
on the optic axis. The eye(s) was focused and optically arranged so that 
the fovea1 projection of each eye (or, in monocular experiments, the 
open eye) was centered on a stimulus screen. In one case, the apparent 
fovea1 projection was confirmed by electrophysiological recording from 
fovea1 receptive fields. Stimuli were presented on a Tektronix 654 or 
690 color monitor driven by a Nova 4X computer and a modified 
Lexidata image processor. Stimuli could be varied in orientation, spatial 
and temporal frequency, color, direction, etc. Exact stimulus parameters 
are described more fully below. A 50-12.5 &i/kg dose of DG was 
injected while the monkeys viewed each stimulus pattern. Monkeys were 
then euthanized and transcardially perfused with a phosphate-buffered 
formalin solution, and the brains removed. The opercular striate cortex 
of each hemisphere was dissected free and frozen while in a flattened 
state, then sectioned in a cryostat. All sections were cut parallel with 
the flattened cortical surface. Subsequent autoradiographic processing 
was standard, with modifications to permit cobalt-intensified cyto- 
chrome oxidase staining. For some quantitative analyses, optical den- 
sities measured in the autoradiographs were converted to relative levels 
of DG uptake by calibration against 14C radioactive standards. In other 
analyses, the topography of DG periodicities was compared to that of 
cytox blobs in the same layer 3 sections by densitizing, spatially filtering 
(difference-of-Gaussians), aligning (to the nearest 25 pm), and overlaying 
the DG and cytox-stained images using a computer, and quantitatively 
analyzing the correspondence (Switkes et al., 1986). 

All stimuli used in the present study were luminance-modulated square 
waves, moved across the screen at a velocity that was systematically 
varied within a physiological range. Further details of each stimulus 
(e.g., orientation, spatial frequency, and ocularity) are described case by 
case in Results. 

The variable of chief interest in this study was contrast, defined con- 
ventionally as the difference in luminance (of black-white stripes) di- 
vided by twice the average luminance. The average luminance in these 
experiments was 25 ft-L. Gratings of 8% contrast were used to func- 
tionally isolate magnocellular activity, and gratings of 18, 28, 38-40, 
and 100% contrast were apposed to 8% gratings in split-field tests in 
order to sample different points along the contrast gain function. It 
should be noted that the contrast percentages used in this study apply 
only to periodic gratings; the contrast percentage given for aperiodic 
stimuli (such as single bars) will differ depending on the size of the area 
over which light intensity is averaged (Blasdel and Lund, 1983; Blasdel 
and Fitzpatrick, 1984). Although contrast gain mechanisms such as 
those in the cat (Ohzawa et al., 1982) have not been described in monkey 
striate cortex, we presented the visual stimuli for several minutes before 
the onset of DG infusion in order to allow for the possibility of contrast 
adaptation. 

Results 
Split-field test over a low-contrast range 
We begin by describing results from one of 2 contrast split-field 
cases. The first case (43) was stimulated monocularly with a 
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contrast of either 8, 18, 28, or 38% in each of 4 quadrants. In another case shown a similar stimulus. The low contrast of the 
all sectors, the stimulus was a square-wave grating of system- layer 5 periodicities may reflect, in part, the strong projection 
atically varied spatial frequency (0.7-3 cycles/deg), moved across from layers 2 + 3 to layer 5 (Fisken et al., 1975; Blasdel et al., 
the screen at velocities that varied from 0.75 to 4.5 degs/sec. 1985) since layers 2 + 3 are so lightly labeled in this stimulus 
The.grating was shown at a single oblique orientation, so that condition. The periodicities in layer 6 are quite dark, approx- 
orientation-specific DG differences between layers 4Ca and 4Cb imately as dark as those in layer 4Ca. 
could be used to differentiate these 2 layers. [Orientation-specific The pattern of DG uptake in the adjacent 38% contrast quad- 
cells have been demonstrated in layer 4Ca but not 4Cb (Blasdel rant appears typical of those seen in previous cases stimulated 
and Fitzpatrick, 1984; Livingstone and Hubel, 1984a), and with 100% contrast gratings. In this case, and in other animals 
deoxyglucose orientation columns have also been shown in 4Ca, stimulated with high-contrast gratings of a wide spatial fre- 
but not 4Cb (Livingstone and Hubel, 1984a; and unpublished quency range, there is robust DG uptake throughout all cortical 
observations).] Sectors of higher contrast were sandwiched be- layers, including layers that are unlabeled or lightly labeled in 
tween sectors of lower contrast so that the results of each stim- the 8% cases (e.g., layers 2-4A, 4Cb, and 5). 
ulus sector could be clearly differentiated in the resultant au- Not surprisingly, striate regions stimulated by contrasts mid- 
toradiograph. The borders of the 4 sectors were positioned so way between 8 and 38% show a pattern of DG uptake that is 
as to lie along orientations 45” from the horizontal and vertical. somewhere between the 2 corresponding autoradiographic ex- 
Two of the (highest) contrast quadrants were thus represented tremes. In this animal, the border between the 38 and the 18% 
bilaterally within striate cortex. This furnished a control for contrast quadrants was mapped onto the other hemisphere, in 
possible differences in histological processing between the 2 striate regions that were retinotopically mirror-symmetrical to 
hemispheres. It also meant that the unshared (lower-contrast) those at the 8-38% contrast border. The pattern of DG uptake 
quadrants were represented on proportionately more cortical 
area in each hemisphere. 

A representative autoradiographic section from layer 3 of this 
animal is shown in Figure 1. The effects of (from top to bottom, 
Fig. 1B) 38, 8; and 28% contrast are clearly differentiable. This 
is due to a near-total lack of stimulus-driven uptake produced 
by the 8% grating in layer 3. 

