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Abstract

Retinal ganglion cells exhibit oscillatory responses which are precisely synchronized over large distances. Here we examined,
with multi-electrode recordings, the time course of synchronization during spontaneous and stimulus-driven oscillatory activity.
Spontaneous discharges showed synchronized oscillations at ~ 30 Hz, which were occasionally associated with slower superim-
posed oscillations in the range of 1-5 Hz. Stationary stimuli or moving gratings induced synchronous oscillations at higher
frequencies (mean of 79.0 4+ 20.0 Hz for OFF- and 91.7 4+ 11.7 Hz for ON-responses), with time lags of a few milliseconds. At
response onset, the first few oscillatory cycles were occasionally time locked to the stimulus. Thereafter, synchronization became
independent of stimulus coordination and was exclusively due to neuronal interactions. Oscillatory modulation emerged rapidly
and was sustained throughout the responses while oscillation frequency decreased gradually. This periodic patterning of responses
persisted despite brief and local occlusion of stimuli, suggesting that synchronous oscillations emerge from population dynamics
and entrain cells even if they are intermittently silenced. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since the discovery of stimulus induced synchroniza-
tion of visual responses, increasing attention has been
given to the time structure of neuronal activity. Syn-
chronization of responses with a precision in the mil-
lisecond range has been observed at different levels of
processing, in various sensory modalities and in a vari-
ety of species (for a review see Singer, Engel, Kreiter,
Munk, Neuenschwander & Roefselma, 1997). In the
visual system, synchronization of cortical responses
reflects global stimulus properties, supporting the hy-
pothesis that correlated firing serves to establish rela-
tionships among distributed responses and plays a role
in the binding of local features.

In the retina, precise oscillatory patterns in the spik-
ing activity of ganglion cells have been discovered both
in vertebrates and invertebrates already in the early
functional investigations (Frohlich, 1914; Adrian &
Matthews, 1928; Granit, 1933). Later, several studies
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have described oscillatory activity in the retina of cats
and monkeys in response to sudden luminance changes
(Kuffler 1953; Doty & Kimura, 1963; Laufer &
Verzeano, 1967; Rodieck, 1967; Ariel, Daw & Rader,
1983). These oscillations covered a broad range of
frequencies, from 3 to 150 Hz, and occurred with and
without anesthesia. It has been shown that retinal
oscillations depend on stimulus size and contrast, point-
ing to the involvement of center-surround mechanisms
(Ariel et al., 1983; Przybyszewski, Lankheet & van de
Grind, 1993). The oscillatory patterning of activity is
not restricted to ganglion cells but also present in the
graded responses of horizontal and amacrine cells (Fo-
erster, van de Grind & Grusser, 1977; Sakai & Naka,
1990).

Laufer and Verzeano (1967) first suggested that peri-
odic activity in retinal networks may result from cou-
pling among large cell populations. Recording
simultaneously from more than one cell in the cat
retina, the authors observed that discharges of single
cells may show constant phase relations with their
oscillating neighbors. Later studies employing cross-
correlation analysis have shown that the activity of
neighboring cells with overlapping receptive fields may
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indeed exhibit strong correlations (Arnett, 1978; Arnett
& Spraker, 1981; Mastronarde, 1989; Sakai & Naka,
1990; Meister, Lagnado & Baylor, 1995; Brivanlou,
Warland & Meister, 1998). Recently we have demon-
strated that synchronization of responses may also oc-
cur over surprisingly large distances (> 20°) provided
that the stimuli used for the activation of the cells are
continuous (Neuenschwander & Singer, 1996). This
correlated firing was always associated with a strong
periodic modulation, suggesting that synchronization
was mediated by oscillatory activity.

In studying stimulus-driven neuronal interactions it is
important to determine to what extent correlations
arise simply from stimulus coordination. In our previ-
ous investigations we obtained evidence that the oscilla-
tory patterning of responses that was associated with
response synchronization was not phase locked to the
onset of stationary stimuli or to the periodic activation
caused by drifting gratings. This contrasts with the
claim that the temporal patterning of retinal and thala-
mic responses is precisely time-locked to stimulus onset
(Worgotter & Funke, 1995; Reich, Victor, Knight,
Ozaki & Kaplan, 1997). However, in our previous
studies, we have not examined stimulus-locked synchro-
nization in the early phase of the responses, since we
computed average correlations over the sustained com-
ponents of the responses (Neuenschwander & Singer,
1996; Castelo-Branco, Neuenschwander & Singer, 1998;
but see Rager & Singer, 1998). Here we extend this
analysis to examine a possible contribution of stimulus-
locking to the development of synchronization. We
have made multiple-electrode recordings from retinal
ganglion cells and employed a sliding window correla-
tion analysis to study the time course of synchronous
oscillations during spontaneous and visually-driven
activity.

