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Classical studies on the development of ocular dominance (OD) organization in primary visual cortex (V1) have revealed a postnatal
critical period (CP), during which visual inputs between the two eyes are most effective in shaping cortical circuits through synaptic
competition. A brief closure of one eye during CP caused a pronounced shift of response preference of V1 neurons toward the open eye,
a form of CP plasticity in the developing V1. However, it remains unclear what particular property of binocular inputs during CP is
responsible for mediating this experience-dependent OD plasticity. Using whole-cell recording in mouse V1, we found that visually driven
synaptic inputs from the two eyes to binocular cells in layers 2/3 and 4 became highly coincident during CP. Enhancing cortical GABAergic
transmission activity by brain infusion with diazepam not only caused a precocious onset of the high coincidence of binocular inputs and
OD plasticity in pre-CP mice, but rescued both of them in dark-reared mice, suggesting a tight link between coincident binocular inputs
and CP plasticity. In ThyI-ChR2 mice, chronic disruption of this binocular input coincidence during CP by asynchronous optogenetic
activation of retinal ganglion cells abolished the OD plasticity. Computational simulation using a feed-forward network model further
suggests that the coincident inputs could mediate this CP plasticity through a homeostatic synaptic learning mechanism with synaptic
competition. These results suggest that the high-level correlation of binocular inputs is a hallmark of the CP of developing V1 and serves
as neural substrate for the induction of OD plasticity.
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Introduction

Postnatal critical period (CP) is a defined time window during
which neuronal connections in the brain are malleable to sensory
experiences. This is best exemplified by visual input-dependent
ocular dominance (OD) plasticity of developing primary visual
cortex (V1) in mammals, such as monkey (Hubel et al., 1977;
LeVay et al., 1980), cat (Wiesel and Hubel, 1963; Hubel and Wi-
esel, 1970; Shatz and Stryker, 1978), ferret (Issa et al., 1999), and
rodents (Dréger, 1978; Maffei et al., 1992; Gordon and Stryker,
1996; Frenkel and Bear, 2004), whereby 3—4 d of closure of one
eye [monocular deprivation (MD)] during the CP causes a dra-
matic shift of the eye input preference of V1 neurons toward the
nondeprived eye. Further studies with binocular occlusion (Wi-
esel and Hubel, 1965; Ohzawa and Freeman, 1988), alternating
monocular occlusion (Hubel and Wiesel, 1965), artificial strabis-
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mus (Hubel and Wiesel, 1965; Maffei and Bisti, 1976; Smith et al.,
1979), or stroboscopic rearing (Kennedy and Orban, 1983) in
animals during the CP have demonstrated that correlated visual
inputs between the two eyes are required for the competition
between the afferents from the two eyes to their common cortical
target cells. Moreover, theoretical and modeling studies have sug-
gested that aspects of such experience-dependent synaptic com-
petition between inputs from the two eyes to the developing V1
can be understood by considering synaptic learning rules, such as
correlation-based Hebbian modifications (Stent, 1973; Miller et
al.,, 1989), spike rate-dependent Bienenstock-Cooper-Munro
(BCM) rule (Bienenstock et al., 1982; Cooper and Bear, 2012), or
spike timing-dependent synaptic plasticity (Song et al., 20005
Song and Abbott, 2001). All these previous studies have pointed
to great importance of correlated binocular inputs in the devel-
opment of OD organization in V1 during the CP. However, it
remains unclear what specific change in the property of binocular
inputs to V1 cells emerges during the CP that makes this period
particularly sensitive to the correlation in binocular visual inputs.

Accumulating genetic and cellular evidence from the mouse
studies has revealed that cortical inhibitory activity mediated by
GABA transmission is a key factor that regulates the onset timing
of CP (Hensch, 2005; Espinosa and Stryker, 2012). It has been
hypothesized that inhibition gates OD plasticity by regulating the
correlation between binocular inputs in V1 (Feldman, 2000;
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Hensch, 2005). This hypothesis still lacks experimental support.
In the present study, by performing in vivo whole-cell recording
in developing mouse V1, we directly demonstrated that visually
driven synaptic inputs originating from the two eyes to V1 bin-
ocular cells in the layer 2/3 and 4 became more coincident during
the CP, a developmental process that depended on GABAergic
inhibitory activity. Chronically disrupting the binocular input
coincidence during the CP, through asynchronous optogenetic
activation of retinal ganglion cells in transgenic ThyI-ChR2 mice,
abolished OD plasticity. Computational simulation using a feed-
forward network model subjected to a type of homeostatic syn-
aptic weight learning adaption (BCM rule) further suggests that
coincident binocular synaptic inputs during the CP mediates
experience-dependent OD plasticity of developing V1.

Materials and Methods

Animal preparation. All surgical and experimental procedures were per-
formed with the approval of the Animal Care and Use Committee of the
Institute of Neuroscience, Chinese Academy of Sciences (reference num-
ber: NA-100418). Wild-type C57BL/6 (male only) and heterozygous
ThyI-ChR2-EYFP transgenic mice (kindly provided by Dr. G.-p. Feng at
the Massachusetts Institute of Technology) at postnatal days (P) 17-19,
P27-P29, or ~P60 were used. Mice were normally reared on a 12/12 h
light/dark cycle, while dark-reared (DR) mice were kept in the dark en-
vironment from birth. In the experiments of MD, eyelid suture was made
to one eye in the mouse under isoflurane anesthesia (1-3% in oxygen), as
described previously (Gordon and Stryker, 1996). After the recovery
from the anesthesia, the mice were exposed to normal 12/12 h light/dark
rhythm, and the eyelid suture was kept for 4 d. The mice were daily
checked to ensure the sutured eye remained closed and uninfected.

The surgery and electrophysiological recording were made in mice
that were anesthetized by intraperitoneal injection of ketamine (50 ug/g
weight)/medetomidine (0.6 ug/g) and mounted on a custom-built
mouse stereotaxic device in most experiments. The animal heart rate and
body temperature were monitored for the state of anesthesia, and addi-
tional one-third of the initial dose was given to sustain stable anesthesia if
necessary. Body temperature was maintained at 37°C by a homeostati-
cally controlled heating pad (RWD Life Science). For the recording, a
craniotomy was made over the binocular zone (~3 mm lateral lambda)
of mouse V1 (Driger, 1975; Gordon and Stryker, 1996) and the dura
mater was carefully removed. Warm saline was frequently applied onto
the exposed cortical surface, and eye drops were applied when necessary
to prevent the eyes from drying. When testing for effects of anesthesia, a
mixture of pentobarbital (50 ug/g body weight) and sedative chlorpro-
thixene (0.2 mg) was used instead.

Chronic light conditioning in Thyl-ChR2 mice. Both male and female
ThyI-ChR2 transgenic mice were used for the light conditioning. Two
customized shell-shaped goggles, each of which held a small blue LED
(wavelength, 467-470 nm) to stimulate the two eyes separately, were
installed to the Thy1-ChR2 mice at P21 under anesthesia with isoflurane
(1-3% oxygen) by gluing around the eyes. Mice wearing the goggles
could normally open and close their eyelids and freely move in the cage.
The intensity of blue LED light (5 V DC power supply) was ~0.4 mW/
mm? at the position close to the eyes, which could effectively evoke the
synaptic activities in the V1 (see Fig. 7). The blue-light stimuli to the eyes
consisted of trains of five light pulses (5 ms) at 2.5 Hz, with intertrain
intervals of 5 s. For the asynchronous pattern applied to the two eyes, the
light stimuli to the contralateral eyes preceded those to the ipsilateral eye
by 50 ms, while for the synchronous pattern, LEDs of the contralateral
and ipsilateral eyes were activated simultaneously. The timing and dura-
tion of the LED light stimuli were controlled by a Master-8 (A.M.P.IL.).
The transgenic mice were conditioned with these patterned blue-light
stimuli for 12 h per day from P22 to P25.

Drug infusion. The procedure of daily infusion of diazepam (DZ) to
the mouse brain followed a method described previously (Fagiolini and
Hensch, 2000; Iwai et al., 2003) with some modifications. Mice were
anesthetized with isoflurane (1-3% in oxygen) and stereotaxically in-
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jected with 1.5-2 ul of DZ (2 mg/ml in a vehicle solution containing 50%
propylene glycol, 49% H,0, and 1% DMSO) into the lateral ventricles of
both hemispheres (coordinates from bregma: anteroposterior, —0.3
mm; mediolateral, 1 mm; dorsoventral, 2-2.5 mm), and each side injec-
tion was completed within 10 min. Injection of the drug or vehicle
solution was made consecutively for 3—5 d. For mice reared in dark-
ness, the injection was performed under red-lamp lighting. The stereo-
taxic position of the lateral ventricles for the drug injection was
confirmed with fluorescence dye (Alexa Fluor 488, 10 kDa dextran con-
jugate; Invitrogen).

Visual stimulation. Visual stimuli were generated by our custom-
developed software using LabView (National Instruments) and MatLab
(Mathworks), and were presented on a 20 inch cathode ray tube (CRT)
monitor (Sony Multiscan G520; 40.5 X 30.5 cm; refresh rate, 60 Hz;
maximum luminance, 80 cd/m?). The CRT monitor was placed 20 cm
away in front of the mouse, subtending about 105 X 80° of the visual
field. Two customized electromechanical shutters were put close to indi-
vidual eyes and alternately opened by electric pulses to achieve monoc-
ular visual stimulation.

