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Development/Plasticity/Repair

Environmental Enrichment Rescues Binocular Matching of
Orientation Preference in the Mouse Visual Cortex

Jared N. Levine,> Hui Chen,' “Yu Gu,' and “’Jianhua Cang'
'Department of Neurobiology, 2Interdepartmental Neuroscience Program, Northwestern University, Evanston, Illinois 60208

Neural circuits are shaped by experience during critical periods of development. Sensory deprivation during these periods permanently
compromises an organism’s ability to perceive the outside world. In the mouse visual system, normal visual experience during a critical
period in early life drives the matching of individual cortical neurons’ orientation preferences through the two eyes, likely a key step in the
development of binocular vision. Here, in mice of both sexes, we show that the binocular matching process is completely blocked by
monocular deprivation spanning the entire critical period. We then show that 3 weeks of environmental enrichment (EE), a paradigm of
enhanced sensory, motor, and cognitive stimulation, is sufficient to rescue binocular matching to the level seen in unmanipulated mice.
In contrast, 6 weeks of conventional housing only resulted in a partial rescue. Finally, we use two-photon calcium imaging to track the
matching process chronically in individual cells during EE-induced rescue. We find that for cells that are clearly dominated by one of the
two eyes, the input representing the weaker eye changes its orientation preference to align with that of the dominant eye. These results
thus reveal ocular dominance as a key driver of the binocular matching process, and suggest a model whereby the dominant input
instructs the development of the weaker input. Such a mechanism may operate in the development of other systems that need to integrate
inputs from multiple sources to generate normal neuronal functions.
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ignificance Statement

Critical periods are developmental windows of opportunity that ensure the proper wiring of neural circuits, as well as windows of
vulnerability when abnormal experience could cause lasting damage to the developing brain. In the visual system, critical period
plasticity drives the establishment of binocularly matched orientation preferences in cortical neurons. Here, we show that binoc-
ular matching is completely blocked by monocular deprivation during the critical period. Moreover, environmental enrichment
can fully rescue the disrupted matching, whereas conventional housing of twice the duration results in a partial rescue. We then
use two-photon calcium imaging to track individual cells chronically during the EE-induced recovery, and reveal important
insights into how appropriate function can be restored to the nervous system after the critical period.
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Introduction

Neural circuits in the brain must integrate multiple channels of
information to generate coherent perception of the outside
world. In the visual system, for example, the central visual space is
seen by both eyes in most mammals, and the two eyes’ inputs are
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relayed by the thalamus to converge onto the same neurons in
the primary visual cortex (V1). These V1 neurons are selective
for stimulus orientation and their orientation preferences are
matched binocularly (Hubel and Wiesel, 1962; Nelson et al.,
1977; Bridge and Cumming, 2001; Wang et al., 2010), a property
presumably necessary for normal perception. Binocular in-
tegration is also a beneficial process because it helps to de-
termine the relative distance of objects in the visual field
(Cumming and DeAngelis, 2001). Similarly, inputs from the
two ears are compared to determine the location of objects in
auditory space (Knudsen et al., 1987). The auditory and visual
maps are then aligned to facilitate multisensory integration
(Cang and Feldheim, 2013). Importantly, these integrative cir-
cuits are often shaped by experience-dependent processes during
so-called critical periods in development to ensure their proper
wiring (Knudsen and Brainard, 1995; Espinosa and Stryker,
2012).
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The profound and enduring changes that take place during
these critical periods also make them windows of vulnerability for
developing neural circuits. A failure to receive appropriate sen-
sory experience during the critical period would result in abnor-
mal circuit formation and neural function that is difficult to
repair later in life. For example, in the case of binocular matching,
mouse V1 neurons are initially tuned to different orientations
through the two eyes until approximately postnatal day (P)21,
and the difference declines progressively to reach the adult level
by P30 (Wang et al., 2013). This binocular matching process is
prevented by visual deprivation during this period and the dis-
rupted matching cannot spontaneously recover after the critical
period (Wang et al., 2010).

Given its obvious clinical relevance, a number of studies have
tried and succeeded in reactivating visual cortical plasticity in
adult animals with the hope of reducing the deficits caused by
early visual deprivation (Pizzorusso et al., 2002, 2006; He et al.,
2006, 2007; Sale et al., 2007; Greifzu et al., 2014; Stodieck et al.,
2014). However, these studies have almost exclusively focused on
the restoration of ocular dominance plasticity or improvement of
visual acuity, without examining binocular matching of orienta-
tion preference. In this study, therefore, we set out to determine
whether binocular matching can be rescued by environmental
enrichment (EE) following monocular visual deprivation span-
ning the entire critical period. The EE paradigm is noninvasive, as
mice are free to engage an environment of greater complexity
than conventional housing, with enhanced sensory, motor, and
cognitive stimuli (Cancedda et al., 2004; Greifzu et al., 2014; Sale
etal., 2007, 2014).

Using both single-unit electrophysiology and two-photon cal-
cium imaging, we show that 3 weeks of EE can fully rescue the
binocular matching deficit caused by visual deprivation during
the critical period, whereas 6 weeks of conventional housing only
results in a partial rescue. We then use chronic two-photon im-
aging to observe the matching process as it unfolds in individual
cells during EE-induced rescue. Our results show that for cells
that are clearly dominated by one of the two eyes, the input rep-
resenting the weaker eye changes its orientation preference to
align with that of the dominant eye, to achieve binocularly
matched orientation preference. These studies thus reveal ocular
dominance as a key driver of the binocular matching process,
consistent with a Hebbian mechanism whereby the dominant
input instructs the weaker input to adopt its tuning properties.

Materials and Methods

Mice. All animals were used in accordance with protocols approved by
Northwestern University Institutional Animal Care and Use Committee.
Wild-type C57BL/6 mice of both sexes were used in this study. They were
housed on a 12 h light/dark cycle, with food and water available ad
libitum either in conventional cages or under enriched conditions. The
EE consisted of a larger cage (18 X 14 X 8 in) that contained a number of
toys, including crawl balls, pup tents, huts, tunnels, balls, and running
wheels. The toys were repositioned once every week and replaced with
new ones at least once during the 3 week enrichment period (Cancedda et
al., 2004; Wang et al., 2013; Greifzu et al., 2014). Mice were housed with
four to five other mice, matched in both age and sex. It is worth men-
tioning that a range of enrichment paradigms exists, with varying com-
plexity of the toys and visual stimuli, the level of social interaction and the
size of the cages (Cancedda et al., 2004; Greifzu et al., 2014). The para-
digm in the current study was chosen to provide continuity with previous
work from our laboratory on EE and binocular matching (Wang et al.,
2013).

