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Abstract

In the cat, lateral geniculate neurons and retinal ganglion cells can almost all be categorized as
on-center (excited by light stimuli) or off-center (excited by dark stimuli). We have investigated
how these cells are affected when a drug is applied to the retina that, in the mudpuppy, inactivates
on-bipolar cells (Slaughter, M. M., and R. F. Miller (1981) Science 211: 182-185). This drug, D,L-2-
amino-4-phosphonobutyric acid (APB), is an analogue of glutamate. After injecting APB into the
vitreous of the eye, we could record in the optic tract from fibers of off-center retinal ganglion cells
that appeared normal in their responses, but we could find no fibers from on-center cells in the
injected eye. In the lateral geniculate nucleus (LGN), the outcome was similar. Of a sample of 144
cells studied quantitatively, 13 had extremely poor responses and could not be characterized as on-
or off-center. The remaining 131 cells had off-centers and appeared largely normal. Their receptive
field organization was unaltered: the field center was excited by dark (off) stimuli and inhibited by
light, whereas the surround was inhibited by off stimulation. Of particular interest was the fact that
the surrounds of many off-center cells could still be excited by light stimuli; thus, despite the
probable inactivation of on-bipolar cells, not all on-responses in the LGN were abolished. As a
group, off-center cells were somewhat less responsive then in control experiments. Except for this
change, APB appeared to affect only on-center cells. We conclude that these latter cells were almost
all silenced by the drug, with a small number perhaps retaining some weak and erratic response.
This outcome suggests that the on and off pathways originating with the on- and off-bipolar cells
of the retina remain fairly separate through the LGN: cells of one pathway do not provide detectable

excitatory input to cells of the other.

The receptive field organizations of retinal ganglion
and lateral geniculate cells in the cat were first described
by Kuffler (1952) and Hubel and Wiesel (1961). They
found two types of cells, having reciprocal receptive field
organizations. In on-center cells, the field center was
excited by light, whereas the surround was excited by
dark stimuli; in off-center cells, the converse held, with
the center being excited by dark stimuli. Since the center
was much more effective in driving the cell than the
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surround, these neurons have been considered to form
two distinct pathways, one on and one off. Subsequent
work has confirmed that more than 90% of retinal gan-
glion and geniculate cells have this sort of receptive field
organization (Cleland and Levick, 1974; Wilson et al.,
1976; Dreher and Sefton, 1979). At the level of primary
visual cortex, however, the two pathways appear to con-
verge: most cells in the cat’s area 17 respond briskly to
both light and dark stimuli (Hubel and Wiesel, 1962).
In the study described in this and the following paper,
our goal has been to learn how the on and off pathways
originating in the cat’s retina contribute to the response
properties of individual geniculate and cortical neurons.
A pharmacological approach to this problem was offered
by the results of Slaughter and Miller (1981). They found
that D,L-2-amino-4-phosphonobutyric acid (APB) inac-
tivated on-bipolar cells in the mudpuppy’s retina, with-
out affecting off-bipolar cells. They hypothesized that
APB, a structural analogue of glutamate, binds to the
postsynaptic receptors of on-bipolar cells, mimicking the

374



The Journal of Neuroscience

hyperpolarizing effect of the photoreceptor transmitter.
Neal et al. (1981) subsequently reported that APB inac-
tivates the on-center responses of rabbit retinal ganglion
cells, and preliminary experiments in which APB was
injected intraocularly indicated that it might act simi-
larly in cats (Horton, 1981).

At the level of the lateral geniculate nucleus (LGN),
two questions of particular interest were considered.
First, do intraocular injections of APB inactivate all on-
center cells? Second, do the response properties of off-
center cells remain completely unaffected? The answer
to the first question is critical for interpreting the effects
of intraocular APB on area 17. The second question is
important both for interpreting the cortical results and
for detecting possible interactions between on and off
pathways within the LGN.

Materials and Methods

Surgery. Seven cats were prepared for acute electro-
physiological recording using methods described in more
detail elsewhere (LeVay and Sherk, 1981). Anesthesia
was initially induced with ketamine, or ketamine and
xylazine, injected intramuscularly. After all surgical pro-
cedures had been completed, the cat was paralyzed and
respirated. A paralytic agent (gallamine triethiodide) and
an anesthetic (sodium pentobarbital) were infused intra-
venously for the duration of the experiment. End-tidal
CO, was maintained between 3.5 and 4%.

