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Abstract

Early in life, visual experience appears to influence the refinement and maintenance of the orientation-selective
responses of neurons in the primary visual cortex. After eye opening, the statistical structure of visually driven
neural responses depends not only on the stimulus, but also on how the stimulus is scanned during behavior.
Modulations of neural activity due to behavior may thus play a role in the experience-dependent refinement of cell
response characteristics. To investigate the possible influences of eye movements on the maturation of
thalamocortical connectivity, we have simulated the responses of neuronal populations in the lateral geniculate
nucleus (LGN) and V1 of the cat while images of natural scenes were scanned in a way that replicated the cat’s
oculomotor activity. In the model, fixational eye movements were essential to attenuate neural sensitivity to the
broad correlational structure of natural visual input, decorrelate neural responses, and establish a regime of neural
activity that was compatible with a Hebbian segregation of geniculate afferents to the cortex. We show that this
result is highly robust and does not depend on the precise characteristics of the model.
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Introduction 1986; Fregnac et al., 1992; Chapman & Stryker, 1993; Weliki &
. . ) . Katz, 1997; for a recent review see Miller et al., 1999), many
The developmental origins of the orientation-selective responses

; : . . .~ “experimental data are consistent with a correlation-based mecha-
of neurons in the primary visual cortex (V1) have been intensively

investigated. Most studies agree that while the initial maturation of oM of plasticity (Stent, 1973; Changeux & Danchin, 1976) that

. . L : . operates initially on spontaneous neural activity and later on
orientation selectivity does not rely on external visual experience, . . ) .
V{sually driven neuronal responses. According to the Hebbian

visual experience becomes crucial na later phase of devebpm?ﬂypothesis, the stabilization of synchronously firing afferents onto
for th.e maintenance gnd further refinement of response SeleCtIVIt¥ommon postsynaptic neurons is responsible for the segregation of
(1232'_95:/'n;(gl;"lmeujtselrg;S& All'g]::g’v\}zzel‘ggzgﬂ(irihsggg‘ geniculate afferents from ON- and OFF-center cells into the adja-
Cha ’mang& Stryker 1’993. érair et al 1’998) ,In this ’critica’l cent, oriented subregions that, in the receptive fields of V1 simple
P LYK, ' . v cells, respond to bright and dark stimuli (Hubel & Wiesel, 1962;
period, the statistical structure of visual stimulation influences theZahs & Stryker, 1988; Chapman et al., 1991 Reid & Alonso, 1995;
_maturatio_n of orientation-selective responses, as shpwn by exloefferster etal. 1’996' éhung & Ferster”1998)’. Modeling studlies tha’1t
Iments Wlth ch_ronlc exposure to _abnc_eraI _V|sual Input, as f.orsimulated spontaneous activity have shown the plausibility of
example with kittens and ferrets raised in environments contalnlngEhiS proposal before eye opening (Linsker, 1986: Miyashita &
only edges with a specific orientation (Hirsch & Spinelli, 1970; .\ 2 ™1 995 willer, 1994). However, given that the statistical
Blakemore & Van_SIl_Jyters, 1975; Stryke_r etal, 1978.’ Seng.p'el’structure of endogenous spontaneous activity differs profoundly
1999) or with their lid sutured to experience only diffuse light from that of visually driven responses, it is not clear how the

(White et al., 2001). : . L
. R . same mechanism of synaptic plasticity could account for both
Although the precise role of neural activity in the maturation of L . " . X
.~ the initial segregation of thalamic afferents and their later refine-

rientation selectivity remain ntroversial ryker & Harr . . .
orientation selectivity remains controversial (Stryker & Harris, ment. In particular, the broad spatial correlations that character-

ize natural scenes would tend to co-activate retinal and geniculate

Address correspondence and reprint requests to: Michele Rucci, DeqeIIS with similar polarity at large separations in the visual field,
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A potential resolution of this problem could lie in the fact that, where N’{-} indicates a different nonlinear operator for thalamic
after eye opening, the spatiotemporal structure of the signaland cortical cells.
entering the eyes depends not only on the statistical characteristics
of the visual scene, but also on the movement performed by the Lateral geniculate nucleus
animal during the acquisition of visual information. Modulations  Simulated geniculate neurons included ON- and OFF-center
of neural responses due to motor behavior could influence activitynonlagged X cells with receptive fields located between 5 deg and
dependent synaptic modifications. In particular, oculomotor be25 deg of visual eccentricity. The activity of these cells was
havior, with its direct impact on the sampling of visual information, simulated as in Rucci et al. (2000), following the model proposed
may well affect visual development. Eye movements are alwaysy Cai et al. (1997). In brief, the spatiotemporal kernel of a
present during natural vision, as small movements occur evegeniculate unite, K,(x,y,t), was modeled as the sum of two
while the eye is fixating on a target (Ditchburn, 1973; Steinmanterms that represented the contributions from the center and pe-
etal., 1973). Interestingly, impairments in the plasticity underlyingriphery of the receptive field. Each term was separable in its spatial
ocular dominance (Freeman & Bonds, 1979; Singer & Rausheckegnd temporal components, thatks(x,y,t) = FS(x,y)GS(t) —
1982) and orientation selectivity (Buisseret et al., 1978; Buisseret=3(x, y)G3(t). For both the center and the surround, the spatial
1995) have been reported in kittens when eye movements arglementF,(x,y) was a two-dimensional (2D) Gaussian function.
prevented. Spatial parameters were adjusted according to the visual eccen-

This study builds upon our previous work on modeling neuraltricity of the cell following neurophysiological data (Linsenmeier
activity in the lateral geniculate nucleus (LGN) of the cat (Rucciet al., 1982). The temporal eleme@i(t) was modeled as the
et al., 2000). In these previous simulations, the second-ordedifference of two gamma functions (Deangelis et al., 1993ai
statistical structure of neural activity during the jittering of visual et al., 1997). The second stage of the model [the nonlinear operator
fixation was found to match the average spatial organization ofA/{-} in eqn. (1)] rectified the output of the linear stage by
simple cell receptive fields. In this study, we investigate theeliminating responses below a specified thresktolth the exper-
possible impact of these short-lived patterns of synchronous thaments,# was adjusted to eliminate 75% of the range of negative
lamic activity on the long-term correlation and covariance betweerresponses. A modulation of geniculate activity occurred in the
thalamic and cortical cells. Based on the results of our simulationsgorrespondence of each saccade. An initial suppression of activity
we suggest that the normal instability of visual fixation may play with a peak of 10% gradually reversed to a 20% facilitation with
an important role in the refinement and maintenance of thalamoa peak occurring 100 ms after the end of the saccade (Lee &
cortical connectivity. Malpeli, 1998). Simulations with different parameters showed that

