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Abstract

An important mechanism for the discrimination of direction of motion in the retina is a spatially .
asymmetric inhibition. This inhibition has been postulated to operate either as a subtraction, like in
difference-of-Gaussians' models, or as a division, like in shunting-inhibition models of directional selectivity.
The latter, but not the former, is nonlinear. This raises the question of whether the inhibitory mechanism
involved in directional selectivity is nonlinear. To investigate this issue, we studied the linearity of the
contrast dependence of the extracellularly recorded responses to apparent motions in ON-OFF directionally
selective ganglion cells of the rabbit retina. The results show that the inhibition underlying directional
selectivity is nonlinear and fits shunting-inhibition models well. Other biophysical mechanisms that might
account for the type of nonlinearity observed in the data are also considered.
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Introduction

In the rabbit retina, an important mechanism for the selectivity
of some ganglion cells to direction of motion is an asymmetric
inhibitory process (Barlow & Levick, 1965; Wyatt & Daw,
1975). This asymmetry exists at every point in the receptive-field
center, so that motions within small regions of the receptive-
field center elicit directionally selective responses (Barlow & Le-
vick, 1965). This process is apparently meciiated by GABAergic
inhibitory synapses (Caldwell et al., 1978; Ariel & Daw, 1982;
Ariel & Adolph, 1985).

There are two main effects of inhibitory synapses: hyperpo-
larization and shunting (Coombs et al., 1955). Hyperpolariza-
tion tends to interact linearly with excitatory potentials {Jack
et al., 1975; Grzywacz & Koch, 1987), by subtracting from the
postsynaptic potential. Shunting tends to interact nonlinearly
with excitation (Rall, 1964; Jack et al., 1975; Torre & Poggio,
1978), by dividing the voltage generated by excitatory synaptic
currents via a reduction in postsynaptic resistance (Ohm’s law}.
‘These two mechanisms are not mutually exclusive; hyperpolar-
izing synapses also have some degree of shunting-inhibition ef-
fects (Kandel & Schwartz, 1985).

Some models for retinal directional selectivity rely primar-
ily on the shunting component of inhibition to explain the di-
rectional selectivity for short-motion stimuli (Torre & Poggio,
1978). In these models, pure shunting inhibition would lead to
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a better motion acuity than would hyperpolarizing inhibition
because shunting inhibition could lead to local interactions be-
tween excitation and inhibition in the cells’ dendrites (Torre &
Poggio, 1978). Models of directional selectivity based on hyper-
polarizing inhibition (Grzywacz & Koch, 1987) or purely linear
inhibition (Adelson & Bergen, 1985; Heeger, 1987; Grzywacz &
Yuille, 1990) have also been proposed. In these models, the lin-
ear inhibition mechanism mediates motion sensitivity by means
of a temporal impuise response, which depends on the stimu-
lus position within the receptive field. Strictly speaking, no
purely linear mechanism can give rise to directional selectivity
(Poggio & Reichardt, 1973). However, a linear inhibition can
do so if followed by a half-wave rectification (Grzywacz &
Koch, 1987). Such a rectification appears to be part of the cas-
cade mediating the dynamics of certain ganglion cells (Shapley
& Victor, 1980; Victor, 1987, 1988). Although this mechanism
has the inherent danger that directional selectivity would be lost
for high contrasts or bright backgrounds, the visual system
might avoid this danger through the use of adaptational pro-
cesses prior to the rectification.

Intracellular recordings have not revealed the inhibitory
mechanism that underlies directional selectivity. Both hyper-
polarizations in rabbits’ directionally selective cells (Miller,
1979) and inhibited depolarizations {Amthor et al., 1989) have
been reported. Resting-potential elevation following cell injury
may result in apparent hyperpolarizations for pure shunting

" synapses. Studies with turtle (Marchiafava, 1979} and frog
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(Watanabe & Murakami, 1984) show shunting inhibition, but
it is unclear if it is directly related to directional selectivity. For
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instance, the ganglionic inhibition might mediate gain control
while a pre-ganglionic mechanism might underlie directional
selectivity (Masland et al., 1984; Dowling, 1987; Vaney & Young,
1988; Devoe et al., 1989).

Because hyperpolarizing, but not shunting inhibition, tends
to be linear, we decided to examine the linearity of the inhibi-
tion underlying directional selectivity, If the inhibitory synapse
is linear but followed by a rectification, then even though the
overall mechanism is nonlinear, it may be esséntially linear for
suprathreshold stimuli, as is the case for cortical simple cells
{Albrecht & De Valois, 1981). The data described in this paper
cannot rule out that an inhibitory synapse, which has a large
hyperpolarizing effect and a small shunting-inhibition effect
mediates the inhibition. What is actually tested is whether the
inhibition is linear in the mathematical sense. This might sound
strange, because even if a synapse could inject hyperpolarizing
currents without changing membrane conductances, one would
not expect it to be completely linear. For example, the synapse
should saturate if its input is large. Nevertheless, the experi-
ments presented here focused on the inhibitory effects elicited
by small stimulus contrast (=30%). By doing 50, we hoped to
preserve the potential linearity of the synaptic mechanism.