2. Methods
2.1. Recordings

Simultaneous intra-ocular recordings from retinal
ganglion cells were performed in 11 anesthetized and
paralyzed cats. Anesthesia was induced with ketamine
(10 mg kg, i.m.) and xylazine (2 mg kg ' i.m.), and
maintained with administration of N,O and O,,
70:30%, supplemented with 0.5-1.2% halothane. The
left eye was immobilized by suturing the conjunctiva to
a ring fixed to the stereotaxic frame (Peichl & Wissle,
1979). After surgery, the pupil was dilated with at-
ropine (2%) and the animal paralyzed with intravenous
pancuronium bromide (0.1 mg kg~ ! per h).

Multi-unit and occasionally also single cell activity
was recorded from a total of 150 sites (68 pairs of
recordings sites) with two to three tungsten electrodes

(1.0-2.0 MQ) inserted into the eye through a guide
tube. The electrodes could be moved independently and
placed under visual control at the desired location.
Signals were amplified ( x 10000), band-pass filtered
from 0.3 to 3 kHz and spikes were detected with an
amplitude discriminator (resolution, 0.1 ms). All surgi-
cal procedures were performed according to the Ger-
man guidelines for animal experimentation.

2.2. Visual stimulation

Stationary light stimuli were generated with an opti-
cal bench (contrast, 0.75; background luminance ~ 0.4
cd m~2), and front-projected onto a tangent screen.
Since the projection light was provided by a DC pow-
ered source, the stimuli were free of any oscillatory
component. Drifting gratings (spatial frequency, 0.2—
1.5 ¢ deg—!; temporal frequency, 1-6 Hz) were gener-
ated on a monitor with a refresh rate of 100 Hz
(contrast, 0.50). The responses of a photo-diode were
used to measure the onset jitter of stimuli generated by
the optical bench and the computer screen. The scatter
of onset latencies was below one millisecond for both
stimulus conditions.

2.3. Data analysis

Response histograms were computed with a resolu-
tion of 25 ms, and a 1-2 s analysis window was placed
over an epoch of strong coactivation for correlation
analysis. Auto- and cross-correlograms were calculated
between single trial responses within these windows
with a resolution of 1.0 ms and subsequently averaged
over 20 stimulus repetitions. Shift predictors were rou-
tinely computed to control for correlations caused by
stimulus-locking (Perkel, Gerstein & Moore, 1967). Re-
sponses were considered as synchronized by intraretinal
interactions if a modulation persisted in the correlo-
grams after subtraction of the shift predictor controls
from the raw correlograms (see evaluation criteria in
Castelo-Branco et al., 1998). To quantify the strength,
frequency and phase shift of synchronous oscillations,
we have taken the parameters of a damped-cosine
function fitted to the correlograms, as described by
Konig (1994). Correlation strength was assessed from
the relative modulation amplitude index, i.e. the ratio
of the amplitude of the central peak of the fitted
function over its offset. The amplitude of the correlo-
grams was normalized by the geometric mean of the
number of spikes for each cell of a pair.

A sliding window analysis was used to follow the
time course of synchronization. To this end, a 100-250
ms analysis window was moved over the responses in
successive 50—100 ms steps. The correlograms obtained
from each of those windows were displayed in a two-di-
mensional plot (see example in Fig. 3), where the y-axis
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denotes the time lag of the correlation function and the
x-axis the time course of the responses.