Monocular deprivation. We followed established protocols to perform
monocular deprivation (MD; Gordon and Stryker, 1996; Cang et al.,
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2005; Krishnan et al., 2015). In all cases, the right eye was sutured shut at
P19 or P20, i.e., at the outset of the critical period. In this procedure, mice
were anesthetized under ~3% isoflurane in oxygen. After the hair was
trimmed around the eyelids, the area was disinfected, and a small portion
of the lids were removed, and the eye was flushed with saline. Two to
three mattress sutures were placed using 7-0 silk (Ethicon), opposing the
full extent of the trimmed lids. Animals recovered on a heating pad until
they were alert and mobile. Animals were checked daily for the first week
to ensure eyelid closure and proper healing. Following 3 weeks of depri-
vation, at ~P40, the sutured eyelid was reopened. The mice were either
used right away for recording/imaging, or left to recover in conventional
housing or EE.

Extracellular recording. Mice were anesthetized with an intraperitoneal
injection of urethane (1.2 mg/kg), and sedated with chlorprothixene
(10 mg/kg, i.m.), following published procedures (Wang et al., 2010,
2013; Zhao et al., 2013, 2014). Atropine (0.3 mg/kg in 10% saline) and
dexamethasone (2.0 mg/kg in 10% saline) were also administered sub-
cutaneously. The animals were then placed on a stereotaxic instrument.
Their temperature was monitored with a rectal thermoprobe and main-
tained at 37°C through a feedback heater (Frederick Haer). A small cra-
niotomy (~2 mm?) was performed over the left hemisphere, at 2.8-3.3
mm lateral from the midline and 0.5-0.8 mm anterior from the lambda
suture to expose the binocular zone of V1. Tungsten microelectrodes
(5-10 M), FHC) were positioned perpendicular to the pial surface, and
lowered gradually until a unit was identified. In each animal, two to four
penetrations were made with minimum spacing of 50 wm and cells re-
corded across all layers were included in our analysis. Electrical signals,
both spikes (filtered between 0.3 and 5 kHz and sampled at 25 kHz) and
field potentials (filtered between 10 and 300 Hz and sampled at 800 Hz),
were acquired using a System 3 workstation (Tucker Davis Technologies)
and the spike waveforms were further sorted offline into single units
using OpenSorter (Tucker Davis Technologies). The animals were over-
dosed with euthasol (150 mg/kg pentobarbital; Virbac) at the end of
recording.

Virus injection and cranial window implantation. For two-photon cal-
cium imaging, GCaMPé6s was expressed in binocular V1 using adeno-
associated virus (AAV) purchased from the University of Pennsylvania
Vector Core (AAV1.Syn.GCaMP6s.WPRE.SV40, titer of 2-3 X 10> GC/
ml). For experiments with unmanipulated mice, the injection procedure
was done at P40. For MD mice, this was performed at P27 (Fig. 1).
During the procedure, mice were anesthetized under isoflurane (~3%
for induction, ~1% for maintenance). Dexamethasone was adminis-
tered subcutaneously to reduce edema (2.0 mg/kg in 10% saline). A
circular craniotomy of 2.5 mm in diameter was centered over binocular
V1. Subsequently, AAV-containing GCaMP6s (1:2 dilution in PBS) was
injected, using a Nanoject II (Drummond) fitted with a glass pipette with
a beveled tip at 45° and with an inner diameter of 10-20 wm. Fifteen
pulses of 2.3 nl each (35 nl total volume), at 20 s intervals, were delivered
at 350 um below the surface.

Following injection, a cranial window consisting of two pieces of cov-
erglass was implanted. The bottom coverglass (Zeiss, #1.5), 2.5 mm in
diameter, contacted the dura and filled the craniotomy. On top of this
coverglass was a 4.0 mm coverslip, with a 2 mm diameter hole cut
through the center (Potomac Photonics). The two cover glasses were
bonded with ultraviolet cured optical adhesives (Norland Optical Adhe-
sives 61) before the procedure, and cyanoacrylate glue was placed around
the edge of the larger glass during the procedure to fix the window to the
skull. This configuration allowed for imaging through one layer of glass
and for no adhesive to contact the brain (Sun et al., 2016). A small metal
bar was then mounted on the mouse’s head with Metabond (Parkell),
which would be clamped under the microscope to hold the mouse.

Two-photon imaging. Mice were sedated with chlorprothixene (10 mg/
kg, i.m.). Anesthesia was then induced with 2% isoflurane in oxygen and
maintained during imaging with 0.5-1% as needed. Imaging was per-
formed with a two-photon microscope (2P-SGS, Bruker Nano Surface
Division) and a Ti:sapphire laser (Coherent, Chameleon Ultra II) at an
excitation wavelength of 920 nm and with a 40X/0.8 NA objective
(Leica). A shield was placed around the craniotomy to block light from
the visual stimulus during imaging. Data were acquired using Prai-
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For two-photon imaging of calcium signals, session session
the stimulus was presented on a LCD monitor
(37.5 X 30 cm, 60 Hz refresh rate, ~50 cd/m 2 Figure 1. Experimental schematics. A, Single-unit recording or two-photon imaging in the binocular zone of unmanipulated

mean luminance). Drifting sinusoidal gratings
of 12 directions (0-330°, 30° steps) were pre-
sented for 2 s, at a temporal frequency of 2 Hz
and a spatial frequency of 0.04 cpd. The inter-
stimulus interval was 5 s, to accommodate the
slow decay kinetics of GCaMP6s (Chen et al.,
2013). The gratings were presented in a pseu-
dorandom order, for a total of five trials for
each direction.

