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Experiences during the critical period sculpt the circuitry within the neocortex, leading to changes in the functional responses of sensory
neurons. Monocular deprivation (MD) during the visual critical period causes shifts in ocular preference, or dominance, toward the open
eye in primary visual cortex (V1) and disrupts the normal development of acuity. In carnivores and primates, MD also disrupts the
emergence of binocular disparity selectivity, a cue resulting from integrating ocular inputs. This disruption may be a result of the increase
in neurons driven exclusively by the open eye that follows deprivation or a result of a mismatch in the convergence of ocular inputs. To
distinguish between these possibilities, we measured the ocular dominance (OD) and disparity selectivity of neurons from male and
female mouse V1 following MD. Normal mouse V1 neurons are dominated by contralateral eye input and contralateral eye deprivation
shifts mouse V1 neurons toward more balanced responses between the eyes. This shift toward binocularity, as assayed by OD, decreased
disparity sensitivity. MD did not alter the initial maturation of binocularity, as disparity selectivity before the MD was indistinguishable
from normal mature animals. Decreased disparity tuning was most pronounced in binocular and ipsilaterally biased neurons, which are
the populations that have undergone the largest shifts in OD. In concert with the decline in disparity selectivity, we observed a shift toward
lower spatial frequency selectivity for the ipsilateral eye following MD. These results suggest an emergence of novel synaptic inputs during
MD that disrupt the representation of disparity selectivity.
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Introduction
Experience-dependent plasticity during the developmental criti-
cal period (CP) shapes cortical circuit anatomy and functions
(Katz and Crowley, 2002; Espinosa and Stryker, 2012). A prime
example of CP plasticity is ocular dominance (OD) plasticity,

where the OD of V1 neurons shifts toward the open eye following
monocular deprivation (MD). In primates and carnivores, MD
results in both a shift of neurons’ responses to being dominated
by the open eye and a decline in binocular interactions necessary
for 3D representation of the world (Julesz, 1971). The decline in
binocular disparity sensitivity is consistent with an increase in
neuron monocularity, but whether these two are linked, how-
ever, is unclear.

Mouse V1 neuron responses, in contrast, are normally domi-
nated by the contralateral eye. Contralateral MD shifts OD toward
the ipsilateral eye, causing a paradoxical increase in binocularity
(Gordon and Stryker, 1996). A conventional measure of binocular-
ity, OD, is based on independent stimulation of each eye (Dräger,
1975; Wagor et al., 1980; Hanover et al., 1999; Tagawa et al., 2005;
Mrsic-Flogel et al., 2007; Hofer et al., 2009) but provides no infor-
mation on binocular integration (LeVay and Voigt, 1988). Disparity
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Significance Statement

We demonstrate that monocular deprivation during the developmental critical period impairs binocular integration in mouse primary
visual cortex. This impairment occurs despite an increase in the degree to which neurons become more binocular. We further demon-
strate that our deprivation did not impair the maturation of disparity selectivity. Disparity selectivity has already reached a matured level
before the monocular deprivation. The loss of disparity tuning is primarily observed in neurons dominated by the open eye, suggesting
a link between altered inputs and loss of disparity sensitivity. These results suggest that new inputs following deprivation may not
maintain the precise spatial relationship between the two eye inputs required for disparity selectivity.
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selectivity, the sensitivity to spatial offsets between the two retinal
images, requires the integration of both retinal images (Hubel and
Wiesel, 1962; Pettigrew et al., 1968; Joshua and Bishop, 1970;
Ohzawa and Freeman, 1986; Longordo et al., 2013; Scholl et al.,
2013a, b). Binocular disparity provides a cue for the depth of objects
and modulates V1 neuron responses, which exhibit a variety of dis-
parity preferences ranging from near to far (Poggio and Fischer,
1977; Ohzawa and Freeman, 1986; DeAngelis et al., 1995; Cumming
and Parker, 1999).

We used this paradoxical increase in binocularity following
MD to study how experience shapes binocular integration. We
hypothesized that contralateral eye deprivation could affect dis-
parity selectivity in mouse V1 neurons in three ways. Disparity
selectivity could increase if the right and left eye signals are bal-
anced by MD (see Fig. 1A,B, left). Alternatively, disparity selec-
tivity could decrease if novel circuitry disrupts the precise
receptive field alignment between the eyes (see Fig. 1B, right).
Finally, disparity selectivity could remain the same if compensa-
tory mechanisms counteract these other effects.

We assessed how MD during the CP alters binocular integra-
tion using in vivo two-photon calcium imaging (Stosiek et al.,
2003; Kerr et al., 2005; Ohki et al., 2005; Garaschuk et al., 2006;
Mrsic-Flogel et al., 2007; Golshani and Portera-Cailliau, 2008;
Scholl et al., 2015) from layer 2/3 neurons in the binocular zone of
mouse V1. We measured OD and binocular disparity selectivity
in normal pre-CP animals, post-CP animals, and animals follow-
ing MD during the CP. In deprived animals, disparity selectivity
was decreased compared with normal post-CP animals. Normal
binocular integration exists before the MD was performed, as
disparity selectivity and OD were similar between pre-CP and
post-CP animals. The decline in disparity selectivity was predom-
inately found in neurons receiving substantial input from the
nondeprived eye. In concert with this decline, we found evidence
for a disruption in the ipsilateral eye receptive field following
MD. Together, our data suggest that eye occlusion reshapes syn-
aptic inputs without preserving functionality required for stereo-
scopic disparity sensitivity.

