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Neurons in the visual cortex of cats reared in 8 Hz stroboscopic 
illumination show a profound loss of directional selectivity, but 
no detectable deficits in orientation selectivity, contrast sensi- 
tivity, and temporal frequency response, and only a slight re- 
duction in spatial resolution. In the present study, spatial vision, 
temporal resolution, and a variety of motion detection and dis- 
crimination thresholds were examined behaviorally in such cats. 
These psychophysical measurements revealed nearly normal 
spatial and temporal vision, but severe abnormalities in visual 
discriminations based on differences in stimulus direction. Spe- 
cifically, strobe-reared cats showed normal orientation discrim- 
ination and temporal frequency resolution, nearly normal con- 
trast sensitivity at low spatial frequencies, and a slight reduction 
of sensitivity to high spatial frequencies. At high contrasts, the 
cats were able to discriminate opposite directions of motion over 
a wide range of visible speeds, and their performance was in- 
distinguishable from that of normal cats. However, a compari- 
son of contrast thresholds for detecting moving gratings and for 
discriminating their direction of motion revealed severe abnor- 
malities in strobe-reared animals. At low spatial frequencies 
(0.28 cycles/deg), normal cats could discriminate the direction 
of grating motion at contrasts that were just barely visible, 
whereas the strobe-reared cats could detect the grating at con- 
trasts similar to those required by normal cats, but required 
contrasts about 10x the threshold to identify the direction of 
motion. Normal cats showed nearly identical contrast sensitivity 
for detecting and discriminating gratings of high spatial fre- 
quency at high temporal frequency (drift rates), but when the 
temporal frequency was low, their sensitivity for detection ex- 
ceeded that for direction discrimination. With the same stimu- 
lus parameters, the detection sensitivity of strobe-reared cats 
was similar to that of normal cats, but their sensitivity for di- 
rection discrimination was further reduced. These results pro- 
vide the first evidence of an involvement of directionally selec- 
tive neurons in direction discrimination. Conversely, they show 
that even a small number of directionally selective neurons can 
support normal direction discriminations if the targets are of 
high contrast. 

Many cells in the cat visual cortex are directionally selective, 
i.e., they respond strongly to patterns moving in one direction, 
but weakly or not at all to the same pattern moving in the 
opposite direction (e.g., Hubel and Wiesel, 1962; Orban et al., 
198 la; Spear and Baumann, 1975). It is commonly assumed 
that such directionally selective neurons are the physiological 
substrate of psychophysically identified directionally selective 
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mechanisms (e.g., Sekuler et al., 1978; Wilson, 1985). However, 
there has been no direct demonstration of the involvement of 
these neurons in visual perception. 

Some years ago, Cynader and Chemenko (1976) reared cats 
in high-frequency (8 Hz) stroboscopic illumination for a period 
of 6 to 8 months and reported a dramatic loss of directional 
selectivity in cortical cells that otherwise showed normal ori- 
entation selectivity and other receptive field properties. Paster- 
nak et al. (1985a) subsequently confirmed and extended this 
finding. They gathered data from area 17 of cats reared in 8 Hz 
stroboscopic illumination and found more than a 90% loss in 
the number of directionally selective cells, but intact orientation 
selectivity, contrast sensitivity, and temporal frequency re- 
sponse and only a slight reduction in the number of cells re- 
sponding to high spatial frequencies. 

Thus, cats reared in 8 Hz stroboscopic illumination provide 
a useful animal model for exploring visual performance in the 
virtual absence of cortical directional selectivity, but with oth- 
erwise largely intact cortical receptive field properties. The pres- 
ent study was designed to examine the widely accepted notion 
that directionally selective cortical cells constitute the neural 
basis of motion perception. We used behavioral techniques to 
examine the spatial and temporal vision of such cats, as well as 
their ability to make discriminations based on stimulus direc- 
tion. The results of single-unit recordings from area 17 and the 
lateral suprasylvian area in these animals have been reported 
elsewhere (Pastemak et al., 1985a; Spear et al., 1985). Some of 
the present behavioral results have been briefly reported else- 
where (Pastemak and Leinen, 1984; Pastemak et al., 1984, 
1985a). 

Materials and Methods 

Subjects 
Twelve cats of both sexes were reared in a room illuminated at a fre- 
quency of 8 Hz by a 3 rsec stroboscopic flash. The cats were exposed 
to this illumination for 12 hr each day and were otherwise in total 
darkness. They were placed in this environment during the first week 
of life, before eye opening, and remained there for eight months before 
being removed to a normally illuminated room shortly before behavioral 
testing. During testing, the cats were maintained at 8045% of their 
normal body weight. Water was continuously available in their home 
cage, and they received a daily food supplement of Purina Cat Chow. 
Following the completion of behavioral testing, six of the cats were used 
for single-unit physiological studies, the results of which are reported 
elsewhere (Pastemak et al., 1985a; Spear et al., 1985). 

