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Peripheral shift reduces visual sensitivity
In cat geniculate neurones
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Abstract

The sudden displacement of the retinal image during a saccade raises the visual threshold of human observers to
foveal stimuli. The fall in visual sensitivity observed during this phenomenon, known as saccadic suppression,
seems to occur very early in the visual processing chain. The lateral geniculate nucleus (LGN) is a likely locus for
the multiple retinal and extraretinal interactions occurring during saccadic eye movements, therefore we used the
responses of relay cells of adult cats to simulate a pychophysical experiment. We first measured the responses of
X and Y relay cells (27 X and 13 Y) to central spots of optimal size and different contrasts. The spots were
presented either alone or time locked with the rapid movement of a large, high-contrast peripheral pattern, referred
to asshift We measured the percentage of trials on which the relay cell fired more spikes when the spot (contrast:
0.03-1.0) was present than when it was absent. In experiments with human observers the task was to indicate, by
a keypress, which of two otherwise identical temporal intervals contained the spot. The shift reduces the sensitivity
(raises the contrast threshold) of neurones in the cat relay cells to brief, stationary targets presented to the
receptive-field center. The suppression of visual sensitivity is significantly greater in Y cells than in X cells
(average sensitivity ratios 56 5.4 in Y cells, 1.59+ 0.9 in X cells:P < 0.001,U test). The shift also reduces

the sensitivity of human observers to the same target. This suggests that the LGN is a potential locus for the
modulation of visual responses that leads to saccadic suppression.
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Introduction pressed by saccades (Noda & Adey, 1974; Noda, aR75imi-

The fall in human visual sensitivity observed during saccades afl_arly, passive eye movements suppress visual responses of relay
: . ells of cats in the early phase of a saccade (Lal & Friedlander,

fects the magnocellular visual pathway. Luminance patterns an 989, 1990)

low spatial-frequency patterns are .suppres.sed during saccades (Buarr The LGN with its large number of nonretinal synapses (Guil-
et al., 1982), whereas color and high spatial frequency patterns a'i(eary 1969: Montero, 1991: Wilson, 1993) is a likely locus for
not affected (Burr et al., 1994). In addition, the detectability of a - >’ ' ' ! !

briefly presented foveal target can be reduced by a saccadic-lik\éIsual modulation of visual signals. Although the LGN is the main

o . : relay in the pathway from retina to striate cortex, neurones in the
movement or oscillation of a border or grating pattern, which may . Co ; .

) LGN are influenced by projections from other visual and visuo-
be several degrees away from the target (MacKay, 1970; Der- . ) ]
. ) motor centers (Molotchnikoff et al., 1983; Wahle et al., 1994;
rington, 1984; Volkmann, 1986). . . . ! .

o . Schmidt, 1996), which makes it an ideal locus for modulation of

The rise in visual thresholds during saccades seems to occur._ ..°. -

. ; . . ) . _Sensitivity by eye movements. It may be that the apparent dis-

very early in the human visual processing chain. Retinal ganglion . ) .
; agreement between earlier experiments arises because saccades

cells and relay cells of the lateral geniculate nucleus (LGN) of cats . : .
. and pattern movements in conscious cats produce variable effects

are known to be excited by saccades and by the movement of a L
. ) on the receptive-field center of LGN neurones due to uncontrolled

large pattern presented far beyond the conventionally defined re

S . stimulation generating additional direct excitatory or inhibitory
ceptive field, a phenomenon generally referred to as the penphe%cfects
effect” or “shift effect” (Mcllwain, 1966; Noda, 194§ Fischer :

. . To control this possibility and to examine how the remote vi-
et al., 1996). It is something of a puzzle that the response of some ; : .

. ) . . sual stimulation that occurs during saccades affects the responses
relay cells to visual or electrical stimulation could also be sup-

to real stimuli on the receptive field, we recorded the activity of
LGN relay cells of anesthetised, paralyzed cats. We report how

Address correspondence and reprint requests to: Andrew M. Demng[esponses of relay cells to their optimal stimuli are modulated by

ton, Department of Psychology, University Park, Nottingham, NG7 2RD, saccade-like movements of a high-contrast peripheral pattern, re-
UK. ferred to asshift
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Material and methods task was to indicate, by a keypress, which interval had contained
the spot.