Data analysis. For extracellular recording
data, we calculated the response magnitude (R) as the average spike rate
during the 1.5 s presentation of each direction and spatial frequency
combination, subtracted with the spontaneous rate determined by blank
condition presentation. We determined for each cell the preferred direc-
tion as the one that gave the largest response when averaged across all
spatial frequencies. The cell’s orientation tuning was then analyzed at the
spatial frequency that gave maximum response at this direction. Specif-
ically, the responses across all directions at this spatial frequency, R(6),
ZR( 6)62"i‘6

>R(0)
the responses in the 180° orientation space. Its amplitude was used as a
global orientation selective index (gOSI), which is the same as 1-circular
variance (Ringach et al., 2002; Mazurek et al., 2014). Half of its complex
phase was calculated and then converted to the preferred orientation
(pref_O) by subtracting 90°, to confine pref_O between —90° to 90°
(Wang et al., 20105 Sarnaik et al., 2014). The difference in the preferred
orientation between the two eyes was calculated by subtracting ipsilateral
pref_O from contralateral pref_O along the 180° cycle, and differences
>90° would be subtracted from 180° to convert them to values between

of the matching process.

were used to calculate which is the normalized vector sum of

adult mice (~P60) was performed to establish a baseline for binocular matching. B—D, Mice were monocularly deprived at the
start of the critical period (P19/20). Deprivation lasted through the end of the critical period ~P30 until P40 and (B) single-unit
recording was performed in the binocular zone contralateral to the formerly deprived eye; or (C) mice were returned to conven-
tional housing for a period of 3 or 6 weeks, at which point single-unit recording was performed; or (D) mice were put in EE for
3 weeks, after which single-unit recording was performed; or (E) mice had normal binocular visual experience in conventional
housing until P40, and then followed by 3 weeks in EE. F, For chronicimaging, mice were monocularly deprived as above, and AAV
carrying GCaMP6s was injected into the binocular zone contralateral to the deprived eye. Mice were then imaged at P40, imme-
diately after reopening the deprived eye. After 3 weeks of EE, we thenimaged the same cells from these mice, tracking the outcome

0 and 90°. The absolute value of this interocular difference in preferred
orientation, which we refer to as AO, was used in all quantifications.

The two-photon imaging data were analyzed using a custom MATLAB
program which was originally written by a former laboratory member
Dr. Samsoon Inayat (Inayat et al., 2015). First, all collected frames of
individual time-series were averaged, and regions-of-interest (ROIs)
were selected on the average images, where cell bodies were clearly iden-
tifiable. The ROIs were polygons drawn manually on the edge of the cell
bodies to measure the intracellular calcium signal with minimal contam-
ination by neuropil activity. The intensity values for all pixels in each ROI
were averaged for each frame to obtain the raw temporal calcium signal
of the respective cell. From the raw signal, for each stimulus presentation,
the relative change in the fluorescence signal from the baseline, i.e.,
AF/F, = (F — F,)/F,, was calculated as follows. F, was the mean of the
baseline signal over a fixed interval before stimulus onset. The fixed
interval was the last 25% of the duration between stimulus offset and next
onset, which was chosen as 5 s, to allow the fluorescence signal from the
previous stimulus presentation to decay sufficiently to baseline. Fwas the
mean fluorescence signal from 250 ms after stimulus onset to 500 ms
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after stimulus offset. A cell was considered responsive to drifting gratings
if it met the following criterion: its mean fluorescence during the visual
stimulus period (as defined by F above) was more than 2 SDs above the
mean baseline fluorescence (F,), for at least one of the stimulus condi-
tions (of the 12 directions). The mean value of AF/F, for each direction
was then used to determine the preferred orientation, gOSI, and AO for
every responsive cell, following the same equations as described above for
single-unit data.

To confirm that the above procedure was a reliable approach to iden-
tify truly responsive cells, we also devised a bootstrapping-based test for
responsiveness. The null hypothesis underlying the test was that there
was no difference between the prestimulus baseline fluorescence signals
and the signals during stimulus presentation. Accordingly, for each trial
of each stimulus direction, the AF/F values of the eight frames which
comprised the prestimulus windows (~1.33 s) were averaged (all result-
ing values were very close to 0). The same calculation was performed for
the 13 frames comprising the stimulus window for each trial. The result-
ing 10 values for the five trials were combined. To test our hypothesis, we
randomly sampled 10 numbers with replacement from these 10 values.
These values were in turn split into two groups of five, the mean of each
group was calculated, and the difference of the two means taken. This
procedure was repeated for a total of 10,000 rounds, resulting in a distri-
bution of difference of the mean values. We then determined whether the
experimentally observed difference between the prestimulus and stimu-
lus groups fell within the 95% confidence interval of the bootstrapped
distribution. If that was the case, the cell would be deemed nonresponsive
to that particular direction; otherwise, the null hypothesis would be re-
jected and the cell deemed responsive to that direction. We performed
this bootstrapping method in all cells and found that 98% of the cells
from the unmanipulated mice deemed responsive by the original method
were deemed responsive by bootstrapping (1 = 169/172 cells), 96% for
the EE group (n = 106/110 cells), and 96% for the MD group (n =
542/562 cells). This close agreement between the two methods gives us
confidence that the cells we included in our analysis were truly respon-
sive. All values reported in Results were from the first method of testing
responsiveness.

To determine how much neuropil contamination could affect our
results, we performed the following analysis in a subset of cells. For each
ROI, we subtracted from its F the mean intensity of pixels in a 20 uwm shell
surrounding it (Kerlin et al., 2010; Chen et al., 2013): F; = Frop — 1 X
Fyeuropi Where 1, the neuropil contamination factor, is an estimate of the
ratio of mean fluorescence present in small diameter blood vessels com-
pared with the surrounding neuropil. We calculated  to be ~0.3 in our
study (40X, 0.8 NA objective), compared with r = 0.3—0.4 for 25X, 1.05
NA objective by Kerlin et al. (2010) and r = 0.7 for 16 X, 0.8 NA by Chen
et al. (2013). Any cell whose neuropil shell encompassed a second cell,
even partially, was excluded from this analysis. We compared the calcu-
lated gOSI and preferred orientation with and without neuropil subtrac-
tion and reported the analysis in Results.

For analysis of AO as a function of orientation selectivity, the two
respective gOSI values through contralateral and ipsilateral eyes were
averaged for each cell to indicate their degree of selectivity. The ocular
dominance index (ODI) for each cell was calculated as (C — I)/(C + I),
where C and I represent the maximum response magnitude, averaged
across all trials, to 1 of the 12 directions of drifting gratings for the
contralateral and ipsilateral eyes, respectively (Cang et al., 2005). The
ODI ranges from —1 to 1, where positive values indicate contralateral
bias and negative values indicate ipsilateral bias.

