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Experience-Dependent Development of Feature-Selective
Synchronization in the Primary Visual Cortex
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Early visual experience is essential for the maturation of visual functions in which the primary visual cortex plays crucial roles. The extraction of
visual features based on response selectivity of individual neurons, a fundamental process in the cortex, is basically established by eye opening
inrodents, suggesting that visual experience is required for the development of neural functions other than feature extraction. Here, we show that
synchronized firing, which is important for visual information processing, occurs selectively in adjacent neurons sharing similar orientation or
spatial frequency preferences in layers 2- 4 (upper layer) of rat visual cortex. This feature-selective spike synchrony was rudimentary when the
eyes opened and became prominent during the first few weeks after eye opening only in the presence of pattern vision. In contrast, synchroni-
zation in layers 5- 6 (lower layer) was almost independent of orientation similarity and more weakly dependent on spatial frequency similarity
compared with upper layer synchrony. Lower layer synchronization was strengthened during development after eye opening independently of
visual experience as a whole. However, the feature selectivity of synchronization was regulated by visual inputs, whereas the inputs without
contours were sufficient for this regulation. Therefore, we speculate that feature-selective synchronization in the upper layer may convey detailed
information on visual objects to the higher-order cortex, whereas weakly feature-selective synchronization in the lower layer may covey rather
rough visual information to the subcortical areas or higher-order cortex. A major role of visual experience may be to establish the specific neural
circuits underlying highly feature-selective synchronization.
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The neuronal mechanisms underlying experience-dependent improvement of visual functions still remain unresolved. In this
study, we investigated whether early visual experience contributes to the development of synchronized neural firing in the primary
visual cortex, which plays important roles in visual information processing. We found that synchronized firing depends more
remarkably on the similarity of preferred visual stimuli in the upper than lower layer neurons. Pattern vision during development
was required for the establishment of spike synchrony in the upper but not the lower layer. These findings provide a new view
regarding the role of sensory experience in the functional development of the cortex and the differences in the modes of informa-
tion processing in the upper and lower cortical layers. j

ignificance Statement

Introduction
Early visual experience is essential for the maturation of visual
functions in which the primary visual cortex plays crucial roles.
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Behavioral studies have demonstrated that visual acuity is low
when the eyes open and visual experience is indispensable for
developmental improvement in the acuity in most mammals in-
cluding rodents (Boothe et al., 1985; Maurer et al., 1999; Prusky
et al., 2000, 2004; Kang et al., 2013). At the neural level in the
visual cortex, response selectivity for visual stimulus features
such as orientation selectivity is already established in a substan-
tial number of neurons around eye opening in most mammals
and thereafter it undergoes developmental changes under the
influence of visual experience (Wiesel and Hubel, 1974; Buisseret
and Imbert, 1976; Wiesel, 1982; Frégnac and Imbert, 1984;
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Godecke and Bonhoeffer, 1996; Wang et al., 2010; Thompson et
al., 2017). The effect of visual experience on the development of
response selectivity seems to vary among different species. For
example, it has been reported that, although orientation selectiv-
ity showed a developmental increase after eye opening in both
ferrets and mice, the increase depended on visual experience in
ferrets but not in mice (Chapman and Stryker, 1993; White et al.,
2001; Rochefort et al., 2011; Ko et al., 2014). Therefore, visual
experience may play important roles in the development of some
neural functions other than stimulus feature extraction based on
the response selectivity in rodents.

It is an open question whether visual experience is required for
the establishment of synchronized firing of visual cortical neurons,
which plays important roles in visual information processing (Singer
and Gray, 1995; Alonso and Martinez, 1998; Usrey and Reid, 1999).
Synchronized firing in a population of neurons can efficiently initi-
ate action potentials in their common target neurons, leading to a
reliable signal transmission (Usrey and Reid, 1999; Bruno and Sak-
mann, 2006). Action potentials in neuron pairs showing a similar
orientation preference are preferentially synchronized in cat and
mouse primary visual cortex (Toyama et al., 1981; Ts’o et al., 1986;
Gray and Singer, 1989; Hata et al., 1991; Denman and Contreras,
2014). This orientation-selective synchronization may contribute to
the achievement of form perception by efficiently sending signals of
contours extracted in the primary visual cortex to higher cortical
areas. In the visual cortex of higher mammals, horizontal connec-
tions, which connect the orientation columns with the same pre-
ferred orientation, can be one of the mechanisms underlying the
orientation-selective synchronization (Gilbert and Wiesel, 1989;
Bosking et al., 1997). This connection specificity is almost absent at
eye opening and thereafter it develops through experience-
dependent pruning of the connections (Callaway and Katz, 1991;
Lowel and Singer, 1992; White et al., 2001). In mouse visual
cortex lacking orientation columns, nearby pyramidal neurons
sharing a similar preferred orientation are connected specifi-
cally and these connections are established after eye opening
(Ko et al., 2011, 2013). Therefore, it is conceivable that early
visual experience is required for the establishment of
orientation-selective synchronization. However, this issue has
not been tested experimentally.

In this study, we investigated the development of synchro-
nized firing and its experience dependence in rat visual cortex.
We found that synchronized firing in adjacent neurons in the
upper layer (layers 2—4) occurred preferentially when the neu-
rons shared a similar preference for orientation or spatial fre-
quency of visual stimuli. This feature-selective synchronization
was rudimentary at eye opening and became prominent during
the first few weeks after eye opening only in the presence of pat-
tern vision. In contrast to upper layer synchrony, synchronized
firing in the lower layer (layers 5—-6) was independent of orienta-
tion similarity and weakly dependent on spatial frequency simi-
larity. Lower layer synchrony was strengthened after eye opening
independently of visual experience as a whole. However, the fea-
ture selectivity of synchronization was regulated by visual inputs,
whereas the inputs without contours were sufficient for this reg-
ulation. These results demonstrate that the properties and devel-
opmental mechanisms of synchronization are very different in
the upper and lower layers.

