9. J. C. Hegenauer and G. W. Nace, Biochim.
Biophys. Acta 111, 334 (1965).

10. The list was based in part on information kindly
furnished by R. G. Schneider. It included the
following Hb variants: Hasharon, «47
Asp — His; Montgomery, a48 Leu — Arg; Q
India, a64 Asp — His; Mahidol, o74 Asp
— His; Setif, a94 Asp — Tyr; Tarrant, a126
Asp — Asn; Raleigh, Bl Val — Ala; S, B6
Glu — Val, C, g6 Glu — Lys, G San Jose, B7
Glu — Gly; Austin, 40 Arg — Ser; G Szuhu,
380 Asn — Lys; Baylor, 81 Leu — Arg; Prov-
idence, B82 Lys — Asn— Asp; Pyrgos, B83
Gly — Asp; Agenogi, f90 Glu — Lys; Wood,
B97 His — Leu; Ypsilanti, 99 Asp — Tyr;
British Columbia, 8101 Glu — Lys; Richmond,
8102 Asn— Lys; Burke, B107 Gly — Arg;
Presbyterian, 8108 Asn — Lys; Camden, B131
Gln — Glu; K Woolwich, 132 Lys — Glu;
Hope, 136 Gly — Asp; Bethesda, 145
Tyr — His; and Hiroshima B146 His — Asp.

References to these variants and their mobilities
are in R. C. Barwick and R. G. Schneider, Tex.
Rep. Biol. Med. 40, 143 (1980-81). )

11. H. P. F. Scholberg, C. Fronticelli, E. Bucci, J.
Biol. Chem. 255, 8592 (1980).

12. Y. Ueda, R. M. Bookchin, R. L. Nagel, Bio-
chem. Biophys. Res. Commun. 85, 526 (1978).

13. A. Desbois and R. Banerjee, J. Mol. Biol. 92,
479 (1975).

14. W. P. Winter and W. B. Seale, in preparation.

15. E. Wilson and W. P. Winter, J. Natl. Med.
Assoc. 73, 111 (1981).

16. We are indebted to R. Feldman for kindly pre-
paring the computer-generated Hb model. We
also thank P. Melnicoff for his skillful technical
assistance and O. Castro for his encouragement
and critical comments. This work was supported
by grant HL-15160 from the National Institutes
of Health.

12 October 1982; revised 29 November 1982

Very Brief Visual Experience Eliminates Plasticity in the

Cat Visual Cortex

Abstract. Rearing cats in the dark extends the critical period for development of
visual cortical neurons, which indicates that the experience of visual input is
necessary to begin the developmental process. A single brief pulse of visual input (6
hours) during a period of dark-rearing eliminates delayed development in the visual
cortex. Light therefore seems to rapidly trigger the developmental process, and once
triggered, that process runs to completion in the absence of further input.

Postnatal development of the central
visual pathways depends on the quality
of the visual environment. In cats reared
with the lids of one eye sutured closed,
the physiology of visual cortical cells is
dramatically altered. In normal cats,
most cells respond to stimulation of ei-
ther eye; in monocularly deprived (MD)
cats, virtually every cortical cell re-
sponds only to stimulation of the initally
open eye (/). This effect reflects a per-
manent developmental abnormality and
cannot be reversed even by forcing use
of the initially closed eye in later life (/).

The time period when neural develop-
ment is susceptible to environmental ma-
nipulation is termed the plastic or critical
period. It is restricted to very early life.
In cats, plasticity appears to be maximal
at around 1 month of age and then de-
clines over the next 3 months, after
which time the visual pathways are virtu-
ally immutable (2). During this plastic
period, every major response property of
cortical cells (ocular dominance, orienta-
tion selectivity, direction selectivity, dis-
parity sensitivity) can be modified by
manipulation of the visual environment
3.

