properties degenerate over the next 6
weeks. This result indicates that the
pulse of light rapidly triggers develop-
ment and that continued visual input is
necessary to maintain normal receptive
fields. Once the cells have degenerated
in darkness, they are no longer capable
of developing normal response proper-
ties (8, 9). '
Visual input seems to act as a switch
that rapidly activates the underlying bio-
chemical events that control neural plas-
ticity in the visual system.
GEORGE D. MOWER

WILLIAM G. CHRISTEN

CAREN J. CAPLAN
Department of Neurology,
Children’s Hospital Medical Center,
Boston, Massachusetts 02115
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Inhibitory Influence of Unstimulated Rods in the Human

Retina: Evidence Provided by Examining Cone Flicker

Abstract. In the parafoveal retina of human observers, cone-mediated sensitivity
to flicker decreases as rods become progressively more dark-adapted. This effect is
greatest when a rod response to flicker is precluded. These results indicate that rods
tonically inhibit cone pathways in the dark.

Several different mechanisms permit
rod- and cone-related signals to interact
within the visual system (/, 2). Rods as
well as cones contribute to color vision
(3, 4), and separate rod and cone re-
sponses interact in determining thresh-
old (5) and the sensation of flicker (6). In
the most thoroughly studied psycho-
physical examples (3, 5, 6), the underly-
ing process always has two features. (i)
Rod- and cone-related signals interact
most strongly when both types of photo-
receptors are photically stimulated. This
is surprising since both rods and cones
release a neurotransmitter most rapidly
in the dark (7), and dark-release of both
an excitatory and an inhibitory neuro-
transmitter is documented in the verte-
brate retina (8). (ii) Photic stimulation of
both rods and cones leads to a response
of similar effect (whether inhibitory or
excitatory) at some common neural lo-
cus. In fact, with only one well-docu-
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mented exception (9), intracellular neu-
rophysiological studies have shown rod-
cone interaction to involve summation.

We now demonstrate a type of rod-
cone interaction in the human visual
system with a different mechanism. We
have found that unstimulated, dark-
adapted rods maximally inhibit cone-me-
diated sensations of flicker.

A sinusoidally flickering light 2°20’ in
diameter was presented 7° from fixation
in the temporal field (10). Modulation
depth was fixed at 87 percent, and the
observer adjusted illuminance so that the
light appeared to barely flicker (/7). Al-
though we have obtained similar data
from 20 observers, including 15 with no
psychophysical training, Figs. 1 and 2
represent data from S.H.G., an experi-
enced psychophysical observer with nor-
mal vision.

We found that flicker sensitivity was
determined by three variables: the extent

of dark adaptation, the spectral distribu-
tion (/0) of the stimulus, and flicker
frequency. For example, after being ex-
posed to a bleaching field of 46,000 tro-
lands, the observer tracked sensitivity to
flicker throughout the time course of
dark adaptation. Data obtained with a 5-
Hz flickering green stimulus (Fig. 1) re-
sembles usual dark-adaptation curves
(12). The upper limb (less than 6 minutes
in the dark) can be attributed to the
adaptational properties of cones, and the
lower limb to those of rods. Such an
increase in sensitivity throughout the en-
tire time course of dark adaptation was
obtained only with green or yellow stim-
uli flickering at frequencies below 7 Hz.
The sensitivity to red flicker also in-
creased during the cone recovery stage
of dark adaptation but, during the rod
recovery period of dark adaptation, sen-
sitivity decreased (Fig. 1). This phenom-
enon was most pronounced with higher
flicker frequencies: using other response
measures, we have obtained a similar
suppression in sensitivity to flicker with
frequencies up to 40 Hz (/1).

To ascertain the mechanism underly-
ing these data, we first determined the
types of photoreceptors involved. The
experiment with 20-Hz red flicker was
repeated with green or yellow flickering
stimuli (/0). When data were plotted in
photopic units (reflecting the sensitivity
of human cones), results were uninflu-
enced by stimulus wavelength, indicat-
ing that cones were detecting flicker.
Additionally, the bleaching field used
prior to dark adaptation was varied in
wavelength; scotopic trolands illumi-
nance (influence on human rods) was
fixed, but photopic illuminance was var-
ied. Regardless of the bleaching wave-
length, data corresponding to the rod
recovery stage of dark adaptation re-
mained unaltered (/3).