For analysis of the chronic imaging data, the average images of the
entire T-series for a given field-of-view were compared between the two
time points. Only cells which could be clearly identified as the same were
included in the analysis. Furthermore, only cells responsive to both mon-
ocular stimulations at both imaging time points, as per the criteria de-
scribed above, were included.

Statistics. All pooled data were presented as mean = SEM. Statistical
significance was calculated using nonparametric, two-sided, Wilcoxon
signed rank test or Kolmogorov—Smirnov (K-S) test. All analyses and
graph plotting were performed in MATLAB (MathWorks).
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Results

EE rescues binocular matching of orientation preference
Previously, our laboratory showed that binocular neurons in V1
are tuned to similar orientations through the two eyes in adult
mice, and that this binocular matching of orientation preference
is largely blocked by visual deprivation during the critical period
(Wang et al., 2010). In the previous study, MD was initiated at
P24, when the binocular matching process had already started
(Wangetal., 2013). In the current study, we determined the effect
of MD that spanned the entire critical period, and more impor-
tantly, tested whether EE can rescue binocular matching in post-
critical period mice following this long-term visual deprivation.

First, we monocularly deprived mice from P19/20, the outset
of the critical period, until P40, ~10 d after binocular matching
typically reaches the adult level. Upon reopening the deprived eye
at P40, we performed single-unit recording across all cortical
layers in the binocular zone of V1 contralateral to the deprived
eye (Fig. 1B), and assessed the monocular orientation tuning of
each unit using drifting sinusoidal gratings. As expected, binoc-
ular matching was completely disrupted by MD. The interocular
difference of the preferred orientation, which we refer to as “AO”,
was almost evenly distributed between 0° and 90° (Fig. 2B), with
amean of 47.3° * 5.0° (n = 30, from 5 mice). Indeed, the distri-
bution of AO was not statistically different from a random
matching between the two eyes, which would result in a uniform
distribution between 0 and 90° with a mean of 45° (p = 0.64,
one-sample K-S test). In contrast, in normal, unmanipulated
adult mice (Fig. 1A), most cells had AO smaller than 20° (Fig.
2A), with a mean of 22.0 = 3.4° (n = 39, from 6 mice, p = 8.6 X
10 >, two-sample K-S test compared with MD group; Fig. 3A),
nearly identical to what was previously shown (Wang et al., 2013).

We next determined whether binocular matching could be
rescued merely by the restoration of normal vision following MD.
We returned a group of mice to conventional housing for 3 weeks
after reopening the deprived eye at P40 (Fig. 1C). A slight trend of
improvement was seen in these mice after this substantial period
of restored binocular visual experience, but their binocular
matching (mean AO = 36.5 =+ 3.3°, n = 54 cells from 7 mice) was
not statistically better than in mice immediately following MD
(p = 0.136, two-sample K-S test) and was significantly worse
than the unmanipulated controls (p = 0.001; Figs. 2C, 3A). The
trend of improvement in matching became statistically signifi-
cant with 6 weeks in conventional housing (AO = 32.5 * 3.3°,
n = 46 cells from 6 mice, p = 0.04 compared with post-MD; Figs.
2D, 3A), but the degree of matching was still significantly worse
than the unmanipulated controls (p = 0.003, two-sample K-S
test). In other words, MD spanning the entirety of the critical
period resulted in a mismatch of orientation preferences that
cannot spontaneously recover with subsequent binocular visual
experience.

Next, to determine whether EE could rescue the disrupted
matching following MD, we placed another group of mice in
cages that were larger than the standard ones and included toys
and running wheels (Fig. 1D). After just 3 weeks of EE, >60% of
cells from these mice had closely aligned orientation preferences
(=20°) through the two eyes. The overall AO (mean = 24.6° *
3.2°,n = 59 cells from 8 mice) was significantly better than that of
conventional housing controls that had identical or even longer
recovery time (p = 0.001 two-sample K-S test compared with 3
weeks in convention housing; and p = 3.56 X 10 ~* compared
with 6 weeks), and in fact reached the level of normal unmanipu-
lated adults (p = 0.37; Figs. 2E, 3A). For comparison, we also
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housed mice in EE at the same age, for 3 A
weeks following normal binocular visual 50
experience (Fig. 1E). No significant differ-
ence in the distribution of AO values was 40
observed in these mice (AO =22.9 *+ 2.7°,
n = 47 cells from 7 mice; Fig. 2F) com-
pared with mice kept in conventional
housing (p = 0.89; Fig. 3A). In other
words, 3 weeks of EE did not further im-
prove the degree of binocular matching in
unmanipulated mice, but was enough for
arobust rescue of binocular matching fol-
lowing MD during the critical period.
Finally, the binocular mismatch of ori-
entation preference seen in the MD group 5
could potentially be due to the reduced C
response magnitude in these mice, which 501
in the most extreme case, would lead to
inaccurate determination of preferred ori-
entation. To address this possibility, we
examined the relationship between AO
and response magnitude. Specifically, we
chose for individual neurons the peak re-
sponse through the weaker of the two eyes
and grouped them according to this re-
sponse magnitude. As shown in Figure 3B,
AO was always larger in the MD group 1
than the EE group, even when cells with
similar response magnitude were com-
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0.60 * 0.15 spikes/s). Together, these re-
sults thus indicate that the mismatch of
preferred orientation in the deprived
mice held true across different response
magnitudes.
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Two-photon imaging of binocular
matching and its rescue by EE

Previous findings about binocular matching
relied solely on single-unit recording. In the
current study, we used two-photon calcium
imaging, which afforded us the opportunity
to not only record from a larger number of cells in a given animal,
but also track the same cells over time, in a chronic fashion, as the
process of matching unfolded during EE-induced rescue.