These observations define one of the
roles of visual input in cortical plasticity:
to determine the final response proper-
ties of the developing neurons. In addi-
tion to this role, several recent studies
have indicated that visual input also
plays an essential role in the underlying
process of plasticity itself. Animals
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reared in complete darkness beyond the
critical period (until 4 to 10 months of
age) and then allowed monocular visual
experience show delayed susceptibility
to the effects of MD in the visual cortex
(4, 5). It is as if the critical period has
been delayed or slowed in the absence of
visual input. These results indicate that
the plastic period is not a simple age-
dependent maturational process; rather,
visual input in some way controls the
underlying events that allow for or elimi-
nate neuronal plasticity. The environ-
mental trigger seems to be simply the
experience of light. If cats are reared
with binocular eyelid suture throughout
early life (which allows them to experi-
ence only diffuse light), the visual cortex
shows dramatic degradation and there is
no delayed susceptibility to MD (5).
This study was designed to further
explore the role of visual input in trigger-
ing neural plasticity in visual cortex. We
compared visual cortical physiology in
cats who experienced prolonged dark
rearing with that in cats who experienced
very brief visual exposure during pro-
longed dark-rearing. These two types of
cats were compared in electrophysiologi-
cal studies at the end of the rearing
period (to assess development during the
restricted visual experience) and after a
prolonged period of MD in a normal
light-dark cycle following the initial rear-
ing period (to assess the capacity for
delayed development and plasticity). We
found that very brief periods of visual

experience triggered neural development
and that once triggered, the plastic peri-
od ran its full course in the absence of
further visual input.

Nineteen cats were studied. Six re-
ceived no visual experience throughout
the first 4 to S months of life [dark-reared
(DR)]. Of these, three were used in phys-
iological studies at the completion of the
rearing period (DR cats). The other three
had the lids of one eye sutured at the end
of the rearing period (under ketamine
anesthesia, 25 mg/kg) and were allowed
prolonged monocular vision prior to
physiological study (DR — MD cats).
Three cats were reared in darkness for 4
to 5 months, but at the age of 6 weeks
they received one day (6 hours) of binoc-
ular visual experience in a normally
lighted laboratory room. After this rear-
ing, two of them were used in electro-
physiological studies [DR(6) cats], then
recovered from anesthesia and paralysis
and allowed prolonged monocular vision
[DR(6) — MD cats]. The third cat sim-
ply had one eye sutured after the rearing
period [DR(6) - MD]. Four cats were
reared in darkness for 4 to 5 months, but
at the age of 6 weeks they received two
consecutive days (12 hours) of visual
experience. Three of these were studied
at the end of the rearing period [DR(12)
cats], and the other experienced pro-
longed monocular vision prior to record-
ing [DR(12) — MD cat]. Six other cats
were used as comparison animals. In all
cats who experienced MD, the period of
monocular vision lasted a minimum of 3
months.

Studies of the visual cortex were done
with the animals anesthetized (sodium
pentobarbital, 25 mg/kg initially, supple-
mented by 3 mg/kg-hour) and paralyzed
(gallamine triethiodide, 10 mg/hour). Re-
cordings were restricted to one hemi-
sphere; in all cats who experienced MD,
the hemisphere contralateral to the de-
prived eye was studied. A minimum of
two oblique penetrations (2 mm in ex-
tent) were made. Within penetrations,
single units were sampled at 100-pm
intervals, and all cells studied had recep-
tive fields located 4° to 8° from the area
centralis. The same search stimulus (0.5°
by 20° white slit) and matched microelec-
trodes (3 to 5 megohm at 1000 Hz, tung-
sten) were used in all cats. This proce-
dure ensured representative sampling of
ocular dominance clusters within ani-
mals and provided objective compara-
tive data among animals. We determined
two major receptive field characteristics
for each visual cortical cell: ocular domi-
nance (the degree to which the cell re-
sponded to visual stimulation of one or
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the other eye) and receptive field speci-
ficity (the degree to which the response
of the cell depended on stimulus shape,
orientation, and direction of movement).

In DR cats (Fig. 1A), most cells were
visually responsive and binocularly acti-
vated. Cells in these animals were typi-
cally nonselective for the direction or
orientation of the visual stimulus, and
their responses frequently fatigued. In
DR — MD cats (Fig. 1B), there were
two strong indications of delayed devel-
opment after the dark-rearing period. (i)
The majority of cells were responsive
only to the eye that had been opened
during the period of MD. (ii)) Most of
these cells had orientation-selective re-
ceptive fields. Thus, at an age at which
neural plasticity is eliminated in normal
cats, dark-reared cats showed clear de-
velopmental changes as a result of MD.

