
Synchronous Period-Doubling in Flicker Vision of Salamander
and Man

DANIEL W. CREVIER AND MARKUS MEISTER
Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts 02138

Crevier, Daniel W. and Markus Meister. Synchronous period- M E T H O D S
doubling in flicker vision of salamander and man. J. Neurophysiol.

Salamander eyecup recordings79: 1869–1878, 1998. Periodic flashes of light have long served
to probe the temporal properties of the visual system. Here we

The eyeball of a larval tiger salamander was hemisected, drainedshow that during rapid flicker of high contrast and intensity the
of vitreous, filled with Ringer medium (Meister et al. 1994), andeye reports to the brain only every other flash of light. In this
placed in a well containing a reference electrode behind the sclera.regime, retinal ganglion cells of the salamander fire spikes on
Moist 95% O2-5% CO2 was blown over the preparation. Fiberalternating flashes. Neurons across the entire retina are locked to
signals from a sharp tungsten electrode inserted in the optic diskthe same flashes. The effect depends sharply on contrast and flash
were filtered at 100–1,000 Hz, the ERG signal from a Ag/AgClfrequency. It results from a period-doubling bifurcation in retinal
electrode in the eyecup was filtered at 1–1,000 Hz. A red light-processing, and a simple model of nonlinear feedback reproduces
emitting diode above the eyecup produced periodic square-wavethe phenomenon. Pharmacological studies indicate that the critical
flashes at frequency f . The mean intensity was constant in allfeedback interactions require only cone photoreceptors and bipolar
reported experiments and equivalent to a flux of 7.7r107 photons/cells. Analogous period-doubling is observed in the human visual
mm2/s at 621 nm for the red cone receptors. Period-doubling oc-system. Under bright full-field flicker, the electroretinogram (ERG)
curred also at lower intensities, down to 4.9r105 photons/mm2/s.shows a regime of period-doubling between 30 and 70 Hz. In visual
Stimulus contrast, C , was measured as the intensity ratio (ON-evoked potentials from the occiput, the subharmonic component is
OFF)/(ON / OFF). Animals were handled according to institutionaleven stronger. By analyzing the accompanying perceptual effects,
guidelines.we find that retinal period-doubling begins in the periphery of the

visual field, and that it is the cause of a long mysterious illusory
flicker pattern. Nonlinear feedback model

We analyzed a simple model of nonlinear feedback to account
for period-doubling in the ERG response to periodic flashes (seeI N T R O D U C T I O N
Fig. 5A) . Let x denote the amplitude of the response to a flash.
Assume that x Å Crg(y) , where C is the stimulus contrast, andA rapidly flashing light evokes the sensation of flicker, g(y) is the response gain, which depends on the feedback variable

which eventually disappears as the flash frequency increases y . Assume further that y increases by an amount Brx on a flash
(Kelly 1972), a phenomenon known as flicker fusion. Our of amplitude x , and that y decreases continuously by exponential
ability to perceive such flicker is limited in large part by decay with time constant t. In a sequence of flashes with frequency
temporal processing in the retina, and satisfying parallels f , the response to the i th flash is therefore xi Å Crg(yi ) with
have been established between human perception and the

yi Å e01/ f tBxi01 / e02/ f tBxi02 / rrr Å e01/ f t( Bxi01 / yi01)responses of retinal ganglion cells near the threshold of de-
Å e01/ f t[BCrg(yi01) / yi01]tection (Lee et al. 1989; Spekreijse et al. 1971; van de Grind

et al. 1973). However, much of human vision involves stim- Depending on the functional form of g(y) , this recurrence relation
uli far above the detection threshold, and strong flickering can become unstable leading to period-doubling and chaos. For
lights produce perceptual phenomena that are only poorly the plots in Fig. 5, B and C, we chose g(y) Å 1/(1 / y 4) . At
understood. For example, a large uniform flickering field each value of C and f , the recursion for yi was iterated 200 times,
evokes an impressive illusion of spatial patterns (Smythies and the subsequent 100 values of xi were plotted along the ordinate.