Materials and Methods

Animals

All of the experiments were performed under a protocol approved by the
Experimental Animal Committee of National Institute for Physiological
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Sciences. Experiments were performed using pigmented (Long—Evans)
rats of either sex at postnatal days 13—15 (P13—P15) just after eye opening
and at P24-P28 (Japan SLC). The P24—P28 rats used were reared in a
normal visual environment (12 h light/dark cycles) with or without bin-
ocular eyelid suture or in darkness from birth (see Fig. 1A). For binocular
deprivation, the eyelids of both eyes were sutured before eye opening
(P12-P13) under anesthesia with 2.5% isoflurane.

Unit recording with multichannel electrodes

Rats were anesthetized with urethane (0.8-1.0 g/kg, i.p.) supplemented
by the sedative chlorprothixene (10 mg/kg, i.m.) and then unit record-
ings were made from the binocular zone of the primary visual cortex
(4—4.3 mm lateral from the midline, 6— 6.8 mm caudal from the bregma)
using linear-array multichannel silicone electrodes containing 16 record-
ing contacts with an inter contact space of 100 wm (1-2 M{); Neuronexus
Technologies). One to three penetrations were made in each rat. In bin-
ocularly deprived rats, the sutured eyelids were opened just before start-
ing unit recordings. Signals were acquired using System3 workstation
(Tucker-Davis Technologies, RRID:SCR_006495) at a sampling rate of
25 kHz (band path filter, 0.3-5 kHz). Spikes were stored when an online
analysis showed that their amplitude was ~5 SDs greater than the base-
line. After that, we sorted the spikes based on the form and size of their
wave and analyzed the spikes originating from single neurons using an
offline spike-sorting procedure (open sorter for multichannel record-
ings; Tucker-Davis Technologies). Typically, we could isolate zero to two
units per channel and performed detailed analyses on these units. A
group of sorted spikes was classified as a single unit when their spike train
autocorrelogram showed a refractory period (2-5 ms; see Fig. 1B).

Visual stimuli

Visual stimuli consisting of a full-field sinusoidal grating (90% contrast)
drifting at a temporal frequency of 2-3 Hz (duration of 2 s) were applied
to the eye contralateral to the recording hemisphere while the ipsilateral
eye was shielded from visual stimulation by black paper. A uniform gray
screen with a luminance, which was the same as the mean luminance of
the grating stimuli, was presented for 2 s following each grating stimulus.
These stimuli were generated in the Psychophysics Toolbox extensions of
MATLAB (Brainard, 1997; Pelli, 1997; Suematsu et al., 2012, RRID:
SCR_002881) and displayed on the face of a 24-inch monitor with
gamma correction (refresh rate, 60 Hz, mean luminance, 40 cd/ m?),
which was placed in front of the animal (distance, 28.5 cm). The direction
and spatial frequency of the grating were varied pseudorandomly be-
tween 0 and 360 degrees (12 steps) and between 0.005 and 0.32 cycles/
degree (7-12 steps), respectively. This sequence of visual stimuli was
repeated 10—20 times for each cell to typically obtain >1500 spikes. A
blank stimulation (uniform gray, duration of 2 s) was interleaved once in
each set of stimuli to calculate spontaneous firing rates.

Visual response analysis

Visual responsiveness. The magnitude of the visual response for each stim-
ulus in the stimulus set was defined by the firing rate, which was deter-
mined by subtraction of the spontaneous firing rate from the firing rate
during the presentation of drifting grating stimuli. For the analysis of
visual responses, we selected cells in which the firing rate for the optimal
stimulus was significantly different from the spontaneous firing rate
(Kolmogorov—Smirnov test, p < 0.05) and was higher than the mean *
2 SDs of the spontaneous rate in >50% of stimulation trials. The optimal
spatial frequency was determined from the spatial frequency tuning
curve fitted with the difference of log Gaussian function using the responses
summed across all directions for each spatial frequency. The sharpness of
spatial frequency tuning was assessed by the half-width of spatial frequency
tuning at the optimal direction. The optimal orientation was determined by
vector averaging of the responses summed over all spatial frequencies. To
assess orientation selectivity, we used an orientation selectivity index (OSI)
determined by the ratio of (R,p — Rorn)/(Rope + Ror) at the optimal spa-
tial frequency in each cell, where R, ,, is the magnitude of the response to
the optimal direction and R, is the mean of the magnitudes of the
response to the two directions orthogonal to the optimal direction. In
analysis of the filter effect of sutured eyelids on visual inputs, a global OSI
(equivalent to 1 — circular variance), as defined below, was calculated to
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assess orientation selectivity, because the number of spikes evoked by
visual stimulation through sutured eyelids was small (see Fig. 2):

gOSI = \/( ZR,.(sin(zei)> + <2R,cos(20i)) IDR;

Where R, is the total number of spikes evoked by stimuli in the i direc-
tion 6 at all spatial frequencies included in the stimulus set.

Cross-correlation. The extracellular unit recording method used in this
study allowed us to discriminate time difference between the action po-
tentials generated in different neurons on a timescale of <1 ms. Using
this high-time resolution method, the correlated spike activity of pairs of
simultaneously recorded cells was characterized precisely. When two
neurons recorded from the same channel of a multichannel electrode fire
synchronously, their wave forms may often overlap, making spike sorting
difficult, which can result in errors in the estimation of synchronous
firing (Bair et al., 2001). To avoid this type of error, we analyzed neuron
pairs recorded from the separate channels of a multichannel silicone
electrode. To measure the relative spike timing of two neurons, we cal-
culated cross-correlograms (CCGs, bin width of 1 ms) of spike trains
using all the spike trains obtained during the presentation of grating
stimuli (see Fig. 1C,D). According to the method described previously
(Bair et al., 2001), we computed CCGs as follows:

