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Short daily periods of binocular exposure (BE) can offset longer single daily episodes of monocular exposure (ME) to
prevent the development of deprivation amblyopia. To determine whether the outcome depended upon an absolute daily
amount of BE or its proportion of the daily visual exposure, daily mixed visual input of 3 different durations (3.5, 7, or 12 h)
was imposed on 3 cohorts of kittens. Measurements of the visual acuity of the deprived eye at the end of mixed daily visual
input revealed that the acuity of the deprived eye developed to normal values so long as the proportion of the total exposure
that was binocular was 30% or more. By contrast, the development of functional ocular dominance domains in V1 revealed
by optical imaging suggests that normal domains emerge with a fixed amount of daily binocular exposure. The latter result is
consistent with the effects of any daily period of ME, or BE, or both, effectively saturating with a small dose so that the
effects of ME of any length can be offset by a short period of BE. The different result for vision may reflect neural events at
higher and/or multiple levels in the visual pathway.
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Introduction

Much of our understanding of experiential influences on
the postnatal development of the central visual pathways
of higher mammals has been derived from the study of the
effects exclusively abnormal visual exposure imposed
early in the animal’s life (Daw, 2006; Kiorpes & McKee,
1999; Mitchell & Timney, 1984; Movshon & Kiorpes,
1990; Rauschecker, 1991). The authoritative experiments
of Hubel, Wiesel, and Le Vay (1977; Le Vay, Wiesel, &
Hubel, 1980; Wiesel & Hubel, 1963, 1965) that employed
periods of monocular deprivation (eye closure) demon-
strated that early abnormal visual input resulted in
profound anatomical and physiological changes in the
primary visual cortex (V1) of cats and monkeys. The
physiological changes in V1 occur only if the selective

visual exposure (or deprivation) is imposed during a
postnatal critical period that has a different temporal profile
for cats and monkeys (Horton & Hocking, 1997; Hubel &
Wiesel, 1970; Le Vay et al., 1980). In kittens, the critical
period begins at about 2 weeks, peaks at 4–5 weeks of
age, and then declines gradually over the next 8–9 months
(Cynader, Timney, & Mitchell, 1980; Daw, Fox, Sato, &
Czepita, 1992; Olson & Freeman, 1980b). Monocular
deprivation in both cats and monkeys leads to large visual
losses in the deprived eye, the severity of which depend
on the length of deprivation and the age of onset (Giffin &
Mitchell, 1978; Harwerth, Crawford, Smith, & Boltz,
1981; Mitchell, 1988; Von Noorden, Dowling, & Ferguson,
1970). The visual deficits resemble closely those experi-
enced by humans with deprivation amblyopia as is
observed in children following correction for congenital
monocular cataracts (Maurer & Lewis, 1993).

Journal of Vision (2011) 11(7):13, 1–11 http://www.journalofvision.org/content/11/7/13 1

doi: 10 .1167 /11 .7 .13 Received April 1, 2011; published June 16, 2011 ISSN 1534-7362 * ARVO

Downloaded From: http://jov.arvojournals.org/pdfaccess.ashx?url=/data/journals/jov/932798/ on 04/19/2017

http://myweb.dal.ca/mitchell/
http://myweb.dal.ca/mitchell/
mailto:d.e.mitchell@dal.ca?subject=http://www.journalofvision.org/content/11/7/13
mailto:d.e.mitchell@dal.ca?subject=http://www.journalofvision.org/content/11/7/13
http://www.cardiff.ac.uk/biosi/contactsandpeople/stafflist/q-t/sengpiel-frank-prof-overview_new.html
http://www.cardiff.ac.uk/biosi/contactsandpeople/stafflist/q-t/sengpiel-frank-prof-overview_new.html
mailto:SengpielF@cardiff.ac.uk?subject=http://www.journalofvision.org/content/11/7/13
mailto:SengpielF@cardiff.ac.uk?subject=http://www.journalofvision.org/content/11/7/13
http://www.mathstat.dal.ca/~hamilton/
http://www.mathstat.dal.ca/~hamilton/
mailto:hamilton@mathstat.dal.ca?subject=http://www.journalofvision.org/content/11/7/13
mailto:hamilton@mathstat.dal.ca?subject=http://www.journalofvision.org/content/11/7/13
http://www.fil.ion.ucl.ac.uk/~sschwarz/
http://www.fil.ion.ucl.ac.uk/~sschwarz/
mailto:s.schwarzkopf@fil.ion.ucl.ac.uk?subject=http://www.journalofvision.org/content/11/7/13
mailto:s.schwarzkopf@fil.ion.ucl.ac.uk?subject=http://www.journalofvision.org/content/11/7/13
mailto:jan.kennie@dal.ca?subject=http://www.journalofvision.org/content/11/7/13
mailto:jan.kennie@dal.ca?subject=http://www.journalofvision.org/content/11/7/13
http://www.journalofvision.org/content/11/7/13