Figure 2 is a closeup of the border region between the 38 and 
8% gratings at an eccentricity near 4”, shown in different layers. 
It has been shown that monocular stimulation normally pro- 
duces dark DG ocular dominance strips in all layers, including 
layer 4Cb (Kennedy et al., 1976; Hendrickson and Wilson, 1979; 
Horton, 1984). Accordingly, when produced by stimuli of 38, 
28, and 18% contrast in the present study, ocular dominance 
strips are also seen in layer 4Cb (cf. the upper half of Fig. 2, D, 
E). However, in layer 4Cb of the 8% contrast quadrant, there 
are no signs of ocular dominance strips, even though the au- 
toradiographs are photographed at a relatively high contrast. 
[Though overall uptake is higher in layer 4Cb than in some 
other striate layers, this occurs without any visual stimulation 
at all (see Tootell et al., 1988a), and hence the higher overall 
uptake does not indicate the presence of stimulus-related activ- 
ity.] The lack of periodicities in 4Cb is all the more remarkable 
when we consider the clear DG periodicities in the 8% contrast 
quadrant in some layers above and below 4Cb (see Fig. 2, A, 
E, F). Because the 8% contrast gratings produce no DG uptake 
at all in the layer of predominant parvocellular input, and be- 
cause the low-contrast gratings do produce respectable uptake 
in layer 4Ca, we assume that the DG activity found in the 8% 
contrast sector in other striate layers is derived from magno- 
cellular inputs. 

in layers of particular interest at this border is shown in Figure 
3. At contrasts of 18% (a mere 6-8% above reported parvocel- 
lular thresholds), there is clear stimulus-driven uptake in layer 
4Cb, as well as in layers 2 + 3 and 5. However, the ratio of 
uptake in these parvocellular-influenced layers (4Cb, 4A, 2, 3, 
and 5) to that of more magnocellular-influenced layers (4B, 4Ca, 
and 6) still appears to be reduced relative to the laminar rela- 
tionships seen in the adjacent, higher-contrast quadrant. 

As we mentioned earlier, the 8% contrast grating produces 
very little DG uptake in layer 3. This zone of light uptake ex- 
tends from layer 1 through layers 2-3, and includes layer 4A. 
The relative decrease of stimulus-related uptake in layer 4A is 
in accord with the evidence that layer 4A receives predominant 
input from the parvocellular, rather than the magnocellular, 
LGN layers (Hubel and Wiesel, 1972; Hendrickson et al., 1978). 
Layer 4Ca shows medium-contrast periodicities, and layer 4B 
(to which 4Ca sends major projections) shows periodicities that 
are somewhat lighter in contrast. Layer 5 is characterized by 
periodicities that are negligible in this case, and very light in 

In order to quantify our impressions from all 4 contrast sec- 
tors, we measured the highest and lowest densities in each layer 
that contained periodicities, and the single density of each layer 
without periodicities. Within each layer, 40 samples were taken 
from areas of both highest and lowest density by sampling in- 
dividual 50 x 50 pm areas of either high or low density, and 
averaging the data from each class. The difference (or lack there- 
of) between the densities of stimulated and unstimulated peri- 
odicities is plotted in Figure 4 as “stimulus-driven” uptake. 
These data from each of the 4 contrast sectors form a rough 
contrast gain function in each layer. 

In most layers, contrast gain functions are not perfectly linear; 
this may reflect measurement error as much as intrinsic vari- 
ations in the slopes of the contrast gain function. The slopes of 
the contrast gain function in each layer are roughly parallel to 
each other, except for a possible saturation of the 4Ca function 
between the 28 and 38% samples. Because some stimulus-driven 
uptake appears in light (“unstimulated”) ocular dominance strips 
in layer 4Ca (see Tootell et al., 1988a), the measurement of 
stimulus-driven uptake in this (but not other) layers may be 
systematically underestimated. This would rationalize the ap- 
parently higher uptake seen in layer 6, compared to that in the 
geniculorecipient layer 4Ca (compare layers 4Ca and 6 at 38% 
in Fig. 4; see also Figs. 5 and 6). 

Split-jeld test over a wider contrast range 

Because it was important to be certain of the effects of contrasts 
of less than 1 O%, and because the case described above gave no 
quantitative information about the effect of contrasts greater 
than 38%, we presented another animal (case 35) with a stimulus 
similar to that described above, except that the contrasts cor- 
responded to 8, 18, 40, and 100% in the different stimulus 
quadrants. As before, this stimulus was presented monocularly 
and at a single (horizontal) orientation. In this animal, however, 
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Figure 1.. Split-field effects of different stimulus contrasts on striate DG uptake. A, The stimulus used in this case. Each of the 4 sectors was set 
to a different contrast [contrast = (L,,, - L,,)/2.L,,,]: clockwise from the top quadrant, the contrasts were 38, 8, 28, and 8%. The stimulus was 
presented monocularly, at a single contrast and a vertical orientation, but the spatial frequency of the gratings was systematically varied. The 
stimulus half on the right (enclosed within the large rectangle) projected to the left hemisphere (B). The autoradiograph in B was taken from a 
single layer 3 section, cut tangential to a flattened operculum. The fovea1 representation is represented by a star on the left, and the periphery 
towards the right. Specific sector boundaries (and their corresponding DG representations) are indicated in each panel. The different contrast sectors 
produced markedly different levels of DG uptake within layer 3. The dorsal Vl-V2 border is indicated with a solid triangle towards the top of B. 
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4B 4Ca 