After the initial rearing period, the
physiology of DR(6) cats was not very
different from that of DR cats (Fig. 1C).
Most cells were binocularly activated
and nonselective for stimulus shape, ori-
entation, or direction. Differences be-
tween these two rearing conditions were
evident in the cats who experienced sub-
sequent MD. Unlike DR — MD cats,
there was no selective development of
connections from the open eye in
DR(6) - MD cats (Fig. 1D). In these
cats, most cells were binocularly activat-
ed and lacked orientation selectivity, be-
ing similar to those seen after the initial
rearing period in DR(6) cats. Thus, there
was no evidence for an effect of MD in
cats who experienced 6 hours of vision
during dark rearing.

In the DR(12) cats, there was a loss of
binocular cells and a high incidence of
visually unresponsive cells (Fig. 1E). Af-
ter prolonged MD, there was no phys-
iological recovery in visual cortex
[DR(12) — MD] (Fig. 1F). The loss of
binocular cells in these cats could reflect
several factors (6). In the present con-
text, the important points are the irre-
versible degradation of receptive field
properties and the loss of susceptibility
to the effects of MD.

In normal cats at 4 to 5 months of age,
most cells were binocularly driven and
orientation selective cells strongly pre-
dominated (Fig. 1G). MD imposed after
4 to 5 months of normal vision had
relatively little effect (Fig. 1H). This re-
sult indicates that the effect of monocu-
lar vision in DR — MD cats cannot be
attributed to residual normal plasticity
after 4 to 5 months of age. As a result of
MD throughout the first 4 to 5 months of
life the open eye took over completely
(Fig. 1I).
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The major point of this study is the
dramatic difference [x? (10) = 120.1,
P < .001] in the effect of MD between
cats who experienced more than 4
months of dark rearing and those who
experienced 6 or 12 hours of visual input
during that time (7). The former showed
obvious developmental changes as a re-
sult of subsequent MD—effects similar
to those found in cats who experienced
monocular vision throughout early life.
The latter showed no clear sign of any
development as a result of subsequent
MD. The elimination of susceptibility to
MD in the cats who experienced 6 or 12
hours of vision was as complete as that
in cats who experienced 4 to 5 months of
binocular vision followed by MD. Thus,
plasticity was prolonged in the dark-
reared group and eliminated in the group
who experienced 6 or 12 hours of vision
during dark rearing.

The results suggest a simple interpre-
tation of the way in which visual input
interacts with the timing of the critical
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Fig. 1. Summary of phys- 407
iological results in visual
cortical cells. For ocular
dominance, six catego-
ries were used: U, visual-
ly unresponsive cells; 1,
cells driven only by the |
ipsilateral eye; C, cells
driven only by the con-
tralateral eye. Intermedi-
ate categories indicate
various degrees of binoc-
ular responsiveness, with
category I = C indicating
cells equally responsive
to both eyes. For each
cat, we determined the
percentage of cells in
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DR(6)

period. Light seems to be the adequate
stimulus for triggering the period. When
darkness is experienced from birth, neu-
ral plasticity persists. A brief pulse of
light is sufficient to activate the critical
period, which then runs to completion
with or without further input. In dark-
ness, the end product of this develop-
mental process is abnormal and immuta-
ble receptive fields. Thus, it appears that
visual input is necessary for the initiation
of the critical period and for the develop-
ment of normal receptive field proper-
ties. However, visual input is not neces-
sary for the progression of the critical
period once it has been initiated.

This interpretation is supported by
studies of orientation tuning in dark-
reared cats (8). When a cat is reared in
darkness until 6 weeks of age, orienta-
tion-selective cells are few. A 6-hour
period of vision leads to a rapid (1 day)
increase in orientation selectivity ap-
proaching normal levels. If the cats are
returned to the dark, receptive field
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each category. These val-
ues were then averaged
by category, among ani-
mals in each group. Each
bar in the figure repre-
sents that mean and its
standard error. Underlin-
ing indicates the deprived
eye. Shaded areas are the
proportion of cells in
each ocular dominance
category that were orien-
tation selective. To be
considered so, a cell had
to fail to respond to visu-
al stimuli (slits of light)
oriented perpendicular to
the optimal orientation
and had to show sharper
tuning to slit than to spot
stimuli.
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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 (/5). (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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