CCG(7) = % 22 xi(Dxi(t+ 1) 1/0(1) JAA,

i=1t=1

where M is the number of trials, Nis the number of bins in the trial, x’i and
x5 are the spike trains of the two neurons on trial 4, 7is the time lag, and
A, and A, are the mean firing rates of the two neurons. O is a triangular
function that corrects for the amount of overlap in the two spike trains at
each time lag. We normalized the CCG by the geometric mean spike rate
(square root of A; A,) because this normalization is most commonly used
and keeps the CCG peaks relatively constant as the firing rate varies. To
remove correlations that were locked to the stimulus, we computed a
standard shuffle-corrected CCG by subtraction of the CCG produced
from the same dataset but with nonsimultaneous trial pairings from the
raw CCG. In the shuffled CCGs, no clear peaks were observed within the
analyzed time window (—150 to +150 ms). We smoothed the shuffle-
corrected CCGs with a 5 ms kernel ([0.05 0.25 0.40 0.25 0.05]) before
using them for further analyses. The strength of synchrony was quanti-
fied by the area within a time window of 0 = 3 ms from the peak in the
smoothed CCG. Synchronous pairs were defined as neuron pairs that
showed CCG peaks >5 SDs from the baseline mean determined in a time
window of between —75 and 75 ms excluding the central time window of
between —20 and 20 ms in the CCG. The CCG peak at 0 ms (<1 ms) may
indicate the presence of common inputs, whereas the peak separate from
0 ms (>1 ms) may indicate the presence of direct synaptic connections
between the neuron pairs (Toyamaetal., 1981). However, direct synaptic
connections can be also present between neuron pairs with a wide half-
width of the CCG peak even when the time delay of the peak was <1 ms.

Assessment of response similarity. To assess the similarity of preferences
in visual stimuli consisting of a combination of various spatial frequen-
cies and orientations in a pair of neurons, we calculated a signal correla-
tion defined by Pearson’s correlation coefficient between the mean
numbers of spikes in the pair of neurons, standardized by z-scoring in
each neuron, to the same stimulus set (Kohn and Smith, 2005). Signal
correlation is close to 0 when the magnitude of the visual responses is not
correlated in a pair of neurons, whereas it approaches 1 as the similarity
increases (see Fig. 6B). In the plot of the CCG peak area against signal
correlation, the peak area was averaged over the signal correlation win-
dow of 0.2 at the step of 0.01 in the range of signal correlation from —0.2
to the top 5% value for each experimental group (see Figs. 7B, 8B). The
similarity of spatial frequency preference and orientation preference was
determined by the difference in the optimal spatial frequency and the
optimal orientation in a pair of neurons, respectively. In the plot of the
CCG peak area against the similarity of spatial frequency and orientation
preferences, the peak area was averaged over the windows of spatial fre-
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quency (0.01 cycles/degree) and orientation differences (30°) at the step
of 0.0005 cycles/degree and 1°, respectively (see Figs. 9A,D, 10A, D).

Layer determination

To determine the laminar location of recorded cells in P24—-P28 rats,
visually evoked field potentials were recorded through all layers in re-
sponse to full-field sinusoidal gratings flashed at 1 Hz (0.005 or 0.02
cycles/degree, 90% contrast, duration of 1 s, 100 stimuli in total) with the
same multichannel electrodes used for unit recordings (sampling rate,
3 kHz; band path filter, 1-300 Hz) and the current source density (CSD)
analysis of the evoked potentials was conducted (Mitzdorf, 1985), as
shown in Figure 1E. The location of layer 4 was determined as the site at
which an early sink was observed in the middle of cortical layers. In rats at
P13-P15, the amplitude of field potentials was too small to conduct CSD
analysis reliably. Therefore, in these rats, the laminar location of recorded
cells was determined from the depth of the recording contact from the
surface of the pia based on the distances from the pia to the laminar
borders determined later by Nissl staining.

Experimental design and statistical analyses
Experiments were conducted in ratsat P13—P15 (n = 21) and at P24 P28
after normal rearing (n = 21), dark rearing (n = 19), and binocular
deprivation (n = 13). The number of cells analyzed was 134 (P13-P15),
168 (normal rearing), 115 (dark rearing), and 168 (binocular depriva-
tion) for the upper layer and 256 (P13-P15), 172 (normal rearing), 182
(dark rearing), and 185 (binocular deprivation) for the lower layer.
MATLAB (RRID:SCR_001622) and GraphPad Prism (RRID:SCR_002798)
were used for the quantification and statistical analyses. We used the
nonparametric Mann-Whitney test for statistical comparison of two
groups and the Kruskal-Wallis test with post hoc Dunn’s test for compar-
isons of more than two groups. The Kolmogorov—Smirnov test was used
to compare the differences in the distribution of signal correlation. The
X test was used for comparison of the proportion of synchronous pairs.
Two-tailed tests were used and p < 0.05 was considered significant.
When comparisons were made between four groups using the x? test or
the Kolmogorov—Smirnov test, Bonferroni correction was sued and the
significance level was set to be p << 0.0083. All of the statistical tests are
described in the figure legends and in the text. In the box plot, the box
represents the first and third quartiles (median line inside the box) and
the whiskers represent the 10th to 90th percentiles.

Results

We investigated the development of synchronized firing of adja-
cent neurons in the primary visual cortex. The experiments were
conducted using immature rats at P13—P15, just after eye open-
ing, and rats at P24 —P28 when the visual functions have matured
considerably under the influence of visual experience (Fig. 14)
(Prusky et al., 2004, Kang et al., 2013). To reveal the effect of
visual experience on the development of synchronized firing, we
used three groups of P24—P28 rats, which were raised in a normal
visual environment without (normal rearing) or with lid suture
of both eyes from the day just before eye opening (binocular
deprivation) and in darkness from birth (dark rearing). Dark
rearing deprives visual inputs completely, whereas binocular de-
privation deprives patterned visual inputs, but allows inputs with
diffuse light of varying intensities through the eyelids in cats
(Spear et al., 1978). This acute effect of binocular deprivation on
visual inputs was confirmed in the rats used in this study. Indeed,
visual cortical neurons almost lacked orientation selectivity dur-
ing binocular deprivation, whereas they could respond to drifting
grating stimuli at low but not high spatial frequencies (Fig. 2).