Note that the model has only two free parameters, B and t, which1959; Welpe 1970). Such flicker patterns have been known
set the scaling along the contrast and frequency axes.for centuries (Purkinje 1819), but have largely defied physi-

ological explanation.
It is commonly held that the response of visual neurons Pharmacology

repeats periodically at the frequency of the flash stimulus
Drugs were added to Ringer medium, and the eyecup’s contents(Kelly 1972; van de Grind et al. 1973). Here we show that

were replaced several times to achieve the nominal concentrationsa bright large-field stimulus evokes dramatically different
at the retina. The pharmacological effects of all these agents have

responses. Above a critical flash frequency, retinal ganglion previously been analyzed in the retina of the salamander or closely
cells systematically fire only on every other flash of light, related species, often using the eyecup preparation (Werblin
ignoring the intervening flashes. The effect is found in both 1991): 2-amino-4-phosphonobutyric acid (APB), 2-amino-7-
salamanders and humans and points to previously unknown phosphonoheptanoic acid (AP-7), D-aminovaleric acid (AVA),

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), D-O-phosphoser-aspects of retinal processing.
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ine (DOS), g-aminobutyric acid (GABA), and N-methyl-D-aspar-
tic acid (NMDA).

Human ERG

Subjects looked into a hemisected ping-pong ball, illuminated
from behind by white light from a DC-operated tungsten source,
which was modulated in square-wave fashion by a liquid crystal
shutter (Stereographics) . The average luminance was 5,000 cd/
m2, the ON/OFF intensity ratio was 100, and the rise and fall times
of the intensity (measured between 0.1 and 0.9 of maximum) were
õ4 ms. No pupil dilation was used. The ERG was recorded with
a bipolar Burian-Allen contact lens electrode and filtered at 1–
1,000 Hz. For stimulation of central retina, the subject was moved
back from the light source; for peripheral stimulation, black circles
were glued to the hemisphere.

Human scalp potentials

The visual evoked potential (VEP) was recorded with the active
electrode on the midline 5 cm above the inion, the reference elec-
trode 8 cm anterior, and a ground electrode on the forehead. In
some experiments, the reference electrode was 3 cm lateral of the
active electrode, producing essentially identical results. Signals
were filtered at 1–500 Hz. Stimulation was as described for ERG
measurements, with one eye covered by a patch. All human sub-
jects gave their informed consent.

R E S U L T S

Salamander retina

We first describe observations in the eyecup preparation
of the tiger salamander. The retina was stimulated with bright
periodic square-wave flashes. The collective response of
ganglion cells was monitored with an extracellular tungsten
electrode inserted into the optic disk, where the axons con-
verge to form the optic nerve. The ERG was measured with
an electrode in the vitreal medium.

Synchronous period-doubling

When the light flashed slowly, a volley of ganglion cell
spikes was observed at the onset and two volleys at the offset
of each flash (Fig. 1A) . When the flash frequency increased

FIG. 1. Response of the salamander retina to uniform flicker. Recordingsabove Ç4 Hz, the ON volleys disappeared and a single OFF
of the electroretinogram (ERG; top trace) and optic nerve fibers (middle)volley followed each flash (Fig. 1B) . At flash frequencies
to the uniform flash stimulus (bottom) , at a flash frequency of f Å 1 Hzú9 Hz, the ganglion cell response changed abruptly (Fig. (A) , 7 Hz (B) , 11 Hz (C) , 13 Hz (D) , 16 Hz (E) . Filled circles on the

1C) : now every other flash produced a volley of spikes, ERG trace indicate the value at a given delay during each flash interval,
illustrating that the response repeats on every stimulus cycle in B, every 2whereas the intervening flashes produced no response. We
cycles in C, every 4 cycles in D, and lacks recognizable periodicity in E.will call these the ‘‘odd’’ and ‘‘even’’ flashes, respectively.
For each flash rate, the delay was chosen to include the maximum of theA parallel change occurred in the ERG: its response to the
waveform.

odd flashes was systematically larger than to the even flashes.
Thus the response of retinal neurons was still periodic, but
with a period twice that of the visual stimulus. When the At sufficiently high flash rates, the ganglion cells appear

to systematically ‘‘ignore’’ every other flash (Fig. 1C) . Thisflash rate was increased further, another change occurred
above 12 Hz (Fig. 1D) : the ganglion cells still responded suggests some form of refractoriness within the network, by

which the activation threshold is transiently elevated after ato every other flash, but both the fiber volley and the ERG
signal were larger for every fourth flash, so that the retinal strong flash response. More strikingly, an entire population

of nearby retinal ganglion cells acts in synchrony, re-response repeated only every 4 stimulus periods. Above 15
Hz, the response changed dramatically to a seemingly cha- sponding to the same set of flashes, rather than choosing the

odd or even flashes independently of each other. To assessotic pattern, with no recognizable periodicity in the ERG
signal or the fiber volleys (Fig. 1E) . the spatial extent of this synchrony, we recorded with two