We investigated the linearity of the inhibition by using two-
slit apparent motions in the null direction (the direction elicit-
ing the weakest cell responses). The responses of ON-OFF
directionally selective ganglion cells to apparent motions, as to
“real” continuous motions, are directionally selective (Barlow
& Levick, 1965; Wyatt & Daw, 1975). For two-slit null-direction
apparent motions, we determined the effect on the responses to
the second slit of variation of the contrast of the first slit. Un-
der the assumption of linear inhibition, the magnitude of this
effect should be proportional to the first shit’s contrast. Other-
wise, if the inhibition is nonlinear, one can test the consistency
of the emerging data with a division-like mechanism, and in
particular, with shunting inhibition.

The responses we measured were the spikes recorded extra-
cellularly from ON-OFF directionally selective ganglion cells of
the rabbit retina. Extracellular recordings have two advantages:
first, they allow the celis to be held for long periods of time,
and second, they allow the action of the inhibitory mechanism
1o be studied regardless of whether it is pre- or postsynaptic to
the ganglion cell. Holding the ceil for long periods enables the
characterization of the inhibitory interaction for a wide range
of contrasts. The main disadvantage of extracellular recordings
is that one can investigate the null-direction inhibitory mecha-
nism only indirectly. For example, even if one finds a nonlin-
ear mechanism, one cannot be sure that hyperpolarization does
not mediate the main component of inhibition. The linear ef-
fect of hyperpolarization might be modified later in the process
by a nonlinearity (see Discussion).

Methods

Preparation

Ten ON-OFF directionally selective ganglion cells of the rab-
bit retina were recorded extracellularly in an isolated eyecup
preparation (Amthor et al., 1984, 1989). The eyes were from
aduilt Dutch belt-pigmented rabbits (of both sexes) weighing at
least 1.3 kg. All surgery was done in dim red light on animals
which had been dark-adapted for at least 30 min. Animals were
deeply anesthetized with an initial dose of urethane {2 g/kg),
followed by Surital (Sodium Thiamylal, Fermenta Animal
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Health, Kansas City, MO) given to effect, that is, bringing the
animal to a level of anesthesia in which no reflexive movement
or change in heart rate resulted from a noxious stimulus, such
as a pinch to the paw. After deep anesthesia was achieved, the
right eye was enucleated as the animal was killed with a mas-
sive overdose of Surital. After enucleation the eye was briefly
rinsed in ice<cold superfusate medium. The superfusate medium
was similar to that described by Ames and Hastings (1956). The
medium was equilibrated with 95% O, and 5% CO,, and the
pH was in the range of 7.35-7.45. The eyes were enucleated and
hemisected behind the ora serrata, and the vitreous body lifted
away. The remaining eyecup was placed in room-temperature
superfusate and four radial cuts were made 2-3 mm inward
from the margin of the retina to facilitate its subsequent ever-
sion. The eyecup was then everted over an inflatable latex dome
on & Teflon pillar that formed the bottom part of the superfu-
sion chamber. The chamber was similar to that described by
Dacheux et al. (1973). The superfusate was heated in a bath to
35.5-36.5°C and flowed over the retina at a rate of 3-7 ml/min.

Stimuli

The st?imuli were generated by computer control of yellow light
emiiting diodes (slits). The slits were separated by a retinal dis-
tance {=30-90 xm) of about a fifth of the receptive-field size;
preliminary experiments showed significant inhibitions for inter-
slit distances more than half the receptive-field size (Grzywacz
& Amthor, 1988). Intensity was square-wave modulated above
and back to a background level, which was 25 yW/cm?. Stim-
uli presentations were separated by 2-3 s interstimulus intervals
to allow recovery to background adaptation state. Total re-
gponses were the spike-count means of from 1860 trials. Each
trial consisted in the presentation of the second slit in an ascend-
ing order of contrasts with the contrast of the first slit set to
zero, and the same sequence repeated with increasing contrasts
of the first slit (Fig. 1). The first slit onset and offset preceded
the second slit onset and offset by 500 ms, respectively. At this
delay, directionally selective inhibition was still strong (Amthor
& Grzywacz, 1988), but few of the spikes due to the first slit fell
in the second slit’s data gathering window (500 ms after the sec-
ond slit’s onset and offset). The mean number of spikes, which
occurred in this window, due to the first slit was subtracted
from the window’s responses.

