
As originally described by Barlow & Levick (1965),
directionally selective retinal ganglion cells produce robust
responses for motions in one direction (the preferred
direction), while responding weakly to motions in the
opposite direction (the null direction). Despite over 30 years
of investigation, the cellular mechanisms underlying this
classic example of retinal neural computation remain unclear.

Recently, two models have appeared in the literature to
explain the directionally selective responses of rabbit retinal
On—Off directionally selective (DS) cells. One proposes a
spatially asymmetric GABAergic input (from an unidentified
amacrine cell) with symmetric nicotinic cholinergic (from
starburst amacrine cells) and glutamatergic inputs (from
bipolar cells probably mostly through NMDA receptors) to
the DS cells (He & Masland, 1997). The other is identical
except for proposing that the nicotinic input is asymmetric
as well (Grzywacz et al. 1995; Grzywacz et al. 1997;
Grzywacz et al. 1998b; F. R. Amthor, W. W. Belser & N. M.
Grzywacz, unpublished observations). Of critical import to

this two-asymmetric-pathways model is that the acetyl-
choline (ACh) release from starburst amacrine cells also
depends on GABA (from a second unidentified amacrine
cell) (Massey & Neal, 1979; Massey & Redburn, 1982).
Without this GABAergic input, electrotonic modelling
predicts that the nicotinic input to DS cells will be much less
directionally selective (Borg-Graham & Grzywacz, 1991).

It has proven difficult to design an experiment that can
distinguish between these two models. To illustrate this,
consider first the asymmetric-GABA-only model. It predicts
an excitatory nicotinic input to the DS cells for null-direction
motions. However, demonstrating this proposed input is
problematic because GABAergic null-direction inhibition
masks it. For example, when null-side starburst amacrine
cells are ablated (He & Masland, 1997), null-direction DS cell
responses are not reduced, presumably because GABAergic
null-direction inhibition holds them close to zero as in
normal conditions. Consider in turn the starburst nicotinic
input in the two-asymmetric-pathways model. Again,
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1. A model for retinal directional selectivity postulates that GABAergic inhibition of responses
to motions in the null (anti-preferred) direction underlies this selectivity. An alternative model
postulates that besides this inhibition, there exists an asymmetric, nicotinic acetylcholine
(ACh) input from starburst amacrine cells. It is possible for the latter but not the former
model that stimuli could exist such that nicotinic blockade eliminates directional selectivity.
Such stimuli would drive the cholinergic but not the GABAergic system well.

2. So far, attempts to eliminate directional selectivity with nicotinic blockade have failed, but
they always used isolated, moving bars as the stimulus. We confirmed this failure for On—Off
directionally selective (DS) ganglion cells in our preparation of the rabbit’s retina.

3. However, while recording from these cells, we discovered that nicotinic blockade eliminated
directional selectivity to drifting, low spatial frequency sine- and square-wave gratings.

4. This effect was not just due to the smallness of the responses under nicotinic blockade.
NMDA blockade caused even smaller responses, but no loss of directional selectivity.

5. This result is consistent with a two-asymmetric-pathways model of directional selectivity,
but inconsistent with an asymmetric-GABA-only model.

6. We conclude that asymmetric nicotinic inputs extend the range of stimuli that can elicit
directional selectivity to include moving textures, that is, those with multiple peaks in their
spatial luminance profile.
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GABAergic null-direction inhibition prevents a simple
demonstration of the spatial nicotinic input asymmetry. One
cannot block GABA and then search for asymmetry in the
nicotinic input (He & Masland, 1997), because the model-
hypothesized ACh release asymmetry depends on GABA.
And, of course, blocking the nicotinic input leaves the GABA
asymmetry, so both models would predict a maintenance of
directional selectivity.

One way to determine which model is more accurate would
be to find a method for disabling the GABAergic null-
direction inhibition without affecting the GABAergic control
of ACh release. In this case, the asymmetric-GABA-only
model but not the two-asymmetric-pathways model would
predict a loss of directional selectivity.

