Visual Neuroscienc€l998),15, 1119-1127. Printed in the USA.
Copyright © 1998 Cambridge University Press 0952-5283$12.50

Complementary roles of two excitatory pathways
in retinal directional selectivity

NORBERTO M. GRZYWACZ! DAVID K. MERWINE,* aNnp FRANKLIN R. AMTHOR?

1Smith-Kettlewell Eye Research Institute, 2232 Webster Street, San Francisco
’Department of Psychology and Neurobiology Research Center, University of Alabama at Birmingham, Birmingham

(RECEIVED November 11, 1997AccepTED June 2, 1998)

Abstract

The two major excitatory synapses onto ON-OFF directionally selective (DS) ganglion cells of the rabbit retina
appear to be nicotinic cholinergic and NMDA glutamatergic. Blockade of either of these synapses with antagonists
does not eliminate directional selectivity. This suggests that these synapses may have complementary roles in the
computation of the direction of motion. To test this hypothesis, quantitative features of the DS cell excitatory
pathways were determined by collecting responses, under nicotinfoahdDA blockade, to a sweeping bar,
hyperacute apparent motions, or a drifting sinusoidal grating. Sweeping bar responses were reduced, but directional
selectivity not eliminated, by blockade of either excitatory path, as previously shown (Cohen & Miller, 1995; Kittila
& Massey, 1997). However, residual responses under combined blockades were not statistically significantly DS.
NMDA blockade reduced responses more than nicotinic blockade for each protocol, and shifted hyperacute motion
thresholds to higher values. This supported the notion that glutamate provides the main excitatory drive to DS cells,
that is, the one responsible for contrast sensitivity. In turn, nicotinic, but not NMDA blockade eliminated directional
selectivity to a drifting low spatial-frequency sinusoidal grating in these cells. This suggested that acetylcholine
(ACh) is the main excitatory input with regards to directional selectivity for some textured stimuli, that is,

those with multiple peaks in their spatial luminance profile. Moreover, nicotinic blockade raised the low
temporal-frequency cutoff of the grating responses, consistent with the proposal that preferred-direction facilitation,
which is temporally sustained, is dependent on the cholinergic input. These different properties of the NMDA and
nicotinic pathways are consistent with a recently proposed two-asymmetric-pathways model of directional
selectivity.
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Introduction methyl-4-isoxazolepropionic acid (AMP Akainate (KA) recep-

Excitatory receptive and dendritic fields of ON—OFF directionally tors responsible for only a weak portion of the glutamatergic input

selective (DS) ganglion cells of the rabbit retina correlate tigh’[ly(K'ttlla & Massey, 1997). L - .

(Amthor et al., 1984; Yang & Masland, 1992). This suggests that In contrast to the receptive-fieldendritic-tree coincidence,
glutamatergic, bipolar synapses, which have narrow receptive ﬁeldgrefgrreq-dlrectlon facilitation extends out3|dg thg exmta'lt.ory. re-
(Dacheux & Raviola, 1986), are the dominant excitatory inputs tO_(:eptlve field (Amthor et al., 1996). [Preferred-direction facmtgtl_on
DS cells. (Excitatory inputs with broad receptive fields would, of is the enhancement of the response 1o a test spot, when it is the

course, yield an excitatory receptive field larger than the DS-ceIIS.eCOnd spot of a two-spot apparent motion in the preferred direc-

dendritic tree.) If glutamate provides the dominant excitatory in—t'on_ (Grzywacz &Amtho_r,_ 19_93)'] Hence, it IS “k?ly that an am-
put, it may mediate the DS cell response’s high contrast sensitivit)?cr'ne c_ell_medlates facilitation. Due to their unique posm_onlng
(Grzywacz et al., 1990) and directional hyperacuity (GrzywaCZ(Famlgllettl, 1983; Amthor et al., 1984), pharmacology (Ariel &

et al., 1994). We formulate this hypothesis, because it seems urgaw‘ 1982;F:miﬁlietti,91993£'332, aﬂd size l(Talug(gg & I\h/laslrz]anlq, 19&.34;
likely that the ACh input, which is too weak to detect when map- rzywacz mthor, ; Amthor et al., ). the cholinergic,

ping the excitatory receptive field, could support these functions.srarburSt amacrine cells are the most likely candidate for this role.