Materials and Methods
Physiology. Procedures for two-photon imaging and physiology were
based on those previously described (Scholl et al., 2013a, 2015). Experi-
ments were conducted using normal animals (n � 14, P25-P60) or ani-
mals with the contralateral eye deprived during the CP (n � 8). Both
male and female animals were used. The 4 d MD was initiated between
P28 and P30 (Gordon and Stryker, 1996; Hanover et al., 1999; Tagawa et
al., 2005). Mice were anesthetized with intraperitoneal injections of 1000
mg/kg urethane and 10 mg/kg chlorprothixene. Brain edema was pre-
vented by intraperitoneal injection of 10 mg/kg dexamethasone. Animals
were warmed with a thermostatically controlled heat lamp to maintain
body temperature at 37°C. A tracheotomy was performed. The head was
placed in a mouse adaptor (Stoelting), and a craniotomy and duratomy
were performed over visual cortex. Eyes were kept moist with a thin layer
of silicone oil. Primary visual cortex and binocular zone were located and
mapped by multiunit extracellular recordings with tungsten electrodes
(1 M�, Micro Probes). The V1/V2 boundary was identified by the character-
istic gradient in receptive locations (Dräger, 1975; Métin et al., 1988). Eye
drift under urethane anesthesia is typically small and results in a change in
eye position of �2 degrees per hour (Sarnaik et al., 2014).

Dye loading and in vivo two-photon microscopy. Bulk loading of a
calcium-sensitive dye under continuous visual guidance followed previ-
ous protocols (Stosiek et al., 2003; Kerr et al., 2005; Ohki et al., 2005;
Mrsic-Flogel et al., 2007; Golshani and Portera-Cailliau, 2008; Scholl et
al., 2015) in the V1 binocular zone. Dye solution contained 0.8 mM

Oregon Green 488 BAPTA-1 AM (OGB-1 AM, Invitrogen) dissolved in
DMSO (Sigma-Aldrich) with 20% pluronic acid (Sigma-Aldrich) and

mixed in a salt solution (150 mM NaCl, 2.5 mM KCl, 10 mM HEPES, pH
7.4, all Sigma-Aldrich). Either 40 – 80 �M AlexaFluor-594 (Invitrogen) or
125 �M sulforhodamine 101 (Sigma-Aldrich) was also included for visu-
alization during and immediately after loading. Patch pipettes (tip diam-
eter 2–5 �m, King Precision Glass) containing this solution were inserted
into the cortex to a depth of 250 – 400 �m below the surface with 1.5%
agarose (in saline) placed on top the brain. The solution was carefully
pressure injected (100 –350 mbar) over 10 –15 min to cause the least
amount of tissue damage. OGB-1-AM is only weakly fluorescent before
being internalized, so the amount of dye injected was inferred through
the red dye. To ensure full loading, we waited 1 h before adding a glass
coverslip for imaging. Metal springs were fastened on the attached head-
plate to place pressure on the glass coverslip and reduce brain pulsations.
Fluctuations in calcium fluorescence were collected with a custom-built
two-photon resonant mirror scanning microscope (Stosiek et al., 2003;
Golshani and Portera-Cailliau, 2008; Scholl et al., 2015) and a mode-
locked (925 nm) Chameleon Ultra Ti:Sapphire laser (Coherent). Excita-
tion light was focused by a 40� water objective (0.8 numerical aperture,
Nikon). Images were obtained with custom software (Labview, National
Instruments). A square region of cortex 300 �m wide was imaged at
256 � 455 pixels. In all experiments, multiple focal planes, separated by
20 –25 �m, were used to collect data, starting �150 �m below the corti-
cal surface. Before each experiment, neuron drift was measured over a
2–3 min period. If drift occurred, then the glass coverslip and agarose
were readjusted to stabilize the brain during stimulus protocol (7–10 min
each focal plane).

Stimuli. Visual stimuli were generated by a Macintosh computer
(Apple) using the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997)
for MATLAB (The MathWorks). Gratings were presented dichoptically
using Sony video monitors (GDM-F520) placed 25 cm from the animal’s
eyes. The video monitors had a noninterlaced refresh rate of 100 Hz and
a spatial resolution of 1024 � 768 pixels, which subtended 40 � 30 cm
(58 � 46 degrees). The video monitors had a mean luminance of 40
cd/cm 2. Square-wave drifting gratings (38 degree diameter, 0.02– 0.04
spatial frequency, 100% contrast, 1– 4 Hz temporal frequency) were pre-
sented for 2–3 s. Each stimulus was followed by a 3 s blank (mean lumi-
nance) period. Spontaneous activity was measured during blank (mean
luminance) periods interleaved with binocular and monocular drifting
grating stimuli, all presented in a pseudorandom sequence. Binocular
phase differences (disparities) ranged from 0 to 315 degrees. For a subset
of experiments, we also measured preferred orientation (grating orien-
tation ranged 0 –315 degrees) and spatial frequency sensitivity using grat-
ings (grating orientation 90 degrees) of spatial frequencies that varied
between 0.01 and 0.16 cycles/degree. During imaging sessions, each stim-
ulation protocol was repeated 7–10 times at each focal plane. The micro-
scope objective and photomultiplier tubes were shielded from stray light
and the video monitors.