It is known that the null-direction inhibition in On—Off DS
cells is spatially large (Amthor & Grzywacz, 1993) and
temporally slow. In two-flash apparent-motion experiments,
the decay of null-direction inhibition may be larger than 1 s
(Wyatt & Daw, 1975). Thus, null-direction inhibition should
not be able to follow stimuli such as sine- or square-wave
gratings, which drive it many times in rapid succession. If
DS cells are only asymmetric in this GABAergic input, then
they should cease to respond in a directionally selective
manner when driven by relatively fast gratings (or other
textured visual surfaces). Otherwise, the remaining
directional selectivity is probably carried by the nicotinic
andÏor NMDA inputs (Kittila & Massey, 1997; Grzywacz
et al. 1998b). These can be blocked pharmacologically to
determine which is providing the directionally selective
signal. If directional selectivity to the grating remained
because the grating stimulus effectively drives the GABAergic
null-direction inhibition, then blockade of either excitatory
path should not eliminate directional selectivity. Thus, we
have used drifting gratings along with nicotinic and NMDA
blockades to test for the presence of a second asymmetry in
the On—Off DS cell pathway. The results of this test appeared
previously in abstract form (Grzywacz et al. 1998a).

METHODS
Electrophysiological recording

The preparation and recording methods have appeared elsewhere
(Amthor et al. 1989; Grzywacz et al. 1997). In brief, following
anaesthesia (achieved through a combination of urethane (2 g kg¢
delivered intramuscularly) and pentobarbital given via the
marginal ear vein in 0·3 ml doses every 10 min until no reflexive
movement resulted from a paw pinch) and dark adaptation, an
adult Dutch belt-pigmented rabbit’s eye was removed, hemisected
and mounted in a recording chamber as previously described.
Following enucleation, the animal was killed with an overdose of
pentobarbital. The eyecup was superfused with a modified Ames
solution, saturated with 95% Oµ—5% COµ (Ames & Nesbett, 1981).
Extracellular recordings from just below the eye’s visual streak
were obtained with carbon fibre in glass microelectrodes. Fifteen
cells from nine retinas were recorded with a drifting bar stimulus
and thirteen cells from nine retinas were recorded with drifting
sine-wave gratings. Three of the sine-wave tested cells from two
retinas were also tested with a square-wave grating.

Excitatory blockade

To block nicotinic ACh receptors, we added 60 ìÒ d-tubocurarine
(hereinafter referred to as curare) to the superfusion following
collection of control data. The concentration for the saturative effect
of curare in our set-up was previously determined as 13 ± 11 ìÒ
(Grzywacz et al. 1997). To block NMDA glutamate receptors, we
used either 250 ìÒ or 500 ìÒ ª-2-amino-7-phosphonoheptanoic
acid (AP7) (for a discussion of AP7 concentration issues, see
Grzywacz et al. 1998b).

Visual stimulus

For fifteen cells, a sweeping bar (250 ìm in width) was moved
along the preferred null axis (at 1000 ìm s¢) past a 200 ² 200 ìm
window centred on the cell’s receptive field (as described in detail in
Grzywacz et al. 1997). For thirteen cells, a 240 ìm cycle¢
(•1·6 deg cycle¢) sine-wave grating was presented through the
centred window. To three of these thirteen cells, we also presented
a 130 ìm cycle¢ (•0·9 deg cycle¢) sine-wave grating and presented
a 240 ìm cycle¢ square-wave grating. The gratings drifted at rates
ranging from 0·25 to 32 Hz in either the preferred or null direction
for 9 s (repeated over 5 trials), 13 s (3 trials), or 17 s (3 trials) each.
(Optimal responses were between 0·5 and 1 Hz, corresponding to
•0·8—1·6 deg s¢. These speeds were lower than the optimal speeds
obtained from unmasked cells with drifting slits (•10 deg s¢;
Wyatt & Daw, 1975). However, the optimal speed for square-wave
gratings (F. R. Amthor & N. M. Grzywacz, unpublished
observations) is slightly lower than that for slits, and no other
surround-masked data exist for comparison.) To avoid transient
effects, spike counts were begun following the first second of grating
stimulation, making sure that each count was over an integer
number of cycles. The grating contrast was 99·2%, with contrast
defined as:

Cgrating = 100 (Lmax − Lmin)Ï(Lmax + Lmin),

where Lmax and Lmin are maximal and minimal luminances,
respectively. The mean luminance was 60 lx.

Statistical analysis

Following an earlier study (Sernagor & Grzywacz, 1995), we
performed a ÷Â test on the preferred (P) and null (N) spike counts
of each cell at each temporal frequency with the null hypothesis
being that their values were equal. The rationale for using this test
(in that study and here) was to consider the population of spikes as
if any given spike had a fixed probability of belonging to one of two
categories defined by the direction of motion. As such, this
population defined a binomial distribution. Under this assumption,
we performed a ÷Â test to verify whether our sample came from a
homogeneous binomial distribution (Hays, 1981). A criterion of
P < 0·01was selected for the test’s significance. Because our data
had only one degree of freedom, we used Yates’s correction for
continuity of the ÷Â test (Yates, 1934). In addition to this test, the
directional selectivity index (DSI) was calculated at each temporal
frequency (Grzywacz & Koch, 1987; Smith et al. 1996). This index’s
definition is DSI = (P − N)Ï(P + N). It is close to 1 when P >> N,

0 when the directional selectivity disappears, and negative if
N > P. A Student’s one-sided t test was performed to determine
whether the mean DSIs at each temporal frequency were
significantly different from zero. The degrees of freedom for this
test were 4, 9, 10, 7, 6 and 3 for 0·25, 0·5, 1, 2, 4 and 8 Hz,
respectively, and a criterion of P < 0·01 was selected for significance.
(Because our question was whether curare eliminates directional
selectivity, we only used data at the temporal frequencies for which
preferred responses were statistically significantly higher than null
responses under control condition.)
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RESULTS

Effects of nicotinic blockade on drifting bar responses

Figure 1 shows the mean responses of a rabbit On—Off DS
cell to a drifting bar moving in either the preferred or null
direction, during control and curare (a nicotinic ACh
receptor blocker) conditions (with recovery not shown to
avoid clutter). Results were similar for all fifteen DS cells
tested. As in previous reports (Ariel & Daw, 1982b; Cohen
& Miller, 1995; Grzywacz et al. 1997; Kittila & Massey,
1997), nicotinic blockade reduces preferred responses to
bars, regardless of contrast, without eliminating directional
selectivity.

Effects of nicotinic blockade on drifting sine-wave
grating responses

Figure 2 shows the responses of a rabbit On—Off DS cell to a
sine-wave grating (240 ìm cycle¢) drifting at 1 Hz in either
the preferred or null direction during control, curare, AP7
(an NMDA glutamate receptor blocker) and recovery
conditions. (Full recovery between the curare and AP7
applications was achieved, but is not shown so that the drug
conditions can be more easily compared.) Nicotinic, but not
NMDA, blockade eliminated the directional selectivity of
this cell. Figure 3A and B illustrates the mean responses for
two cells to the sine-wave grating for drift rates ranging
from 0·25 to 32 Hz. For both cells, nicotinic blockade
eliminated directional selectivity at nearly every temporal
frequency tested. Similar results were obtained in twelve of
thirteen cells stimulated with the sine-wave grating and
tested with curare.