4Cb 

Figure 2. Laminar differences in DG uptake produced by a grating of 8% contrast. A-F, Taken from successively deeper sections at the parafoveal 
38-8% contrast border described in Figure 1, towards the top right of B. The upper half of A-F was thus stimulated by a grating of 38% (included 
mainly for comparison), and the bottom half by a grating of 8%. Because the stimulus was presented monocularly and ocular dominance strips 
extend through all striate layers, the complete absence of ocular dominance strips in layer 4Cb (D) confirms electrophysiological evidence that 
parvocellular LGN cells do not respond to gratings of 8% contrast. The 8% grating also produces very little uptake in layers 2, 3, 4A, and 5 (A, B, 
E), which (in concert with other evidence) strongly suggests that these layers receive dominant innervation from 4Cb and the parvocellular stream. 
Uptake in layer 4B is moderate (C), and in 4Ca and 6 (0, F) it is reasonably robust. The relatively high stimulus-driven uptake in 4Ca confirms 
electrophysiological evidence that the magnocellular layers have a high-contrast sensitivity, and the moderate uptake in 4B presumably reflects a 
strong input from 4Ca. The very high uptake in layer 6 certainly reflects a strong magnocellular infhtence, but it is not clear how many synaptic 
levels are interspersed between the geniculate input and the DG activation. Scale bar, 5 mm. 

the different stimulus sectors were separated along the vertical 
and horizontal meridians, so that 2 contrast sectors were fully 
mapped onto each hemisphere. 

The results from the 8/40% border are shown in Figure 5. In 
general, the DG patterns are quite similar to those at the 8/38% 
border shown in Figure 2. Again, the 8% contrast grating pro- 
duces no discernible uptake in layer 4Cb, but it does produce 
significant uptake in 4Ca. In the same quadrant, layers 2 + 3 

are again light, but in this animal there is some stimulus-driven 
uptake in these layers. The presence of some stimulus-related 
uptake in the upper layers in this and one other animal (and 
the absence of patterns in layer 4Cb) suggests that magnocellular 
inputs do, in fact, reach the upper striate layers, although as a 
comparatively minor projection. This is in accord with recent 
HRP evidence (Blasdel et al., 1985). As in the previous case, 
layer 5 is lightly labeled, and the periodicities in layer 6 are 
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Figure 3. Laminar differences in the 
pattern of DG uptake produced by grat- 
ing of 18% contrast. The autoradio- 
graphs in A-C were taken from succes- 
sively deeper sections of the hemisphere 
contralateral to that described in Figure 
2 (stimulus described in Fig. 1). The top 
third, A-C, shows the DG pattern pro- 
duced by a grating of 38%; the contrast 
grating appears throughout the middle 
and bottom portions. Patterns of up- 
take in significant layers are indicated 
by arrows. Parvocellular-influenced 
layers that were labeled very lightly (e.g., 
layers 3 + 5) or unlabeled (4Cb) by grat- 
ing contrasts of 8% show some obvious 
uptake following stimulation by grat- 
ings of 18% contrast. These results are 
in accordance with electrophysiological 
reports that the threshold contrast of 
parvocellular LGN cells is near 10%. 
Scale bar, 5 mm. 

quite dark. Autoradiographic patterns in the 18 and 40% quad- striate layers is saturated by stimulus contrasts of 40% and above. 

rants were similar to those seen in the previous animal (cf. Fig. To substantiate this observation, quantitative measurements of 

3). DC uptake were made in each of the 4 sectors, as in Figure 4 
Patterns produced by the 100% grating seemed indistinguish- (see Fig. 6). DG uptake produced by the 100% grating is in fact 

able from those produced by the 40% grating, except in layer very close to that produced by the 40% grating, except in par- 
4Cb. This would imply that the functional activity in most vorecipient layer 4Cb. This indicates that DG uptake is essen- 
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NORMALIZED 
Figure 4. Densitometric measure- 
ments of stimulus-driven uptake in the 
case illustrated in Figures l-3. “Stim- 
ulus-driven” untake was calculated bv 
subtracting the average uptake in the 
lightest regions from the average uptake 
in the darker regions within a given sin- 
gle layer. In layer 4Cb, an 8% contrast 
grating produced no stimulus-driven 
uptake. In layers 3 and 5, the 8% stim- 
ulus produced so little uptake that it 
could not be measured reliably, so it 
was assigned a value of zero. In other 
layers, and in other portions of striate 
cortex that were exposed to gratings of 
systematically higher contrast, stimu- 
lus-driven uptake can be plotted to form 
a rough contrast gain function for each 
layer. Within the range shown here, 
striate layers influenced strongly by the 
magnocellular LGN layers (e.g., 4B, 
4Ca, and 6) appear to have slopes that 
are roughly parallel to those for par- 
vocellular-dominated layers (e.g., 3, 5, 
and 4Cb), but displaced upwards along 
the Y axis. 

STIMULUS- 
DRIVEN 

DG 
UPTAKE 

tially saturated by stimulus contrasts near 50% in all layers 
except 4Cb. The exact point at which uptake is “saturated,” of 
course, varies with criterion as well as with layer. 

Binocular single-field test 
In the low-contrast sectors of the split-field tests, the periodic- 
ities produced by the monocular, single-orientation stimulation 
look like strings of beads. This implies that the dark DG pe- 
riodicities are aligned on or near the cytochrome oxidase blobs 
in the extragranular stimulated eye dominance columns. In qual- 
itative comparisons on a light box, these DG periodicities ap- 
peared to superimpose the cytochrome oxidase blobs lying in 
register with the stimulated eye dominance strips. In compar- 
ison, the DG uptake is highest in the interblob regions, or on 
the borders of the blobs, in a number of other animals shown 
similar stimuli near 100% contrast (see Tootell et al., 1988a). 
It thus seems possible that the weak magnocellular projection 
to the upper layers is directed preferentially into (and through) 
the cytochrome oxidase blobs. 

