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Abstract

We recorded continuously, with high precision, the positions of the eyes in anesthetized macaque monkeys prepared
for physiological recording. Most recordings were made after the infusion of muscle relaxant to immobilize the

eyes; in some cases we also were able to record eye position for periods before the eyes were immobilized. In all
monkeys, the eyes moved continuously by as much as 0.5 deg over a 10-min sampling period. The average distance
moved was proportional to the square root of the sampling period, as would be expected from a random walk. The
movements had three distinct components: slow drifts, and two rhythms driven by the pulse and respiration. The
rhythmic movements occurred only under paralysis: they were not discernible in measurements made before the
infusion of muscle relaxant. The movements of the eye in the paralyzed animal can have substantial effects on the
measured physiological characteristics of neurons. For excursions in the midrange of those we observed, a neuron’s
sensitivity to a spatial frequency of 10 cygteeg might be underestimated by as much as a factor of three,

depending on the method by which responses were averaged. We show how the effects of eye-movements can be
mitigated by appropriate data analysis.
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Introduction large enough to interfere with the measurements. In experiments
. . i . using stationary images to study neurons in macaque V1, Muller
Muscle relaxants are routinely used to immobilize the eyes in g Y g y q ' .
) : ' . . et al. (2001) found that eye-movements often interfered with
experiments to study the receptive fields of visual neurons in : . .
i . ) . measurements. Roorda et al. (2001), in accumulating a series of
anesthetized animals. Despite this, the eyes move. These move:

ments have been studied systematically in the cat (Rodieck et aln\ll?:-rgsglg??nnag:ojzggs:z tohfat“;e erfhg;?trii(r:]egftt(é; ?hoasr? I(; c;r}rg:ﬁ
1967; Barlow et al., 1974; Linsenmeier & Hertz, 1979). Accom- gey que, ye-p g

. : . ne ph raph he next. In thi r, W ribe m re-
panied by cervical sympathectomy (the cat, unlike the monkey, hacs) e photograph to the next t 'S paper, we describe measure
S ) . ments of these eye-movements in the macaque monkey under
sympathetic innervation of orbital muscle), muscle relaxants can - - . . : : .
. . : conditions likely to prevail during normal physiological recording,
reduce eye-movements ¢a. 10 min arc over periods of minutes . .

; o . and we illustrate the potential effects of the movements on the

(Rodieck et al., 1967; Linsenmeier & Hertz, 1979). Because the o
ST : : haracterization of neurons. We then show how these effects can

cat has large receptive fields, these residual movements will se Se mitigated
dom be consequential for visual physiology. 9 '
Receptive fields in the monkey’s visual system are much

smaller than those in the cat, and physiological measurements afdethods

_correspond_ingly more vulnerable to small eye-mpvements. In makMaIe monkeys . fascicularig weighing between 3.75 and 5.45 kg
ing unpublished measurements of the optical linespread funCt'oQ/ere prepared for single-unit recording, as described in Mller
of the monkey’s eye using the method of Robson and Enroth-et al. (2001)

Cugell (1978), A.M. Derrington and P. Lennie found that, even Awell-fitting opaque contact lens, to which a fragment of cover

with the cye fi_rmly stabilized by aFtaghment toa ring,_ movemgntsslip had been glued (total weight 25 mg), was placed on one eye.
associated with pulse and respiration occurred with amplltudeSeveral minutes were allowed to elapse while the lens became
firmly attached to the eye. The beam from a diode laser (635 nm)
was reflected off the coverslip on to the surface of UDT DLS-4

Address correspondence and reprint requests to: Peter Lennie, CentBPsmon sensing detector placed about 14 cm in front of the eye.