Figure 3C plots ÷Â indices of directional selectivity (see
Methods) for each temporal frequency examined in twelve of
the cells. (One cell was discarded as the nicotinic blockade
abnormally increased its preferred and null responses at
most temporal frequencies. However, the effect of blockade
on directional selectivity in this cell was generally consistent
with, albeit somewhat weaker than, the other cells.) Points
below the dashed line indicate conditions for cells from
which preferred responses were not statistically significantly
larger than null responses. Negative values correspond to
reversals of preferred and null directions. One cell did not
appear to be dependent on nicotinic inputs for directional
selectivity and this cell’s data are shown as squares. With

this exception, every cell was dependent on nicotinic inputs
for producing directionally selective responses to the sine-
wave grating at nearly every temporal frequency tested.

Although the ÷Â statistic is good for detecting statistical
losses of directional selectivity, it could be argued that some
of the elimination of directional selectivity in Fig. 3C is due
to smaller overall responses, reducing the sensitivity of this
statistic. As Figs 2 and 3A and B illustrate, it is generally
not the case that the cells were losing their directional
selectivity because of the smaller responses. Moreover, as we
discuss below, NMDA blockade also reduced overall responses,
yet directional selectivity was not eliminated. And, when
we plotted the more traditional directional selectivity
index (Methods), we confirmed that the loss of directional
selectivity is not simply due to weaker responses. Figure 3D
shows the mean DSI at each temporal frequency for all cells
except the outlier mentioned above. The mean DSI under
curare is not significantly different from zero at any
temporal frequency. (There is a suggestion that the DSI may
be more affected at low temporal frequencies than high but
this difference is not statistically significant — see Grzywacz
et al. (1998b) for a discussion of the temporal frequency
characteristics of the nicotinic input.)

Finally, we wished to eliminate the possibility that there
was something unique about how DS cells respond to the
240 ìm cycle¢ spatial frequency. To this purpose, for three
of the thirteen cells above, we also used a drifting 130 ìm
cycle¢ sine-wave grating with qualitatively similar results.

Effects of nicotinic blockade on drifting square-wave
grating responses

Were the differences between the effect of nicotinic blockade
on the responses to bars and sine-wave gratings due to the
sharp luminance gradients in the former? Or were these
differences due to the grating driving null direction
inhibition many times in rapid succession as discussed in the
Introduction? For three of the thirteen cells, we repeated
the experiments with a 240 ìm cycle¢ square-wave grating.
The results were qualitatively similar in terms of the DSI
and ÷Â statistics to those collected with the sine-wave
gratings. Therefore, the differences between bars and sine-
wave gratings were not due to the sharp luminance gradients
in the former.
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Figure 1. Maintenance of directional selectivity under curare for
responses to a drifting bar in an On—Off DS cell

Mean preferred and null responses over twenty trials are shown for a range of
contrasts in control and curare conditions. As previously demonstrated by several
authors, preferred responses are reduced, but directional selectivity remains.
0, control, preferred response; 1, control, null response; þ, curare, preferred
response; ±, curare, null response. Error bars are s.e.m.



Effects of NMDA blockade on drifting sine-wave
grating responses

Ten of the thirteen cells from above were also tested with
the 240 ìm cycle¢ sine-wave grating during the application
of AP7. In Fig. 2, it can be seen that, despite an equivalent
reduction in preferred responses as under curare, AP7 did
not eliminate directional selectivity for this cell. Under
NMDA blockade, five of the ten cells no longer gave
significant preferred responses at more than one temporal
frequency. For the remaining five, only one showed a loss of
directional selectivity at any temporal frequency. Thus, as
was previously demonstrated for drifting bar stimuli
(Massey & Miller, 1990; Cohen & Miller, 1995; Kittila &