Test of linearity

To test whether the apparent motion data indicate the inhibi-
tion is linear, we reasoned as follows. Let Ry(?) be the time
course of the suprathreshold response to the second slit pre-
sented in isolation. Next, let the suprathreshold response to the
second slit when preceded by the first slit be R.(¢), where ¢ is
the contrast of the first slit. We define the time course of the in-
hibitory strength to be

Sc(1) = Ro(1) = R.(2). 1y

Now consider the plot of 5.,(r) (at contrast ;) as a function
of S, () (at contrast ¢;). If the inhibition is linear, this plot
should be a straight line with zero intercept and with slope
¢5/c;. This is because under linear inhibition, there is a func-
tion f(¢) such that R (¢} = Ry(t) — cI(t). Thus, by directly
substituting this expression for R, into eqn. (1}, one obtains
that S_(¢) = cI(#). Because J{?) is common to all contrasts,
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Fig. 1. Diagram of the visual display in the experimental protocol. We
determined for apparent motion in the null direction the effect of vary-
ing the contrast of the first siit (A) on responses clicited by the second
slit (B) also presented at various contrasts. Each trial congisted in the
presentation of the second slit in an ascending order of contrasts with
the contrast of the first slit set to zero, and the same sequence repeated
with increasing contrasts of the first siit. The slits were on for 1 s and
the delay between them, 500 ms, was generally longer than the duration
of the first slit’s response.

the 8., (1) vs. S, function should have the properties asserted
above.

Thus, to test the inhibition’s linearity, we first measured
from poststimulus histograms (with 20 ms binwidth) the time
course of the inhibitory strength parametric on the contrasts of
the two slits. Then, pairs of inhibitory-strength time courses
{generated with the same second slit contrast) were plotted
against each other. These plots were added as linear sample
regression lines. Also, statistical tests were made to determine
whether the intercepts of the sample regression lines were zero,
and whether their slopes were equal to the ratio between the
first-slit contrasts (Dunn & Clark, 1987). To minimize thresh-
old effects, we performed these calculations for those bins that
satisfied two conditions for all contrasts of the first slit. First,
a chosen bin and its two neighbors had to contain at least one
spike each. Second, all of the bins between a chosen bin and
the bin of maximal response had to have at least one spike.
This analysis was performed for the ON and QFF responses
separately,

Fitting procedure

To compare the data to the predictions of a division-like inhib-
itory mechanism, we proceeded as follows. A best least-squares
nonlinear fit of the data to a shunting-inhibition model (see Re-
sults for model details) was calculated. The fit was made simul-
taneously to the mean of the suprathreshold integrated responses
at all contrasts of the first and second slits. To perform the fit,
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we used a “guasi-Newton” convergence procedure (Systat, Sys-
tat Inc, Evanston, IL). This procedure has the advantage of a
high speed of convergence if one starts with a sufficiently ac-
curate initial approximation. In the present case, the simplicity
of the model and the general appearance of the data immedi-
ately suggested good guesses for initial approximations. We
used two different initial approximations for each data set to
prevent the procedure from being trapped in local minima; this
procedure will be disucssed in more detail after the introduction
of the equations. The multiple correlation coefficient for the
least squares nonlinear fit was calculated. This coefficient is cal-
culated from the linear regression applied to the data-versus-
fitted-model plot. Several recent statistical studies consider
regression tests for arbitrary fits (for a review see Stephens,
1987).

Results

We determined for apparent motions in the null direction the
effect of varying the contrast of the first slit on responses elic-
ited by the second slit also presented at various contrasts (Fig. 1).

Figure 2 shows the mean poststimulus histograms of the re-
sponses of a cell to four apparent-motion stimuli presented over
severgl tials. In these series of trials, the contrast of the second
slit was 40% and the contrast of the first slit varied. Although
the responses to the second slit {after B,, and B,) is large
when the first slit is absent, they markedly decrease when the
first slit appears. Furthermore, their amplitude decreases as the
first slit’s contrast increases. Also, it is of significance that the
first slit can precede the second slit by 500 ms and still gener-
ate inhibition. This result is due to the relatively sustained char-
acter of inhibition (Amthor & Grzywacz, 1988). The inhibition’s
response can last for more than 2 s during a maintained light
stimulation (Amthor & Grzywacz, 1988). This long duration con-
trasts with the much shorter duration of excitation {~ 500 ms;
Fig. 2).