Previously, we have shown in kittens (Mitchell, Kind,
Sengpiel, & Murphy, 2003, 2006) that visual deficits are
not obligatory following early monocular deprivation as
they are reduced, or even prevented, if the animals receive
a brief period of concordant binocular visual input each
day either before or after a longer daily period of
monocular exposure. In the original experiments (Mitchell
et al., 2003, 2006), the kittens were restricted to 7 h of
such mixed visual exposure each day from 4 to 8 weeks of
age that consisted of a period of abnormal monocular
exposure (ME) followed or preceded by an interval of
binocular exposure (BE). For the remaining 17 h each day,
the kittens were placed with their mother in a darkroom
facility (Beaver, Mitchell, & Robertson, 1993). It was
found that 2 h of daily BE, if both concordant and
continuous (i.e., presented as a single episode), could
outweigh or protect from a much longer (5 h) daily period
of ME so that each eye developed normal visual acuity.
Shorter daily periods of BE lead to deficits of visual acuity
in the deprived eye. Because the total daily visual
exposure was held constant (7 h) for all the animals, the
original studies could not identify whether the beneficial
outcome required a minimal daily amount of BE or
whether it was determined by the proportion of the total
visual exposure that was binocular. In principle, this issue
can be addressed by changing the total daily amount of
visual experience. Apart from trivial cases, where the total
daily exposure is either quite brief or very long, the length
of BE required to prevent deprivation amblyopia should
approximately double with a twofold increase in the daily
total visual exposure if the outcome was dictated by its
proportion of the total exposure. On the other hand, such
an increase in the total daily visual exposure should not
alter the length of daily BE for prevention of amblyopia if
it required an absolute amount of such exposure.
An experimental design that employed a twofold

difference in total visual exposure was recently employed
in a study (Schwarzkopf, Vorobyov, Mitchell, & Sengpiel,
2007) of the effects of mixed daily BE and ME on kitten
V1 cortical architecture as assessed by optical imaging of
intrinsic signals. Near-normal ocular dominance domains
developed with only 30 min daily BE, regardless of the
total daily duration of visual exposure (3.5 or 7 h),
suggesting that this gross anatomical and physiological
outcome in V1 was determined by an absolute amount of
BE. That this absolute binocular exposure was shorter than
the minimum exposure (2 h) found to prevent deprivation
amblyopia in our earlier studies (Mitchell et al., 2003, 2006)
raises the possibility that the requirements for vision may
follow a different rule than for the functional development
of ocular dominance domains in V1 and instead be better
expressed as a proportion of the total exposure.
Because of its relevance to clinical amblyopia, it is

important to find out how to best express the outcome of
mixed daily monocular and binocular visual exposure on
the visual acuity of the two eyes. To this end, we explored

systematically the effects of mixed visual exposure on two
cohorts of kittens that received two different lengths of
total visual exposure, namely 3.5 and 7 h. In addition,
limited strategic data were obtained from 3 kittens that
received 12-h daily visual exposure.

Materials and methods

Animals and rearing procedures

Data were obtained from a total of 34 kittens that were
born and raised in a closed breeding colony at Dalhousie
University. The rearing, surgical, and behavioral testing
procedures adhered to animal protocols approved by the
Dalhousie University Committee on Laboratory Animals
in accordance with standards and regulations established
by the Canadian Council on Animal Care. Data from
fifteen kittens were taken from two earlier studies on
21 kittens (Mitchell, Kennie, Schwarzkopf, & Sengpiel,
2009; Mitchell et al., 2006) that examined the effects on
vision of mixed daily early visual input on animals that
received 7-h visual experience each day. The excluded
kittens from these studies were animals for which the BE
was distributed in two episodes, or else received dis-
cordant visual input during the period of BE, or received
just 0.5-h visual experience (BE only) each day. The
rearing history of these 15 animals, including the mean
hours of daily BE and ME and the order in which they
were imposed together with the final visual acuity for each
eye, is provided in Table 1.
The remaining 19 animals were reared specifically for