All experimental sessions began with full-screen drifting sinusoidal
gratings of varying orientations (spatial frequency, 0.02 Hz/degree; tem-
poral frequency, 2 Hz) to determine the preferred orientation of the
recorded V1 cells. In the experiments examining the latency of evoked
postsynaptic potentials (PSPs) and binocular integration, full-screen
static gratings with defined optimal orientation (spatial frequency, 0.013
Hz/degree) of varying spatial phases (0, 120, or 240°, in a pseudorandom
sequence) were then presented for 0.3 s. The intervals between static
gratings varied in the range of 0.9-1.3 s. In experiments quantifying the
ocular dominance with extracellular single-unit recordings, full-screen
drifting gratings with optimal orientation were used. Each trial consisted
of 2 s of drifting gratings and 3—4 s of blank frames. We followed a
method of a previous study (DeAngelis et al., 1993) to map the spatio-
temporal receptive fields (STRFs) of recorded V1 cells on the basis of the
evoked subthreshold PSPs. The bright squaresin an 8 X 8 grid (pixel size,
9-11°) were generated in a pseudorandom sequence at a frame rate of 12,
15, or 20 Hz. Each position had 50 or 100 repetitions. In the experiments
testing the dependence of the ipsi—contra latency difference on the stim-
ulus luminance, three different levels of mean luminance of static grat-
ings [40 cd/m? (100%), 20 cd/m? (50%), and 10 cd/m?* (25%)] were
used, while the stimulus contrast was kept unchanged.

Electrophysiology. Whole-cell recordings were made on cortical cells
located in the binocular zone of mouse V1 (2.8 3.2 mm lateral from the
lambda; Driger, 1975; Gordon and Stryker, 1996), under the mode of
current clamp with an Axon MultiClamp 700B amplifier (Molecular
Devices), as described previously (Ye et al., 2010). The borosilicate glass
micropipettes (Sutter) were pulled with a P-97 micropipette puller (Sut-
ter), with a tip opening of ~2 um and the resistances ranging from 8 to 12
M) when filled with the internal solution containing (in mm) the fol-
lowing: 140 K-gluconate, 2 MgCl,, 10 HEPES, 0.05 CaCl,, 0.4 EGTA, 4
Mg-ATP, 0.4 Na,GTP, and 10 Na, phosphocreatine, pH 7.20 (~290
mOsm). For the neuronal morphology reconstruction of a subset of
recorded cells, biocytin (0.4%) was included in the internal solution.
Extracellular single-unit data shown in Figures 5, 6, and 9 were recorded
with glass micropipettes in the binocular zone of mouse V1, with 3—4
penetrations spanning across the mediolateral extension of binocular
zone, to quantify the OD distribution of visual cortical cells, following the
previous method by Gordon and Stryker (1996). The extracellular re-
cording micropipette was filled with the artificial CSF consisting (in mm)
of the following: 124 NaCl, 2.5 KCl, 2 MgCl,, 2 CaCl,, 1.25 NaH,PO,, 26
NaHCO;, and 11 p-glucose, pH 7.35 (~303 mOsm), with the resistance
of 5-7 M{). Electric signals were filtered at 5 kHz (low pass), digitalized
by a Digidata 1440A converter board (Molecular Devices) and acquired
at 10 kHz with the pClamp10 (Molecular Devices) into a computer for
further analysis. The extracellular spike data shown in Figures 7 and 8
were recorded with single tungsten microelectrode (0.8—-1.0 M(); FHC)
or 16-channel multielectrodes (NeuroNexus Technologies). The neural
signals of spikes were amplified and filtered with a Cerebus 32-channel
system (BlackRock Microsystems). Single units were sorted based on
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Klustakwik clustering analysis of waveforms (Harris et al., 2001) using a
custom-written software for supervision.

Immunohistochemistry and fluorescence imaging. To identify the neu-
ronal loci of expression of channelrhodopsin-2 enhanced yellow fluores-
cent protein (ChR2-EYFP) in the retinal tissue, the retinas from
heterozygous ThyI-ChR2-EYFP mice were dissected, sectioned, and im-
aged, following a method described previously (Thyagarajan etal., 2010).
Briefly, each dissected retina was fixed in 4% paraformaldehyde in PBS
for 30 min, and dehydrated in graded sucrose solutions (10, 20, and 30%
in PBS). Vertical cryostat section (14 wm thickness) or a whole retina was
mounted on the glass slide for acquiring EYFP fluorescence images with
a Nikon TE2000E fluorescence microscope.

To identify the laminar location of recorded cells (loaded with biocytin
through whole-cell recording pipettes) after the recording, mice were
deeply anesthetized with pentobarbital and perfused transcardially with
cold saline followed by 4% paraformaldehyde. Coronal sections (70 um
thick) of the cortex were made using a vibratome (Microm HM 525
cryostat), and then were treated with Triton X-100 (0.5%, v/v) and incu-
bated with Alexa Fluor 488-conjugated streptavidin against biocytin. The
laminae were roughly identified based on the density of cell stained with
DAPI (4',6’-diamidino-2-phenylindole dihydrochloride). The average
thickness of the mouse visual cortices was 996 * 43 um (eight mice),
1053 * 36 um (eight mice), and 1068 = 31 um (five mice) at P17-P19,
P27-P29, and ~P60, respectively, and correspondingly the layer 4 was
located in the range of about 350-490, 360500, and 360-500 wm. This
laminar depth characterization is comparable to findings in previous
studies (Li et al., 2012). Fluorescence images were acquired by a Nikon
A1R confocal microscope with a 20X objective lens.

Modeling simulation. In the model, synaptic modifications were gov-
erned by a homeostatic learning rule, namely the BCM rule (Bienenstock
et al., 1982; Intrator and Cooper, 1992). A form of the BCM rule with
lateral inhibition (Intrator and Cooper, 1992) and synaptic competition
(Stent, 1973; Miller, 1996) was used, as detailed below. Formally, the
model consisted of n = 100 inputs and n,,, = 25 cortical output neurons
(having output rate r;). Output neurons additionally received lateral in-
hibition. The activity of the jth neuron without lateral inhibition v; at a
time ¢ was given by Equation 1: v; = a(wy, + §;), where w; is the weight
vector integrating the input rates x,, and §; is a small Gaussian noise term
(mean, 0; SD, 0.01). We set o(z) = [tanh(2.5z — 0.5) +1] / 2 as a sigmoid
activation function. The output neurons received direct inputs as well as
lateral inhibition according to the following Equation 2:

mn
= o'(wjx, +§& - VZEVk>

k#j

Mutual lateral inhibition strength was regulated by the parameter n (set
to 0.55 in the simulation). Because of the lateral competition, cortical
neurons have a tendency to learn different aspects of the visual inputs
(e.g., different orientations) and weights tend to be sparser. However, in
principle the set of possible fix-points does not change compared with
the BCM rule without lateral inhibition (Castellani et al., 1999). The time
step ¢ in this framework would correspond to the temporal average
within a small temporal window (e.g., tens of milliseconds). The rate
within this temporal window was considered as input to the visual neu-
rons. In our simulation, each neuron received n = 100 inputs, with the
first 60% input synapses originating from the contralateral eye and the
rest from the ipsilateral eye. An input pattern y, (a vector of 100 dimen-
sions) consisted of sparse activation of two of the input neurons, so that
activated inputs had a relatively higher mean firing rate r. Simultaneous
activation simulated a small amount of signal correlation in the visual
inputs. For simplicity, we assumed that activated input neurons do not
overlap between different patterns in the pool as well as between ipsilat-
eral and contralateral pathways. In detail, we set y,; = rif | /2 | = k and
otherwise zero (k = 1,...,50). The rate of the activated inputs r was drawn
from Gaussian distribution of mean 0.5 (with SD of 0.05; note that all
rates of the model could be scaled arbitrarily). Input patterns were pre-
determined at the beginning of a simulation repeat and thus initially
generated 30 purely contralateral (k = 1,...,30) and 20 purely ipsilateral
input patterns (k = 31,...,50). During simulation, one of the 50 input
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patterns from the pool was selected (i.e., k was randomly chosen each
step) and it was set x, = y; + &, with Gaussian noise & (mean, 0.002; SD,
0.15). The noise modeled fluctuations originating from spontaneous
background activity and variations in the input. Note that because of the
noise, input rates could in principle be negative, which accounted for a
small amount of feed-forward inhibition.

