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Gating of Retinal Transmission by Merent Eye 
Position and Movement Signals 

Vision in most vertebrates is an active process that requires the brain to combine 
retinal signals with information about eye movement. Eye movement information may 
feed forward from the motor control areas of the brain or feed back from the extrinsic 
eye muscles. Feedback signals elicited by passive eye movement selectively gate retinal 
outflow at the first relay, the dorsal lateral geniculate nucleus. The gating predomi- 
nantly facilitates retinogeniculate transmission immediately after eye movement and 
inhibits transmission when a new steady-state eye position is achieved. These two 
gating effects are distributed in a complementary fashion across the dorsal lateral 
geniculate nucleus such that the spatiotemporal activity profile could contribute to 
object detection and localization. 

T HE EXTRAOCULAR MUSCLES (EOM) 
of mammals are richly innenrated by 
stretch receptors (1, 2) that, when 

activated, produce phasic bursts of activity 
(2, 3) that map interact with visual signals in 
neurons in brain regions that receive mono- 
synaptic retinal input (4). Interaction of 
phasic eye movement signals from the EOM 
with retinal signals has also been reported in 
higher centers such as visual cortext (5). 
However. information is not available on 

brief phasic movement of the left eye was 
randomly varied by a computer (9). The left 
eye was prevented from receiving visual 
stimulation by occlusion with an opaque 

Fig. 1. Experimental procedure. A 
(A) Schematic top view of the cat's 
eyes and relevant projection of the 
retinas to the LGN (animal looking LGN 

toward bottom of figure). The loca- 
tions of the medial rectus (MR) 

contact lens and an intravitreal injection of 
tetrodotoxin (TTX) (1 0). 

Extracellular recordings made with fine- " 
tipped micropipettes (7) were obtained 
from 209 single X or Y (1 1) neurons of the 
A layer of the left dorsal lateral geniculate 
nucleus (LGNd) (contralateral to the eye 
being visually stimulated but ipsilateral to 
the eye being moved). Thus, LGNd layer A 
received a modulated retinal signal only 
from the stationary eye. Two types of ex- 
periments were performed: a tonic eye posi- 
tion experiment in which the steady-state 
position of the left eye was varied (n = 133 
neurons) and a phasic eye movement experi- 
ment in which a brief movement of the left 
eye occurred at various times before or after 
the visual stimulus onset (n = 76 neurons). 
A subset of the neurons that showed signifi- 
cant changes in their visual response after 
eye movements (n = 12) was also tested for 

the effects of EOM-rnediated tonic eye posi- aid lateral rectus (LR) lnusc~ks and 

tion changes and phasic eye movements on their of On 

the globe of the left (moving) eye 
early visual processing in functionally identi- are indicated, The right eye, 
fied neurons with respect to their positions remained stationary a ~ d  received 

LR 

on the retinal map. Thus, it is not known visual stimulation, was fitted with a Retina TI 

how the nervous system could use such infor- contact lens. By application of the 
correct spectacle lens, the right reti- mation to facilitate spatial localization of na was lnade conjugate with a dis- 

objects. This is of particular interest in light play mollitor positiolled at a view. Occluder 

of reports that feed-fonvard signals map be ing distance of 57 cm. The left eye, 
sufficient to signal eye position during per- which was moved but received no 

formatlce of certain ocu~omotor tasks ( 6 ) .  was fitted with B Visual display Luminance profile EOG 
an opaque contact lens occluder 

We have examined the effects of passive a,d received all illtraocular injec. Position W d f-l changes in eye position and eve movement ti011 of TTX in most cases. i B )  - , \ ,  
on retinogeniculate transmission in the cat. Visual stimuli (delivered to right m 
General surgical methods, anesthesia, and ye) and eF Movement 1 ( 

left eye). For the eye position ex- electrophysiological recordings were as de- periment, the visual display (a drift- 
J-'l-- -L 

scribed (7, 8). The experimental procedure ing gating pattern) electroocu- c Control TTX 

is shown in Fig. 1. The same visual stimulus lograrn (EOG) indicating a steady- 1 
was repeated$ delivered to the right eye 
while the steady-state position or time of a 
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state change in eye position are 
indicated. For the eye movement 
experiment, the visual display (an 

dk:~ 0.5 s - 
abrupt onset circular spot posi- 
tioned within the receptive field of the LGNd neuron) and brief (75 ms) phasic eye movement are 
indicated. Neuronal responses were collected for six eye positions or ten times of eye movement in a 
randomized, interleaved fashion. Blocks of five trials were collected for each eye position or time of 
movement in an interleaved fashion. The new position or time was selected by the computer with a new 
randomizatio~l from a table of preselected values during a 1-s pause. During the pause period, the visual 
display remained spatially and temporally homogeneous. (C) Visually evoked potential recorded from 
optic nerve of left (moving) eye before and after TTX injection into vitreous humor. 
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directional preference. Neuronal responses 
were analyzed for changes in both the num- 
ber and frequency of action potentials. 