this study to provide an additional cohort that received
3.5-h (N = 16) total visual experience each day as well as
a limited set of data from 3 animals that received 12-h
daily visual experience. As with our earlier studies, the
mixed daily visual experience was begun when the kittens
were 4 weeks old and lasted for 4 weeks; before that, they
were housed with their mother in a colony room that was
illuminated on a 12:12 L–D cycle. From 4 weeks of age
and for the next 28 days, the animals that received just
3.5-h total visual exposure were housed with their mother
in a darkroom facility (Beaver et al., 1993) for all but the
period of visual exposure that was spent in an illuminated
colony room with their littermates and several other adult
cats. For logistic reasons, the rearing procedure for the
3 animals that received 12-h total visual experience was
different in that they were housed in the colony room
throughout each day; for them, the 12-h dark cycle of the
colony room lighting provided the daily dark period rather
than the darkroom facility. During the dark period, some
faint light could be seen at the bottom of the entry door,
but this did not permit a human to perceive any visual
forms in the room.
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The daily period of visual exposure was split into two
intervals of varying lengths in which an interval of
concordant binocular visual exposure (BE) was pitted
against a (usually longer) period of exclusively monoc-
ular exposure (ME). The rearing history of the 19 new
animals reared specifically for this study, including the
mean hours of daily BE and ME and the order in which
they were imposed, is provided in Table 2. As earlier
work (Mitchell et al., 2006) had shown that the order of
exposure was unimportant, the period of BE was imposed
first for most animals. An opaque neoprene foam mask
as used in our previous studies (Mitchell et al., 2003,
2006) was employed to occlude one eye to allow ME.
During the time the mask was in place, a light cardboard
ruff cut from a manila folder was worn to prevent
kittens from pawing at the mask. For the kittens that
received ME first, the mask was placed on the kitten’s
head in a dimly lit anteroom immediately following the
removal of each kitten from the darkroom. For two
kittens (C938, C965) that both received 1-h BE each
day, the mask was modified so that one eye was
occluded with 3-mm-thick translucent white Plexiglass
that, by a visual match, reduced light transmission by
2.1 log units but allowed no transmission of form. The
animals were monitored closely so that the few instances
where the masks were dislodged were caught quickly
and noted. The occlusion times displayed in Tables 1
and 2 incorporate these episodes as well as minor
deviations in the timing of the exposure periods. At the
end of the period of visual exposure each day, which for

most animals ended with the period of ME, the kittens
were returned with their mother to the darkroom where
the masks were removed.

Behavioral testing: Grating acuity

The kittens were trained and tested on a discrimination
task between horizontal and vertical square-wave gratings
by means of a jumping stand (Mitchell, Giffin, & Timney,
1977) and by use of the same procedures as those
employed extensively in the past (Murphy & Mitchell,
1987) and in our earlier studies on the effects of mixed
early visual experience (Mitchell et al., 2003, 2006). A
detailed description of the procedures is provided in these
earlier papers; here, we provide only the important details.
The laser-printed gratings were 19-cm squares with a
space-average luminance of 55 cd/m2 and had a Michelson
contrast of 1.0. Initial training of the kittens was
initiated as early as possible at about 5 weeks of age
during the daily periods of BE. Binocular measurements
of visual acuity were made on a daily basis during the last
week of mixed visual experience in order to allow
accurate measurement of the acuity of the non-deprived
eye at the conclusion of the 4-week period of mixed
rearing. For all but 5 animals (C937, C940, C074, C103,
and C104), only binocular measurements of acuity were
made prior to the end of the period of mixed rearing. On
the basis of the results obtained in our earlier studies
(Mitchell et al., 2003, 2006), the grating acuity of the

Cat

Hours of visual exposure (mean T SD)

Order

Final acuity (cycles/deg)

ME BE Total Deprived eye Non-deprived eye

C889 7.00 T 0.16 0.03 T 0.14 7.03 T 0.06 ME Blind 6.19
C903 6.99 T 0.05 0.00 T 0.00 6.99 T 0.05 ME Blind 7.42
C887 6.54 T 0.05 0.52 T 0.02 7.05 T 0.05 ME–BE 1.40 6.19
C895 6.49 T 0.04 0.50 T 0.02 7.00 T 0.04 BE–ME 1.25 5.94
C896 5.99 T 0.02 1.00 T 0.01 6.99 T 0.02 BE–ME 1.87 5.94
C894 6.05 T 0.09 1.00 T 0.08 7.04 T 0.06 ME–BE 2.66 5.71
C905 5.51 T 0.03 1.49 T 0.04 7.00 T 0.04 ME–BE 3.49 6.19
C890 5.03 T 0.06 2.03 T 0.07 7.07 T 0.07 BE–ME 5.94 5.44
C888 5.03 T 0.09 2.01 T 0.04 7.04 T 0.09 ME–BE 5.70 6.19
C893 5.03 T 0.05 2.02 T 0.07 7.05 T 0.08 ME–BE 5.94 5.94
C904 5.00 T 0.13 2.01 T 0.06 7.01 T 0.10 ME–BE 5.71 5.94
C909 3.00 T 0.02 4.02 T 0.04 7.02 T 0.04 ME–BE 6.59 6.59
C086 4.97 T 0.22 2.04 T 0.20 7.01 T 0.04 BE–ME 5.94 5.94
C087 4.98 T 0.08 2.03 T 0.07 7.01 T 0.04 BE–ME 5.94 5.94
C088 4.98 T 0.07 2.03 T 0.06 7.01 T 0.04 BE–ME 5.94 5.94

