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A Cholinergic-Sensitive Channel in the Cat Visual System

Tuned to Low Spatial Frequencies

Abstract. Visually evoked reponses to counterphased gratings were recorded from
the cat visual cortex before and after physostigmine administration. Physostigmine
markedly reduced the responses to low spatial frequencies, but minimally affected
the response to high frequencies. This effect is considered cholinergic since it could
be reversed by atropine. These results support at least a two-channel model of

spatial frequency responsivity.

The application of Fourier theory to
the analysis of the visual system has
revealed quantitative and systematic in-
formation about its dynamics and organi-
zation. Campbell and Robson (/) sug-
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gésted that the human visual system con-
tains channels that are sensitive to differ-
ent bands of spatial frequency (2). Since
then, numerous psychophysical (3) and
single-unit electrophysiological (4, 5) ex-
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Fig. 1. Peristimulus histogram averages (120-second collection period with a 1-msec sampling
interval) for two spatial frequencies from a single experiment (cat 24). (A) Baseline VER’s. (B)
VER’s after an injection of physostigmine (0.5 mg/kg). (C) Recovery VER’s after injection of
atropine sulphate (0.5 mg/kg). The bottom row depicts the 2-Hz square-wave alternation of the
grating pattern. All response averages were collected with sine-wave gratings of 0.40 contrast

[(Lmax
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— Luin) = (Lmax + Lmin), Where L is luminance].

periments have been conducted to eluci-
date the existence and nature of the
channels.

According to the multichannel model,
psychophysically obtained contrast sen-
sitivity functions (6) are thought to repre-
sent the sensitivity of more than one
detection mechanism and not the output
of a single detector channel. In support
of this model, visual cortical cells have
been shown to be tuned relatively nar-
rowly to spatial frequency (5). Problems
are encountered, however, in trying to
extrapolate single-unit response charac-
teristics to their role in visual perception,
for perception presumably represents
the combined activity of populations of
cells. Stronger agreement is observed
between psychophysical results and re-
sults from experiments with visual
evoked responses (VER’s), which repre-
sent the sum of massed neural events.
For example, psychophysically obtained
contrast sensitivity functions are posi-
tively correlated with curves derived
from VER measures (7).

Cholinergic influences have been
found at various stages of processing
within the primary visual pathway (8).
Altering the normal cholinergic activity
at these stages and measuring a physio-
logical response which is correlated with
results from a psychophysical detection
task may provide clues to the types of
cells involved in the perceptual task. We
wish to show that the carbamate physo-
stigmine, which binds acetylcholinester-
ase (AChE) and thus prevents the hy-
drolysis of acetylcholine (ACh) at synap-
tic sites, preferentially reduces the re-
sponse to low spatial frequencies. We
used the VER as a measure of responsiv-
ity.

Anesthesia was induced in adult cats
by ventilation of 3 to 4 percent halothane
in a 3:1 gas mixture of nitrous oxide and
carbogen and maintained with 1 to 2
percent halothane during surgical prepa-
ration. Cannulas were inserted into the
trachea, one of the femoral arteries, and
the two saphenous veins. To reduce eye
movements, the two sympathetic trunks
were cut and the animal was paralyzed
by an infusion of Flaxedil (30 mg kg™!
hour™!) in an isotonic glucose solution.
End-tidal CO, was maintained near 4
percent by adjusting the stroke volume
of the respirator. The cat was held in a
stereotaxic headholder, and core tem-
perature was maintained at 37°C. During
the experiment, halothane was removed
from the gas mixture. Heart rate, blood
pressure, lung resistance, and electroen-
cephalogram (EEG) were continuously
monitored. Arterial blood gas and cholin-
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esterase concentrations (9) were mea-
sured periodically.

Atropine and Neo-Synephrine were
instilled in the cat’s eyes to dilate the
pupils, retract the nictitating mem-
branes, and relax accommodation. The
eyes were fitted with contact lenses with
artificial pupils (diameter, 3 mm). The
right or left eye was focused with an
appropriate lens on a cathode-ray tube
(CRT) 12.7 cm in front of the cat’s eye.
The other eye was occluded.

Sine-wave or square-wave luminance
gratings subtending a visual angle of 50°
by 42° were generated on the face of the
CRT (/0). The phases of grating patterns
were alternated in square-wave fashion
at 2 Hz. Care was taken to ensure that
the 82-cd/m? mean luminance did not
change during phase alternation.

