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Temporal Interactions in the Cat Visual System. Ill. Pharmacological 
Studies of Cortical Suppression Suggest a Presynaptic Mechanism 
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When tested with pairs of brief visual stimuli, neurons of the 
primary visual cortex of the cat show a long-lasting, orien- 
tation-selective suppression, termed “paired-pulse sup- 
pression.” The hypothesis that this suppression is due to 
GABA,-mediated inhibition was tested by performing tem- 
poral interaction tests before, during, and after iontophoretic 
application of the selective antagonist bicuculline methio- 
dide (BMI). In keeping with previous reports, BMI elevated 
the spontaneous and evoked firing rates of cortical neurons, 
and altered basic receptive field properties. Under the influ- 
ence of BMI, most neurons showed a reduced or abolished 
selectivity for stimulus orientation and direction of move- 
ment. The effects on orientation selectivity required higher 
ejection currents than did the effects on directional selec- 
tivity. At high ejection currents, most cells did lose selectivity 
for the orientation of a moving stimulus, but retained some 
selectivity for the orientation of a stationary stimulus. BMI, 
even at very high ejection currents, did not abolish paired- 
pulse suppression. In some cells, BMI enhanced or pro- 
longed paired-pulse suppression. In further experiments, 
temporal interaction tests were performed in which one or 
the other of the component stimuli was replaced with a phar- 
macological stimulus (a pulse of glutamate or potassium). 
A pharmacological stimulus did not produce suppression of 
the response to a subsequent visual stimulus, nor did a 
visual stimulus suppress the response to a subsequent phar- 
macological stimulus. Paired-pulse suppression occurred 
only when both stimuli were visual. Taken together with pre- 
vious results, the present data indicate that paired-pulse 
suppression is most likely due to a presynaptic mechanism. 

The apparent orientation of a visual contour is inlluenced by 
the presence of other contours at neighboring locations or at the 
same location but preceding it in time. In particular, when 2 
similar but not identical orientations are viewed, either simul- 
taneously or consecutively, the apparent angular separation be- 
tween them is increased. This enhancement of orientation con- 
trast is common to a number of visual illusions, such as the tilt 
illusion and aftereffect and the geometric illusions of Hering, 
Zollner, Poggendorf, and others. Several authors have suggested 
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that the mechanism underlying these phenomena is lateral in- 
hibition between visual cortical neurons subserving similar ori- 
entations (Blakemore et al., 1970; Carpenter and Blakemore, 
1973; Nelson, 1985). In most of these reports, it is assumed that 
the function of this inhibition is to sharpen orientation tuning. 
In an accompanying paper, it was shown that neurons in the 
primary visual cortex of the cat show an orientation-selective 
suppression (referred to as “paired-pulse suppression”), which 
is similar in time course and in orientation and spatial tuning 
to the proposed lateral inhibition (Nelson, 199 1 a). In the present 
study, pharmacological techniques were employed in an attempt 
to learn more about the mechanism underlying the suppression. 
In particular, the hypothesis that it results from a postsynaptic 
inhibitory process was tested by applying bicuculline methio- 
dide (BMI), which selectively and reversibly blocks the acti- 
vation of cortical GABA, receptors (Curtis and Felix, 1971; 
Sillito, 1975a). 

Previous studies have demonstrated that the blockade of bi- 
cuculline-sensitive GABA receptors impairs or abolishes the 
orientation selectivity of most of the neurons in the primary 
visual cortex (Daniels and Pettigrew, 1973, 1975; Blakemore 
and Rose, 1974; Sillito, 1975b, 1979; Tsumoto et al., 1979; 
Sillito et al., 1980b). However, the effects ofbicuculline (or BMI) 
are not limited to orientation selectivity. It has also been re- 
ported to alter end-stopping (Daniels and Pettigrew, 1975) oc- 
ular dominance (Sillito et al., 1980), direction selectivity (Sillito, 
1977) and the spatial organization of on and off responses (Sil- 
lito, 1975b). In most of these studies, the changes in receptive 
field properties were accompanied by an increase in the spon- 
taneous and evoked discharge. Although the major focus of the 
present study was the effect of BMI on paired-pulse suppression, 
the effects of BMI on orientation and direction selectivity and 
on the magnitude of spontaneous and evoked activity were also 
monitored. This served 2 functions: First, it helped to confirm 
that BMI was being effectively applied. Second, it offered a 
chance to test the hypothesis that paired-pulse suppression is 
caused by a lateral inhibitory mechanism whose function is to 
sharpen orientation tuning. If this hypothesis were correct, a 
given dose of BMI applied to a particular neuron should broaden 
the orientation tuning and block paired-pulse suppression to a 
similar degree. The results suggest that this hypothesis is not 
correct. BMI does not block paired-pulse suppression in most 
neurons and, in some neurons, actually enhances it. BMI does, 
however, as previously reported, broaden cortical orientation 
selectivity. 

A second test of the hypothesis that paired-pulse suppression 
is due to postsynaptic inhibition was performed by substituting 
an excitatory pharmacological stimulus (a pulse of glutamate or 
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potassium) for the visual test stimulus used to measure paired- 
pulse suppression. The reasoning behind this experiment was 
that, if paired-pulse were accompanied by a hyperpolarization 
of the cell membrane, this should equally affect the response to 
iontophoretic and visual stimuli. If, on the other hand, the sup- 
pression is presynaptic in origin, the response to the ionto- 
phoretic stimulus should be unaffected. This was, in fact, ob- 
served. Although this experiment cannot rule out the possibility 
of postsynaptic inhibition that is electrotonically remote from 
the cell soma, the most straightforward interpretation is that the 
suppression is presynaptic in origin. 

