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Visual deprivation is reported to prevent or delay the development of
mature receptive field (RF) properties in primary visual cortex (V1) in
several species. In contrast, visual deprivation neither prevents nor
delays refinement of RF size in the superior colliculus (SC) of Syrian
hamsters, although vision is required for RF maintenance in the SC.
Here, we report that, contrary to expectation, visual cortical RF re-
finement occurs normally in dark-reared animals. As in the SC, a
brief period of visual experience is required to maintain V1 RF refine-
ment in adulthood. Whereas in the SC, 3 days of visual experience
within a sensitive period (P37-40) was sufficient to protect RFs
from deprivation-induced enlargement in adulthood, 7 days (P33-40)
were required for RF size maintenance in V1. Thus, spontaneous
activity is sufficient for RF refinement at these 2 levels of the visual
pathway, and visual input is necessary only to prevent deprivation-
induced RF enlargement in adulthood. These studies show that
sensory experience during a late juvenile sensitive period protects
the visual pathway against sensory deprivation in adulthood, and
suggest that more importance may have been placed on the role of
early visual experience in visual RF development than is warranted.

Keywords: adult plasticity, critical period, dark rearing, rodent, visual
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Introduction

A major question in developmental neuroscience is how early
sensory experience contributes to the development of adult
brain function. Experience can be in the form of light-evoked
or spontaneously generated neural activity. There has been
considerable debate about what the relative roles of these 2
types of activity are in visual system development (Ruthazer
and Aizenman 2010). Early developmental events rely on spon-
taneous activity before eye opening (Galli and Maffei 1988;
Wong et al. 1993; Feller et al. 1996; Weliky and Katz 1999;
Wong 1999; Chiu and Weliky 2001; Chandrasekaran et al.
2005; Mrsic-Flogel et al. 2005; Xu et al. 2011; Ackman et al.
2012) and in some cases, light through unopened eyelids
(Akerman et al. 2002; Colonnese et al. 2010). Light-evoked
visual experience after eye opening plays a role in the develop-
ment of some visual cortical receptive field (RF) properties but
not others, for reasons that are unclear. An initial development
of orientation selectivity and ocular dominance occurs without
visual experience, but sharpening and maintenance of these
properties require visual experience (for review see Huberman
et al. 2008; Espinosa and Stryker 2012). In contrast, direction
selectivity requires visual experience for even rudimentary de-
velopment in ferrets (Li et al. 2006), but not in mice (Rochefort
etal. 2011), illustrating that species differences also exist.
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RF refinement is an important aspect of the progressive im-
provement in visual perceptual acuity and thus, may be
especially critical for survival. There is a lack of consensus re-
garding the time course of RF refinement and its dependence
on visual experience. One part of this lack of clarity may arise
from species differences and differences in the dependence of
different brain regions on visual experience. In rat primary
visual cortex (V1), the majority of RF refinement occurs by P30
(Fagiolini et al. 1994), whereas there is little refinement by that
age in mouse V1 (Ko et al. 2013) or hamster superior colliculus
(SC; Carrasco et al. 2005) even when differences in the rate of
development are taken into account (Clancy et al. 2001). Sy-
naptogenesis in V1 proceeds normally in enucleated monkeys
or preterm monkeys exposed to light, but visual experience is
required for fine tuning the location of dendritic spines (Bour-
geois et al. 1989; Bourgeois and Rakic 1996), and thus, is likely
to be necessary for RF refinement.

The role of visual experience in the development and plas-
ticity of RFs has received little study. RF refinement is an activity-
dependent process (Meyer 1983; Thompson and Holt 1989;
Cook et al. 1999; Chandrasekaran et al. 2005; Guido 2008; for
review see Espinosa and Stryker 2012). Previous studies have re-
ported that RFs in V1 of dark-reared (DR) animals are enlarged
(Fagiolini et al. 1994; Gianfranceschi et al. 2003) and behavioral
measures show reduced visual acuity (Timney et al. 1978), but it
is unclear whether the RFs never refined or whether they
refined but were not maintained in a refined state.

In contrast to the critical role of vision reported for several
aspects of cortical development, early visual experience is not
necessary for RF refinement in the developing visual midbrain
(SC; Carrasco et al. 2005; Wang et al. 2010; Fig. 14,1-2). In ham-
sters DR from birth, RFs in the SC refine normally by P60
(Fig. 14,2) but become enlarged by P90 (Fig. 14,3; Carrasco
et al. 2005). A period of light-evoked activity after, but not
before, P21 is sufficient to maintain the RFs in their refined state
(Fig. 14,4-7), but cannot rescue RFs that have already enlarged
as a result of chronic light deprivation (Carrasco and Pallas 20006;
Fig. 14,8). These results from previous studies of the SC led us to
challenge the notion that vision is necessary for RF refinement in
V1 and that spontaneous retinal activity is not sufficient.

Here, we report that, contrary to previous thinking, spon-
taneous activity appears to be sufficient for the developmental
refinement of RFs in both SC and V1, although late juvenile
visual experience is essential to forestall the negative effects of
chronic DR that occurs in adulthood. Our findings highlight
the importance of spontaneous activity and the relative unim-
portance of visual experience in directing visual system devel-
opment and suggest a heretofore unexamined role of visual
experience in preventing future cortical plasticity.
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Figure 1. (A) Summary of previous findings in the SC (Carrasco et al. 2005; Carrasco
and Pallas 2006). The black bars represent DR, the white bars with eye symbol
represent rearing under a normal light cycle, and the gray circles represent RF size.
These experiments showed that RFs in the SC refine without visual experience, but
that a period of early visual experience is necessary for maintenance of the refined RFs
during DR that continues into adulthood. (B) Experimental design for V1 experiments.
(C) Experimental design for SC experiments.