Synchronized firing develops differently in the upper and
lower layers

To investigate the development of synchronized firing in cortical
neurons, we conducted a cross-correlation analysis of spike trains
in single units simultaneously recorded during the presentation
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Figure1. Experimental procedure and cross-correlation analysis of spike trains recorded simultaneously from a pair of cells. A, Timeline of the experimental manipulation of visual experience and
unit recordings. Unit recordings were conducted at P13—P15, and at P24 —P28 after normal rearing (NR), dark rearing (DR), and binocular deprivation (BD). B, Waveform of spikes recorded
simultaneously from two different channels (distance, 200 r.m) of an electrode (left) and the auto-correlograms of spikes in these neurons (ACG, right). €, Raw (black) and shuffled (gray) CCGs
computed from spike trains recorded from a pair of cells during visual stimulation trials are shown on the left. A shuffle-corrected CCG obtained by subtraction of the shuffled CCG from the raw (G
was normalized by the geometric mean of spike rates in the two cells (black) and then smoothed CCG (red) was obtained, as shown on the right. A neuron pair was considered synchronous if the peak
in their CCG was at least 5 SDs (dashed line) greater than the mean of the baseline. D, Examples of CCGs obtained from four cell pairs that were synchronous (top) and not synchronous (bottom)
sampled from P24 —P28 normal rats. The dashed line indicates 5 SDs of the baseline. The figure in the graph indicates the value of the CCG peak area within the time window of 0 == 3 ms from the
peak time in the CCG. E, An example of the CSD analysis of LFPs evoked by visual stimuli with contrast reversal of sinusoidal gratings, to determine the laminar boundaries of cortex. Traces in the left
column show trial average (n = 100) LFPs recorded using linear-array multichannel silicone electrodes (interpolar distance, 100 m). The spatiotemporal profile of CSDs is shown in the right

color-coded figure. The arrow indicates the location of an early current sink, corresponding to the location of layer 4.

of visual stimulation (Fig. 1B-D). We first analyzed pairs of neu-
rons sampled from the upper layer. Figure 3A shows representa-
tive examples of CCGs for each experimental group. The
proportion of synchronous pairs increased significantly from
P13-P15 (13%) to P24-P28 (21%) during normal development
[x() (n = 990) = 8.845, p = 0.0029, x° test with Bonferroni
correction, normal rearing vs P13—P15], whereas both dark rear-
ing (11%) and binocular deprivation (11%) prevented this in-
crease completely (Fig. 3B). The CCG peak area of synchronous
pairs also increased significantly from P13-P15 to P24 P28 dur-
ing normal development (mean rank difference = —51.47, p =

0.0004, Dunn’s test; Fig. 3C). Dark rearing prevented this devel-
opmental increase almost completely, but binocular deprivation
did not affect the increase (mean rank difference = 2.138, p >
0.9999, Dunn’s test, dark rearing vs P13—P15; mean rank differ-
ence = —4.526, p > 0.9999, binocular deprivation vs normal
rearing; Fig. 3C). Figure 3D shows the distribution of the peak
time of CCGs in synchronous pairs. The proportion of synchro-
nous pairs with the peak time of CCGs around time 0 (<1 ms)
was only 36% at P13—P15 and increased significantly during
normal rearing (69%) and binocular deprivation (72%), but
not during dark rearing (41%; Table 1). These observations on
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Figure2. Filtereffect of sutured eyelids on visual inputs. A, An example of spatial frequency tuning curves (left) and polar plots of orientation/direction tuning (right) for visual responses evoked
inaneuron tuned to low spatial frequencies by visual stimuli presented to the eye after (top) and before reopening of sutured eyelids (bottom). The spatial frequency tuning curve and the polar plot
of orientation/direction tuning were calculated using the visual responses summed over all the directions included in the stimulus set for each spatial frequency and all the spatial frequencies
included in the set for each direction, respectively. Dashed line indicates the spontaneous firing rate. The neurons tuned to low spatial frequencies often responded to stimuli of low spatial
frequencies regardless of orientation/direction while the eyes were closed, although the magnitude of the visual responses was considerably smaller than that observed when the eyes were open.
B, Similar to A, but for a neuron tuned to high spatial frequencies. The neurons tuned to high spatial frequencies almost failed to respond to any stimuli applied while eyes were closed. C, Average
magnitude of the visual responses obtained from neurons with (closed, black) and without eyelid suture (open, red). The magnitude of the visual responses was normalized by the maximum
response in each unit. The shadow indicates = SEM. The number of recorded units was 28 and they were sampled from rats at P24 —P28. D, The relationship between the global orientation
selectivity indexes (g0Sls) obtained from the same neurons with (closed) and without eyelid suture (open). The orientation selectivity determined during eye closure was very low, even when the

selectivity was high without eye closure.

the CCG peak time indicate that the contribution of common
excitatory inputs to synchronized firing became dominant in
the presence of visual inputs regardless of whether the inputs
included contour information. However, we cannot rule out
another possibility that common inputs have some time delay
just after eye opening and after dark rearing. The half-width of
CCG peaks remained unchanged during development regard-
less of visual experience (Fig. 3E). These results in the upper
layer indicate that the proportion of synchronous pairs and
the strength of synchrony increase after eye opening depend-
ing on visual experience.