Two-photon calcium imaging analysis. Images were analyzed with cus-
tom MATLAB software. Cells were identified by hand from structure
images based on size, shape, and brightness. Cell masks were generated
automatically following previous methods (Nauhaus et al., 2012). Glia
were easily avoided due to their different morphology from both OGB-1
AM-filled neurons. Time courses for individual neurons were extracted
by summing pixel intensity values within cell masks in each frame. Re-
sponses (Ft) to each stimulus presentation were normalized by the re-
sponse to the gray screen (Fo) immediately before the stimulus came on
as follows:

�F/F � (Ft � Fo)/Fo (1)

For each stimulus, the mean change in fluorescence (�F/F) was calcu-
lated in a 0.5 s window of the response, identified by averaging responses
to all stimuli and detecting the global peak. Visually responsive cells were
identified if at least one monocular and one binocular stimulus response
had the following:

(�Stimulus � �Spontaneous)/(SEStimulus � SESpontaneous) � 1 (2)

�Stimulus refers to the mean stimulus-evoked response, �Spontaneous refers
to the mean spontaneous activity, SEStimulus is the stimulus-evoked re-
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sponse SE, and SESpontaneous spontaneous activity SE. Additionally, iden-
tified responses to each monocular and binocular stimulus were required
have distinct different trial-to-trial fluorescence time courses, so as to not
be scaled versions of neuropil activity.

Mean changes in fluorescence from visually responsive neurons were
used to generate tuning curves for binocular disparity. Tuning curves in
Figures 2 and 3 were fit with a cosine-wave function. To measure OD, we
used a standard metric (Cang et al., 2005; Priebe, 2008) as follows:

ODI � �Ripsi � Rcontra	/�Ripsi � Rcontra	 (3)

Here Rcontra and Ripsi represent calcium responses from monocular stim-
ulation of the contralateral and ipsilateral eyes, respectively. Disparity
selectivity was quantified using a normalized vector strength (Scholl et
al., 2013a, b) as follows:

DSI �

�� ��R� sin��	�2

� ���R� cos��	�2

��R�

(4)

Here R is a calcium response to the particular binocular disparity (�).
Orientation preference was characterized using a double Gaussian

curve (Carandini and Ferster, 2000). Both Gaussian curves had the same
variance (� 2) but different amplitudes (	 and 
). The second Gaussian
curve was constrained to be 180 degree phase shifted from the preferred
orientation (�pref) as follows:

R�� 	 � 	e
��
�pref	2/�2�2	 � 
e
��
�pref��	2/�2�2	 � k (5)

Here R(�) is the peak calcium response at the particular orientation
used (�) and k is the baseline spontaneous activity. The preferred
orientation was estimated from this fitted equation. The orientation
selectivity index was computed using the following equation:
(Ringach et al., 2002; Tan et al., 2011) as follows:

OSI �

�� �R�� 	 sin�2�	�2

� ��R��	 cos�2�	�2

�R��	
(6)

Spatial frequency tuning responses were fitted using a single Gaussian
function (DeAngelis et al., 1993, Van den Bergh et al., 2010) as follows:

R�� 	 � 	e
��
�pref	2/�2�2	 � k (7)

Here R(�) is the peak calcium response at the particular spatial frequency
(�), 	 is the amplitude of the Gaussian, �pref is the preferred spatial
frequency, � 2 is the variance of the Gaussian used, and k is the baseline.
The function is Gaussian along a linear axis. The preferred spatial fre-
quency was estimated from the fitted equation. We also measured spatial
resolution, which was defined as the highest spatial frequency at which
the fitted tuning curve reached baseline level (Van den Bergh et al., 2010).

Experimental design and statistical analysis. The specific tests used to
determine statistical significance are noted in Results. For Gaussian dis-
tributions, the t test was used. We determined whether significant differ-
ences existed for non-Gaussian distributions using the Mann–Whitney
test.

All animal procedures were approved by the University of Texas at
Austin Institutional Animal Care and Use Committee.

Results
We used in vivo two-photon calcium imaging to measure the OD
and binocular disparity tuning of neurons in V1 of anesthetized
normal and monocularly deprived (MD) mice (see Materials and
Methods). Deprivation of the contralateral eye was initiated dur-
ing the CP (P28-P30) and lasted for 4 d (Gordon and Stryker,
1996; Hanover et al., 1999; Tagawa et al., 2005). In each experi-
ment, the binocular zone of V1 was identified from extracellular
recordings, receptive fields were carefully mapped in a targeted
region within the central 30 degrees of the visual field, and a
mirror was placed in front of the contralateral eye to allow for
presentation of a dichoptic stimulus (Scholl et al., 2013a).