the results are largely unaffected by the percentage of rectification

and the degree of saccadic modulation (data not shown).
Materials and methods

In the experiments described in this paper, the activity of cells in V1 simple cells

the LGN and V1 of the cat was simulated while images of natural ~ Ten simple cells were modeled. The linear kerm&léx, y, t) of
scenes were presented during oculomotor behavior. Some elementfgse cells were assumed to be separable in their spatial and
of the simulations have been described in a previous publicatiofemporal components, that i, (x, y, t) = F, (X, y)G,(t). Spatial
(Rucci et al., 2000). This section focuses on the elements of thkernels were modeled by Gabor functions:

model that are novel to this work or that differed from our previous

simulations. F,(x,y) = Acos27woX + a)

(xcos¢ — ysing)?
Modeling neural activity X | exp—

202
Neuronal responses to visual stimuli were modeled by means of
spatiotemporal filters that replicated the changes in a cell’s instan- ( (xsing + ycos¢)2>]

taneous firing rate with respect to the level of spontaneous activity. 202
Independent filters were used to model LGN and V1 neurons. For Y
both geniculate and cortical neurons, models were composed %hereA is the amplitudeg:

X

the cascade of wo stages, with a _second nonlinea_r stag(_e th e elliptic Gaussianpy and« are the angular velocity and phase

operat_ed on the resul_t of the_ convolution betwe_e_n the input signaly 4 plane wave, and is the angle between the plane wave and

! (thg input fo the retina during ocglomotor acﬂvny) and the cell the Gaussian axes. The parameters were adjusted individually for

spatlotemporal kernd{.. The mean |n.sltantaneous f|r|pg rat(at) each simulated cell following the neurophysiological data of Jones

ofa C(_ell with a receptive field at positiofx, y) of the visual field and Palmer (1982b). The temporal profilé, (t) was modeled as

was given by the difference of two gamma functions, in a similar way to the
profile of geniculate cells. In this paper, we use ON and OFF labels

andoy are the standard deviations of

y (1) = MKy, D)= (xy, 1)} to indicate the regions of simple cell receptive fields that are
excited respectively by bright and dark stimuli.

t foo (oo In the simulations of Figs. 2—6, the responses of simple cells

= N{fo f f K(x,y',t") were modeled linearly by means of the spatiotemporal convolution

of the unit kernels and the input signal to the retina. That is, in

these simulationsV{-} in eqgn. (1) was equal to the identity
X1(x=x,y—y,t—t)dx dy’ dt’}, 1) function. In the simulations of Figs. 8 and 9, the nonlinear opera_tor

N{-}ineqn. (1) modeled the fast decay in the responses of cortical
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cells to stationary stimuli (lkeda & Wright, 1975; Tolhurst et al., density at eccentricitg]. This measurement provides a first-order
1980; Deangelis et al., 1983 This faster than linear adaptation approximation of spontaneous activity and neglects sources of
may have important effects on neuronal responses during oculaorrelation other than the spatial organization of cell receptive
motor activity, when abrupt changes in the visual stimulus intro-fields.

duced by saccades are followed by periods of fixation in which the

stimulus tends to vary more gradually. Previous studies havédata collection and analysis

modeled this nonlinear adaptation of V1 cells by mechanisms OIIO allow a direct comparison between the spatial organization of
short-term synaptic depression operating on simulated train o wad parl W pati ganiza

spikes [see for example Abbott et al. (1997); Tsodyks & Markramv_l receptlvg fields and the structure of covarying a_ct|V|ty, for each
simulated simple cely we evaluated a correlation difference map,

(1997)]. These models were not applicable in our simulations_ . .
because of the intense computational load that originated from the™” (x,y), that summarized the levels OT covariance betweer_l the
sponse ofp and those of a population of 648 LGN units.

. .. . . I
need for massive statistical averaging. For this reason, we modeleé . . ; .
e noninear decay f VA esponses aectyon e mean s I LS et Araneed o 19 1 9 of O
taneous firing rate. This model, which decreased simulation time P ysp

by a factor of 50, consisted of an adaptive circuit composed of théNIthln the receptive field of;. As illustrated in Fig. 1, the value at

parallel of a capacitandg and a conductand®. The conductance Ieacklm Io;:atlon(x, y) okf) t:‘e maE)h repr;a_s_?ntsf me \cﬂ"fere{;t}:e |ndthe
varied as a function of the cell activity(t) as shown in eqgn. (2). evels of covanance between fhe activity of te ¥4 upiit), an

The circuit received input curret proportional to the output of ;.h(l)j’e Ofntth? t;VOHON' t%r(]n(f O)FF.;Ec'ennte’r rLGN tleltsf' V\llcljt n éﬁ((:f)ptlve
the convolution in egn. (1) [i.eH(t) = K(x,y,t)*1(x,y,t)], and elds centered at localiox, y) within 7S receplive Tieldaxy

OFF(4)-
produced a mean instantaneous firing rate proportional to thgndaxy (t):

voltagen (t) across the conductor: CP = ([n(t) — ,,—]][a)gN(t) _ C—@N])
dn(t) —{n®) = Al[ag™ () — ag ™D, ©)

C
ddt

=H(t) = ()G,

dc @) where the averages are evaluated over time and space (the database
P A(n(t) = mo), of natural images). A positive value B2 (x, y) indicates that the
simple celln tends to covary more strongly with an ON-center,

. . . . rather than an OFF-center, LGN neuron with receptive field at a
wherenyg is a resting potential that defines the level of spontaneous . . .

o . . Sseparation(x, y). The opposite occurs for a negative value of
activity and A is a constant. In the presence of a steady input

. o : : 'CP(x,y).
H(t) = Ho, n(t) declines whileG increases until the stationary Cr (% y) . . .
) Second-order statistics were evaluated by simulating neural
valuesn., = no and G,, = Hp/no are reached. This model was

designed to replicate the time course of firing rates of V1 units. ltresponses over 120 eye trajectories for each input image. In the

) : } experiments with sustained visual fixation, each image was exam-
is not meant to compose a biophysical model of the cell membrane, . I .
. . - : A ihed for a total of 552 s with each fixation lasting 4.6 s. In the

For input currents in the range (0.4-0.6), this adaptive circuit well . . :

. - ) experiments that included large saccades, each image was exam-
approximates the firing rate predicted by models of short-term . - .