In this abstract framework, we assumed that for a given ¢ during the
pre-CP, only one of both eyes carried visual information (i.e., activated
single inputs), and thus set the pool of input patterns as described above.
Note that if the contralateral eye was activated at time ¢, in the next time
step, t + 1, the ipsilateral eye might deliver inputs. Thus, our framework
modeled a temporal separation in the inputs from both eyes as our ex-
periments indicated. During the CP, in which inputs from both eyes were
observed to be highly coincident in experiments, we simply added 60% of
all ipsilateral patterns to corresponding contralateral patterns, so that a
part of the input arrived from both eyes together (compare with Fig.
10A). In other words, the pool of patterns during CP consisted of 12 joint
patterns, i.e., ¥, + yi 4 30 (kK = 1,...,12), together with the remaining 18
purely contralateral and 8 ipsilateral patterns as before. The total average
input rate was thus somewhat higher in the CP, reflecting the increase of
rate in the experimental data (drifting grating-evoked spiking rates of V1
binocular cells at CP: contralateral, 7.4 * 1.4 Hz; ipsilateral, 5.6 = 0.9 Hz,
n = 70; at pre-CP: contralateral, 4.4 = 0.9 Hz, ipsilateral, 3.4 = 0.7 Hz,
n = 81). During the MD in pre-CP or CP, the same input patterns were
taken, respectively, but inputs from the contralateral eye were set to zero.
In addition, the background noise fluctuations were strengthened some-
what for contralateral inputs (mean, 0.002; SD, 0.21).

The simulation ran for 50,000 steps in each of the three periods (pre-
CP, CP, MD). In response to the given input at time step t, output
neurons would adapt their weights. If we label the subthreshold potential
in Equations 1 and 2 with V; and r;, so that Equations 1 and 2 become
v; = a(vj)and r; = of(r}), the weight update rule reads according to the

i
following Equation 3 (cf. Intrator and Cooper, 1992):

TWAWJ‘ = d’jxr - E‘bk(f ' (V;)Xz

k#j

with the abbreviation ¢; = 1, (r; — 77) a"(r;). The variable threshold
that is typical for a BCM rule was determined by the running average of
the output firing rate 7 (computed on a time scale of 1000 steps). The time
constant for the weight update was 7,, = 50 in the simulations. To avoid
negative weights, we implemented a hard threshold, so that weights that
would fall below zero after the weight update were set to zero. Synaptic
competition was implemented by normalizing the length of the weight
vector of each cortical neuron to 1 after each update step. Initially,
weights were set to a uniform random numbers.

Data analysis. For the analysis of subthreshold PSP responses, action
potentials were truncated at spike threshold by linear interpolation (An-
derson et al., 2000). Due to relatively high noise level of membrane po-
tentials during in vivo recording, we detected the PSP onset of a V1
binocular cell using the averaged PSP from many trials. The onset of PSP
is defined by the time when the averaged PSP increases above the noise
level of membrane potentials. This detection is not sensitive enough for
synaptic events induced by single input spike. The latency was calculated
with a custom MatLab program using an adaptive method as follows.
Averaged PSPs were first smoothed by low-pass filtering (80 Hz), and
then the rate of membrane potential change (dV/dt) was calculated at
each discrete time step. An adaptive algorithm was used to detect the
onset timing point where the dV/dt value reached a threshold of 0.02-0.1
mV/ms and retained above the threshold for a duration of =15 ms.
Moreover, the nonparametric bootstrap resampling method (Meister et
al., 2013) was adopted to estimate the trial-to-trial variability of the onset
latency of the averaged PSP. Bootstrapped average PSP traces for each
spatial phase were computed by first resampling 40 repetitions with re-
placement from the original 40 trials and then subsequently averaged.
From bootstrapped average traces, the onset latency was calculated using
the same onset detection algorithm. The SD across the latencies of 500
bootstrapped average PSPs was used to estimate the trial-to-trial variabil-
ity (Fig. 1A-C, bottom). For evoked single-unit spike response, the onset
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Figure 1.
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(ritical period-specific increase of the level of coincidence of binocular synaptic inputs. A, Solid curves are averaged subthreshold PSP responses of a binocular cell during the pre-CP,

evoked by full-field static gratings (at 3 different spatial phases, left) presented alternately to contralateral (blue) and ipsilateral (red) eye, in a mouse under ketamine/medetomidine anesthesia.
Shading indicates trial-to-trial SD of membrane potential. Dashed lines represent times of stimuli ON and OFF, and solid blue and red lines indicate the onset times of contralateral and ipsilateral PSPs,
respectively. Bottom, Distribution of onset latencies calculated by bootstrapping 500 times. B, C, Same as A, except for binocular cells recorded during the CP (B) and adulthood (C). D, Summary of
the mean latency of evoked PSPs from experiments shown in A—C. Data connected with a line are from the same cell. Filled circles with error bars: mean == SD. Triangles, Data from animals under
pentobarbital anesthesia. p values are calculated by the Wilcoxon signed-rank test. E, Cumulative distribution of the ipsi— contra latency difference in pre-CP, (P, and adulthood. Significant
difference was found between CP and pre-CP (p < 10 -1 Kolmogorov—Smirnov test), CP and adulthood (p << 10 ~"/).

latency was defined as the time at which the spike rate first deviates from
the baseline (calculated from the blank period) by 1.96 folds of SD,
following a method described previously (Zhang et al., 2008).

For each recorded V1 cell, the RF was measured by reverse correlating
the averaged PSPs with the flashing squares in the 8 X 8 grid, and its
spatial and temporal properties were analyzed following a method devel-
oped by Mazer et al. (2002). The temporal RF (tRF) was represented by
the time course of the STRF slice variance (see Fig. 3; Mazer et al., 2002).
The onset latency of tRF could be determined by the rising speed of slice
variance, a method similar to that for defining evoked PSP onset time.
The spatial RF was calculated by fitting the frame with the largest variance
with the 2D Gaussian functions expressed in the following equations:

X2y
RF (x,y) = Ae’(ﬁ*ﬁ,ﬁ)

x" = (x—xp) cos 0+ (y— y,)sin 0

y' = —(x— x,) sin 60+ (y — y,) cos 0

Where A is amplitude of the RF response, o, and o, determined the
two axes of RF, and 6 was the orientation of the RF. The spatial
territory of the RF was estimated based on two times the SD of the
fitted 2D Gaussian.

For each recorded visual cell in V1 binocular zone, the degree of OD
was quantified by an index: ODI = (C — I)/(C + I); where C and I
represent the amplitude of subthreshold PSPs or rates of suprathreshold
spike evoked by the visual stimuli presented to the contralateral or ipsi-
lateral eye, respectively, after a baseline subtraction. In the modeling
simulation, C and I represent the weights of contralateral and ipsilateral
synapses, respectively. The ODI ranges from +1 for neurons driven ex-
clusively by the contralateral eye to — 1 for those driven exclusively by the
ipsilateral eye. The OD distribution of binocular cells pooled from all
animals was presented by the classical seven-point classification scheme
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(Hubel and Wiesel, 1970). Correspondingly, the contralateral bias index
(CBI) was then calculated according to the following formula: CBI =
[(n, — n,) + (35) (n, — ng) + (¥5) (ny — ng) + NJ/2N, where n, were
numbers of cells with OD category equal to x and N was the total number
of examined cells (Gordon and Stryker, 1996; Hensch et al., 1998).

The trial-to-trial variability of spike response evoked by monocular or
binocular stimuli with full-screen static gratings (at three different spatial
phases) was evaluated with the Fano factor (FF), which is defined as the
variance of the spike count divided by the mean (Shadlen and Newsome,
1998; Kara et al., 2000). For this analysis, we chose a 50 ms time window
and 10 ms sliding step. For each recorded cell, the values of FF were
calculated from trials with static gratings at three different spatial phases,
respectively, and then the mean FF was used to represent the evoked
spiking reliability of one cell.

Data are presented as mean * SD unless stated otherwise, and the
statistical significance was tested with the Wilcoxon signed-rank test,
Wilcoxon rank-sum test, or Kolmogorov—Smirnov test.

Results

All electrophysiological recordings were done in the binocular
zone of the developing V1 in anesthetized mice aged P17-P19,
P27-P29, or ~P60, referred to as the periods before, during, and
after the CP of experience-dependent OD plasticity, respectively
(Gordon and Stryker, 1996). In most recording experiments, we
first used full-screen drifting sinusoidal gratings with varying ori-
entations (at spatial frequency of 0.02 Hz/degree and temporal
frequency of 2 Hz) to determine the preferred orientation for the
input from each eye in a binocular cell (B. S. Wang et al., 2010),
and then performed further experiments using static or drifting
gratings with the optimal orientation.