J660-7/ 9k27$$ap44 03-13-98 08:46:42 neupas LP-Neurophys



SYNCHRONOUS PERIOD-DOUBLING IN FLICKER VISION 1871

FIG. 2. Synchrony in alternating responses to uni-
form flicker. Fiber signals ( top 2 traces) were re-
corded from 2 electrodes at opposite edges of the optic
disk in the salamander eye cup. At time 0, the stimulus
(bottom trace) changed from constant illumination to
8-Hz square-wave flicker of the same mean intensity.

extracellular electrodes from opposite margins of the optic dently. This is very unlikely. For example, different regions
of the retina were illuminated with somewhat different inten-disk, thus sampling two bundles of axons from separate

regions of the retina. Figure 2 shows the time course of fiber sity, due to the curvature of the eyecup, and intensity was
found to significantly affect the threshold frequency for alter-volleys in the two regions following the sudden onset of the

flashing stimulus. For a short time, every flash produced a nating responses (data not shown). Furthermore, on subse-
quent repeats of the same ramp stimulus, the alternatingburst of spikes, but within a few tenths of a second the

volleys became restricted to alternating flashes. In this final response initiated a few cycles earlier or later. In summary,
the synchronization of many ganglion cells does not simplystate, bursts on the two electrodes were in phase, a result

observed in all such two-electrode experiments. Thus the follow from their individual responses to the visual stimulus,
but arises spontaneously within the retinal network, presum-response synchrony extends across the entire retina.

The multiunit recordings from the optic disk cannot re- ably mediated by lateral interactions. We will refer to this
phenomenon as ‘‘synchronous period-doubling.’’solve the behavior of single neurons. To test whether individ-

ual ganglion cells respond systematically to every other As a result of the retina-wide synchrony, period-doubling
is easily observed in the ERG (Fig. 1C and Fig. 3) . Figureflash, we isolated single-unit spikes recorded from cell bod-

ies. Figure 3 shows the response of an OFF ganglion cell 4A summarizes how the ERG response period depends on
flash frequency with a ‘‘bifurcation plot.’’ As frequencyduring a continuous frequency ramp. At low flash frequen-

cies, the neuron fired after every flash. At a flash rate of increases, the abrupt branches in this plot indicate transitions
from a period of 1 to 2, then 4 flash intervals. The subsequentÇ11 Hz, it suddenly switched to firing on alternating flashes.

This occurred just after an alternating response appeared in smear along the ordinate reflects the chaotic response around
16 Hz. At higher flash frequencies the branches merge again,the waveform of the ERG. Taken together with the above

multiunit results, it appears that OFF cells across the entire indicating successive halving of the response period, until,
above 30 Hz, the ERG signal was again periodic with theretina systematically fire on the same set of alternating

flashes. stimulus. These changes in the response period occurred very
suddenly, within a fraction of 1 Hz. In other experiments weHow do different ganglion cells become synchronized?

One might postulate that each individual neuron begins the varied the contrast of the flashes, while keeping the flash
frequency constant (Fig. 4B) . At low contrast, the ERGalternating response rhythm in the same flash period, trig-

gered by some change in the visual stimulus. The observa- followed the stimulus, but its period abruptly switched to 2
and then 4 flash intervals as the contrast increased. At thetions in Fig. 3 speak against this: where the alternating re-

sponse begins, the flicker frequency changes very slowly, highest contrasts, the response again became chaotic. Note
that the peak amplitude of the ERG grew linearly with con-by õ1% during each cycle. Thus the response properties of

all ganglion cells in the retina would need to be identically trast over most of this range, suggesting that the signaling
processes involved were not saturated by the visual stimulus.calibrated to within 1% for the synchrony to arise indepen-

FIG. 3. Period-doubling during a continuous fre-
quency ramp. Recordings of the salamander ERG ( top
trace) and extracellular spikes from a single OFF cell
(middle trace) in response to square-wave flicker
(bottom trace) that increased smoothly in frequency.
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FIG. 4. Bifurcation plot of the salamander ERG. A : ERG
amplitude as a function of flash frequency at contrast C Å
1.0. For each frequency value on the abscissa, the ERG was
recorded for 12 s. The maximum of this waveform was lo-
cated, and the values at the corresponding phase in all other
flash intervals were plotted on the ordinate. These correspond
to the markers on the ERG trace in Fig. 1, B–E. B : ERG
amplitude as a function of contrast at flash frequency f Å 16
Hz, displayed as in A.