We first demonstrated the practicality of using two-photon im-
aging to study binocular matching by verifying the high degree of
matching in unmanipulated adult mice. We imaged the activity of
layer 2/3 cells in response to drifting sinusoidal gratings presented
separately to each eye (Fig. 4). Gratings elicited robust responses in
the imaged cells through the two eyes (Fig. 4B). Many cells had
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% cells
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EE s required for the rescue of binocular matching. A—F, Distribution of interocular difference of preferred orientation
(“A0") in six experimental groups: (A) unmanipulated adult controls (no-MD; A0 = 22.0° = 3.4°, n = 39 cells; 5 mice);
(B) immediately after monocular deprivation (mean AO = 47.3° = 5.0% n = 30 cells; 6 mice); (€) 3 weeks of conventional cage
recovery (AQ = 36.5° = 3.3% n = 54 cells; 7 mice); (D) 6 weeks of conventional cage recovery (AQ = 32.6° = 3.4° n = 46 cells;
6 mice); (E) recovery in EE (EE post-MD; AO = 24.6° = 3.2°,n = 59 cells; 8 mice); and (F) 3 weeks of EE in unmanipulated mice
(EEno-MD; A0 = 22.9° == 2.7°, n = 47 cells; 7 mice). The six groups correspond to the schematics in Figure 1A-E.

monocular orientation preferences that were closely aligned binoc-
ularly (Fig. 4B, D). At the population level, close to 50% of the re-
sponsive cells had a AO of 20° or less (mean 26.4° + 4.7°, n = 176
cells from 5 mice; Fig. 5A). In contrast, in animals imaged immedi-
ately after MD (Fig. 4C,E), the preferred orientations were com-
pletely unmatched (Fig. 5B; mean = 44.2 = 1.1°, n = 562 from 16
mice; p = 0.30, one-sample K-S test compared with random match-
ingand p = 1.7 X 10 ™%, two-sample K-S test with unmanipulated
controls), confirming the results obtained by single-unit recording.
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was nearly identical for most cells regardless
of whether neuropil subtraction was done
or not (r = 0.85). Because the preferred ori-
entation was a parameter of central impor-
tance to our study of binocular matching,
this result gave us confidence in the values
we obtained without performing neuropil
subtraction. Furthermore, the neuropil
contamination factor, which we calculated
to be 0.3 (see Materials and Methods), is
only an estimation and may not be the same
for every cell. For these reasons, we reported
values in the following analysis without per-
forming neuropil subtraction.

Chronic imaging of EE-induced
recovery of binocular matching

0 [ ‘ I N 707 I Post-MD
]
60 ,—\* 60} [ EE, post-MD
M %
| | |
50 50f
40 < 40f
] o]
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30 30f
20 20f
10 10f
0 - 0
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Home cage Post-MD No-MD Response magnitude (spikes/sec)
Post-MD
Figure 3.  Quantification of EE-induced recovery of hinocular matching. A, Mean AO for the six groups shown in Figure 2

(*statistically significant difference; those not noted were not statistically different. See main text for p values). B, AO as a function
of response magnitude for cells from the MD and EE-recovery groups. Cells were binned by their peak response magnitude through
whichever eye was weakest (first bin: EE AO = 28.2° == 6.6°,n = 13 cells; MD AQ = 43.2° = 6.7°,n = 16 cells; second bin: EE
A0 =31.8° = 8.7°,n = 11 cells; MD A0 = 60.8° = 8.3°,n = 5 cells; and third bin: AO EE = 21.0° = 4.0°,n = 35 cells; MD

A0 = 46.7° +10.9°,n = 9 cells).

To better understand the range of the observed AO values, we
compared the level of matching in individual cells with the ori-
entation selectivity of each cell (as quantified by its gOSIL; see
Materials and Methods for details of calculation). In the unma-
nipulated control mice, cells with low gOSI showed AO values
that spanned the entire 0-90° range (Fig. 4D), likely reflecting the
fact the preferred orientation was less precisely defined in these
cells. On the other hand, the stronger orientation preferences of
cells that had high gOSIs were less likely subject to fluctuation,
and were able to precisely align themselves to each other through
the two eyes. In contrast, this inverse relationship between AO and
gOSI was absent in the MD mice (Fig. 5E), where the AO values of
the highly selective cells were distributed within the entire range
between 0 and 90°. This finding indicates that the increased AO
following MD is not due to an absence of orientation selective cells,
but is instead to the lack of a binocular matching process in these
animals.

We then studied the effect of EE on binocular matching fol-
lowing long-term MD spanning the entire critical period using
two-photon imaging. Three weeks of EE was able to improve
binocular matching in these mice and reduce AO to the level seen
in unmanipulated adults (Fig. 5C; mean = 27.4 = 1.2°,n = 110
cells from 4 animals, p = 0.14 compared with controls, K-S test).
The normal inverse relationship between AO and gOSI seen in
unmanipulated mice was also seen in these mice (Fig. 5F), con-
firming the rescue of binocular matching by EE.

An important technical concern with two-photon calcium
imaging is the possible contamination of cell bodies’ calcium
signals by the surrounding neuropil (Kerlin et al., 2010; Chen et
al., 2013). We performed neuropil subtraction on a subset of
movies and compared parameters of the responses to those de-
termined without subtraction (see Materials and Methods). As
expected, the gOSI (Fig. 4F ) was consistently greater with neuro-
pil subtraction than without (0.36 * 0.01, compared with 0.30 =
0.01 without subtraction; p = 6.85 X 10~'*, Wilcoxon signed
rank test), because a largely nonselective component was sub-
tracted over all directions. But importantly, there was a strong
correlation between the values with or without neuropil subtrac-
tion (r = 0.95). Furthermore, the preferred orientation (Fig. 4G)

We next sought to understand the process
underlying EE’s rescue of binocular
matching. A limitation of all previous
studies was that matching was assessed
acutely, without observing how the pro-
cess played out in individual cells. Now,
with two-photon calcium imaging, we
were able to follow the matching process chronically, observing
the same cells over time as it unfolded. Specifically, we performed
the first imaging session immediately after the 3 weeks of MD.
The mice were allowed to wake up from light anesthesia (see
Materials and Methods) and were subsequently placed in EE for 3
weeks. Following EE, we imaged the same locations in these mice
and determined the binocular matching of re-identified cortical
cells (Fig. LF).