CP-specific emergence of coincident binocular

synaptic inputs

We conducted in vivo whole-cell recordings from V1 binocular
cells to systematically examine the temporal correlation between
the synaptic inputs originating from the two eyes before, during,
and after the CP. Visually evoked spikes and subthreshold PSPs
were recorded in cortical binocular cells in mice under ketamine/
medetomidine anesthesia. To precisely quantify the synaptic in-
puts originating from the contralateral and ipsilateral eyes, we
presented full-screen static gratings with optimal orientation of
the recorded binocular cell using three different spatial phases
(equally spaced from 0 to 360°), alternately presented to either
eye (Fig. 1A, left). The peak amplitude and onset latency of the
evoked contralateral or ipsilateral PSPs were measured to deter-
mine the degree of OD and binocular input coincidence (see
Materials and Methods). In mice at ~P18 (pre-CP), P28 (CP),
and P60 (adult), monocular PSPs of the V1 binocular cells were
reliably evoked in response to static grating stimulus to the con-
tralateral or ipsilateral eye in the V1 binocular cell, regardless of
highly variable baseline of membrane potentials, and their onset
timing showed relatively low trial-to-trial variability (Fig. 1A-C,
traces). The latter point was further confirmed by an analysis of
onset latencies of the bootstrapped average PSPs (see Materials
and Methods), as shown by a relatively narrow range of these
onset latencies from sample cells recorded in three different pe-
riods (Fig. 1A-C, histograms). By analyzing the onset latency of
averaged PSPs, we found that the PSP responses evoked by the
static grating stimuli presented to the contralateral eye preceded
those of the ipsilateral eye by 25.4 = 10.0 ms (mean * SD) in
P17-P19 mice (n = 47 cells in 32 mice; Fig. 1A, D,E), while in
P27-P29 mice, the temporal difference of the PSP onset latency
between binocular inputs (ipsi—contra latency difference) mark-
edly decreased to 3.1 = 5.6 ms (n = 47 cells in 24 mice; Fig.
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1B,D,E), indicating a considerably higher level of coincidence
between binocular synaptic inputs during the peak of CP. By
contrast, this transiently increased binocular coincidence of con-
tralateral and ipsilateral eye inputs declined again when the mice
reached adulthood (~P60), with the ipsi—contra latency differ-
ence increasing to 20.6 = 7.8 ms (n = 55 cells in 22 mice; Fig.
1C-E). These results directly demonstrated an emergence of tem-
poral coincidence between synaptic inputs from the two eyes to
V1 binocular cells during the CP. Moreover, the ipsi—contra la-
tency difference in mice at the beginning of CP (P21) was 17.6 =
6.1 ms (n = 10 cells in four mice), showing an intermediate value
between the pre-CP and CP. This result suggested a gradual in-
crease of binocular input coincidence from the beginning to peak
of CP. Averaged results (Fig. 1D) further indicated that, with
development, the onset latency of evoked PSPs to contralateral
eye stimuli decreased from 59.1 * 13.7 ms in the pre-CP to
45.7 + 10.7 ms in the CP (p < 10 °, Wilcoxon rank-sum test),
and subsequently reduced to 31.9 = 6.4 ms in the adult (p <
10 ~'%). Meanwhile, for ipsilateral inputs, onset latency in cortical
binocular cells initially decreased from 84.5 = 17.5 ms in the
pre-CP t048.8 + 12.2 msin the CP (p < 10 ") and then did not
exhibit further reduction in adult (52.4 * 11.1 ms, p = 0.05).
Thus the observed increase of binocular input coincidence from
pre-CP to CP is due to a larger reduction of ipsilateral input
latency, whereas the decreased level of coincidence in adults is
caused by a further reduction of contralateral input latency while
ipsilateral input latency remains stable (Fig. 1D). Similar results
were observed in mice under pentobarbital anesthesia (Fig. 1D,
triangles), indicating that the CP-specific emergence of coinci-
dence of binocular synaptic inputs was not anesthetic-specific.

V1 cells show increasing latency in visual responses when vi-
sual stimuli decrease the contrast level (Carandini et al., 1997;
Oram, 2010) or luminance intensity (Tucker and Fitzpatrick,
2006). Due to the preference of low spatial-frequency visual in-
puts of the mouse vision, we only tested whether the intensity of
stimulus luminance affects the ipsi—contra latency differences of
V1 binocular cells. Three mean luminance intensities, 40 cd/m?>
(100%), 20 cd/m? (50%), and 10 cd/m? (25%), were used for the
full-field static gratings (Fig. 24, left). The results showed that in
mice at all three different stages, stimuli with lower luminance
elicited PSP responses with much longer onset latency and
smaller amplitude for contralateral or ipsilateral eye stimuli (Fig.
2A-C). However, the ipsi—contra latency difference did not differ
significantly among the luminance conditions in the pre-CP
(23.5 = 4.2,24.4 = 6.3, and 26.1 = 9.3 ms for 100, 50, and 25%
luminance, n = 8 cells from six mice), CP (1.0 * 3.8, 2.6 * 4.2,
and 5.5 * 7.1 ms, n = 12 cells from eight mice), and adult (21.9 =
4.0, 21.6 = 8.8, and 24.7 = 7.5 ms, n = 19 cells from 11 mice).
These results suggest that the observed increase in the binocular
input coincidence in V1 binocular cells during the CP is not
affected by the change of visual stimulation features.

Taken together, these results indicate that V1 cells exhibit a
higher level of binocular synaptic input coincidence during the
CP, which is independent on the intensity of visual inputs.

Binocular input coincidence quantified by spatiotemporal
receptive field properties

Full-field visual stimuli often exert complex surround modula-
tion of visual responses in cortical cells (Hubel and Wiesel, 1968;
Van den Bergh etal., 2010), such as surround suppression (Bair et
al., 2003; Smith, 2006). Although the effects were shown to be
moderate under anesthesia (Adesnik et al., 2012), surround sup-
pression may affect the onset latency of evoked PSPs and thus also



Chen et al. ® Binocular Input Coincidence Mediates 0D Plasticity

A pre-CP (~P18) B

CP (~P28)

—contra

- —ipsi | |
e
100% Lum %

- | | oA | M
50% Lum ] | %T“

J. Neurosci., February 19,2014 - 34(8):2940—2955 « 2945

Thus, the above experiments using
various visual stimuli and measurement
parameters all consistently suggest a high
level of coincidence of binocular synaptic
inputs to cortical binocular cells specifi-
cally during the CP in the developing V1.

Adult (~P60)

Unchanged binocular input
coincidence across layers 2/3 and 4

The latency of visually evoked responses
in V1 varies across the cortical laminae
(Maunsell and Gibson, 1992). In general,
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layer 4 is the recipient layer of thalamo-
cortical projections and transfers infor-
mation to layer 2/3 (Gilbert and Wiesel,
1979; Douglas and Martin, 2004). We
next examined whether the CP-specific
increase of binocular input coincidence
depends on the laminar locations of V1
binocular cells. In this set of experiments,
we reconstructed the neuronal morphol-
ogy of 33 recorded cells (intracellularly

300
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Figure 2.

the measurement of binocular input coincidence when full-field
visual stimuli are used. To quantify this possibility, we measured
STREF properties of binocular cells for the contralateral and ipsi-
lateral inputs, on the basis of subthreshold PSPs. In this set of
experiments, we followed a previous method (DeAngelis et al.,
1993) to map the STRFs of binocular cells using an 8 X 8 grid of
bright squares (pixels) presented in a sparse noise mode to either
eye (see Materials and Methods). We calculated the onset latency
of individual pixel-evoked PSPs within the boundary of the spa-
tial RF, and then compared the mean latencies between the con-
tralateral and ipsilateral RFs. We found that the cumulative
distribution of onset latencies of individual pixel-evoked PSPs
indicated a reduction of the ipsi— contra latency difference during
the CP in comparison with pre-CP or adult mice (Fig. 3A-C, top,
D). The averaged difference of the mean latency of single pixel-
evoked PSPs between contralateral and ipsilateral spatial RFs was
6.0 = 9.4 ms (n = 18 cells in 13 mice), 28.3 = 8.3 ms (n = 7 cells
in seven mice), and 21.5 = 7.5ms (n = 17 cells in 11 mice) in CP,
pre-CP, and adult, respectively.

When the temporal RF was analyzed to determine the onset
latency of RF emergence based on the variance of membrane
potentials in STREF slices at discrete times (Mazer et al., 2002; see
Materials and Methods), we found that contralateral and ipsilat-
eral tRFs of recorded binocular cells emerged nearly simultane-
ously during the CP (Fig. 3B, bottom, D), but showed a large
temporal gap in their emergence during the pre-CP or adulthood
(Fig. 3A,C, bottom, D). The difference of onset latency between
contralateral and ipsilateral tRFs was 8.0 = 9.8 ms during the CP, but
34.0 = 10.1 msand 21.4 * 6.0 ms in pre-CP and adult, respectively.
Thus, these results from the temporal RF measurements agree well
with those observed from pixel-PSP responses within spatial RFs
(Fig. 3E). Both measurements consistently indicate an increased
level of coincidence of binocular synaptic inputs in cortical binocular
cells during the CP.