When DG activity in layer 3 is weak (as it is following stim- 
ulation with 8% gratings), the exact relationship of DG patterns 
to the blobs is clearest when visual stimulation is binocular and 
when orientation is systematically varied. This is the case be- 
cause robust orientation- and eye dominance-specific uptake can 
otherwise swamp any lower-contrast, contrast-specific biases in 
DG uptake. 

In order to clearly see the relationship of magnocellular input 
to the upper-layer cytochrome oxidase blobs, we binocularly 
stimulated one monkey (case 45) with a square-wave grating of 

.6- 

6 16 26 36 

CONTRAST (%I 

8% contrast at all orientations. The spatial frequency of the 
grating was systematically varied between 1 and 4 cycles/deg, 
and the velocity was systematically varied between 0.5 and 3 
degs/sec. The stimulus in this instance was limited to 10” in 
horizontal extent, and the binocular disparity was not varied. 
The stimulus surrounding the 8% grating was a diffuse gray of 
the same mean luminance as that of the grating. Delimiting the 
stimulus to 5” on each hemisphere allowed us to differentiate 
the DG effects due to the low-contrast stimulus from those due 
to baseline uptake in cortical areas peripheral to those that were 
stimulated by the grating. The wide spatial frequency range of 
these gratings was similar to that used in the contrast split-field 
tests, and identical to that used in earlier baseline tests (see 
Tootell et al., 1988a). The advantage of choosing this spatial 
frequency range is that in the earlier tests these stimuli (at 100% 
contrast) produced a relatively uniform pattern of DG uptake 
within parafoveal layer 3. Results from this high-contrast animal 
are shown in Figure 7A. Thus, this spatial frequency range fur- 
nished a sensitively calibrated stimulus against which minor 
differences in activity between the high- and low-contrast stim- 
uli could be measured relative to the cytochrome oxidase blobs. 

In Figure 7B we show the pattern of DG uptake produced by 
an 8% grating in layer 3, taken from an identical parafoveal 
eccentricity. The region stimulated by an 8% grating is obviously 
more periodic than that produced by a higher-contrast grating 
of the same spatial configuration. In order to confirm that the 
dotted appearance in the 8% case is due to higher uptake in the 
cytox blobs (shown in Fig. 7C), we compared the autoradio- 
graphic and cytox-stained images quantitatively (Switkes et al., 
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Figure 5. Laminar differences in uptake produced by an 8% grating. This case was similar in many respects to that described in Figure 2. Again, 
the stimulus was a monocularly viewed grating of a single (horizontal) orientation, but with systematically varied spatial frequency. In the top of 
A-F, the cortex “saw” a grating of 40% contrast, and in the bottom half, a grating of 8% contrast. Again, there is virtually no stimulus-driven 
uptake in parvocellular-recipient layer 4Cb (C, D) and robust uptake in layers 4B, 4Ca, and 6 (II, C, 0. Uptake in layers 3,4A, and 5 of this case 
are extremely light (as in Fig. 2), but here the uptake is more clearly above unstimulated levels (see A, E, F). Scale bar, 5 mm. 

1986). For this analysis, both images were filtered and binarized impressions of “high” and “low” DG uptake and cytox activity 
into active and inactive regions. For the DG image, 28% of the in the original sections. If there were a random geometric re- 
area was above the activeinactive cut level, and 72% below. lationship between the high DG and cytox regions, then 28% 
The cytox image was similarly divided at the 25% level. These of the high cytox-active regions should also show high DG up- 
binary levels were chosen to optimally match our subjective take. In fact, however, the overlap between the DG and cytox 



1602 Tootell et al. - Contrast Thresholds in Macaque Striate Cortex 

NORMALIZED 
DG 

UPTAKE 

I I I , a I 

20 40 60 80 100 

CONTRAST (%I 

Figure 6. Densitometric measurement of stimulus-driven uptake in the case illustrated in Figure 5. The analysis is very similar to that shown in 
Figure 4, except that the DC contrast gain function was sampled at contrasts of 8, 18, 40, and 100%. Below 40%, the data are in good agreement 
with those in Figure 4: stimulus-driven uptake in the magnocellular-dominated layers (4Ca, 4B, and 6) is higher at all contrasts than that in 
parvocellular-dominated layers (3, 5,4A, and 4Cb). Between 40 and 100% contrast, the slope of the increase in uptake has a much shallower slope 
than below 40% contrast in all layers, except perhaps 4Cb. This supports electrophysiological evidence suggesting a saturation of firing in many 
single units at stimuli above about 40% contrast. 

corresponded to 45% of the cytox-active area. When the same 
DG and cytox images were randomly misaligned as a control 
procedure, the percentage of overlap fell to near 28%, as one 
would expect. 

Taken together, this evidence shows that the layer 3 DG pe- 
riodicities lie preferentially on the cytox blobs. If we assume 
that magnocellular information projects to all the blobs, then, 
theoretically, 100% of the high cytox regions should also have 
been high DG regions. The very low amplitude of the original 
DG signal, and the accompanying ambiguity in dichotomizing 
active versus inactive regions, presumably accounts for this dis- 
crepancy at least to some extent. 

Figure 8 shows the pattern of uptake produced in this case in 
other striate layers. As in the monocular, single-orientation cases 
stimulated with an 8% grating, significant stimulus-related up- 
take is visible in layer 4Ca, but is not obvious in layer 4Cb 
(compare Fig. 8, C and D). The blob bias seen in layers 2 + 3 
does not appear in layer 4B (not shown), nor in layer 5. In layer 
6 there is a very minor mottling of the pattern of DG uptake 
(perhaps biased towards the blobs), but it is a minor bias com- 
pared to that seen in layers 2 + 3. 