for Neural Science, New York University, 4 Washington Place, Room 809, This detector, coupled to its amplifier, provided continuous output
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laser spot on its 4< 4 mm sensing surface. The device had aa sample from another eye. The trace in Fig. 3A shows a prominent
relative accuracy limited only by noise—in practice it could modulation of about 0.8 min arc at the frequency of the pulse
resolve a 2-sec arc change in gaXeand Y-position signals were  (102/min) with an additional less prominent modulation (0.3 min
low-pass filtered (30 Hz) then sampled continuously by a Macin-arc) at the frequency of respiration (2din). For the eye repre-
tosh computer at 100 Hz with 16-bit resolution, and saved for latesented in Fig. 3B, movements produced by the pulse /hs4)
analysis. We usually recorded eye-position for 10 min. were considerably smaller than for the other eye, while those
We recorded the position of one eye in each of nine anestheproduced by respiration (2éin) were of about the same amplitude.
tized monkeys. In five of these, the recordings were made shortly Our method of measuring eye-position can in principle confuse
after the monkey had been paralyzed with vecuronium bromidesmall rotations and large fore—aft movements of the globe. We saw
(Norcuron; loading dose of 50g/kg, followed by a continuous no sign of fore—aft movements, but had they existed with discern-
infusion at 100ug/kg/h); in the remaining animals measurements ible amplitude, say 0.2 mm, they would have been registeréd as
were made 3 or 4 days later, when we had finished single-unibr Y-rotations of 0.0001 deg. The amplitude of the average pulse
recording. For two animals, measurements were made both at theodulation produced a beam displacement at the sensor equivalent
beginning and the end of recording. We found no difference in theo a fore—aft movement of about 1.9 mm, which would have been
character of the measurements made early and late, and have ra¢arly evident. We therefore conclude that our measurements
distinguished these in the Results. In several monkeys, we alsecord real rotations of the eye.
attempted to record eye-position before the infusion of muscle For the seven eyes on which we made measurements, the
relaxant; we were able to obtain adequate records of eye-positioaverage depth of the modulations due to respiration and pulse were
in only two because frequent large eye-movements tended to move0 min arc and 1.4 min arc, respectively. The phases of the
the laser spot off the sensor. horizontal and vertical components of pulse modulation were
(with one exception) almost identical, so the eye oscillated along
a line (see Fig. 1B). The rhythmic eye-movements caused by
respiration or pulse, were they present in the normal awake animal,
In all monkeys, the eyes moved throughout the course of thevould be large enough to be visually troublesome. Recordings of
measurement. Figs. 1A-1C show, for eyes of three monkeys, human eye-movements during fixation show no indication of
plots of eye-position at 0.25-s intervals for 10 min. perturbations caused by respiration or pulse (Ditchburn & Gins-
The eyes moved during the recording period, but generallyborg, 1953), neither do measurements of eye-position made rou-
without systematic progression (the movement shown in Fig. 1B—dinely during physiological recordings from awake, behaving
steady progression of the eye up and to the left—was exceptionaljnonkeys. This prompted us to ask if they resulted from anesthesia
This is easily seen in Figs. 1D, 1E, and 1F (counterparts tar paralysis. We examined how paralysis affected the respiration-
Figs. 1A, 1B, & 1C) which display the horizontal and vertical and pulse-induced eye-movements by comparing the fine-structure
positions of the eyes throughout the recording period. The excuref eye-movements recorded before and during paralysis, in mon-
sions of the eyes shown in Fig. 1 represent the range encounterekkys in which anesthesia was maintained throughout at the rela-
from less than 0.1 deg for the eye represented in Figs. 1A and 1[ively light level used for single-unit recording. It was particularly
to over 0.5 deg for the eye represented in Figs. 1C and 1F. hard to record eye-position without paralysis, for frequent large
We can obtain a different view of the eye-movements byeye-movements deflected the measuring beam off the sensor sur-
looking at the average changes in position during sampling periodface (1.7 degx 1.7 deg). As a result, we obtained satisfactory
of different durations. Fig. 2A shows the mean change in positiorrecordings of adequate duration from only two animals. Fig. 4
of each of seven eyes in different monkeys during independenshows two segments of the vertical position record from the left
measuring periods from 0.5 s to 256 s. Although the absoluteeye of one animal, one (A) obtained before and the other (B)
excursions differ among eyes, the trends are the same, with thduring paralysis.
average distance traveled by the eye being approximately propor- The two traces differ in their temporal fine-structure: the one
tional to the square root of the sampling period. This is theobtained before paralysis is characterized by small and unsystem-
behavior expected from a random walk. The distances moved bgtic drifts among periods of complete stability; the one obtained
some eyes (e.g. the one that moved most, shown in the uppermastder paralysis has the clear rhythms of pulse and respiration. The
trace) are very well characterized by this rule. Among eyes thatlifferent character of the two records is easily seen in their
moved less, the departures from the square-root relationship a@mplitude spectra (Figs. 4C & 4D): within the frequency range
principally at short sample durations, during which small oscilla-examined (0.017 Hz to 5 Hz, limited by the duration of relatively
tory eye-movements are dominant (see below). Fig. 2B shows thstable eye-position in the unparalyzed animal), movements of the
standard deviation of distances moved. This also grows approxidnparalyzed eye contain little power at any frequency; those of the
mately as the square root of the sampling period (i.e. the standangaralyzed eye contain more power at all frequencies, with notable
deviation of eye-position grows in proportion to the averagespikes at 0.41 Hz (respiration) and at 1.67 Hz and higher harmon-
distance traveled), as would be expected from a random wallcs (pulse).
(Berg, 1983). There must be upper limits to the sample time and Since paralysis promotes the rhythmic eye-movements, we
distance over which the square-root relationship holds, but fowondered if the eye could be made resistant to them by stabilizing
most eyes these limits exceed the ranges studied here. it. We explored this informally in one monkey. We mounted a
The major excursions of the eyes occur as drifts. In addition tametal rod horizontally in the stereotaxic frame on an axis parallel
these large and generally unsystematic movements, there are tvtothe ear bars, and adjusted it so that its end just touched the lateral
less prominent periodic components, one associated with respir@anthus, to which it was then attached securely with cyanoacrylate
tion, and another associated with the pulse. These are most evideadhesive. This eliminated the drift but did not reduce the amplitude
in the texture of the traces in Fig. 1E. An enlarged portion of theof the rhythmic movements. The resistance to stabilization was
horizontal trace from Fig. 1E is reproduced in Fig. 3, together withobserved earlier by A.M. Derrington and P. Lennie while making