3. Results and discussion

3.1. Synchronous oscillations during spontaneous
activity

Retinal ganglion cells often showed an oscillatory
modulation of the sustained discharges that occur dur-

ing darkness or constant levels of illumination. Such
oscillations typically started several seconds after a
change in ambient illumination and then gradually
increased in strength. Oscillation frequencies were in
the range of 25-35 Hz and tended to decrease over
time. Occasionally, oscillatory patterns of different fre-
quency could coexist. Fig. 1 shows a case of sponta-
neous oscillatory activity that was correlated across two
sites. Here fast oscillations around 30 Hz are superim-
posed onto slower oscillations at 2—5 Hz. In this exam-
ple, multi-unit recordings were obtained from two sites
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Fig. 1. Synchronous oscillations in spontaneous discharges of retinal ganglion cells. Cross-correlation functions were obtained for the ongoing
activity of two cell clusters (multi-unit recordings, Rel and Re2) at different epochs and various levels of adaptation. The correlograms shown
in the upper row were successively expanded in the lower rows, as indicated by the arrows. Left and middle columns; the slow 2—5 Hz oscillatory
pattern visible in the upper correlograms reveals a fast component above 30 Hz at higher time resolutions. The superposition of these oscillatory
patterns is readily visible in the correlograms at the center. Right column; only the fast component is present. Notice that synchronization of the
fast oscillatory component is highly precise (phase shifts, 1-3 ms) and occurs independently of the slow oscillatory patterns. Oscillation frequency
and phase shifts (¢) were computed after fitting a damped cosine function to the correlograms (not shown). Adaptation levels for recordings in
left and right columns, mesopic ( ~ 200 lux); middle column, scotopic. Recording sites were located close to the area centralis. Inset, circles,
receptive fields; center-to-center distance, 2° of visual field. Rel mean firing rates, 4.3, 4.0, 50.7; Re2, 125, 169, 101 spikes s—! for each case,
respectively.
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Fig. 2. Effects of stimulus size on strength of oscillatory modulation. The plot depicts the modulation amplitude of the first satellite peak as a function of the size of the stimulus. Multi-unit
responses were obtained to light squares of different sizes flashed over the center of the RF (inset). Autocorrelograms corresponding to points a, b and c¢ in the plot are shown to the right. The
amplitude of the correlograms was normalized by the geometric mean of the number of spikes for each cell.
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at different epochs, after prolonged adaptation at either
mesopic or scotopic levels. Cross-correlograms were
computed over several seconds. The deep modulations
of the correlograms indicate that the oscillatory pat-
terning of each of the cell groups was very stable and
precisely synchronized. Accordingly, both autocorrela-
tion functions were also deeply modulated (not shown).
The fast oscillations were not related to the slow oscil-
lations. The latter were erratic and appeared and disap-
peared spontaneously with a time course of several
minutes. In contrast, the fast oscillations were sustained
and regular, and changed only when changes in ambi-
ent illumination caused a sharp increase in oscillation
frequency.

The most striking feature of the spontaneous fast
oscillations in the retina is the precision of their syn-
chrony. As shown in Fig. 1, the center peaks in the
correlograms are only a few milliseconds wide, indicat-
ing precise phase-locking of the fast oscillatory compo-
nents (peak widths, 7-20 ms; time lags, 1-3 ms). In
contrast, the broad peaks associated with the slow
oscillations often deviate from zero phase lag, indicat-
ing that large phase rotations may exist for the slow
oscillatory activity. These large differences in the phase
rotations suggest independent mechanisms involved in
the generation of the slow and fast oscillations.

In the vertebrate retina, precise synchronization of
the spontaneous discharges of ganglion cells has been
reported in several cross-correlation studies (Arnett,
1978; Arnett & Spraker, 1981; Mastronarde, 1989;
Brivanlou et al., 1998). In the cat, simultaneous record-
ings from neighboring cells revealed strong correlations
between cells with overlapping receptive fields and same
center polarity, which were attributed to reciprocal
interactions (Mastronarde, 1983, 1989). These correla-
tions showed no sign of an oscillatory patterning. Re-
cently, similar findings were reported for ganglion cells
of the salamander under dark adaptation (Brivanlou et
al., 1998). The synchronization patterns were heteroge-
neous, differed in the degree of temporal precision, and
were shown to depend on different mechanisms. Broad
correlations depend on chemical synaptic transmission,
probably reflecting common input from photoreceptors.
The more precise correlations (peak widths of 10-50
ms or less than 1 ms) are due to electrical coupling both
between amacrine and ganglion cells and among gan-
glion cells (Brivanlou et al., 1998). Interestingly, our
data show the same multimodal distribution of the
width of correlation peaks as described for the sala-
mander. Thus, it is possible that the slow and fast
oscillations that were associated with high and low
precision synchronization in the present study reflect
interactions at different levels of retinal processing.