Potential effects of MD on binocular integration
Cortical neurons in the binocular zone of mouse V1 are normally
dominated by input from the contralateral eye. Despite the imbal-
ance in contralateral and ipsilateral eye inputs, prominent disparity
selectivity exists in these neurons (Fig. 1A). In this illustration, the
receptive field profiles of each eyes are spatially disparate. This spatial
disparity of the receptive fields between the two eyes causes certain
stimulus phase differences to evoked greater response than others.
By probing a range of stimulus phase differences, it is possible to
measure the sensitivity of cortical cell for binocular disparity
(Ohzawa and Freeman, 1986).

Figure 1. Potential changes to disparity selectivity following MD. A, Normal adult mouse visual cortical neurons are contralaterally biased by monocular stimuli but can be sensitive to binocular
disparity by receiving weak ipsilateral inputs. Disparity selectivity formed from the convergence of distributions of contralateral and ipsilateral inputs representing distinct locations in visual space.
B, MD of the dominant eye leads to a shift in ocular preference such that neurons are more binocular by monocular stimulation. Increased binocularity could increase disparity selectivity by the
enhancement of excitatory input from the weak eye (left). Disparity selectivity could be decreased if the ipsilateral input no longer provides the spatial signal necessary for generating disparity
selectivity (right).
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Contralateral eye deprivation during the CP in mouse V1 pro-
duces a shift in the OD toward more equivalent inputs between
the two eyes (Gordon and Stryker, 1996; Hanover et al., 1999;
Tagawa et al., 2005). To illustrate two possible outcomes from
MD, we show loss of contralateral input in conjunction with the
addition of new ipsilateral input (Fig. 1B). In the first case, bin-
ocular disparity selectivity could be increased if the new ipsilat-
eral synaptic inputs have the same receptive field locations as that
of preexisting ones (Fig. 1B, left). This is because the preferred
interocular phase difference would be preserved and synapses of
equivalent strength from each eye will generate larger response
modulation with binocular disparity (Scholl et al., 2013a, b). Al-
ternatively, contralateral deprivation might cause a decrease in
disparity selectivity if new ipsilateral inputs alter the spatial re-
ceptive field (Fig. 1B, right). While we diagram these changes as
impacting the ipsilateral receptive field, similarly disruptive
changes could occur in the contralateral receptive field during
deprivation. Changes in the receptive field brought on by new
inputs from either eye could degrade the precise alignment of
contralateral and ipsilateral inputs, leading to decreased disparity
sensitivity.

Binocular response properties in normal and
deprived animals
To measure monocular responses and binocular disparity selec-
tivity, we pseudorandomly presented dichoptic drifting vertical
gratings to each eye alone or simultaneously while recording
changes in calcium fluorescence. By varying the interocular phase
difference of the drifting gratings, we probed eight binocular dis-
parities (0 –315 degrees). During each experiment, we imaged
multiple focal planes below the pial surface. A rotatable objective
was used to position the cortical surface normal to imaging plane.
Cells were chosen by hand from an OGB-1 AM structure image
(Fig. 2A,B, right) and an automated algorithm created a mask for
denoting pixels to average in each frame (Scholl et al., 2015).
Across normal animals used (n � 10, P35-P60) we identified a
total of 4924 neurons, of which 1191 neurons were visually re-
sponsive (for criterion, see Materials and Methods) for vertical
monocular stimuli (24%) and 2505 neurons were visually re-
sponsive for binocular stimuli (51%). Across MD animals used
(n � 7, P33-P35), we identified a total of 3463 neurons, of which
932 neurons were visually responsive for monocular stimuli
(27%) and 1853 neurons were visually responsive for binocular
stimuli (54%). To probe binocular disparity, we used vertically
oriented gratings at a single spatial frequency. Mouse V1 neurons
exhibit a “salt and pepper” pattern of orientation preferences and
a wide range of spatial frequency selectivity (Ohki et al., 2005;
Niell and Stryker, 2008), so the vertically oriented gratings may
not be effective at stimulating all visually responsive neurons.

Fluorescence fluctuations from cells in mouse V1 were strongly
modulated by binocular disparities, compared with stimulation of
either eye alone or the blank (mean luminance) period, similarly to
previous reports of spiking activity (Scholl et al., 2013a) and two-
photon calcium imaging in cat (Kara and Boyd, 2009) and mouse V1
(Scholl et al., 2015). In an example neuron (Fig. 2A), monocular
stimulation of either eye evoked approximately equivalent changes
in fluorescence (5%–10% �F/F), whereas the preferred disparity (0
degree phase difference) evoked even larger fluorescence changes
(�30% �F/F) and the null disparity (180 degree phase difference)
evoked little change (�5% �F/F). Plotting stimulus-averaged peak
calcium responses showed response modulation by disparity and
binocular responses that were as strong or stronger than responses to
either eye alone (Fig. 2A, see tuning curve). From these neural re-

sponses, we computed two metrics: an ocular dominance index
(ODI, see Materials and Methods) to compare monocular responses
from each eye and a disparity selectivity index (DSI, see Materials
and Methods) to quantify response selectivity to binocular phase
differences. In this example (Fig. 2A), these metrics depicted a bin-
ocular, but contralaterally biased neuron with strong disparity selec-
tivity (ODI � 
0.32, DSI � 0.51). Ipsilaterally biased neurons also
exhibit strong disparity selectivity (ODI � 0.11, DSI � 0.29; Fig. 2B).