General behavioral procedure 
A two-alternative, forced-choice procedure was used in all experiments. 
The cats were placed in a test chamber equipped with two glass response 
panels located side by side above the feeder. Stimuli were viewed through 
the response panels. At the beginning of each trial, the cats were pre- 
sented with two stimuli, each located behind one of the response panels. 
After a 2 set viewing period, the first nose-press response towards the 
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correct stimulus was rewarded with a small amount of pureed beef. An 
incorrect response resulted in a 10 set period, signaled by a loud tone, 
during which no reward was delivered and responses were ineffective. 
The intertrial interval ranged from 5 to 8 set in different experiments. 
More than three consecutive errors on the same side evoked a correction 
procedure: The stimulus appeared on the nonpreferred side until the 
animal made an appropriate response. Correction trials were not in- 
cluded in the data analysis. Each session consisted of 200 trials. In each 
experiment, the cats were trained on a simple discrimination task until 
performance of over 80% correct was achieved in four consecutive 
sessions, or 90% correct or better in three consecutive sessions. After 
this criterion was met, threshold measurements were initiated. 

Threshold measurements 
In all experiments, thresholds were measured with a staircase procedure: 
Each correct response produced a decrease in stimulus contrast (or 
orientation difference or stimulus speed) with a probability of 0.3, and 
each incorrect response produced an increase in stimulus contrast (or 
orientation difference or stimulus speed). This assured maintenance of 
the animal’s overall performance for the session at approximately 75% 
correct. Thresholds were taken from the resulting psychometric func- 
tions at a stimulus value corresponding to 75% correct. 

Contrast sensitivity for stationary gratings 
These methods are similar to those described previously (Pastemak and 
Merigan, 1981; Pastemak et al., 1983). Briefly, a stationary, vertical 
sinusoidal grating and a comparison uniform field of 17 cd/m2 were 
generated on two Tektronix 606 oscilloscopes (P-3 1 phosphor). Grating 
onset was modulated bv a half-cvcle of a raised cosine of 1.25 Hz. Each 
stimulus subtended an 11” x l$ visual angle and had an equal-lumi- 
nance white surround extending outward 22”. Contrast was defined as 
L mai - L,,,~Lmax + -L, where Lx is the luminance of the bright bar 
of the grating and L,,, is the luminance of the dark bar. During prelim- 
inary training, the cats were trained to discriminate between a high- 
contrast (0.8) low spatial frequency (0.33 cycles/deg) grating and a blank 
field of the same mean luminance. After the cats mastered this task, 
visual acuity and then contrast thresholds were measured. Acuity was 
measured by varying the spatial frequency of gratings at 0.80 contrast, 
while contrast thresholds were measured by varying contrast at the 
following spatial frequencies: 0.2,0.26,0.33,0.44,0.55,0.77,0.98, 1.3, 
and 1.6 cycles/deg. Contrast sensitivity (reciprocal of contrast threshold) 
was measured in eight strobe-reared and five normal cats. For each 
animal the sequence of testing at each spatial frequency was irregular, 
and testing continued until no further improvement in thresholds was 
seen. At least four thresholds were determined at each frequency. 

Critical-flicker frequency (CFF) 
The details of the procedure have been described elsewhere (Pastemak 
et al., 1985b). CFF was measured with the same display system and 
procedures as those described above for acuity testing. The cats viewed 
two unpatterned fields of the same mean luminance (17 cd/m2), one of 
which was sinusoidally modulated in time. They were trained to respond 
to the flickering field. During initial training, the cats discriminated 
between a 7 Hz stimulus and a nonflickering field. Thresholds were 
measured by varying temporal frequencies at the depth of modulation 
of 0.8 (depth of modulation is the temporal equivalent of contrast de- 
fined above). 