Materials and Methods

Amnimals and Rearing Conditions

Syrian hamsters (Mesocricetus auratus) were used in this and the pre-
vious related studies due to their short gestation time, robust visual
responses, and the abundance of data on their developmental plasticity
(Razak et al. 2010). In total, 57 hamsters of both sexes were used in
this study. All the procedures involving animals met or exceeded stan-
dards of humane care developed by the National Institutes of Health
and the Society for Neuroscience and were approved by the Georgia
State University Institutional Animal Care and Use Committee. Ham-
sters were obtained from Charles River Laboratories or Harlan and
bred in-house. Normally reared hamsters were kept on a 14/10-h light/
dark cycle. DR hamsters were maintained in a locked, light-tight dark
room protected from the hallway lights by a locked, dark anteroom
with blackout curtains at each door. Animals were exposed only briefly
to a dim red light for husbandry purposes, at a wavelength not visible
to Syrian hamsters (Huhman et al. 1999). Pregnant dams of DR pups
were moved into a darkroom before or on the day of parturition (eye
opening is ~P12 in Syrian hamsters). DR hamsters that were exposed
to light for 318 days were moved from the darkroom into a room with
a 14/10-h light/dark cycle.

Surgery
Animals were prepared for terminal in vivo electrophysiological re-
cordings as described previously (Pallas and Finlay 1989; Carrasco and

Pallas 20006). Atropine (0.05 mg/kg) and dexamethasone (1 mg/kg)
were administered preoperatively, and anesthesia was induced with ur-
ethane (2 g/kg, in 4 i.p. administrations). The depth of anesthesia was
monitored during the experiments by checking withdrawal reflexes,
pulse and breathing rates, and blood oxygenation, with supplemental
doses of urethane given as needed. For recordings made in the SC, the
overlying right cortex was removed by aspiration. Removal of the
cortex has no observable effect on SC neuron RF properties in ham-
sters, except for a loss of direction tuning (Rhoades and Chalupa
1978a; Razak and Pallas 2005). The left eye was stabilized with a suture
through the conjunctiva and protected with a plano contact lens.

Electrophysiology

Single units were recorded extracellularly with Teflon-coated tungsten
electrodes (1-3 MQ) in vivo. The SC recordings were made within
200 um of the surface to ensure that all recorded units were within the
superficial, retinorecipient layers. The V1 recordings were made within
the area defined as the V1 in a hamster brain atlas (Morin and Wood
2001). Signals were amplified, filtered (10 000x; 0.5-3 kHz; Bak Elec-
tronics A-1), and digitized using the Spike2 software and CED hard-
ware (20 kHz; Micro 1401; Cambridge Electronic Design).

Visual Stimulus Presentation

Visual stimuli used in both V1 and SC recordings were delivered to a
CRT monitor positioned 40 cm from the left eye. For recordings made
in V1, 2 different simple visual stimuli were presented: a flashing
square and a moving bar. The 2° white square on a black background
was presented for 300 ms, followed by a 1-s interstimulus interval, and
repeated at 2° intervals across the horizontal meridian of the screen.
This stimulus was chosen because it activated the majority of units and
is not susceptible to potential errors caused by activity that can con-
tinue after a moving stimulus leaves the RF. The 2° wide, 20° long, ver-
tically oriented, white moving bar stimulus on a black background was
drifted across the screen in one and then in the opposite direction at
20°/s, with a 3-s interstimulus interval. This stimulus was added
because it is commonly used to activate V1 neurons, facilitating com-
parison with previous work. For recordings made in the SC, a 1°
square was drifted at 14°/s from the top to the bottom of the screen at
successive nasotemporal locations, shifting 2° each presentation, as in
a previous study (Carrasco et al. 2005).

Analysis of RFs

Single units were isolated by offline spike sorting using Wave_clus
(Quiroga et al. 2004) and analyzed with Matlab. Analyses were conducted
blind to the condition of the animal to prevent experimenter bias.

The flashing square data obtained from V1 were analyzed by plotting
the location at which responses were produced as the square was pro-
gressively repositioned across the horizontal meridian of the visual field.
A uniform fraction of the peak response (20%) was defined as the
minimum stimulus-evoked response threshold, as in a previous study of
SC (Carrasco et al. 2005). The horizontal extent of the locations within
which the stimulus elicited an above threshold response was defined as
the RF width. This method of RF width measurement is not affected by
differences in spontaneous activity, such as may occur after DR.

The moving bar data obtained from V1 were analyzed by plotting
peri-stimulus time histograms (PSTHs) with 50 ms time bins, and again
using a uniform fraction of the peak response (20%) as the threshold.
SC RF widths were calculated as above, using the horizontal extent of
the region within which the drifting square elicited a response at least
20% of the peak response.