Test of linear inhibition

Suppose, for the sake of argument, that the inhibition is linear
and constant throughout the duration of the excitatory re-
sponse. Then, the effect of the inhibition on the histograms of
Fig. 2 should be to reduce the amplitude of all of the bins by
the same amount. This is not what is observed in the histo-
grams. Rather, the bins near the peak of the response are more
affected than the bins with less spikes. An explanation for this
difference is that the inhibition is nonlinear. For example, a di-
vision-like inhibition would affect more the higher portions of
the response than the smaller ones. An alternative explanation
is that the inhibition is linear, but that its maximal effect in time
coincides with the peak of excitation. However, in other exper-
iments, we found that the histograms appear to be relatively in-
variant for apparent-motion delays ranging from 100 ms to 2 s.
This suggests that the time-course explanation is incorrect and
that the inhibition might be nonlinear, ‘

* To develop this idea further, we tested whether the inhibi-
tion depends linearly on contrast throughout the time course of
the excitation. Figure 3 shows a plot of the inhibitory strengths
[eqn. (1)] obtained with the contrast of the first slit set to 20%
versus the inhibitory strengths obtained with 10% contrast.
Each data point represents inhibitory strengths measured at a
fixed time bin. To minimize threshold effects, we used only
those portions of the response that are suprathreshold (see
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Fig. 2. Mean poststimulus histograms. This figure plots the histograms of the ON and QFF regponses of cell E380.¢31 to null-
direction apparent motions. The contrast of the second slit is 40% and the contrast of the first slit (inhibition) varies. The am-
plitude of the responses to the second slit decreases as the contrast of the first slit increases. In addition to this inhibitory ef-
fect, the first slit produces excitatory ON and OFF responses. Also, it is of significance that the first slit can precede the second

slit by 500 ms and still generate inhibition.

Methods). Also, Fig. 3 presents the ON-ON and the OFF-OFF
sequences separately (Fig. 3A and 3B, respectively). As explained
after egn. (1), for a linear inhibition, this plot should () be a
straight line, {2) have zero intercept, and (3) have a slope of 2
{the ratio between the contrasts of the first slit; that is, 20%
over 10%). Conditions 1 and 2 are met in Fig. 3. The sample
regression lines have high correlation coefficients (0.94 and 0.7
for the ON-ON and OFF sequences, respectively). Also, the in-
tercepts of these lines are not significantly different than zero
{two-sided #-test). However, one also sees in Fig. 3 that condi-
tion 3 is not met. The slopes of sample regression lines are
smaller than 2 (1.26 for the ON-ON sequence and 1.06 for the
OFF-OFF sequence). This discrepancy is statistically significant
(two-sided z-fest, P < 0,001 and P < 0.0005 for the ON-ON and

OFF-OFF sequences, respectively). These statistical tests
yielded similar results when performed on other contrasts of the
second slit and on nine other cells. Thus, from the discrepancy
between predicted and observed slopes of the sample regression
line, we conclude that the inhibition is nonlinear.

From the test of linearity in Figure 3, one can learn about
one more property of the inhibitory process: The inhibitory
strength (eqn. (1)) is a separable function of contrast and time
for low contrasts (<30%]}. Because the inhibition is nonlinear,
the assumption S, (#) = cJ(r) is no longer valid. Hence, it be-
comes unclear how the inhibitory strength depends on both con-
trast and time. It is even unclear that the inhibitory strength is
a separable function of these two variables, that is, that there
is a function J(c) such that 5.(t) = J{c)I(?). However, this
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Fig. 3. A test of the linear-inhibition assumption. This figure comes from Fig. 2 by plotting against each other the time courses
of the inhibitory strength [eq. (1)] for the 20% and 10% contrasts of the first slit. The axes’ dimensions correspond to num-
ber of spikes in 20-ms bins. To minimize threshold effects, we used only those portions of the responses that are suprathreshold
(see Methods). ON-ON and OFF-OFF sequences are shown in 3A and 38, respectively. The figure also shows the sample regres-
sion lines (solid) and the lines predicted by the assumption of linear inhibition (dashed). The sample regression lines provide
a good fit to the data and the intercepts of these lines are not significantly different than zero. However, the slopes of sample
regression lines are smaller than expected by assuming linear inhibition, which indicates that the inhibition is nonlinear.

condition is necessary and sufficient for the data in Figure 3 to
fall on a straight line, Therefore, since this is what happens, we
conclude that the inhibitory strength is separable at low con-
trasts. Actually, the data only allow us to reach this conclusion
for times near the maximum of the response. These are the
times used in Figure 3 to avoid threshold effects (see Methods).
In the Discussion, it will be argued that this separability prop-
erty might not hold for later portions of the response.

What sort of nonlinearities can lead to the shallow slopes ob-
served in Figure 3? In the Discussion, we will show that shunt-
ing inhibition can account for these slopes. Here, it will be
briefly argued that a hyperpolarizing mechanism “spoiled” by
an carlier nonlinearity can also explain the data presented so
far. To see this argument, remember that the inhibitory strength
is separable in contrast and time, that is S_{¢) = J(c)J(¢). It
follows that the expected slope in the plot of Figure 3 is the ra-
tio J{c3)A/{c,}. If J(c) is a sublinecar function, that is, its first
derivative decreases with contrast, then the slope will be smaller
than ¢, /¢, and larger than unity. This is similar to what is ob-
served in Figure 3. However, in the next two sections, we will
be presenting evidence against this sublinear hyperpolarizing
mechanism,

A model for the nonlinear inhibition

We now present a division-like inhibitory mechanism that is
based on a simple version of a shunting-inhibition model. This
mode} will be developed, and its parameters will be fit to the ex-
perimental data, without the inclusion of conductance changes
during the time course of the response. It nonetheless will prove
consistent with the data presented here.