The question remains why oscillatory phenomena in
the frequency ranges above 2 Hz have been seen only
rarely in the isolated retina (Meister et al., 1995;

Brivanlou et al., 1998) and in vivo (Mastronarde, 1983;
Robson & Troy, 1987) when single unit activity was
recorded, but are commonly observed in multi-unit
recordings (Doty & Kimura, 1963; Laufer & Verzeano,
1967; Rodieck, 1967). Robson and Troy (1987) present
in their single cell study inter-spike interval distribu-
tions with broad peaks, suggestive of oscillatory activ-
ity. The most likely reason for this discrepancy is that
individual cells, even though their discharges are time
locked to the global oscillatory activity of the popula-
tions, reflect the rhythmic activity only poorly because
they do not discharge in every cycle, missed cycles
occurring in irregular sequences (see Laufer &
Verzeano, 1967; Buzsaki, 1996).

3.2. Stimulus-driven synchronization

Upon visual stimulation, ganglion cells often engage
in strong oscillatory activity, which becomes precisely
synchronized over large distances, depending on spatial
and temporal properties of the stimulus (Neuenschwan-
der & Singer, 1996). Stationary light stimuli or moving
gratings can induce long-range synchronization, pro-
vided that contiguous regions in the retina are acti-
vated. One critical determinant for the strength of the
oscillatory patterning is the size of the stimulus (Fig. 2).
Punctiform stimuli restricted to the center of the recep-
tive fields elicit only weak oscillations while large stim-
uli covering both the center and surround regions
commonly induce a strong oscillatory modulation of
the responses, whereby these effects on oscillations are
independent of changes in firing rates.

Of the 150 recording sites, 115 exhibited oscillatory
responses for at least one stimulus condition (81 + 17
Hz, mean +S.D.). Oscillation frequencies differed
markedly from those observed during spontaneous ac-
tivity ( ~ 30 Hz). For stationary stimuli, ON-responses
oscillated at significantly higher frequencies than OFF-
responses (mean of 91.7 + 11.7 Hz for ON- and 79.0 +
20.0 Hz for OFF-responses; P < 0.0001, ANOVA, 1
d.f., F=55.83). For responses to moving stimuli there
was an interesting relationship between velocity and
oscillation frequency (Fig. 3). For a moving bar sweep-
ing over the receptive field, oscillation frequency in-
creased monotonically with the velocity of the stimulus
(slope, ~ 0.5 Hz deg~! per s; tested range, 1.7-70 deg
s ~1; three recording sites). A similar relation was found
between stimulus velocity and correlation strength
when two sites were coactivated by a common moving
stimulus (either a single bar or gratings). The relative
modulation amplitude of the center peak increased with
stimulus velocity. Even short responses (120 ms) evoked
by fast moving stimuli exhibited a strong oscillatory
modulation, indicating that retinal oscillations have a
fast onset, and may follow brisk changes in the visual
scene.



2490 S. Neuenschwander et al. / Vision Research 39 (1999) 2485-2497

70°/s 23°/s

s

14°/s

i
E

3 4 P
LA
. : ‘ :
. E
g o H = . -
g ' x = - - -
= B : =
1 s =
- -~
; } 3
80 - L, =
7°/s o 3.5°%s - 1.7°Is
§ = ] 3 =
i > = 3 - :
- E 3 =
E z i : =
- - B -
T+ > - 3 £ = s
*—_ = — = -0.2 §
g a = £ ; =
: < 5 z i §
2 - = 00
1000 ms g

Fig. 3. Effects of stimulus velocity on strength of oscillatory modulation. Series of sliding-window auto-correlation analysis of the response of a
single ON-X-cell to a bar sweeping over the receptive field at various speeds (Inset: circle, receptive field center; the arrow indicates the direction
of forward and backward movement of the bar over the receptive field). Number of stimulus repetitions, 10. The oscillatory strength increases
from 0.3 to 4.1, and the oscillation frequency from 87 to 123 Hz (average auto-correlograms, not shown). Correlograms have normalized

amplitudes.