Responses of an LGNd X cell to identical 
visual stimuli for nvo different eye positions 
are shown in Fig. 2, A through D .  A 
significant reduction in the response of the 
neurons to the visual stimulus was seen 
when the response at the deviated (10" 
nasal) position (Fig. 2, C and D) was com- 
pared to that at the control (5" temporal) 
position (Fig. 2, A alld B) .  At the deviated 
position, the number of action potentials 
per trial was reduced by 40%, whereas the 
mean peak firing rate was reduced by 53%. 
This difference in both the measures as a 
function of eye position was significant 
when compared between individual posi- 
tions and over the full range of e~7e positions 

tested [P < 0.001, analysis ofvariance (AN- 
OVA) test]. A conservative measure 
(P < 0.05, trend analysis), as evaluated by 
both the number of action potentials and 
firing rate, was applied in order to evaluate 
the spatial extent over which these effects 
occurred (12). Examples of these relations 
for several individual LGNd neurons are 
shown in Fig. 3A (13). A reduction in the 
visual response when the eye position was 
deviated in either direction from rest was the 
predominant effect observed. The mean gain 
or slope across the range of eye positions for 
the population of neurons studied is shown 
in Fig. 3A. This represents a mean reduction 
of 2.2% (+0.4% SEM) in visual response 
per degree change in eye position. However, 
if only the range of 5" deviation [more 
within the range of typical saccadic eye 

Fig. 2. The effect of chang- A B 
ing cyc position (A through 
D)  and eve movement (E 

rons. The cffect of cyc posl- 
tion is illustrated for an X 

U, cell with an off-center recep- p 
tivc field at a11 eccentricity of :: O 

10" from central vision. i'he B 
cffect of eye lnovclncnt 1s $ 
illustrated for a Y ccll with 

5 25 - 
an on-center receptive field 1 
at an eecccntricinr 4" from " i I ,  I 1 
central vision. ~ e ' f t  column 
(A, C, E, and G) shows time 
histograms of accumulated 
action potentials for 50 (eye 
nosirion\ or 30 (eve move- 0.1 0.3 0.5 0.1 0.3 0.5 
I ~- - ---, - -  - - \ -  , - - - - -  - 
ment) trials. Bin width. 5.0 Tlme (s) Tlme (s) 

ms. k g h t  column (B, D, F, 
and H )  shows firing rate E F 
plots on a trial-by-trial basis. i" 4 . 
Eye position effccts on visu- V) - 

a1 response were evaluated 
at six positions, whcrcas cyc 
movemcnt effccts were eval- 
uated at ten times. In each 
casc, rhe appropriate vari- " f able (eye position or time of .E o LJ 
eye movement) was varied G 
in a randomized interleaved 
fashion. (A through D) Eye 5 

60 1 position: Responses for two - 
of the eyc positions tested 
[(A and B) control, 5" tem- 
poral position; (C and D) 
deviated, 10" nasal position] 
for which the difference in 
the cell's visual response was 
greatest arc illustrated. A Time (ms) Time (ms) 
significant reduction in the 
number of action potcntials [212 in (C) vcrsus 354 in (A)] and the peak firing rate [75.0 + 25.0 Hz in 
(D) versus 160.0 t 25.0 Hz in (B)]  was obsen~ed. (E through H) Eye movcmcnt: Responses for two of 
the ten times of eye movement are indicated [(E and F) control, 600 ms after visual stimulus onset; (G 
and H )  maximal cffcct, 0 ms or coincident with visual stimulus onset]. Visual st im~~lus onsct was always 
at time 0, and duration of visual stimulus was 500 ms. Arrows in (E) and (G) indicate time of phasic cyc 
movement (200" pcr second, 75 ms duration, 15" amplitude). The visual response was facilitated as 
demonstrated by an increase in the number of action potcntials [284 in (G) vcrsus 121 in (E)] and by 
the increase in firing rate 1455.0 t 33.0 Hz in (H) versus 275.0 2 27.0 Hz in (F)] when the eyc 
movement was initiated at time 0. Similar but less dramatic increases in the visual response occurred for 
other times of eye movcmcnt initiated within 50 ms of the visual stimulus onset (Fig. 3) .  