Overall, we obtained 45 cells which we were able to identify
confidently at both time points (from 4 mice; Fig. 6A—E). These
45 cells represented a substantial proportion of the total number
of cells imaged following EE (n = 110, as presented in the previ-
ous section). Just like the whole population, these cells were
highly mismatched immediately after MD (Fig. 6B; mean AO =
52.7° * 3.5°, n = 45, Fig. 6 E, F) and then experienced a substan-
tial improvement in matching as the result of EE (Fig. 6D; mean
AO = 21.0° * 2.3, Fig. 6 E, F). Significantly, the vast majority of
these cells (n = 38/45, 84%) showed an improvement in match-
ing during EE (i.e., a decrease in their AO; Fig. 6E). We thus
focused our subsequent analysis on these cells to further under-
stand the binocular matching process.

An important feature of binocular neurons is ocular domi-
nance; that is, their inputs from the two eyes are of different
relative strength. We therefore examined whether the initial oc-
ular dominance at the onset of the matching process could pre-
dict the matching outcome. To do this, we calculated an ODI (see
Materials and Methods for details) for each cell after MD, before
EE-induced matching. The ODI ranges between —1 and 1, with
positive values indicating contralateral bias and negative values
ipsilateral bias. We then calculated how much these cells changed
their monocular orientation preferences during EE, separately
for contralateral and ipsilateral tuning. This analysis revealed an
interesting pattern where the dominant eye’s input was less likely
to change its orientation preference than was the weaker one’s.
For example, when looking at the cells’ orientation preferences
through the ipsilateral eye (Fig. 7A), a clustering of points with
small changes was seen at the more negative values of the ODI
range (i.e., ipsilateral dominance). In fact, for cells that had an
ODI =-0.33 (i.e., ipsilateral input was more than twice as strong



5828 - J. Neurosci., June 14, 2017 - 37(24):5822-5833

Levine et al.  Enriched Environment Rescues Binocular Matching

A BNoMDy o \ §} ¥ # « W N ¢ 7 &~

D No-MD

Contra Ipsi

E mD

gOSsl, neuropil subtraction

1 Q 4
> o o -

o
)

o

m___mﬂ_.&_...__wwﬁﬁ___lwo%

M—”—Mww*w“—wﬁ—»wl100%

o i P S i ﬁwﬁ&eﬂmlm%

B P s R g n’“nf"‘&ﬁ“‘quﬁv&p(m

gOSI, no subtraction

2
G S
3
2’180 .
Re] .
L4 o & F=1 . .
iy 140 >
. ) 5 Q0
.0 a L)
o =100 .
o, %0' g 2
«®? > .
" g 60 3
i/ ® o g : .
5 w 20 .
> ¥ 0
0 0.2 04 0.6 0.8 . 20 60 100 140 180

Pref. Ori, no subtraction(®)

Figure4. Two-photon calciumimaging of binocular matching. 4, An example field-of-view from an unmanipulated P60 mouse expressing the calcium indicator GCaMP6s. B, Calcium traces from
the ROI marked in A. Top row of traces are from contralateral stimulation; bottom row from ipsilateral stimulation. The gray boxes mark the duration of stimulation and arrows on top indicate the
directions of the drifting gratings for each set of trials. Each colored trace was from one individual trial. Black scale bars indicate change in fluorescence, AF/F. C, Same as in B, but from a mouse
immediately following MD. D, E, Polar plots based on responses in B and €, respectively. Scale bars: D, both outermost circles = 150% AF/F,; E, left, 40% AF/F, right, 25%. F, Scatter plot of gOS|
of a population of cells analyzed with and without neuropil subtraction. Note that gOSI is highly correlated in individual cells between the two methods (r = 0.95,n = 135 cells; 9 mice), and that
neuropil subtraction tended to increase the g0SI (g0SI with subtraction = 0.36 = 0.01; without subtraction = 0.30 = 0.01, p = 6.85 X 10 ~ ", Wilcoxon signed rank test). G, Same as in F, but

comparing preferred orientation (r = 0.85,n = 135 cells).

as the contralateral input), their orienta-
tion preference through the ipsilateral eye
changed very little (mean Aipsi = 11.1° =
3.2°,n =11 cells). In comparison, for cells
that were dominated by the contralateral
eye (ODI = 0.33), their changes in ipsilat-
eral orientation preference were much
greater (mean Aipsi tuning = 57.6° *
6.7°, n = 15 cells; Fig. 7A). On the other
hand, these contralaterally dominated
cells (ODI = 0.33) did not change their
contralateral tuning as much (mean
Acontra tuning = 16.8° * 3.9°, n = 15
cells; Fig. 7D), consistent with the notion
that the orientation preference through
the dominant eye is more stable during
EE-induced matching.

The contralaterally dominated cells also
displayed a wide range in the change of
ipsilateral preference (Fig. 7A). We rea-
soned that this wide range could reflect
how much these cells “needed” to change
their orientation preference through the
ipsilateral eye to match binocularly. To
test this idea, we compared for these cells

(ODI = 0.33) the amount of ipsilateral preference change (Fig.
7B; y-axis) and the amount of binocular mismatch at the onset of
EE (B; x-axis). A significant correlation was indeed seen between
the two (Fig. 7B; r = 0.63, p = 0.01). A similar correlation was
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(F)EE(r= —0.19,p = 0.04).

obtained when considering the change in contralateral prefer-
ence in cells dominated by the ipsilateral eye (ODI =—0.33; Fig.
7F;r = 0.64, p = 0.03). In other words, the variance in the change
of preferred orientation through the weaker eye can largely be
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following MD, the dominant responses
started off much more orientation selec-
tive (Fig. 7G; gOSI = 0.41 = 0.02) than
the weak responses (gOSI = 0.19 = 0.02,
p =2 X107 Wilcoxon signed rank test).
After 3 weeks of EE, the selectivity of the
dominant responses remained virtually
unchanged (Fig. 7G; gOSI = 0.40 % 0.03,
p = 0.89, Wilcoxon signed rank test). In

Contra

Ipsi contrast, the weak orientation selectivity
through the nondominant eye signifi-
cantly improved following EE (gOSI =
0.29 = 0.02, p = 0.035, Wilcoxon signed
rank test). These results thus suggest that
the initial binocular mismatch in these
cells was partially due to the fact that ori-
entation preference is poorly defined for
the weakly tuned responses through the
nondominant eye. The responses through
the nondominant eye became more selec-
tive during EE while also becoming aligned
with the orientation preferences through
the dominant eye.