Nonlinear dynamics plausible that period-doubling in retinal responses results
from a nonlinear gain control.

This sequence of successive period-doublings has close
parallels in the nonlinear dynamics of other physical and Circuit mechanisms
mathematical systems (Feigenbaum 1983; Rasband 1990).
Often, an accelerating sequence of period-doublings leads To identify the mechanisms that might produce such ef-

fects, we restricted the active circuitry pharmacologically,to a chaotic regime (Canavier et al. 1990; Guevara et al.
1981). Many nonlinear systems that exhibit period-doubling with a particular aim at negative feedback elements. The

phototransduction cascade in rod and cone receptors includesbifurcations contain some form of negative feedback by
which a strong response during one cycle of the input re- various feedback loops that serve to terminate the light re-

sponse and adjust its gain to the mean intensity (Baylorduces the response to the subsequent cycle. Indeed, a simple
model of nonlinear feedback (Fig. 5A and METHODS) repro- 1996). To isolate the photoreceptors from the rest of the

retina, we blocked their glutamatergic transmission to sec-duces the phenomenology observed on the salamander ERG.
Here, the peak amplitude of the ERG, x , is taken to be ond-order cells, by adding to the medium 100 mM APB

(Nawy and Jahr 1990) (see METHODS for full names of allproportional to the amplitude of the light flash, C , and a gain
factor, g(y) . This gain, in turn, depends on the amplitude of compounds) and 50 mM CNQX (Hensley et al. 1993). The

ERG derived from photoreceptors alone was strictly periodicrecent flash responses through the feedback variable y . Fig-
ure 5, B and C, shows the behavior of this mechanism as a with the stimulus at all flash frequencies (Fig. 6B) and

showed no indication of the period-doublings observed un-function of flash frequency and contrast. The model predicts
a sequence of period-doublings as the frequency is increased, der control conditions (Fig. 6A) . The same result was ob-

tained when photoreceptors were isolated using 100 mMfollowed by a reverse sequence of period-halvings until a
period of one is reached again at the highest flash rates. aspartate (Shimazaki et al. 1984), or 100 mM APB with 5

mM kynurenic acid (Xu et al. 1991). Clearly the nonlinearit-Similarly, increasing the contrast leads to a series of period-
doublings ending in chaos. With just two parameters, the ies of phototransduction are not responsible for period-

doubling.model can match the approximate locations of the branch
points in the experimentally observed sequence (Fig. 4, A To test the role of refractoriness in ganglion cells, we

silenced their action potentials (5 mM tetrodotoxin): theand B) . Moreover, it also matches the decrease in ERG
amplitude with increasing flash rate (Fig. 4A) . Thus it is ERG signal still showed frequency-dependent period-dou-

FIG. 5. Period-doubling in a model of nonlinear feedback. A : diagram of the model: input pulses are multiplied by a
variable gain that depends on the amplitude of preceding output pulses. See text for details. B and C : bifurcation plots of
the output pulse amplitude, x , as a function of flash frequency (B) and contrast (C) . B Å 35, t Å 58 ms.

J660-7/ 9k27$$ap44 03-13-98 08:46:42 neupas LP-Neurophys



SYNCHRONOUS PERIOD-DOUBLING IN FLICKER VISION 1873

Human vision

ERG. To explore whether period-doubling occurs in human
vision, we measured the ERG of three subjects under bright
full-field periodic flashes. Figure 8A illustrates the ERG
waveform at two flash frequencies. At 26 Hz the ERG re-
sponse repeated identically with every flash, but at 46 Hz
alternating flashes produced large or small peaks. This alter-
nating rhythm was maintained without breaks throughout a
200-s recording. Note the close analogy to ERG waveforms
from the salamander eyecup (Fig. 1, B and C) .