100% 50%

Effect of luminance of visual stimuli on the PSP response latency. A-C, Example contralateral (blue) and ipsilateral
(red) PSPs evoked by one of three spatial phases of static gratings with 100, 50, and 25% luminance in the binocular cell from
pre-CP (A), CP (B), and adult (C) mice. D-F, Summarized results from the experiments shown in A—C. Data connected with a line
are from the same cell. Filled circles with error bars: mean == SD. p values were calculated using the Wilcoxon signed-rank test.

loaded with biocytin) after whole-cell re-
cording in pre-CP (11 cells from eight
mice), CP (13 cells from eight mice), and
adult (nine cells from five mice) mice. As
shown for example cells in Figure 44,
these reconstructed cells located primarily
within layers 2/3 and 4, displaying typical
neuronal morphology of pyramidal cells with apparent apical
and basal dendrites. Moreover, we also estimated the subpial
depth of most other recorded cells on the basis of the calibration
between the microelectrode penetration depth (read from the
manipulator) and the precise depths of reconstructed cells in
mice of the same age. Consistent with previous studies (Maunsell
and Gibson, 1992), the visual PSP responses of layer 2/3 cells
evoked by full-field static grating (100% luminance) exhibited
relatively longer response latency compared with layer 4 cells in
mice at all three developmental stages (Fig. 4B, red and gray
circles for the reconstructed and other V1 cells, respectively).
However, we found that the ipsi—contra latency difference was
retained at nearly same values across the layers 2/3 and 4 of pre-
CP, CP, and adult mice (Fig. 4C). On average, the values of the
ipsi—contra latency difference for layers 4 and 2/3 were 23.6 £ 9.7
and 25.5 * 9.7 ms in pre-CP (p = 0.75),2.4 * 6.0 and 3.0 = 5.7
ms in CP (p = 0.80), and 21.2 = 4.7 and 20.7 = 8.8 ms in adult
(p =0.41). Thus, the binocular cells in layers 2/3 and 4 all showed
a high level of binocular synaptic input coincidence specifically
during the CP. Since the output of layer 4 cells primarily projects
to layer 2/3, it is likely that the CP-specific binocular input coin-
cidence observed in layer 2/3 cells may be inherited from layer 4.

25% Lum

Tight association between emergence of binocular input
coincidence and the CP onset

The timing of the CP onset is known to be regulated by the
maturation of cortical GABA transmission (Hensch, 2005; Espi-
nosa and Stryker, 2012). For example, elevating GABA transmis-
sion by daily infusion of DZ, a benzodiazepine agonist of GABA
receptors, to the premature cortex (for 2-5 d) during the pre-CP
rapidly triggers an induction of the CP. This precocious CP in-
duced by the DZ infusion provides a window to examine whether
the emergence of binocular input coincidence is tightly associ-
ated with the onset of CP. Consistent with previous findings, we
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recorded in the pre-CP. Top right, Cumulative distribution of the onset latencies of contralateral or ipsilateral PSPs evoked by single pixel stimuli within RFs, with open circles indicating the averages.
Bottom left, Nine consecutive time frames of contralateral or ipsilateral tRFs in 10 ms intervals; membrane potentials at 64 pixel positions are coded by gray intensities. The onset times of
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and tRFs. Dashed line, Linear regression fit.

found that direct enhancement of GABA transmission by brain
infusion of DZ for 5 d during the pre-CP (P15-P19), but not the
vehicle solution (50% propylene glycol, 49% H,O, and 1%
DMSO) induced a precocious CP. This is shown by the OD shift
of binocular cells after a 4 d deprivation of inputs from the con-
tralateral eye, as indicated by changes of the classical seven-point
histogram of OD and the CBI between mice with normal rearing
and MD treatment in the pre-CP (Fig. 5A, B). Remarkably, such
infusion of DZ also caused an earlier emergence of binocular
input coincidence in binocular cells before the normal CP onset,
with the temporal difference of PSP onset latency between bin-
ocular inputs (ipsi—contra) as small as 6.2 = 3.1 ms (n = 15 cells
in six mice at P18; Fig. 5C). This result suggests that the coinci-
dence of binocular synaptic inputs to cortical binocular cells is
regulated by GABA inhibition. Enhancing GABA inhibition de-
creased the PSP onset latency for both contralateral and ipsilat-
eral eyes compared with the latency of normal P17-P19 mice
(Fig. 5C).

On the other hand, dark-rearing an animal from birth is
known to delay the onset of CP and MD-induced OD plasticity
(Mower, 1991; Fagiolini et al., 1994; Hensch, 2005). We repro-
duced a similar delay of the CP onset timing in our DR mice (Fig.
6A). Surprisingly, we further observed that these DR animals also

did not show an emergence of the coincidence of binocular in-
puts in V1 binocular cells examined at P27-P28 (Fig. 6C,D). At
P27-P28, the synaptic response latency difference between the
two eyes (ipsi—contra) was considerably larger in DR mice
(21.5 = 11.5 ms, n = 22 cells in 11 mice; Fig. 6C) than in normal-
reared mice (3.1 = 5.6 ms). Moreover, we noticed that the PSP
latency for the contralateral eye inputs was not affected by dark-
rearing (DR, 41.8 £ 8.8 ms vs control CP, 45.7 = 10.7 ms; p =
0.28), while that for the ipsilateral eye inputs after the dark-
rearing was still relatively high (DR, 63.3 = 13.6 ms vs control CP,
48.8 = 12.2 ms; p < 10™*), suggesting a visual experience-
dependent differential change of synaptic dynamics in contralat-
eral and ipsilateral eye pathways.

We further found that the OD plasticity in DR mice could be
rapidly rescued by daily infusion of DZ (for 4 d at P25-P28)
immediately following the dark-rearing, as indicated by the OD
shift of cells in the V1 binocular zone to the nondeprived eye after
4 d MD (Fig. 6B). Again, we also observed the rescuing effect of
the emergence of binocular input coincidence in cortical binoc-
ular cells in the DR mice after infusion of DZ (Fig. 6C,D), with a
value of the ipsi—contra latency difference 0f 2.8 = 7.9 ms (n = 14
cells in five mice). The DZ infusion in DR mice resulted in a large
decrease in the PSP latency for the ipsilateral eye inputs (DR plus
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DZ, 48.8 £ 15.5 ms vs DR, 63.3 = 13.6 ms; p = 0.004), but little
change in latency of the contralateral eye inputs (DR plus DZ,
46.0 = 21.1 ms vs DR, 41.8 = 8.8 ms; p = 0.87). As a control,
brain infusion of the vehicle solution following the dark-rearing
did not show any rescuing effects on the binocular input coinci-
dence (Fig. 6C,D) and the OD plasticity in developing V1 (Fig.
6A). Thus, these results strongly suggest that the developmental
emergence of binocular input coincidence in V1 is tightly associ-
ated with the onset of CP, and that both processes are regulated
by GABA inhibition.

Disruption of binocular input synchrony during CP impaired
OD plasticity

We next examined whether specific disruption of the coincidence
of binocular inputs affects the induction of MD-induced OD
plasticity during the CP. To achieve precise temporal control of
synaptic inputs from the two eyes on the scale of milliseconds, we
used a transgenic mouse line expressing ChR2-EYFP under the
control of the Thy1 promoter (Thy1-ChR2 mouse; Arenkiel et al.,
2007). In the retina of Thy1-ChR2 mice, the light-activated cation
channel ChR2 is specifically expressed in approximately one-
third of the population of heterogeneous retinal ganglion cells
(RGCs), which are distributed uniformly across the entire retina
(Thyagarajan et al., 2010). A previous study showed that in these
transgenic mice, the expression of ChR2-EYFP started at ~P8
and confirmed that optogenetic activation of ChR2-expressing
RGCs with blue LED light at P9-P10 already allowed precise
control of RGC neuronal activity at high temporal resolution
(Zhang et al., 2012). As shown by retinal sections from Thyl-
ChR2 mice (at P23) in Figure 7A, we consistently found that
EYFP fluorescence signals were only detected in the ganglion cell
layer and inner plexiform layer, indicating a specific expression of
ChR?2 in the soma and processes of RGCs.

We used two customized blue LED goggles, which were in-
stalled close to the front of the eyes, to activate these ChR2-
expressing RGCs. First, we tested whether the goggles were
capable of providing synchronous or asynchronous activation of
eye inputs to V1 binocular cells at the time order of milliseconds
in these transgenic mice. We found that single 5 ms pulse of blue
LED light itself could evoke cortical PSPs in V1 binocular cells in
P22-P27 wild-type (WT) mice through activation of normal rod-
driven or cone-driven pathway, but asynchronous pulses of blue

20 0 20 40 60

Dependence of laminar locations. 4, Fluorescence images showing two example reconstructed cells located in layers
2/3 and 4, respectively. The layer borders were indicated by dashed lines. B, Plots of the PSP response latency versus the cortical
depth of recorded cells from pre-CP, CP, and adult mice. Red circles, Data from biocytin-labeled cells. Gray circles, Data from cells
with estimated cortical depths. C, Plots of the ipsi— contra latency difference versus cell cortical depth.

the recorded cortical cells (12 of 19 cells;
Fig. 7C, left) in ThyI-ChR2 mice, but only
one peak for most recorded cells in WT
mice (11 of 15 cells; Fig. 7C, left). When
delivering synchronous pulses to both
eyes, Thyl-ChR2 mice exhibited a much
higher mean spike rate of V1 binocular
cells compared with WT (Thyl-ChR2: 82.2 * 8.1 Hz, mean =
SEM; n = 15 in three mice; WT: 42.4 = 4.2 Hz, n = 19 in four
mice; p < 107, Wilcoxon rank-sum test). These results demon-
strated that despite of the existence of conventional rod-and-
cone pathways, direct activation of the ChR2-expressing RGCs
could initiate synchronous or asynchronous activation of affer-
ent inputs from the two eyes to V1 cells with high efficiency and
temporal precision (in the millisecond range) in transgenic Thy1-
ChR2 mice.