Figure 4A shows examples of CCGs for pairs of neurons sam-
pled from the lower layer. In this layer, the proportion of syn-
chronous pairs at P13-P15 was small (7%; Fig. 4B). Thereafter,
the proportion increased approximately twofold in normal de-
velopment (14% at P24-P28) and the increase was statistically
significant [, (n = 1596) = 21.29, p < 0.0001, x test with
Bonferroni correction]. However, even after this increase, the
proportion in the lower layer was significantly smaller than that
in the upper layer at P24-P28 [x(;, (n = 1258) = 9.281,p =
0.0023, x* test]. The proportion of synchronous pairs increased
after dark rearing (15%) and binocular deprivation (13%), as was
found after normal rearing (Fig. 4B). There were no significant
differences in the proportion between the P24 P28 group of rats
after normal rearing and those after dark rearing or binocular
deprivation [x(;, (n = 1381) = 0.1811, p = 0.6704, x~ test with
Bonferroni correction, dark rearing; x(}, (n = 1523) = 0.1343,
p = 0.7140, binocular deprivation], indicating that the increase
was independent of visual experience. There were no significant
differences in the peak area or the half-width of CCGs in synchro-
nous pairs between the P13—P15 group and any of the P24-P28
groups (Fig. 4C,E). In addition, there were no significant differ-
ences in the proportion of synchronous pairs with the peak time

of CCGs around time 0 (< 1 ms) between the P13—P15 group
(50%) and any of the P24-P28 groups (65%, normal rearing;
55%, dark rearing; 67%, binocular deprivation; Fig. 4D, Table 1).
Therefore, in the lower layer, the proportion of synchronous
pairs increased approximately twofold after eye opening regard-
less of visual experience and the properties of synchronization in
the synchronous pairs remained almost unchanged during this
period. These observations indicate that the development of syn-
chronized firing in the lower layer is almost independent of visual
experience, in contrast to that in the upper layer.

Development of visual responsiveness in upper and lower
layer neurons

Synchronized firing is preferentially found between neurons
sharing a similar preference for visual stimuli in the visual cortex
of mature cats and mice (Toyama et al., 1981; Ts’o et al., 19865
Gray and Singer, 1989; Hata et al., 1991; Schwarz and Bolz, 1991;
Denman and Contreras, 2014). To clarify the developmental
changes in the relationship between response similarity and syn-
chronized firing, we analyzed the visual response properties of
neurons, which were used for the cross-correlation analysis. Fig-
ure 5, A and B, shows representative examples of visual responses
for the upper and lower layer neurons from each experimental
group. In normal development, the distribution of the optimal
spatial frequency in individual neurons was shifted significantly
toward higher frequency values from P13-P15 to P24-P28 in
both the upper and lower layers (Fig. 5C,D), consistent with the
previous findings in cats and mice (Derrington and Fuchs, 1981;
Hoy and Niell, 2015). We found no significant difference in the
distribution of the optimal spatial frequency between the upper
and lower layers at P24 P28 after normal rearing (D = 0.07807,
p = 0.6782, Kolmogorov—Smirnov test). The developmental shift
of the optimal spatial frequency in the upper and lower layers was
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Figure3. Age- and experience-dependent changes in synchronized firing of adjacent corti-

cal neuronsin the upper layer. A, Example CCGs of synchronous neuron pairs at P13—P15, and at
P24 —P28 after normal rearing (NR), dark rearing (DR), and binocular deprivation (BD). B, Pro-
portion of synchronous neuron pairs in the four groups. Number of synchronous pairs (total
pairs) was 56 (421) at P13—P15, 117 (569) after NR, 37 (340) after DR, and 64 (569) after BD. x>
test, Bonferroni correction for multiple comparisons between the four experimental groups;
##tp < 0.01, ##Hp << 0.001 versus normal P24 —P28 (indicated only for deprived groups), *p <
0.05 versus P13—P15. C, Box plot summary of CCG peak areas of neuron pairs with significant
(CG peaks. Plus sign indicates the mean value. Kruskal—Wallis test with post hoc Dunn'’s test
between the four experimental groups; ##p << 0.01 versus normal P24 —P28 (indicated only for
deprived groups), ***p << 0.001 versus P13—P15. D, Cumulative distribution of peak time of the
(CGs in synchronous neuron pairs. Kolmogorov—Smirnov test, Bonferroni corrections for mul-
tiple comparisons; **p << 0.01 versus P13—P15. E, Box plot summary of full-width at half-
maximum of the CCG peaks in synchronous neuron pairs. No significant differences were seen
between the four experimental groups using Kruskal-Wallis test (H = 5.577,p = 0.1341).

prevented by binocular deprivation as well as by dark rearing
(Fig. 5C,D). The distribution of the optimal spatial frequency was
shifted significantly toward lower values by binocular depriva-
tion in the lower layer, but not in the upper layer, compared with
that at P13-P15 (Fig. 5C,D). Therefore, the optimal spatial fre-
quency was distributed in a relatively low-frequency range when
the eyes opened and, thereafter, the proportion of neurons tuned
to higher spatial frequencies increased in a normal visual envi-
ronment in both upper and lower layers.
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The half-width of spatial frequency tuning, an index of its
sharpness, remained unchanged between P13-P15 and P24 -P28
regardless of visual experience in the upper layer (Fig. 5E). In the
lower layer, however, the half-width showed developmental
changes depending on visual experience (Fig. 5F). The half-width
at P13-P15 was significantly narrower than that observed at the
same age in the upper layer (U = 13051, p < 0.0001, Mann—
Whitney test). Unexpectedly, the half-width significantly ex-
panded during normal rearing and binocular deprivation (Fig.
5F),leading to no significant difference in the half-width between
the upper and lower layers at P24 —P28 after either type of rearing
(U = 13672, p = 0.3908, Mann—Whitney test, normal rearing;
mean rank difference = —15330, p = 0.7591, binocular depriva-
tion). Conversely, the half-width did not change significantly
during dark rearing (Fig. 5F). Therefore, in the lower layer, the
spatial frequency tuning was widened after eye opening in the
presence of visual inputs regardless of the presence or absence of
contour.