Eye injection. An electrode was placed in the LGN
before APB eye injection in order to compare directly
geniculate responsiveness before and after the drug took
effect. A small incision was made in the lateral canthus
of the right eye, and the eye was rotated far nasally to
expose the sclera. A volume of 20 ul, containing 0.14 mg
of APB, was then injected. Given a vitreal volume of 2.5
ml, this would yield a concentration of 300 uM. This was
the lowest concentration tested at which consistent ef-
fects were observed.

One might worry that sufficient APB would be carried
into the general circulation to affect neurons outside the
retina directly. However, we found that intravenous APB
injection had no effect on geniculate responses to light
stimuli, even at high doses (31 mg/kg).

Possible retinal damage. It seemed possible that intra-
ocular injections might damage the eye. Aside from read-
ily detectable injuries caused by hitting the lens or a
retinal blood vessel, the most likely source of trauma was
increased intraocular pressure. Accordingly, we tested
for pressure changes after injection in six eyes using an
applamatic tonometer. No measurable increase was
found over a 4-hr period following injection.

Other evidence suggests that nonspecific damage did
not occur. First, in most experiments we recorded from
one geniculate cell immediately before and after an in-
traocular injection, and we could detect no change in
either peak response or response duration to a standard
stimulus. In one animal optic tract fibers were studied
both before injection and repeatedly for 1.5 to 2 hr
afterwards, and they exhibited no decline in responsive-
ness. Finally, the effects of APB eventually wore off in
every cat. The responses of both on- and off-center cells
then appeared to be completely normal.
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Time course of APB effects. The effectiveness of each
APB injection was judged by testing multiple unit on-
responses in the LGN to light stimulation. When these
had vanished completely, we considered the APB to have
taken effect. This took on the average 90 min, although
there was considerable variability, from 45 min to 3 hr.
The variation was probably due to the exact position of
the injection needle relative to the retina; in later exper-
iments the tip was positioned closer to the retina, and
the delay before the drug took effect was consistently
shorter.

When these experiments were begun, it seemed possi-
ble that there might be large variations in APB concen-
tration within the eye. It has been shown, however, that
20 ul of fluorescein injected into the rabbit’s eye result
in an intravitreal concentration that is uniform across
the retina after about 1 hr (Cunha-Vaz and Maurice,
1967). One might expect APB, a small water-soluble
molecule, to behave similarly. Qur experience with APB
suggests that it does diffuse readily within the vitreous,
in that we did not find differential effects in different
parts of the LGN or cortex in one experiment.

What was unexpected was the prolonged duration of
the drug’s effectiveness. It eventually wore off after a
variable interval, ranging from 5 to 20 hr, but typically
about 12 hr. This made it essential to monitor geniculate
multiple unit activity frequently for any sign of returning
on-response; if detected, more APB was injected. On
average, two injections were made per experiment.

Recording. The activity of single units was isolated
with tungsten microelectrodes (Hubel, 1957). No mark-
ing lesions were made, since the sequence of eye domi-
nance and the location of receptive fields were sufficient
to determine in what layer each cell was located. Recep-
tive fields were situated 3 to 15° from the area centralis.

Stimulus presentation. All receptive fields were first
plotted with a hand-held stimulator. For quantitative
data collection, light spots of different sizes (given in Fig.
5) were used. For most cells, response histograms were
obtained using each diameter. The reflectance of the
tangent screen was 1.93 cd/m?, and the stimuli were 1.1
log units brighter. Spikes were passed through a window
discriminator and compiled into histograms with 480
bins by a small computer. In each trial the spot stimulus
was on for the first 4 sec and off for the subsequent 4
sec; there were 10 trials per histogram. Similar histo-
grams were made of cell responses to light annuli, whose
reflectances were equal to those of the light spot stimuli
used. A range of sizes was tested for each cell, although
the outer diameters were always 20°. The computer also
stored information regarding response variability in the
form of standard deviations, computed separately for the
number of spikes fired during the on and off portions of
each histogram.