This stimulus-induced synchronization had several
characteristic features: (i) if it occurred over large dis-
tances it was always associated with oscillatory pattern-
ing, suggesting that synchronization and oscillatory
activity in the retina are mutually dependent processes
(Fig. 4); (i1) it was very precise, the mean phase rotation
being 26.0 + 36° and the mean phase lag 1.8 + 1.2 ms
(S.D.); (iii) the correlations were strong (mean modula-
tion amplitude, 0.8 + 0.7 S.D.) and exhibited little fluc-
tuations throughout the responses. Both, the oscillation
frequency and the phase angle of synchronization re-
mained remarkably constant within and across trials.

Ghose and Freeman (1992, 1997) have proposed a
model which postulates a retinal origin for oscillatory
activity in the cortex. In the model, cortical oscillations
are explained by the integration of oscillatory inputs
arising from spontaneous discharges in the retina trans-
mitted reliably through the thalamo-cortical pathway.
A basic assumption of the model is that individual
retinal ganglion cells behave as independent oscillators.
As shown above, our results point to a different sce-
nario. Synchronization of oscillatory responses in the
retina is very precise, phase lags being restricted to only
a few milliseconds. Moreover, synchronization occurs
in a stimulus-dependent manner and increases with

stimulus size. With large stimuli, more cells are re-
cruited into synchronously oscillating ensembles,
whereas the individual phase differences remain rather
small. This explains why retinal oscillations are readily
visible in multi-unit recordings. By contrast in the
model of Ghose and Freeman addition of more oscilla-
tory cells results in a decrease of oscillation strength of
the net outputs. Moreover, our results show that even
during spontaneous activity, correlations occur with
only small phase delays and the associated oscillations
occur in a frequency range ( ~ 30 Hz) that is well below
the range postulated by the model of Ghose and Free-
man (1997). Taken together, our findings fail to support
the hypothesis that ganglion cells oscillate indepen-
dently, suggesting instead that oscillatory phenomena
in the retina arise from large-scale network interactions.

3.3. Are synchronous oscillations in the retina
stimulus-locked?

We have shown previously that the sustained oscilla-
tory responses in the retina are not phase-locked to the
stimulus onset (Neuenschwander & Singer, 1996;
Castelo-Branco et al., 1998). A key finding was the
dependence of long-range synchronization on stimulus



S. Neuenschwander et al. / Vision Research 39 (1999) 2485-2497 2491

140
N= 230

120 o
—— e ®e H'
E 100 ) -
S é [ ]
C 1 e
% °
O e0
(4]
—
| T ®

40

20 -

0 / @ @@ ome

0 20 4I0 60 80 100 120 140
Frequency (Hz)

Fig. 4. Comparison of oscillation frequency for the two sites of each
recording pair exhibiting synchronization. The large majority of pairs
showed oscillatory responses with similar frequencies at both record-
ing sites (points cluster along the diagonal). The points lying on the
x- or y-axis correspond to the cases in which one or both cells
showed no oscillatory responses.

configuration. Two simultaneously flashed stimuli in-
duced precise synchronization of oscillatory responses
only when they were contiguous. However, when the
same stimuli were repositioned so that they were sepa-
rated by a gap, synchronization was disrupted (see Fig.
4b of Neuenschwander & Singer, 1996). These findings
indicate clearly that synchronization cannot be due
solely to stimulus-locking but results from neuronal
interactions. If synchronization resulted from phase-
locking to the stimulus onset, it should persist regard-
less of the spatial stimulus configuration. In our
previous studies, however, correlograms were computed
within 1-2 s windows, in general beginning 100-300
ms after stimulus onset to exclude the initial phasic
component of the responses. Here we have re-examined
the question of stimulus locking by means of a sliding
window analysis, including also the early response
component.