The controls described above show
that the data reflect rod-cone interaction
but do not specify mechanism. Rod- and
cone-related flicker signals can sum in
the retina (6, I4). Since the latency of
rods is longer than that of cones, rod and
cone responses can either enhance or
cancel each other depending on flicker
frequency. We rule out this explanation
for our data for two reasons. (i) We have
collected similar data with red stimuli of
many different frequencies and have al-
ways observed flicker sensitivity to de-
crease monotonically during rod adapta-
tion (15). (ii) We used a control proce-
dure throughout the entire study, but
data are shown only for 20-Hz flicker in
Fig. 1. Red and green flickering stimuli
were presented 180° out of phase: the
time-averaged scotopic illuminance of
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both red and green stimuli were made
equal, but the photopic illuminance of
the red stimulus was 1.6 log units (X40)
greater. Thus, the combined red and
green stimulus provided rods with a
steady stimulus but presented cones with
flicker. Sensitivity to 20-Hz red flicker
was negligibly influenced by adding the
green flicker in counterphase (the invert-
ed open triangle in Fig. 1). Since dou-
bling the time-average photon catch of
the rods did not significantly affect the
results, the direct scotopic effect of the
test light was negligible in determining
sensitivity changes in the dark. We con-
clude that the sensitivity of cones to
flicker depends directly on the state of
rod dark adaptation.

Sensitivity of cones to flicker also de-
pends on the prevailing level of rod light
adaptation. In collecting the data of Fig.
2, sensitivity to flicker was obtained as a
function of the illuminance of a continu-
ous 512-nm adapting field 28° in diame-
ter. As background illuminance in-
creased, sensitivity to flicker also in-
creased (16), an effect most pronounced
at the higher frequencies. When the ab-
scissa is plotted in terms of scotopic
illuminance, the result is independent of
wavelength; we have recently found that
this effect is relatively independent of
stimulus diameter and nonfoveal retinal
position (/7). The effect cannot be ob-
tained with scotopic flicker (a green
flickering stimulus dimmer than —1 log
troland).

Although our data seem to indicate a
relation between the sensitivity of cones
to flicker and the adapted state of rods,
one reservation still remains because the
scotopic illuminance of the red flickering
stimulus used in the experiments shown
in Fig. 2 is generally greater than that of
the adapting field (/8). This suggests that
the adapting field has little direct effect
on rods underlying the test stimulus and
that our results are largely determined by
the adapted state of rods spatially adja-
cent to this stimulus. A final experiment
indicates this to be the case. We repeat-
ed the experiment illustrated by the filled
triangles in Fig. 2 with an adapting field
consisting of an annulus with an inner
diameter contiguous with the flickering
test but with an otherwise identical spa-
tial configuration. These two sets of data
were indistinguishable from each other.

Our data show that as rods become
more dark-adapted, and less subjected
to photic stimulation, sensitivity of the
cones to flicker decreases. A similar
observation regarding photopic flicker
sensitivity was also reported on the basis
of electroretinographic measurements in
the frog (19); several other behavioral
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(13, 20) and electrophysiological (21) ob-
servations show cone sensitivity to be
slightly depressed during rod dark adap-
tation. Our data emphasize the magni-
tude of the effect, and our controls en-
able us to state that cones are most
sensitive when rods are both light-adapt-
ed and stimulated.

Two underlying mechanisms seem
possible. (i) Light-adapted, stimulated
rods could facilitate cone flicker sensitiv-
ity. Since many types of pathological
conditions in which rods malfunction are
characterized by normal, light-adapted
cone vision (22), this explanation seems
unlikely. (i) Dark-adapted, unstimulated

Red-green
y
v AVIAV""" A
20-H
‘V z red
1.0+
A
vﬁ\
-~
L]
2 >
g 0~ @
2
- 5-Hz red
o e
2
[
2 -1.0
«©
£
€
5 L
-2.0—
L n
(o] 10 20 30

Time in dark (minutes)

Fig. 1. Illuminance of the flickering test stimu-
lus necessary for just-perceptible flicker as a
function of time in the dark. Flicker was
generated by a green stimulus of 5 Hz or by a
red stimulus of 5, 10, 15, or 20 Hz. Data
represented by inverted open triangles were
obtained with red and green flicker presented
in counterphase and matched in scotopic illu-

minance.
sk
L2
hel
5
H A
= 10p
L
S 25 Hz
g os '
a S
o (o]
2
&
5 O"A 20 Hz
S
E 15 Hz
E
2 -0}
=ETre 10 Hz
K
Ly | | ! L t
“oo 4 -3 -2 -1 0

Background illumination (log scotopic trolands)

Fig. 2. Illuminance of the flickering red test
disk necessary for just-perceptible flicker as a
function of the illuminance of a 28° continu-
ously exposed adapting field of 512 nm wave-
length. For the test stimulus, | photopic tro-
land = —1.3 log scotopic trolands.

rods could inhibit cones. A growing body
of evidence shows that inhibitory neuro-
transmitters are released by various reti-
nal amacrine and horizontal cells in all
vertebrate classes (8). Since many of
these neurons are excited by dark-adapt-
ed rods, their influence should be great-
est when rods are least influenced by
light. If this is the underlying explanation
for our data, several questions will need
to be addressed by further research.
What advantage might this type of rod-
cone interaction bring to the behaving
organism? Why has this large effect nev-
er been reported by other investigators
performing similar experiments, and
why is it more pronounced with high-
frequency flicker? Finally, what specific
cellular mechanism permits this type of
rod-cone interaction? If rod-cone inter-
actions obtained in the electroretinogram
of the frog (/9) and our behavioral results
are manifestations of the same mecha-
nism, a distal retinal locus is indicated.
This possibility is attractive since, in the
cat, Nelson has found cone-driven hori-
zontal and bipolar cells whose response
is enhanced by light adaptation of rods
3.
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Physiological Correlates of Prolonged Sleep Deprivation in Rats