Ipsi However, it is important to note that
the above scenario is not the only case in
EE-induced matching. A substantial popula-
tion of cells was robustly tuned through both
eyes before EE (gOSI = 0.20 through both
eyes, n = 12/38 cells; Fig. 6, cell 2). These
cells were also completely mismatched af-
ter MD (AO = 47.1° = 5.2°) and became
much better matched after EE (AO =
22.5° * 3.9% Fig. 7H; p = 4.9 X 1074,
Wilcoxon signed rank test). In other
words, the well defined orientation tuning
in these cells, especially the ones through
the nondominant eye, shifted during EE
to achieve binocular matching. The other
cells (n = 26), which had gOSI <0.2
through at least one eye, also matched sig-
nificantly during EE (from AO = 62.8 *
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Figure6.  Tracking EE-induced binocular matching by chronic two-photon calcium imaging. A, Averaged image of field-of-view

from a mouse immediately following MD. Scale bars, 20 wm. B, Polar plots of responses from the two cells highlighted in A to
drifting gratings presented separately to contralateral eye (top; outermost circle = 40% AF/F, for cell 1, 40% AF/F, for cell 2) and
ipsilateral eye (bottom; outermost circle = 80% AF/F, for cell 1, 200% AF/F, for cell 2). ¢, Same field-of-view as in A, imaged
again following 3 weeks of environmental enrichment. D, Polar plots of the same two example cells from A following EE (200%
AF/Fy for cell 1, 80% AF/F, for cell 2; 200% AF/F,, cell 1150% AF/F, for cell 2). E, A0 values for all cells imaged chronically,
following MD and again EE (n = 45 cells; 4 mice). Note that the vast majority (n = 38/45, 84%) showed a decrease in their AO.
F, Mean AO for the cells shown in scatter plot after MD (mean AQ = 52.7° == 3.5) and then again following EE (AQ = 21.0° =

23°,%p < 0.05).

explained by how mismatched these cells were immediately follow-
ing MD. On the other hand, these cells’ orientation preferences
through the dominant eye remained relatively stable regardless of
their initial mismatch (Figs. 7C; r = 0.36, p = 0.27; 7E; r = 0.32,p =
0.24). Together, these results indicate that during the EE-induced
rescue, for cells that are clearly dominated by one of the two eyes, the
input representing the weaker eye changes its orientation preference
to align with that of the dominant eye, to achieve binocularly
matched orientation preferences.

Finally, we examined potential changes in the degree of orien-
tation selectivity during the matching process. Immediately

3.8° to 16.8° = 2.7% Fig. 7H; p = 8.3 X
10 ¢, Wilcoxon signed rank test). In fact,
when the final AO (i.e., after EE) was plot-
ted against the initial gOSI (i.e., before EE)
of the nondominant responses for all cells,
no significant correlation was seen (Fig.
7I; r = 0.17, p = 0.31). This result thus
indicates that, regardless of how selective
these cells were at the beginning of the
matching process, their orientation pref-
erences through the nondominant eye
were able to align with that through the
dominant eye during EE, either by acquiring higher orientation
selectivity and/or by shifting their preferred orientation, thereby
reaching a similar degree of binocular matching.

Discussion

In the present study, we have demonstrated that EE can rescue
binocular matching following monocular deprivation spanning
the entire critical period. Indeed, this EE-induced process was
able to lower the interocular difference of V1 neurons’ orienta-
tion preferences to the level seen in unmanipulated mice. Fur-
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EE-induced binocular matching depends on ocular dominance, as revealed by chronic imaging. A, Scatter plot of the change in the ipsilateral eye’s orientation preference during EE

(“Aipsi preference”) versus the initial ODI immediately following MD. B, Scatter plot of “Aipsi preference” versus the amount of binocular mismatch (“A0”) immediately following MD, in cells
dominated by the contralateral eye (ODI = 0.33). , Scatter plot of Aipsi preference versus A0 following MD in cells dominated by the ipsilateral eye (ODI = —0.33). D—F, Same plots as in A-C,
except for the change in the contralateral eye’s orientation preference (“Acontra preference”). G, Mean g0Sl values through the dominant (Dom) and nondominant (Non-Dom) eye after MD and EE.
The mean g0SI values of the four bars are as follows: 0.41 == 0.02; 0.19 = 0.02; 0.40 == 0.03; and 0.29 == 0.02 (n = 38 cells). The weak orientation selectivity through the nondominant eye
improved significantly during EE (p = 0.035, Wilcoxon signed rank test). H, Mean AQ values for cells that were highly selective through both eyes (g0SI = 0.2, 2 leftmost bars) and others (g0SI <
0.2throughatleast one eye) following MD and EE. The AQ values of the four bars are as follows: 47.1° = 5.2°,22.5° = 3.9° (n = 12 cells); and 62.8° = 3.8°,16.8° == 2.7° (n = 26 cells). Both groups
showed significant matching during EF (p = 4.88 X 10 —*and 8.29 X 10 ~, respectively; Wilcoxon signed rank test). /, Scatter plot of the final A0 as a function of the initial g0S| through the

nondominant response following MD (r = 0.17,p = 0.31).

thermore, we have used chronic two-photon calcium imaging to
track the matching process, and identified a key role for ocular
dominance in determining the matching outcome.

EE and adult plasticity

Whether neural circuit function can be restored following sen-
sory deprivation is an important question in neuroscience re-
search. Since Hubel and Wiesel’s (1970) pioneering studies on
the effects of monocular deprivation in developing cats, numer-

ous studies and model systems have been used to explore the
possibility of reopening critical period plasticity in adulthood
(Levine et al., 2015). Most of these studies have focused on ocular
dominance plasticity, either by studying whether it can be in-
duced in adult animals after certain manipulations (Pizzorusso et
al., 2002; McGee et al., 2005; He et al., 2006; Morishita et al., 2010;
Kuhlman etal., 2013; Davis et al., 2015), or by examining whether
normal ocular dominance can be restored in animals that had
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been deprived in early life (He et al., 2007; Sale et al., 2007; Maya
Vetencourt et al., 2008; Kaneko and Stryker, 2014). Many studies
have also examined whether the reduced visual acuity in the de-
prived animals could be improved by newly induced adult plas-
ticity (He et al., 2007; Sale et al., 2007; Maya Vetencourt et al.,
2008; Morishita et al., 2010; Stephany et al., 2014; Davis et al.,
2015). In contrast, whether binocular matching of orientation
preference, a key outcome of critical period plasticity during nor-
mal development, can be rescued following long-term visual de-
privation had only been examined in one study (Kaneko and
Stryker, 2014).