For the SC, in addition to the RF analysis methods outlined above,
we also estimated RF areas by fitting a 2-dimensional Gaussian func-
tion to reconstructions of the spatial area within which the drifting
square visual stimulus elicited responses (Tavazoie and Reid 2000;
Chandrasekaran et al. 2005). Only RFs with high quality Gaussian fits
were used [defined as having a coefficient of determination (R*) values
of >0.6]. We estimated the RF area as an ellipse using the thresholds
calculated as described above. To provide a measure of the shape of
RFs, we used the ratio of the width of the RF to the height of the RF.
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Putative Excitatory and Inbibitory Unit Classification

V1 units were classified as broad-spiking (putative excitatory) or
narrow-spiking (putative inhibitory) units using 2 discrimination par-
ameters calculated from the average waveform of each extracellularly
isolated unit: The ratio of the peak height to the trough depth, and the
time from the peak to its return to zero voltage (Mitchell et al. 2007;
Niell and Stryker 2008; Mruczek and Sheinberg 2012). Waveforms of
each unit in V1 were averaged, interpolated, normalized, and separated
by k-means clustering (Matlab clustering toolbox). Units from record-
ings made with the flashing square and moving bar were analyzed sep-
arately, because in some cases the same units responded to both
stimuli. Using other discrimination parameters including the slope
after the peak, or the time between the trough and following peak, in
place of or in addition to the return to zero time parameter, resulted in
similar clusters. Some units that were used in the cluster analysis were
not used for RF width analyses because they did not have a delimited
RF, but they were used to estimate the number of putative inhibitory
and excitatory units. RFs of putative excitatory and inhibitory V1
neurons from the groups that had enlarged RFs (P90DR and P37-40
light) were combined and compared with groups that had refined RFs
(P90 normal, P60DR, and P33-40 light). RF widths were normalized to
the mean of the refined RF group for each visual stimulus in order to
combine both data sets. This was necessary to improve statistical
power, because we expected to encounter relatively few narrow-
spiking units. The majority of V1 neurons are excitatory (broad-
spiking) neurons.

Statistical Analysis

Student’s f-tests or 1-way analysis of variance (ANOVA), followed by
Tukey’s post hoc tests, were used for normally distributed data with
equal variance between groups. These data are presented as mean +
standard error of the mean (SEM). For data that did not meet these re-
quirements, Mann-Whitney rank sum tests or Kruskal-Wallis 1-way
ANOVA on ranks were used, followed by Dunn’s post hoc tests and pre-
sented as median + interquartile range (IQR).

Results

To investigate the role of visual experience in RF refinement, 6
experimental groups were used for recordings in V1 (Fig. 1B):
Normally reared P25-35 (“P30 normal,” 2 =4): Normally reared
adults >P90 (“P90 normal,” 7 =5), DR P55-65 (“PGODR,” n=38),
DR adults >P90DR (“P9ODR,” n=5); DR adults that received
light from P33 to 40 (“P33-40 light,” n=4), or from P37 to 40
(“P37-40 light,” n=5). Another 6 groups were used for SC re-
cordings (Fig. 1C): Normally reared adults >P90 (“P90 normal,”
n=4), adults that received light from P8 to 21 (“P8-21 light,”
n=5), P60 hamsters that received light from P8 to 21 and were
recorded at P60 (“P8-21 light,” n=5), and DR adults >P90 that
had received light from P22 to 40 (“P22-40 light,” n=4), from
P33 to 40 (“P33-40 light,” n=4), or from P37 to 40 (“P37-40
light,” n=4).

Dark Rearing to P60 Does not Prevent RF Refinement
inV1

Visual cortical RFs refine during development through activity-
dependent mechanisms, but the roles of visual experience
versus spontaneous activity are unclear. We used in vivo extra-
cellular electrophysiology to test whether V1 RFs require visual
experience for refinement. RF widths were measured by flashing
a 2° square of light in different locations across the visual field in
young (P30) and adult (P90) hamsters (Fig. 24). This type of
stimulus was used for the determination of RF width because it
effectively elicited neuronal responses, but did not evoke the
prolonged discharges that can occur after a moving stimulus
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leaves the RF (Hensch et al. 1998). We found that cortical RFs of
young hamsters were markedly larger than RFs in adult hamsters
(Kruskal-Wallis 1-way ANOVA on ranks, n=182, P<0.001;
Dunn’s post hoc test for P90 normal: 14+4°, n=40 vs. P30
normal: 32 +16°, n =37, P<0.05; Fig. 2B,C). This suggests that
RFs refine from a very large size to a much smaller size during
development, and that even 2-3 weeks after eye opening, the
RFs remain approximately twice as large as in adults.

To determine whether visual experience is necessary for
this developmental refinement of RFs in V1, we measured RFs
in hamsters that were DR until P60. We chose P60 because a
previous study showed that RFs in the visual midbrain SC
refine by P60 in both normally reared and DR hamsters (Car-
rasco et al. 2005). Large, unrefined RFs in DR animals would
support the hypothesis that visual experience is necessary for
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Figure 2. Visual experience is necessary for adult maintenance, but not
developmental refinement, of RFs in V1. (A) Experimental design for V1 experiments.
Conventions as in Figure 1. (B) To test whether visual experience is necessary for
refinement and maintenance of RFs in V1, a flashing square stimulus was presented in
different locations across the visual field to plot the RFs. RFs were larger at P30 than at
P90 (*P < 0.05), showing that refinement of cortical RFs occurs in the hamster cortex.
DR from birth to P60 did not alter the width of RFs compared with normally reared
animals, suggesting that visual experience is not necessary for refinement of visual
cortical RFs during development. In contrast, DR until P90 caused an expansion of RFs
(*P < 0.05) compared with the P30 normal and P60 DR groups, indicating that DR
causes enlargement of previously refined RFs. Data are presented as median = IQR.
(C) Cumulative probability plots showing the distribution of data in 5.



refinement. Alternatively, RF refinement in V1 might occur
under the influence of spontaneous retinal activity, indepen-
dent of visual experience, as in the SC. In the latter case,
animals that are visually deprived until adulthood should have
refined, adult-size RFs. We found that the P6GODR hamsters had
RF widths that were not significantly different from those in
the normally reared adult hamsters (P90 normal: 14 +4°,
n=40 vs. PGODR: 14+6°, n=69; Dunn’s post hoc test,
P>0.05; Fig. 2B,C). These results support the interpretation
that visual activity is not necessary for developmental refine-
ment of RFs in hamster V1.