Cell classification. The responses of most cells were
classified as linear or nonlinear by the use of square wave
gratings of 0.5, 1, or 2 cycles per degree. We searched for
a grating position where contrast reversals elicited no
response (null position; Enroth-Cugell and Robson,
1966). If found, the cell was classified as linear; if the
cell lacked a null position and gave a frequency doubled
response at some positions, it was classed as nonlinear.
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Results

Recordings from optic tract. The main goal of our
recordings from the optic tract was to confirm that in
the cat, as in the mudpuppy and rabbit (Slaughter and
Miller, 1981; Neal et al., 1981), APB blocks the on-center
responses of retinal ganglion cells. In four cats APB was
injected intraocularly, and multiple unit activity was
recorded in the LGN until the onset of the drug’s action.
The electrode was then moved forward a few millimeters
to make vertical penetrations through the optic tract. Of
38 optic tract fibers driven by an APB-injected eye, none
gave definite on-center responses. In contrast, in normal
optic tract one would expect to encounter nearly as many
on-center as off-center fibers (Rodieck and Stone, 1965;
Hammond, 1974; Bullier and Norton, 1979; Wassle et
al., 1981a, b). In our sample from control experiments,
the numbers of on- and off-fibers were similar, 21 and
31, respectively.

Most fibers in APB-injected cats (28) appeared to have
typical off-center properties. They responded vigorously
to a small light spot turned off in the receptive field
center, and their maintained discharge was suppressed
when the spot was turned on. Large spots were much
less effective. The responses of these cells could readily
be classified as linear or nonlinear when tested with a
square wave, counter-phase grating (see “Materials and
Methods”), suggesting that the linear and nonlinear spa-
tial summation that distinguishes X from Y cells (En-
roth-Cugell and Robson, 1966) was still present after
APB injection, Twelve fibers were studied quantitatively.
Their peak response averaged 177 spikes/sec, which was
less than the average obtained from our normal genicu-
late cells and is thus probably also less than what one
would find in normal optic tract. Spontaneous activity
levels, on the contrary, were high, averaging 71 spikes/
sec. Curves that plotted response as a function of spot
size all showed a decline with larger diameters, confirm-
ing that receptive fields had inhibitory surrounds.

The remaining 10 units were strikingly abnormal.
They had little spontaneous activity and gave only feeble,
erratic responses to visual stimulation. Only with consid-
erable patience was it possible to identify a region of the
visual field where responses could be evoked. Even then,
responses were so inconsistent that it was difficult to
define their receptive fields. Histograms were made for
five of these cells, primarily to convince ourselves that
there was indeed a response. Sometimes they responded
at light on, sometimes at off, and, not uncommonly, at
both. In general, a large spot was necessary to obtain any
response; the presence of center-surround organization
could not be ascertained.

Geniculate on-center cells. As for the optic tract, the
principal finding in the LGN was that APB abolished all
on-center responses. In normal LGN, one would expect
to encounter roughly equal numbers of on-center and
off-center cells (Cleland and Levick, 1974; Wilson et al.,
1976; Bullier and Norton, 1979; Dreher and Sefton,
1979); in control experiments, 33 cells had on-centers
and 34 had off-centers. But after APB injection into one
eye, we could find no cells with on-center responses in
the corresponding geniculate laminae (see Table I). The
change was also obvious in the massed response of mul-
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tiple units recorded with a large electrode: a small light
spot elicited a brisk response when turned off but no
response at all when turned on. If we happened to be
recording activity from cells with a high maintained
firing rate, there was an obvious suppression of firing
when the stimulus came on, but no other change.

Direct evidence that APB inactivated on-center cells
came from 11 neurons studied both before and after
injection; in all cases, their responses were suppressed
by APB. Figure 1 shows an on-center Y cell’s response
before the eye injection and a histogram of its firing to
the same stimulus, a 0.75° spot, 45 min after 0.14 mg of
APB was injected. It retained a low level of spontaneous
activity but had no response.

Types of geniculate cells encountered. In the geniculate
laminae receiving input from the APB-injected eye, cells
could be grouped into three categories: off-center cells,
cells with responses too poor to allow identification, and
unresponsive cells. Neurons resembling normal off-cen-
ter cells constituted the bulk of our quantitatively studied
sample, 131 of 177 cells. Their distribution among the
geniculate laminae is shown in Table 1. In the poorly
responsive category were 13 cells that gave weak and
variable responses, sometimes to off and sometimes to
on. Often these responses occurred at latencies over 300
msec, very much longer than normal. As with abnormal
optic tract fibers, we generally had difficulty in localizing
their receptive fields. Altogether, these were unlike any

TABLE I
Cells studied quantitatively in different divisions of the lateral
geniculate nucleus

Division of Lateral Geniculate Nu-
cleus

A Optic
A AL C MIN Radll’)ation

With APB

Number of off-center cells 34 63 22 10 2

Number of on-center cells 0 0 o0 0 0
Control®

Number of off-center cells 13 12 7 1 1

Number of on-center cells 23 7 2 0 1

¢ C includes parvocellular C laminae.
® Control sample includes nine cells not studied quantitatively.