Physiological preparation

Relay cells

Data were obtained using the same visual stimuli, except that

the spot was adjusted in size to give the maximum response and so

B[esumably had approximately the size of the cell receptive-field

niotomy was performed to allow access to the right LGN. Duringcemer' On half of the trials, chosen at random, the peripheral

recording the animal was paralyzed with pancuronium bromidegrating was turned on gradually during the first half of each ob-
(60 ug-kg~2-h: i.v.) and artificially respired with bD (70%), G servation interval, shifted rapidly through 0.5 cycles at the mid-

(30%) and halothane (0.2-1%). Light anesthesia, assessed by Co%c_)lnt of the interval, and then turned off gradually during the

) o .~ "second half of the interval. Data were analyzed as follows. For
tinuous monitoring of the ECG, and EEG waveform, was main- e . .

. I - each condition, we plotted the percentage of trials on which the
tained by adjusting the level of halothane. Respiration at 25 stfokes ' . . . -
. ; . cell fired more spikes during the 80 ms of maximal activity when
min was adjusted to keep end expiratory {Jévels between 4.5- the spot was present than during a comparable period when it was

5%, Body temperature was maintained close tC38y an electric P P 9 P P

blanket controlled by a subscapular thermistor. The pupils Wereabsent, against the contrast of the spot. The contrasts of the spots

dilated with atropine sulphate and phenylephrine hydrochlorid were selected to cover the range of performance from near chance
was applied to retract the nictitating membranes. The eyes wer
protected by rigid gas-permeable contact lenses of zero added
power. Refractive errors were assessed initially by ophthalmoResults
scopic inspection anq later by optimizing the response to hIghA bright spot presented for about 80 ms in the receptive-field
spatial-frequency gratings. They were corrected by miniature spec- L ) .
tacle lenses placed in front of 3-mm artificial pupils. Taea center of an ON-_cenFe'r LGN rela)_/ cell elicits a.bnef burst ofsp|kes
; S above the baseline firing level (Fig. 1A). If a high-contrast grating
centralis and optic disk of each eye were plotted on a tangent : . AR
screen using a reversing ophthalmoscope. pattern ou_t5|de the (_:Ia35|_cal receptive field is gradually turned on
and then jumps rapidly rightward or leftward just as the spot is
presented, the response to the spot is substantially reduced (Figs. 1E—
1F). The shift stimulus can also suppress the firing rate of the cell
even when no stimulus is being presented to the receptive-field
Recordings of single-unit activity in the right LGN were obtained center (Fig. 1B).
with glass-insulated tungsten electrodes. Recorded cells were es- To minimize the possibility that the shift suppressed the re-
tablished to be in laminae A and Al either using standard histosponse of the cell simply by scattering light onto an inhibitory
logical techniques or from the sequence of ocular dominance changesgion of the receptive field, we compared the effects of shift
during a penetration. elicited by surround gratings that were negatives of each other; i.e.
The visual stimuli (400 pixels square) were generated by al80 deg out of phase and moved in opposite directions. Because
Macintosh computer using a NuVista graphics adapter and prethese complementary stimuli were exact opposites of each other,
sented on a color CRT display monitor (Mitsubishi, model they deliver equal and opposite luminance increments to the re-
no. HL7955SKTKL) at 125-Hz frame rate. The display subtendedceptive field. Consequently, they would have equal and opposite
30 degXx 30 deg at the viewing distance of 0.57 m and had aeffects on linear receptive field mechanisms. Fig. 1E shows the
luminance of 50 cem™2. A front-surfaced mirror was used to response of the neurone to the spot when the peripheral stimulus
position the receptive field on the center of the display. The redshifted to the right, while Fig. 1F shows the cell response to the
green, and blue inputs to the display were driven in parallel usingpot combined with the complementary grating shifting in the
a signal generated by combining three outputs from the graphicepposite direction. Both shifts are similarly suppressive. For all
adapter to give high resolution of intensity (Pelli & Zhang, 1991). the cells in our analysis, the effects produced by the two comple-
Stimulus luminances were set using a lookup table to compensataentary gratings on the responses were similar indicating that
for the nonlinear relation between luminance and applied voltagdinear receptive-field surround mechanisms were unlikely to be
of the display and to divide the available display luminance intoresponsible for the suppressive effect of the grating.
4096 equal steps. A digital signal processor housed in the computer In a number of cells, we also tested the effect of covering the
sampled the amplified signal from the microelectrode, sorted acshifting peripheral pattern in order to demonstrate that the sup-
tion potential spikes according to their shape, and time-stampegressive effect arises within the visual system rather than by some
them with a resolution of 10@s. interaction in the display monitor. Covering the peripheral pattern
destroys its suppressive effect (Fig. 1C). The firing rate of the cell
in response to the steady background luminance is plotted in

Experiments were carried out on five adult female cats anesthe-
tised with intramuscular alphadalofs#phaxalone acetate (saffan;
1.5 ml/kg). After cannulation of a forelimb vein, Saffan was given

eo near perfect.