) . . . . Ined for a period of 792 s, and the duration of each trial was 6.6 s.
synaptic plasticity. The result of the spatiotemporal convolution N these experiments. the analvsis of covarving activity durin
egn. (1) was scaled to fit within this range, and the values of the P ' Y ying Y 9

) - L . Visual fixation was obtained by selecting fixations with duration
parameters were estimated empirically by fitting neurOphyS'OIOQ'Ionger than 300 ms and by removing the initial transitory 150 ms

ical data and the output of spike-based models of short-tern?rom saccade onset. In all experiments, the initial 0.6 s of simu-

synaptic depression (Varela et al., 1997; Tsodyks et al., 1998), o . . . L
Typical values used in the simulations wege— 100 pF, A — )ated activity were discarded in each trial from the statistical

1 _ analysis to avoid artifacts due to the onset of stimulation.
55(As), andmno = 0.2 V. In some cases, a first-order approximation of the correlation
difference maps was evaluated by considering LGN and V1 units
Visual stimulation as linear filters. C'orrelation dif'feren(?e maps were 'estimated by

) means of the spatiotemporal correlatiqix,y,t) of the input [the
A database of 82 pictures of natural scenes (van Hateren & van delyrrelation between the luminances of pixels at a separé&tion
Schaaf, 1998) was used in the experiments. These images COfeasured at a time lag, or equivalently the input power spec-
sisted of 1536< 1024 pixels, spanning an area of approximately 25trym R(w, f), wherew and f indicate spatial and temporal fre-
by 17 deg of the visual field. The radial mean, of the powerquencies. Under the assumption of linearity, the correlation
spectrum was best interpolated Iw) = Aw =™, which is  (yx y t) between a cortical unity and a ON-center geniculate
consistent with the results of other studies (Ruderman & Bialekynit o can be evaluated by the inverse Fourier transform of the
1994). The oculomotor behavior of the cat was modeled as irhroduct of the power spectrum of the input sighahd the Fourier
Rucci et al. (2000) and consisted of saccades and fixational eygansforms of the spatial kernels of cortical and geniculate cells
movements. Fixational instability included small saccades, ocula[see for example, Bendat & Piersol, 1986). With the simplifying
drifts, and tremor. assumption that all geniculate cells are characterized by equal

Spontaneous activity was modeled on the basis of the Mastiyajues of mean activity, the correlation difference map was
onarde (1983) data. Mastronarde’s estimate of the correlatiogjyen py

between the activity of two X cells in the retina at a relative

distanced was approximated by the functieg= 15 — 3.75s.(d), CP(X,Y) = (X, y,0) — 7@, (4)
wheree is the visual eccentricity angl(d) indicates the distance

expressed in spacinfs.(d) = 0.186.d- \/We whereNgis the cell  where7 is the mean of the response of the cortical unit.
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Co(x,y)

Fig. 1. A correlation difference mag> summarizes the spatial structure of covarying activity between a selected corticglarel

a population of LGN neurons with receptive fields in different retinotopic positions. The value at eaclxp@inin the map is given

by the difference of the levels of covariance between the activityaid the responses of the ON- and OFF-center LGN neurons with
receptive fields at a distande, y) from the center ofy's receptive field. Positive (negative) values in the correlation difference map
are locations within the receptive field @f in which the activity of the cortical unit covaries more closely with the responses of
ON-center (OFF-center) rather than OFF-center (ON-center) LGN units. For clarity, only one of the two overlapping geniculate
receptive fields is shown in the panel on the left.

Results The results obtained with static presentation of natural visual
input for all ten simulated cortical cells are summarized in Fig. 2(b).
The hypothesis that a Hebbian mechanism of synaptic plasticityrhe receptive field of these cells were modeled following the
regulates the stabilization of geniculate afferents to V1 simple cellslones and Palmer (198) neurophysiological data. The precise
implies a consistency between the second-order statistics of thaéccentricity of cell receptive fields was not given in these data, but
amocortical activity and the spatial organization of simple cellboth in the cat and in the monkey a large overlap is known to exist
receptive fields. That is, synchronous activity is required betweenn the receptive-field characteristics of cells located at different
an LGN neuron and a V1 simple cell if the receptive field of the angles of visual eccentricity (Wilson & Sherman, 1976; DeValois
geniculate neuron overlaps one of the ON or OFF subregions in th& DeValois, 1990). For this reason, in separate simulations, we
cortical receptive field with a sign matching its polarity (ON- or analyzed the structure of covarying activity between the entire
OFF-center). To quantitatively investigate the existence of suchpopulation of simulated V1 neurons and LGN units that replicated
consistency, we simulated the responses of neuronal populations the responses of cells located at different angles of visual eccen-
the LGN and V1 and examined the structure of thalamocorticalricity. The consistency between patterns of covarying activity and
activity under different viewing conditions. As explained in the spatial receptive fields was measured by the percentage of receptive-
Methods section, LGN and V1 neurons were modeled by means dield area in which receptive-field subregions and correlation
independent spatiotemporal filters designed on the basis of neuralfference maps shared the same sign. As shown by the light bars
physiological data, and correlation difference maps were used to Fig. 2(b), at all simulated visual eccentricities, in approximately
compare the structure of covarying activity to the spatial organi-half of the cases cortical responses covaried strongly with LGN
zation of the receptive fields of simulated V1 units. cells with the wrong polarity (ON- rather than OFF-center and
Among the factors that affect the levels of covariance betweervice-versa. The mean percentage of correct matching over all the
thalamic and cortical responses, a first important element is theimulated simple cells and all the examined angles of visual
statistical structure of the input signals. Images of natural scenesccentricity was only 51%. Since for many simple cells the mis-
are characterized by a low degree of spatial variability; that is,match between patterns of covarying activity and receptive fields
nearby pixels tend to possess on average similar intensity and colevas particularly pronounced over the side lobes in the receptive
properties, as revealed by the broad shape of their spatial correlfields, we evaluated a second, more specific index of consistency
tions (Field, 1987; Ruderman & Bialek, 1994). First, we investi- by restricting the analysis of sign matching to these lateral sub-
gated the possible impact of these input correlations on neurakegions. As shown by the dark bars in Fig. 2(b), matching per-
activity. Pictures of natural scenes were presented to the model arméntages over the side lobes were low at all visual eccentricities,
correlation difference maps were analyzed at steady state. No eyand the mean percentage of correct matching was only 18%. Thus,
movements were present in these simulations. Fig. 2(a) shows trsecondary subregions in the receptive fields of cortical cells were
correlation difference maps measured for two simulated simple@lmost completely lost in the patterns of connectivity predicted by
cells. Modeled LGN units replicated the responses of cells locatethe correlation difference maps.
around 17 deg of visual eccentricity. For both simple cells, a clear Fig. 2(c) provides a second comparison between the results of
mismatch was present between the spatial organization of recepur simulations and neurophysiological data. In this case, the
tive fields and the correlation difference maps. This mismatch wasiverage width of the central lobe of V1 receptive fields measured
particularly evident on the lateral subregions in the receptivein the cat striate cortex by Wilson and Sherman (1976) at several
fields, which were absent in the patterns of covarying activity. angles of visual eccentricity was compared to the width predicted
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Fig. 2. Patterns of thalamocortical covarying activity measured when images of natural scenes were examined statically, that is, in the
absence of eye movementa) The results for two simulated simple cells are shown on separate rows. For each of the two V1 units,
the spatial receptive field (left panel), the measured correlation difference map (center panel), and a comparison between the receptive
field and the correlation difference map along a cross section (right panel) are shown. Axis units are in degrees of visual angle. The
horizontal lines on the left and center panels indicate the level at which the cross sections on the right panels were taken. (b) Matching
percentages between correlation difference maps and the spatial structure of receptive-fields for all simulated simple cells. Each bar
shows the average percentage of receptive field (RF, light bars) or receptive field side lobes (SL, dark bars) for which the correlation
difference maps matched the sign of the subregions within the cortical receptive fields. Averages were evaluated over ten simulated
simple cells. The results of simulations that replicated the characteristics of geniculate cells located at various angles of visual
eccentricity are ordered along theaxis. (c) Comparison between the mean widths of the central lobe of cortical receptive fields
measured by Wilson and Sherman (1976) in the eatad predicted by the patterns of covarying activity in the modglat various
eccentricities.