Dark Rearing to P90 Caused a Failure to Maintain

RF Refinement in V1

In the SC, the RFs that have been refined during development
require visual input during a late juvenile critical period in order
to maintain the refined state (Carrasco et al. 2005). To determine
whether this is also true in V1, hamsters were DR from birth
until P90, and RF widths were compared with those measured
in normally reared animals (Fig. 24, P90 normal and P9ODR).
Chronic DR to P90 led to significantly larger RFs than in nor-
mally reared animals (P90 Normal: 14 +4°, n=40 vs. POODR:
18 +6°, n=36; Dunn’s post hoc test, P< 0.05; Fig. 2B,C). These
data suggest that, as in the SC, visual experience is necessary to
maintain the refined RFs of V1 neurons into adulthood, even
though it is not necessary for the initial refinement process
during postnatal development.

One Week but Not 3 Days of Late Juvenile Visual
Experience Was Sufficient to Maintain Refined RFs in V1
After finding that visual experience is necessary for mainten-
ance of refined RFs in V1, the duration of visual experience suf-
ficient to maintain RFs was determined by exposing animals to
3 or 7 days of visual experience, preceded and followed by DR
(Fig. 34). It was previously reported that visual experience from
P21 to 40 was sufficient to maintain RF sizes in SC despite DR
(Carrasco and Pallas 2006). We found that 1 week (P33-40) of
late juvenile visual experience followed by DR to P90 was suffi-
cient to maintain V1 RFs in their refined state, although 3 days
from P37 to 40 was not sufficient (Kruskal-Wallis 1-way ANOVA
on ranks, n=112, P<0.05, P90 Normal: 14 + 4°, n =40; P33-40
light: 16 £4°, n =34; P37-40 light: 16 + 6°, n=38; Dunn’s post
hoc test, P90 Normal vs. P37-40 light: P< 0.05; Fig. 3B,C). Note
that we report the median and IQR of these data because they
are not normally distributed. Although the medians for both the
P33-40 light and P37-40 light groups were 16°, there was a
higher proportion of very large RFs in the P37-40 light group
(see distribution in Fig. 3C), which accounts for the significant
difference between that group and the P90 Normal group.
The means and SEM of these groups are as follows: Normally
reared: 14.3+0.95° P33-40 light: 15.8+0.59°; P37-40 light:
18.2+1.18°. Thus, as in SC, late juvenile visual experience pre-
vents DR-induced expansion of RFs in adulthood, suggesting
that a similar mechanism may underlie experience-independent
RF refinement and experience-dependent RF maintenance in
both visual areas.

Type of Visual Stimulus Did Not Influence RF

Width Measurements in V1

The difference in our results compared with previous reports
(Fagiolini et al. 1994; Gianfranceschi et al. 2003) on the
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Figure 3. One week of late juvenile visual experience prevents deprivation-induced RF
enlargement in adulthood. (4) Experimental design. Conventions as in Figure 1. (B)
Effect of a brief period of normal light cycle from P33 to 40 or P37 to 40 on DR-induced
RF enlargement. The P33—40 light group had RFs that were normal in width. However,
the P37-40 light group had significantly enlarged RFs (*P < 0.05, compared with P30
Normal). Data are presented as median = IQR. (C) Cumulative probability plots
showing the distribution of data in B. Note that the difference between groups is due
to an increased proportion of large RFs.

relationship between visual experience and RF development
could potentially be explained by methodological differences.
One difference is that we used a flashing square stimulus
instead of moving bars of light as an assay for RF size. Thus, to
determine whether stimulus shape and motion could influence
the results, we repeated the experiments above with a moving
bar stimulus. The bars were moved slowly across the visual
field to reduce the prolonged discharges that can be elicited by
rapidly moving stimuli. Examples of RF responses to this
stimulus in Figure 4 show responses from a P90 Normal unit
and a P9ODR unit and how PSTHs were measured to calculate
RF width.

As with the flashing square stimulus, we observed a signifi-
cant effect of the duration of DR on RF width using a moving
bar (Kruskal-Wallis 1-way ANOVA on ranks, 7 =141, P<0.001).
The RF width measured using the moving bar stimulus was
similar in the P90 Normal and P60DR hamsters (P90 Normal:
10+8°, n=23; P6ODR: 12+8° n=56; Dunn’s post hoc test,
P>0.05; Fig. 54,B), but as expected, RFs in the P30 Normal
group were significantly larger than those in both the P90 nor-
mally reared group (P30 Normal: 20 + 13°, »=39; P90 normal:
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10 + 8°, n=23; Dunn’s post hoc test, P < 0.05; Fig. 54,B) and the
group that was DR until after P90 (P9ODR: 19+ 13°, n=23;
Dunn’s post hoc test, P < 0.05; Fig. 54,B).