Visual stimulation and recording

Measuring detection thresholds Fig. 1D.
In our experiments the moving peripheral pattern was almost
Human subjects always inhibitory or neutral in its direct effect on the cell. Only one

Two trained subjects (the authors) viewed the stimuli with theirrelay neurone, an X cell, out of 40 (27 X and 13 Y cells), was
appropriate spectacle correction from 0.57 cm and fixating on axcited by the shift.
mark 10 deg above the point where the central target, or spot, was Our main aim was to see how the shift would affect the visual
presented. The spot diameter was 1 deg. On each trial, two intesensitivity of LGN neurones. To do this, we used the responses of
vals 1 s long were marked by tone bursts and the spot was preeach cell to simulate a pychophysical experiment as follows. On
sented in the middle of one of them, chosen at random. The subject&sach trial, we counted the number of spikes fired by the cells
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Fig. 1. Peri-stimulus time histograms (PSTHSs, binwidth 20 ms, 50 repeats) showing the responses of an ON-center Y cell (9-deg
eccentricity). The two traces underneath each histogram show the temporal luminance profile of the spot and the spatial phase of the
peripheral grating. A: A bright spot (50 eoh 2, 2-deg diameter, 0.98 contrast) was presented for about 80 ms, 0.2 s after the start of
the trace. The spot was turned on and off gradually as indicated by the marker trace. B: A peripheral grating ((d&g;y@le8

contrast) with a 30-deg surround diameter and at a distance of 5 deg from the center of the receptive field was turned on gradually over
0.5 s then jumped sideways by 5 deg and was turned off gradually. Apart from the spot, the central hole in the grating remained
uniformly illuminated with the same mean luminance as the peripheral grating. A diagram of the stimulus configuration is given in the
top of the figure. C: Control experiment in which the shifting grating is covered with an opaque occluder. D: Cell response to the
background luminance alone. E: Cell response to the central spot &peoMmbined with surround grating from (B). F: Same as (E)

but the peripheral grating came on in the opposite phase and moved in the opposite direction.

during the 80-ms period in which its average response was greaggonal of the graph, indicating that the threshold for the central spot
est. These measurements were made for spots of different contrastas not affected by shift, or above the diagonal, indicating that the
presented in the presence and in the absence of a shift. threshold was raised by the shift. The threshold ratio (spshift)/

For each condition, we plotted the percentage of trials on which{(spot) of our sample of X cells was 1460.9 (arithmetic mean of
the cell fired more spikes when the spot was present than when individual cell threshold ratios: s.p.) and of our sample of Y cells
was absent, against the contrast of the spot. Pairs of plots for amas 5.6+ 5.4. A value of 1.0 would indicate no change in thresh-
X cell and a Y cell are shown in Figs. 2A and 2C. The contrast atold. Thresholds of Y cells are increased by the shift substantially more
which performance on such a plot reaches 75% correct indicatethan are X-cell thresholddJ(test;P < 0.001).
the psychophysical threshold that would be recorded if perfor-
mance depended only on the responses of that single neurone. TB?scussion
reciprocal of the threshold contrast is a measure of sensitivity. In
some cells when the spot was presented alone, even the loweEhe results presented here are the first to show a fall in visual
contrast was above threshold. In those cells the lowest spot corsensitivity of LGN relay cells during the shift of a high-contrast
trast was taken as an estimate of threshold. Data points from thegeripheral pattern presented outside the classical receptive field.
cells are plotted differently in Fig. 3. This points to the LGN as a strong candidate for the locus of at

The shift raises the threshold of the Y relay cell whose data ardeast some of the visually mediated components of saccadic sup-
plotted in Fig. 2A by about 0.7 log units and the X relay cell pression.
threshold by about 0.1 log unit (Fig. 2C). Figs. 2B and 2D show Taken together, our findings suggest that the rise of contrast
psychophysical measurements made on human subjects using ttieesholds caused by the peripheral shift is likely to be mediated by
same stimuli presented at a location 10 deg below the fixatiorpurely visual mechanisms in Y-cell and (to a lesser extent) X-cell
point. The shift raises the threshold by about 0.4 log units. pathways no later than the LGN. The same pattern movements that