by the correlation difference maps. Model data refer to cells in oureye opening, when only spontaneous neural activity was present.
modeling database with receptive fields composed of an oddhe statistical structure of spontaneous activity was modeled on
number of subregions (5 out of 10 neurons). As shown by thehe basis of the correlated activity of retinal ganglion cells as
curves in Fig. 2(c), the width of the central subregion predicted bymeasured by Mastronarde (1983) (see Methods). As shown by
the simulated patterns of covarying activity was substantiallyFigs. 3(a) and (b), in this case the measured patterns of covarying
larger than the width measured in the cat at all the consideredctivity closely followed the spatial organization of simple cell
visual eccentricities. receptive fields. The average matching percentage over the various
The results of Fig. 2 are a direct consequence of the broadngles of visual eccentricity was 94%. High matching percentages
spatial correlations that characterize natural visual scenes. Theseere also obtained in correspondence of the secondary subregions
correlations tend to drive synchronously geniculate cells within cortical receptive fields, where the average matching was 90%.
similar characteristics located at relatively large separations in th&hus, in the presence of spontaneous activity, ON-center and
visual field. For comparison, Fig. 3 illustrates the situation beforeOFF-center geniculate cells covaried strongly with a cortical unit
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Fig. 3. Patterns of thalamocortical covarying activity in the presence of spontaneous neural activity. The layout of the panels and the
graphic notations are the same as in Fig. 2.

only when their receptive fields overlapped, respectively, ON and Fig. 4 shows the results of simulations that replicated the
OFF subregions in the cortical receptive field. Furthermore, as shownharacteristics of LGN units at 17 deg of visual eccentricity. In the
by Fig. 3(c), the width of the central lobe in cortical receptive fields presence of saccades only (top row of Fig. 4), patterns of covary-
predicted by the correlation difference maps was consistent witling activity resembled those obtained with static presentation of
neurophysiological data at all angles of visual eccentricity. natural images. On average, correlation difference maps matched
The results of Figs. 2 and 3 indicate that while a Hebbianthe sign of cortical receptive fields in only 54% of the cases.
mechanism of synaptic plasticity is consistent with a segregatiom\gain, this mismatch was more pronounced in correspondence of
of geniculate afferents within the receptive fields of simple cellsthe lateral subregions in the receptive fields of V1 units, where the
before eye opening, when narrow patterns of correlated activityaverage percentage of correct matching was only 22%. Fig. 4(d)
exist in the retina, such a mechanism is not compatible with théllustrates the results obtained during sustained visual fixation. In
structure of simple cell receptive fields during static presentatiorthis case, 120 fixation points were randomly selected for each
of natural visual input, when neural activity is influenced by the image, and each fixation was maintained for a period of 4.6 s
broad spatial correlations of natural scenes. In the simulations afluring which fixational eye movements occurred [see Fig. 4(c)].
Fig. 2, however, images of natural scenes were presented staticallfxs shown by the data in Fig. 4(d), during sustained visual fixation
and the input signals were not altered by the behavior of thehe patterns of thalamocortical connectivity predicted by the cor-
observer as occurs during natural viewing conditions. To study theelation difference maps were consistent with the organization of
possible impact of eye movements on the structure of thalamocosimple cell receptive fields. Correct matching occurred on average
tical activity, we first simulated neural responses in two differentover 87% of the receptive fields and over 85% of the area covered
experimental conditions: when eye movements included only largdy the lateral subregions.
(non fixational) saccades, and during sustained visual fixation, that Fig. 5 shows the results obtained in the more natural case in
is, when only fixational eye movements were present. which images of natural scenes were scanned by unconstrained eye
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Fig. 4. Structure of thalamocortical covarying activity when images of natural scenes were scanned by specific types of eye
movementsTop row: Case of saccades onBottom RowCase of sustained visual fixation. (a) and (c) illustrate examples of simulated
neural responses for a LGN neuron and a V1 simple cell (top graphs) during eye movements (bottom grapha)isTtepresents

time. Units on they axis of the eye movement graphs are in degrees in (a) and in minutes of arc in (c). The dark bars in (b) and (d)
show the percentages of correct matching for the two types of eye movements. Matching percentages were evaluated both over the
entire receptive-field area (RF) and in correspondence of the side lobes within the receptive fields (SL). The light bars are matching
percentages for the cases of static presentation of natural visual input (in b) and spontaneous neural activity (in d), which are shown
here for comparison.