Orientation discrimination 
The stimuli were two low-frequency (0.32 cycles/deg), high-contrast 
(0.8) stationary gratings projected onto circular fields subtending 20” of 
visual angle. The mean luminance of grating patterns was 3.8 cd/m*. 
The orientation ofeach grating was controlled by means of a dove prism. 
During initial training the cats viewed a vertical (90”) and horizontal 
(OO) grating, and they were rewarded for choosing the vertical. Once 
the cats mastered the task, threshold measurements began. The orien- 
tation of the horizontal grating was varied in equal steps of 0.2 log units 
between horizontal and near-vertical (81.0, 57.6,39.6,28.8, 19.8, 14.4, 
10.8, 7.2, 5.4, and 3.6 deg) in a staircase procedure; daily orientation 
difference thresholds were determined from the resulting psychometric 
functions. Three normal and two strobe-reared cats were tested in this 
task. 
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Figure 1. Contrast sensitivity of five normal (open symbols) and eight 
strobe-reared (filled symbols) cats. Each point is a geometric mean of 
contrast sensitivities of each cat. The error bars are SEM. SEMs for 
individual animals were, on the average, 0.04 for normal cats and 0.06 
for strobe-reared cats. Data points at the highest spatial frequency (tri- 
angles) were determined with gratings of 0.8 contrast. Mean luminance, 
17 cd/ml. 

Motion discriminations at high stimulus contrasts 
The techniques of stimulus generation and other methodological details 
have been oreviouslv described (Pastemak and Meriaan. 1980, 1984). 
Low-speed^thresholds for the detection of motion and ‘direction dis- 
crimination were tested with high-contrast (0.8), isotropic random dot 
patterns and square-wave gratings back-projected onto two 20” circular 
screens. The mean luminance of dot patterns was 0.95 cd/m2, while 
that of gratings was 3.8 cd/m2. In the motion detection task, the cats 
viewed two random dot fields, one of which moved continuously while 
the other was stationary. All cats were rewarded for responding to the 
moving stimulus with the exception of two cats (810 and 87) which 
were rewarded for choosing the stationary one. For cats 82,85, 83, and 
8 11, the moving stimulus drifted to the left; for the remaining cats, the 
stimulus drifted to the right. During initial training, the moving stimulus 
was at a single, relatively high (25 deg/sec) speed. Measurements of low- 
speed thresholds were initiated after the cats reliably discriminated be- 
tween the moving and the stationary patterns. As in the other tests, 
stimulus speed was varied in a staircase procedure and thresholds were 
taken at 7 5% correct. In the direction discrimination task, the cats viewed 
two patterns moving at the same speed, but in opposite directions (right 
and left). The cats were trained to respond towards the rightward stim- 
ulus. Low-speed threshold measurements for this discrimination began 
after the cats had mastered the task. In one normal (80) and one strobe- 
reared (84) cat, low-speed thresholds for direction discrimination were 
also measured with high-contrast (0.8) square-wave gratings at three 
spatial frequencies: 0.32, 0.58, and 1.1 cyclesldeg. 

Contrast sensitivity for detection and direction discrimination 
Sinusoidal gratings were generated on a Hewlett-Packard 1332A oscil- 
loscope screen (P-3 1 phosphor) placed behind two 12”-diameter circular 
openings in the white surround. The mean luminance of the stimuli and 
the surround was 75 cd/m2. In the detection experiment, the cats viewed 
a moving sinusoidal grating and a blank field of the same mean lumi- 
nance. They were rewarded for responding toward the field containing 
the grating. In the discrimination task, the cats viewed two identical 
sinusoidal gratings moving horizontally in opposite directions. Low 
spatial frequency gratings (0.28 cycles/deg) moving at 8 deg/sec (2.2 Hz) 
were used during initial training. The cats were rewarded for choosing 
the field containing the rightward grating. In both tasks, contrast sen- 
sitivity was measured over a range of spatial frequencies and stimulus 
speeds. All cats were tested at 0.28, 0.46, and 0.77 cycles/deg at the 
followinn sneeds: 2. 4. 8. 16. 32. and in some cases. 1” or 64Vsec. In 
addition, one of the normal cats (cat 113) was tested’at 1.3 cyclesldeg, 
and a second normal cat (116) at 0.61 cyclesjdeg. For each cat, both 
detection and discrimination thresholds were measured on the same 
day, and in many cases the same spatial and temporal frequencies were 
used. 
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Figure 2. Motion detection and direc- 
tion discriminations at high stimulus 
contrasts (0.8). A (top left), Discrim- 
ination of opposite directions of mo- 
tion by one of the strobe-reared cats 
(84). The data for all stimulus speeds 
were collected in a single, 200~trial ses- 
sion. B (bottom), Low-speed thresholds 
for detection (open columns) and direc- 
tion discrimination (striped columns) 
for normal (ZeJi> and strobe-reared (right) 
cats. Error bars are SEM. Stimuli were 
high-contrast (0.8) random dot pat- 
terns. C (top right), Low-speed thresh- 
olds for normal (open symbols; cat 80) 
and a strobe-reared (tilled symbols; cat 
84) subject as a function of spatial fre- 
quency. Stimuli were high-contrast (0.8), 
square-wave gratings. 
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The mean contrast sensitivity (circles) and acuity (triangles) of 
five normal and eight strobe-reared cats is shown in Figure 1. 
Although the sensitivity of the two groups is similar at lower 
spatial frequencies, that of strobe-reared cats is reduced at me- 
dium and high spatial frequencies. Differences in sensitivity 
between the two groups range from 0.2 to 0.5 log units. Acuity 
estimates were also higher for normal (mean 2.53 cycles/deg) 
than for strobe-reared cats (mean 1.98 cycles/deg). It is worth 
noting that, for both groups, acuity estimates obtained by vary- 
ing spatial frequency of gratings at a constant contrast of 0.8 
are consistent with contrast sensitivity estimates obtained by 
varying grating contrast at a given spatial frequency. Although 
the majority of the deprived cats were less sensitive to high 
spatial frequencies than the normals, there were two animals 
(cats 8 11 and 8 12) with acuity and/or sensitivity overlapping 
that of normal cats. 