Fig. 3 shows how the shift affected the contrast threshold inelevate thresholds of cat relay cells also elevate human visual
each of the cells for which we were able to collect data. Thethresholds. The result is in line with the available evidence that
threshold for the optimal central spot when its presentation coboth the shift effect (Derrington, 1984; Felisberti & Derrington,
incided with a shift is plotted against the threshold for the samel997) and saccades (Burr et al., 1994) reduce sensitivity to low
spot presented alone. All the data points fall either along the dispatial-frequency luminance targets.
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Fig. 2. Examples of effects of the sudden motion of a high-contrast peripheral grating on the performance of LGN relay neurones (A,C)
and human observers (B,D) signalling the presence of a brief central spot. Each data point is based on 50 trials. A: The percentage of
trials on which an ON-center Y geniculate cell (13-deg eccentricity) fired more spikes during the 80 ms of maximal activity, when the
central spot was presented than during a 80-ms control period, is plotted against the contrast of the central spot. Opephstimies (

results when only the spot was displayed, filled circl@ éhow results when a peripheral grating was gradually presented and
suddenly moved through 5 deg just as the spot was presented. C: An ON-center X cell (8-deg eccentricity). B, D: Psychophysical

measurements made on human subjects using the same shifting grating as in (A,C) and a target spot presented at a location 10 deg
below the fixation point.

The shift stimulus which elicits the inhibitory effects described the shift effect is inhibitory rather than excitatory. We have checked
here is a smaller, intermittent version of the shift stimulus whichthat, on its own, the shift also increases the firing rate of the
causes transient excitation in retinal ganglion cells (Krliger &majority of retinal ganglion cells. We are testing a number of
Fischer, 1973; Kriger et al., 1975). This makes it surprising thapossible explanations for the difference in effect between the shift

Shift + spot threshold (%)
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/ O MeanY bols @) represent direct threshold values ob-
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101 o for which the lowest contrast presented was still
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cause they only relate to the spot-alone presen-
SpOt threshold (%) tation condition.
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stimuli used in our experiments and the shift stimuli used in pre-Burr, D.C. & MorroNE, M.C. (1996). Temporal impulse response func-
vious papers (Fischer et al., 1978; Derrington et al., 1979). tions for luminance and color during saccad¥ssion Researcl86,

. ; . ; . 2069-2078.
The geniculate suppression of visual signals by the shift coul URR, D.C., MoRRONE, M.C. & Ross, J. (1994). Selective suppression of

originate in retinal ganglion cells, where different effects of remote ¢ magnocellular visual pathway during saccadic eye moventeats.
retinal stimulation have been observed. Enroth Cugell and Jakiela ture 371, 511-513.

(1980) found that continuous motion of a pattern that surroundedERrRINGTON, A.M. & LENNIE, P. (1984). Spatial and temporal contrast
the classical receptive field suppressed the responses to spots of Sensitivities of neurones in lateral geniculate nucleus of macdque-
light on the receptive-field center although a sudden movement o nal of Physiology357, 219-240.

; . {)ERRINGTON, AM., LENNIE, P. & WRIGHT, MLJ. (1979). The mechanism
the same pattern was excitatory. Others have also found that single ot peripherally evoked responses in retinal ganglion cdsirnal of
sudden movements of a peripheral shifting pattern produced ex- Physiology289 299-310.
citatory responses in retinal ganglion cells (Mcllwain, 1966; Krliiger DErrINGTON, A.M. (1984). Spatial frequency selectivity of remote pattern
& Fischer, 1973). It seems likely that the balance between excit- masking.VEﬁn EZSSES?r(:Ith‘L 19?5—19:?- e feld and

H thi ; ERRINGTON, A.M. . Interactions petween receptive fiela an e-
atory and Inhlb!tory .effects depgnds on spatla! and temporal patD riphery in cat LGN cellsJournal of Physiologyd58 {)4P. P
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1983, ESSOCk et al., 1985) The |nh|b|t|0n we Observe COU|d be gang”on cell responses by moving patte[]mjrna| of Phys|0|og$02
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P : 7 : oral modulation o € Dbackgrouna afrects the sensitization response o

the changes in human visual processing durlng_saccades (Bl.Jrr & 5( and Y-cells in the dLGN (?f catVision Research25, 1007—101%.
Morrone, 1996). Th_e net eﬁ?c_t was that the motion of the perlph-FELISBERTI, F. & DERRINGTON, A.M. (1997). Virtual saccades suppresses
eral pattern makes it more difficult to detect the response to stimuli  yigyal signals in the cat LGNnvestigative Ophthalmology and Visual
on the receptive-field center. Science38, 1800.

Two general mechanisms have been proposed to account fditSCHER, B., BARTH, R. & STERNHEIM, C.E. (1978). Interaction of recep-
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. . 110 435-445.
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