Surprisingly, N-methyl-D-aspartic acid (NMDA) receptors were The_chollr_lergl_c |nput-to _ON_OFF DS cell_s has been shown to be
found to mediate most of the glutamatergic excitation in ON—OFFCarrIGd primarily by n|cot|n|g 're(':eptors (Kittila & Massey, 1997).
DS cells (Cohen & Miller, 1995), withw-amino-3-hydroxy-5- (Although a weak, muscarinic input was suggested based on re-
sponses to bath-applied carbachol, synaptic block was not per-
formed, so the muscarinic effect may have been transsynaptic.)
Reprint requests to: Norberto M. Grzywacz, Smith-Kettlewell Eye Re- Intracellular and whole-cell patch recordings from starburst cells
search Institute, 2232 Webster Street, San Francisco, CA 94115, USA. (Bloomfield, 1992; Peters & Masland, 1996) and the time course
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of facilitation (Grzywacz & Amthor, 1993) imply that the nicotinic had a circular outer edge with a diameter of 1%00 and a square
input is probably temporally sustained. This contrasts with theinner opening with sides measuring either 200 or 300.
temporally transient responses of DS cells to steps of light (Barlow The sweeping bar stimulus was a light bar (2Q0@ long and
& Levick, 1965). As we will see in Results, that the ACh input is 600 um wide) of varying contrast on a gray background, moving
temporally sustained may be crucial for the support of directionaperpendicular to the bar’s long side (10pfn/s)* across the re-
selectivity at low temporal frequencies or speeds. ceptive field every 3 s. Motions tested were in either preferred
Blockade of either nicotinic or NMDA synapses does not elim- direction only, preferred and null, or preferred, null and both or-
inate directional selectivity (Kittila & Massey, 1997). This sug- thogonals. Each combination of direction and contrast was pre-
gests that these synapses may have complementary roles in teented 20 times in pseudorandom order. The contrasts displayed
computation of motion direction. In this study, then, we have uti-were a subset of 15, 25, 30, 40, 50, 60, 75, 80, 90, 100, 120, 150,
lized nicotinic and NMDA blockades to test this hypothesis. Cu-200, 300, and 400%, with contrast definedGg, = 100% F —
rare, a competitive nicotinic antagonist, whose critical concentratiorB)/B, with F and B representing the foreground and background
in our setup has previously been determined (Grzywacz et alilluminations, respectively. For these experimel®s; 23 Ix. The
1997), was used to block nicotinic ACh excitation. We used AP7, measured response was the mean number of spikes per trial col-
which acts as a competitive NMDA antagonist (Cohen & Miller, lected over the full motion.

1995), to limit NMDA glutamatergic excitation. A preliminary re- The hyperacute edge-motion stimulus has been previously de-
port of these findings has been presented in abstract form (Grzywaccribed (Grzywacz et al., 1994). In brief, responses were recorded
et al.,, 1993). to the appearance of an extended (light or dark) edge followed by

a preferred- or null-direction apparent motion. No-motion cases,
caused by the edge appearance alone, were also obtained to re-
Methods move the transient responses through base subtraction (Amthor &

Anesthesia, surgery, recording, and stimulation methods were e§fzywacz, 1993; Grzywacz & Amthor, 1993). Apparent-motion

sentially the same as previously published by Amthor et al. (1989flisplacement magnitudes ranged from 3.4 to 168. The back-
and Grzywacz et al. (199]. ground illumination was 60 Ix, and the edge contrast was 99.2%,

with contrast defined as above. The order of presentation of com-
binations of displacement magnitudes and directions of motion
Physiological preparation were randomized within a set and presented 30 times each.