Across all neurons with visually evoked responses to monoc-
ular stimuli, we found a shift in OD between normal and de-
prived animals. As reported previously from spiking (Gordon
and Stryker, 1996; Hanover et al., 1999; Tagawa et al., 2005) and
calcium responses (Mrsic-Flogel et al., 2007; Kameyama et al.,
2010), the contralateral bias in normal mice (Fig. 2E) shifted
toward more equivalent monocular responses and a more uni-
form distribution of OD (Fig. 2F). Because ODI is a symmetric
index, to quantify the difference in these distributions we com-
puted the absolute value of ODI, such that a value of 0 indicates
binocular responses and a value of 1 indicated perfectly monocular
responses. Neurons from normal animals were more monocular
than those from MD animals (normal: mean �ODI� � 0.64 � 0.34,
n � 1191; MD: mean �ODI� � 0.49 � 0.33, n � 932; p � 0.001,
Mann–Whitney test; Fig. 2G).

We next investigated how increases in binocularity following
MD affected disparity selectivity. Surprisingly, we found a de-
crease in DSI in deprived animals compared with those raised
normally (Fig. 2H, I). With normal development, neurons ex-
hibited modest disparity selectivity (median DSI � 0.23, mean
DSI � 0.28 � 0.19, n � 2505), whereas neurons showed a signif-
icant reduction in disparity selectivity following MD (median
DSI � 0.17, mean DSI � 0.21 � 0.14, n � 1853; p � 0.001,
Student’s two-tailed t test; Fig. 2J). This loss of disparity selectiv-
ity demonstrates a divergence in how MD affects OD and dispar-
ity selectivity, suggesting that a rearrangement of inputs occurs
that disrupts the match of receptive fields necessary for disparity
selectivity.

Although we observe a significant decrease in DSI for deprived
animals, we wondered whether this decrease is related to differ-
ences in peak binocular responses across our population of indi-
vidual cells (5%– 40% �F/F). We therefore compared the degree
of disparity selectivity in normal and monocularly deprived animals
for groups of cells with similar amplitude binocular responses.
When comparing only cells with small (�10%), medium (10%–
20%), or large (
20%) amplitude peak binocular responses, the
difference in disparity selectivity between deprived and normal ani-
mals was consistent (p � 0.001, Mann–Whitney). We did find that
DSI was correlated with peak binocular responses (normal: ampli-
tude �10% median DSI � 0.20, amplitude 
20% median DSI �
0.43; MD: amplitude �10% median DSI � 0.15, amplitude 
20%
median DSI � 0.37). This relationship was also monotonic, suggest-
ing that saturation of the calcium indicator was unlikely to influence
our measurements of DSI. Another potential issue is that we used
vertical gratings, while the orientation preference of individual cells
varies substantially. In a subset of experiments, we separated neu-
rons into those preferring vertical and horizontal gratings and did
not find a difference in DSI (preferred orientation � 90 � 45°, n �
27, median DSI � 0.28; preferred orientation � 0 � 45°, n � 70,
median DSI � 0.26; p � 0.35, Mann–Whitney test).

Binocular response properties in young animals
One potential explanation for the reduction in disparity selectiv-
ity by MD is that disparity selectivity emerges over the period
in which the deprivation occurred, and we have disrupted this

6520 • J. Neurosci., July 5, 2017 • 37(27):6517– 6526 Scholl, Pattadkal et al. • Decreased Disparity Selectivity with Deprivation



Figure 2. Two-photon imaging of binocular disparity selectivity in neurons from mouse V1 binocular zone. A–D, Example of calcium responses in a binocular neuron evoked by a range of
binocular disparities (0 –315 degrees), monocular stimulation of each eye, and a mean luminance screen. Gray represents individual traces. Black represents trial-average mean. Illustration of each
stimulus shown above response traces. Scale bar indicates 10% change in fluorescence (�F/F) and 2 s duration. Mean � SE of peak �F/F shown in a tuning curve. Two-photon images (right) show
fluorescence from OGB-1 AM dye. Drifting gratings used to measure these responses had a spatial frequency of 0.02 cycles/degree. A, B, Example neurons from a normal animal with different ocular
preferences, but both selective to binocular disparity. C, D, Example neurons from an animal with 4 d MD during the CP. E, Population OD distribution from normal animals. F, Population OD
distribution from animals with 4 d MD. G, Cumulative OD distributions from normal and MD animals showing the shift toward binocularity in the MD animals. H, Population distribution of DSI for cells
from normal animals. I, Population distribution of DSI for cells from animals with MD. J, Cumulative distributions for DSI from normal and MD animals showing the shift toward lowed disparity
selectivity following MD.
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development. To address this possibility, we measured binocular
response properties of V1 neurons in mice during the epoch im-
mediately before we performed MD (P25-P27). We denote these
animals pre-CP, even though it has been shown that mouse V1
neurons are plastic at this age.