Materials and Methods 
Extracellular recordings were obtained from 8 paralyzed, anesthetized 
adult cats. Details of the anesthesia, surgical preparation, visual stim- 
ulation, and data analysis are described in an accompanying paper (Nel- 
son, 199 1 a) and therefore are described here in abbreviated form. Sur- 
gical preparation was performed under ketamine anesthesia supplemented 
with barbiturate. Recording was performed under barbiturate anesthe- 
sia. Animals were paralyzed with gallamine triethiodide and artificially 
respirated. Nictitating membranes were retracted with Neo-Synephrine 
and accommodation was paralyzed with atropine. Plastic contact lenses 
of appropriate curvature were used to prevent drying and to focus the 
eyes on the stimulus display monitor 57 cm away. 

Recording and iontophoresis 
Micropipettes were pulled on a Kopf 700D puller from 3-barreled glass 
blanks (World Precision Instruments [WPI]). Tips were broken back to 
a total diameter of 5-7 pm, which meant that the tip of each barrel had 
an inner diameter of l-2 pm. In all experiments, 2 barrels were filled 
with drugs. In 3 experiments, recordings were made through the third 
barrel, which was filled with 1.5 M Na+ acetate. In the remaining ex- 
periments, a separate lacquer-insulated tungsten electrode (Haer) was 
attached to the micropipette with cyanoacrylate. By bending the tip of 
the micropipette at the time of pulling, the tips of the recording electrode 
and micropipette were brought to between 30 and 100 hrn of each other. 
The following solutions were used: 0.5 M GABA (Sigma; pH, 3.5), 0.2 
M glutamate (Sigma; pH, 8.0), 0.01 M bicuculline methiodide (Sigma) 
in 0.165 M NaCl at pH 3.5, and 1.5 M KC1 (pH, 7.4). Fresh solutions 
were prepared for each experiment. 

Iontophoretic current was supplied by a constant current source (WPI 
microiontophoretic current programmer 260) under manual or com- 
puter control. For the ejection of drugs, a lO-15-nA backing current 
was switched off, and an ejection current of the appropriate polarity 
(positive for GABA, BMI, or KCI; negative for glutamate) was switched 
on. No balancing currents were used. 

Visual stimulation 
Upon isolating a single unit, its receptive field was mapped by hand 
using projected bars and spots of light. Cells were classified as simple 
or complex based on the presence or absence of spatially discrete on 
and off responses to hand-held stimuli. Quantitative testing was per- 
formed using a computer-controlled Picasso image synthesizer (for de- 
tails, see Nelson, 199 la). The orientation and direction selectivity of 
each cell were tested concurrently by measuring the response to moving 
bars presented at each of 12 directions, spaced 30” apart. The size and 
speed of the bars were adjusted to be optimal for each cell studied. Each 
trial was repeated 5-20 times in a randomly interleaved fashion. Tem- 
poral interactions were measured using stationary bars of optimal size 
and orientation presented at the most responsive region within the 
receptive field. Each trial consisted ofa ZOO-msec test stimulus presented 
either alone (control condition) or following a 200-msec condition stim- 
ulus. Most cells were tested at condition-test interstimulus intervals 
(ISIS) of 200,400, and 600 msec. Each trial was repeated 20 times. For 
some cells, the orientation tuning of the paired-pulse suppression was 
studied by varying the orientation of the condition stimulus while con- 
tinuing to present the test stimulus at the cell’s preferred orientation. 

Response analysis 
The response measure used both in orientation/direction and in tem- 
poral interaction tests was the firing rate during the most responsive 
1 00-msec period minus the spontaneous activity. The degree of direc- 

tional selectivity exhibited by a cell was assessed by calculating a di- 
rectionality index (DI). This index was the ratio of the response in the 
null direction to that in the preferred direction. A value of 1 .O indicated 
a lack of directional tuning, and a value of 0 indicated a complete 
suppression of the response in the null direction. For a given cell, the 
preferred direction was defined with respect to the responses obtained 
in the absence of applied drugs. Thus, indices calculated from responses 
obtained under the influence of BMI were occasionally greater than 1 .O, 
indicating a reversal of the preferred direction. Orientation selectivity 
was assessed by calculating the half-width at half-height of the orien- 
tation tuning curve. When moving stimuli were used, the maximum 
half-width was 180”. When stationary stimuli were used, the maximum 
half-width was 90”. Tuning curves that had an apparent half-width of 
greater than the maximum (i.e., for which the response never fell below 
half-maximal) were considered to be unoriented. Temporal interactions 
were evaluated by calculating a temporal interaction index, defined as 
the ratio of the response to the test stimulus, when preceded by a con- 
dition stimulus, to that obtained when the test stimulus was presented 
alone. 

Procedure 
Zontophoretic blockade of inhibition. After measuring the orientation 
and direction selectivity and the degree of paired-pulse suppression for 
a given cell, BMI was applied iontophoretically. In a little over half of 
the cells studied, the initial BMI dose was calibrated using the procedures 
outlined by Sillito (1975a). A dose of GABA that completely suppressed 
spontaneous and evoked activity was first applied (4-20 nA), then the 
BMI current was increased until the effect of the applied GABA was 
completely blocked. At this dose of BMI (usually 15-20 nA), modest 
increases in the GABA current usually had no effect. The visual tests 
described above were then repeated while the BMI application was 
maintained. The BMI current was then discontinued, and the cell was 
allowed to recover (5-45 min) before the tests were repeated. In almost 
all cells, the effects of BMI were fully reversible. In most cells, the tests 
were then repeated, this time with a BMI current that was 2-5 times 
the initial dose. This dose was reduced when necessary to prevent the 
epileptiform bursting that was sometimes observed with high currents 
applied for long ejection periods. For some cells, the high dose of BMI 
was begun immediately following the low dose, without the intervening 
recovery period. The tests were then repeated a final time after another 
recovery period. In many cells, the entire sequence was repeated. For 
the cells that were not studied with GABA, the BMI dose was adjusted 
to produce maximal changes in spontaneous and evoked activity with- 
out producing epileptiform bursting. For the purposes of comparison, 
the dose of BMI that reversed the actions of applied GABA is referred 
to as the low dose, and the dose that produced maximal effects without 
causing epileptiform bursting is referred to as the high dose. 