A number of aspects of this case imply that the 8% contrast 
stimulus came perilously close to significantly stimulating the 

parvocellular inputs. The possibility thus arises that there is 
some interanimal variability in the contrast thresholds of par- 
vocellular cells. 

Discussion 

DG contrast results and anatomical connections 
By using achromatic gratings of 8% contrast, it proved possible 
to selectively activate the magnocellular inputs to striate cortex, 
to the (apparently complete) exclusion of the more numerous 
parvocellular inputs. By labeling this activity with DG, we were 
able to describe the flow of magnocellular activity through sub- 
sequent striate layers, and into extrastriate cortex. 

However, at some point one needs to consider the possibility 
that the few, very small cells in the intercalated LGN layers 
(that is, between the individual magno- and parvocellular layers) 
also respond to luminance contrasts lower than lo%, and could 
therefore be contributing to the DG results. Unfortunately, in 
the macaque there are no electrophysiological data on the re- 
sponse of intercalated cells to various contrasts (or to any other 
stimulus, for that matter). It is not even clear that the interca- 
lated layers project to striate cortex in the macaque. Faced with 
this dearth of evidence on the possible contribution of the in- 
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Figure 7. Evidence that information 
derived from the magnocellular LGN 
projects preferentially to the cytox blobs. 
A, B, The parafoveal layer 3 DG to- 
pography from 2 different cases stim- 
ulated with gratings that were very sim- 
ilar, except that the grating used to 
produce A was set at 1 OO”h contrast, and 
that used for B had a contrast of only 
8%. In both cases, the gratings were var- 
ied systematically in spatial frequency 
and were presented binocularly at all 
orientations. The horizontal extent of 
both gratings was restricted to about Y, 
so that a crescent-shaped patch of vi- 
sually unstimulated cortex appears on 
the parafoveal operculum (upper por- 
tion, A and B). The DG uptake pro- 
duced by the 100% contrast grating is 
topographically quite uniform within 
the binocularly stimulated area; uptake 
produced by the 8% grating is much 
spottier. The section that produced B 
is shown in C after staining for cyto- 
chrome oxidase. The DG spots lie in 
register with the cytochrome oxidase 
blobs. Scale bar. 5 mm. 

tercalated LGN cells (which are not numerous in any case), it 
seems most sensible to keep the problem in mind but not worry 
unduly about it. In the remainder of this discussion, we will 
ignore it. 

On the basis of the present DG results and other anatomical 

evidence, it appears that magnocellular activity spreads uni- 
formly throughout layers 4B, 4Ca, and 6 in a fashion that is 
topographically relatively uniform. Magnocellular activity pro- 
jects weakly into the blobs of layers 2 + 3, but not into the 
interblob regions of these layers. Because layers 4B and 6 project 
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Figure 8. Laminar variation in the pattern of DG uptake produced by an 8% grating presented binocularly at all orientations. In order to 
discriminate stimulus-driven from baseline uptake, the stimulus grating was restricted to about 5” in horizontal extent, so that baseline uptake 
could be compared to stimulus-driven uptake at the corresponding border in the parafoveal operculum. This border area is diagrammed with 
dashed lines in A. B-F, DG autoradiographs from successively deeper sections of the striate area corresponding to that in A. The pattern of stimulus- 
driven uptake in various striate layers is indicated by arrows. The relative levels of DG uptake in this case are similar to those found in monocular, 
single-orientation, 81 contrast cases (e.g., Figs. 2, 5), except that there appears to be somewhat more uptake in layers 3 and 5 (relative to other 
layers) than in the previous cases. However, the presence of relatively strong uptake in layers 4Ca (C’) and 6 (E), and the absence of measurable 
uptake in 4Cb (D), remains patent. Blob-shaped periodicities are evident in layers 2 + 3, and to some extent in layer 6. The levels of uptake in 
the unstimulated regions of layers 4Ca and 4Cb appear high in the photograph, this results from a higher overall uptake in the unstimulated state 
in these layers, exaggerated by the high-contrast photography. Scale bar, 5 mm. 

to area MT, and because layers 2 + 3 project to V2, we would 
naturally expect that a grating of 8% contrast would produce 
significant DG uptake in area MT and less uptake in V2. Al- 
though our data from extrastriate cortex are somewhat scanty, 
these predictions appear to be borne out in areas MT and V2. 

The notion that DG can be exploited in this way as a “func- 
tional HRP” rests on the logical necessity that a metabolically 
inactive area cannot activate areas to which it projects, whereas 
metabolically active areas generally feed this activity forward. 

Consider the projections, which have been demonstrated so 
elegantly from the V 1 blobs to half the V2 strips, and the parallel 
projections from the V 1 interblob regions to the V2 interstrips 
(Livingstone and Hubel, 1984a, b). These projections were in 
fact presaged by the demonstration that DG uptake is high in 
(half) the V2 interstrips when it is high in the V 1 blobs, and 
high in the V2 interstrips when high in the V 1 interblobs (Tootell 
et al., 1983). 