This refined analysis occasionally revealed tight
phase-locking to the stimulus onset for the first few
cycles of the oscillatory responses. Thereafter, synchro-
nization persisted independently of stimulus coordina-
tion. A simple way to examine stimulus-locked
synchronization is to compute response histograms with
a resolution of 1 ms. If individual oscillatory responses
exhibit negligible phase jitters in relation to stimulus
onset, deep modulations should become visible in the
histograms. Fig. 5 shows an example of strong phase-
locking to stimulus onset that is restricted to the initial
component of the responses. Multi-unit recordings were

obtained from three spatially separated sites in the
retina, that had non-overlapping receptive fields. At all
sites, the cells showed strong oscillatory responses to a
large stationary stimulus flashed over the receptive
fields (oscillation frequencies, ~ 87 Hz; number of
stimulus repetitions, 100). The response histograms
computed at high resolution exhibit multiple peaks,
that are precisely aligned across recording sites for the
first 100 ms of the responses. This oscillatory modula-
tion in the responses appears as early as 20 ms after
response onset and rapidly decays over the course of
the responses. This decay is attributable to a decrease
of stimulus locking which in the averages leads to
smearing of the oscillatory modulation. Accordingly, at
the very beginning of the responses, the shift predictor
controls are modulated as strongly as the raw correlo-
grams (indicated by the arrows in Fig. 5) while they
become flat thereafter. This indicates that the oscilla-
tory modulation of the early response is phase locked
to the stimulus while the synchronization of the later
oscillations is due to intraretinal coordination.

To quantify the contribution of stimulus coordina-
tion to the synchronization of oscillatory responses, we
have made the following analysis. For all cases of
synchronous oscillations, response histograms were
computed with a resolution of 1 ms and two consecu-
tive 100 ms analysis windows were placed over the
initial phase of the responses for correlation analysis.
We then compared the raw cross-correlograms with
their corresponding shift predictor controls. Even
within the first window, shift predictors were less
strongly modulated than the raw correlograms in 52%
of the cases (N = 191 cross-correlograms), suggesting a
substantial contribution of internal synchronizing
mechanisms already during the first 100 ms of the
response. In the remaining 48% of the cases, synchro-
nization could be fully explained by stimulus coordina-
tion. Interestingly, the precision of synchronization
achieved by the internal mechanism was as high as that
caused by stimulus locking. The phase shifts for stimu-
lus locked correlations were as small (mean 0.93 ms) as
those for non-stimulus locked correlations (0.53 ms,
Mann—Whitney, P > 0.5). In the second window, 92%
of the correlograms remained strongly modulated after
subtraction of the shift predictor, indicating that stimu-
lus-locking is very brief and cannot account for sus-
tained synchronization of the responses.

In the experiments described above, the stimuli were
generated with an optical bench, and except for the
initial transient component, they were lacking any tem-
poral structure. However, when drifting gratings were
used, the stimulus contained an oscillatory component
of 100 Hz caused by the monitor retrace. Because
retinal ganglion cells can follow high frequency flicker
(Reich et al., 1997), we wondered whether this temporal
modulation influenced the oscillatory patterns in the
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responses. In a small fraction of sites (two out of 150),
the cells were indeed able to follow the monitor retrace.
This is exemplified in Fig. 6 for two independently
recorded Y-cells that were activated with high contrast
gratings that suddenly appeared on a dark display,
covering an area of ~ 10° of visual angle. As seen in the
response histograms, both cells strongly responded with
modulated discharges to the gratings. The respective
autocorrelations show an oscillatory modulation of the
responses which persists throughout the whole response
and is superimposed on the much slower modulation of
discharge rate caused by the grating. The only difference
in the response patterns of the two cells is the frequency
of the fast oscillatory modulation (93—80 Hz and 100 Hz,
respectively). However, the shift predictors reveal dra-
matic differences. In the first case, the oscillatory modu-
lation in the raw correlogram persists after subtraction
of the shift predictor, except of the transient at the
beginning of the response (Fig. 6A). In the second case
subtraction of the shift predictor leads to a near complete
abolition of the oscillatory modulation, indicating that
the oscillatory patterning was precisely locked to the
stimulus flicker throughout the whole response. As
expected in this case, oscillation frequency was 100 Hz
and hence matched precisely the frequency of the mon-
itor retrace.

The fact that a cell is able to follow with high precision
the temporal modulation of a stimulus does not preclude
its participation in internally generated oscillations. Y-
cells which were able to follow the monitor retrace
exhibited strong oscillatory responses to stimuli lacking
temporal modulation.