The VER’s were recorded with appro-
priate filtering and differential amplifica-
tion (x5000) from stainless steel bone
screws over the visual (area 17) and
parietal cortex. A computer averaged
responses and controlled stimulus pre-
sentation. Six spatial frequencies were
presented quasirandomly. Frequencies
were presented for 10 seconds each and
followed by a 1-second equivalent lumi-
nance exposure. This was continued un-
til all frequencies elicited cumulative re-
sponse averages of 2 minutes, that is,
twelve 10-second collection periods for
each frequency. Our response measure
was the sum of the amplitudes of the first
five even Fourier harmonics of the fun-
damental (2 Hz) less the sum of the first
five odd harmonics (/7).

Results were obtained from five cats.
Prior to physostigmine administration,
four to five repetitions of the response
averages were collected with each of six
spatial frequencies to establish baseline.
During the 1-second epoch, four primary
peaks are seen in the response average
(Fig. 1A). In agreement with earlier re-
sults (/1), secondary peaks were often
present and were generally most pre-
dominant at higher spatial frequencies.
After intravenous administration of phy-
sostigmine, responses to low spatial fre-
quencies were often abolished (Fig. 1B).
Responses to higher spatial frequencies
were minimally affected, although alter-
ations in response shape were often not-
ed (not shown). To be sure that the effect
we observed was due to cholinergic ac-
tivity (/2), we administered atropine sul-
phate. Atropine, a muscarinic antago-
nist, competes with ACh for postsynap-
tic cholinergic receptor sites, thus reduc-
ing the influence of an abundance of
ACh. Responses after atropine adminis-
tration recovered markedly (Fig. 1C),

9 SEPTEMBER 1983

typically, to within baseline variation.

Figure 2A shows the results of a com-
plete experiment in one cat. Physostig-
mine administration led to significant re-
ductions in response to low spatial fre-
quencies. Responses to the two lowest
spatial frequencies were completely
abolished. Pooled data from the four cats
presented with the same spatial frequen-
cies demonstrate the contrasting re-
sponse decrement at low and high spatial
frequencies (Fig. 2B). The effect was the
same whether sine-wave (Fig. 1) or
square-wave (Fig. 2) gratings were used.
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Fig. 2. (A) Relative VER amplitudes for dif-
ferent spatial frequencies from cat 14. Filled
circles are baseline VER’s with mean of four
measures and 1 standard deviation. Open
circles are relative VER amplitudes during the
first 13.2 minutes after injection of physostig-
mine (0.8 mg/kg). (B) Averaged data from cats
11, 12, 13, and 14 showing VER reduction for
different spatial frequencies after an injection
of physostigmine. All animals received doses
of 0.5 mg/kg except cat 14, which received a
dose of 0.8 mg/kg. In both (A) and (B) grating
alternation was 2 Hz. For all square-wave
gratings, contrast was held constant at 0.40.

The nonuniformity of the VER reduction
supports the hypothesis that spatial re-
sponsivity in the cat visual system is
mediated by two or more detector chan-
nels.

The reduction in VER could be due to
secondary effects of AChE inactivation
(for example, facilitated or inhibited re-
lease of other neurotransmitters that me-
diate the primary response). Since atro-
pine reverses the VER depression (Fig.
1), excessive cholinergic stimulation
within a pathway must mediate the ef-
fect.

It is tempting to describe our results in
terms.of a change in the response proper-
ties of a particular class or classes of
cells that function in a dectector-re-
sponse channel, either in the cortex or
subcortically. Kirby and Enroth-Cugell
(/3) have shown a pharmacological dis-
tinction in the receptive field properties
between the X and Y retinal ganglion
cells of the cat (/4). Ikeda and 'Shear-
down (I5) have suggested that ACh en-
hances retinal Y cell responses while
simply altering the maintained discharge
of X cells. In a histochemical st/udy of
the cat lateral geniculate nucleus, Dean
et al. (16) reported an abundance of
ACHhE in layers A and Al where X cell
terminations are predominantly found.
Finally, Kemp et al.” (I17) have reported
preliminary data showing that 94 percent
of the cortical cells studied responded to
ACh. Lacking further information con-
cerning cholinergic influences on func-
tional cell classes in the cat and cortical
cell contributions to the VER, we cannot
ascribe our results to a loss of a subcorti-
cal input or to changes in response prop-
erties of a cortical cell class. However,
our results do provide evidence for the
existence of at least two detector-re-
sponse channels located in the cat visual
system and differentially sensitive to
spatial frequency. Similarly, Snyder and
Shapley (/1) showed that the monocular-
ly deprived eye of kittens had cortical
VER’s that were more depressed to low
spatial frequencies than the VER’s of the
nondeprived eye. Although the selective
depression caused by developmental ma-
nipulation was less pronounced than that
reported here, consideration of the com-
bined results suggests that cholinergic
synapses failed to develop in the path-
way from the deprived eye to the cortex.