Before APB

L~ [ S UV YT PWT TP Wy PN

Figure 1. A geniculate on-center Y cell’s response before and
after the right eye was injected with APB, On the left is a
poststimulus time histogram showing the cell’s response to a
small light spot (0.75° diameter) turned on for 4 sec (indicated
by horizontal bar) and off for 4 sec. On the right is the cell’s
activity when the same stimulus was presented 45 min after
APB injection; it showed no response. These histograms and
all subsequent ones illustrated were compiled from 10 trials
each. Calibration bars: 50 spikes/sec.

After APB

response [spikes per second}
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cells that we have found in normal LGN (excluding the
parvocellular C layers). Finally, 14 completely unrespon-
sive cells, recognized by an occasional spontaneous spike,
were encountered. Probably many more were overlooked.

Center responses of off-center cells. It was difficult to
tell from casual observations whether off-center cells in
APB-affected laminae were entirely normal in their re-
sponses. In some respects, they seemed so. Most (85 of
98 tested) could be shown to summate linearly or nonlin-
early in response to a counter-phased, square wave grat-
ing. We suspect, but cannot prove, that these corre-
sponded to the X and Y cells found in normal LGN
(Derrington and Fuchs, 1979; So and Shapley, 1979,
1981). In agreement with the reports of these authors
and of Cleland et al. (1971b), linear cells often had
sustained responses, and nonlinear cells almost always
had transient ones. Histograms of the responses of typ-
ical linear and nonlinear cells to a 0.5° light spot, shown
in Figure 2, are qualitatively indistinguishable from ones
obtained from normal LGN.

In our initial recordings in the LGN after APB eye
injections, we had the impression that the responses of
off-center neurons were somewhat depressed. To test
this, the peak responses of 113 off-center cells recorded
after APB injection were compared with those of 61
geniculate cells from control experiments (the latter in-
cluded responses from on-center and off-center cells,
since these did not differ statistically). These are shown
in Figure 3 on the left side. The median peak response
among APB-affected cells was 144 spikes/sec and that
for control cells was 205 spikes/sec (analysis of variance
showed the difference to be significant with p < 0.001).
For the reasons given under “Materials and Methods,”
we consider it unlikely that this decline was due to
nonspecific retinal damage.

On the right side of this figure, the APB-affected
sample is broken down by cell type. Both linearly and
nonlinearly summating cells showed depressed re-
sponses. The least responsive cells (bottom histogram)

A B

]LMM.-._I‘M‘.

response [spikes per second]

d

Figure 2. Responses of two off-center cells to spots and annuli
after APB injection. A, The response of a linearly summating
cell to a 0.5° spot. B, Its on-response to a light annulus with an
inner diameter of 2.1°. C, A nonlinearly summating cell’s re-
sponse to a 0.5° spot. D, Its on-response to a light annulus with
an inner diameter of 2.1°. This response was about as vigorous
as that to center stimulation. Calibration bars: 40 spikes/sec.

D
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Figure 3. Response strength of geniculate cells with and
without APB. Peak response, given in spikes per second, was
taken to be the largest response (averaged over 1/30 sec) that
could be elicited by an optimal spot stimulus. A, Above are peak
responses of 113 off-center cells studied after intraocular APB
injection. The median value was 144 spikes/sec. Below are peak
responses of on- and off-center cells in normal LGN. The
median was 205 spikes/sec. B, The APB-affected sample is
broken down according to cell type. The least responsive cells
generally could not be classified.

remained unclassified, since their responses to gratings
were too poor to indicate whether their summation was
linear.

Latencies from stimulus onset to initial response for
APB-affected cells were the same as for normal genicu-
late cells (the average in both cases was about 100 msec),
so that APB appeared to reduce off-center responses
without delaying them. In addition, responsiveness
(number of spikes per trial) was as consistent in the
APB-affected as in the control sample (analysis of vari-
ance, df = 127).

Off-center cells are normally inhibited by illumination
of the receptive field center, and this was also true of
most cells in the APB-affected LGN (for example, Fig.
2). Some, however, appeared to have abnormally weak,
or possibly no, center inhibition. While a light spot
illuminated the field center they fired in a characteristi-
cally bursty fashion, so that their net activity during this
time was higher than their spontaneous activity. Figure
4 shows the behavior of two such cells. It is hard to
define a borderline between normal and subnormal cen-
ter inhibition, since many off cells in control LGN are
not completely inhibited by a light spot, but about 9 of
81 cells seemed clearly abnormal in this regard. (For the
remainder of our sample information about spontaneous
firing rates was not available; thus, we could not evaluate
receptive field center inhibition.)