Results



Relative position, deg

Relative position, deg

0.05

-0.05

-0.05

o 0.05

Relative position, deg

200 300 400 500 600

Seconds

Relative position, deg

Relative position, deg

0.1

0.05

0.2

0 0.05 0.1

Relative position, deg

Seconds

Relative position, deg

Relative position, deg

03

02

0.1

-0.3

-0.3

05

0.1 o 0.1 0.2 0.3

Relative position, deg

Seconds

Fig. 1. Eye-position measured at 0.25-s intervals over a 10-min period under paralysis. A,B,C: Plots of horizontal and vertical position for eachesf ihidiéfergnt monkeys.
Each plot shows position in relation to the mean position during the sampling period. Starting and ending positions of the eye are marked by lereopemszitcare, respectively
(indicated by arrows). Scales differ: grid lines on each plot are spaced at 0.05 deg. The eye in A moved least among those studied; the eye in C Dyd@véd Gmshterpart
plots to those in A—C showing eye-position over time. Horizontal position (upper trace; positive is rightward movement) and vertical positicra¢lewmsitive is upward

movement), both in relation to an arbitrary reference.

sAaxuow pazArered ‘paznayisasue Ul SJUSWIAOW-3A]

€€



34

Mean Distance Moved, deg

0.1

0.01

TT T T

A

TTTTYTIT

T T T

JI ARt

T T 7T

TT TV

4oy

0.1

0.01

J. Forte et al.

T T TTTIT

T T TTTTI

B

T T
i

T T TTTTTT

T T TTIT

T

T

Ll

4oL

IRt

Lo

L AT

0.1 1

Lot 1 Adikil

10
Sample Duration, sec

Lol

100

L ||||||i

10
Sample Duration, sec

[ ERNIT Lopany

0.1 1

0.001

Standard Deviation of Distance Moved, deg

10% 100 10°

Fig. 2. Distance moved as function of measurement time for seven eyes. A: Average distance moved over sampling periods from 0.5 s
to 256 s. The eyes represented in Fig. 1 are identified by open symbols (squares, 1A,C; circles 1B,E; & diamonds, 1C,F). The straight
line drawn on the graph shows the form of the square-root relationship expected from a random walk. B: Standard deviation of the
distance moved over sampling periods from 0.5 s to 256 s. Other details are as for A.

unpublished measurements of the optical linespread function of th®rigin of movements

monkey's eye. The rhythmic movements driven by pulse and respiration occur

only when there is no muscle tone, and probably reflect the
buffeting of the eye by the arterial pulse, and independently by the
respiration. The pulse movements presumably follow the underly-
Our measurements show that monkeys’ eyes move continuousing expansion and contraction of the arterioles in the orbit. Move-
even under systemic paralysis. In different animals, the eyements that follow respiration reflect increases and decreases in
movements differ in scale, but have several features in commorvenous pressure that accompany inflation and deflation of the
The movements are dominated by slow drifts, on top of which arechest.