Massey, 1997; Grzywacz et al. 1998b), NMDA inputs during
drifting grating stimulation do not appear to be necessary
for directional selectivity. This is not to say that they do not
regulate the responses of directionally selective cells. For
instance, Tjepkes & Amthor (1988) showed that reduction of
the concentration of extracellular Mg¥ eliminates directional
selectivity and that AP7 reverses this effect. The effect of
low Mg¥ is probably due to the saturation of the NMDA
pathway, as evidenced by the ‘corrective’ effect of AP7. Such
an NMDA saturation is similar to that occurring in the
cholinergic pathway when one applies physostigmine, a
cholinesterase inhibitor (Grzywacz et al. 1997). In other
words, the NMDA inputs appear to contribute to DS cell
responsiveness but not to directional selectivity itself.
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Figure 2. Loss of directional selectivity due to curare for 1 Hz grating motions in an On—Off DS cell

Poststimulus histograms (20 ms bins) over 17 s (three trials) are shown for preferred (top row of each pair)
and null-direction (bottom row of each pair) motions. The first, second, third and fourth pairs from the top
correspond to control, curare, AP7 and recovery conditions, respectively. (Full recovery between the curare
and AP7 applications was achieved, but is not shown so that the drug conditions can be more easily
compared.) Despite causing a similar reduction to curare in preferred responses, AP7 does not eliminate
directional selectivity. The adaptation-like effect, that is, the progressive reduction of responses with time,
is commonly observed in the control, curare and AP7 conditions (despite being absent under curare in this
cell at this temporal frequency), but is irrelevant to the loss of directional selectivity with curare.



DISCUSSION

The role of ACh in On—Off DS cell responses has been
enigmatic. Cholinergic starburst amacrine cells are
appropriately positioned to communicate with DS cells
(Famiglietti, 1992), and DS cells are excited by exogenous
ACh (Ariel & Daw, 1982a). However, it has been difficult to
determine whether the cholinergic input to these cells is
spatially symmetric or asymmetric. GABAergic null-direction
inhibition may mask putative cholinergic facilitation from
null-side starburst cells (He & Masland, 1997), and
GABAergic blockade may eliminate a crucial component in
the control (Massey & Neal, 1979; Massey & Redburn, 1982)
of putatively directionally selective starburst ACh release
(Borg-Graham & Grzywacz, 1991). Thus, it can be shown that
predictions for both the asymmetric-GABA-only and two-
asymmetric-pathways models are identical for GABAergic

blockade (He & Masland, 1997), nicotinic blockade (Ariel &
Daw, 1982b; Kittila & Massey, 1997; Grzywacz et al. 1997)
and starburst amacrine cell ablation experiments (He &
Masland, 1997). Aiming to remedy this problem, we
performed a Gedanken experiment that would give different
predictions for the two models (Fig. 4). This experiment
proposed a blockade of the GABAergic null-direction
inhibition, while leaving the GABAergic control of the
starburst amacrine cell ACh release unchanged. If this could
be accomplished, then the asymmetric-GABA-only model
would predict that directional selectivity would be lost, and
that subsequent blockade of the excitatory nicotinic or
NMDA inputs would simply reduce the now symmetric
responses. The two-asymmetric-pathways model, on the
other hand, would not predict a loss of directional selectivity
in the Gedanken experiment, as the asymmetric nicotinic
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Figure 3. Loss of directional selectivity due to curare as a function of temporal frequency

A and B, loss of directional selectivity for most temporal frequencies in two On—Off DS cells under curare.
Mean responses to motions in the preferred direction (circles) and null direction (squares) are plotted versus

temporal frequency. Control responses are shown as open symbols and curare responses as filled symbols;
the figure does not show recovery responses to avoid clutter. Error bars are s.e.m. C, loss of statistically
significant directional selectivity for most temporal frequencies between 0·25 and 8 Hz in eleven of twelve DS
cells. The ÷Â statistics are plotted versus temporal frequency with open symbols representing control data and
filled symbols representing curare data. The ÷Â values below the dashed line are not statistically significantly
directionally selective at the P = 0·01 level. Data plotted as negative values represent reversals of preferred
and null directions. One cell retained significant directional selectivity at four temporal frequencies and its
data are shown as squares. D, insignificance of the directional selectivity index (DSI) under curare for
eleven DS cells from C. Mean DSI values along with s.e.m. (excluding the outlier mentioned above) are
plotted versus temporal frequency before (open bars) and during (filled bars) the application of curare.



input could still support directional selectivity. If the
nicotinic input were blocked in the Gedanken experiment,
then the model would predict a loss of directional selectivity
and a reduction of responses. In contrast, NMDA blockade
would reduce responses, but leave directional selectivity.