In the current study, we build on previous work from our
laboratory by showing that monocular deprivation spanning the
entire critical period completely prevents binocular matching
from taking place. This deficit is long lasting, as even 6 weeks of
binocular visual experience in conventional housing is unable to
induce a full rescue. In contrast, we show that the disrupted
matching can be rescued by 3 weeks of EE. This rescue broadly
recapitulates the outcome of the matching process observed dur-
ing the critical period. Compared with conventional housing, EE
provides animals with opportunities for enhanced sensory, mo-
tor, and cognitive stimulation (Diamond et al., 1964). It is a nat-
uralistic manipulation because mice are left to interact with the
environment as they choose. Our studies thus indicate that EE
can potentially be used as a noninvasive paradigm to recover
normal binocularity following early visual deficits.

How does EE promote adult plasticity to rescue binocular
matching? In the only other study that examined recovery of
binocular matching (Kaneko and Stryker, 2014), forced visual
stimulation was paired with running on a treadmill in head-fixed
mice and the recovery of visual functions was stimulus-specific.
Such a combination of locomotion and visual stimulation is no
doubt present in EE, as running wheels and larger space promote
physical exercise. It is also likely that mice encounter a greater
range of visual stimuli in EE and the recovery of visual functions
is broader. As for the locus of its effect on binocular matching, EE
was shown to reduce intracortical inhibition and perineuronal
net density in adulthood following MD (Sale et al., 2007; Greifzu
et al., 2014), two key factors in developmental critical period
plasticity (Hensch, 2005; Espinosa and Stryker, 2012; Levelt and
Hiibener, 2012). In addition, EE may induce epigenetic mod-
ulations in the visual system to promote cortical plasticity
(Wang et al.,, 2013; Baroncelli et al., 2016). When considering
these mechanisms, it would be important to determine whether
extending the recovery time in conventional housing beyond 6
weeks could lead to a full rescue of binocular matching. In one
scenario for how binocular matching is rescued, EE may merely
accelerate the process which occurs at a slow rate in conventional
housing, due to age-dependent decline of cortical plasticity (Le-
hmann and Lowel, 2008). In the second scenario, EE may be in
fact needed to fully rescue binocular matching, which it does
by engaging additional mechanisms of cortical plasticity. Fu-
ture studies will be needed to reveal the exact circuit and mo-
lecular mechanisms underlying EE’s effect on binocular
matching.

Ocular dominance and binocular matching

By using chronic two-photon calcium imaging, we have shown
that for cells that are clearly dominated by one of the two eyes, the
input representing the weaker eye changes its orientation prefer-
ence to align with that of the dominant eye, which itself remains
relatively constant during the matching process. This finding
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provides an important clue to a complete understanding of bin-
ocular matching in the visual cortex.

V1 layer 2/3 neurons are preferentially connected with other
excitatory neurons that are tuned to similar orientations (Ko et
al., 2011; Lee et al., 2016). At the same time, they still receive
inputs that are individually tuned to a wide range of orientations
(Jia et al., 2010). The binocular matching process likely involves
the changes of these individual synapses. Given that V1 neurons
are more often activated by the dominant eye, it is conceivable
that the dominant eye’s inputs instruct the change of the weak
eye’s tuning through Hebbian plasticity. In such a scenario, syn-
apses activated through the weak eye that are tuned to the same
orientation as the dominant eye’s input would take part in the
firing of the postsynaptic neuron as the animal is exposed to that
orientation in the visual scene. As a result, these synapses would
be strengthened. Conversely, the weak eye’s synapses that are
tuned to orientations different from the dominant eye’s preferred
orientations are less likely to take part in the firing of the cortical
neuron, and are consequently weakened. In this way, the tuning
through the weak eye comes to match with the dominant eye’s
orientation preference. Furthermore, it has been shown that EE
promotes dendritic branching and synaptogenesis in adult visual
cortex (Volkmar and Greenough, 1972; Bhide and Bedi, 1984;
Briones et al., 2004). It is thus possible that new synapses may be
formed on to layer 2/3 cells during EE-induced rescue, in addi-
tion to the strengthening and weakening of existing synapses,
which are then subsequently modified via Hebbian mechanisms.

It is important to note that the above matching scenario ap-
plies to the cells that exhibit clear ocular dominance (a ratio of 2:1
or greater in peak response magnitude), which account for two-
thirds of cells in our dataset. We did not reveal a clear pattern of
binocular matching for the other third of cells, which fell in the
middle of the OD range. It is possible that some of these cells
adopt certain level of ocular dominance first during the EE-
induced recue, as a precursor to matching. A dominant eye would
then be able to instruct the nondominant eye to match its orien-
tation preference. In addition, even cells with strong eye prefer-
ence post-MD would change their OD level during the recovery.
How changing OD might influence matching of orientation pref-
erence, and whether such OD changes take place normally during
critical period in the absence of deprivation, are important ques-
tions in understanding binocular matching. Further chronic
studies with intermediate imaging time points will be needed to
address these questions.

Finally, a few cells in our experiments did not show any im-
proved matching during EE (n = 7/45). It is possible that addi-
tional time was needed for these cells to match. It is also possible
that at least some of these cells would not match under normal
circumstances anyway. We note that even in unmanipulated an-
imals, there is a population of cells with large differences in pre-
ferred orientation through the two eyes. Whether or not it is
advantageous for the visual system to have a range of orientation
mismatch is an interesting possibility. Further work elucidating
the mechanisms of binocular matching will hopefully yield in-
sight into this question.

In conclusion, we have demonstrated that EE is an effective
way to rescue disrupted binocular matching caused by visual de-
privation during the critical period. By chronically following the
matching process, our experiments provide important informa-
tion for understanding the mechanisms underlying binocular de-
velopment. The revealed mechanisms may be generalizable to the
development of other systems that need to integrate multiple
sources of inputs to subserve normal neural functions.
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