rhythmic movements that follow respiration and pulse. Rhythmic  The larger drifts of the eyes are less easy to understand, and we
eye-movements caused by respiration have been observed in pavendered if these might be driven by the smaller rhythmic move-
alyzed cats (Robson & Enroth-Cugell, 1978), but have not beements. This could happen if there were static frictional forces to be
characterized. Eye-movements that track the pulse have not be@vercome, and the small impulsive forces tended to propel the eye
characterized before. in a particular direction, resulting in ratchet-like movement. If in
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Fig. 3. Rhythmic eye-movements associated with the pulse and respiration. A: Horizontal eye-position measured over 10 s, showing
periodicity with the pulse (102nin) and respiration (24min). This is the eye represented in Fig. 1 (B,E). B: Same as A, for another

eye from a different monkey. In this case, the pulse (b34) is less prominent, the respiration ¢24in) more so. Grid lines on both

graphs are spaced at 0.05 deg.
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Fig. 4. Comparison of rhythmic eye-movements in unparalyzed and paralyzed eye. A: Horizontal eye-position record over 10 s without
paralysis. B: Same as A, except eye-position was recorded after administration of muscle relaxant. C,D: Amplitude spectra of
eye-position records in A and B, respectively.

fact the rhythmic movements drive drifts, we should expect themovements in one eye (Figs. 1B & 1E), somewhat less well corre-
directions of the drifts to be correlated with the directions of thelated for a second (Figs. 1C & 1F) and poorly correlated for the
rhythmic movements. third (Figs. 1A & 1D).

To examine the correlations among the three types of move- The ratchet model can account for slow drift in the direction of
ments, we filtered eye-position records in two frequency bands tahe rhythmic movements, but it does not explain movements in
isolate respiratory- and pulse-dependent movements, and alsaher directions, or why the direction changes, sometimes fairly
convolved the records with a temporal Gaussian filter to isolate thebruptly, over time.
slow drifts. From each filtered record, we recovered the direction
in which the eye moved from one sample point to the next. We the
examined the correlations over time among the directions of th
three kinds of movements. For the three eyes on which wePhysiological observations show neurons in the lateral geniculate
undertook this analysis (those whose movements are shown inucleus (LGN) (Derrington & Lennie, 1984; Blakemore & Vital-
Fig. 1), the directions of the pulse- and respiration-dependenburand, 1986; Crook et al., 1988) and cortex (De Valois et al.,
components of movement were well correlated in two (Figs. 1B &1982) capable of resolving spatial frequencies higher than 20
1E, and 1C & 1F), but less well correlated in the third (Figs. 1A cycle/deg when gratings are imaged through the eye’s optics.
& 1D), in which the absolute amplitude of movement was smaller.Much higher spatial frequencies can be resolved when the optics
The slow drifts were generally well correlated with the rhythmic are bypassed and gratings are formed as interference fringes

er?iffects on characterization of receptive fields
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directly on the retina (McMahon et al., 2000). How physiological in Fig. 2. This plot assumes a neuron whose underlying respon-
measurements might be affected by the kinds of eye-movementvity is the same at all spatial frequencies. For the eye that moved
characterized here will depend very much on the particular prothe most, the reduction in apparent amplitude is substantial even
cedures used in making the measurements. Since the probalfler a spatial frequency as low as 2 cydieg. The fluctuations
excursion of the eye during the course of a measurement dependsthe curves at higher spatial frequencies reflect the fact that the
on the time over which the measurement is made (Fig. 2), onehange in eye-position from trial to trial is large in relation to the
needs to know something about the method used to accumulate tiperiod of the grating, whose relative phase will then change
response to a particular stimulus. randomly.