We measured orientation difference thresholds for 0.32 cycles/ 
deg gratings for three normal (cats 7, 14, and 73) and two strobe- 
reared cats (87 and 8 10). Mean orientation thresholds for each 
cat are shown in Table 1. There are no obvious differences 
between the two groups; orientation thresholds for all animals 
range from 16” to 26.6”. These results show that rearing cats in 
8 Hz stroboscopic illumination does not diminish their ability 
to discriminate differences in stimulus orientation. 

Temporal resolution 
Critical flicker frequency (CFF) was tested in three normal cats 
(109, 111, and 128) and two strobe-reared cats (cats 8 11 and 
8 12); the thresholds are shown in Table 1. The flicker resolution 
of the two strobe-reared cats was nearly identical to that found 
in normal cats, and ranged between 36 and 44 Hz. Thus, we 
found no detectable abnormalities in temporal resolution in 
strobe-reared cats. 

Motion thresholds 

Table 1. Orientation difference thresholds and critical flicker 
frequency (CFF) in normal and strobe-reared cats 

Orientation 
threshold 
(da) 

Normal cats 26.6 (0.77) 
24.4 (0.93) 
17.5 (0.84) 

Strobe-reared cats 24.8 (2.16) 
16.0 (0.83) 

a Numbers in parentheses are SEM. 

CFF (Hz) 

38.3 (0.83) 
42.4 (1.1) 
43.2 (1.1) 

36.0 (0.63) 
44.1 (0.67) 

Detection and discrimination at high stimulus contrasts 
Figure 2A shows the direction discrimination performance of 
one of the strobe-reared cats with respect to high-contrast ran- 
dom dot patterns. The cat discriminated opposite directions of 
motion at 90% correct or better over a wide range of speeds 
(1 O”-80”/sec). At lower speeds, this animal and the other strobe- 
reared cats also performed the task as well as the normal cats; 
and even at the slowest detectable speed (low-speed thresholds), 
they were able to correctly identify the direction of moving 
random dot patterns. This is shown in Figure 2B. Low-speed 
thresholds for the two normal (left) and three strobe-reared (right) 
cats for the detection of motion (open bars) and for direction 
discrimination (striped bars) are quite similar. Thus, normal 
and deprived cats show similar low-speed thresholds (lo-Y/set), 
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and both groups can identify the direction of motion at this 
threshold speed. 

Random dot patterns are aperiodic stimuli that contain clus- 
ters of randomly distributed dots. The positions of local features 
in these moving patterns are not constant, and change from 
moment to moment. Thus, the two comparison stimuli differ 
not only in motion direction but also in spatial phase. To test 
the possibility that the cats used these phase differences to ex- 
tract directional information, we measured motion thresholds 
with periodic grating patterns. Although phase differences be- 
tween the two moving gratings may still be present (since the 
two comparison gratings are not phase-locked), the extraction 
of this phase cue may be much more difficult, particularly at 
higher spatial frequencies (Burr, 1980). The lowest speeds at 
which a normal and a deprived cat correctly identified the di- 
rection of moving gratings are shown in Figure 2C. The thresh- 
olds for the normal and the strobe-reared cat are similar at all 
spatial frequencies and are close to the values obtained with 
random dot patterns for these cats. Even at a relatively high 
spatial frequency (1.1 cycles/deg) the strobe-reared cat was able 
to discriminate differences in direction. Thus, differences in spa- 
tial phase between the two comparison random dot patterns are 
unlikely to account for the ability of strobe-reared cats to dis- 
criminate opposite directions of motion. 