The synaptic model underlying our division-like mechanism

appears in Fig. 4A. For the sake of generality, the model has
both shunting and hyperpolarizing inhibitory components, and
thus has division-like and subtraction-like properties. An almost
pure hyperpolarizing mechanism corresponds to a large inhib-
itory battery (much more negative than the resting potential)
and a small inhibitory conductance. The effect of this mecha-
nism is to generate a negative current, which subtracts from the
excitatory currents (Fig. 4B). On the other hand, a pure shunting-
inhibition mechanism corresponds to a large conductance and
a small battery (close to resting potential). Thus, the reduction
in membrane resistance caused by shunting inhibition results in
a decrease in the depolarization generated by the excitatory cur-
rents (Ohm's law). This changes the voltage-current slope, and
accordingly, tends to divide the response versus excitatory func-
tion by a factor larger than one (Fig. 4B).

Now, we derive an equation for the response of the model
of Figure 4A as a function of the contrasts of the first and sec-
ond slits. The derivation of these equations assumes proportion-
ality between the contrast of the first shit and the inhibitory
conductance, and the contrast of the second slit and the excit-
atory conductance. (A Michaclis-Menten relationship may be
used instead of a linear relationship for the dependence of the
conductance on the contrast of the second slit without change
in the functional form of the main equations). The resistance
between the excitatory and inhibitory synapses is assumed to be
large, and so the excitatory synapse can be approximated as a
current source to the inhibitory conductance. Finally, the equa-
tions’ derivation assumes a proportionality between membrane
voltage at the output and the final spike count.

To derive this equation, observe that by Kirchhoff’s and
Ohm’s laws the voltages at the different nodes of the model of
Fig. 4A obey
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Fig. 4. A synaptic mode! for the inhibition involved in directional selectivity. A: The model’s circuitry. Consider two slits of
light, A and B, which appear in the receptive field as an apparent motion in the null direction. The model postulates that B gen-
erates excitation by the synaptic activation of a conductance, g,, in a cell’s dendritic tree. Also, we postulate that A counter-
acts this excitation through g;, a conductance closer to the cell's outpat. This conductance inhibits the cell through its negative
battery and through the shunting of the excitatory currents. If one assumes a large resistance (or small conductance g,) between
the excitatory and inhibitory synaptic conductances and that they depend linearly on contrast, then eqn. (7) approximates this
model. (Although this model is static, that is, neglect capacitors and synaptic time courses, it fits the data well.) B: The mod-
el’s predictions. From egn. (7), we plotted the predicted responses versus contrast functions of the second apparent-motion slit
influenced by shunting or hyperpolarizing inhibition. In the shunting-inhibition case, the equation parameters were those
of cell E380c3.1 in Table 1, except for k; = 0. In the hyperpolarization case, the parameters &, and ¢ were maintained, but
ky = <50 and b = 0.005. The effect of shunting inhibition is analogous to a division of the excitation function. This results in
a marked decline in the vertical scale of the response-versus-contrast function, but little change in the takeoff from zero un-
less the threshold is very high. The effect of hyperpolarizing inhibition is 10 subtract a constant from the excitation, shifting
the response-versus-contrast curve downward. The curve shape remains relatively constant, but the point at which it crosses thresh-
old changes markedly.
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gAE, - V)—gV.— g (Vo— V) =0, (2a) where ais a constant. We assume that the inhibitory and excit-
atory synaptic conductances are proportional to the contrast of
Ea Vo= V) —g(V,— E)—gVi— g2V~ ¥) =0, (2b) the first slit ¢, and of the second slit c,, respectively. If one
chooses the coefficients of proportionality, @ and b, to obey
a2V~ V) = g,V =0. Q) :

N
. . . N ac, = (")gﬂ (6a)
These three equations are lincar and their variables are V,, V;, &
and V. Thus, one can solve them for ¥ to obtain
Ve 8a2(8a18eEe + 81(8: + 801 + 8)E)) @
(8y2 + B8+ 80y + 8081+ 81 + 8oz + &) — gazl) - 832(3! + &1+ 8)
The assumption that the resistance between the excitatory and
inhibito; i implifies egn. (3) t +
i ry synapses is large simplifies eqn. (3) to be = (gg :,,;g g-:g - )g:. (6b)
1842 + &1 2
o Ea(EngE+ 88+ 8)E) @ e T
(8 + 2)((a2 + 8o (&1 + Zo2 + 8:) — 82) then one can rewrite eqns. (4) and (5) as
i i i i r(c,) + kabc
This expression provides an evaluation of the total response R R(c..¢;) = (c.) 206 T, (Ta)

of the ganglion cell, because we assume that above the thresh- 1+ be;
old 7 this response is proportional to V; that is,
_ ac,
ReaV—T. ) rle) =k = (70)
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where
| = aga,] Ba2 (Ba)
81822 + 218 + Baz2ds
= a2 E,. (8b)