Interaction of masking with iontophoretically applied glutamate and 
KCI. In 2 experiments, the firing rate of recorded neurons was artificially 
elevated with glutamate or potassium (KCl). In some cases, constant 
currents of glutamate were used to mimic the effects of BMI on spon- 
taneous and evoked firing. The magnitude of the current was adjusted 
to bring the spontaneous activity to the desired level, and tests were 
performed while the current was maintained. In other cases, short pulses 
of either KC1 or glutamate were ejected under computer control in order 
to mimic the effects of visual stimulation. In these cases, the current 
was chosen to bring the cell as close as possible to the average rate of 
firing during stationary visual stimulation. In most cases, it was nec- 
essary to make the current pulses somewhat longer than the visual 
stimuli with which they were being compared, because the cell’s response 
to the applied glutamate or KC1 had a slower time cottrse. 

Results 
Efects of BA4I on the magnitude of spontaneous and evoked 
activity 
The effects of BMI were studied in 42 neurons that could be 
held for a period sufficient to allow full testing as described 
above. Contrary to some previous reports (Daniels and Petti- 
grew, 1975; Sillito, 1975b), no systematic differences were ob- 
served in the effects of BMI on cells classified as simple or 
complex, and therefore the results from both types of cells are 
considered together. Figure 1 illustrates the effects of applied 
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GABA and BMI on visual responsiveness. Figure 1A shows the 
response of one cell to a 200-msec flash of a stationary light bar 
in the absence of applied drugs. The cell’s response to the same 
stimulus during iontophoresis of GABA at a current of 10 nA 
is shown in B: The response was essentially eliminated. Figure 
1C shows the response when 10 nA of GABA and 16 nA of 
BMI were applied concurrently. This dose was sufficient to just 
counteract the effects of the applied GABA: The response was 
about equal to that seen in A. At this dose of BMI, a 2-fold 
increase in the GABA current had little effect. Switching off the 
GABA current, however, did produce an elevation in the evoked 
and spontaneous activity (cf. Fig. 8B). Figure 1D shows the 
response under the same conditions except that the BMI current 
was increased to 40 nA: Both the visually evoked response and 
the spontaneous activity were increased (note the difference in 
scale). When the ejection currents were discontinued, the re- 
sponse of the cell (not shown) recovered and was nearly identical 
to that shown in A. 

GABA suppressed the visual and spontaneous activity of each 
of 22 neurons tested. In each case, the effects were reversed by 
BMI. BMI alone increased the spontaneous and evoked activity 
in all 42 of the cells tested. Responses of 18 cells were fully 
tested before, during, and after both low and high ejection cur- 
rents of BMI (see Materials and Methods). The effects of the 2 
doses on spontaneous activity and peak firing rate (during vi- 
sually evoked activity) are shown in Figure 2. Note that the low 
dose of BMI produced a substantial increase in both the spon- 
taneous and peak evoked activity, and that the high dose pro- 
duced further increases. 

Effects of BMI on direction and orientation tuning 

BMI had marked effects on the orientation and direction selec- 
tivity of nearly all cells tested. No systematic differences were 
noted in the effects on simple and complex cells. An example 
of the effects of BMI on orientation and direction selectivity is 
illustrated in Figure 3 for the same cell shown in Figure 1. Figure 
3A shows the results obtained prior to drug ejection. The ori- 
entation half-width and DI calculated from this tuning curve 
were 18” and 0.13, respectively. The tuning curve shown in B 
was obtained after the low dose of BMI (16 nA). For this cell, 
there was very little broadening of the orientation half-width 
(25”), but a dramatic loss of direction selectivity (DI = 0.8). 
When the ejection current was increased to 40 nA, the cell 
responded essentially equally to all directions of movement (Fig. 
3C). After discontinuing the ejection current, the orientation 
and direction selectivity of the cell returned to normal (D). 
Figure 4 shows the changes in orientation half-width and the 
DI that occurred in each of the 18 cells tested at both high and 
low BMI currents. Note that, for most cells, the loss of direc- 
tional tuning occurred at the low dose. In contrast, the low dose 
produced only a moderate change in the orientation half-width 
of most cells (the mean changed from 33” + 6” to 57” f 9”). 
Although a complete loss of orientation tuning was observed in 
most cells, it occurred only with long periods of high ejection 
currents. The effects of high BMI currents on orientation and 
direction selectivity were tested on a total of 35 neurons. The 
changes in orientation and direction selectivity are summarized 
for the entire sample in Figure 5. 

The observations described above refer to the responses to 
moving stimuli. During the course of testing the effects of BMI 
on the orientation dependence of paired-pulse suppression (see 
below), 16 cells were tested with stationary stimuli at various 
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Figure I. The effects of GABA and 2 doses of BMI on visual respon- 
siveness. A, Visual response of a cortical complex cell to a 200-msec 
flash of a light bar of optimal size and orientation. B, Response of the 
same cell to the same stimulus but during application of 10 nA GABA. 
C, Response as in B but during simultaneous application of 10 nA 
GABA and 16 nA BMI (low dose). Note that the effects of the applied 
GABA are effectively antagonized by this current of BMI. A 2-fold 
increase in the GABA current (not shown) caused little change in re- 
sponsiveness. D, As in C, but BMI current has been increased to 40 nA 
(high dose). Further increases in BMI current produced abnormal burst- 
ing in this cell. Each histogram contains the summed responses to 20 
trials. Bins are 10 msec. 
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Figure 2. Effects of low and high ejection currents of BMI on spon- 
taneous and visually evoked activity. A, Effects on spontaneous activity 
(measured during a separate period at the beginning and end of each 
temporal interaction and orientation test). B, Effects on peak visually 
evoked firing rate. Each histogram shows individual results (solid bars) 
and mean +- SEM (hatched bars) for 18 cells tested before, during, and 
after 2 doses of BMI (low and high, defined as in Fig. 1 and Materials 
and Methods). The solid bars in corresponding positions (first through 
eighteenth) within each of the 3 conditions (normal, low dose, high 
dose) are results obtained from an individual cell. 