Table 1. The visual history of 15 kittens reared for two previous studies (Mitchell et al., 2009, 2006) that received 7-h daily mixed visual
experience for 4 weeks beginning at 4 weeks of age. The mean hours and standard deviation (SD) of daily monocular (ME), binocular (BE),
and total exposure and their order are shown together with the visual acuities of, respectively, the deprived and non-deprived eyes of each
animal. The latter acuity was usually measured on the last day of mixed visual exposure while the deprived eye acuity was measured on
the day following, immediately after the kittens were removed from the darkroom.
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non-deprived eye was assumed to be the same as that
measured binocularly, an assumption confirmed by
monocular measurements of the acuity of the non-
deprived eye of C937 and C940. On the next day, the
animals were removed from the darkroom for monocular
measurements of the acuity of the deprived eye made with
an opaque contact lens occluder placed over the cornea of
the other eye. The grating acuity of the deprived eye
measured the day following the 28-day period of mixed
visual exposure and the acuity of the non-deprived eye
measured on the last day of mixed visual exposure are
provided in Tables 1 and 2.

Results

3.5 h cohort

The visual acuity of the deprived eye (DE) of the
16 kittens of this cohort are plotted in Figure 1 as a function

of the length of this exposure. With the exception of C987
that received exclusively monocular exposure and that
exhibited no signs of vision with its deprived eye, all the
animals possessed measurable visual acuity with the DE at
the end of the period of mixed daily visual input. The
acuity of the DE increased with the length of daily BE to
achieve values closely similar (mean 6.24 cycles/deg) to
that of the fellow non-deprived eye (mean 6.35 cycles/deg)
with one or more hours of daily BE. The mean acuities of
the two eyes were not statistically different using the
Wilcoxon Rank Sum test (P = 0.25). Moreover, the acuity
of the deprived eye of animals that received 1 or more
hours of BE each day appeared to be no different from
that of normal animals of comparable age (Giffin &
Mitchell, 1978). Although most animals received the
period of BE first each day, the pattern of results from
the 3 animals (C966, C968, and C990) for which ME
preceded BE appeared no different. This finding comple-
ments our earlier results from animals that received 7 h of
mixed visual experience each day where the order of ME
with respect to BE did not influence the results (Mitchell
et al., 2003, 2006). In addition, the results from 2 of

Cat

Hours of visual experience (mean T SD)

Order

Final acuity (cycles/deg)

ME BE Total Deprived eye Non-deprived eye

3.5-h cohort
C002 3.22 T 0.07 0.28 T 0.07 3.50 T 0.01 BE–ME 0.62 5.71
C003 3.23 T 0.06 0.28 T 0.06 3.50 T 0.02 BE–ME 0.52 5.71
C005 2.99 T 0.04 0.52 T 0.04 3.51 T 0.02 BE–ME 1.44 5.71
C006 3.00 T 0.06 0.51 T 0.07 3.51 T 0.02 BE–ME 1.04 5.94
C938* 2.50 T 0.03 1.01 T 0.02 3.51 T 0.03 BE–ME 6.19 6.59
C939 2.49 T 0.05 1.02 T 0.04 3.51 T 0.03 BE–ME 6.19 6.59
C940 2.51 T 0.04 1.01 T 0.02 3.51 T 0.04 BE–ME 6.19 6.59
C965* 2.49 T 0.02 1.00 T 0.01 3.50 T 0.01 BE–ME 6.19 6.19
C968 2.50 T 0.01 1.00 T 0.01 3.50 T 0.01 ME–BE 6.19 6.19
C969 2.49 T 0.07 1.00 T 0.01 3.51 T 0.04 BE–ME 6.19 6.19
C990 2.49 T 0.03 1.02 T 0.06 3.51 T 0.05 ME–BE 6.19 6.19
C966 1.50 T 0.01 2.00 T 0.07 3.50 T 0.01 ME–BE 5.94 5.94
C936 1.52 T 0.05 2.00 T 0.03 3.52 T 0.04 BE–ME 6.59 6.59
C937 1.52 T 0.05 2.00 T 0.02 3.51 T 0.04 BE–ME 6.59 6.59
C967 1.49 T 0.03 2.01 T 0.02 3.50 T 0.02 BE–ME 6.19 6.19
C987 3.49 T 0.05 0.02 T 0.01 3.50 T 0.01 ME Blind 6.19

12-h cohort
C103 10.14 T 0.58 1.86 T 0.58 12.00 T 0.02 ME–BE 2.51 5.98
C104 10.14 T 0.58 1.86 T 0.58 12.00 T 0.02 ME–BE 2.66 5.98
C074 8.39 T 0.28 3.62 T 0.28 12.02 T 0.00 ME–BE 6.19 6.19