2—3a2+go

In what follows, we use eqn. (7) to fit the data. (Torre &
Poggio, 1978 used a somewhat similar equation in their model
of retinal directional selectivity.) The parameters ky, k3, a, and
b are determined by the nonlinear fit procedure, while the pa-
rameter Tis estimated by an independent method described in
Table 1. The term 7 in the numerator of eqn. (7a) corresponds
to the effect of a synaptic depolarizing current injected on den-
drites far from the output. In turn, the term ; be, corresponds
to the effect of a hyperpolarizing current due to a mors proxi-
mal synapse (Fig. 4B). This synapse’s conductance, which is
proportional to be;, divides the excitation (shunting inhibition,
Fig. 4B). A Michaelis-Menten relationship describes the effect
of the synaptic depolarizing current [eqn. (7b)}. Strictly speak-
ing, T should depend on the slits’ contrasts. It represents the
number of extra spikes the response would have if there was no
threshold after the output of Fig. 4A. Realistically, this num-
ber should increase as the response increases, since the output
would spend more time above threshold. However, we approx-
imate this number by a constant, because the output’s thresh-
old seems to be relatively low, To reach this conclusion, one
must realize that in Fig. 2 the tail of the response tends to re-
main above zero even for high inhibition.

Equation (7a) helps explain why hyperpolarization is
subtraction-like and shunting inhibition is division-like. Al-
though the former appears in the numerator (k; bc;) as a sub-
traction to excitation (because k; is negative), the latter appears
in the denominator (1 + bc;) dividing excitation.

Fit of nonlinear model

Figure 5 shows the data for the cell of Fig. 2 and the best least-
squares fit of eqn. (7) as produced by & “quasi-Newton” con-
vergence procedure. This procedure varied &, a, b, and ks.
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Fig. 5. Mean total-response data. These data, which pool both ON and
OFF responses, appear against the contrast of the second slit (excita-
tory) and parametric on the contrasts of the first slit (inhibitory) for the
same cell as in Fig. 2. The data are fitted with the full model of Fig. 4
(solid l'ines) and with only its hyperpolarizing term (dashed lines). In-
creasing inhibition caused a large decrease in the curves’ vertical scale
(high-gain inhibition) without large changes in the takeoff contrast.
{Note that a threshold should cause some change in this takeoff con-
trast; Fig. 4B.) From the initial slope of the curve with no inhibition,
this cell's threshold was estimated to be 1.9 spikes. The fit of the full
model for this cell yielded an estimate for the hyperpolarizing term in
equ. (7), ky, that was insignificantly different than zero (see Table 1).
This fit was good, with a muitiple correlation coefficient of
0.98. in contrast, the fit of the hyperpolarizing term alone was poor.

(The parameter T was estimated by an independent method,
which is described in Table 1.) Because the procedure is sensi-
tive to the initial guesses for the parameters, it was important
to make good initial guesses. Our guesses corresponded to the
behavior of eqn. (7) at special values of contrast, such as
saturating and half-maximum contrasts.

¥

Table 1. Noniinear estimates of the parameters of egn. (7} by least-squares fit

T ke K

Cell (spikes) (spikes) a (spikes) b ré P<

E374c4.1 4.9 325x22 0.033 + 0.006 06 £ 35 0.038 + 9.016 0.98 0.0001
E375¢c2.1 3.7 33.4+23 0.021 + 6.003 ~-09 = 1.5 0.039 + 0.007 0.97 0.0001
E375¢3.1 5.7 37.7+£ 2.6 0.028 £ 0.004 81 = 1.2 0.063 + 0.014 0.95 0.0002
E376¢1.1 6.2 35118 0.039 + 0.005 0.8 = 2.3 0.063 + 0.014 0.98 0.0001
E377¢3.1 4.6 246+23 0.035 + 0.007 01 119 0.057 x 0.004 0.94 0.0139
E3}78¢cl.1 3.1 35643 0.013 + 0.002 —6.6 + 6.2 0.015 + 0.006 0.98 0.0001
E379¢2.1 3.0 236%1.3 0.035 + 0.005 26 £ 1.5 0.115 + 0.033 0.98 0.0001
E380c3.1 1.9 18.5 + 0.8 0.035 + 0.003 -0.17 £ 0.59 0.061 + 0.008 0.98 0.0001
E381c4.1 4.6 218209 0.042 + 0.005 2.26 £ 036 0.060 + 0.006 0.97 0.0001
E382¢2.1 4.0 18.2 £2.0 0.045 + 0,014 0041 2.0 0.059 + 0.025 0.89 0.1314