After these control experiments, we examined whether dis-
ruption of coincidence of synaptic inputs from the two eyes dur-
ing the CP impairs the MD-induced OD plasticity. Because the
observed temporal difference between contralateral and ipsilat-
eral eye inputs was ~20-30 ms in V1 binocular cells of both
pre-CP and adult mice (Figs. 1, 4), we chose a 50 ms delay in the
optogenetic activation between the two eyes. Each stimulus block
consisted of five light pulses (5 ms duration, at 2.5 Hz), and
interblock interval was set to 5 s. Chronic 50 ms asynchronous
conditioning started on P22 (1 d after the beginning of CP) in
Thyl-ChR2 mice for 4 d (12 h conditioning per day) in a dark
environment, followed by the removal of the goggles and 4 d of
monocular deprivation (Fig. 8 A, diagram). Interestingly, while
asynchronous conditioning did not significantly change the OD
distribution of binocular V1 cells in ThyI-ChR2 mice (Fig. 8B,
top, D), it abolished the MD-induced OD shift of cortical visual
cells during the CP (Fig. 8 B, D). This result strongly suggests that
disruption of the coincidence of binocular inputs in V1 during
the CP impairs the OD plasticity, underlining the critical impor-
tance of input coincidence for CP plasticity. Whole-cell recording
from cortical binocular cells in Thy1-ChR2 mice further showed
that after 4 d asynchronous conditioning, the latency difference
of contralateral and ipsilateral PSPs again increased to 28.5 = 9.6
ms (n = 9 cells in four mice) on P26, a value close to that found in
normal-reared Thyl-ChR2 mice at the beginning of CP (P21,
19.4 = 8.3 ms, n = 10 cells in three mice; Fig. 8E). These results
suggest that the asynchronous conditioning during the CP may
impede the normal experience-dependent development of bin-
ocular input coincidence in V1 binocular cells. The dramatic
reduction of binocular input coincidence following the asyn-
chronous conditioning may account for the absence of normal
MD-induced OD shift during the CP. By contrast, synchronous
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Figure5.  Braininfusion of DZ causes a precocious emergence of binocular input coincidence
and OD plasticity in the pre-CP. 4, B, seven-point histograms (left two panels) and the cumula-
tive percentage distribution (right) of ODI of recorded V1 cells from normally reared (blue) and
4dMD (P15-P19, red) mice, under the condition of daily brain infusion with the vehicle solution
(A, Veh) or the solution containing DZ (B), during the pre-CP. The values of (Bl are shown in the
histogram plots. p values for the comparison between the two cumulative distribution curvesin
Aand Bare 0.52 and <<10 7, respectively (Kolmogorov—Smirnov test). C, Summary of the
onset latency of evoked contralateral (blue) and ipsilateral (red) PSPs by full-field static gratings
in V1 binocular cells from pre-CP mice, with or without chronic DZ infusion. p values are calcu-
lated by using the Wilcoxon signed-rank test. D, Cumulative distribution of the ipsi— contra
latency difference of evoked PSPs in pre-CP mice with different treatments. Significant differ-
ence was found between pre-CP and pre-CP-plus-DZ groups (pre-CP+DZ; p << 10 %, Kolm-
0gorov—Smirnov test).

conditioning for 4 d affected neither the normal OD distribution
(Fig. 8B, top) nor the MD-induced OD plasticity (Fig. 8 B,D).
Meanwhile, synchronous conditioning also did not affect the de-
velopmental emergence of high level of coincidence between bin-
ocular inputs in V1 cells during the CP (P25-P26; ipsi—contra
PSP latency difference, 5.9 = 8.7 ms, n = 10 cells in four mice;
Fig. 8E). Thus, the results of asynchronous and synchronous con-
ditioning in ThyI-ChR2 mice provide direct evidence that highly
coincident binocular inputs to V1 are necessary for the induction
of OD plasticity during the CP. Although asynchronous and
synchronous conditioning differentially influenced the develop-
mental change of binocular input coincidence and the MD-
induced OD shift, they did not alter the overall OD distribution
of V1 cell in the binocular zone per se (Fig. 6 B,C). The discrep-
ancy between the changes in individual cell properties and the
global structure is reminiscent of a previous finding of unaffected
overall map of orientation and direction selectivity in ferret V1
after the similar conditioning (Weliky and Katz, 1997). It might
be attributed to the effects of existence of substantial amount of
spontaneous correlated binocular activity beyond a limited over-
all time for the input-pattern conditioning per day.
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Figure 6.  Onset of binocular input coincidence and CP are delayed by dark rearing, but
rescued by DZ infusion. A, B, Seven-point histograms (left 2 panels) and cumulative distribution
(right) of ODI of recorded V1 neurons from DR mice without (blue) and with 4 d MD (P25-P28,
red), under the condition of daily infusion with the vehicle solution (A, Veh) or DZ (B). p values
for the comparison between the two cumulative distribution curvesin Aand Bare 0.52and p <
10 2, respectively (Kolmogorov—Smirnov test). €, Summary of the onset latency of evoked
contralateral (blue) and ipsilateral (red) PSPs by full-field static gratings of V1 binocular cells in
DR ~P28 mice, with or without chronic DZ infusion. p values are calculated by Wilcoxon signed-rank
test. D, Cumulative distribution of the onset latency difference between the contralateral and ipsilat-
eral PSPs in P28 mice with different treatments. Significant difference was found between normal-
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Enhancement of binocular visual spiking response during

the CP

Do visually evoked coincident binocular inputs drive binocular
cells to fire spikes more efficiently during the CP? To address this
question, we performed extracellular single-unit recording in the
binocular zone of developing V1 before, during, and after the CP.
The rate and reliability of neuronal firing were examined when
full-field static gratings were presented to either the contralateral
or ipsilateral eye, or to both eyes (Fig. 9A—C). First, we noted that
the latency difference between spiking responses evoked by
static-grating stimuli presented to the contralateral or ipsilateral
eye was significantly smaller during the CP (3.7 = 8.3 ms, n = 44
in 16 mice) than during the pre-CP (50.0 = 9.7 ms, n = 26 in 10
mice) and adulthood (36.8 = 5.4 ms, n = 30 cells in 13 mice; Fig.
9D), which is reminiscent of the observations in the case of
evoked PSPs (Figs. 1, 4). Second, we found that the amplitude of
spiking responses to binocular stimuli was markedly enhanced in
binocular cells during the CP, but not during the pre-CP and
adulthood, as indicated by the PSTH (Fig. 9E). Similar sublinear
binocular integration in young adulthood was also found in a
recent study (Zhao et al., 2013). This amplitude increase is con-
sistent with the prediction of a modeling study that found that in
the sensory cortex in vivo, synchrony in a very small proportion of
inputs results in dramatic increase in the output firing rate (Ros-
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Figure 7. Asynchronous and synchronous activation of the two eye inputs in Thy71-ChR2

mice. 4, Fluorescence images of the vertical section (left) and whole-mount (right) of retina of
Thy1-ChR2 transgenic mice, showing that ChR2-EYFP (green) is expressed in ganglion cells and
in their dendrites in the inner plexiform layer (IPL). PL, Photoreceptor layer; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar, 25
m. B, Traces of subthreshold PSPs evoked by single pulses of blue LED light (5 ms, ~0.4
mW/mm?) to the contralateral or ipsilateral eye (left 2 traces), respectively, or with 50 ms
intereye interval (right traces) in the WT (top right) or ThyT- ChR2 (bottom right) mice. The
bottom diagram indicates the light-stimulation pattern. C, Raster and PSTH plots of spike re-
sponse evoked by trains of blue-light pulses (at 2.5 Hz) to the contralateral and ipsilateral eye
with 50 (asynchrony, left) and 0 ms (synchrony, right) interpulse time difference between the
eyes in the WT (top row) and Thy1- ChR2 (bottom) mice, respectively. The bottom diagram
indicates the light-stimulation pattern.

sant et al., 2011). Third, the reliability of binocular spiking re-
sponse was markedly increased in binocular cells during the CP,
as indicated by the FF for trial-to-trial variability (Fig. 9F). All
these CP-specific effects could be attributed to more efficient
integration of coincident binocular synaptic activity in binocular
cells. Note that these results also suggest that the relatively weaker
ipsilateral eye inputs contribute significantly in driving binocular
cells to spike specifically during the CP, taking advantage of their
increased temporal coincidence with the more dominant con-
tralateral inputs.
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Figure 8.  Asynchronous light-conditioning during CP impairs 0D plasticity and binocular