Table 2. The visual history of 19 kittens from two cohorts prior to and during the 4-week period of daily mixed visual input initiated at
4 weeks of age. Whereas the 16 kittens from the 3.5-h cohort were kept in a darkroom outside of the 3.5 h of daily visual experience, the
3 animals from the 12-h cohort remained in their colony room with the lights turned off after the 12 h of daily visual exposure. The mean
hours and standard deviation (SD) of daily monocular (ME), binocular (BE), and total exposure and their order are shown together with the
final visual acuities of, respectively, the deprived and non-deprived eyes of each animal. For two animals (C938 and C965, asterisks), the
occluder worn during the period of ME was translucent. The latter acuity was usually measured on the last day of mixed visual exposure
while the deprived eye acuity was measured on the day following, immediately after the kittens were removed from the darkroom.
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7 animals (C938 and C965) that received 1-h BE each day
but wore a translucent instead of the opaque occluder
were no different from the 5 other animals (Table 1).
However, by contrast with our earlier studies on animals
that received 7-h visual experience each day (Mitchell
et al., 2003, 2006), the acuity of the deprived eye achieved
normal levels with a shorter daily period of BE (1 versus
2 h), a finding that suggests that the outcome of mixed
daily visual experience may depend upon the proportion
of daily visual exposure that is binocular rather than by
the absolute amount of such exposure.

The three cohorts

In order to examine the issue further, the acuity data for
all the animals from this and our earlier study (Mitchell
et al., 2006) are shown plotted together in Figure 2A as a
function of the proportion of the total visual experience
that was BE. The acuity of the deprived eye has been
plotted relative to the acuity of the fellow eye as it
provides a within-animal control with regard to variables
such as motivation as the two measurements were made in
close temporal proximity (usually within a day). To
explore formally the qualitative impressions of substantial
overlap of the data, separate logistic functions were fitted
to the data from the two large cohorts (3.5 and 7 h) and

Figure 2. (A) The acuity of the deprived eye, plotted relative to that of the fellow eye, as a function of the proportion of the daily visual
exposure that was binocular. Separate logistic functions have been fitted to the data for the 3.5- (green line) and 7-h (red line) cohorts as
well as the combined data for both cohorts (black line). Data are also shown for the 3 animals that received 12 h of daily visual exposure.
(B) The acuity of the deprived eye, plotted relative to that of the fellow eye, as a function of the hours of daily visual exposure that was
binocular. A single logistic function fitted to the combined data from the 3.5- and 7-h cohorts shows a poor fit. Data are also shown for the
3 animals that received 12 h of daily visual exposure.

Figure 1. The visual acuity (cycles/degree) of the deprived eye of
16 kittens as a function of the number of hours of binocular visual
exposure received each day. Each kitten received 3.5 h of mixed
visual exposure each day for 4 weeks starting at 4 weeks of age.
The numbers beside some data points represent the number of
animals with identical acuities. The dashed horizontal lines
indicate the range of values for the fellow non-deprived eye.
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compared statistically to a single logistic function fitted to
the combined data from both cohorts. The data from the
two cohorts were well fit by logistic functions of the form

DArel ¼ a=½1þ expðjb j cBEpÞ�; ð1Þ

where DArel is the acuity of the DE relative to the fellow
NDE, BEp is the proportion of the total daily exposure
that is binocular, and a, b, and c are coefficients that
represent, respectively, the computed maximum DErel (a)
and shift (b) or scale (c) parameters for the BEp axis. The
excellence of the fit of the separate curves fitted to the
data from the two cohorts as well as to the combined data
from both is revealed by the high values for R2 that were
in excess of 0.96. The various coefficients for the three
data sets (3.5, 7, and combined) are displayed in Table 3.
The curve fitted to the combined data from the 3.5- and
7-h cohorts displayed as the black curve in Figure 2A:

DErel ¼ 1:04=½1þ expð4:13 j 22:83BEp�; ð2Þ

permits calculation of the value of BEp in order for the
acuity of the DE to attain key levels such as 50% (0.18) or
95% (0.28) of that for the fellow eye. Although this curve
was derived from the combined data from animals in the
3.5- and 7-h cohorts, the data from the 3 animals from the
12-h cohort appeared to conform well to the curve fitted to
the other two cohorts.
In contrast to the excellent overlap of the deprived eye

acuity data from the various cohorts when the BE is
expressed as a proportion of the total daily visual
exposure, the same acuity data when plotted as a function
of the absolute daily BE show considerable scatter among
the different cohorts (Figure 2B). The logistic function
fitted to the combined data shows a poorer fit to the data
(R2 = 0.76; Table 4). Inspection of Figure 2B shows that
the poorer fit to the curve arises largely from an apparent
lateral shift of the data from the 7- and 12-h cohorts with
respect to the data from the 3.5-h cohort. Taken together
with the overall poorer fit, the apparent lateral displacement