The orientation selectivity did not show clear developmental
changes in any rearing condition in the upper layer (Fig. 5G). In the
lower layer, however, orientation selectivity showed experience-
dependent changes (Fig. 5H). At P13-P15, the OSI in the lower layer
was not significantly different from that in the upper layer (U =
15856, p = 0.2195, Mann—Whitney test; Fig. 5G,H ). In normal de-
velopment, the OSI showed a significant decrease (Fig. 5H ) and thus
it was significantly lower than that in the upper layer at P24-P28
(U= 12069, p = 0.0086, Mann—Whitney test), as shown previously
for mice (Niell and Stryker, 2008). This developmental decrease in
orientation selectivity was prevented almost completely by dark
rearing and partially by binocular deprivation (Fig. 5H). These re-
sults indicate that orientation selectivity is almost established by the
time the eyes open in both the upper and lower layers and that visual
experience decreases the selectivity during early development in the
lower layer.

The firing rate during the optimal visual stimuli increased
significantly during normal development in both upper and
lower layers (Fig. 51,] ), consistent with the finding in awake mice
(Hoy and Niell, 2015). There was no significant difference in the
firing rate between the upper and lower layers at P24 P28 after
normal rearing (U = 13939, p = 0.5747, Mann—Whitney test). In
the upper layer, both dark rearing and binocular deprivation par-
tially impaired the developmental increase (mean rank differ-
ence = —49.76 and —48.43, p = 0.1228 and 0.0811 for dark
rearing and binocular deprivation, respectively, compared with
P13-P15), but there was no significant difference in the firing rate
between the group of rats after normal rearing and those after
dark rearing or binocular deprivation (mean rank difference =
29.48, p = 0.8951, dark rearing vs normal rearing; mean rank
difference = 30.81, p = 0.5717, binocular deprivation vs normal
rearing; Fig. 5I'). Conversely, neither deprivation significantly af-
fected the developmental increase in the firing rate in the lower
layer (Fig. 5]).

The developmental increase in the firing rate can enhance
synchronized firing (de la Rocha et al., 2007). If the increase in the
firing rate was simply reflected in the frequency and strength of
synchronization, then the proportions of synchronous pairs in
the upper layer after dark rearing and binocular deprivation
would show values intermediate between the proportions at P13—
P15 and at P24-P28 after normal rearing. The CCG peak area
would also show developmental changes similar to that observed
in the proportion of synchronous pairs. However, the proportion
of synchronous pairs increased only during normal rearing (Fig.
3B). In addition, the CCG peak area of synchronous pairs
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Table 1. Comparison of the percentage of synchronous pairs showing CCGs with peak time of ~0 ms

P13-P15 Normal rearing Dark rearing Binocular deprivation
Upper layer
Percentage 36% 69% 41% 72%
Vs P13-P15 - Xy (1= 173) = 17.51,p < 0.0001 Xy (1= 93) = 02211, p = 0.6382 Xy (0= 120) = 15.78,p < 0.0001
Lower layer
Percentage 50% 65% 55% 67%
vs P13-P15 - Xy (1= 161) = 3.562, p = 0.0591 Xy (1= 167) = 0.4522,p = 0.5013 Xy (0= 176) = 4.918, p = 0.0266

increased during normal rearing and binocular deprivation to
a similar degree, whereas it remained almost unchanged dur-
ing dark rearing (Fig. 3C). Therefore, the developmental
changes in the firing rate may contribute to the changes in
synchronization only partially in the upper layer. In the lower
layer, the experience-independent increase in the firing rate
may contribute to the experience-independent increase in the
proportion of synchronous pairs to some extent, although it
did not cause any increase in the strength of synchronization
in synchronous pairs (Figs. 4B,C, 5] ).

It is uncertain at present why dark rearing and binocular de-
privation affected the development of synchronization differ-
ently in the upper layer, whereas both types of deprivation
suppressed the developmental increase in the firing rate to a sim-
ilar degree. One possible explanation for this difference is as fol-
lows. Adjacent excitatory neurons showing a similar preference
for visual stimulus features at the time of eye opening would
frequently undergo concurrent activity in response to visual
stimuli during normal development after eye opening, but not
during dark rearing or binocular deprivation. This concurrent
activity may potentiate excitatory synaptic connections between
these neurons based on the Hebbian synaptic modification rule
(Bearetal., 1987; Singer, 1995). This potentiation may contribute
to the establishment and/or enhancement of synchronous firing
in a pair of neurons through the formation and/or strengthening
of common inputs from other neurons to the pair of neurons
when these neurons all share a similar preference for visual fea-
tures. Indeed, our previous observation obtained from rats
reared in the same way as in the present study demonstrated that
common inputs increased in layer 2/3 pyramidal neurons con-
nected synaptically during normal rearing after eye opening, but
not during dark rearing or binocular deprivation (Ishikawa et al.,
2014). This speculation about the development of synchronous
pairs may account for the increase in the proportion of synchro-
nous pairs observed only during normal rearing (Fig. 3B). How-
ever, the CCG peak area increased even during binocular
deprivation, although it did not increase during dark rearing (Fig.
3C). In our previous study mentioned above, the number and
strength of excitatory synaptic connections to layer 2/3 pyramidal
neurons increased similarly during binocular deprivation and
normal rearing, although these developmental changes were pre-
vented by dark rearing (Ishikawa et al., 2014). Therefore, it seems
possible that the CCG peak area for pairs of neurons showing
synchronous firing already at eye opening increased even during
binocular deprivation. Itis likely that pattern vison is required for
the establishment of synchronous firing, whereas visual inputs
without contour are sufficient for the enhancement of preexisting
synchronous firing.

Visual response similarity between adjacent neurons develops
differently in the upper and lower layers

We examined the development of the similarity in visual stimulus
preference in adjacent neurons to adequately understand the de-

velopmental changes in the feature selectivity of synchronization.
We determined the similarity of responses visually evoked in a
pair of adjacent neurons by signal correlation, which was defined
by the coefficient of correlation between the magnitudes of re-
sponses evoked in the two neurons by the same set of visual
stimuli. Figure 6, A and B, exemplifies two pairs of neurons with
high and low values of signal correlation. In the upper layer, the
distribution of signal correlation changed significantly during
normal development (D = 0.1088, p = 0.0065, Kolmogorov—
Smirnov test with Bonferroni correction) and expanded in a wide
range in both negative and positive directions (Fig. 6C), indicat-
ing that the diversity of response similarity between adjacent
neurons increases during this developmental period. These de-
velopmental shifts in the distribution were not affected by binoc-
ular deprivation (D = 0.05800, p = 0.2941 vs normal rearing),
whereas the shift in the positive, but not negative, direction was
prevented by dark rearing (D = 0.1321, p = 0.0012 vs normal
rearing; Fig. 6C). These results demonstrated that, in the upper
layer, the proportion of similar pairs increased after eye opening
in the presence of visual inputs regardless of the presence or
absence of contour. Therefore, it is likely that the developmental
changes in the proportion of similar pairs resemble those in the
proportion of synchronous pairs for normal rearing and dark
rearing, but not binocular deprivation (Fig. 3B).