The strength of period-doubling in these signals is re-
vealed by their power spectrum (Fig. 8B) . Under 26-Hz
stimulation the spectrum contains peaks only at the stimulus
frequency ( f ) and its higher harmonics (2 f , 3 f , rrr) . How-
ever, under 46-Hz stimulation, one also finds peaks at the
even subharmonics of the stimulus frequency ( f /2, f /4) or
their multiples (3 f /2, 3 f /4, 5 f /4) . This occurs becauseFIG. 6. Phototransduction currents do not undergo period-doubling. A :
certain components of the response repeat only over evencontrol recordings from the salamander eye cup in Ringer medium. Left :

ERG ( top trace) and optic nerve fiber signals (middle trace) responding multiples of the stimulus period. One obtains a simple mea-
to a 1-Hz flash (bottom trace) . Right : bifurcation plot of ERG amplitude sure of this period-doubling by comparing the power at f
vs. flash frequency, displayed as in Fig. 4A. B : repeat measurements after

with that at the subharmonics (Fig. 8C) : period-doublingthe photoreceptor ERG was isolated by adding to the medium 100 mM
was strictly limited to the range between 30 and 70 Hz. At2-amino-4-phosphonobutyric acid (APB) and 50 mM 6-cyano-7-nitroquin-

oxaline-2,3-dione (CNQX). both ends of the range, the effect disappeared very suddenly:
the relative power of the subharmonics changed by a factor
of 100 over 10 Hz, similar to the sharp frequency dependencebling. In 1 mM NMDA, which strongly polarizes and thus seen in salamander (Figs. 3 and 4A) . The absolute frequen-inactivates ganglion cells and most amacrine cells (Slaughter cies at which alternating responses were observed are aboutand Miller 1983), period-doubling still persisted. Thus the threefold higher in humans than in the salamander. Thiseffect likely does not require circuitry in the inner retina. correlates well with the relative speeds of other retinal pro-To test for destructive interference between responses to the cesses; for example, the flash response of primate conesonset and offset of the light flashes, we blocked the ON (Schnapf et al. 1990) is two- to threefold faster than that ofpathway at the photoreceptor synapse (100 mM APB). As salamander cones (Matthews et al. 1990).expected, ON-ganglion cell responses disappeared, but the
VISUAL EVOKED POTENTIALS. Whereas the flash ERG isremaining optic disk signals and the ERG still showed strong
dominated by contributions from the outer retina, the timeperiod-doubling. On the other hand, no period-doubling oc-
structure of visual signals that reach the brain is revealed incurred when ionotropic glutamate receptors were blocked,

reducing the functional circuit to cones and ON bipolars
[5 mM kynurenic acid; or 50 mM CNQX with 100 mM
AP-7 (Diamond and Copenhagen 1995)] . Blocking the light
response of horizontal cells [5 mM DOS (Slaughter and
Miller 1985)] , which eliminates their negative feedback
onto cone terminals, had no effect on period-doubling. Fi-
nally, we interfered with other negative feedback pathways
in the retina using a cocktail of blockers for the inhibitory
transmitters GABA and glycine [250 mM picrotoxin (Ma-
guire et al. 1989), 100 mM strychnine (Belgum et al. 1984),
2 mM AVA (Hare and Owen 1996), and 1 mM phaclofen].
As expected, this produced a large increase in ganglion cell
firing activity (Fig. 7) . It also eliminated the oscillatory
potentials in the ON-response of the ERG, thought to derive
from inhibitory amacrine circuits (Hamasaki et al. 1990;
Wachtmeister and Dowling 1978). However, the ERG still
underwent period-doubling during frequency ramps.

Thus synchronous period-doubling originates after the pho- FIG. 7. Inhibitory synaptic transmission is not required for period-dou-
toreceptors but before ganglion cells. It occurs in the isolated bling. A : control recordings from the salamander eye cup in Ringer medium.