of the data from the two longer exposure cohorts from the
3.5-h cohort when plotted as a function of absolute daily
BE is consistent with a dependence in terms of the pro-
portion of total daily exposure that is binocular as opposed
to the absolute amount of such exposure.
As a contrast to the behavioral findings, Figure 3 shows

a replot of the previously published (Schwarzkopf et al.,
2007) optical imaging data on the cortical territory
devoted to the deprived eye in V1 of cats following
mixed daily visual experience. The dimensions are
displayed in Figure 3A with BE expressed as a proportion
of the total daily exposure and in Figure 3B with respect
to the absolute daily BE. To ease comparison with the
acuity results, the data have been fitted with logistic
functions. The data expressed as a proportion of the total
daily exposure (Figure 3A) were fit best by separate
logistic functions for the two cohorts and poorly by a
function fitted to the combined data (R2 = 0.60). By
contrast, and in agreement with the previous analysis
(Schwarzkopf et al., 2007), the data plotted with respect to
the absolute binocular exposure (Figure 3B) were better fit
(R2 = 0.73) by a logistic function calculated for the
combined data. There was no evidence that curves fitted
to the separate data (3.5 and 7 h) provided a better fit
than the curve fitted to the combined data (F = 0.85; 23 df;
P = 0.47).

Discussion

As with our earlier studies of animals that received 7 h
of daily mixed visual exposure (Mitchell et al., 2003,
2006), short daily periods of binocular vision offset much
longer periods of monocular visual exposure to prevent
the development of deprivation amblyopia. A daily period
of BE as short as 15 min was sufficient to allow the
development of measurable visual acuity in the deprived
eye while 1 h of such exposure permitted this eye to
achieve visual acuity in the normal range (Figure 1). By
contrast, our earlier studies (Mitchell et al., 2003, 2006)
indicated that such an equivalent beneficial outcome

a b c s R2

1.04 (0.03) j4.13 (0.41) 22.83 (2.33) 0.07 0.97
1.01 (0.02) j5.73 (0.51) 30.77 (3.13) 0.03 0.99
1.10 (0.06) j3.15 (0.42) 17.88 (2.53) 0.08 0.97

Table 3. Fitted parameters with standard errors in parentheses for
the logistic curves of Figure 2A that describe the relationship
between the relative acuities of the deprived eye as a function of
the proportional binocular exposure for the 3.5- and 7-h cohorts as
well as for the combined data from both. The parameter a is the
maximum relative deprived eye acuity, and b and c are shift and
scale parameters for the abscissa. Measures of fit are R2, the
proportion of variation in acuity explained, and s, the standard
error of the fit.

Cohort a b c s R2

3.5 and 7 0.904
(0.05)

j4.84
(1.69)

7.28
(2.71)

0.201 0.759

Table 4. Fitted parameters with standard errors in parentheses for
the logistic curves of Figure 2B that describe the relationship
between the relative acuities of the deprived eye as a function of
the absolute binocular exposure for the combined data from both
the 3.5- and 7-h cohorts. The parameter a is the maximum relative
deprived eye acuity, and b and c are shift and scale parameters
for the abscissa. Measures of fit are R2, the proportion of variation
in acuity explained, and s, the standard error of the fit.
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required 2 h of daily BE. By itself, comparison of the
minimum daily BE required to completely offset ME in
terms of the acuity of the deprived eye suggests that the
outcome is dictated by the proportion of the total visual
exposure that is binocular rather than by an absolute
amount of such exposure.
Although manipulation of the period of total visual

exposure may intuitively be thought of as a direct way to
address this issue, it is important to recognize that this
approach is limited by certain constraints. First, the total
daily visual exposure must exceed a certain critical length
as a minimum daily exposure must be necessary to effect
improvement in the vision in either eye over time. In our
previous study (Mitchell et al., 2006), we demonstrated
for a single animal that a daily (binocular) exposure of
only 30 min was sufficient for it to develop visual acuity
in the normal range. In addition, in the course of our
imaging study (Schwarzkopf et al., 2007), we found that
15 min of daily binocular exposure is sufficient for normal
ocular dominance maps in V1 to develop. Second, as the
length of daily total visual exposure is increased, the
inability to control or document the amount of sleep
during the two exposure conditions correspondingly
increases as well, thereby introducing potential variability
to the data. Third, the amount of ME associated with a
fixed proportion of the total visual exposure changes with
the length of the latter. Consequently, with decrease in the
length of total visual exposure, the anatomical and
functional sequelae of a period of ME that represents a