movements. Sequences of eye movements included both largerrelation difference maps during the physiological instability of
saccades and fixational instability. As shown in Fig. 5(b), whichvisual fixation. What are the factors responsible for this result?
considers the case of 17 deg of visual eccentricity, when both large An intuitive explanation can be given in terms of the influences
and small eye movements were simultaneously present, nonfixaf the spatial frequencies of the visual stimulus on neural activity
ational saccades dominated the structure of covarying activityduring oculomotor behavior. In the presence of eye movements,
Indeed, when levels of covariance were evaluated over the entirthe frequency content of the input signals to the retina depends
duration of a trial (6 s), correlation difference maps resembledboth on the stimulus and the on relative motion between the
those of Fig. 4(b) obtained with saccades only and did not matclstimulus and the eye. The degree by which different spatial-
cortical receptive fields. In contrast, when the analysis was refrequency bands affect correlation difference maps varies depend-
stricted to the periods of fixation in between saccades, the organg on the type of oculomotor activity. Fig. 6 shows the simulated
nization of receptive fields predicted by the correlation differenceactivity of two ON-center LGN units (LGN A and B) and a simple
maps closely followed those of simulated simple cells. As illus-cell (n) during a sequence of eye movements composed of two
trated by Fig. 5(c), high percentages of correct matching werdixations separated by a saccade. As shown in the left panel of
obtained at all angles of visual eccentricity. In addition, the size ofFig. 6, the receptive fields of the two LGN units overlapped,
the larger subregion of receptive fields predicted by the patterns ofespectively, an ON and an OFF subregion in the receptive field of
covarying activity was in good agreement with neurophysiologicalthe cortical cell. The three panels on the right side of Fig. 6 show
measurements in the cat [Fig. 5(d)]. the responses of the three units in the two cases of absence and
The results of Figs. 4 and 5 show that the broad spatiapresence of fixational eye movements. In the absence of fixational
correlations of natural visual input have a reduced impact orinstability, cell responses settled on a steady value after the sac-
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Fig. 5. Structure of thalamocortical covarying activity during free viewing of natural images. Simulated eye movements included both
large saccades and small fixational eye movements. (a) Example of simulated responses for a geniculate and a caojialurimg(
oculomotor behaviorkottom). The dark horizontal segments indicate the periods over which patterns of covarying activity were
evaluated in the visual fixation case. (b) Percentages of correct matching between the receptive fields of V1 simple cells and the
correlation difference maps at 17 deg of visual eccentricity. Levels of covariance were analyzed both over the entire duration of a trial
(dark bars) and during the periods of visual fixation (light bars); both over the entire receptive-field area (RF) and in correspondence
of the side lobes within the simple cell receptive fields (SL). (c) Matching percentages during visual fixation for various angles of visual
eccentricity. Both the results obtained over the entire receptive field (RF) and over the side lobes (SL) are shown. (d) Comparison
between the mean widths of the central lobe of cortical receptive fields measured by Wilson and Sherman#(1876)pfedicted

by the patterns of covarying activity in the model)(at various eccentricities.

cade. The cortical unit responded vigorously, as its receptive fieldf fixation. In the presence of large saccades, they strongly influ-
landed on a suitable stimulus. Also the responses of the tw@nce the levels of covariance between the responses of geniculate
geniculate units increased following the saccade, since their recend cortical cells.

tive fields moved from a dark region of the image to a brighter one.  In the presence of fixational instability, the transient fluctua-
Thus, the responses of both LGN units covaried positively with thetions in the input signals introduced by small eye movements
output ofy (p,» = 0.91 andp,s = 0.81), despite the fact that the modulate geniculate responses around their mean fixational values.
receptive fields of the two geniculate cells overlapped subregion#n this case, each cell receives input from a small region surround-
of opposite polarity im’s receptive field. The origins of this result ing its receptive field. Since low spatial-frequency components
lie in the low spatial-frequency content of the scene. In a naturalary little over the small area covered by fixational instability,
image, regions with different luminance like the dark and brightchanges in the input signals are produced mainly by high-spatial-
regions of Fig. 6 tend to be distant from each other and ardrequency harmonics, which determine how the scene changes
therefore represented by low spatial-frequency harmonics. Thedecally. Thus, during the instability of visual fixation, low and high
low spatial frequencies, which are responsible for the broad spatiadpatial frequencies appear respectively as sustained and dynamic
correlations that characterize images of natural scenes, appear e@mponents of geniculate responses. Correlation difference maps
sustained components of geniculate responses during the periodsaluated during the periods of fixation depend on the correlations
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Fig. 6. Simulated responses of two ON-center geniculate cells and a V1 simple cell during a sequence of eye mouefipmtse (

sequence consisted of two fixations separated by a saccade and is shown superimposed on the image. The enlarged insert shows the
instability of visual fixation. The relative positions of cells receptive fields are shown in the bottom left corner. Geniculate units LGN

A and B overlapped, respectively, an ON and an OFF region in the receptive field of the simplg @éie distance between the

receptive fields of the two geniculate units was 1.2 d&iglkf) Responses of the three simulated units. In each graph, the curves with
continuous lines represent simulated responses in the case in which fixational instability occurred following the saccade. The dashed
lines are simulated responses in the absence of fixational eye movements. The origin of the time axis is aligned with the onset of visual
fixation. The two vertical lines mark the beginning of the intervals over which correlation coefficients were evaluated in the two cases
described in the text. For both cases, the end of the interval coincided with the end of the trial. In the case of visual fixation, correlation
coefficients were evaluated starting 120 ms after fixation onset to discount initial postsaccadic transients in neuronal responses.