Left : ERG ( top trace) and optic nerve fiber signals (middle trace) re-OFF pathway, consistent with the fact that ON responses are lost
sponding to a 1-Hz flash (bottom trace) . Right : bifurcation plot of ERGat lower flash frequencies. Period-doubling does not seem to
amplitude vs. flash frequency, displayed as in Fig. 4A. B : repeat measure-rely on intercellular inhibitory feedback. The minimal circuit ments after adding to the medium blockers of inhibitory transmission: 250

required to produce period-doubling under all the above condi- mM picrotoxin, 100 mM strychnine, 2 mM D-aminovaleric acid (AVA),
1 mM phaclofen.tions consists of only cones and OFF-bipolar cells.
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FIG. 8. Response of the human ERG to uniform flicker. A : raw waveform recorded at flash frequencies of f Å 26 Hz
( top) and 46 Hz (bottom) . B : power spectrum of the ERG at f Å 26 Hz ( top) and 46 Hz (bottom) , computed over a 200-
s window, and normalized to the power density at f . Peaks at harmonics and subharmonics of the flash frequency are labeled;
ac, 60-Hz line interference. C : relative strength of period-doubling in the ERG of 3 subjects, measured as a function of flash
frequency, by the ratio of (power at 3 f /2) to (power at f ) . The subharmonic modulation was evaluated at 3 f /2 rather than
f /2 because of the severe increase in the background power at low frequencies (see B) , which is mostly due to eye movement
transients.

scalp potentials from the occipital part of the head. This This yellow spot was first described by Welpe (Welpe
1970). It is of retinal origin, because binocular stimulationVEP to a periodic stimulus is generally thought to vary at the

stimulus frequency and its higher harmonics (Regan 1989). produced two yellow spots of slightly different shape, alter-
nating in binocular rivalry. We found that the spot’s diameterUnder the above stimulus conditions we observed very dif-

ferent behavior (Fig. 9): At f Å 51 Hz, the VEP had a increased at both lower and higher flash rates. Because the
strength of the f /2 signal in the ERG decreases on eitherperiod of two flash intervals, and the dominant component

of the power spectrum was at f /2. At 16 Hz, there was no side of 50 Hz (Fig. 7C) , one suspects that period-doubling
originates in the peripheral region outside the yellow spot,indication of period-doubling in the VEP waveform or its

power spectrum. Generally, the degree of period-doubling, possibly because peripheral retina is more sensitive at high
flicker rates (Seiple and Holopigian 1996). This was con-as measured by the power in subharmonics of the flash fre-

quency, was much greater in the VEP response than in the firmed by varying the visual display: limiting the flash stimu-
lus to the central 657 abolished the f /2 components in theERG (compare Figs. 9C and 8C) . This can be understood

because the ERG includes signals from the outer retina that ERG, whereas occluding the central 357 of the flashing field
had no such effect.still follow every flash (see Figs. 1C and 6B) . Near f Å 50

Hz, the VEP power at the f /2 subharmonic even exceeded These observations suggest that near f Å 50 Hz the gan-
glion cells in the periphery respond synchronously at f /2,the power at the stimulus frequency, f . In this regime, it

appears that the majority of retinal ganglion cells respond whereas those in the center respond at f or have lost any
phase-locking to the flashes. The resulting difference in spikeexclusively to every other flash, and do so in synchrony

across the visual field. This affects visual processing in all patterns received from central and peripheral neurons may
evoke the marked increase of perceived brightness in thesubsequent visual circuits.
periphery.PERCEPTION. All human subjects reported strong perceptual

effects during these experiments. At flash frequencies near
50 Hz, there was little or no perceptible flicker, but the field D I S C U S S I O N
showed a strong spatial pattern: a distinct yellow region in
the center of gaze, 35–507 diam, surrounded by an intensely Our view of temporal processing in the visual system is

revised in several aspects. From previous work, it had beenbright, blue-white region in the periphery. Note that this
illusion is a striking violation of the Talbot-Plateau law, assumed that the response of retinal neurons degrades grace-

fully at high temporal frequencies, with a gradual loss ofwhich states that for flicker frequencies above perceptual
fusion the field should have the same appearance as a steady phase-locking to the stimulus (Enroth 1952; van de Grind

et al. 1973). Instead, under certain stimulus conditions, thelight of the same mean intensity (van de Grind et al. 1973).