Although the descriptor “functional HRP” is newly coined 
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(and perhaps overly glib), the idea that DG results have com- 
pelling connectional implications is familiar to many who work 
with the technique (e.g., Schwartz et al., 1979). One major ad- 
vantage of the “functional HRP” technique is that it is (at least 
theoretically) infinitely transneuronal. This is related to another 
advantage, that DG results are broad in scope: functional ac- 
tivity throughout the whole brain is, ofcourse, labeled in a single 
experiment. A final advantage of the technique is that it is non- 
invasive: the tissue of interest is not destroyed during the course 
of the labeling procedure. The major disadvantage of the tech- 
nique, of course, is that, at the present level of technology, the 
DG technique cannot discriminate activation due to afferents 
from that due to efferents in a given region. Presumably the 
newer DG techniques promising cellular resolution will be able 
to eliminate this ambiguity (e.g., Sejnowski et al., 1980; Pilgrim 
and Wagner, 1981; Penreath et al., 1982; HSkfelt et al., 1983). 

Since the present DG results furnish a valuable functional 
adjunct to strictly anatomical tracing experiments, we reex- 
amined the pattern of DG uptake produced by other types of 
visual stimuli (see Tootell et al., 1988a-c) in order to confirm 
and extend our ideas about the flow of magnocellular and par- 
vocellular information through striate cortex. Other visual stim- 
uli besides low-contrast gratings also label either the magno- 
cellular or the parvocellular input selectively in layer 4Ca or 
4Cb. 

For instance, the DG results produced by low-contrast stimuli 
are in good accord with the results from stimulation with grat- 
ings of low (< - 1 cycle/deg) spatial frequencies at higher (e.g., 
-70%) contrasts (Tootell et al., 1988d). As in the case of an 8% 
contrast grating, a high-contrast, low-spatial-frequency grating 
also produces a pattern of active DG uptake that is high in 4Ca 
but light or nonexistent in 4Cb, indicating selective activation 
of the magnocellular, but not the parvocellular, layers. Presum- 
ably, the selective uptake in layer 4Ca produced by a low-spatial- 
frequency grating is due to the larger size of receptive fields that 
have been reported in the magnocellular and magnocellular- 
dominated layers at a given eccentricity (e.g., Derrington and 
Lennie, 1984). The pattern of DG uptake produced by a high- 
contrast, low-spatial-frequency grating in layers 2 + 3 is highest 
in the cytochrome oxidase blobs, and the uptake in these layers 
is fairly light overall. Thus, in 2 very different stimulus condi- 
tions (both producing selective uptake in the magnorecipient 
layer 4Ca), there is a common pattern of uptake in layers 2 + 
3 which is selectively light and confined to the blobs. 

Other evidence indicating a magno-parvo segregation comes 
from DG results in which the parvocellular-recipient layers (4A 
and 4Cb) were preferentially activated. Spatially diffuse, equi- 
luminant color-varying stimuli produce robust uptake in most 
striate layers (especially 4A and 4Cb), but only weak uptake in 
layers 4Ca and 4B (Tootell et al., 1980; Tootell and Silverman, 
198 1; see also Tootell et al., 1988~). Since the magnocellular 
layers have often been described as color-insensitive, the weak 
uptake in layer 4Ca in response to color-varying stimuli is en- 
tirely in accord with the projection from the magnocellular lay- 
ers to striate 4Ca. Golgi staining (Lund, 1973; Lund and Boothe, 
1975) electrophysiological mapping studies (Mitzdorf and Sing- 
er, 1979; Bullier and Henry, 1980), and HRP microinjections 
(Fitzpatrick et al., 1985) have also suggested a predominant 
projection from layer 4Ca to layer 4B, so the lack of color 
(parve)-related uptake in layer 4B is consistent with previous 
data. Layer 4B projects to cortical areas MT (Lund et al., 1976) 
and V3 (D. Felleman, personal communication); in both of these 
extrastriate areas, color-specific cells have been reported to be 

either rare or absent altogether (e.g., Zeki, 1978; Maunsell and 
Van Essen, 1983). As in the DG results produced by other 
stimuli, it appears that the color-insensitive information from 
the magnocellular LGN layers is shunted through a fairly seg- 
regated striate pathway (via layers 4Ca and 4B) into cortical 
areas MT and V3. 

Further evidence supporting a segregation of magno- and par- 
vocellular information through striate cortex comes from the 
analysis of the cortical point image in DG retinotopic studies 
(see Tootell et al., 1988b). According to this DG evidence, there 
is a coarser retinotopic resolution in the magnorecipient striate 
layer 4Ca than that found in the parvorecipient layer 4Cb. The 
DG retinotopic resolution in geniculorecipient layer 4B is ap- 
proximately as coarse as that seen in layer 4Ca, and much coarser 
than that seen in layer 4Cb; it is as if the retinotopic information 
in layer 4Ca were shunted in a straightforward way to layer 4B. 
However, the retinotopic resolution of DG maps in layer 3 is 
significantly finer than that in either of the magnocellular-dom- 
inated layers 4Ca or 4B, but is slightly degraded relative to that 
seen in parvocellular-recipient 4Cb. This strongly suggests that 
the predominant input to striate layer 3 is derived from the 
parvocellular layers, and that to 4B from the magnocellular 
layers. 

In layers 2 + 3, DG uptake produced by color-varying stimuli 
is often routed preferentially from presumptively parvocellular 
LGN layers into the blobs, probably via striate layer 4Cb (see 
Tootell et al., 1988~) but perhaps also via a weak direct pro- 
jection (Horton, 1984). In this study we have also described DG 
evidence for a projection of magnocellular information into the 
blobs. Thus, there appears to be a convergence ofmagnocellular- 
and parvocellular-derived input into the layer 2 + 3 blobs; in 
this respect, the magnocellular and parvocellular streams appear 
joined. However, it is possible that some segregation of func- 
tional streams is still maintained at the cellular level, well below 
the resolution of the present deoxyglucose technique. Some sup- 
port for this idea can be gleaned from the electrophysiological 
results of Livingstone and Hubel (1984a). According to their 
report, about a quarter of the nonoriented (presumptively blob) 
cells in layers 2 + 3 are non-color cells. Many of these cells act 
like cells found in the magnocellular layers, on the basis of other 
criteria (Livingstone and Hubel, 1984a). Thus, these particular 
blob cells may be receiving inputs from the magnocellular layers 
via 4Ca. The more numerous color cells in the blobs presumably 
derive their color information from the parvocellular LGN lay- 
ers. 