between the dynamic components of cell responses, and are therspectra of bothS and S were evaluated over the window.
fore heavily influenced by the high spatial frequencies of theConsistent with the scale-invariant structure of natural stimulation,
stimulus. Due to the reduced impact of low spatial frequenciesthe power spectrum of natural images was unaffected by the size
correlation difference maps are little affected during fixation by theof the window over which it was evaluated, as shown in the top
broad correlations of natural images. In the example of Fig. 6, aftegraph of Fig. 7(b). However, this was not the case for the high-pass
the saccade, the cortical unjtcovaried positively with LGN A filtered images. Since removal of the spatial average eliminated
that overlapped an ON subregion in its receptive figlgh = 0.93 scale invariance§, was less correlated in space (that is, its power
and negatively with LGN B that overlapped an OFF subregionspectrum was more flat) with smaller windows. As illustrated in
(pys = —0.46). the bottom graphs of Fig. 7(b), the power spectrum of this signal
This intuitive idea can be expressed more quantitatively bywas substantially “whitened” when local means were evaluated
analyzing the contributions of different spatial-frequency bands toover a window with size comparable to the extent of fixational
the correlated structure of the visual input during oculomotorinstability.
activity. Fig. 7(a) compares the spatial correlation of the input to It should be noted that the results of the previous simulations do
the retina,l (x,y,t), to that of the same signal after high-pass not necessarily imply that the refinement and maintenance of
filtering, 14(X,y,t). This second signal can be regarded as thecortical receptive fields require a learning rule based on the
main input contributor to the correlation difference maps evaluateatovariance of activity. Indeed, very similar results were obtained
during the periods of visual fixation. In Fig. 7(a), natural imageswhen levels of correlation (and not covariance) of thalamocortical
were scanned by uniform motion at constant velocity. High-passctivity were measured in simulations that included nonlinear
filtering was performed in the temporal domain by subtractingelements of the responses of V1 units. It is known that for many
from the input at each spatial location its running average over aiv1 neurons the initial response to an unchanging stimulus tends to
interval T = 300 ms (the average duration of visual fixation): decline quickly, more rapidly than occurs in the responses of cells
Iu(x,y,t) = 1(x,y,t) — It. As illustrated by the power spectra in at earlier stages in the visual pathway. This decay is more rapid
Fig. 7(a), high-pass filtered signals were less correlated with slovthan what would be expected from the linear temporal transfer
movements that, similar to the instability of visual fixation, cov- function (Tolhurst et al., 1980; Deangelis et al., 1B9&€hance
ered less than 1 deg during the period of fixation. The differentet al., 1998; Muller et al., 1999). Whereas linear models predict
slopes of the curves obtained with different velocities indicate thatthat, after an initial transient, neuronal responses to a prolonged,
in principle, the visual system could control the degree of “whit- steady flash should exhibit a well-maintained increase in activity,
ening” of the input by selecting an appropriate oculomotor activity.on the contrary the step responses of many simple and complex
High-pass temporal filtering eliminates the slowly varying cells include only a small maintained response (Tolhurst et al.,
contributions originating from low spatial frequencies. The samel980; Deangelis et al., 1983 This fast decay of V1 cells is likely
result can be obtained by filtering directly in the spatial domain.to play an important role during natural viewing conditions, when
Fig. 7(b) compares the power spectrum of a natural s&Rrgy) natural scenes are scanned by sequences of eye movements. Fol-
to that of the high-pass filtered ima@ (X, y) obtained by sub- lowing a saccade, the stimulus in the receptive field of a V1 cell
tracting at each pointx, y) the average luminance evaluated over changes little during the brief periods of visual fixation. A nonlin-
a local regionW centered on(x,y): Sy = S— Sy. The power ear decay to unchanging stimuli is likely to attenuate cell responses
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Fig. 7. Correlated structure of the input signals to the retina during active scanning of images of natural scenes. (a) Comparison between
the power spectrum of the input to the retina during oculomotor activity,y, t) (top), and that of the same signal after removal of

its running averagé(x,y,t) = 1(x,y,t) — It (botton). T was 300 ms. Natural images were scanned by uniform drift at constant
velocity. The results for three velocities (1 deg5 deg's, 20 degs) are shown. (b) Comparison between the power spectrum of natural
visual input before top) and after high-pass filteringobtton). High-pass filtering was implemented by subtracting at each point of

the imageS(x, y) its local mean over a window: S; = S— Sy. Power spectra were evaluated oVérThe data are average values

of the power spectrum obtained over all the images included in the database. The results for three different amplit(2&s o0

and 300) are shown. In every panel, theaxis represents spatial frequency, and power spectra are normalized to provide clear
comparisons.

to the sustained component of the visual input, thus emphasizingput, in which patterns of correlation followed closely the struc-
responses to the dynamic component introduced by fixationature of simple cell receptive fields even in the absence of oculo-
instability. motor activity and the nonlinear adaptation of V1 units (black bars
Fig. 8 shows the result of simulations in which the model wasin Fig. 9). In the presence of natural visual stimulation, the
extended to introduce a nonlinear term that replicated the fasinteraction between small fixational eye movements (which intro-
decay of V1 neurons to steady stimuli (see Methods). As illustratediuced spatially decorrelated fluctuations in the input signals) and
in Fig. 8(a), this nonlinear module attenuated the simulated renonlinear cortical adaptation (which attenuated the responses to
sponse to a step stimulus, while preserving responses to dynamibe slowly varying, spatially correlated component of natural
inputs. Figs. 8(b—d) show the results obtained in the case in whicinput) enabled the establishment of a regime of thalamocortical
images of natural scenes were scanned by unconstrained ewetivity with second-order statistics similar to that observed in the
movements that included both large saccades and fixational instgresence of white noise. This pattern of correlated activity is
bility. In this case, levels of correlation were evaluated both overconsistent with a refinement of cortical receptive fields.
the entire duration of a trial and during the periods of fixation in
between saccades. Patterns of correlation measured during ﬁxati%‘lscussion
closely followed those of simulated simple cells. As illustrated by
Fig. 8(c), high percentages of correct matching were obtained at aMany features of the responses of V1 neurons develop before eye
angles of visual eccentricity, and the size of the larger subregion obpening and are further refined by visual experience. How can the
receptive fields predicted by the levels of correlation was in goodsame mechanism of synaptic plasticity account for both the initial
agreement with neurophysiological measurements in the camaturation of neuronal selectivity and its later refinement in the
[Fig. 8(d)]. presence of neural activity with such different statistical structure
Fig. 9 summarizes the results of our simulations with nonlinearas endogenous spontaneous activity and visually driven responses?
cortical responses. In these simulations, the small spatial scale dffter eye opening, the sampling of sensory information depends
fixational eye movements and the fast adaptation of simulateen the way an organism moves within the environment. By con-
cortical units operated jointly to decorrelate neural activity. Asstraining input sensory signals, motor behavior may alter the
illustrated in Fig. 9, levels of correlation did not match cortical statistical structure of neural activity and influence the refinement
receptive fields in simulations in which the spatial scale of fixa- of perceptual systems during early sensory experience. By show-
tional eye movements was amplified or when nonlinear adaptatioing that the spatiotemporal structure of neural activity during
was eliminated. These results contrast with the case of white noisésual fixation is compatible with the organization of the receptive