Across all animals used (n � 4, P25-P27), we identified a total
of 4137 neurons, of which 1197 neurons were visually responsive
(for criterion, see Materials and Methods) for monocular stimuli
(29%) and 1685 neurons were visually responsive for binocular
stimuli (41%). As in normal animals, neurons responding to
stimulation of both eyes equally (ODI � 
0.03; Fig. 3A) as well as
those driven predominately by one eye (ODI � 
0.50; Fig. 3B),
were strongly modulated by binocular disparities (DSI � 0.36
and DSI � 0.41, respectively). The distribution of ODI and ab-
solute value of the ODI in pre-CP neurons was identical to that of
normal animals (pre-CP: median �ODI� � 0.67, mean �ODI� �
0.64 � 0.32, n � 1197; post-CP: median �ODI� � 0.70, mean
�ODI� � 0.64 � 0.34, n � 1191; p � 0.001, Mann–Whitney test;
Fig. 3C). Importantly, disparity selectivity, which reflects the
underlying binocular synaptic integration between pre-CP and
normal animals was similar, although pre-CP neurons showed
slightly greater selectivity (pre-CP: median DSI � 0.26, mean
DSI � 0.29 � 0.18, n � 1685; post-CP: median DSI � 0.23, mean
DSI � 0.28 � 0.19, n � 2505; p � 0.01, Mann–Whitney test; Fig.
3D). These data suggest that disparity selectivity has formed be-
fore the MD, and that the deprivation disrupted normal binocu-
lar integration.

Specificity of disparity selectivity loss in deprived animals
Despite a large shift in OD and disparity selectivity following MD,
the impact of MD on OD and disparity selectivity was variable.
For example, some neurons following MD maintain a strong
preference for the contralateral eye (Fig. 2F), whereas others
maintain a degree of disparity selectivity like that found in nor-
mal animals (Fig. 2I). This maintenance of selectivity diversity
may result from differential impacts of MD. If so, then neurons
with maintained OD preference should exhibit little change in
disparity selectivity. Likewise, neurons receiving more input
from the ipsilateral (nondeprived) eye should exhibit greater re-
ductions in disparity selectivity. Thus, we grouped the neurons
based on OD and compared their disparity selectivity (normal:
n � 1012, deprived: 838). Neurons maintaining preference for
contralateral eye input following MD have little change in
disparity selectivity (Fig. 4, unfilled circles; OD �
0.6: p � 0.14,
Mann–Whitney test). All other OD groups showed significant
reductions in disparity selectivity (Fig. 4, filled circles; p � 0.01,
Mann–Whitney test). These results indicate that the circuit
changes following MD are responsible for the reduction in dis-
parity selectivity. We also examined the relationship between OD
and disparity selectivity in pre-CP animals (n � 910 cells), find-
ing similar degrees of disparity selectivity as in normal animals
for neurons receiving contralateral input (OD �0: p � 0.12,
Mann–Whitney test), but greater disparity selectivity for neurons
receiving ipsilateral input (OD 
0: p � 0.01, Mann–Whitney
test). In both groups, we noticed that monocular neurons receiv-

Figure 3. Disparity selectivity formed before the CP. A, B, Example tuning responses from neurons in an animal imaged before the CP. Both binocular and monocular neurons, as defined by OD,
are sensitive for binocular disparity. Drifting gratings used to measure these responses had a spatial frequency of 0.02 cycles/degree. C, OD distribution from animals before the CP (left). Cumulative
distributions from pre-CP and post-CP animals show similar OD (right). D, Distribution for DSI from animals before the CP (left). Cumulative distributions from pre-CP and post-CP animals show
identical disparity selectivity (right).
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ing ipsilateral input had greater disparity selectivity than those
receiving contralateral input (pre-CP: OD � 
0.6: median
DSI � 0.20, OD 
0.6: median DSI � 0.41, p � 0.001, Mann–
Whitney test; Normal: OD �
0.6: median DSI � 0.24, OD

0.6: median DSI � 0.34, p � 0.001, Mann–Whitney test). This
is surprising given the strong contralateral bias typically found in
mouse V1 (Figs. 2E, 3C) but suggests that the ipsilateral eye input
prevails in controlling the degree of disparity selectivity.

The decline in disparity selectivity following MD may be the
consequence of a change in overall activation of neurons by bin-
ocular stimulation or by a change in the degree in which cells are
modulated by binocular stimulation. To address this, we com-
pared fluorescence response amplitudes of neurons to binocular
stimulation in normal animals, deprived animals, and pre-CP
animals. We grouped neurons by OD and examined only dispar-
ity selective neurons (DSI 
0.1) (Fig. 5). Except for ipsilateral-
biased neurons (0.2 � OD � 0.6), there were no differences in
response amplitude to the preferred binocular stimulus between

normal and deprived animals (p 
 0.15, Mann–Whitney test).
We did find that pre-CP animals exhibited weaker preferred dis-
parity responses, compared with post-CP and deprived animals
(p � 0.02, Mann–Whitney for all groups, except ipsilaterally
biased). This was also reflected in the average preferred binocular
disparity response amplitude across all cells (normal post-CP �
0.13 � 0.08; MD � 0.12 � 0.06; normal pre-CP � 0.10 � 0.05;
�F/F). An identical trend was found when comparing the mean
binocular response across all cells without excluding unselective
cells (normal post-CP � 0.07 � 0.04; MD � 0.07 � 0.03; pre-
CP � 0.5 � 0.03; �F/F). These results suggest that the loss of
disparity selectivity following MD cannot be attributed to a strong
change in monocular or binocular response amplitudes, particularly
because neurons receiving ipsilateral input are shown to have equiv-
alent response amplitudes to binocular stimulation.