g Temporal 10" O" 10' Nasal 
Normallzed eye position 

1B 

Time of eye movement (ms) 

RF eccentrlclty 

Fig. 3. Summary of magnitude and distribution 
of eyc position (A and C) and eye movement (R 
and C) effects 011 visual responses of LGNd 
neurons with rcspect to their RF location. (A) 
Summary of the relation of visual responsc ampli- 
tude to eye position for all of the individual cells 
(n = 13) that had a significant reduction 
(P < 0.05, ANOVA) in both the number of 
action potentials and the firing rate for the visual 
response whcn the cyc was positioned to either 
side of an optimum position [quadratic trend 
(12)l. Ten other ncurons (not shown) were signif- 
icantly affected by eye position but had other 
types of spatial profiles [such as those fittcd by 
h e a r  trends (12)l. The visual response was nor- 
malized with respcct to the optimum position 
(which was 0' for 10 of 13 of thesc ncurons and 
5" nasal or temporal for the other 3 neurons). The 
solid line represents the mean function. (6) Sum- 
mary of the temporal range for eye movement 
facilitation for all tcn neurons with visual respons- 
es that were significantly (P < 0.05, ANOVA) 
and maximally facilitated whcn the phasic eye 
movement onset was coincident with the visual 
stimulus onset (indicated by arrow). (Fifteen oth- 
er neurons had visual responses that were also 
significantly affected by appropriately timed eye 
movements, but these effects varied in optimum 
timc and polarity of response and are not shown.) 
The visual response amplitude is the number of 
action potentials occurring in the 250-ms block 
bcginning at the visual stimulus onsct. The con- 
trol visual response amplitude is taken when no 
eye movement occurs until 600 ms after visual 
stimulus onset. The mcan facilitatory temporal 
range for the ten neurons is shown by the solid 
line. (C) Distribution of LGN,, neurons (both X 
and Y cclls combined) with significant (P < 0.05, 
ANOVA by both number of action potentials and 
firing rate criteria) eye position (solid bars, 
ti = 23 of 133 tested) or movement (opcn bars, 
M = 25 of 76 tested) effect on visual response with 
respect to range of groupcd RF cccentricities. 
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movements in cat (14)] from the position of discharge of the neurons was observed for 
88% (22 of 25) of the affected neurons. 
Moreover, no effects of eye position changes 
or movement were seen for the visual re- 

cilitation of visual responses by phasic eye 
maximal response is considered, the average 
slope is 4.0% (20.5% SEM) reduction per 
degree. Such a relation of visual response 
magnitude to eye position has also been 
observed for neurons in the parietal cortex 
of alert monkeys (15). 

The reswnses of an LGNA Y cell to 

movement is stronger and more likely 
(P < 0.01, X2 test) for neurons with RFs 
within 5" of central vision (Fig. 3C). 

On the basis of our results. the effects of sponses of retinal ganglion cell axons 
(n = 24), implying that the selective gating 
occurred at the retinogeniculate synapse 
(1 7). The time window for eye movement- 
induced facilitation of the visual response is 
shown in Fig. 3B. The average profile had a 
60% increase in the visual resDonse when 

changes in eye position or appropriately 
timed eye movements on the visually elicited 
activity-profiles of layer A of the right and 
left LGNd are shown in Fig. 4. The EOM 
signals initially enhance the visual responses 
in and near central vision for a brief ~er iod  

- 
identical visual stimuli when a phasic eye 
movement occurred at two different times 
are shown in Fig. 2, E through H. The 
number of action potentials and the peak 
firing rate were significantly greater 
(P < 0.001. ANOVA test. 135% and 65% 

the phasic eye movement was coincident 
with visual stimulus onset. 