Consider an experiment in which we record discharge contin- Fig. 5A shows that eye-movements can lead to a substantial
uously for 400 s, during which time we present ten differentunderestimate of a neuron’s responsivity to stimuli containing
gratings, each for a total of 40 s. The usual practice would be tanoderate to high spatial frequencies. There is no good solution to
present the grating in multiple epochs, say 20 of 2 s, each interthis problem if the experiment employs stationary stimuli. How-
leaved randomly with the presentations of other gratings from theever, if stimuli move or are temporally modulated, and the re-
set. The samples of response to a particular grating are gathersponses can be phase aligned before analysis, or each can be
over a period of 400 s, during which the eye might have rangedinalyzed by a phase-independent measure (e.g. the amplitude of
over a considerable distance. If the neuron is sensitive to the spatithe Fourier component at the appropriate frequency), measure-
phase of the grating (e.g. a ganglion cell or LGN cell, or a simplements can be made robust against the kinds of eye-movements
cell in cortex), the changes in eye-position will cause variations inencountered in paralyzed monkeys. Fig. 5B shows the results of
response amplitude that will vary with the spatial frequency of thethe same simulations as in Fig. 5A, but this time with relative
grating. We estimated the potential effects of this using the threeamplitude of response derived by extracting the amplitude inde-
sets of measurements in Fig. 1. We simulated an experiment thg@endently on each trial and then averaging the amplitudes over all
delivered ten different gratings, each for 20 periods of 2 s, randtrials for each grating. This procedure is susceptible to eye-
domly interleaved. Each grating was in the optimal spatial phasenovements only to the extent that the eye moves during a single
for the initial position of the eyes, and lay in an orientation trial. Since a trial lasts a short time (in this case 2 s), responsivity
orthogonal to the direction of greatest excursion of the eyes. Fois spuriously reduced only for the highest spatial frequencies.
each trial, we calculated the response expected from the particular Fig. 6 shows, for four parvocellular neurons in LGN, how the
phase alignment of the stimulus on the receptive field, then fodifferent methods of analyzing responses affect the measured
each of the different gratings averaged the responses across aflsponsivity of cells. Recordings were made under the same
trials on which it had been presented. This is what one would daonditions as those in which eye-movements were measured. Each
to construct a poststimulus time histogram. Fig. 5A shows, as @anel shows two spatial-frequency tuning curves for a single
function of spatial frequency, the relative amplitude of responseneuron, derived from the same recorded impulse stream. Moving
that would be measured in the face of the eye-movements showsinusoidal gratings of unit contrast were each presented 20 times in
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Fig. 5. Effect of eye-movements shown in Fig. 1 on responsivity of a simulated linear neuron to gratings of different spatial frequencies.
Gratings of ten different spatial frequencies are each presented 20 times for 2 s, randomly interleaved. Movements of the eyes bring
about changes in the relative phases of a particular grating on different trials. A: Relative response calculated for the case where we
derive the amplitude from the averaged response accumulated in fixed phase (as in a poststimulus time histogram). Each line represents
the effect of movements of one eye from Fig. 1 (long dashes, 1A,D; solid line, 1B,E; & short dashes, 1C,F). The neuron is assumed
to be uniformly sensitive at all frequencies, so in the absence of eye-movements the lines would be flat with an amplitude of 1.

B: Relative response calculated for the case where we derive separately the amplitude of each 2-s sample of response, then take the
average of the set of amplitudes.
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Fig. 6. Comparison of spatial-frequency tuning curves derived by two methods of analyzing impulse trains. Each panel shows, for a
single neuron, the tuning curve derived from the amplitude of the first harmonic component of the average discharge (filled circles)
and the average amplitude of the first harmonic component response, analyzed trail-by-trial (open circles). Squares show the
corresponding measured amplitudes of the first harmonic in the maintained discharge in the absence of a grating. Data from neurons

in Lankheet et al. (1998).

pseudorandom order, in trials lasting 2 s. Each trace shows thpoints on the curves in Figs. 6B and 6C). That does not account for
amplitude of the first harmonic component of the response, derivethe progressive and large separation of the traces in Figs. 6A and
by taking the Fourier transform of the averaged response (filledsB as spatial frequency is raised to that eliciting the largest
circles) or by taking the average of the set of amplitudes measurexesponse. In these cases, strong responses differ substantially in
on single trials (open circles). Among similar recordings from five measured amplitude in a way that is most readily explained as the
monkeys, those analyzed in Figs. 6A and 6B (from the sameesult of eye-movements. For neurons, such as simple cells in V1,
monkey) represent the largest differences found; those in Figs. 6@at are sensitive to the spatial phase of the moving stimulus but
and 6D (from two other monkeys) represent the smallest differhave no spontaneous discharge, the average discharge rate, rather
ences found. When applied to the maintained discharge in théhan the average amplitude of the fundamental Fourier component
absence of a grating (squares on the right), the trial-by-trial analyef discharge, will provide a reliable measure of response that is
sis recovers a larger amplitude of response than does the analysismune to the effects of eye-movements.

of the average response, so we would expect the former method to Eye-movements in paralyzed animals can lead to a profound
yield a larger amplitude when the response is weak (rightmostinderestimate of neuronal sensitivity to visual stimuli. Careful
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choice of the method for analyzing responses can mitigate this, but sensitivities of neurones in lateral geniculate nucleus of macaque.
even the most favorable methods will underestimate sensitivity tg J\‘/’:L'Qi' OI: Ehyzféigz}g';orggrﬁg TZngl:EZL‘lLO- LG, (1982). Spatia
stimuli containing high spatial frequencies. frequency selectivity of cells in macaque visual coriéision Research
22, 545-560.
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