input coincidence. A, Experimental paradigm. Thy 7-ChR2 mice were conditioned with blue LED
light stimuli at P22—P25, followed by MD at P26 —P29. The mice were conditioned for 12 h per
day in a dark environment. The light stimuli consisted of trains of five light pulses (5 ms) at 2.5
Hz, with intertrain intervals of 5 s. For the asynchronous conditioning, light pulses to contralat-
eral eye preceded that of the ipsilateral eye by 50 ms (Asyn50), while in the synchronous
conditioning, light pulses were simultaneously applied to the two eyes (Syn). B, C, Seven-point
histograms and the cumulative percentage distribution (right) of ODI of recorded V1 neurons
from Asyn50 (B) or Syn (C) light-conditioned mice (blue), and from mice with succeeding4 d MD
(red). pvaluesare 0.95 and p << 10 ~7 for Band C, respectively (Kolmogorov—Smirnov test). D,
(Bl values of the mice treated with the Asyn50 conditioning (AsynNR) or with succeeding MD
(AsynMD), and Syn conditioning (SynNR) or with succeeding MD (SynMD). Each circle repre-
sents the (Bl value calculated from seven-point histograms of ODI of cells in each mouse, and
thick horizontal lines represent the mean CBI for total cells in each group. p values were calcu-
lated by the t test. E, Summary of the onset latency of contralateral and ipsilateral PSPs evoked
by full-field static gratings in Thy7-ChR2 mice before conditioning (P21) and right after the 4 d
Asyn50 or Syn conditioning (P26). Data connected with a line are from the same cell. Solid circles
with error bars: mean = SD.
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Contralateral spikes (blue). Middle, Ipsilateral spikes (red). Bottom, Binocular spikes (green). D,
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of visually evoked spikes of example binocular cells recorded extracellularly in the pre-CP (A), CP (B),
were presented alternately to contralateral oripsilateral eye, or to both eyes, at the time of 0 ms. Top,
Averaged ipsi— contra latency difference of spiking response in binocular cells recorded in the pre-CP,
lIs. E, F, Averaged values of the PSTH peak (E) and the FF (F) of contralateral, ipsilateral, and binocular

spiking responses of binocular cells recorded at the three different ages, respectively. Spike rates were normalized to the mean PSTH peak of contralateral response of individual ages. Data from the

same cell population as analyzed in D. p values are calculated by Wilcoxon signed-rank test. Er

Modeling of binocular input coincidence-mediated

OD plasticity

Our experimental results have strongly suggested that CP-
specific emergence of binocular input coincidence in the devel-
oping V1 is required for the induction of MD-induced OD
plasticity. To further understand how these coincident binocular
inputs can mediate this CP plasticity, we simulated a feed-
forward network of cortical neurons with lateral inhibition where
synapses adapt to specific visual inputs delivered during pre-CP,
CP, and MD periods (see Materials and Methods). Each model
neuron received input synapses from two distinct groups of in-
puts corresponding to contralateral and ipsilateral input path-
ways. Activity-dependent synaptic modifications occurred
following a homeostatic learning rule, namely the BCM rule
(Bienenstock et al., 1982; Intrator and Cooper, 1992) that has
been previously applied to the experience-induced OD plasticity
(Clothiaux et al., 1991; Cooper and Bear, 2012). In particular, we
here used a form of the BCM rule with nonlinear activation func-
tion and lateral inhibition (Intrator and Cooper, 1992; Castellani
et al., 1999) and implemented synaptic competition via weight

ror bars, SEM.

vector normalization (Stent, 1973; Miller, 1996). Since our trans-
genic mice experiment showed that asynchronous or synchro-
nous activation pulses differentially influenced the main effects of
MD (Fig. 8), we used a similar input structure in our model
simulation. Thus, inputs from both eyes were either synchronous
(in the CP), or asynchronous (in the pre-CP; Fig. 10A). In more
detail, we dissected the visual input stream into discrete temporal
time steps (Fig. 10A). In each time step, a visual input pattern was
randomly drawn from a pool of possible patterns and embedded
into spontaneous rate fluctuations. A particular visual pattern
caused a high-rate activation of a selection of input neurons in
each time step. Because of asynchronous activation during the
pre-CP, high-rate neurons of both input pathways were tempo-
rally segregated. In contrast, during the CP, input patterns orig-
inating from both eyes became coincident in each time step (as
suggested by the experimental results), resulting in an increase of
the total amount of inputs to a binocular cortical neuron. Apart
from the input structure, all model parameters were set identical
in pre-CP and CP conditions. In the simulation of MD, input
rates from the deprived eye were set to zero, leaving only a some-
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Figure 10.  Simulation of binocular input coincidence-mediated OD plasticity. 4, Schematicillustration of the model and the inputs. Each of 25 cortical neurons received in total 100 convergent
feed-forward inputs from the contralateral (60 inputs) and ipsilateral (40 inputs) eyes. Input spike trains illustrate the visual input patterns given at simulation time step t during asynchronous
(pre-CP) and synchronous (CP) condition. Visual inputis modeled as a high rate of a few selected neurons during a simulation time step t. Asillustrated, a single simulation time step in the rate-based
model can be seen as the average rate of spiking in a small temporal window (indicated with dashed rectangles). In the simulation, two visual input neurons are highly activated per time step while
others show spontaneous activity fluctuations. B, In asynchronous condition (pre-CP), MD of the contralateral eye has almost no effect on the total weight of contralateral synapses (blue line) and
ipsilateral synapses (red line), and, as a result, the ODI value decreases only slightly. Note that results are averaged over synapses, output neurons, and trials; shaded regions mark the SEM. C,
Following MD in the CP, the weights of synapses from contralateral eye decrease while the weights of synapse from ipsilateral eye increase, thus the ODI value decreases dramatically. D, ODI values
attime step right before MD onset (B, C, dotted lines) and after MD (last time step of the simulation in B, €). ODI values are computed for each cortical neuron individually and 25 trials are considered.
E, F, Learned synaptic weights corresponding to time points as in D for one trial in color code (contralateral, shades of blue; ipsilateral, shades of red). Bars marked “Input” indicate the type of visual
input of input neurons during a period (blue, red: temporally segregated contralateral and ipsilateral, respectively; violet: coincidentinputs). Note that the weight structure changes strikingly in case
of MD in the CP (compare F1, F2) but stays almost identical after MD during the pre-CP (compare E7, E2).

what larger noise term than during nondeprived periods (see
Materials and Methods).

In the model simulations, the initial weights of contralateral
and ipsilateral inputs were set to a small random value. However,
synaptic weight modification caused the cortical neurons to grad-
ually learn structures of the visual input patterns. Weights of
some contralateral and ipsilateral synapses increased, preferring
particular input patterns, while weights of other contralateral and
ipsilateral synapses remained low. Due to lateral inhibition of

cortical neurons as well as synaptic competition, different output
neurons commonly learned different aspects of the visual input
patterns. Since inputs from contralateral and ipsilateral eyes were
temporally segregated during the pre-CP, inputs from both eyes
independently contributed to the postsynaptic firing. Note that,
because the weight learning integrated visual inputs over multi-
ple time steps, this temporal segregation did not imply that the
cortical neurons were purely monocular. After learning, the
weights of each pathway reached a steady state (Fig. 10B, blue and
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red curves, left side). A subsequent removal of contralateral in-
puts during the pre-CP (simulating the MD condition; Fig. 10B,
at dotted line) did not significantly affect the total synaptic
weights (Fig. 10B; blue and red curves; right side) and the ocular
preference of simulated neurons (Fig. 10B, black line). Since the
ipsilateral synaptic weights were already optimized for monocu-
lar cues during pre-CP, the deprived contralateral pathway did
not deliver enough meaningful new signal inputs to trigger a
change in the synapses (Fig. 10 E, weights of one trial). We plotted
the ODI values for each cortical neuron in 25 trials to quantify the
effect of the MD on single cells and consequentially found only a
small change of the ODI values for MD during the pre-CP (Fig. 10D,
gray bars indicate averages). This simulation result corresponds to
the experimental finding that short-term MD does not shift the oc-
ular preference of visual cortical cells during the pre-CP (Gordon
and Stryker, 1996; Fig. 5A).

In contrast to the pre-CP situation, visual inputs from both
eyes arrived at the cortical neuron at the same time step during
the CP. Because both pathways now delivered coincident inputs
(Fig. 10F, violet bars), cortical weights reorganize and some syn-
apses adapted to a combination of contralateral and ipsilateral
inputs. Thus higher percentage of contralateral and ipsilateral
synapses got activated, and neurons now more often contained
both strong ipsilateral and strong contralateral weights (Fig.
10F1). Moreover, the homeostatic component of the BCM rule
and synaptic competition ensured that strong synapses decreased
on average compared with the pre-CP situation, to keep a similar
level of firing activity (Fig. 10, compare F1, EI). In consequence,
in agreement with the experiments (Sato and Stryker, 2008), the
overall weight ratio (as measured by the ODI) remained approx-
imately stable from pre-CP to CP (Fig. 10D). From the model, we
observed that a deprivation of contralateral inputs during the CP
(CP-MD) generally caused strong contralateral weights to decay,
while strong ipsilateral weights regrew to a similar level during
the pre-CP (Fig. 10F2). In particular, contralateral weights
emerged from the exposure to the coincident input (Fig. 10F,
violet bars) decayed rapidly because of the deprivation-induced
mismatch of inputs between ipsilateral and contralateral path-
ways. Moreover, ipsilateral weights regrew to the pre-CP level
(due to homeostasis) and thus additionally forced a reduction of
the corresponding strong contralateral weights via synaptic com-
petition. Consequently, the ocular preference of simulated neu-
rons displayed a shift to the nondeprived ipsilateral eye (Fig.
10C,D).

Taken together, the simulation of plasticity during the CP
suggests that coincident binocular inputs during the initial phase
of CP may lead to a reorganization of the synaptic weights. This
reorganization causes cortical neurons to prefer and rely on co-
incident input patterns. Monocular deprivation causes the con-
tralateral synapses formed during the coincidence period to
decrease because of a mismatch in the inputs and via synaptic
competition.