We also used the moving bar stimulus to assay RF widths in
adult DR animals that had experienced light from either P33 to
40 or from P37 to 40, and the results were again similar to those
obtained with the flashing square stimulus. The group that
experienced light for 1 week had RFs that were similar in width
to those in the normally reared group, but the group that experi-
enced light for 3 days had RFs that were significantly larger than
those in the normally reared group (P90 normal: 10 + 8°, 7 = 23;
P33-40 light: 14+6°, n=27; P37-40 light: 17+10°, n=37,
Kruskal-Wallis 1-way ANOVA on ranks, n=87, P<0.001;
Dunn’s post hoc tests, P90 normal vs. P33-40 light: P> 0.05;
P90 Normal vs. P37-40: P<0.05; Fig. 5C,D). These results
suggest that postnatal visual experience is, indeed, necessary for
maintenance, but not for refinement, of RFs, and that this result
is not due to the type of stimulus (flashed square or moving
bar) used to measure the RFs.

To test whether RFs continue expanding after P90 in DR
animals, we tested for a correlation between age and RF width
within the >P90DR group. The animals in the >P90 group
ranged in age from P104 to 120. RF widths measured using both
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stimulus types were combined, because there was no significant
difference in their means (flashing square: 17.94+0.98° vs.
moving bar: 17.48 +1.49°, t-test, P=0.786). There was no sig-
nificant correlation between age and RF width (P=0.119,
Fig. 64), suggesting that RFs do not continue to expand after
P104, at least not by P120.

DR Increased Spontaneous Activity in V1

Spontaneous activity was quantified for each unit as the spike
rate during a 1- to 5-s period before the first stimulus presen-
tation. We found that spontaneous activity was higher in the
P30 Normal and P9ODR groups compared with the P90
Normal group (P30 normal: 1.29 +2.24, n=065; P90 normal:
0.36+1.12, n=50; PGODR: 0.52+1.49, n=106; P90DR:
1.26 £3.10, n=52; P33-40 light: 1.00 +1.54, n=55; P37-40
light: 0.49 +1.45, n=72; Kruskal-Wallis 1-way ANOVA on
ranks, 7=400, P<0.001; Fig. 6B). Note that our method of RF
determination is independent of the level of spontaneous
firing. The finding that these groups have the largest RFs
suggests a relationship between the lack of refinement and
levels of spontaneous activity, which could result from a loss of
inhibition.
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and support the conclusion that 7 days of visual experience beginning at P33 is sufficient to maintain V1 RFs in a refined state despite chronic DR into adulthood, but 3 days
beginning at P37 is not. (0) Cumulative probability plots showing the distribution of data in C. Data are presented as median =+ IQR.

Both Putative Excitatory and Putative Inbibitory V1

Units Fail to Maintain Refined RFs

Inhibitory neurons provide lateral inhibition that keeps the excit-
atory center of RFs constrained (Sengpiel et al. 1997). The mean
increase in the RF size of the population of units we studied in
DR animals may be caused by an increase in RFs of excitatory
neurons, which constitute the majority of neurons in V1. In
addition, a decrease in the RF size or strength of inhibitory
neurons could contribute to the expanded RFs of the majority of
neurons recorded, due to a reduction of lateral inhibition. To
investigate which type of neurons exhibit enlarged RFs after DR,
units were classified as being either broad-spiking or narrow-
spiking (Fig. 74-D). Narrow-spiking neurons are likely to be
inhibitory neurons because their action potentials are brief com-
pared with action potentials of excitatory neurons (McCormick
et al. 1985). This difference in spike duration can be utilized to
identify putative excitatory and inhibitory neurons (Mitchell
et al. 2007; Niell and Stryker 2008; Durand et al. 2012; Mruczek
and Sheinberg 2012). In this study, 17% of the units were classi-
fied as putative inhibitory neurons, which is similar to pro-
portions reported in the visual cortex of rat (15%) (Lin et al.
1986), mouse (19%) (Tamamaki et al. 2003; Niell and Stryker
2008), cat (21%) (Gabbott and Somogyi 1986), and monkey
(20%) (Hendry et al. 1987). RFs of putative excitatory and inhibi-
tory neurons from the groups that had enlarged RFs (P90DR and
P37-40 light) were combined to improve statistical power and
compared with groups that had refined RFs (P90 normal,
PGODR, and P33-40 light). RFs of putative excitatory units were

significantly enlarged (refined group: 100.0 + 2.4%, n=162; en-
larged group: 129.5+5.6%, n=96; Mann-Whitney rank sum
test, P<0.001; Fig. 7E). Those of putative inhibitory units were
also significantly enlarged (refined group: 100.0 +7.9%, n = 26;
enlarged group: 140.0 + 12.8%, n = 22; t-test, P=0.008; Fig. 7F).
These data argue that enlargement of RFs in both excitatory and
inhibitory neurons contributes to the overall enlarged RFs in
groups with insufficient visual experience to maintain them in a
refined state.

Late but Not Early Juvenile Visual Experience

Was Sufficient to Maintain Refined RFs in SC

Given the finding that RF maintenance in V1 was achieved
with 7 but not 3 days of late juvenile visual experience during
visual deprivation, we investigated whether this requirement
was similar in the SC. The SC is essential for visual orientation
in rodents (Schneider 1969; Carman and Schneider 1992).
Both the retina and V1 send strong inputs directly to the SC. In
a previous study, we demonstrated that visual experience from
P8 to 40 is sufficient to maintain SC RFs, but P8-21 is not a suf-
ficient exposure time (Carrasco and Pallas 2006). Thus, in a
related set of experiments, we tested the duration of visual
experience necessary to maintain SC RF size and whether it is
similar to or different from the duration of experience necessary
for RF maintenance in V1. We generated 4 groups of hamsters
that received different durations of visual experience: 13 early
days (P8-21), 18 late days (P22-40), 7 late days (P33-40), or 3
late days (P37-40), that were preceded and followed by DR
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(Fig. 84). Extracellular electrophysiological recordings in super-
ficial SC were performed to estimate RF size after P90, which is
the point when RFs would have expanded in DR animals.