orientations. Surprisingly, the effects of a high dose of BMI on 
orientation selectivity were much less dramatic when that selec- 
tivity was measured with stationary stimuli rather than moving 
stimuli. Most cells, when tested with high BMI currents, re- 
sponded at least half as well to the orthogonal orientation as 
they did to the preferred orientation, if the bars were moving. 
When stationary stimuli were used, however, most cells con- 
tinued to show a greatly reduced response to the orthogonal 
orientation, relative to the preferred. Figure 6 shows an example 
of the responses to stationary and moving stimuli obtained from 
the same cell using the same ejection currents of BMI. The 
responses to the moving stimuli were obtained first and show 
a complete loss of selectivity. The responses to stationary stimuli 
were obtained during a temporal interaction test performed right 
after the orientation/direction test. Although there is a response 
to the orthogonal stimulus, it is quite small relative to the pre- 
ferred stimulus. Figure 7 shows the degree of broadening ob- 
served in 16 cells treated with high currents of BMI and tested 
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Figure 3. Example of BMI’s effects on orientation and direction se- 
lectivity: responses of cell shown in Figure 1 to bars of optimal size (8” 
x 0.57 and speed (5Vsec) moved in each of 12 equally spaced directions. 
Tuning curves are constructed from the mean and SEM of 5 repetitions 
(solid lines with error bars). Dashed lines indicate spontaneous firing 
rate. A, Prior to ejection of BMI. B, During ejection of low (16 nA) 
current of BMI. Note elevation of spontaneous and evoked firing rates 
and loss ofdirection selectivity, but little effect on orientation selectivity. 
C, During ejection of high (40 nA) current of BMI. Note relatively equal 
response to all directions. D, Ten min after cessation of BMI. Level of 
responsiveness and degree of orientation and direction selectivity have 
returned to values quite close to those in A. 

with stationary stimuli. Comparison with Figure 4 reveals that 
the effects of BMI on orientation tuning were much less dramatic 
when cells were tested with stationary stimuli than with moving 
stimuli. 
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Figure 4. Effects of BMI on orientation and direction selectivity in 18 
cells tested with low and high ejection currents. A, Effects on half-width 
at half-height of orientation tuning curves (like those shown in Fig. 3). 
Note the more modest effects of the low dose. B, Effects on DI (see 
Materials and Methods). Note the relatively equal effects of the low and 
high doses. All other conventions are as in Figure 2. 

Efects of BMI on paired-pulse suppression 

For most cells studied, the effects of BMI on paired-pulse sup- 
pression were much more modest than the effects on the mag- 
nitude of spontaneous and evoked activity and on selectivity 
for the orientation and direction of a moving stimulus. Figure 
8 illustrates the results of temporal interaction tests performed 
on the same cell as is shown in Figures 1 and 3. Figure 8A shows 
the response obtained during a temporal interaction test per- 
formed prior to ejection of drugs. Note that the response to the 
test stimulus is suppressed relative to that of the identical con- 
dition stimulus that precedes it. This masking suppression per- 
sisted during ejection of 16 nA of BMI (Fig. 8B) and during the 
higher dose of 40 nA (C). Figure 8D shows responses obtained 
15 min after BMI was discontinued. The results obtained from 
18 cells tested for paired-pulse suppression during both low and 
high BMI ejection currents are shown in Figure 9. Although 
there were several cells that showed a decrease in suppression 
under BMI (i.e., an increase in the temporal interaction index), 
a larger number of cells actually showed increased suppression 
under BMI (i.e., a decrease in the temporal interaction index). 

Half width 
oriented 

Directionality Index 

Figure 5. Effects of high BMI ejection currents on orientation and 
direction selectivity. Histograms show the half-widths (A, B) and DIs 
(C, D) obtained before (A. C) and during (B, D) ejection of high BMI 
currents (30-120 nA) for all 35 cells tested. Data from 7 additional cells 
for which testing was incomplete have been excluded. 

Two examples of this enhancement are shown in Figure 10. The 
histograms shown in Figure 10, A and B, illustrate the response 
of one cell before (A) and during (B) a low dose (20 nA) of BMI. 
At this dose of BMI, the evoked activity increased by about 
50%, and the spontaneous activity nearly doubled. Responses 
of a second cell are shown in Figure 10, C and D. This cell 
showed little paired-pulse suppression when tested at an IS1 of 
400 msec, prior to ejection of BMI. When tested at the same 
ISI, but during a high dose of BMI (60 nA), the cell showed 
pronounced suppression. 

A total of 42 cells were tested at the high dose of BMI, in- 
cluding the 18 cells shown in Figure 9 and 24 cells tested only 
at the high dose. Figure 11 summarizes the changes in paired- 
pulse suppression that occurred during the ejection of high BMI 
currents for all cells tested. For each cell, the value given is the 
temporal interaction index obtained prior to BMI minus the 
temporal interaction index obtained during BMI. Figure 11A 
shows the results for temporal interaction tests performed with 
an IS1 of 200 msec. Although the distribution is peaked near 0, 
it is slightly skewed towards positive values. The mean temporal 
interaction index prior to BMI (58.8 f 4.3) was, in fact, not 
significantly higher (0.10 > p > 0.05; 2-tailed paired t test) than 
the mean temporal interaction index during BMI (48.7 f 4.7). 
Figure 11 B shows the results for masking tests performed with 
an IS1 of 400 msec. The enhancement of paired-pulse suppres- 
sion under BMI was more marked for these tests. (Mean tem- 
poral interaction indices were 78.5 f 3.4 prior to BMI and 58.5 
f 4.8 during BMI; p < 0.001; paired t test). A smaller number 
of cells tested at an IS1 of 600 msec showed an enhancement of 
paired-pulse suppression that was intermediate between that 
seen at 200 and at 400 msec. 