Discussion

In the present study, we demonstrate that binocular synaptic
inputs become highly coincident in cortical binocular cells spe-
cifically during the CP, which is required for the MD-induced
OD plasticity in the developing mouse V1. Our neural network
simulation further presents a potential synaptic mechanism
through which the coincidence mediates MD-induced OD shift
during the CP. These findings suggest that coincident synaptic
inputs from the two eyes emerge as neural substrates for Hebbian
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synaptic modifications underlying the experience-dependent
OD plasticity during the CP.

Correlated neural activity in the developing visual system

The construction of highly organized neural circuits requires an
activity-dependent refinement of early diffuse synaptic connec-
tions after their initial formation (Shatz, 1990; Katz and Shatz,
1996). It has been shown that correlated neuronal activities in the
retina (Galli and Maffei, 1988; Meister et al., 1991; Wong et al.,
1993), dorsal LGN (Weliky and Katz, 1999), and V1 (Chiu and
Weliky, 2002) are critical for instructing the formation of eye-
specific segregation of afferent eye inputs at different levels of the
visual processing pathway (Stryker and Harris, 1986; Cang et al.,
2005; Del Rio and Feller, 2006; Huberman et al., 2006). However,
there were only few studies that compared the temporal pattern
between inputs from the two eyes to the V1. For instance, laten-
cies of evoked single-unit responses to the contralateral eye stim-
uli were reported to be shorter than that to the ipsilateral eye
stimuli in most recorded V1 cells in the adult cat (Minke and
Auerbach, 1972). Similarly, shorter latencies in the visually
evoked potentials (VEPs) to the contralateral eye stimuli were
also found (Minke and Auerbach, 1972). The intereye latency
mismatch was also found between dominant and nondominant
eyes in monkey (Romero et al., 2007). However, visually evoked
spike output and summed population activity VEPs can only
indirectly reflect the temporal dynamics of synaptic inputs to the
V1. In this study, our in vivo whole-cell recording of binocular
synaptic activity (subthreshold PSPs) in single V1 cells has pro-
vided direct measurement of temporal patterns of binocular syn-
aptic inputs in the developing V1. Our results suggest that high
coincidence of binocular synaptic inputs emerges in V1 binocular
cells during the CP, while there is a ~20 ms discrepancy in the
binocular inputs before and after the CP. This temporal discrep-
ancy agrees with a recent finding, revealed by the same whole-cell
recording from the V1 of mice at P30—P33, that onsets of both
excitatory and inhibitory currents evoked by contralateral eye
stimuli precede that of ipsilateral eye stimuli by ~30 ms in the
binocular cells (Ma et al., 2013).

It is not clear what anatomic and functional basis accounts for
differential reduction of latencies of contralateral and ipsilateral
inputs to V1 during the development. Several factors might be
involved. First, progressive maturation of the myelination of ax-
ons along the visual pathway may increase the conduction speed
of action potentials over the development (Moore et al., 1976;
Beckmann and Albus, 1982; Hildebrand and Waxman, 1984;
Tolhurst and Lewis, 1992; Colello et al., 1994). In the retina,
relatively longer distance of unmyelinated axon of ipsilaterally
projecting RGCs to the optic disc could cause a slightly slower
conduction in comparison with contralaterally projecting RGCs
(Dridger and Olsen, 1980; Maunsell et al., 1999; May and Lutjen-
Drecoll, 2002). Second, the degree of convergence and coherence
of inputs may affect the time it takes to activate the V1 cells. In the
monkey retinogeniculate projection, higher input convergence
results in shorter response latency (Maunsell et al., 1999). Along
the mouse visual pathway from the retina to V1, contralateral
projections show higher convergence than ipsilateral ones (Cole-
man et al., 2009). Functionally, contralateral eye inputs to the V1
are more coherent in the early developmental stage (Crair et al.,
1998, 2001; Smith and Trachtenberg, 2007). More coherent in-
puts could cause a faster ramping of membrane potentials to
exceed the noise level, leading to an earlier onset of PSPs detected
experimentally. Our modeling stimulation suggests that the rate
and coherence of input spikes could dynamically regulate the
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onset latency of PSP responses of postsynaptic cells up to ~20-30
ms in the presence of membrane potential noise (data not
shown). Thus, the difference in the input convergence and coher-
ence between the two eye pathways can contribute to the onset
latency discrepancy.

How developmental changes of binocular inputs contribute
to the formation and maintenance of the balanced binocular vi-
sion needs to be further examined. In the present study, we dem-
onstrated that, during the CP, emerged coincident synaptic
inputs are critical for the binocular contribution to spike gener-
ation in postsynaptic V1 binocular cells (Fig. 9). Such spike gen-
eration may serve as a cellular mechanism for associative
Hebbian synaptic modification that balances and stabilizes bin-
ocular synaptic inputs in V1 cells. After the CP, given the ipsi—
contra onset latency increases to the range of 2030 ms, this time
discrepancy between two eye inputs in the V1 may still be com-
patible with normal functions of the binocular vision because
responses from both eyes still overlap for a substantial period
following the onset (Fig. 1, PSP traces).

GABA inhibition regulates correlated binocular activity and
CP plasticity
Maturation of inhibitory GABAergic transmission is one of the
key factors that regulate the onset timing of CP (Fagiolini et al.,
2004; Hensch, 2005; Espinosa and Stryker, 2012). In addition to
the known effect of inducing the CP onset, we showed that en-
hancing GABAergic transmission by chronic brain infusion of
DZ also regulates the emergence of binocular input coincidence
(Figs. 5, 6). Interestingly, the DZ effect on the latency of afferent
eye inputs in V1 binocular cells was different between the two
eyes’ input pathways, in which DZ treatment caused a larger
reduction of the response latency of ipsilateral inputs in mice of
pre-CP or when dark-reared (Figs. 5C, 6C). However, how the
enhanced inhibition differentially regulates response latency is
unclear. One possible mechanism is that enhancing GABA trans-
mission could enforce the temporal precision of spike output
(Pouille and Scanziani, 2001; Mittmann et al., 2005) and conse-
quently strengthen the coherence of convergent presynaptic cell
inputs (Kuhlman et al., 2010; H. P. Wang et al., 2010), which may
decrease the response latency along the visual pathway. The dif-
ferential effects of enhancing inhibition might be attributed to
different baseline levels of the coherence of input to the V1 be-
tween the two pathways during the early development stage
(Crair et al., 1998, 2001; Smith and Trachtenberg, 2007).
Different hypotheses have been proposed to understand how
the maturation of inhibitory circuits induces the CP of the devel-
oping visual circuit (Espinosa and Stryker, 2012; Toyoizumi et al.,
2013). Among them, a prevailing hypothesis is that inhibition
controls the CP plasticity by regulating the correlation patterns
between binocular inputs in V1 (Feldman, 2000; Hensch, 2005).
In the present study, our findings provide strong evidence sup-
porting the consecutive events in the hypothesis: increased inhi-
bition leads to correlated binocular activity, which in turn leads
to induction of CP plasticity.

Hypothetical mechanism for binocular input coincidence-
mediated OD plasticity

Through modeling simulation, we have suggested a potential
mechanism for how the coincident inputs might cause the induc-
tion of MD-induced OD plasticity specifically during the CP. Our
main hypothesis is that, due to asynchronous inputs during pre-
CP, input weights from the contralateral and ipsilateral pathways
are first independently adjusted and optimized individually for
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each pathway. After synaptic weight modifications, cortical neu-
rons thus respond well to mono-ocular cues and interdepen-
dence of the input pathways on the response is low. Deprivation
of visual signals in one pathway does not affect the other pathway
weight structure. On the other hand, coincident inputs from the
two eyes during CP subtly change the synaptic weights in both
pathways through Hebbian learning: an interdependent weight
structure emerges due to the coincident arrival of visual inputs
from the two eyes. After exposure to coincident inputs during the
initial CP, monocular deprivation has a striking effect: the inter-
dependent weight structure collapses due to the lack of coinci-
dent input in the deprived eye. The reasons are twofold. First,
mismatch of the expected input in the deprived pathway causes
these weights to decay in face of the background noise. Second,
the nondeprived weights slightly increase due to the homeostatic
readjustment to the reduced drive of the single pathway input.
Competition between synapses exerts further downward pres-
sure on the weights of the deprived pathway. Taken together, the
average weight of the deprived contralateral pathway decreases
for MD after a coincident period (in the CP) but not in the
pre-CP. These differential changes of synaptic weights in de-
prived and nondeprived eye inputs, described in our simulation,
are largely consistent with the experimental findings (Frenkel and
Bear, 2004; Kaneko et al., 2008). Note that in our model we do not
assume that parameters change from pre-CP to CP; all differen-
tial effects are solely based on the changes in the input structure.
However, this change in input structure might be in turn a con-
sequence of developments in the cortex (for instance, maturing
inhibition, as discussed above). These developmental changes are
thus only implicitly included in our simulation. Overall, our neu-
ral network simulation suggests a potential mechanism underly-
ing the binocular input coincidence-mediated reorganization of
synaptic weights in the developing V1 cortical circuits.
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