Surround responses of off-center cells. So far we have
considered only center responses to spots of optimal size.
Geniculate receptive fields typically have surround in-
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response (spikes per second]

Figure 4. Two off-center cells’ responses after APB injection,
showing abnormally high activity while the light spot was
turned on. Both were putative X cells, having linear summa-
tion. Spot diameter was 1° for A and 1.5° for B. Calibration
bars: 40 spikes/sec.

hibition, so that their responses to larger spots are worse
or completely absent (Hubel and Wiesel, 1961). To see
whether these surrounds were affected by APB, for 110
cells we measured response as a function of spot size.

Most (94 cells) showed the usual decline in response
to spot sizes increased above optimal. Some typical
curves plotting response versus spot size are given in
Figure 5, along with ones from normal geniculate cells.
There is no obvious difference between the normal and
APB-affected cells. To be sure of this, we found the spot
size at which responses had fallen to half of maximum
for each cell and then took the difference between this
and the optimal spot size. This gave us an estimate of
the effectiveness of surround inhibition for each cell. By
this measure, such inhibition was equally strong in these
cells and in 53 cells from control experiments, so that it
appears that most APB-affected off-center cells retain
the normal balance between center excitation and sur-
round inhibition. In addition, there was no significant
increase in the number of cells having little or no sur-
round inhibition.

A question of considerable interest is whether the
surrounds of off-center cells still give on-responses after
APB eye injection. Sixty-six cells were tested with light
annuli, and most (58 cells) were found to have on-
surround responses. Two of these responses are illus-
trated on the right side of Figure 2. On-surround re-
sponses were relatively vigorous, with the median cell’s
response being 39% of its best off-center response. In
Figure 6, surround responses have been plotted as per-
centages of best center responses for both the APB-
affected and control samples; statistically, there is no
difference between the two groups.

Maintained activity. Intraocular APB had no obvious
effect on the maintained firing rate of off-center cells;
the medians for the experimental and control samples
were 7 and 5.3 spikes/sec, respectively. The effect of
APB on on-center cells’ maintained activity was more
difficult to judge. We can at least say that it was dimin-
ished or lost in most cells, since neurons having main-
tained but no evoked activity were rare. However, the
on-center cell illustrated in Figure 1 retained some main-
tained firing 45 min after APB injection.

Discussion

APB proved to be remarkably selective for the on
pathway in the cat, in agreement with Slaughter and
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with APB control
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Figure 5. Curves plotting response as a function of spot size
for five off-center cells affected by APB and five cells from
normal LGN. Each cell was tested with eight different spot
sizes (their diameters are given on the abscissa). All show
surround inhibition, with diminishing responses to large spots.
The curves from normal and APB-affected LGN are indistin-
guishable.

Miller’s (1981) findings in the mudpuppy. In neither the
optic tract nor the LGN were cells with clear on-center
responses encountered after the drug was injected intra-
ocularly. Most of the cells that could be driven in the
LGN (91%) had responses and receptive field character-
istics that were qualitatively indistinguishable from
those of normal off-center cells.

The most obvious interpretation of these results is
that APB inactivates on-center retinal ganglion cells
and, consequently, on-center geniculate cells. That this
happens in the retina has been confirmed by J. Bolz, H.
Wassle, and P. Thier (submitted for publication). Re-
garding the LGN, however, we cannot rule out the pos-
sibility that some on-center cells are not inactivated but
only lose their on-center responses. If they simply re-
tained their excitatory off-surrounds, one would expect
to find that some responsive cells in the LGN had no
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Figure 6. Excitatory surround response as a percentage of
center response for cells from APB-affected (upper histogram)
and control (lower histogram) LGN. Each cell’s response to an
optimal annulus is expressed as a percentage of its response to
an optimal center spot. Center responses were strong for most
cells; the median percentages were 39% for the APB-affected
sample and 45% for the control sample. Surround responses
appeared to be equally vigorous in the two samples.