In 15 cells, the orientation dependence of paired-pulse sup- 
pression was assessed before, during, and after BMI. Three ex- 
amples are shown in Figure 12. For 6 cells, like that shown in 
Figure 12A, BMI led to a broadening of the orientation selec- 
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Figure 6. Example of differential effects of BMI on orientation tuning 
for moving and stationary stimuli. The left column of histograms shows 
responses obtained prior to BMI. The right column of histograms shows 
responses obtained during high ejection current of BMI (85 nA). The 
stimulus is indicated in the upper right-hand corner of each histogram. 
Arrows indicate moving stimuli; bars without arrows indicate stationary 
stimuli. Note that a longer period is shown for the responses to moving 
stimuli (1.0 set) than for those to stationary stimuli (0.4 set). For all 
histograms, each bin is 10 msec. The stimulus markers below each 
histogram indicate the time during which the stimulus was present 
within the receptive field. A, Responses to preferred direction of move- 
ment. B, Responses to direction orthogonal to the preferred. C, Re- 
sponses to stationary stimulus at preferred orientation. D, Responses 
to stationary stimulus at orthogonal orientation. Note that BMI appears 
to have a greater effect on the selectivity for moving stimuli (A vs. B) 
than for stationary stimuli (C vs. D). 

tivity of the response to the condition stimulus, but little change 
in depth or tuning of the suppression. The cell shown in B was 
unusual in that the magnitude of the suppression decreased. For 
this cell, the tuning of both the condition response and the 
suppression of the test response broadened. This was true of 7 
cells tested, though for most cells, the change in the excitatory 
tuning (measured from the condition response) was greater than 
the change observed in the suppressive tuning curve. In the 
remaining 2 cells tested, the excitatory half-width increased, but 
there was actually a small decrease in the suppressive half-width. 
As noted above, some cells showed an increase in paired-pulse 
suppression under BMI. The cell shown in Figure 12C, for ex- 
ample, showed only minimal suppression when tested prior to 
BMI or after recovery from BMI, but displayed a broadened 

”  

Normal BMI 

Figure 7. Effects of high BMI currents on orientation selectivity for 
stationary stimuli: individual observations (solid bars) and mean + SEM 
(hatched bars) for 16 cells tested with stationary stimuli presented at 6 
equally spaced orientations. Half-widths were calculated as for moving 
stimuli except that the maximum half-width was 90” instead of 180”. 
(Note that assigning a value of 180” to the 2 cells shown as having half- 
widths of 90” during BMI would increase the mean half-width only 1 l”.) 
Other conventions are as in Figures 2 and 4. Note that the increase in 
half-width is less when measured with stationary stimuli than when 
measured with moving stimuli. All but 1 of the cells included in this 
histogram were also tested with moving bars (data included in Fig. 5). 
Comparison with Figure 5 reveals that the increase in half-width ob- 
served during high currents of BMI is less when measured with sta- 
tionary stimuli than when measured with moving stimuli. 

excitatory response and powerful suppression when tested dur- 
ing BMI ejection. 

In summary, BMI had its greatest effects on the responses to 
moving stimuli, smaller effects on the orientation selectivity of 
the response to stationary stimuli, and minimal effects on the 
magnitude and orientation dependence of paired-pulse sup- 
pression. 

Interactions between paired-pulse suppression and 
pharmacological excitation 
In 6 cells, the effects of elevated discharge rate on paired-pulse 
suppression and orientation and direction selectivity were tested 
by iontophoresing glutamate at levels that mimicked the in- 
crease in discharge produced by BMI. In no case did the glu- 
tamate alter the degree of suppression exhibited by the cell. 
Orientation and direction selectivity were not tested quantita- 
tively under these conditions, but qualitative testing revealed 
no obvious changes in receptive field organization. Previous 
studies have also reported that elevation of spontaneous activity 
does not, in and of itself, alter the selectivity of cortical neurons 
(Sillito, 1979). 

A question of more direct relevance to understanding the 
mechanism of paired-pulse suppression was whether or not one 
or more components of the effect could be mimicked using 
pulses of glutamate or KC1 instead of visual stimuli to excite a 
cortical neuron. Three different mechanisms that could con- 
ceivably underlie paired-pulse suppression lead to different pre- 
dictions about the effect of replacing either the condition or the 
test visual stimulus with a pharmacological stimulus. First, if 
the suppression results from a postsynaptic process that is di- 
rectly coupled to the degree of postsynaptic excitation (e.g., 
inactivation of Na+ conductances, or afterhyperpolarization), 
then the suppression of the response to a visual test stimulus 
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Figure 8. Example of paired-pulse suppression before, during, and 
after BMI: temporal interaction tests performed on same neuron shown 
in Figures 1 and 3. Condition and test stimuli were 200-msec flashes 
(indicated by stimulus markers below each histogram) of an optimally 
oriented light bar. A, Temporal interaction test performed prior to BMI 
ejection. Note the reduction of the initial on transient in the response 
to the test stimulus (second stimulus) as compared to the response to 
the condition stimulus (first stimulus). B, Temporal interaction test 
performed during low dose (16 nA) of BMI. Suppression of test response 
is slightly less than in A, but still evident. C, Temporal interaction test 
performed during high dose (40 nA) of BMI. D, Temporal interaction 
test performed 15 min after cessation of BMI. 

should be equivalent regardless of whether the condition stim- 
ulus is visual or a pulse of glutamate or KCl. Second, if the 
suppression results from a visually activated postsynaptic in- 
hibitory process, it might be expected that, following a visual 
condition stimulus, the sensitivity to iontophoresed glutamate 