Certain stimuli with a lot of fine spatial detail (such as high- 
spatial-frequency gratings) produce high DG uptake in the in- 
terblob regions, as well as high activation of layer 4Cb (e.g., 
Tootell et al., 1982, 1983, 1988d). No stimulus that produces 
selective activation of layer 4Ca has produced significant inter- 
blob uptake. This constitutes much of our evidence for the 
assumption that parvocellular (but not magnocellular) infor- 
mation projects to portions of layers 2 + 3 between the blobs 
(the interblob areas). 

Our ideas about the flow of magnocellular and parvocellular 
information through striate cortex are summarized in Figures 
9 and 10. (These figures omit layers 5 and 6, which in general 
project subcortically.) Information in the magnocellular stream 
passes through layers 4Ca and 4B into MT and V3, and weakly 
into the layers 2 + 3 blobs and the thin V2 strips. A projection 
from layer 4B to V2 was suggested after Figures 9 and 10 were 
drawn (D. H. Hubel and M. S. Livingstone, unpublished ob- 
servations); such a projection would rationalize the presence of 
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Figure 9. Summary diagram of DG 
evidence on the flow of magnocellular 
information through striate cortex. In- 
formation from the magnocellular LGN 
layers projects into 4Ca, and from there 
it projects into all portions of 4B and 
weakly into the blobs of layers 2 and 3, 
and into blob-aligned portions of 4A. 
Though not shown, magnocellular in- 
formation also projects strongly into 
layer 6. 

LGN 

significant input to V2 regions beyond the thin strips from striate 
layer 4B. The parvocellular stream passes through layers 4Cb 
and 4A, projects strongly into layers 2 + 3, and from there into 
the thin stripes of area V2. This model in Figures 9 and 10 may 
turn out to be wrong in minor details, but the general flow of 
information seems clear-cut from the deoxyglucose results, as 
well as from previous Golgi (Lund, 1973; Lund and Boothe, 
1975) electrophysiological (Mitzdorf and Singer, 1979; Bullier 
and Henry, 1980), and HRP (Blasdel et al., 1985; Fitzpatrick 
et al., 1985) studies. The data of Kaplan and Shapley (1986) 
also strongly imply that the parallel segregation of magnocellular 
and parvocellular information can be traced all the way back 
to the retina. 

In a preliminary report, Merigan and Eskin (1985) stated that 
toxic exposure to acrylamide selectively eliminates the retinal 
afferents to the parvocellular LGN layers. In the cytochrome 
oxidase staining pattern in striate cortex of these animals, layers 
4A, 4Cb, and 5 became quite pale; such a decrease in cytochrome 
oxidase activity is entirely consistent with the lack of magno- 
cellular input to these layers demonstrated in the present DG 
results, as well as in previous studies. In these acrylamide-dosed 
monkeys, there was also a loss of contrast sensitivity, but this 
may have been due to a partial loss of function in the magno- 
cellular LGN cells and/or to an interaction of the low-contrast 
decrements with spatial and temporal variables. 

Relationship of DG contrast results to electrophysiology 

In limited comparisons of striate cells in layers 4Ca and 4Cb, 
the contrast thresholds of layer 4Ca cells were lower than those 
in layer 4Cb cells (Blasdel and Fitzpatrick, 1984; Hawken and 
Parker, 1984). These unit results from 4Ca and 4Cb are entirely 
in accord with the contrast thresholds of the presumptive LGN 
afferents to these layers. The present DG results confirm the 
unit differences in layers 4Ca and 4Cb, but the DG data also 
indicate a much cleaner anatomical segregation of contrast 
thresholds than is suggested by the unit results; the unit data 
show a certain amount of scatter in contrast threshold. The 
variation in the unit results may reflect minor ambiguities about 
exact laminar position when recording extracellularly from cells 
at some distance from the recording and marking electrode. 

In a thorough analysis of cells from all layers (lumped to- 
gether) of cat and monkey striate cortex, Albrecht and Hamilton 
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STRIATE 

MAGNOCELLULAR 
STREAM 

(1982) found that the contrast thresholds and the contrast gain 
function are extremely variable beween different cells. Different 
gain functions fitted different cells, and contrast thresholds in 
individual cells varied from below 1% to above 10% contrast. 
Although there was wide variability in the contrast gain function 
of each ceil, the average semisaturation point for all cells oc- 
curred near 20% contrast. In the present DG study, the average 
semisaturation point also occurred near 20%. However, in the 
present study, it was also obvious that the semisaturation point 
varied as a function of lamina. DG semisaturation points were 
about 20-35% contrast in parvocellular-dominated layers (4Cb, 
2, 3, and 5), but closer to (or less than) 10% in magnocellular- 
dominated layers (4Ca, 4B, and 6). 

Presumably the laminar variation (visible in the DG results) 
accounts for some of the wide variability of semisaturation points 
seen in the earlier electrophysiological study (Albrecht and 
Hamilton, 1982). For instance, it is easy to imagine that a given 
cell in the interblob region of layer 3 or 5 would have a high- 
contrast threshold, and that a cell in layer 6 might have a low 
threshold. Similar considerations would also hold for variations 
in the contrast gain of individual cells in different layers. 