Adult Dutch belt-pigmented rabbits were used for all experiments.C C‘:’(;e(;‘:rrilfztﬂilnstlr;tu::tsep;r(:;(;]c?lnutlIl;zeetz\(ljvgesrl]ng -szaglzrg]];agggéiyt?n/ both
The animals were initially anesthetized with urethane (Rgg, Y g 9ng ' '

. ) . : the preferred and null directions, for eittes (five trials), 12 s, or
followed by pentobarbital sodium given to effect. Following dark 16 s (three trials) each. The grating contrast was 99.2% with con-
adaptation, an eye was enucleated, hemisected,divitreated,evert?rdst defined ag.. .. : 100% (L L)L + L)
and mounted in a recording chamber under dim red light. ThewhereL andLg-ra"\;]vgere the maxir:nagl andmlrr;linimrgalxluminmal{;wées
eyecup was superfused (3-5/miin) with a simulated cerebro- max min = . ;
spinal fluid (Ames & Nesbett, 1981) saturated with 95%-6% respectl\_/ely. Mean luminance was 60 Ix. The low-velocity cutoff

. . . was defined as the lowest velocity whose response was not less
CO,. Extracellular recordings were obtained from the eyecup Wlththan half of the peak response. Thus, the cutoff was determined
carbon fiber in glass microelectrodes. All cells were recorded froma ainst normalized responses ' '
just below the visual streak. A total of 30 eyes were used, from g P '
which we successfully obtained pharmacological data on 54 cells.
Cells which did not recover directionally selective responses fol-Results
lowing drug wash-out were discarded from analysis.

Sweeping bar responses under cholinergic blockade

Pharmacology We began by verifying previous reports that nicotinic blockade
will reduce DS cell preferred responses to a sweeping bar without
For each experiment, superfusion was switched to drug-containingjiminating directional selectivity (Ariel & Daw, 1982; Cohen &
media following the collection of control responses. The saturatingw”en 1995; Grzywacz et al., 1997 Kittila & Massey, 1997).
concentration for curare in our setup has previously been detefeyrare (nicotinic cholinergic antagonist) was applied to seven cells
mined as 13+ 11 uM (Grzywacz et al., 199), and a concen-  qyring the collection of response-versus-contrast functions and pre-
tration of 60 uM was used here. AP7 was applied alone, or inferred responses were reduced, regardless of contrast, for each cell.

combination with 6Q+M curare, at either 250 or 50@M concen-  The mean preferred response decrement at 50% contrast véas 39
tration, well beyond the 10QM level described as fully blocking 794 (mean+ S.E.).

responses to exogenously applied NMDA in the rabbit (Kittila &
Massey, 1997). There is reason to suspect, however, that the crit- ]
ical concentration for AP7 may be higher than 1081, and this ~ SWeeping bar responses under NMDA blockade

issue will be discussed later. We have also verified the reduction in response to a sweeping bar
stimulus without loss of directional selectivity for NMDA block-

Visual displays and responses

Three separate visual tests were applied in this study: a sweeping *This speed is slightly lower than that required for maximum responses

. e } slits (Wyatt & Daw, 1975) and roughly optimal for square-wave gratings
bar, hyperacute shifts of an extended edge, and a drifting Slnuso[’Amthor& Grzywacz, 1998). Importantly, measurements of the strength of

dal grating. For each test, a mask was centered over the cell§irectional selectivity show an insensitivity to speed for speeds spanning
excitatory receptive field to limit surround inhibition. The mask over two orders of magnitude (Amthor & Grzywacz, 1998).




Excitation in retinal directional selectivity 1121

ade (Fig. 1—Massey & Miller, 1990; Cohen & Miller, 1995; Kit- effects of AP7 at 50QuM and at 200-25QuM was statistically