Figure 9. Effects of low and high BMI ejection currents on paired- 
pulse suppression. Temporal interaction indices (see Materials and 
Methods) were obtained from 18 cells tested at a condition-test IS1 of 
200 msec before and during low and high ejection currents of BMI. 
Conventions are as in Figures 2, 4, and I. Hatched bars show mean f  
SEM; solid bars show individual observations. 

or KC1 should be reduced by an amount comparable to that by 
which the response to a visual test stimulus is reduced. Thus, 
in this case, there should be no suppression following a phar- 
macological condition stimulus, but following a visual condition 
stimulus, there should be equal suppression of a visual or phar- 
macological test stimulus. Finally, if the suppression results from 
a presynaptic process, it should occur only when the condition 
and test stimuli are both visual and activate the same presynap- 
tic pathway; postsynaptic activation of the cell with potassium 
or glutamate should fail to suppress a subsequent visual test 
stimulus and should itself not be suppressed by a preceding 
visual condition stimulus. 

The effect of replacing the visual condition stimulus with a 
pulse of glutamate was tested in 7 neurons, all of which showed 
suppression when tested with visual stimuli. In most cases, the 
glutamate pulse had to be longer than the visual stimulus in 
order to achieve a similar peak response. In each case, there 
was no suppression of the test response by a preceding pulse of 
glutamate, and in 4 cases, there was enhancement. An example 
is shown in Figure 13. The cell showed pronounced paired-pulse 
suppression when tested with visual stimuli. When the visual 
test stimulus was preceded by a 1-set pulse of glutamate (60 
nA), however, the response was enhanced rather than sup- 
pressed, despite the fact that the glutamate produced an excit- 
atory response of comparable magnitude to that produced by 
the visual condition stimulus. 

The converse experiment, replacing the test rather than the 
condition stimulus with a pulse of glutamate, was performed in 
10 neurons. In 4 additional cells, the test stimulus was replaced 
by a pulse of KCl. Each of these 14 cells showed suppression 
when the test stimulus was visual, but in every case, there was 
no suppression of the response to the pulse of glutamate or KCl. 
An example of one of the cells tested with KC1 is shown Figure 
14. The results of these tests indicate that excitability at the 
region of the cell stimulated by the iontophoretic pulse (pre- 
sumably the soma) remains essentially unchanged during the 
period when visual responses are profoundly suppressed. 

Discussion 
Efects of BMI on the excitability and stimulus selectivity of 
cortical neurons 
The effects of iontophoretically applied BMI on cortical ori- 
entation and direction selectivity observed in the present study 
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Figure 10. Two examples of enhancement of paired-pulse suppression 
during BMI ejection. A and B, Results from 1 cell tested at an IS1 of 
200 msec. Testing prior to BMI ejection revealed only weak suppression 
(A). Suppression was greatly enhanced during ejection of 20 nA of BMI. 
C and D, Temporal interaction tests performed on another cell at an 
IS1 of 400 msec. C, Prior to BMI. D, During 60 nA of BMI. Other 
conventions are as in Figure 8. 

were, for the most part, in agreement with previous reports 
(Daniels and Pettigrew, 1973, 1975; Blakemore and Rose, 1974; 
Sillito, 1975a,b, 1979; Tsumoto et al., 1979; Sillito et al., 1980b). 
BMI disrupted direction selectivity and broadened or abolished 
orientation selectivity. In addition to these effects, it elevated 
the spontaneous and peak evoked discharge rates. Despite these 
general similarities, however, there were important differences 
between the present results and those previously reported. First 
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Figure I I. Change in temporal interaction indices during high BMI 
ejection currents. Histograms show the differences in index (normal - 
high dose BMI) for all cells tested. A value of 0 indicates no change; 
positive values indicate increased suppression during BMI, and negative 
values indicate decreased suppression during BMI. A, Results of 42 cells 
tested at an IS1 of 200 msec. B, Results from 38 of the cells shown in 
A that were also tested at an IS1 of 400 msec. 

of all, BMI had much more modest effects on cortical orientation 
selectivity when currents were restricted to those that antago- 
nized the effects of applied GABA. Although there was, on 
average, nearly a 2-fold increase in the half-width of the ori- 
entation tuning curve at this dose, orientation selectivity was 
completely eliminated in only 1 out of 18 neurons tested. In 
this respect, the present results agree with early reports from 
Blakemore and Rose (1974) and Sillito (1975b), but disagree 
with several later reports (Sillito, 1979; Sillito et al., 198Ob), which 
have reported a higher proportion of cells whose orientation 
selectivity was abolished. One possible interpretation of this 
disagreement is that the partial, rather than complete, loss of 
orientation selectivity reflects an incomplete blockade of GABA, 
receptors. In this view, the more complete loss of orientation 
tuning observed after higher ejection currents was due to a more 
effective blockade of inhibition. It is also possible, however, that 
the effects seen at the high currents reflect a pathological hy- 
perexcitable state. Indeed, the high currents of BMI used in the 
present study were just below those necessary to evoke epilep- 
tiform bursting. Resolution of this issue hinges on the question 
of whether or not visual stimuli can evoke IPSPs in cortical 
neurons during ejection of BMI currents sufficient to block the 
effects of iontophoretically applied GABA. 

The present study employed larger increments in orientation 
(30”) and smaller numbers of repetitions (5) than have been 
employed in some prior studies. This precludes detailed analyses 
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of the fine structure of the resulting tuning curves and may have 
led to a slight underestimation of the sharpness of tuning of the 
most selective neurons, but the impact on the observed results 
would be expected to be subtle relative to the dramatic effects 
observed with BMI. 

An important difference between the present results and those 
previously described is that the effects of BMI on orientation 
selectivity were much less marked when stationary stimuli were 
used than when moving stimuli were used. Previous studies 
have all used moving stimuli. Because moving stimuli traverse 
a greater part of the visual field, they are likely to result in a 
more widespread activation of cortical neurons than are sta- 
tionary stimuli. This may allow for a greater degree of mutual 
excitation between cortical neurons tuned to different orienta- 
tions and, hence, a consequent exaggeration of the effects of 
BMI on orientation selectivity. 