T. H. HARDING
R. W. WILEY
A. W. KIrBY
Sensory Neurosciences Research
Group, U.S. Army Aeromedical
Research Laboratory, Post Office
Box 577, Fort Rucker, Alabama 36362
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On Seeing Reddish Green and Yellowish Blue

Abstract. Four color names—red, yellow, green, and blue—can be used singly or
combined in pairs to describe all other colors. Orange, for example, can be described
as a reddish yellow, cyan as a bluish green, and purple as a reddish blue. Some
dyadic color names (such as reddish green and bluish yellow) describe colors that are
not normally realizable. By stabilizing the retinal image of the boundary between a
pair of red and green stripes (or a pair of yellow and blue stripes) but not their outer
edges, however, the entire region can be perceived simultaneously as both red and

green (or yellow and blue).

A fundamental observation that forms
the basis of the opponent-processing
model of color vision is that human ob-
servers never see a color that simulta-
neously evokes the percepts of red and
green or those of yellow and blue (/, 2).

Ample physiological evidence indi-
cates that at various stages within the
visual system the colors we describe as
“red”” and ‘‘green’’ are encoded by the
same opponent-processing channel (3).
The encoding process is such that if
redness is signaled by an increase in the
electrical activity in this channel, then
greenness will be signaled by a decrease
in activity (4). Similar antagonistic en-
coding of yellow and blue stimuli has
also been found (5). According to these
models, it would be impossible for an
observer to perceive both red and green

1078

simultaneously, as this percept would
require simultaneous transmission of
positive and negative signals in the same
channel. The same situation would ob-
tain in the blue-yellow channel.
Normally, the color perceived in any
region of visual space is determined by
the intensity distribution of the wave-
lengths of light illuminating that patch of
retina. There are situations, however, in
which the color perceived in a given area
of visual space becomes dissociated
from the wavelength distribution falling
on the corresponding retinal area. For
example, Krauskopf (6) showed that by
stabilizing the image of a green (529 nm)
disk on a larger, circular orange (593 nm)
background whose perimeter was not
stabilized, the disk would disappear and
the region occupied by the disk would be

uniformly and completely filled with the
orange color of the background. Under
these (stabilized image) conditions, the
green disk, illuminated by a relatively
narrow band of wavelengths centered at
529 nm is indistinguishable from a rela-
tively narrow band of wavelengths cen-
tered at 593 nm that illuminates the or-
ange background. Krauskopf also noted
the similarity between the appearance of
the stabilized image and the more famil-
iar ‘‘filling-in’’ phenomenon (7). In both
cases the information at the boundary of
the stabilized, or insensitive, area ap-
pears to determine the perceptual attri-
butes of the entire bounded area.

We have conducted a number of stabi-
lized-image experiments in which we
provided conflicting information to the
filling-in process at the boundaries of a
stabilized area. Under these conflict con-
ditions, the visual system cannot simply
fill in a uniform color consistent with all
the boundary conditions as it could with
the Krauskopf experiment. Image stabi-
lization was accomplished with an SRI
dual-Purkinje-image eyetracker (8) and
visual stimulus deflector (9). Horizontal
and vertical eye-rotation signals from the
eyetracker drove the corresponding de-
flection mirrors in the stimulus deflector.
By adjusting the gain and polarity of the
eyetracker signals, it is possible to elimi-
nate all motion of the retinal image that
would normally result from the observ-
er’s eye movements. A special feature of
the stimulus deflector allows us to pre-
sent normal, unstabilized features to the
observer while he simultaneously views
stabilized images.

Among the stimuli presented to our
observers was a vertical pair of red and
green stripes whose common boundary
was stabilized and whose outer edges
were formed by unstabilized black oc-
cluders (Fig. 1). Generally, the red and
green stripes were produced by transillu-
minating colored gelatin filters affixed to
a rear projection screen, or by transillu-
minating narrow-band (100 A half-ampli-
tude bandwidth) interference filters with
peak transmissions at 640 and 540 nm,
respectively. The luminance of the bipar-
tite field was in the range 4 to 60 foot
lamberts (1 foot lambert = 3.43 cd/m?
for all observers. The dashed line along
the red-green boundary of Fig. 1 is the
convention we have adopted to indicate
a stabilized edge.

When an observer first views this
stimulus configuration, the percept is of
a juxtaposed pair of red and green stripes
whose outer edges are sharply defined
by the unstabilized black occluders. The
top and bottom of the stripes extend
vertically out of the observer’s field of
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