Eye movements and receptive-field development 735

visual fixation
06 AN whole trial
=05 . £ 00
=
IAVAVAVAVAVAVAVAVAVAY ] ,3 80
E
0.08 - . . T 60
0.06 1 <
= 0.04 1 8 40
=
0.02 . 2
ANNNNANNN 20
0 0.5 1 15 2 .
time (s} 0 8!
RF
(a) (b)
4 .
35— Wilson & Sherman (1976)
o = 0——0 model
2 100 ﬁ 5
=
[X] =
= 80 5 25
E ES
T 60 g 2
@
= =}
= = 15
o 40 E
2 t 1
20 8
0.5
% 10 15 ;o 30 0 ' ' ' '
.2 0 10 20 30
eccentricity (deg) eccentricity (deg)
(c) (d)

Fig. 8. Structure of thalamocortical correlated activity during free viewing of natural images. Levels of correlation were evaluated when
the model included a nonlinear component that replicated the fast decay of V1 units to unchanging stimuli. (a) Response of the
nonlinear element of the model to an input current composed of the superposition of a step function and a 10-Hz sinusoidal modulation.
After a transitory period, the model responds only to the dynamic component of the input. (b) Percentages of correct matching between
the receptive fields of V1 simple cells and patterns of correlated activity at 17 deg of visual eccentricity. Levels of correlation were
analyzed both over the entire duration of a trial (dark bars) and during the periods of visual fixation (light bars); both over the entire
receptive-field area (RF) and in correspondence of the side lobes within the simple cell receptive fields (SL). (c) Matching percentages
during visual fixation for various angles of visual eccentricity. Both the results obtained over the entire receptive field (RF) and over
the side lobes (SL) are shown. (d) Comparison between the mean widths of the central lobe of cortical receptive fields measured by
Wilson and Sherman (19769} and predicted by the patterns of correlated activity in the madgk( various eccentricities.

fields of simple cells, the present study supports the hypothesisells in the LGN, which covaried strongly with simulated V1 neu-
that the refinement and maintenance of orientation selectivity afterons, a pattern of activity that is not compatible with a Hebbian
eye opening could be mediated by the same Hebbian process eégregation of geniculate afferents within simple cell receptive fields.
synaptic plasticity that has been proposed to be responsible for then the contrary, in simulations that modeled the oculomotor be-
initial emergence of a segregation of thalamic afferents to thehavior of the cat, fixational eye movements introduced spatially
cortex (Linsker, 1986; Miyashita & Tanaka, 1992; Miller, 1994). decorrelated fluctuations in the input signals. Both simulated LGN
In the model, three elements determined the structure of neurand V1 cell responses were modulated by these spatiotemporal
activity: the statistical properties of the visual input, the responsechanges in the visual input. Thus, during visual fixation, levels of
characteristics of simulated neurons, and the way visual informaeovariance between geniculate and cortical responses (and also lev-
tion was sampled by means of oculomotor behavior. In the absencels of correlation when the nonlinear adaptation of V1 units was
of eye movements, when only the first two elements contributedtaken into account) were constrained by the structure of the recep-
the patterns of thalamocortical activity were heavily influenced bytive fields of V1 and LGN neurons similar to before eye opening.
the broad spatial correlations of natural images. These input cor- In a previous modeling study, the patterns of covariance of
relations synchronously activated wide pools of ON- or OFF-centegeniculate activity during the small eye movements of visual
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[ d Mo habituation _ et al., 1975), the cat (Pritchard & Heron, 1960), the rabbit (Col-
N Magrifed Ixaions) itoing {20%) lewijn & Van Der Mark, 1972), the turtle (Greschner et al., 2002),
o Bl hits noiss and even the owl (Steinbach & Money, 1973), a species whose
E eyes are often considered immobile. Although it has long been
ﬁ 80 known that stabilized images (i.e. images that move synchronously
@ with the eye) tend to fade from visual awareness, it is not clear
E &0 whether fixational eye movements play a functionally meaningful
E role in visual processes beyond simply refreshing neural activity.
H 40 Neuronal responses to the input changes produced by fixational
o 20 eye movements have also been observed. Indeed, it has been
& suggested that the instability of visual fixation may contribute to
0 the high variability of cortical responses measured in awake

RF SL monkeys (Gur & Snodderly, 1987). In the macaque, fixational eye

Fig. 9. Matching between the receptive fields of V1 simple cells and the movemgnts strongly modulate the responses of neur0n§ in differ-
levels of correlation in thalamocortical activity measured under variousent gort|cal areas (Gur et al., 1997 Leopold'& Logothetls, 1998;
experimental conditions. Matching percentages were evaluated both ovéYIartlnez-Conde et al,, 2000), and neurons in the primary visual
the entire receptive field (RF) and in correspondence of the secondar§ortex can be sorted in different populations based on their re-
subregions of cortical receptive fields (SL). Matching percentages obtaine§Ponses to the two main components of fixational eye movements,
at 17 deg of visual eccentricity with normal fixational instability and saccades and drifts (Snodderly et al., 2001). In the cat, similar
nonlinear adaptation of V1 responsegdy bar) are compared to those investigations on the influence of fixational eye movements on
obtained in the following conditions:white ba) absence of cortical neural activity have not been performed. Nevertheless, saccades as
adaptatiqn. Modeled cc_)r_tical_uni_ts did_ not ir_u_:lude the _nonlinear compo-small as 0.5 deg, which are likely to affect neural responses, occur
qent. (s_;_trlpgd bay Ampllfle@_ fixational instability. The window of fixa- frequently in the cat (Winterson & Robinson, 1975). In addition,
tional jittering was ma?g”'f'e.d by a factor of 20bléck bay .Case of the velocity of cat's postsaccadic drift has been measured around
decorrel:_ateq |npu_t. Whlt‘e_ noise Was_presented t_o the model in the abseni%_]_S degs (Olivier et al., 1993), a speed that is likely to activate
of both fixational instability and cortical adaptation. : o !

cortical cells.