Our working model postulates that changes in the receptive
field properties of ipsilateral inputs could underlie the loss of
binocular integration following MD. One possibility is that the
ipsilateral receptive fields lose spatial acuity, potentially through
aberrant synaptic plasticity during MD. We tested this prediction
by measuring the spatial frequency selectivity of individual neu-
rons in normal and deprived animals. Using a vertical drifting
grating, we first analyzed the responses of individual neurons to
characterize their SF tuning (Fig. 6). Individual neurons respond-
ing to ipsilateral visual stimulation in normal animals had a
broad range of spatial frequency preferences that extended to
high spatial frequencies for the mouse visual system (Niell and
Stryker, 2008), whereas ipsilateral neurons in animals with MD
often responded to the lower spatial frequencies used (Fig. 6A).
These examples followed the global trend across our population
of cells, where we found a decrease in spatial resolution (high
spatial frequency cutoff) caused by MD for cells responding to
ipsilateral stimulation (normal: geometric mean resolution �
0.07 � 0.05 cycles/degree, n � 70; MD: mean resolution � 0.05 �
0.03 cycles/degree, n � 117; p � 0.02, Mann–Whitney test; Fig.
6B, right). In contrast, we found no difference for contralaterally
dominated neurons (normal: mean resolution � 0.10 � 0.04
cycles/degree, n � 146; MD: mean resolution � 0.09 � 0.04
cycles/degree, p � 0.35, n � 133; Fig. 6B, left). These trends were
also observed in the spatial frequency preferences of neurons
following MD (Fig. 6C). The geometric mean peak spatial fre-
quency for the ipsilateral eye was lower than that found in normal
animals (MD geometric mean � 0.024 � 0.01, n � 117; normal
geometric mean � 0.03 � 0.03, n � 70; p � 0.01, unpaired t test).
In the subset of neurons for which we could compare the spatial
frequency preference between the two eyes, there was little differ-
ence for normal animals (contralateral-ipsilateral preference,

0.16 octaves, p � 0.6), but a much larger difference for MD
animals (contralateral-ipsilateral preference, 0.62 octaves, p �
0.05). These data indicate that ipsilateral receptive fields have
been altered by MD, shifting toward lower spatial resolution for
the nondeprived eye. Such a mismatch in receptive field param-
eters is consistent with the reduction in disparity selectivity we
uncovered following MD.

Discussion
Experience-dependent plasticity during the CP guides matura-
tion of sensory cortical circuits, both in anatomical and func-
tional response properties of individual neurons. Neurons in the
mouse V1 binocular zone shift their preference toward the ipsi-
lateral eye if the contralateral eye is occluded during the CP,
causing increased binocularity as measured by OD (Dräger, 1975;
Wagor et al., 1980; Gordon and Stryker, 1996; Hanover et al.,

Figure 4. Decreased disparity selectivity selectively found in binocular and ipsilateral dom-
inant neurons. Disparity selectivity for normal pre-CP (light blue), normal post-CP (dark blue),
and deprived animals (purple) are shown for different OD groups. Each point indicates mean �
SE. Filled circles represent significantly different values compared with normal post-CP animals.

Figure 5. Response amplitude for preferred binocular disparity. Magnitude of calcium re-
sponses to the preferred binocular disparity for cells from normal pre-CP (light blue), normal
post-CP (dark blue), and deprived animals (purple), shown for different OD groups. Each point
indicates mean � SE. Filled circles represent significantly different values compared with nor-
mal post-CP animals.
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1999; Tagawa et al., 2005; Mrsic-Flogel et al., 2007; Hofer et al.,
2009). We assessed how this increased binocularity in feedfor-
ward input transforms ocular integration as measured by binoc-
ular disparity selectivity using dichoptic stimulation of mouse V1
neurons in the binocular zone (Scholl et al., 2013a, 2015). We
hypothesized three possible outcomes: increased disparity tuning
from enhancement of nondeprived excitatory inputs, mainte-
nance of disparity tuning through proportional changes between
each eye (e.g., no change), or decreased tuning resulting from
nondeprived eye inputs with mismatched spatial-temporal pro-
files. Using two-photon calcium imaging, we measured OD and
the DSI in populations of neurons from normal, deprived, and
normal pre-CP animals. Increased binocularity, evident in an OD
shift, was accompanied by a decrease in DSI in animals that un-
derwent contralateral MD. Further, neurons receiving input
from the ipsilateral (nondeprived) eye displayed the greatest loss
of selectivity, and a loss of spatial frequency sensitivity. In com-
paring pre-CP and post-CP animals, we observe no difference in
DSI distributions, demonstrating that MD was not impairing
normal development of disparity selectivity. Our data suggest OD
plasticity-mediated enhancement of binocularity drives a mis-
alignment of synaptic inputs from the two eyes disrupting exist-
ing binocular integration (Fig. 1B, right).