Consistent with previous results (Carrasco and Pallas 20006),
we found an effect of the duration of visual experience on RF
width in SC (Kruskal-Wallis 1-way ANOVA on ranks, 7 =310,
P<0.001). Early visual experience from P8 to 21, preceded and
followed by DR, was not sufficient to maintain refined SC RF
widths beyond P90 (P8-21 light:18+6.75°, n=95 vs. P90
normal: 14 +4°, n=62; Dunn’s post hoc test, P<0.05; Fig. 8B,
C). However, either 18 (P22-40), 7 (P33-40), or 3 (P37-40) days
of late visual experience was sufficient to maintain adult-size RF
width beyond P90 during DR (P22-40 light: 14 +4°, n=49;
P33-40 light: 14+4°, n=29; P37-40 light: 14+4, n=75;
Dunn’s post hoc tests, P>0.05; Fig. 8B,C). Analysis of RF areas
was consistent with the analysis of RF widths (Fig. 94,B). As
with the width analysis, there was also an effect of visual experi-
ence on RF area (Kruskal-Wallis 1-way ANOVA on ranks,
n=275, P<0.001). Early visual experience from P8 to 21 was
not sufficient to maintain refined RF areas beyond P90 (P8-21
light: 326 +214°, n=79 vs. P90 normal: 169 +140°, 7n=58;
Dunn’s post hoc test, P<0.05; Fig. 94,B). However, the other 3
groups that received later visual experience had SC RF areas that
were not significantly different from those of the normally
reared animals (P22-40 light: 219 + 121°, n=45; P33-40 light:
227 +£98°, n=22; P37-40 light: 161+91°, n=71; Dunn’s post
hoc test, P90 normal vs. P22-40 light, P33-40 light, P37-40
light: P> 0.05, Fig. 94,B).

A change in RF shape could indicate a rearrangement of reti-
nocollicular inputs as seen under the condition of disrupted
retinal waves (Chandrasekaran et al. 2005; Mrsic-Flogel et al.
2005). Using the RF area estimates obtained from the SC, we
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found that the width and height of the RFs changed in parallel,
such that the enlarged RFs were expanded in both the horizontal
and vertical axes (Fig. 9C). Although RF area was enlarged in the
group that received light from P8 to 21, there were no differences
between the width/height ratios in that or any other group
(Kruskal-Wallis 1-way ANOVA on ranks, =275, P=0.282; P90
normal: 0.94 +0.43, n=58; P8-21 light: 0.92 +0.25, n=79; P22—
40 light: 0.92+0.70, n=45; P33-40 light: 1.03+0.48, n=22;
P37-40 light: 0.92+0.38, n="71; Fig. 9C). Examples of refined
and expanded RFs are shown in Figure 9D,E.

In summary, these data suggest that there is a sensitive
period after P21 when as little as 3 days of visual experience
are sufficient to prevent DR-induced RF enlargement and thus,
maintain a refined, adult RF size in the SC.

Early Juvenile Visual Experience That is Not Sufficient to
Maintain RFs Does not Prevent RF Refinement in the SC
Animals that are either normally reared or DR have refined RFs
at P60 in the SC (Carrasco et al. 2005; Wang et al. 2010). Our
findings that visual experience from P8 to 21 resulted in en-
larged RFs after P90 might also be explained by a failure to
maintain refined RFs, as in animals that have been DR from
birth until P90. Alternatively, the enlarged RFs could be caused
by RFs failing to refine. To distinguish between these hypoth-
eses, we measured RF sizes in the P8-21 light group at P60
when normal or DR animals already have refined RFs. We
found that the RFs of neurons from the P8 to 21 DR group
were refined at P60 (P8-21 light width at P60: 12 +4°, n=062
vs. P90 normal: 14 + 4°, n=62; Dunn’s post hoc test, P>0.05;
P8-21 light area at P60: 106+75°, n=66 vs. P90 normal:
169 +140°, n=58; Dunn’s post hoc test, P>0.05; Fig. 10).
These results rule out the alternative hypothesis that early
visual experience prevents RF refinement in the SC but is insuf-
ficient to forestall RF enlargement in adulthood.

Discussion

The experiments described in this study demonstrate that RF
refinement in V1 of Syrian hamsters occurs without visual
experience, arguing that spontaneous activity is sufficient for
developmental refinement of RFs in both SC and V1. One
week of late juvenile visual experience from P33 to 40 was suf-
ficient to prevent both SC and V1 RFs from becoming enlarged
at P90, whereas 3 days from P37 to 40 was sufficient to protect
SC but insufficient to maintain V1 RFs. These data argue that
visual experience must occur during a late juvenile sensitive
period in order to forestall deprivation-induced adult RF plas-
ticity in both the form vision (retinogeniculocortical) and
spatial orientation (retinocollicular) pathways, but that V1 re-
quires a longer duration of exposure than SC (Fig. 11).

Spontaneous Retinal Activity Is Sufficient to Refine

SC and V1 RFs

The present study refutes the alternative hypothesis that the
vision independence of RF refinement in the SC (Carrasco
et al. 2005; Carrasco and Pallas 2006; Wang et al. 2010) is a
subcortical area-specific phenomenon. Both SC and V1
neurons can refine their RFs without visual experience, likely
through spontaneous activity (Pfeiffenberger et al. 2006). This
finding is consistent with reports that the lateral geniculate
nucleus (LGN) exhibits normal physiological responses after
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prolonged DR (Hendrickson and Boothe 1976; Mower, Burch-
fiel, et al. 1981), and that spontaneous activity, rather than
visual activity, is necessary for initial retinogeniculate refine-
ment (Hooks and Chen 2006). Thus, there may be a common,
vision-independent mechanism for RF refinement throughout
the visual pathway. Current models of visual experience-
dependent refinement of RFs may need to be modified to
incorporate these findings.