Direction discrimination at threshold contrast 
The ability of strobe-reared cats to discriminate opposite di- 
rections of motion is surprising, given their profound loss of 
directionally selective neurons. However, it is possible that a 
few such neurons suffice to mediate direction discrimination of 
high-contrast patterns. At stimulus contrasts near the detection 
threshold, though, the small number of directionally selective 
cells still present in strobe-reared cats may not be sufficient, and 
direction discrimination may be impaired under such condi- 
tions. Therefore, we measured contrast thresholds for detection 
of moving gratings and for discrimination of their direction of 
motion. Examples of psychometric functions obtained in the 
detection/discrimination experiment for one normal (113) and 
one strobe-reared (8 10) cat are shown in Figure 3. The data for 
each function were collected in a single session for a 0.28 cycles/ 
deg grating moving at 4.48 Hz (16”Isec). The detection func- 
tions for the two cats are similar, in terms of both their slope 
and their location on the contrast axis. On the other hand, the 
psychometric functions for direction discrimination for the two 
cats differ greatly; the function for the deprived cat is shifted 
toward higher contrasts and has a shallower slope. The deprived 
cat required a 10 x higher contrast to discriminate the direction 
of the moving grating than did the normal cat. Contrast sensi- 
tivities for the two groups of cats were determined from such 
psychometric functions (contrast thresholds taken at 75% cor- 
rect performance) obtained at several spatial and temporal fre- 
quencies. 

The results of such measurements on two normal cats are 
shown in Figure 4. Both cats show nearly equal contrast sen- 
sitivity for the two types of thresholds at the lowest spatial 
frequency (0.28 cycles/deg) at all temporal frequencies (drift 
rates). At higher spatial frequencies, sensitivity for discrimi- 
nation decreased relative to sensitivity for detection, particularly 
at the lowest temporal frequencies. At 0.46 cycles/deg, cat 116 
showed a slight decrease in sensitivity at 1.84 Hz (4”/sec). This 
difference between detection and discrimination increased at 
0.61 cycles/deg, and finally, at 0.77 cycles/deg, sensitivity for 
detection exceeded that for discrimination at all speeds. The 
pattern of results for cat 113 was similar, although differences 
between detection and discrimination emerged at higher spatial 
frequencies than for cat 116. The results for this cat at 1.3 cycles/ 
deg are similar to the data obtained at 0.61 cycles/deg for cat 
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Figure 3. Examples of psychometric functions for detection (top) and 
direction discrimination (bottom) for normal (open symbols, eat 113) 
and strobe-reared filled symbols, cat 8 10) subjects. Each function was 
determined in a single testing session for a 0.28 cycles/deg sinusoidal 
grating moving at 4.5 Hz (16Vsec). The data were fitted with a Weibull 
distribution fu&tion (Quidk, 1974) by an iterative maximum-likelihood 
estimation procedure (Watson, 1979). The functions were obtained with 
a staircase procedure; hence, the number of trials at each contrast is not 
identical, with the smallest number of trials at the highest and the lowest 
stimulus contrast. 

116. At these spatial frequencies, sensitivities for discrimination 
and detection were identical only at the highest stimulus speeds. 

The data for the three strobe-reared cats are shown in Figure 
5. Peak contrast sensitivity for detection (open circles) for the 
three animals ranged from 60 in the least sensitive cat (84) to 
about 140 in the other two animals. At 0.28 cycles/deg, sensi- 
tivities of the deprived and normal cats overlapped at the lowest 
drift rates, but at higher rates, sensitivities of normal cats ap- 
peared somewhat higher than those of the three strobe-reared 
cats. This difference was not apparent at higher spatial frequen- 
cies (e.g., 0.77 cycles/deg), and the functions for the two normal 
cats and the two most sensitive strobe-reared cats are nearly 
identical. On the other hand, sensitivity for direction discrim- 
ination (filled symbols) was greatly reduced in the three deprived 
cats. At 0.28 cycles/deg contrast, sensitivity for discrimination 
was almost 10 x lower than that for detection. At a higher spatial 
frequency (0.46 cycles/deg), sensitivity for direction was even 
more reduced; and at the lowest drift rates, the performance of 
cats 84 and 8 10 dropped below 75% correct even at the highest 
contrast used (0.66). Finally, at 0.77 cycles/deg, the cats were 
quite unable to identify the direction of motion, even though 
they could detect the gratings as well as did normal cats. 