tila & Massey, 1997). Fig. 2 shows the respomngesuscontrast  significant ¢ = 2.69 andP < 0.01 for 50% contrast, and= 2.38
functions for an ON-OFF DS cell (the same one as in Fig. 1)andP < 0.025 for 100% contrast, one-sidetest, 15 degrees of
before, during, and after application of 2%M AP7 (NMDA freedom). Furthermore, the reduction for 50M AP7 was statis-
glutamatergic antagonist). Regardless of contrast, both preferredically significantly larger than that found by Kittila and Massey
and null-direction responses were reduced. Similar results wergl997), 31+ 7%, utilizing (£)-3-2-carboxypiperazin-4-yl phos-
found in all 17 cells tested with AP7. For five cells, 2501 AP7 phonic acid (CPP) at twice the concentration they describe as
caused preferred-response reductions at 50% contrast 648 being sufficient to block fully a saturating dose of exogenously
and at 100% contrast of 45 5%. These values were consistent applied NMDA. The reduction was also considerably larger than
with the 42% reductionr( = 7) reported by Cohen and Miller the aforementioned 42% reduction € 7) of Cohen and Miller
(1995) using 200-25QwM AP7. The remaining 12 cells were (1995), and the 34% reduction € 1) utilizing 100uM AP7 [the
tested with 50QuM AP7 and had reductions of 7 7% and 67+ critical level for AP7 as reported by Kittila and Massey (1997)]
7% for 50 and 100% contrasts, respectively. [One cell (e683cl)eported by Massey and Miller (1990). Fig. 3 plots the percentage
gave no significant responses under o0 AP7 for any stimulus—  of response reduction due to AP7 (as well as equivalent CPP) as a
maximum tested contrast 300%.] The difference between the function of concentration for all four studies. This plot strongly
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Fig. 1. Influence of 250uM AP7 on poststimulus histograms of a DS cell (e651c3) responding to a bar sweeping along its preferred-
null axis. Top, middle, and bottom rows are control, AP7, and recovery, respectively; preferred responses are to the left, null responses
to the right. Responses decrease without loss of directional selectivity.
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concentration. The concentration of CPP was translated to an equivalent
Fig. 2. Responserersuscontrast functions for the cell of Fig. 1. Solid and  AP7 concentration by equating them when they block a saturating dose of
empty symbols are for preferred and null responses, respectively. Errasxogenous NMDA (Kittila & Massey, 1997) and scaling them proportion-
bars stand for the standard error of the response. AP7 reduces responsesifd. G, M, and A refers to this paper, K and M refers to the Kittila and
all contrasts but directional selectivity remains. The fall in the preferredMassey paper, C and M refers to Cohen and Miller (1995), and M and M
response functions at high contrasts is typical and is the subject of theefers to Massey and Miller (1990). The data suggest that the critical
accompanying paper (Merwine et al., 1998). Although not all cells recov-concentration for NMDA receptor blockade may be higher than previously
ered as fully as here, directional selectivity was recovered or the cell’s datdelieved (10QuM for AP7 as reported by Kittila & Massey, 1997). How-
were not used in the paper (see Methods). For clarity, recovery is not showsver, protocol differences make comparisons across studies difficult (see
in the remaining figures. Discussion).

suggests that, at this range of concentration, the effect of APatory inputs to DS cells are not fixed in their contribution to the
increases with concentration. However, that the effect of AP7 doefinal response (Kittila & Massey, 1997). The residual responses
not seem to saturate at 1pM as suggested by Kittila and Massey with both antagonists applied were reduced from contrak:-&0o
(1997) may also be related to protocol differences and will beand 88+ 5%, for 50 and 100% contrasts, respectively (see Fig. 4
considered further in the Discussion. for an example), neither of which is significantly different from the
value of 92+ 2% found by Kittila and Massey (1997) € 1.36

and 0.72 for 50 and 100% contrasts, two-sitiekt, 13 degrees of
freedom) during blockade with hexamethonium bromide (plus at-
ropine) and CPP. However, in contrast to Kittila and Massey’s
When 60uM curare was added to the 5QM AP7 superfusate, (1997) result, directional selectivity remained for only one cell
responses were generally further reduced, consistent with Kittilainder combined blockade. The remaining cells showed either no
and Massey'’s (1997) results with hexamethonium bromide (plugifference between preferred and null responses (four cells—
atropine) and CPP. We have found this reduction for some contradtig. 4), or preferred-direction reversal (three cells).

in eight of nine cells (recall that e683c1’s responses were elimi-

nated by AP7 alone). The mean additional reduction from th
AP7-alone response was ¥23% at 100% contrast, but 3% at
50% contrast. This difference in additional reduction, for 50 andPreviously, we demonstrated that DS cells can respond in a direc-
100% contrasts, was perhaps due to the varying contrast depetienal manner to edge motions spanning as little ag«i] whereas
dencies of the two excitatory mechanisms. Recall that the reduche minimal displacement for DS responses to a drifting sine-wave
tion due to curare alone, at 50% contrast, wast3%% (n = 7). grating is about 12%m (Grzywacz et al., 1994). Here we tested
This large difference in curare’s effect when presented alone, andhether this directional hyperacuity still existed under either cu-
following AP7 administration, supported the claim that the excit-rare or AP7. A representative example of their effects on a DS