Another effect of BMI observed in the present study was the 
disruption of direction selectivity. These effects differed from 
the effects on orientation in that they were fully expressed at 

-30 0 30 $0 Go 
Orientation 

Figure 12. Effects of BMI on orien- 
tation dependence of paired-pulse sup- 
pression. Orientation dependence of 
paired-pulse suppression was tested by 
varying the orientation of the condition 
stimulus in 30” increments while keep- 
ing the test stimulus at the preferred 
orientation. Solid symbols indicate re- 
sponse to condition stimulus. Open 
symbols indicate responses to test stim- 
ulus. Dashed lines indicate spontaneous 
firing rate. Responses within each graph 
were normalized to the response to the 
test stimulus presented alone. Orien- 
tation of the condition stimulus is shown 
below each graph. Three graphs on the 
left-handside were obtained from 3 dif- 
ferent cells prior to BMI delivery. Three 
graphs on the right-handside were from 
the same cells during ejection of high 
BMI currents. Tuning for the condition 
stimulus response broadened for all 3 
cells. Tuning for the suppression re- 
mained relatively unchanged in A, be- 
came broader and shallower in B, and 
became deeper in C. 

the lower of the 2 doses of BMI used. This is consistent with at 
least one previous report (Tsumoto et al., 1979) that direction 
selectivity is more sensitive to the effects of BMI than is ori- 
entation selectivity. 

The mechanism of orientation-selective suppression 

In an accompanying paper, it was shown that orientation-se- 
lective suppression in the visual cortex cannot be accounted for 
by subcortical mechanisms (Nelson, 199 1 b). The present study 
has demonstrated that the suppression persists, and is even 
enhanced, following both low and high ejection currents of BMI. 
BMI is, of course, limited in its spectrum of action. It blocks 
only postsynaptic inhibition mediated by fast, chloride-depen- 
dent GABA receptors, known as GABA, receptors. GABA also 
activates a second class of receptors, known as GABA, recep- 
tors, which appear to be located both presynaptically, where 
they mediate decreased transmitter release (Bowery et al., 1980) 
and postsynaptically, where they mediate a long-duration, po- 
tassium-dependent IPSP (Dutar and Nicholl, 1988). Although 
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Figure 13. Failure of iontophoretical- 
ly applied glutamate to cause suppres- 
sion. Histograms on the left side dem- 
onstrate the depth and time course of 
paired-pulse suppression for one neu- 
ron. Condition and test stimuli were 
200-msec flashes of an optimally ori- 
ented bar (solidstimulus markers below 
histograms). Histograms on the right 
side illustrate responses obtained when 
the visual condition stimulus was re- 
placed with a 1 -set pulse of 60 nA glu- 
tamate (indicated by dashed lines below 
histograms). In A, the visual test stim- 
ulus was presented alone. In the re- 
maining histograms, the test stimulus 
was preceded by a visual (left) or ion- 
tophbretic (right) stimulus &th an IS1 
of 200 (Bj. 400 (0. or 600 0) msec. 
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the BMI experiments rule out the involvement of GABA, re- 
ceptors in masking suppression, they leave open the possible 
involvement of the GABA, receptor. Recently, the drug pha- 
clofen has been found to be a specific antagonist for this receptor 
(Kerr et al., 1987; Dutar and Nicholl, 1988). In the visual cortex, 
phaclofen has been reported to have mixed excitatory and in- 
hibitory effects on visually evoked activity, but apparently does 
not alter direction or orientation selectivity (Baumfalk and Al- 
bus, 1988). Unfortunately, results of preliminary experiments 
designed to test the possibility that phaclofen might block paired- 
pulse suppression have uncovered irreversible, deleterious ef- 
fects of the drug on the responsiveness of cortical neurons (S. 
B. Nelson, unpublished observations). Another related com- 
pound (Kerr et al., 1988) may perhaps prove more favorable 
for this type of experiment. 

The reason for the enhancement of paired-pulse suppression 
seen following BMI application is unclear. Interestingly, pre- 
vious studies have reported enhancement of presumed GABA,- 
mediated IPSPs following blockade of GABA, receptors (New- 
berry and Nicholl, 1984; Hirsch and Burnod, 1987). The reason 
for this effect is not understood. Two possibilities mentioned in 
the studies cited above are, first, that blockade of GABA, re- 
ceptors leads to an increase in the amount of GABA available 

to stimulate GABA, receptors, or second, that GABAergic in- 
terneurons are themselves inhibited via GABA, receptors and 
are thus disinhibited by blockade of those receptors. It is not 
known whether a similar enhancement occurs for the presynap- 
tic effects of GABA, receptors. 

A second finding of the present study that bears upon the 
question of mechanism is that suppression is not accompanied 
by a reduction in the response to iontophoretically applied glu- 
tamate or KCl. This means that, during paired-pulse suppres- 
sion, the excitability of the soma remains largely unchanged. 
The most straightforward interpretation of this result is that 
paired-pulse suppression is a presynaptic effect, perhaps occur- 
ring at the geniculocortical synapse. The possibility remains, 
however, that the mechanism is postsynaptic, but that it does 
not result in a hyperpolarization of the cell body. One such 
mechanism is the so-called “silent” or “shunting” inhibition 
(see Koch and Poggio, 1985). The receptor type that has been 
hypothesized to mediate shunting inhibition (Sherman and Koch, 
1986), however, is precisely that which was blocked in the pres- 
ent experiments: the GABA, receptor. 