Figure 6 illustrates the differences between performance on 
detection and direction discrimination tasks for both normal 
and strobe-reared cats as the ratio of contrast sensitivity for 
discrimination to detection. Mean ratios for one normal (open 
symbols) and three strobe-reared (filled symbols) cats are plotted 
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Figure 4. Contrast sensitivity as a function of drift rate for detection (open symbols) and direction discrimination tilled symbols) for the two 
normal cats. For each cat, the data were obtained at four spatial frequencies (upper right corners). Cat 116 could not discriminate directions at 0.6 1 
cycles/deg at the lowest drift rate; hence, contrast thresholds could not be determined. Error bars (SEM) are approximately the size of the symbols. 
Mean luminance, 75 cd/m2. 

as a function of temporal frequency (drift rate) at several spatial 
frequencies (indicated by numbers next to each function). In the 
normal cat, the ratio depends on the temporal and spatial fre- 
quency of the grating; at low spatial and high temporal fre- 
quencies (drift rates), the ratio is near 1 .O whereas at the highest 
spatial frequency and the slowest drift rates the ratio drops 
dramatically. In strobe-reared cats, the ratio never exceeded 0.2 
and varied little with spatial or temporal stimulus parameters. 

Discussion 
The behavioral deficits of strobe-reared cats are consistent with 
the results of single unit recordings (Cynader and Chemenko, 
1976; Pasternak et al., 1985a; Spear et al., 1985) in being re- 
stricted largely to discriminations of opposite directions and the 
detection of high spatial frequencies. Strobe-reared cats had 
normal contrast sensitivity at low spatial frequencies, but a slight 
loss of visual acuity and sensitivity to higher frequencies. 
Thresholds for orientation discrimination, temporal frequency 
resolution, and motion detection and opposite-direction dis- 
criminations, measured with high-contrast patterns, were es- 
sentially intact; however, measurements of threshold contrast 
for discriminating direction revealed profound deficits. Fur- 
thermore, strobe-reared cats were able to discriminate directions 
only at lower spatial frequencies and only at contrasts that ex- 
ceeded the detection threshold by approximately one log unit. 

Pattern vision 

Contrast sensitivity 
The loss of high-frequency sensitivity and acuity in strobe-reared 
cats is consistent with previous findings of a reduction in the 
proportion of observed neurons in area 17 that responded to 
high spatial frequencies (Pastemak et al., 1985a). In those stud- 
ies, there was a shift of less than one octave toward lower pre- 
ferred frequencies and a loss of spatial frequency resolution. The 

behaviorally measured loss in acuity (0.4 octave) and the shift 
in peak sensitivity (0.8 octave) observed behaviorally were of 
similar magnitude. 

This high-frequency loss is not surprising, since the illumi- 
nation of the rearing environment is significantly lower than 
that used for normally reared animals, and the visibility of high 
spatial frequencies is reduced under low luminance conditions 
in both humans and cats (see Pastemak and Merigan, 198 1). In 
addition, the short flash duration (3 +ec) probably further re- 
duced the visibility of spatial patterns (Arend, 1976; Nachmias, 
1967; Tulunay-Keesey and Jones, 1976). 

Indeed, deprivation of stimulation by high spatial frequencies 
reduces spatial resolution. When cats are reared with optical 
blur, a reduced number of cells respond to high spatial fre- 
quencies (Eggers and Blakemore, 1978). Behavioral studies of 
cats and monkeys raised with monocular blur induced either by 
atropine or high power negative lenses have also shown a loss 
of sensitivity of the deprived eye to high spatial frequencies 
(Boothe et al., 1983; Graves and Morse, 1982; Smith et al., 
1983). 

In order to assess the stimulation of strobe-reared cats by high 
spatial frequencies in 8 Hz stroboscopic illumination, we esti- 
mated the grating acuity of three human observers under con- 
ditions similar to those experienced by cats during rearing. Acu- 
ity for a high-contrast (0.8), square-wave grating, illuminated 
exclusively by a 3 Fsec stroboscopic flash every 125 msec (8 
Hz), was reduced by approximately 0.7 to 0.9 octave relative 
to acuity for gratings measured in a room similar to that in 
which the normal cats were housed. This result was compared 
to the acuity/luminance function of a human observer, sug- 
gesting an equivalent reduction in luminance of 1.5 to 2.0 log 
units (Pastemak and Merigan, 198 1). The acuity/luminance curve 
is much shallower in the cat, and such a decrease in luminance 
would result in only a 0.4 octave loss in acuity (Pastemak and 
Merigan, 198 1). Indeed, the observed magnitude of acuity loss 
in strobe-reared cats was close to that suggested by this analysis. 
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Orientation discrimination 
Orientation difference thresholds for low spatial frequency grat- 
ings were unaffected by stroboscopic illumination. This result 
is consistent with the normal number of orientation-selective 
neurons, as well as the normal width of orientation tuning in 
area 17 of these cats (Cynader and Chemenko, 1976; Pastemak 
et al., 1985a). Although our measurements were limited to a 
single spatial frequency of high contrast, it is unlikely that mea- 
surements at other spatial frequencies or at lower suprathreshold 
contrasts would reveal abnormalities in the orientation response 
of the cats, since orientation thresholds are relatively insensitive 
to changes in spatial frequency and contrast (Bradley and Skot- 
tun, 1984; Burbeck and Regan, 1983; Caelli et al., 1983). 