Sweeping bar responses under combined NMDA
and cholinergic blockades

eDirectional hyperacuity
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o cells. Therefore, cholinergic action through nicotinic receptors, but
g 1 not NMDA action, seems to be the main excitatory process sup-
> porting directional selectivity for a moving, rugged visual surface,
< 0 at least when it has low spatial frequency, like in our stimulus.
R We also examined the changes in the sinusoidal temporal-
0.1 1 10 100

frequency tuning curves caused by the blockade of nicotinic or

Log Temporal Frequency (Hz) NMDA inputs. In particular, our interest lied on the low temporal-
irequency cutoff, since nicotinic inputs are probably temporally

Fig. 7. Effects of curare and AP7 on the average response of a DS cel

(€673c2) to a drifting sinusoidal grating. The top panel displays Control_sustauned. It thus seemed reasonable to hypothesize that nicotinic

responses while the bottom panel shows responses under drug conditiorLQ,puts contribute directly to low temporal-frequency responses.
Conventions are as in Fig. 2. Curare and AP7 both lowered responses, bi#d- 8 shows the responses of a cell (e681c2) to az#gcycle

only the former eliminated directional selectivity. grating drifting at temporal frequencies ranging from 0.125 to

8 Hz. The low and high temporal-frequency cutoffs, under control
condition, were 0.25 and 1 Hz, respectively. Curare application
reduced response strength at most temporal frequencies, and raised
the low temporal-frequency cutoff to 1 Hz. (The high cutoff was

) ) ) unchanged.) For five cells, responses under curare were not sig-
happen with the moving bar (for more details, see Grzywacz et alyjficantly nonzero, and four others were not tested at temporal

1998). In contrast, as seen in Fig. 7, for those cells for which AP7oqencies low enough to determine a difference between curare
did not eliminate the response (an example of such an elimination,y control. For the remaining ten cells, however, there was an
appears in Fig. 8), AP7 did not seem to eliminate grating-elicittdcrease in the low temporal-frequency cutoff as shown in Fig. 8.
directional selectivity.t In four of five cells, directional selectivity Fig. 9 presents the low temporal-frequency cutoffs under control
elicited by the grating remained intact under AP7. In curare’s caseynq cyrare for these ten cells, and Fig. 10 quantifies the amount of
grating-elicited directional selectivity was eliminated in 11 of 12 4 shift on a cell-by-cell basis. These data support the notion that
the sustained, nicotinic input to the DS cell is required for re-

tSome definitions of directional selectivity would say that if no spike sponses at low temporal frequenC|e§. U.nf(.)ljtunately, AP7 appllga
responses remain after drug application, then the cell is no longer DSION reduced grating responses to insignificance for the cell in
However, this ignores the possibility that directional, subthreshold re-Fig. 8. This, in contrast to the nicotinic-blockade experiments, was
sponses exist. Many standard measures of the strength of directional sthe case in 14 of the 19 cells. Thus, we can say little about NMDA's

lectivity (for example,p/n, or (p — n)/(p + n), wherep andn are the  jnyolvement in determining the temporal-frequency bandwidth of
number of spikes elicited by preferred- and null-direction motions, respec;

tively) will be undefined if no responses remain under ph.strmacologicalthese cells. The dqta were sugge;tlve of a higher low t.er.nporal-
blockade. Thus, we prefer to limit our consideration to those cells whosdrequency cutoff with AP7, but this result was not statistically
responses were not eliminated by drug application. significant.
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7 have shown, though, that AMP/KA glutamatergic receptors con-
Hl Control trol the amacrine cell release of GABA and ACh onto rabbit DS
6 cells. Thus, the primary amacrine inputs to DS cells will not be

strongly affected by NMDA blockade. Nevertheless, other trans-

» 9 O curare synaptic effects of NMDA blockade could occur through, for ex-

o ample, the blocking of amacrine release of glycine.t Glycine has
O 4 — been shown to increase the late component of the DS-cell response
[ . . :

5 (Caldwell et al., 1978). As our response measure is spikes per trial
8 3+ and not maximal firing rate, a loss of the late portion of the DS-cell

§ response would lead to a response reduction, and perhaps an over-
Z 24 estimation of the effect of NMDA blockade.