The hypothesis that paired-pulse suppression is presynaptic 
in origin is quite consistent with the spatial specificity of the 
effect observed in an accompanying paper (Nelson, 199 la). A 
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condition stimulus presented at one location within a cell’s re- 
ceptive field frequently does not suppress the response to a test 
stimulus at another location. Such behavior might be expected 
ifthe different receptive field regions were fed by different inputs. 
Also, suppression is often prominent during the tail end of the 
cell’s response to the condition stimulus, a time when the cell 
is firing well above spontaneous rates and hence presumably is 
not hyperpolarized. The idea of a presynaptic mechanism is also 
consistent with the present observation that depolarization of 
the postsynaptic cell with a “condition stimulus” consisting of 
a glutamate pulse failed to mimic the suppressive effects of a 
visual condition stimulus. This type of experiment provides 
further evidence that paired-pulse suppression is not due to 
some form of fatigue of the postsynaptic cell. Taken together, 
these observations argue strongly for a presynaptic, rather than 
postsynaptic, mechanism. Candidate mechanisms include pre- 
synaptic inhibition (Bowery et al., 1980) and presynaptic de- 
pression (for review, see Zucker, 1989), both ofwhich have been 
well described in a number of brain regions. Interestingly, the 
psychophysical studies that predicted the existence of effects 
similar to the suppression demonstrated in this and a previous 
paper suggested that the mechanism might be presynaptic. This 
suggestion was made to account for the fact that the inhibitory 
effect appeared to be divisive, rather than subtractive, in nature; 
that is, it seemed to involve a decrease in the gain of excitatory 
inputs (Carpenter and Blakemore, 1973). 

Figure 14. Lack of effect of visual con- 
dition stimulus on response to ionto- 
phoretically applied KCl. The leff his- 
tograms show result of a temporal 
interaction test. The right histograms 
illustrate results obtained when the vi- 
sual test stimulus was replaced with a 
400-msec pulse of 50 nA KC1 (dashed 
lines below histograms). Solid stimulus 
markers below histograms indicate vi- 
sual stimuli. A, Responses to visual (left) 
and KC1 (right) test stimuli when pre- 
sented alone. B-D, Test stimuli are pre- 
ceded by a visual condition stimulus at 
ISIS of 200 (B), 400 (C), and 600 (0) 
msec. This cell showed suppression at 
all ISIS when the test stimulus was vi- 
sual, but no suppression when the test 
stimulus was a pulse of KCl. 

The function of orientation-selective suppression 

Psychophysical studies that provided evidence for the existence 
of lateral inhibition in the orientation domain have, for the most 
part, argued that the function of such inhibition is to sharpen 
the orientation tuning of cortical neurons. Early reports on the 
effects of bicuculline in the cortex interpreted the observed 
broadening of orientation tuning as confirmation of the lateral 
inhibition hypothesis (Blakemore and Rose, 1974; Sillito, 1975b, 
1977). More recently, intracellular recording has confirmed the 
idea that cortical IPSPs are tuned to the cell’s preferred orien- 
tation, but has challenged the idea that the IPSPs are more 
broadly tuned, as would be required for them to contribute to 
sharpening orientation selectivity (Ferster, 1986). The orien- 
tation-selective suppression observed in this and an accompa- 
nying paper (Nelson, 199 la) has many of the features of the 
psychophysically predicted lateral inhibition. It is spatially lo- 
calized, has a time course in the range of hundreds of millisec- 
onds, and has an orientation tuning that is broad but centered 
on that most preferred by the cell. The present results have 
shown, however, that currents of BMI that broaden orientation 
tuning for stationary stimuli and eliminate orientation tuning 
for moving stimuli leave the suppression largely unchanged. 
Hence, it seems unlikely that the suppression plays an important 
role in sharpening orientation selectivity. The possibility re- 
mains, of course, that the suppression is necessary for normal 
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orientation selectivity, but it is clearly not sujicient to produce 
normal selectivity in the absence of GABA,-mediated inhibi- 
tion. In either case, the finding that orientation selectivity is 
dissociable from orientation-selective suppression suggests that 
much of the evidence supporting the lateral inhibitory model 
may need to be reinterpreted. It is quite possible that lateral 
inhibition is a general property of the cortex, but that it plays 
little role in generating orientation selectivity. 

If sharpening orientation selectivity is not the primary func- 
tion of paired-pulse suppression, what is? A likely possibility, 
raised in an accompanying paper (Nelson, 199 1 a), is that the 
suppression reflects the operation of a gain-control mechanism 
designed to prevent saturation of neuronal responses. Such a 
mechanism may also serve to make cortical neurons more se- 
lective for moving stimuli than for stationary or flickering ones. 
Viewed in this way, the suppression allows cortical neurons to 
integrate different inputs over space and time, but prevents this 
integration from being saturated by a single repetitively stim- 
ulated input. Because of its shorter time course (hundreds of 
milliseconds vs. seconds), paired-pulse suppression is envisaged 
to be different from, but analogous in function to, the previously 
described gain-control mechanism underlying contrast adap- 
tation (Ohzawa et al., 1982). Like paired-pulse suppression, 
contrast adaptation is orientation selective and spatially local- 
ized (Marlin and Cynader, 1987) and is not blocked by BMI 
(DeBruyn and Bonds, 1986). Despite these similarities, how- 
ever, the 2 processes are likely to be different in mechanism. 
They have, as noted above, different time courses; they can 
appear separately or together in the responses of any given neu- 
ron (Nelson, 199 1 a). Furthermore, preliminary results of on- 
going iontophoretic experiments indicate that the potassium 
channel blocker 4-aminopyridine (4-AP), which is known to 
block adaptation of repetitive firing in the superior colliculus in 
vitro (Llinas and Lopez-Barneo, 1988), also appears to block 
adaptation to visual stimulation in cortical neurons, but has no 
effect on paired-pulse suppression. Assuming the mechanism of 
4-AP is the same in the cortex as it is in the superior colliculus, 
paired-pulse suppression and contrast adaptation appear to be 
due to complementary pre- and postsynaptic mechanisms acting 
in concert to adjust the gain of geniculocortical transmission. 
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