The present estimates of feline orientation thresholds for grat- 
ings are somewhat higher than those reported for single lines 
by some investigators (Hirsch, 1972; Vandenbussche and Or- 
ban, 1983; Wark and Peck, 1982; but see Berkley and Sprague, 
1979). Several factors may account for the differences in thresh- 
olds between our estimates and those of others, including stim- 
ulus configuration (gratings versus single lines), the relatively 
conservative threshold criterion used here (75% correct), the 
relatively low mean luminance of the gratings (3.8 cd/m*), and 
the fact that, in the present study, the two comparison stimuli 
could not be viewed simultaneously. 

Temporal vision 
Measurements of critical flicker frequency and of the detection 
of moving patterns revealed no significant abnormalities in 
strobe-reared cats. Their CFF ranged from 38 to 45 Hz, which 
is nearly identical to that obtained from normal cats and to the 
temporal resolution data reported in other studies for this lu- 
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Figure 5. Contrast sensitivity for de- 
tection (open symbols) and direction 
discrimination (filled symbols) for the 
three strobe-reared cats. Numbers in the 
upper right corner indicate spatial fre- 
quency. Discrimination data are not 
shown for 0.77 cycles/deg, since at this 
spatial frequency the cats could not dis- 
criminate directions above 75% correct 
level. 

minance level (e.g., Loop et al., 1980). For both groups of cats, 
optimal temporal frequency (see detection data in Figs. 4 and 
5) ranged from 2 to 5 Hz, depending on spatial frequency. This 
result is consistent with the optimal temporal frequencies of 
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Figure 6. Sensitivity ratios (discrimination/detection) for normal (open 
symbols, cat 113) and strobe-reared (filled symbols) cats. Each point for 
a normal cat is based on contrast sensitivity data shown in Figure 4; 
ratios for the three strobe-reared cats were calculated from the mean 
contrast sensitivities shown in Figure 5. Spatial frequency is indicated 
by numbers next to each curve. A ratio of 1.0 indicates that the eats 
required the same contrast to detect the moving grating and to identify 
its direction of motion. 
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neurons in area 17 of both normal and strobe-reared cats (Mov- 
shon et al., 1978; Pasternak et al., 1985a). 

Motion thresholds and cortical directional selectivity 
When the moving patterns were of high contrast, the deprived 
cats were able to identify the direction of motion regardless of 
stimulus speed or configuration. Even at the lowest detectable 
speed, the cats discriminated directions as well as the normal 
cats. This result is surprising, because less than 10% of their 
cortical neurons were directionally selective. There are several 
possible interpretations of this finding. First, the cats could have 
used cues other than stimulus direction during this discrimi- 
nation. For example, signals from the eye movement system 
and/or phase differences between the two comparison moving 
dot or grating patterns could also provide cues to direction. A 
contribution of eye movements is difficult to rule out, since such 
patterns elicit optokinetic nystagmus in both normal cats (Ev- 
inger and Fuchs, 1978) and in strobe-reared cats (Conway et al., 
198 1). However, it is unlikely that such a cue made any signif- 
icant contribution to our findings. The contrast sensitivity of 
strobe-reared cats for the detection of 0.77 cycles/deg gratings 
was within the normal range; thus, eye movements should also 
have been elicited by these patterns. Nevertheless, strobe-reared 
cats were unable to discriminate between the two directions of 
motion at this spatial frequency. 

Another basis for discriminating directions might have been 
differences in local spatial features between the two comparison 
dot patterns. This, however, is also unlikely, since discrimina- 
tion performance was largely unaffected by the use of periodic, 
high spatial frequency gratings (see, also, Burr, 1980). 