V1 Requires Different Timing of Light Exposure Than

SC to Prevent Deprivation-Induced Plasticity

The finding that 3 days of exposure to a normal light cycle after
P21 was sufficient to maintain SC but not V1 RFs during later
DR is interesting, because the 2 areas are heavily intercon-
nected through the cortico-collicular projection (Rhoades and

Chalupa 1978b; Pallas et al. 1988). This may indicate that
visual experience stabilizes circuitry in SC earlier than in V1, or
V1 may be more plastic in response to long-term visual depri-
vation than SC. Although it seems unlikely given that SC
matures earlier than V1 (Clancy et al. 2001), we cannot rule out
that 3 days of exposure may be sufficient for V1 if it occurs
from P33 to 30, earlier than SC. Further studies are needed to
explore the basis for the difference.

In the LGN, DR beginning at P20 causes weakening and an in-
crease in the number of retinal inputs to geniculate neurons;
more so than DR from birth or from P15 (Hooks and Chen 2008).
This suggests that several days of visual experience are necessary
for DR-induced retinogeniculate plasticity. In our study of V1, DR
animals that experienced light from P37 to 40 did not have larger
RFs than animals that were DR without exposure to light.
Whether earlier visual experience (P20-30) promotes RF
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plasticity in V1 or whether retinogeniculate plasticity underlies
these potential changes are attractive avenues for future study.

The Shape of Enlarged RFs Was Maintained in the SC

The shape of SC RFs was not affected by DR-induced expan-
sion of the RF areas. The initial formation of the retinocollicu-
lar map is under the control of molecular guidance cues and
spontaneous activity. The anteroposterior axis is organized by
graded interactions between ephrinAs and their EphA recep-
tors (Feldheim et al. 2000) and the dorsoventral axis depends
on ephrinB/EphB gradients (Hindges et al. 2002). Disruption
of retinal waves during early development results in the devel-
opment of elongated RFs (Chandrasekaran et al. 2005; Mrsic-
Flogel et al. 2005). However, spontaneous retinal waves are
not affected by DR. For this reason, we did not expect to see
changes in RF shape.

Comparison with Other Species
In some studies, DR has been reported to delay or prevent re-
finement of RFs in the visual cortex of rats (Fagiolini et al. 1994)
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and mice (Gianfranceschi et al. 2003), and to reduce visual
acuity of cats (Timney et al. 1978) and visual responsiveness of
monkeys (Regal et al. 1976). This is contrary to our results,
which suggest that RF refinement is largely determined by spon-
taneous activity. As a burrowing rodent species, Syrian hamster
pups may not experience light until later than carnivore or
primate species. Indeed, Syrian hamsters develop normal circa-
dian systems without visual experience (Kampf-Lassin et al.
2011). Alternatively, the RFs of cats, rats, and mice in previous
studies may have refined normally during development but en-
larged by the time of recording. Some investigators reported
that RFs in V1 can be normal in size at early ages in cats (Buis-
seret and Imbert 1976; Fregnac and Imbert 1978; Braastad and
Heggelund 1985), rats (Fortin et al. 1999), and rabbits (Mathers
et al. 1974; but see Fagiolini et al. 1994; Gianfranceschi et al.
2003). Thus, we argue that it is unlikely that our results are
specific to hamsters.

The Mechanism Underlying RF Refinement May Differ
From Mechanisms Underlying the Development of Other
RF Properties

The refinement of RF size differs in several ways from matu-
ration of other RF properties (for review see Daw 20006). The
initial formation of ocular dominance columns in V1 occurs
prenatally (Rakic 1976; Horton and Hocking 1996; Hevner
2000), despite binocular lid suture (Sherk and Stryker 1976;
Crair et al. 1998), dark rearing (Mower, Berry, et al. 1981;
Stryker and Harris 1986), or enucleation (Crowley and Katz
1999). Orientation-specific responses and orientation maps in
V1 also begin to form before eye opening (Hubel and Wiesel
1963; Chapman and Stryker 1993), despite dark rearing
(Singer et al. 1981) or binocular lid suture (Crair et al. 1998),
but adult levels of selectivity develop over the course of several
weeks and require visual experience (Bonds 1979; Leventhal
and Hirsch 1980; Crair et al. 1998). Direction-specific
responses in V1 require visual experience for normal develop-
ment in ferrets (Li et al. 20006), cats (Leventhal and Hirsch
1980), and rats (Fagiolini et al. 1994), but not mice (Rochefort
et al. 2011). Spatial frequency selectivity increases indepen-
dently of visual experience up to 3 weeks postnatal in cats, but
requires visual experience to improve further (Derrington and
Fuchs 1981; Derrington 1984). Sensitivity to binocular dis-
parity, a measure of depth perception, increases from birth,
but does not develop during binocular eyelid suture in cats
(Pettigrew 1974). Our findings that RFs refine to an adult state
without light-evoked activity suggest that RF refinement may
involve different developmental mechanisms than some of
these other RF properties.