The developmental changes in the distribution of signal cor-
relation in the lower layer were considerably different from the
changes in the upper layer. The distribution of signal correlation
did not expand in the positive direction during normal develop-
ment (D = 0.1031, p = 0.0005; Fig. 6D). Conversely, the distri-
bution shifted in the positive direction slightly during dark
rearing and markedly during binocular deprivation (D =
0.08523, p = 0.0067 dark rearing vs P13-P15; D = 0.2790, p <
0.0001 binocular deprivation vs P13-P15; Fig. 6D). The increase
of neuron pairs with high signal correlations observed after bin-
ocular deprivation may be ascribed to the noticeable predomi-
nance of neurons tuned to low spatial frequencies (Fig. 5D).
These observations in the lower layer demonstrated that promi-
nent developmental increases in the proportion of similar pairs
and synchronous pairs took place in parallel only after binocular
deprivation. Therefore, visual response similarity and synchro-
nous firing are regulated rather independently in both upper and
lower layers.

Development of feature-selective synchronization in the
upper layer

Figure 7A shows examples of the magnitudes of visual responses
and the CCGs for pairs of upper layer neurons with high signal
correlation values from each experimental group. To reveal the
relationship between response similarity and the degree of syn-
chronized firing, the moving average of the CCG peak area for
neuron pairs was plotted against their signal correlation (Fig. 7B).
A pair of neurons with low response selectivity may show a high
signal correlation even when their preferred stimuli are not so
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Figure4. Age- and experience-dependent changes in synchronized firing of adjacent corti-

cal neuronsin the lower layer. 4, Example CCGs of synchronous neuron pairs at P13-P15, and at
P24 P28 after normal rearing (NR), dark rearing (DR), and binocular deprivation (BD). B, Pro-
portion of synchronous neuron pairs in the four experimental groups. Number of synchronous
neuron pairs (total pairs) was 64 (907) at P13—-P15, 97 (689) after NR, 103 (692) after DR, and
112 (834) after BD. x* test, Bonferroni correction for multiple comparisons between the four
experimental groups, ***p << 0.001 versus P13—P15. C, Box plot summary of CCG peak areas of
neuron pairs with significant CCG peaks. Plus sign indicates the mean value. No significant
differences were seen between the four experimental groups using Kruskal-Wallis test fol-
lowed by Dunn’s test (p = 0.2293 for NR vs DR; p = 0.5864 for P13—P15 vs BD; p = 0.0808 for
DR vs BD; p > 0.9999 for other pairs of groups). D, Cumulative distribution of peak time of the
(CCGs in synchronous neuron pairs. No significant differences were seen between the four ex-
perimental groups using Kolmogorov—Smirnov test, Bonferroni corrections for multiple com-
parisons. E, Box plot summary of full-width at half-maximum of the CCG peaks in synchronous
neuron pairs. No significant differences were seen between the four experimental groups using
Kruskal—-Wallis test followed by Dunn's test (p > 0.9999, p = 00.4848, and p = 0.1594 for
P13-P15vs NR, DR, and BD, respectively, Dunn’s test).

similar. Therefore, we excluded neurons with low selectivity for
both spatial frequency (tuning width >1.8 cycles/degree) and
orientation (OSI <0.16) from this analysis. The CCG peak area
increased far more steeply with signal correlation at P24-P28
than P13-P15 in normal rats and this developmental change was
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prevented by dark rearing and binocular deprivation (Fig. 7B).
This observation suggests that feature-selective synchronization
undergoes full maturation only in the presence of normal visual
inputs.

To analyze the development of feature-selective synchroniza-
tion quantitatively, we made a comparison of the synchroniza-
tion in similar and dissimilar neuron pairs. We defined neuron
pairs showing signal correlation >0.44 (the top 30% of signal
correlation values in normal rats at P24 —P28) as similar pairs and
the other neuron pairs as dissimilar pairs commonly in all exper-
imental groups. According to this definition, the proportion of
similar pairs was 22% at P13-P15, 18% after dark rearing, and
35% after binocular deprivation. The proportion of synchronous
pairs among the similar pairs (20%) was significantly higher than
that among the dissimilar pairs (12%) at P13-P15 [X(zl) (n =
407) = 4.013, p = 0.0452, x? test; Fig. 7C]. In normal develop-
ment, the proportion of synchronous pairs in the similar pair
group increased considerably, whereas the proportion in the dis-
similar pair group did not increase. This resulted in a remarkable
difference in the proportion between the similar and dissimilar
pair groups at P24-P28 [x(,, (n = 549) = 97.46, p < 0.0001, x*
test]. Although there was no significant difference in the CCG
peak area for synchronous pairs between the similar and dissim-
ilar pair groups at P13-P15, the CCG peak area in the similar pair
group was significantly larger than that in the dissimilar pair
group at P24 P28 after normal rearing (U = 257, p = 0.1031,
Mann-Whitney test, P13-P15; U = 1026, p = 0.0247, P24—P28;
Fig. 7D). Therefore, feature-selective synchronization seems to
develop remarkably during the 1-2 weeks after eye opening.