It is important to notice that the main effect of fixational
instability in our simulations, that is the introduction of a spatially
fixation were found to match the average structure of the receptivelecorrelated component in the input signals that, during visual
fields of simple cells at various angles of visual eccentricity (Ruccifixation, is effective in driving cell responses is a robust phenom-
et al., 2000). By simultaneously and independently simulating theenon that does not depend on the precise characteristics of the
activity of both geniculate and V1 simple cells during oculomotor model. While simulated eye movements were designed to replicate
behavior, the results of this study extend our previous work inthe oculomotor behavior of the cat, any type of fixational jittering,
several important ways. First, they show that fixational fluctua-regardless of its sources, would have a similar impact on the
tions in the input signals are very effective in driving models of statistical structure of neural activity, as long as it occurs within a
cortical cells and in shaping the correlated structure of thalamorelatively small spatial window. Thus, the results of this paper are
cortical activity. According to our model, the process of mainte- little affected by possible inaccuracies in the simulations of cat eye
nance and refinement of cortical receptive fields would be sensitivenovements and can be directly extended to free-viewing condi-
to the synchronous modulations of thalamic responses that origtions in which eye movements may combine with small move-
nate from fixational eye movements. Second, this study clarifieanents of the head and the body to give rise to greater fixational
the mechanisms by which, during visual fixation, the broad cor-instability. Results were also little affected by the way the nonlin-
relations of natural visual input may loose their influence on theear features of cell responses were modeled. Virtually identical
statistical structure of neural activity. During visual fixation, the results were obtained when rectification in the LGN was absent or
jittering of the eye enhances neuronal responses to high spatialvhen it was increased to eliminate half of the range of possible
frequency signals, which contribute little to the correlated structureesponse values. In the simulations that included the nonlinear
of natural scenes. Third, it shows that in addition to a generabdaptation of V1 units, the adaptive RC circuit was preferred over
consistency between thalamic activity and the average organizasther methods that model the fast adaptation of cortical cells
tion of simple cell receptive fields, levels of correlatimovariance  (Abbott et al., 1997; Tsodyks & Markram, 1997; Okatan & Gross-
of thalamocortical activity are compatible with the specific struc- berg, 2000) because it operated directly on the mean instantaneous
ture of the receptive fields of individual V1 neurons. Since duringfiring rate, a more convenient signal to use than the raw train of
visual fixation the second-order statistics of neural activity resem-spikes in simulations that involve massive statistical averaging
ble that present before eye opening, cells with very differentsuch as the ones described in this paper. However, any mechanism
receptive fields will continue their refinement of orientation that quickly attenuates the sensitivity to stationary stimuli would
selectivity. have a similar decorrelating effect during visual fixation. Indeed,

Small fixational eye movements are a common feature of theonce the influence of the broad input correlations introduced by
oculomotor behavior of different species. In humans, several typew spatial-frequency harmonics is attenuated, the structure of
of fixational eye movements have been observed, including smaltorrelated activity is primarily determined by the spatial organi-
saccades with amplitudes in the range 2—30 arcmin, slow driftzation of cell receptive fields. The spatial characteristics of the
with speed less than 20 arcnig) and physiological nystagmus, a receptive fields of geniculate and V1 simple cells are among the
high-frequency tremor with amplitude smaller than 1 arcmin (Ditch-most investigated features of neurons in the visual system, and
burn, 1973; Steinman et al., 1973). In addition to humans, fixathe kernels of our models were direct implementations of neuro-
tional eye movements have been observed in the monkey (Skavengiysiological measurements.
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While sources of fixational instability other than eye move-  factors in the development of the kitten's visual cortérurnal of
ments exist during natural viewing, a consequence of this study is Physiology248 663-716.

that visual conditions that disrupt normal oculomotor activity may BUI\S/?SE::;T’Pi;;z?osgi'cg}fggcglgg e;;g"fgggar muscle proprioception on

impair the deVElO_pment Qf th_e response Cha_raCte_riStiCS _Of VBuisseret, P. & Gary-Bogo, E. (1979). Development of visual cortical
simple cells. Consistent with this prediction, an impairment in the  orientation specificity after dark-rearing: Role of extraocular proprio-
plasticity underlying orientation selectivity has been observed in  ception.Neuroscience Letters3, 259-263.

kittens exposed to visual experience with their eyes paralyzedBUISSERET. P, GAry-Bogo, E. & IMBERT, M. (1978). Ocular motility and
Wh few h f Vi | . ithi itical recovery of orientational properties of visual cortical neurons in dark-
ereas a few hours of normal visual experience within a critical - o LittensNature 272, 816-817.

period are sufficient to reestablish orientation-selective responsgusserer, P. & ImperT, M. (1976). Visual cortical cells: Their develop-
esin dark-reared kittens, elimination of eye movements during mental properties in normal and dark-reared kittelairnal of Phys-
light exposure prevents such restoration (Buisseret et al., 1978; iology 255 511-525.

Gary-Bobo et al., 1986). In the presence of eye movements, §*> D- DEANGELIS, G.C. & FreemaN, R.D. (1997). Spatiotemporal
| blish f ori . lectivi if receptive field organization in the lateral geniculate nucleus of cats and
normal reestablishment of orientation selectivity occurs even i kitten. Journal of Neurophysiology8, 1045-1061.

other movements of the body are selectively prevented (Buisseretyance, ES., NeLson, S.B. & AsotT, L.F. (1998). Synaptic depression
& Gary-Bobo, 1979). Furthermore, a reduction in the percentage and the temporal response characteristics of V1 cditsirnal of

of orientation-selective cells has also been reported in cats raised Neurosciencd8 4785-4799.

under low-frequency stroboscopic light (Cynader et al., 1973), aCHAN(_;EUX, JP. & DANCHIN, A. (197_6). Selective stab_ll_lzat_lon of devel-
oping synapses as a mechanism for the specification of neuronal

well-investigated illumination condition that eliminates fixational  etworks.Nature 264, 705-712.
instability. The abnormal increase in the size of simple-cell recepCuaprman, B. & STRYKER, M.P. (1993). Development of orientation selec-
tive fields observed in these kittens is consistent with the patterns tivity in ferret visual cortex and effects of deprivatiodournal of

of correlated activity measured in our simulations that did not _ Ne“roscBie”ZCd3v ?{2}5{1}?2562- MLP. (1991). Relation of cortical
. . . . . - HAPMAN, b., ZAHS, K.K. TRYKER, . . | |
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stroboscopic light (Cynader & Chernenko, 1976), when the pres- column in ferret visual cortexlournal of Neurosciencgl, 1347-1358.
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effect of fixational jittering. thalamic input to simple cells revealed by electrically evoked cortical

. . . suppressionNeuron20, 1177-1189.
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