How can we reconcile the paradoxical increase in the popula-
tion of neurons receiving input from both eyes with decreased
disparity selectivity? We propose that the specificity of spatial
inputs coming from each eye is disrupted, and that this disrup-
tion leads to a decrease in disparity selectivity. It is known that
MD causes changes in the synaptic connectivity within V1, and
those changes could lead to a reduction in the spatial alignment
responsible for disparity selectivity (Antonini et al., 1999). Con-
tralateral MD should increase the number of ipsilateral eye inputs
projecting to individual neurons, but their spatial receptive field
may be distinct. The additional ipsilateral inputs would create a
more diffuse receptive field following MD. This mismatch in the
spatial dispersion of the receptive fields should lead to weaker
disparity selectivity as there is no longer a narrow set of spatial
disparities that lead to binocular summation. In concert with
these changes in disparity selectivity, the increased ipsilateral in-
puts cause neuronal responses become more binocular following
MD (Fig. 2G).

Disparity selectivity, like orientation and direction selectivity,
appears to be another receptive field property emerging early in
development (Chino et al., 1997; Feller and Scanziani, 2005;
White et al., 2007), as we find little or no difference between
pre-CP and post-CP animals (Fig. 3). It is currently not known
how early binocular disparity selectivity emerges or the exact role

visual experience plays in sculpting its formation, although re-
cent work from Gu and Cang (2016) suggests binocular matching
feedforward thalamic input onto individual neurons in pre-CP
animals could provide the necessary signals. In carnivores and
primates, little or no disparity sensitivity is found shortly after eye
opening, but this selectivity is enhanced within a few weeks of
visual experience (Pettigrew, 1974; Freeman and Ohzawa, 1992;
Chino et al., 1997). Interestingly, newborn lambs do exhibit
modest disparity selectivity (Ramachandran et al., 1977). Thus, it
is possible that disparity selectivity is developed starting near eye
opening in mice, and it is close to matured near the normal CP. A
potential period of time for this maturation would be during the
matching of orientation preference between the two eyes (P20-
P23) (Wang et al., 2010; Sarnaik et al., 2014). Our measurements
were done at a slightly later age (P25-P27) and may therefore miss
the important developmental period for binocular integration in
mouse V1.

In carnivores and primates, the effects of MD on binocularity,
as assayed by OD or disparity selectivity, reflect shifts in the same
direction. There are declines in both measurements: most neu-
rons respond only to the open eye under monocular conditions,
and disparity selectivity is dramatically reduced (Sclar et al., 1986;
Freeman and Ohzawa, 1988; Vorobyov et al., 2007). We took
advantage that MD causes a paradoxical increase in binocularity
by OD in mice to determine whether these two functional prop-
erties are linked. We find that OD and disparity selectivity, two
measures of binocularity, shift in opposite directions in mice,
indicating that these two properties are not linked. Previous de-
velopmental work in carnivores and primates has indicated that
MD affects OD and disparity selectivity to different degrees. In
conditions of partial MD, in which some binocular experience is
allowed everyday, disparity selectivity strongly declines, whereas
the monocular responses of neurons, including contrast sensitiv-
ity and OD, are only mildly affected (Sakai et al., 2006; Schwarz-
kopf et al., 2007; Vorobyov et al., 2007).

The relationship between OD and disparity selectivity is im-
portant to guide ongoing efforts to recover normal stereopsis in
people with amblyopia. Brief MD in people increases the percep-
tual strength of the deprived eye (Lunghi et al., 2011; Zhou et al.,
2013a, b) and the strength of evoked potentials associated with
cortical processing (Lunghi et al., 2015). These results raise an
important question of whether MD, or partial occlusion, could
be used in adults with amblyopia to assist a recovery of binocular
function (Zhou et al., 2013c; Hess and Thompson, 2015). Indeed,
Hess and Thompson (2015) have demonstrated that changes in
the strength of input from the weak eye are possible with brief
periods of deprivation in people with amblyopia. It is not clear,

Figure 6. Loss of spatial acuity in the nondeprived eye. A, Spatial frequency tuning of example neurons from normal (left, open circles) and deprived (right, filled squares) animals. Responses
shown here are for ipsilateral eye visual stimulation with a vertical grating. Mean � SE of peak �F/F along with fits for spatial frequency selectivity (see Materials and Methods). B, The spatial
resolution for the contralateral (blue) and ipsilateral (red) eye stimulation. Histograms of the spatial resolution are shown for both normal animals as well as animals following MD (gray background).
Black arrows indicate geometric mean. C, The peak spatial frequency for the contralateral (blue) and ipsilateral (red) eye stimulation. Histograms of the preferred spatial frequency are shown for both
normal animals as well as animals following MD (gray background). Black arrows indicate geometric mean.
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however, whether these changes in the input strength driven by
deprivation will induce the emergence of stereopsis, although
strengthening the weakened eye may be the first step to recover-
ing normal binocular function.
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