The fits were good as indicated by the multiple correlation coefficient r2. (For all cells, we calculated that the probabilities P that r < 0.9 was
small —tested by the Fisher’s z statistic (Dunn & Clark, 1987)). Physiological meaning of the parameters is given in the text. The parameter T was
estimated by the intercept of the linear regression applied to the first two suprathreshold contrasts of the response-versus-contrast curve with the
first-slit contrast set to zero. The parameters &,, a, and b are relatively invariant across all ten cells and significantly positive. However, the pa-
rameter k3, representing the hyperpolarization term, is not significantly different than zero, except for cells E375¢3.1 and E381c4.1, where this
parameter is slightly positive. This positivity corresponds to depolarization according to eqn. (7).
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We now describe in detail how the initial parameter guesses
for the fitting procedure were made. The maximal first-slit con-
trast (denoted ¢; ,,.,) and the maximal second-slit contrast (de-
noted ¢, .,) Were important in these guesses. From eqn. (7),
one sees that the highest possible response is k; minus the
threshold. Accordingly, the initial guess for k, (denoted &, ;)
was the sum of the estimated value of T and the data ordinate
for €, = €, mgx 30d ¢; = 0. Also, from eqn. (7), one can calcu-
late when the response versus contrast curve reaches its half-
maximum value. With no inhibition and discounting threshold,
this happens when the contrast times @ equals unity. Hence, the
initial value of @ was 1/¢;, where ¢ is the estimated second-slit
contrast such that the linearly interpolated value of the response
with ¢; =0 is k,,/2 — T. To make initial guesses for k; (de-
noted &, ;) and for b (denoted b;), we used the data ordinate
{denoted R*) for ¢, = o max 04 €; = €; par- There were two
pairs of initial guesses for k3 ; and b;: In the first pair, &, ;=0
and b; satisfied R* = k; ;/(1 + bjc; mex) — T so that only
shunting inhibition mattered. In the second pair, ;¢ mex = 0.1
and k; ; satisfied R* = k; | + k2,;5,C; mas 50 that shunting inhi-
biticn was practically irrelevant and inhibition was due to hyper-
polarization. For all cells, these two pairs of initial guesses
yielded identical results for the final output of the fitting pro-
cedure. This strongly indicates that the best fit was found.

The model provided a statistically good fit to the data (de-
tails below). (Also, the statistical significance was relatively in-
dependent of the assumption that the resistance between the
excitatory and inhibitory processes was large, not reported
here.)

In virtually every characteristic, the effect of the first slit is
consistent with shunting, not hyperpolarizing, inhibition. In the
model fit, the parameter k,, the maximal contribution of the
hyperpolarizing term, is —0.17 + 0.60 (s.E.) spikes, which is not
significantly different than zero. On the other hand, the param-
eter b, which controls shunting inhibition, is significantly pos-
itive; b = 0.061 = 0.008. Thus, according to the model’s
interpretation, the membrane resistance decreases by a factor
of {1 + be;) = 2.8 from the non-inhibition siteation to the sit-
uation of 30% contrast in the first slit. (This result suggests that
the inhibition was high gain.) This result is emphasized by the
contrasting failure of the hyperpolarizing term alone to fit the
data well (also shown in Fig. 5}. To demonstrate this failure, we
computed the best fit of eqn. (7) limited by significant contri-
bution only from the hyperpolarizing term. In this fit, the value
of b was forced to satisfy be; ey < 0.1. (The initial guesses of
k; and a for the fitting procedure were as above, and the initial
guess of k, satisfied R*= km + kz,;b;q.m -T)

Tabie 1 shows the parameters of the best fit of the model for
all ten cells including the multiple correlation coefficients (the
total goodness-of-fit parameters). All ten cells were well-fitted
by this model (tested by the Fisher’s z statistic— Dunn & Clark,
1987) with consistent estimates of all of the essential param-
eters, except for the linear hyperpolarizing term k,. This term
was never significantly negative, which according to eqn. (7) ap-
pears to suggest that hyperpolarizing inhibition does not con-
tribute to directional selectivity. However, the b parameter was
always significantly positive, which favors 2 shunting-inhibition
model. The parameter k, was significantly nonzero in only two
cases: cells E375¢3.t and E381c4.1. In both cases, this param-
eter was small but positive. This positivity corresponds to a de-
polarization [see eqn. (7)] and could conceivably produce a
facilitation of the responses to some stimuli (Torre & Poggio,
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1978), which has been observed (Barlow & Levick, 1965;
Grzywacz & Amthor, 1989g).