In a study of the effects of adaptation on the contrast response 
function, Ohzawa et al. (1982) reported that cells in cat striate 
cortex (but not the LGN) adjust their dynamic range towards 
the range of available stimulus contrasts. According to this evi- 
dence, striate cells become more sensitive to lower-stimulus 
contrasts when adapted to low-contrast stimuli. When adapted 
to stimuli of higher contrast, the reverse occurs; cells become 
more insensitive to contrast. 

Preliminary tests of single units in monkey striate cortex have 
shown no corresponding evidence for a dynamic shift in contrast 
sensitivity (G. Sclar, personal communication). At any rate, the 
DG evidence indicates that such a dynamic shift in the contrast 
sensitivity range is unlikely to be a major effect in monkey striate 
cortex, at least in the lower half of the contrast range. If the 
range of contrast sensitivity were to shift radically so as to match 
the range of available contrasts, then there would be little or no 
difference in the levels of DG uptake in response to stimulus 
quadrants of different contrast. From Figures 4 and 6 it is clear 
that this is not the obtained result. This is not entirely surprising, 
since there are a number of other differences between the con- 
trast response properties of cat and monkey geniculocortical 
cells (Shapley and Perry, 1986). On the other hand, the evidence 
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that DG uptake increases in layer 4Cb (but not in other layers) 
between 40 and 100% argues for the possibility that contrast 
gain mechanisms may be operating at contrasts above 40% in 
the second-order parvo-dominated layers of striate cortex. 

Relationship of contrast results to psychophysics 

It is puzzling that contrast sensitivities differ so much between 
the parvocellular and magnocellular layers. Presumably the low- 
contrast specialization of the magnocellular cells occurs in the 
natural world as well as in the laboratory. In the natural world, 
it might seem reasonable that the parvocellular cells (that is, 
most of the LGN cells) would reserve their dynamic range for 
stimulus contrasts above lo%, since many of the achromatic 
stimulus contrasts in the world are well above 10%. The magno- 
parvo difference in contrast sensitivity may simply reflect neural 
constraints that have not heretofore demanded careful scrutiny. 
For instance, the greater color selectivity of the parvocellular 
cells may impose some mutually exclusive wiring constraints 
that make it impossible for these cells to achieve achromatic 
contrast sensitivities lower than about 10%. Another possibility 
is that, since the magnocellular cells respond at higher temporal 
rates than those of parvocellular cells, they “need” to have a 
correspondingly higher-contrast sensitivity, in a sort of equal- 
ization-of-quantum-catch model. 

The physiological and anatomical evidence for a parvocellular 
threshold at about 10% contrast has some interesting implica- 
tions for visual psychophysics. Much, perhaps most, of the re- 
cent psychophysical literature uses contrast threshold measure- 
ments (at contrasts below 5%) to characterize visual performance. 
Thus, the psychophysical data would appear to be based on the 
activity of magnocellular and magnocellular-recipient neurons. 
However, the magnocellular cells constitute a definite minority 
ofthe LGN cell population (e.g., Connolly and Van Essen, 1984). 
This magno-parvo cell imbalance is especially acute at the fo- 
vea, where it has been argued that there may be no magnocellular 
cells at all (e.g., Derrington and Lennie, 1984). Thus, the elec- 
trophysiological and anatomical data would suggest that psy- 
chophysical contrast threshold measurements characterize only 
a specific minority of the total population of cells along the 
geniculostriate pathway. 

Based on the electrophysiological and functional anatomy 
data, one might expect to see an increased contrast threshold 

for fovea1 stimuli, and a discontinuity in the contrast response 
function near the threshold of parvocellular cells. However, this 
is not reflected in much of the psychophysical literature. Robson 
and Graham (198 1) found contrast sensitivities to be highest in 
the fovea, regardless of spatial frequency. A number of psycho- 
physical studies have examined the shape of the contrast func- 
tion over a wide range of contrasts, and no discontinuity is 
obvious near 10-l 2% contrast (Campbell and Kulikowski, 1966; 
Nachmias and Sansbury, 1974; Georgeson and Sullivan, 1975; 
Kulikowski, 1976; Tolhurst and Barfield, 1978; Cannon, 1979; 
Legge, 1981). This may reflect a relatively smooth interfacing 
of contrast information in the magnocellular and parvocellular 
channels. 

However, because the psychophysical evidence predated the 
physiological evidence for 2 contrast sensitivity classes, it is also 
possible that a more detailed look at the contrast gain function 
might reveal a discontinuity near 10%. Very recently, such a 
discontinuity in the psychophysical contrast discrimination 
function has been reported for a 4 cycle/deg grating (Gould- 
Smith and Thomas, 1985). Tansley et al. (1983) have also 
reported a biphasic function relating border distinctness and 
achromatic contrast, with a break at about 5% contrast; no 
corresponding discontinuity appears when using color contrast. 
Finally, contrast matching among differing spatial frequencies 
(Georgeson and Sullivan, 1975) gives quite different results at 
high and low contrasts. 

It is also possible (at least theoretically) that some (previously 
undetected) parvocellular cells do respond to contrasts below 
lo%, but at a low level of activity. Summation of such (hypo- 
thetical) parvocellular inputs could thus serve to equalize the 
magno-parvo contrast sensitivities at higher levels in the pro- 
cessing pathways. Such a result would rationalize the loss of 
contrast sensitivity in acrylamide-dosed animals (Merrigan and 
Eskin, 1985) and be compatible with the psychophysical evi- 
dence against a low fovea1 contrast sensitivity and a disconti- 
nuity in the contrast response function near 10% contrast. Fur- 
ther investigation in both the psychophysical and 
electrophysiological realms is obviously needed. 
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