An alternative explanation of the present results is that visual 
cortical or subcortical areas outside of area 17 retained normal 
numbers of directionally selective cells, and that these were 
involved in direction discrimination in strobe-reared cats. Spear 
et al. (1985) recently gathered data from the lateral supra- 
sylvian (LS) area of some of the cats reared in 8 Hz light and 
behaviorally tested in our laboratory. They found that the LS, 
which normally contains a high percentage of directionally se- 
lective cells (79%) was almost devoid of such cells (8%) in these 
cats. Recordings from the superior colliculus of cats reared under 
similar conditions have also shown a profound loss of direc- 
tional selectivity (M. Cynader, personal communication). Fur- 
thermore, neurons in area 18 of cats reared under somewhat 
lower frequency stroboscopic illumination also show drastically 
reduced directional selectivity (Kennedy and Orban, 1983). Thus, 
every cortical area known to have significant numbers of direc- 
tionally selective cells shows large losses of such neurons. Ob- 
viously, there remains the possibility that still other visual areas 
(not yet studied) contain normal numbers of cells that encode 
direction and are capable of mediating direction discrimina- 
tions. It is more likely, however, that the few remaining direc- 
tional cells in the visual cortex are sufficient to signal differences 
in direction of high-contrast moving patterns. This explanation 
is consistent with our finding that, at low stimulus contrasts, 
direction discrimination in strobe-reared cats breaks down. 

Although the contrast sensitivity of strobe-reared cats for de- 
tecting moving gratings was only slightly below normal, their 
sensitivity for discriminating the direction of grating motion 
was severely depressed. It should be noted that these deficits 
were found at low spatial frequencies, which apparently were 
not affected physiologically by strobe-rearing (Pastemak et al., 
1985a). Since both the neural and behavioral deficits are largely 
limited to conditions in which the direction of stimulus motion 
is varied, it is reasonable to assume that the profound and spe- 
cific deficit in direction discrimination resulted from the loss of 
directionally selective neurons. Therefore, it is likely that the 
residual sensitivity of strobe-reared cats for direction was due 

to the limited number and/or the reduced contrast sensitivity 
of remaining neurons that encode direction. 

The location of these neurons is not clear, since the loss of 
directional cells is not limited to area 17, but extends to the 
lateral suprasylvian area (Spear et al., 1985) and, most likely, 
to area 18 (Kennedy and Orban, 1983). Physiological studies of 
cat cortex show that neuronal mechanisms processing low spa- 
tial and high temporal frequencies are located mainly in area 
18, whereas those processing high spatial and low temporal 
frequencies are found in area 17 (Berardi et al., 1982; Bisti et 
al., 1985; Movshon et al., 1978). Differences between neurons 
in these two cortical areas have also emerged in an analysis of 
directional selectivity. Orban and colleagues (Orban et al., 1978, 
198 1 a, b) found a significantly larger proportion of directionally 
selective cells in area 18 and in area 17 in the region devoted 
to central vision. Thus, neurons in area 17 appear to be more 
sensitive to slowly moving, fine patterns, often irrespective of 
stimulus direction, and neurons in area 18 are more responsive 
to the direction of motion of coarse patterns moving at higher 
speeds. Since the residual sensitivity for direction in strobe- 
reared cats could be measured only in the spatial frequency range 
to which neurons in area 17 of both normal and strobe-reared 
cats are relatively insensitive (Movshon et al., 1978; Pastemak 
et al., 1985a), the residual sensitivity of the strobe-reared cats 
to direction may be determined by the remaining directionally 
selective neurons in area 18. 

At low spatial frequencies, normal cats identified the direction 
of the moving grating at contrasts nearly identical to those re- 
quired for detection. Differences between detection and direc- 
tion discrimination were pronounced at low speeds and higher 
spatial frequencies (Figs. 4 and 6). Several investigators have 
compared the detection and direction discrimination of human 
observers for moving sinusoidal gratings (Lennie, 1980; Mans- 
field and Nachmias, 198 1; Thompson, 1984; Watson et al., 
1980), and reported a similar pattern of results: Discrimination 
of the direction of motion for slowly moving gratings of high 
spatial frequency requires more contrast than is required for 
simple detection. Different thresholds suggest that these two 
types of tasks depend on different mechanisms (Watson and 
Robson, 198 1) and that the mechanisms that detect high spatial 
and low temporal frequencies do not encode direction (Watson 
et al., 1980). The large differences in sensitivity between detec- 
tion and direction discrimination in cats with nearly abolished 
directional selectivity support this interpretation. Since the re- 
duced sensitivity for direction of strobe-reared cats is most likely 
due to the reduced number of directionally selective cells in 
their visual system, the low sensitivity to direction of normal 
cats at low temporal and high spatial frequencies may also be 
indicative of a reduced involvement of directional neurons. Re- 
duced sensitivity to direction with such stimuli may reflect a 
greater role of area 17 neurons and a decreased contribution of 
neurons in area 18, the majority of which are directionally se- 
lective and prefer coarse patterns moving at high velocities. 
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