Before discussing the sweeping-bar, hyperacuity, and drifting-

14 grating data, we should briefly consider the possible roles of non-
. [—I nicotinic ACh and non-NMDA glutamate receptors. Although the

0 , T | T pharmacological analyses of Kittila and Massey (1997) demon-
125 25 .5 1 2 strated that nicotinic and NMDA receptors carry the majority of the

Low Temporal-Frequency Cutoff (Hz) direct excitation to DS cells, minor inputs through muscarinic and

AMPA /KA receptors were shown as well. Nevertheless, two ex-

Fig. 9. Population distributions showing curare’s effect on the Iowtemporal-perimema| issues necessitate careful consideration of muscarinic

frequency cutoff. Curare raises the low temporal-frequency cutoff for theand AMPA/KA receptors. First, NMDA receptor responses de-

population. pend on both glutamate and membrane voltage. This is because
Mg?* blocks NMDA channels, unless removed by depolarization
(Nowak et al., 1984). Excitatory inputs from non-nicotinic-non-
NMDA receptors could, therefore, exert substantial effects by de-

Discussion polarizing the DS cell, removing the Mg block, and thereby

augmenting NMDA-receptor responses. Evidence for such an en-

Under either nicotinic or NMDA receptor blockade, quantitative hancement by removal of Mg is now available for DS cells
data were collected to a sweeping bar, hyperacute apparent mgtjepkes & Amthor, 1998). Second, as discussed above, ANKPA
tions, or a drifting grating. Each data set is considered separatelyaceptors control the release of GABA and ACh onto rabbit DS
below. Interpretation of the nicotinic-blockade data is somewhatg||s. Elimination of both of these (putatively) asymmetric path-
straightforward, as the only cells that release ACh in the rabbig,\,ays (Grzywacz et al., 199Y would cause the DS cell to lose its
retina are the starburst amacrine cells (Famiglietti, 1983), and theijrectional selectivity. Cohen and Miller (1995) have shown that
connections are predominantly to ganglion cells (Famiglietti, 1991)AMp A /KA antagonists eliminate directional selectivity in the rab-
The NMDA-blockade data, however, must be approached withyit retina. Yet responses to stationary light stimuli are only mod-

caution. The responses of some amacrine cells depend on NMDAgtly affected, as they depend primarily on NMDA receptors.
inputs, and thus AP7 may have both direct and network effects on

DS cells. Cohen and Miller (1995) and Kittila and Massey (1997)
Sweeping bar

Because the DS cell's excitatory receptive and dendritic fields
tightly correlate (Amthor et al., 1984; Yang & Masland, 1992), it
seems that the DS cell's dominant excitatory input is from (gluta-
matergic) bipolar cells, since they have narrow receptive fields.
Kittila and Massey (1997) have shown that NMDA and nicotinic
curare - control receptors mediate most of the direct glutamatergic and cholinergic
excitation onto DS cells, respectively. Hence, NMDA excitation is
probably the dominant input onto these cells, and thus, NMDA
blockade would be expected to reduce responses more than nico-
0 5{ tinic blockade. Such is the case with the data here, with 5RO
AP7 reducing responses on average7% (n = 12) at 50%
0.25+ contrast, and 6@Q.M curare reducing responses 397% (n = 7).
(As discussed above, some of the response decrement due to curare
might be due to an effect on NMDA receptors through removal of
Mg?* block.) This dominance of the response by NMDA inputs is

Difference in Low Temp.-Freq. Cutoff (Hz)

025 a0 a6 & = .o = = &a a =~ the reverse of that reported by Cohen and Miller (1995) and Kittila
E & & & x 8 £ ¥ & d Massey (1997). We feel there are at least two possibilities for
$ ¥ % % ¥ 5 T ¥ § ¥| andMassey(1997). t 5t two p
-0.5 this difference. First, the critical concentration for full NMDA
Cell number

Fig. 10. Difference between curare and control low temporal-frequency  tTranssynaptic effects through bipolar inputs to the DS cells should be
cutoffs on a cell-by-cell basis. For the majority of cells, curare raises theminor, because NMDA blockade practically eliminates these inputs any-
low temporal-frequency cutoff. Cells are the same as in Fig. 9. way (Kittila & Massey, 1997).
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blockade is in doubt,§ as suggested by Fig. 3. We explain thelirectionality) is tightly related to contrast sensitivity (Shapley &

reasons for this doubt as follows: Kittila and Massey (1997) re-Victor, 1986), we also infer that NMDA synapses are the main
ported that 100uM AP7 completely blocks the response to a ones, endowing DS cells with their exquisite contrast sensitivity
saturating concentration of exogenous NMDA. However, it is pos-(Grzywacz et al., 1990).