J660-7/ 9k27$$ap44 03-13-98 08:46:42 neupas LP-Neurophys



SYNCHRONOUS PERIOD-DOUBLING IN FLICKER VISION 1875

FIG. 9. Response of the human visual evoked potential (VEP) to uniform flicker. A : average VEP waveform of subject
MM, triggered on the odd flashes over a 100-s recording, at f Å 16 Hz ( top) and 51 Hz (bottom) . B : power spectrum of
the VEP at f Å 16 Hz ( top) and 51 Hz (bottom) . Peaks at harmonics and subharmonics of the flash frequency are labeled;
ac, 60-Hz line interference; a, alpha waves. C : relative strength of period-doubling in the VEP, measured as a function of
flash frequency, by the ratio of (power at f /2) to (power at f ) . Error bars indicate uncertainty due to the background
electroencephalogram (EEG) power. For flicker at f ° 26 Hz, the power spectrum had no significant peak at f /2.

retinal output undergoes a series of successive period-dou- tion in the auditory system. For sound frequencies above
Ç100 Hz, auditory nerve neurons no longer fire in everyblings before flicker fusion is reached. In this regime, retinal

responses are synchronized across the retina, over distances cycle of the pressure wave. Yet their patterns of firing some-
how encode both frequency and intensity of the sound. Anof several centimeters in the human eye. Underlying this,

there appears to be a mechanism of strong nonlinear feed- early ‘‘volley theory’’ proclaimed that individual nerve fi-
bers fire systematically on every n th cycle of the soundback, possibly in retinal bipolar cells, along with lateral cou-

pling circuits that promote the global synchrony. The re- wave, and that nerve fibers from neighboring hair cells are
locked to different cycles (Wever 1949). In this way thesulting temporal and spatial structure of the optic nerve sig-

nals affects all subsequent visual processing and leads to collection of auditory afferents would faithfully produce one
spike volley for every cycle. This idea has been thoroughlyillusory percepts under high-frequency flicker.
disproved. Individual auditory nerve fibers fire stochastically
in each cycle. As a result, the histogram of interspike inter-History
vals in such a spike train shows all multiples of the stimulus
period, with probabilities declining roughly exponentiallyThere have been isolated reports of subharmonic re-
with interval length (Kiang 1965). Power spectra of thesponses to a periodic flicker stimulus. Remarkably, they were
spike trains in this regime show no indication of a subhar-seen in some of the earliest recordings from retina (Adrian
monic component at 1/n th of the stimulus frequency (Javeland Matthews 1928). In optic nerve signals from the eel
et al. 1988). Finally, nearby auditory fibers are statisticallyeye, period-doubling occurred at Ç14 Hz, similar to the first
independent in whether they fire during the same cycle or notbifurcation frequency we measured in salamander (Fig. 4A) .
(Kiang 1990). On all counts, this behavior at high stimulusLater on, Best and Bohnen (1957) reported ‘‘alternating
frequencies is very different from the period-doubling wepotentials’’ in the human ERG under bright square-wave
describe. Thus period-doubling is not a necessary conse-flicker. This subharmonic response was evident at frequen-
quence of high-frequency stimulation, but arises from a spe-cies between 40 and 60 Hz, similar to the range reported
cific type of processing within the retinal network.here (Fig. 7C) . In visual evoked potentials, subharmonic

components were thought to be rare (Regan 1972), but ex-
ceptions have been reported, notably in dog (Lopes da Silva Mechanisms
et al. 1970) and fish (Karamursel and Bullock 1994). None
of these observations were pursued to trace their cellular Our pharmacological analysis showed that the photorecep-

tors themselves do not produce period-doubling in the ERG.origins or implications for visual function.
By contrast, this subject has received considerable atten- Perturbations of neurons in the inner retina did not abolish
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the effect. Also, inhibitory feedback among neurons was not acetate (DeVries and Schwartz 1989; Spray and Burt 1990).
Unfortunately, these treatments have rather nonspecific ef-required. It appears that period-doubling arises at the synapse

between photoreceptors and bipolar cells. Several candidate fects throughout the retina, and light responses often changed
substantially or ceased before period-doubling was affected.mechanisms exist, although we have no evidence yet to dis-

tinguish them. More specific blockers will be needed before the role of
gap-junctions can be tested directly.For example, the nonlinear feedback might involve a de-

layed voltage-activated conductance in the bipolar cell mem-
brane (Klumpp et al. 1995; Tessier-Lavigne et al. 1988) that Visual processing
reduces the gain of the light response for a short period after