Abstract. The issue of whether sleep is physiologically necessary has been
unresolved because experiments that reported deleterious effects of sleep depriva-
tion did not control for the stimuli used to prevent sleep. In this experiment, however,
experimental and control rats received the same relatively mild physical stimuli, but
stimulus presentations were timed to reduce sleep severely in experimental rats but
not in controls. Experimental rats suffered severe pathology and death; control rats

did not.

If sleep serves an important physiolog-
ical function, sleep deprivation should
produce severe physiological impair-
ment. Literature reviews (/) have em-
phasized the lack of such impairment,
however. Older animal studies (2) that
reported pathological changes or death
following prolonged sleep deprivation
have been either neglected or discounted
for their failure to control for stimulus
effects. When sleep is blocked by unre-
lenting, noxious stimulation, such as
continuous enforced locomotion, it is
unclear whether subsequent pathology is
mediated by sleep loss or by other effects
of the stimulation, such as stress or
fatigue. Our procedure delivered the
.same relatively mild physical stimuli to
experimental and control rats, but timed
their delivery to limit sleep severely in
experimental rats but not in controls.
The result was severe debilitation and
death in experimental but not in control
rats.

A deprived rat and a yoked control rat
were housed in separate clear plastic
cages; a single fiber glass disk formed a
partial floor for both cages (3). Beneath
each side of the disk and extending be-
yond it to the walls of each cage was a

tray containing water to a depth of 3 cm
(Fig. 1). Whenever the disk was rotated,
both rats had to walk in the direction

opposite disk rotation to avoid being

forced into the water.

Each rat’s electroencephalogram
(EEG), electromyogram (EMG), and
theta activity were continuously record-
ed and later scored by computer for
wakefulness (W), high-amplitude non-
REM sleep (HS), low-amplitude non-
REM sleep (LS), paradoxical sleep (PS),
and total sleep (TS) (4). Upon recogniz-
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Fig. 1. Schematic diagram (top view) of the
experimental apparatus.

ing sleep onset in the deprived rat (usual-
ly within 5 seconds), a microcomputer
activated disk rotation at a moderate
speed of 3.5 rev/min until the deprived
rat had been awake for 6 seconds. (Rats
did not sleep in the water.) Direction of
rotation was varied randomly. Thus,
both rats were subject to the same envi-
ronment and disk rotation, but deprived
rats could not accumulate much sleep,
whereas control rats could sleep when-
ever deprived rats were spontaneously
awake.

After 4 days of stable baseline record-
ing with the disk stationary, eight yoked
pairs of age-matched Sprague-Dawley
male rats, 6 to 16 months old and adapt-
ed to constant light, were run for 5.7 to
33.4 days in constant light. Food and
water were freely available. Cage air
temperature was held near 29°C. Criteria
for disk rotation provided by EEG,
EMG, and theta were occasionally var-
ied within a small range to maximize
wakefulness in deprived rats and sleep in
control rats. Extreme criteria for sleep
onset could theoretically produce 100
percent sleep deprivation in deprived
rats, but rotations might be so frequent
as to severely limit sleep in control rats
as well. The procedure produced a mean
of 109 rotations per hour, but the disk
rotated only 23 percent of total time. We
estimate that the rats were forced to
walk an average of 0.9 mile a day; rats
may voluntarily run 30 miles a day on a
wheel (5).

Percentages of total recording time
spent in sleep states are shown in Table
1. From baseline to experiment, TS was
reduced by 87.4 percent in deprived rats
and 30.6 percent in control rats. Thus,
this study is best viewed as a comparison
between severe and moderate sleep dep-
rivation. Brief sleep episodes in deprived
rats resulted from apparatus failures and
difficulty in blocking LS without mark-
edly increasing rotation frequency (6).

Apart from modest weight loss and
minor skin lesions, no control rat
showed outward signs of pathology or
any observable indication that it could
not have continued in the experiment
indefinitely. All control rats appeared
groomed, motorically active, and re-
sponsive to stimuli.

At least two of the following pathologi-
cal signs became obvious in each de-
prived rat: debilitated appearance, in-
cluding yellowed and apparently un-
groomed fur, various skin lesions, and
swelling of the paws (eight rats); ataxia
or severe motor weakness, manifest by
difficulty in maintaining balance and
staying on or remounting the disk (seven
rats); loss of EEG amplitude to less than
half of normal waking values (seven