sible that the transient levels of light-evoked glutamate are higher

than the saturating dose, thus requiring higher doses of AP7 for

blockade. Moreover, it is possible that the affinity for NMDA is Sine-wave grating

lower in DS cells than the affinity for the endogenous transmitter.

And it is possible that although 106M AP7 eliminated all ex- As mentioned previously, the cholinergic amacrine input to the DS

tracellular responses to NMDA in the Kittila and Massey experi-ce“. appears to carry extra- (and most likely intra-) receptive-field
Eglltatlon. This facilitation is temporally sustained, and therefore

ment, subthreshold responses lingered. Second, to enhance the .

. may be utilized for low temporal-frequency responses. We tested
cell response under excitatory blockade, we used a surround mastlﬁiS temporal-frequency prediction using a sine-wave arating drift-
This mask would prevent extra-receptive-field facilitation, which . P d yp 9 9 9

is likely to arise from cholinergic amacrine cells (Amthor et al., ing at various rates. Nicotinic blockade raised the low temporal-

1996—see Introduction for more details). Thus, our stimulus pro_frequency cutoff for DS cells. This agreed with the prediction

tocol itself tips the excitatory balance in favor of the NMDA above and suggested that, although not the primary excitatory
bipolar input ' drive in DS cells, ACh, nonetheless, may have a crucial role in

Combined blockades of nicotinic and NMDA receptors did not exte_nding the Iow-velgci_ty end O.f the_ DS cell ter_nporal-freque_ncy
fully eliminate DS cell responses to the sweeping bar stimulusproflle. That curare eliminated directional selectivity for a grating
was significant, since the same drug fails to do so for a sweeping

scribed by Kittila and Massey (1997), so this result is not a sur?bar' In a separate paper, we point out that the glutamatergic system

prise. However, unlike the Kittila and Massey (1997) report, weWOUIOI l:_)e |neff|qent n _deallng with moving textures, that 1S, Im
S L . 7 o ages with multiple luminance peaks or elements, postulating that
found directional selectivity becoming statistically insignificant ” . .
, : . under these conditions the cholinergic system would be necessary
for the DS cell’s residual response. We propose that this may occufrOr directional selectivity (Grzywacz et al., 1998). We would sa
due to differential locations of excitatory non-NMDA-non-nicotinic y yw N : y

and inhibitory GABAergic inputs in the dendritic tree of the DS that g_xgctly as thg glut_amaterglc syst_em has a role |r'1 contrast
sensitivity, the cholinergic system has its own roles, for instance,

cell. Based on independent data, the glutamatergic inputs havg . ; ; -
. . ; .. _dealing with textures. In this case, one should view these systems
been hypothesized to occur on both proximal and distal dendrites

whereas the GABAergic input was hypothesized as distal onlyaS complementgry. Their contribution to_rt_asponses_ ov_er_lap over
. some range of stimulus parameters, explaining why nicotinic block-
(Grzywacz et al., 1993). We now extend that hypothesis to pro- . e R - -
. S ade fails to eliminate directional selectivity to a sweeping bar and
pose that the minor, non-NMDA-non-nicotinic component of the . 4o ot N\MDA fails to eliminate directional selectivity to a
excitatory input is relatively proximal. As null-direction inhibition moving arating. This dual svstem is consistent with recenttymodels
appears to be of the shunting type (Amthor & Grzywacz, 1991), it 99 9. y

is necessary that inhibition and excitation be electrotonically closé f directional selectivity (Grzywacz et al., 199/Kittila & Massey,

for the inhibition to be effective (Koch et al., 1982). Thus, we feel 1997), as is the differential distribution of transmitter types dis-

that the loss of directional selectivity in residual responses ma)}:ussed in Sweeping bar.

simply be due to the inhibition being placed too far from the

proximal, non-NMDA-non-nicotinic excitatory input (for more ev-  Acknowledgments
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