The magnitude and likelihood of the eye 
position and movement effects on visual 
responses are unevenly distributed with re- 
spect to cell type and receptive field (RF) 
eccentricity in the LGNd (Fig. 3C). Al- 
though both types of effects are more likely 
to occur for X than for Y cells (P < 0.01, X2 

after the eves have centralized a novel visual 
target, poientially providing a postsaccadic 
alerting mechanism. 

The spatial activity profiles of the A layers 
of the LGNd with the eyes in a deviated 
steady-state position but with identical visu- 
al stimulation are shown in Fig. 4B. The 
nonuniform reduction in the spatial activity 
profile that occurs with increasing angle of 
gaze could contribute to target localization 

increase, respectively) when a brief temporal 
movement (16) of the ipsilateral eye oc- 
curred coincident with the visual stimulus 
onset (Fig. 2, G and H)  than in the control 
condition when the eye movement occurred 
600 ms after the visual stimulus onset (Fig. 
2, E and F). The specificity of this effect for 
the visual response of the neuron is indicat- 
ed in Fia. 2E. At 600 ms after visual stirnu- 

test), the complementary distribution of the 
two effects with respect to RF eccentricity is 
more striking (18). Inhibition of the visual 
responses as a function of deviations in eye 
position is stronger and more likely 
(P < 0.01, X2 test) to occur for neurons 
with RF eccentricities >15" (Fig. 3C). Fa- 

& a head-centered coordinate system by 
combining retinal and afferent eye position 
signals. Any one LGNd neuron could not 
reliably encode target location because of 
many possible combinations of eye position 
and visual stimulus strength. However, the 
nonuniform distribution of the eye position 
effect with respect to the retinal map would 
cause the response of the entire population 
of LGNd neurons to differ for the same 
visual scene viewed at differing angles of 
gaze. If only the strength (contrast) of the 
textured visual stimulus was reduced with- 
out changing eye position, the spatial activi- 
ty profile would simply be a copy of the 
control response (Fig. 4 . )  with a negative 
offset. The directional selectivity (16) of the 
eye movement effect could contribute the 
vector component necessary for target local- 
ization. Alternatively, the directional com- 
ponent may come from a corollary discharge 
(6) of motor signals that initiate eye move- 

" 
lus onset the eye movement had no effect on 
the neuron's spontaneous rate of discharge. 
This selective gating of the visual response 
with lack of an effect on the spontaneous 

Fig. 4. Schematic representation of the differen- 
tial dects of varying eye position and time of eye 
movement on the activity profile in layer A of the 
right and left LGNd. The drawings of the two 
eyes illustrate the known projection pattan from 
the nasal and temporal hemiretinas to contralater- 
al LGNd layer A and the ipsilateral LGNd layer 
Al, respectively. The shaded pupils indicate the 
position of the eyes, and the alternating grating 
patterns modulated in one dimension represent a 
textured visual simulus that spans the entire reti- 
na. The plots above the LGNd represent the 
predicted activity profile across the mediolateral 
dimension of layer A of each LGNd for an 
appropriate subset of neurons (for example, on- 
center neurons). The solid straight lines in (A) 
and (B) represent the mean activity level, and the 
representations of the corresponding position of 
the retinas with respect to the representation of 
central vision (the area centralis) are given in 
degrees. The varying activity profile expands as 
the representation of central vision is approached 
in accordance with the known magdication of 
the retinal surface on the LGNd. (A) (Control) 
The predicted activity profiles with the eyes at rest 
and straight ahead. (B) Effect of eye position and 
movement. The predicted activity profiles in re- 
sponse to the identical visual stimulus at the same 
retinal location when the eyes are held in a 
position deviated from rest (solid lines on graph) 
or when the eyes have just completed (within 50 
ms) a phasic movement (stippled lines on graph). 
The change in eye position causes an inhibition 
such that the likelihood and magnitude of the 
inhibition increases at more peripheral receptive 
field representations, whereas the appropriately 
timed eye movement causes a nonuniform facilita- 

ment. 
Averaging of activity across a neuronal 

population has been suggested as a mecha- 
nism for the generation of eye movements to 
different positions [saccade generation by 
the primate superior colliculus (19)] and for 
the encoding of the head-centered positional 
informaiton in higher cortical areas [primate 
cortical area 7a (20)l. Such a mechanism 
provides for accurate motor localization of 
the eyes to a target with minimization of the 
noise effects due to a single neuron's vari- 
ability (19). We suggest that a similar mech- 
anism mav contribute to localization of visu- 
al targets in early visual processing. 
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