We sought a method for realizing the Gedanken experiment,
since it could provide strong constraints on the role of ACh
for directional selectivity. For this purpose, the well-known
slow decay time of the GABAergic null-direction inhibition
(Wyatt & Daw, 1975) was useful. Because this decay is slow,
it seemed reasonable that a stimulus that would drive the
retina repetitively in rapid succession would not drive null-
direction inhibition well or at all. Consequently, a drifting
grating seemed like a good candidate stimulus for disabling
the inhibition’s ability to provide direction-of-motion
information. From Wyatt & Daw’s data (1975), the time
constant for null-direction inhibition’s decay seems to be
about ô = 1 s. If inhibition decayed as a first-order linear
process, then effectively it could not follow sine wave
frequencies above 1Ï2ðô = 0·16 Hz (the 3 dB point of the
process; Horowitz & Hill, 1989). But the critical frequency
could be even lower, since null-direction inhibition is
spatially wide (Amthor & Grzywacz, 1993) and each sine
wave crest would fall on it for an extended period. Therefore,
we expected null-direction inhibition to be ineffective at the

frequencies tested. Of course, we did not know what the
decay time is for the GABAergic inhibition controlling ACh
release. However, if this decay were also slow, then it would
beg the question of how a DS cell could be directionally
selective for a grating stimulus in the first place. And, if the
Gedanken experimental condition was not achieved because
the grating stimulus still drives the GABAergic null-direction
inhibition, then neither nicotinic nor NMDA blockades
should eliminate directional selectivity.

As we report above, nicotinic, but not NMDA, blockade
eliminates directionally selective responses in experiments
using sine- or square-wave grating stimuli. This result is the
outcome predicted by the two-asymmetric-pathways model
for the Gedanken experiment, but not the outcome predicted
by the asymmetric-GABA-only model. We thus conclude
that the nicotinic inputs to On—Off DS cells are probably
directionally selective. In addition, we postulate that the
GABAergic input that controls ACh release from starburst
amacrine cells must be separate from the GABAergic null-
direction inhibition and must operate on a faster time scale.
Finally, the data suggest that the role of the nicotinic input
is to extend the range of stimuli for which DS cells can
respond in a directional manner to include gratings in
particular, and moving textures in general. Although the
behavioural role of On—Off DS cells is unclear for the rabbit,
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Figure 4. Predictions of the Gedanken experiment for two models of directional selectivity

The left column shows the proposed connectivity and predicted experimental results (directional selectivity,
‘DS’, or lack of it, ‘No DS’) for the asymmetric-GABA-only model. The right column does the same for the
two-asymmetric-pathways model. For both models, the stippled disk represents the ganglion cell; and the
white, black and grey lines represent the NMDA, ACh and GABA inputs, respectively. In the top row,
predictions for blockade (indicated with a thick ²) of GABAergic null-direction inhibition, without
disruption of GABAergic control of ACh release, are shown. The middle and bottom rows show predictions
for the additional effects of nicotinic cholinergic and NMDA glutamatergic blockades, respectively. Check
marks next to the predictions indicate consistency with the data. The predictions of the two-asymmetric-
pathways model, but not those of the asymmetric-GABA-only model, match the data for all three
experimental conditions.



the large sizes of their receptive fields and their multiple
subunits suggest that these cells do not only deal with
moving edges but with textures as well.
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