The mechanisms discussed above act to reduce the gaina strong flash (Lasansky 1992; Mao et al. 1998). In this
of the photoreceptor or the bipolar cell in the face of strongcontext, the model of Fig. 5A might have the following
swings of the light intensity. This would help stabilize thecomponents: synaptic input current during the first flash cy-
neuron’s response and keep the membrane potential in acle depolarizes the bipolar cell membrane potential (x) ,
range where the synaptic output is still modulated. Such awhich leads to a delayed activation (with time constant t)
feedback pathway may well underlie the rapid contrast gainof an outward conductance (y) . This reduces the membrane
control documented in cat retina (Victor 1987).impedance (g) , which, in turn, limits the cell’s response to

More generally, one expects that such a gain control wouldsynaptic current from the subsequent flash. The synchroniza-
serve any neuron in dealing with strong fluctuations of itstion of nearby bipolar cells could be achieved if they are
input signals. In fact, we have some indications that period-electrically coupled (Cohen and Sterling 1990; Hare and
doubling also occurs beyond the retina. For example, theOwen 1990; Raviola and Gilula 1975; Saito and Kujiraoka
alternating response in the human ERG was abolished when1988). For two bipolar cells that respond to alternating
the stimulus covered only the center 657, whereas the VEPflashes in the same phase, electrical coupling will have no
still showed a strong subharmonic component under theseeffect, because they produce the same membrane potential
conditions. Similarly, reducing the light intensity by a factorat all times. However, if they respond out of phase, electrical
of 4 abolished period-doubling in the ERG, but not in thecoupling reduces the swing of the membrane potential in
VEP (data not shown). This suggests that period-doublingeach cell, thus reducing the amount of negative feedback.
can arise at a second site, possibly in cortical circuits.Therefore the threshold for period-doubling of the synchro-

At flash frequencies of Ç10–30 Hz, we observed no sub-nous mode is lower than for the asynchronous mode, and
harmonics in the ERG or the VEP, but human subjects re-synchrony will be favored as period-doubling develops.
ported dramatic visual illusions: the field broke up into vary-A similar mechanism might operate presynaptically: the
ing geometric patterns that appeared to flicker violently, withmembrane of the photoreceptor inner segment contains an
neighboring regions flashing in counterphase. The phenome-inward-rectifying conductance, Ih , activated by hyperpolar-
nology of these flicker patterns has been described exten-ization below 050 mV, and with a reversal potential above
sively (Purkinje 1819; Smythies 1959). They could be ex-the cell’s resting potential (Bader and Bertrand 1984). In
plained if neurons in a retinotopic map, for example in visualresponse to a strong flash of light, the outer segment current
cortex, respond at f /2, but their activity is not globally syn-shuts off, the inner segment rapidly hyperpolarizes, but after
chronized. If two adjacent regions respond to the odd anda short delay Ih is activated and repolarizes the cell to a
even flashes, respectively, the percept of spatial structureplateau (Baylor et al. 1984). While this conductance is ac-
with counterphase flicker could arise. The shape of the re-tive, the subsequent flash will produce a smaller voltage
gions corresponding to the two phases would reflect theresponse. In lizard cones, the time constant for activation of
circuits of lateral inhibition and excitation within the map.Ih has been measured near 52 ms (Maricq and Korenbrot
Because adjacent out-of-phase regions make opposite contri-1990), comparable with the value of t Å 58 ms derived
butions to large-scale field potentials, one would not observefrom Fig. 5, B and C. This feedback loop could lead to
such local period-doubling in the VEP, but it could well beperiod-doubling in the membrane voltage at the cone termi-
studied with single-unit electrodes.nal, and thus in the response of second-order neurons. On

the other hand, the conductance changes at the inner segment
We thank M. Sandberg for invaluable advice and help with the humanproduce no noticeable change in the circulating current

ERG measurements, J. Dowling for many discussions, and the Howardthrough the outer segment membrane (Baylor et al. 1984),
Hughes Medical Institute for funding an undergraduate laboratory course
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tors in frog. Exp. Eye Res. 52: 691–698, 1991.WELPE, E. Über die Strukturierung des Gesichtsfeldes bei intermittierender

J660-7/ 9k27$$ap44 03-13-98 08:46:42 neupas LP-Neurophys


	Nonlinear feedback model