constant proportion of the total exposure may change.
Finally, the period the animal spends in the darkroom each
day represents a time when neurons in the central visual
pathways may receive some balanced non-visually driven
(spontaneous) activity from the two eyes. Depending on
its magnitude with respect to the activity generated during
the daily period of visual exposure, the former may
effectively contribute to the effectiveness of the daily
period of BE. The potential contribution of this factor will
also change with the length of total daily visual exposure.
The deterioration of the functional properties of visual
cortical neurons that occurs in animals placed in complete
darkness (Crair, Gillespie, & Stryker, 1998; Freeman,
Mallach, & Hartley, 1981), even following periods of
monocular deprivation (Freeman & Olson, 1982), may
potentially offset any benefit from balanced spontaneous
activity. On the other hand, the fact that kittens that
receive, respectively, only 15 or 30 min visual exposure
per day can develop both normal orientation and ocular
dominance maps in V1 (Schwarzkopf et al., 2007) and
visual acuity (Mitchell et al., 2006) suggests that the
supposed deleterious effects of extended daily periods of
darkness may be negligible.
With these limitations in mind, we selected periods

of total daily visual exposure that were at least a factor of
2 apart and sufficiently long to ensure the development of
normal visual acuity as well as allowing for frequent
monitoring of the animals when they were in a lighted
environment. The exposures would, on the basis of

Figure 3. A replot of previously published (22) data on the dimensions of ocular dominance domains in the visual cortex of kittens as a
function of the (A) proportion or (B) absolute amount of daily binocular exposure. Data are shown for two cohorts that received either
3.5- (triangles, green line) or 7-h (circles, red line) daily visual exposure. Whereas a single logistic function (black line) provides a good fit
to the data from both cohorts when the daily binocular exposure (BE) is expressed in absolute terms (B), separate functions were
necessary to fit the data for the different cohorts when BE is expressed as a proportion of the total daily visual exposure (A). The black line
in (A) shows the logistic curve fit to the combined data.
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existing data, ensure that the daily periods of ME would,
by themselves (i.e., in the absence of a daily period of
BE), produce substantial cortical anatomical and func-
tional changes over the 4-week period of selected visual
exposure. A single 4-h period of ME is known to produce
a substantial shift of ocular dominance in the visual
cortex, while the electrophysiological effects of 24-h ME
can be as extensive as those observed after weeks or
months of deprivation (Freeman & Olson, 1982). The
cumulative effects on cortical ocular dominance of cells in
the visual cortex of daily 4-h periods of ME in otherwise
dark-reared kittens after a month have also been shown to
be extremely profound (Olson & Freeman, 1980a). On the
basis of this existing data, it is reasonable to conclude that
the daily periods of ME experienced by our kittens would
lead to extensive cortical alterations. Certainly, the
cumulative behavioral effect of 3.5 h of daily ME in an
animal that received no BE (C987) was maximal as it
appeared blind on the jumping stand with its deprived
eye, and optical imaging revealed profound deprivation
effects resulting from the same exposure regimen (see
also Figure 4 of Schwarzkopf et al., 2007).
The picture that emerged from comparison of the results

from the two large cohorts is that the outcome with
respect to the vision of the deprived eye is determined by
the proportion of the total exposure that is binocular rather
than by an absolute amount of such exposure. This
conclusion was supported by the limited set of data from
a third cohort that received 12-h daily visual exposure.
Remarkable support was also provided by the results of a
study on monkeys that employed a 12-h period of total
visual exposure each day (Sakai et al., 2006; Wensveen
et al., 2006). The monkeys were maintained in a colony
room on a 12-h light–dark cycle from approximately 3 to
21 weeks of age during which time they received mixed
visual input on a daily basis. Four hours of BE each day
offset 8 h of ME to permit the development of near-
normal spatial contrast sensitivity in both eyes. This
critical amount of BE represented approximately 33% of
the total daily visual exposure, a value close to the
proportion (28%) calculated from the curve fit to the
combined data for our kittens.
As with kittens, there was evidence from monkeys that

BE may have different protective effects at the level of the
visual cortex than for vision. Two hours of daily BE was
sufficient to allow for the development of normal ocular
dominance distributions, while 1 h of BE reduced the
proportion of binocularly suppressive units in V1 to
normal levels. On the other hand, the interocular phase
(disparity) responses of cells in V1 were abnormal even
with 4 h of daily BE suggesting that although the monkeys
may not be amblyopic, they may lack stereoscopic vision.
Interestingly, daily periods of BE imposed on kittens that
were sufficient to prevent amblyopia in all animals so far
tested did not always protect against the development of

stereoblindness (Mitchell et al., 2009). Binocular cortical
circuits of infant monkeys and particularly the long-range
horizontal connections in the superficial layers of V1 are
known to be very fragile and easily disrupted by abnormal
early visual exposure (Zhang et al., 2005). A similar
fragility of binocular connections in kitten V1 (Trachtenberg
& Stryker, 2001) combined with the possibility that they
may be also less susceptible to protection from daily
binocular exposure in both species may lead to differences
in the protective effects of BE on visual acuity and
stereoscopic vision.
From the limited number of studies of the consequences