surrounds, excitatory or inhibitory, and responded best
to large off stimuli; these would be the predicted char-
acteristics of the surviving off-surrounds. We did not
find such a class of cells, however. If on-center cells
remained responsive, they must have somehow acquired
the receptive field organization of off-center cells. We
view this as exceedingly unlikely. First, it is improbable
that such cells receive afferents that would enable them
to give vigorous off-center responses. There is good evi-
dence that off-center retinal axons do not have any direct
input to on-center geniculate cells. Whenever both a
geniculate cell and its retinal afferent have been studied
simultaneously, the two have been found to be of the
same center type (Hubel and Wiesel, 1961; Cleland et
al., 1971a, b; Singer et al., 1972; So and Shapley, 1981).
In addition, the interpretation described above is unap-
pealing theoretically, since one must postulate the exist-
ence of inputs to each geniculate cell that would only
function in the unlikely event that on-center retinal cells
were Inactivated.

The small population of abnormal, poorly responsive
cells found in the LGN after intraocular APB injections
might correspond to on-center cells that had not been
entirely inactivated. However, they might equally well
have been off-center cells whose retinal inputs were, for
unknown reasons, affected by the drug. From the point
of view of the cortex, these cells were probably of little
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significance, since their responses were so poor that it is
hard to imagine them driving cells in area 17.

The situation in the retina closely resembles that in
the LGN. Both our limited optic tract recordings and the
more extensive results of J. Bolz, H. Wassle, and P.
Thier (submitted for publication) indicate that the re-
sponses of off-center retinal ganglion cells are somewhat
depressed by APB, although their receptive field prop-
erties remain normal. The only change in the retina
reported by Bolz et al. that was not also obvious in our
geniculate recordings was an increase in maintained ac-
tivity. The close agreement between the results of the
two studies is reassuring, since the methods used were
quite different. Bolz et al. iontophoresed APB onto a
small patch of retina, and they were able to study single
cells before and during application of the drug. Thus,
they avoided the major drawback of our approach, the
necessity of comparing samples of experimental and
control cells.

Our main finding, that on-center responses in the LGN
are lost, agrees with Schiller’s (1982) results in the mon-
key and Knapp and Mistler’s (1982) in the rabbit. In
these animals, however, in contrast to our results in the
cat, no consistent reduction in off-center cell responses
was observed. Since these authors used a different tech-
nique (continuous perfusion of the vitreal cavity with a
solution containing APB), it is difficult to say whether
the discrepancy reflects an actual species difference.

A more perplexing difference between the monkey and
the cat concerns the sensitivity of different cell types to
APB. In the monkey, cells in the magnocellular laminae
are markedly more resistant to APB than ones in the
parvocellular laminae (Schiller, 1982). Magnocellular
cells have been considered homologous to Y cells on the
basis of their response latencies to optic chiasm shock,
their temporal response properties, and their field sizes
(Dreher et al., 1976; Sherman et al., 1976; Schiller and
Malpeli, 1978). Therefore, we searched the cat’s LGN,
including layer C and the medial interlaminar nucleus,
for a population of APB-resistant cells showing nonlin-
ear, Y-like summation, but we could find none. Similarly,
there were no clear differences in the effects of APB on
off-center cells that summated nonlinearly as opposed to
those that summated linearly. Assuming that these cor-
responded to Y and X cells, respectively (excluding those
found in the C layers, which might be confused with W
cells; Sur and Sherman, 1982), we would conclude that
APB in the cat does not have differential effects on these
two cell classes.

It is particularly interesting that the on-surrounds of
off-center geniculate cells appeared to be as responsive
as normal. Evidently, on-center retinal afferents make
no major excitatory contribution to these surrounds.
There was also no obvious contribution from these affer-
ents to surround inhibition, although we did not distin-
guish between the effect of the more central, antagonistic
surround and that of the peripheral, purely suppressive
surround (Cleland et al., 1971b; Levick et al., 1972); it is
quite plausible that the latter normally does receive on-
center inhibition (see, for example, Singer et al., 1972).
The case regarding the excitatory surround responses of
on-center cells appears to be similar. As mentioned
above, we could find no evidence that off-surrounds



380

survived APB injections, which suggests that these do
not receive a major driving input from off-center retinal
afferents. Thus, the essential features of retinal and
geniculate center-surround organization appear to de-
pend upon only one class, on or off, of bipolar cells.

In summary, following APB eye injection the genicu-
late population consisted of off-center cells having essen-
tially normal receptive fields, and a small number of
poorly responsive, abnormal cells. These results provide
the groundwork for interpreting changes in receptive
field properties found in area 17 after intraocular APB
injection, as described in the following paper (Sherk and
Horton, 1984).
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