Discussion

We have shown evidence that linear inhibition does not medi-
ate retinal directional selectivity, but that a division-like, pos-
sibly shunting, inhibition may. Shunting inhibition would have
the advantage that its effect could be relatively confined to spe-
cific dendritic tree branches (Torre & Poggio, 1978). This would
allow local computations by which single cells could generate
receptive fields with multiple directionally selective regions, as
observed by Barlow and Levick (1965). However, these local
computations do not imply that the shunting synapses
must be located far from the output. There are shunting-inhi-
bition models, consistent with Barlow and Levick’s observa-

tions, in which shunting synapses contact the entire dendritic - -

tree (Koch et al., 1982; Grzywacz & Amthor, 1989b).

Because shunting inhibition is consistent with Fig. 5, we
wondered whether this type of inhibition may account for the
linearity of Fig. 3, its zero intercept, and its near unity slope.
To analyze this problem, one needs to compute the time course
of the inhibitory strength [eqn. (1)} under an assumption of
shunting inhibition. The simplest of such assumptions postu-
lates that R.(¢) = Ry(1)/(1 + be), where b has the same inter-
pretation as in eqn. (7). By substituting this into eqn. (1), one
obtains

Su1) = ( )Rom. ®

1+ bc

Now consider the plot of S, (¢) as a function of §,, (7). Be-
cause Ry(¢) is common to all contrasts, this plot should be a
straight line with zero intercept. From egn. (10), the slope of
this line can be calculated to be (cy/¢;)((1 + bey)}/ (1 + bel)).
This slope is smaller than ¢, /,, which was the slope predicted
by linear inhibition [see discussion after eqn. (1)}. Also, this
slope decreases with b, approaching unity as b goes to infinity.

Thus, shunting inhibition alone may lead to the linear fea-
tures observed in Fig. 3. However, from the value of b given in
Table 1, we calculate that the slope in Fig. 3 should have been
about 1.45, which is higher than observed. Why is there a dis-
crepancy between predicted and observed slopes? The large
slope celculated from Table 1 indicates a weaker average inhi-
bition for the total response than for the portions of response
used in Fig. 3. These portions tended to be near the maxima of
the histograms to avoid threshold effects (see Methods). Thus,
this analysis suggests that inhibition is stronger near the maxi-
mum of the response than during the response’s late tail. Direct
inspection of the histograms plotted in Fig. 2 provides support
for this suggestion. The inhibition’s late weakening is probably
not due to a decay of the effects of the first slit, We reached this
conclusion because other two-slit experiments which varied
inter-slit delay showed that the inhibitory strength varies little
with delay for delays up to 2 s (Amthor & Grzywacz, 1988).
Rather, we speculate that the late weakening of inhibition is due
to a process activated by the response to the second slit. Such
a process might, for example, be mediated by the late activation
of voltage-dependent channels, which would make the cells in-
sensitive to modulations of their inputs’ amplitude (Madison &
Nicoll, 1982). This mechanism might thus lead to a late desen-
sitization of inhibition.
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Finally, one may ask whether a linear inhibition might medi-
ate directional selectivity, but is “spoiled” by a later nonlinear-
ity leading to our results. Qualitatively, the answer to this
question is positive: consider, for example, that this nonlinear-
ity is supralinear, that is, the first derivative of the input-out-
put relationship increases with the magnitude of the input.
(Such a nonlinearity could arise from a cooperative synaptic
transmission [Dodge & Rahamimoff, 1967; Smith et al., 1985]
or from the transition from primary to secondary range [Ker-
nell, 1970; Schwindt & Crill, 1982] in the firing of ganglion

_cells.) In this case, the responses without inhibition are empha-
sized such that relatively, inhibition brings the responses closer
to zero, practically irrespectively of the first slit’s contrast.
Thus, the inhibitory strength [eqn. (1)] might be relatively in-
dependent of contrast for intermediate and high contrasts. This
would lead to the linear behavior, zero intercept, and near-unity
slope observed in Fig. 3. Furthermore, for every second-slit con-
trast, the slope of the total response versus contrast curve
may decrease with inhibitory strength as in Fig. 5. To see
this, rewrite eqn. (7) without shunting inhibition, with 7= 0,
and with a supralinearity given by the function §(x), such that
87 (x) > 0, where a prime stands for derivative. This means that
we rewrite eqn. (7) as R{c,.c;) = S(r{c,) + kabc;). The par-
tial derivative of the response, R(c,,¢;), by ¢, is S’ (r(c,) +
kibe))r’ (c,), and therefore, this derivative decreases with the
strength of inhibition, because $* (x) > 0. Thus, the possibil-
ity of a linear inhibition followed by a supralinearity cannot be
ruled out. (A mechanism related, but not equivalent, to supra-
linearity is a high threshold. We rule out such a mechanism
based on a series of experiments with low contrast sinusoidal
gratings {Grzywacz et al., 1990]).

In conclusion, although a linear inhibitory mechanism fol-
lowed by a nonlinearity remains possible, the overall behavior
of null-direction inhibition is nontinear and division-like. Un-
raveling the biophysical basis of this behavior will require ad-
ditional experiments.
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