A few autocorrelation studies have shown clear evi-
dence for stimulus-locking of oscillatory responses in the
retina and lateral geniculate (Ariel et al., 1983; Ghose &
Freeman, 1992; Worgotter & Funke, 1995). Our results
extend these observations in at least two respects. First,
our sliding window analysis reveals that although precise
locking to stimulus onset may occur initially, it does not
explain the synchronization along the course of the
responses. Second, spatial properties of the stimulus seem
to be more important in establishing internal phase-lock-
ing of the responses than the relative timing of the
stimulus. Moreover, with respect to precision, there was

no difference between internal and external phase-lock-
ing. This is important considering the impact of precisely
synchronous spikes arriving at a target cell (Alonso,
Ursey & Reid, 1996). At the cortical level, both internal
and external coordination in the relative timing of the
inputs may be used for further, more complex, linking
operations. Recently it has been demonstrated that
binding is affected by external synchrony in the visual
stimulus (Alais, Blake & Lee, 1998; Leonards & Singer,
1998; Usher & Donnelly, 1998). Precise phase-locking to
stimulus onset may be used for perceptual grouping as
it has been shown that features that are correlated in time
tend to be grouped over space (Alais et al., 1998).

3.4. Cooperative interactions in the retina

The sliding window analysis revealed a time-dependent
change in the oscillatory patterning of the responses.
Oscillation frequency decreased progressively along the
course of the responses, whereby the decrease in fre-
quency was steepest immediately after response onset.
This trend was invariably seen for responses to flashed
stationary light stimuli or moving gratings and at all
recording sites, except for the few cases in which oscilla-
tory patterning was not generated internally but due to
the retrace flicker (Fig. 6B).

In Fig. 7, we examined the development of oscillatory
responses of a single ON-cell to moving gratings of
different contrasts. As in the examples shown in Fig. 6,
the gratings suddenly appeared on a previously dark
screen. In these conditions, the display of gratings with
zero contrast was equivalent to a large flashed stimulus
of average luminance. As seen in the autocorrelation
functions, strong oscillatory patterning developed imme-
diately after stimulus onset, with gradual decrease in
oscillation frequency along the responses. The increase
in contrast induced a deep modulation in the firing rates,
without affecting however the overall time course of the
oscillatory discharges. The modulation of the oscillatory
activity is present right from the beginning of the
responses to each of the successive cycles of the gratings.
Notice also that the progressive change in oscillation
frequency follows the same time course for

Fig. 5. (Opposite) Stimulus-locking of oscillatory responses in the retina. Responses to a flashed light stimulus were obtained from three
simultaneous multi-unit recordings. Left panels, response histograms computed with a 1 ms resolution. Two distinct epochs in the course of the
responses are expanded below (enclosed by the boxes, length of 400 ms). A strong oscillatory modulation is visible in the early phase of the
responses (left box), fading completely within a few hundred milliseconds (right). The peaks seen in the histograms are precisely aligned in the first
few cycles, indicating a strong phase-locking to stimulus onset. Right panels; cross-correlation functions obtained through a sliding window
analysis (shown for only one recording pair). Notice that the shift predictor control explains entirely the correlation pattern seen in the transient
phase of the response (left box, as pointed by the arrows). Thereafter, the modulation persists after subtracting the shift predictors from the raw
correlograms, indicating that synchronization is no longer stimulus-locked, reflecting neuronal interactions. Number of stimulus repetitions, 100.
Response histograms, scale bar 150 spikes s —'. Sliding window analysis, step 50 ms, analysis window 200 ms; normalized amplitude. Top inset,
circles, receptive fields; square, light stimulus. Receptive fields were located in the central visual field. The stimulus was generated by an optical

bench and therefore it was free of any oscillatory component.
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Fig. 6. Oscillatory responses of Y-cells to moving gratings displayed on a computer monitor. (A) Oscillatory responses of a cell which is not able
to follow the 100 Hz flicker inherent to the stimulus. Sliding window autocorrelation analysis shows a strong oscillatory modulation at 82 Hz. The
modulation in the correlogram persists after subtraction of the shift predictor, indicating that there was no phase-locking of the oscillatory
processes to the onset of the stimulus. Observe, however, that the initial phasic component of the response is precisely locked to the stimulus onset
(indicated by the arrows). (B) In contrast to (A), this particular cell is able to follow the retrace of the computer monitor. The shift predictor
explains the quasi totality of the modulation in the raw autocorrelation function and therefore no structure remains in the subtracted correlogram.
Oscillation frequency was identical to the monitor refresh rate (100 Hz). Notice that the slight decrease in oscillation frequency over time seen in
(A) is absent in (B). Response histograms (bin width, 25 ms) were aligned to the sliding window autocorrelograms (step 50 ms, analysis window
200 ms, normalized amplitude). Response histograms computed with a 1 ms resolution are shown above. Gratings were presented on a dark screen
(contrast, 0.50; background luminance, 0.4 cd m ~2). Stimulus repetitions, 20.