of mixed daily visual input that have been published to
date, it is apparent that daily binocular exposure may not
be equally effective in terms of its protective effects for
different visual functions or indeed for functional or
anatomical effects at the level of visual cortex. Moreover,
the results reported here point to an additional dimension
along which the protective effects of daily BE may be
examined. Our results indicate that for kitten visual acuity,
the critical amount of daily BE required to protect against
disruption due to monocular occlusion is best described in
terms of a proportion of the total daily visual exposure as
opposed to a critical absolute exposure. This result stands
in contrast to preliminary data for the dimensions of
ocular dominance domains in cat V1, which appear to be
protected by a critical absolute duration of BE each day.
The possible existence of different outcomes for normal

physiological development in V1 or visual development
with mixed daily visual exposure may reflect their
dependence on neural processing at different or even
multiple levels in the visual pathway. A related factor that
may contribute to the different outcomes is a potential
difference between the neural populations that are probed
by the two techniques. Whereas the ocular dominance
domains revealed by optical imaging predominantly
reflect the responses of neurons tuned to low to medium
spatial frequencies, behavioral visual acuity is a test of the
highest spatial frequency that can be perceived. It is
possible that the neural populations that underlie the
processing of high spatial frequencies may be more
susceptible to deprivation and, consequently, require more
daily offsetting BE to develop normally than the neural
populations stimulated during optical imaging. The
requirement for a binocular exposure of a critical absolute
duration as opposed to a critical proportion is consistent
either with, BE exerting a protective or offsetting effect
that saturates with a short exposure so that it can over-
come a period of ME of any duration, or else with the
effects of a daily period of ME effectively saturating with a
small dose so that it can be offset by a short period of BE.
Such situations might be anticipated to rule for particular
neuronal functions mediated at a relatively low level in
the visual pathway. On the other hand, for visual functions
that may be dependent upon processing at multiple levels
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in the pathway or else reflect the activity of specific neural
populations such as those tuned to high spatial frequencies,
a different situation may prevail where neither the effects
of daily BE or ME may saturate with short exposures.

The possible impact of form deprivation
myopia (FDM)

A refractive error induced by deprivation, if uncorrected,
could result in an underestimation of the behaviorally
measured visual acuity. However, for various reasons, it is
extremely unlikely that the acuities reported here are
contaminated by uncorrected refractive errors. First,
whereas form deprivation induces myopia reliably in many
species including primates (Daw, 2006), the outcome for
cats is inconsistent and far less marked. At one extreme,
two studies report that image degradation, even when
prolonged, does not produce myopia at all in kittens
(Nathan, Crewther, Crewther, & Kiely, 1984; Smith,
1981), while other studies report either only mild myopia
in a very small proportion (17.6%) of animals (Yinon,
Koslowe, & Rassin, 1984) or else non-systematic changes
(Gollender, Thorn, & Erickson, 1979). Even when myopia
was reported reliably (Smith, Maguire, & Watson, 1980;
Wilson & Sherman, 1977), its magnitude was small and
much less than that observed in monkeys. Our own
experience mirrors these observations; refractions per-
formed by retinoscopy on lid-sutured animals revealed
very small and inconsistent refractive errors with a
tendency toward hypermetropia rather than myopia (Giffin
& Mitchell, 1978). In addition, we found no significant
refractive errors in the animals reared with mixed daily
visual experience for the imaging studies (Schwarzkopf &
Sengpiel, unpublished observations). Second, any small
uncorrected myopia would be very unlikely to degrade the
retinal image at the observation distance (typically 70 cm)
employed for the behavioral measurements. Finally, daily
periods of normal visual input have been shown to prevent
the development of FDM in both chickens (Napper et al.,
1995) and monkeys (Smith, Hung, Lee, & Qiao, 2002)
making it even more unlikely that our kittens exposed
similarly to mixed daily visual input would have devel-
oped myopia.
The fact that, for both cats and monkeys, daily episodes

of binocular vision can prevent the development of
amblyopia even when the visual input for two eyes is
discordant for the majority of the day suggests that
temporary manipulations that allow balanced input to the
two eyes may permit normal visual development until
more permanent solutions (such as surgery or refractive
correction) can be provided (Mitchell, 2008; Wensveen
et al., 2006). The finding that the critical duration of
binocular exposure is a proportion of the total daily
exposure suggests that in situations where short-term
provision of concordant binocular exposure is difficult
(such as temporary lifting of a drooping eyelid in ptosis),

the manipulation could be combined with a daily period
where both eyes are covered with translucent material to
effectively shorten the daily period of patterned visual
exposure.
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