It Is Unlikely That the Effects of DR on SC and V1 RF Size
Are Due to Changes in the Retina

Dark rearing has little effect on retinal activity measured by
electroretinogram (Reuter 1976), or synaptic input to retinal
ganglion cells (RGCs) and amacrine cells (He et al. 2011). Vel-
ocity tuning and direction selectivity of RGCs develop during
DR (Chan and Chiao 2008; Elstrott et al. 2008), although segre-
gation into ON and OFF pathways is disrupted (Tian and
Copenhagen 2003). DR in turtles causes spontaneous RGC
bursting, which appears to cause enlarged RFs (Sernagor and
Grzywacz 1996). In contrast, DR in rats is reported to strength-
en RGC surround inhibition (Chan and Chiao 2008) and
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decrease RF size of RGCs (Di Marco et al. 2009). The effects of
DR on hamster retina are unknown, and we cannot rule out the
possibility that changes in the retina play a part in the observed
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Figure 11. Summary of findings: Precise timing of visual experience prevents
deprivation-induced RF plasticity. Our results show that DR does not prevent RF
refinement, but rather causes RFs to expand after P90 in V1, as in the SC. This RF
plasticity can be prevented by visual experience from P33 to 40 in both SC and V1 and
from P37 to 40 in SC only.

changes in SC and V1 RF size. However, it is unlikely that DR
increases RGC RFs in hamsters and decreases RGC RFs in rats.

What Mechanism Underlies Visual Deprivation-Induced
Enlargement of RFs?

Experience-dependent changes in inhibition are thought to be
necessary for plastic changes in the visual system. Reducing
inhibition in adult V1 permits ocular dominance plasticity
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(Maya-Vetencourt et al. 2008; Baroncelli et al. 2010; Harauzov
et al. 2010; Heimel et al. 2011; Spolidoro et al. 2011; Maya-
Vetencourt, Baroncelli, et al. 2012). Because lateral inhibition
defines the periphery of RFs, any change in inhibition could
affect RF size directly (Ramoa et al. 1988). DR reduces inhi-
bition in the SC, which likely underlies DR-induced RF enlar-
gement (Carrasco et al. 2011). It is possible that in V1, as in SC,
RF enlargement during DR results from loss of inhibition
(Bakkum et al. 1991; Benevento et al. 1992, 1995). The finding
that insufficient visual experience results in enlarged RFs of
putative excitatory and inhibitory neurons suggests that lateral
inhibition may be weakened in both classes of neurons.

What Mechanism Underlies Visual Experience-Dependent
Prevention of RF Plasticity?

Visual experience during postnatal development prevents RF
expansion by forestalling RF plasticity in adulthood. Similarly,
the critical period for ocular dominance plasticity is prolonged
by DR, closed by visual experience (Cynader and Mitchell
1980; Mower et al. 1983; Fagiolini et al. 1994) and increased by
prior monocular deprivation (Hofer et al. 2006, 2009). Because
reducing inhibition in adulthood appears to reactivate cortical
plasticity mechanisms (Heimel et al. 2011), visual experience-
dependent strengthening of inhibition may prevent it. In V1,
visual experience is necessary for developmental strengthen-
ing of inhibition (Morales et al. 2002; Katagiri et al. 2007) and
for maturation of inhibitory basket cells (Sugiyama et al. 2008).
The rise in inhibition initiates ocular dominance plasticity and
then closes the critical period through a consolidation of
inhibitory synapses (Heimel et al. 2011). Prevention of RF plas-
ticity may also require visual experience-dependent enhance-
ment of inhibition.

What Is Special About Visual Experience That
Spontaneous Retinal Activity Does not Provide?

Visual experience evokes higher levels of neural activity than
can be provided by spontaneous activity (Crair 1999; Huber-
man et al. 2008; Chalupa 2009). Higher levels of activity may
be required to increase the expression of genes critical for
normal maturation (Tropea et al. 2006) and to activate structur-
al changes preventing plasticity in mature circuits (Pizzorusso
et al. 2002; Bence and Levelt 2005; Pizzorusso et al. 2006;
McRae et al. 2007; Balmer et al. 2009; Carulli et al. 2010; Kind
et al. 2013). Visually driven activity increases Npas4, a tran-
scription factor that upregulates plasticity-related genes in V1
such as brain-derived neurotrophic factor (Lin et al. 2008;
Maya-Vetencourt, Tiraboschi, et al. 2012), which, in turn,
stimulates maturation of inhibitory synapses (Rutherford et al.
1997; Huang et al. 1999) and the development and mainten-
ance of visual acuity (Gianfranceschi et al. 2003; Heimel et al.
2010; Schwartz et al. 2011).

Maladaptive Plasticity and Age-Related Loss of Acuity

in Humans

Sensory deprivation occurs in humans with diseases of the eye
such as macular degeneration and cataract (Lewis and Maurer
2009), and as in our model, RF expansion and a loss of visual
acuity may result. A common mechanism for both RF expansion
and loss of sensory acuity may be inhibitory plasticity; reduction
of inhibition could enhance the gain of sensory signals, but this
comes at the expense of discriminative ability. Indeed, our
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result that DR until >P90 increased spontaneous activity could
be the result of reduced inhibition. Studying how sensory
experience prevents maladaptive plasticity could provide an
insight into age-related loss of sensory acuity in humans (Habak
and Faubert 2000; Leventhal et al. 2003; Betts et al. 2005). More-
over, sensory circuits may develop to a greater extent under con-
ditions of sensory deprivation than previously appreciated. A
focus on blocking plasticity and thus maintaining existing
sensory processing capacity, rather than enhancing plasticity,
may be a beneficial and safer route to recovery from these dis-
orders. Future work investigating how visual experience fore-
stalls maladaptive plasticity will contribute to our understanding
of sensitive periods and how they are regulated.
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