the periodic responses to the grating or for the sus-
tained responses for a large flashed stimulus (grating of
zero contrast). A possible interpretation is that upon

the sudden luminance change associated with the ap-
pearance of the gratings, a large ensemble of retinal
elements engages in synchronous oscillatory activity
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that is sustained across the pauses in firing and assures
the continuity of the oscillatory patterning of the re-
sponses independently of rate modulations of individual
cells.

This possibility was investigated using the following
paradigm. Two cells were activated by a single large
stimulus and subsequently one of them was silenced by
covering its receptive field with a small stimulus of
opposite polarity. In Fig. 8, an example is shown for a
pair of OFF-cells. The offset of a light stimulus induced
a strong synchronous oscillatory patterning, with a
smooth decrease in frequency over time. Intermittent
silencing of one of the cells did not introduce any
discontinuity in the overall pattern of synchronization
between the two cells. Right after the epochs of silenc-
ing, the first spikes were already synchronized between
the two cells. Notice that if the oscillatory responses

were locked to the onset of the stimulus, we should
expect a resetting of the oscillatory pattern for each
new response. Thus, during the silent epochs, the inac-
tive cell had apparently remained exposed to sub-
threshold influences from the oscillatory population of
surrounding cells. We propose that it is this coupling
mechanism that organizes the retinal network into large
ensembles of cooperating neurons that can synchronize
their discharges over long distances if activated by a
continuous stimulus.

4. Conclusion
Our results show that retinal ganglion cells may

interact over long distances depending on the spatial
(Neuenschwander & Singer, 1996) and temporal prop-
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Fig. 7. Oscillatory patterning in responses to moving gratings of different contrasts. Recordings were obtained from a single OFF-retinal ganglion
cell. Contrast of the stimulus was changed from 0.0 to 0.5, as indicated at the top of the sliding window autocorrelation panels. Notice that the
overall oscillatory pattern is maintained regardless of changes in rate modulation of the responses. Gratings were presented on a dark screen
(background luminance, 0.4 cd m~?2). Stimulus repetitions, 20. Average luminance was constant for the various stimulus conditions. Sliding
window analysis step 50 ms, analysis window 200 ms; normalized amplitude.
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Fig. 8. Synchronous oscillatory patterning is not affected by brief silencing of cell responses. Left panels, responses from two OFF-cells to the offset of a large light rectangle centered over the
receptive fields (stimulus 1). Sliding window cross-correlation analysis reveals a strong oscillatory pattern with a progressive decrease in frequency over the course of the response. Right panels;
one of the cells (Re2) was silenced intermittently by a second stimulus flashed over its receptive field (small light square, stimulus 2). As seen in the response histograms, the second stimulus caused
a complete silencing of this cell, without affecting the other. Notice that the absence of spiking from one cell during brief epochs introduces no discontinuities in the overall course of
synchronization. Response histograms, scale bar 100 spikes/s. Sliding window analysis step 100 ms, analysis window 100 ms; the amplitude of the correlograms was normalized (see Section 2).
Each stimulus condition was repeated in blocks of 20 trials. Inset; cross denotes the projection of area centralis.
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erties of the stimulus. Synchronization of oscillatory
responses was observed for continuous stimuli and was
shown to be non phase locked to the stimulus, suggest-
ing an internal mechanism for synchronization. Syn-
chronous oscillations persisted despite brief and local
occlusion of stimuli, suggesting that synchronization
emerges from population dynamics. Strong phase-lock-
ing to the stimulus onset was observed in the very early
phasic component of the responses. We proposed that
external phase-locking serves for binding in the tempo-
ral domain (two stimuli appearing at the same time are
linked together, Leonards & Singer, 1998) and internal
phase-locking serves for binding in the spatial domain.
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