Both dark rearing and binocular deprivation totally prevented
the increase in the proportion of synchronous pairs in the similar
pair group (Fig. 7C). No significant difference was found in the
CCG peak area between the similar and dissimilar pair groups
after either type of deprivation (U = 100, p = 0.3683, Mann—
Whitney test, dark rearing; U = 353, p = 0.1567, binocular de-
privation; Fig. 7D). These observations indicate that, in the upper
layer, strong synchronization is established selectively in neuron
pairs sharing a similar preference for visual stimulus features only
when raised in a normal visual environment.

Development of feature-selective synchronization in the
lower layer

The development of feature-selective synchronization in the
lower layer was noticeably different from that observed in the
upper layer. Figure 8A shows examples of CCGs for pairs of lower
layer neurons with high signal correlation values from each ex-
perimental group. The plot of CCG peak area against signal cor-
relation suggests that it is uncertain whether feature selectivity
increased during normal development, although synchroniza-
tion was strengthened for all signal correlation values (Fig. 8B). It
is likely that similar changes occurred during dark rearing as well
as during binocular deprivation.

For the lower layer, we defined neuron pairs showing signal
correlation >0.21 (the top 30% of signal correlation values in
normal rats at P24-P28) as similar pairs and the other neuron
pairs as dissimilar pairs commonly in all experimental groups.
The proportion of similar pairs was 37% at P13—-P15, 42% after
dark rearing and 59% after binocular deprivation. The propor-
tion of synchronous pairs in the similar pair group (14%) was far
higher than that in the dissimilar pair group (3%) at P13-P15
[X(zl) (n = 871) = 43.27, p < 0.0001, x? test; Fig. 8C]. The pro-
portion of synchronous pairs increased substantially in both sim-
ilar and dissimilar pair groups during normal development and it
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Figure 5.  Age- and experience-dependent changes in the visual response properties of upper and lower layer neurons. 4, B, Examples of spatial frequency tuning curves (left) and polar plots

showing orientation tunings (right) for single unitsin the upper layer (4) and lower layer (B) at P13—P15 and at P24 —P28 after normal rearing (NR), dark rearing (DR), and binocular deprivation (BD).
C-J, Summary of visual response properties of upper and lower layer neurons at P13—P15 (green),and at P24 —P28 after normal rearing (NR, red), dark rearing (DR, gray), and binocular deprivation
(BD, blue). €, D, Cumulative distribution of the optimal spatial frequency of neurons in the upper layer (C) and lower layer (D) for the four experimental groups. Kolmogorov—Smirnov test, Bonferroni
correction for multiple comparisons between the four experimental groups; ##p << 0.01, ###p << 0.001 versus normal P24 —P28 (indicated only for deprived groups), *p << 0.05, **p << 0.01 versus
P13-P15. Statistical analyses of the data in the upper layer (A) are as follows: D = 0.2082, p = 0.0031,P13-P15vs NR; D = 0.2993, p < 0.0001, NRvs DR; D = 0.3333, p << 0.0001, NRvs BD; D =
0.1434, p = 0.0933, P13 vs BD. Statistical analyses of the data in the lower layer (B) are as follows: D = 0.2019, p = 0.0005, P13—P15 vs NR; D = 0.2107, p = 0.0008, NR vs DR; D = 0.3992, p <
0.0001, NRvsBD; D = 0.2072, p = 0.0002, P13 vs BD. E—J, Box plot summary of the half-width of SF tuning curve (E, F), 0SI (G, H), and the firing rate for the optimal visual stimuli (/.J) in the upper
layer (E, G, I) and lower layer (F, H, J). Plus sign indicates the mean value. #p << 0.05 versus normal P24 —P28 (indicated only for deprived groups), **p << 0.01, ***p < 0.001, ****p < 0.0001
versus P13—P15. Number of cells analyzed was 134 (P13—P15), 168 (NR), 115 (DR), and 168 (BD) for the upper layer and 256 (P13—P15), 172 (NR), 182 (DR), and 185 (BD) for the lower layer.

was still significantly higher in the similar pair group than in the
dissimilar pair group at P24-P28 [x(;, (n = 685) = 24.34, p <
0.0001, x test; Fig. 8C]. At P24 —P28, the proportion of synchro-
nous pairs in the similar pair group was significantly smaller in
the lower layer than in the upper layer, whereas the proportion in
the dissimilar pair group was almost the same in the upper and
lower layers [X(zl) (n=373) = 21.48, p < 0.0001, X test, similar
group; x(1, (n = 861) = 0.01343, p < 0.9078, dissimilar group;
Figs. 7C, 8C], indicating that the feature selectivity of synchroni-
zation is weak in the lower layer. There was no significant differ-

ence in the CCG peak area for synchronous pairs between the
similar and dissimilar pair groups at P13-P15 (U = 284.5, p =
0.519, Mann—Whitney test; Fig. 8D). The CCG peak area in the
similar pair group showed only a slight, insignificant increase
during normal development (H = 6.793, p = 0.0788, Kruskal—
Wallis test). Nonetheless, the peak area in the similar pair group
was significantly larger than that in the dissimilar pair group at
P24-P28 (U = 861, p = 0.0238, Mann—Whitney test; Fig. 8D).
Therefore, similar pair dominance in the strength of synchroni-
zation appeared during normal development in the lower layer
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Figure 6.  Age- and experience-dependent changes in visual response similarity between
adjacent neurons. A, Examples of neuron pairs showing similar (cell 1 and cell 2, pair 1) and
dissimilar preferences for visual stimulation (cell 1and cell 3, pair 2) in the upper layer of normal
ratsat P24 —P28. Gray-coded figures plot the mean number of spikes evoked in the three cells by
each stimulus in the stimulus set consisting of a combination of various spatial frequencies
(ordinate) and orientations/directions of drifting gratings (abscissa). The number of spikes was
normalized by that for the optimal stimulus in each cell. The orientation/direction tuning curve
at the spatial frequency giving the maximal response is shown above the gray coded figure. The
spatial frequency (SF) tuning curve at the direction giving the maximal response s shown on the
right. B, Number of spikes (standardized using z score) evoked by each stimulus in the stimulus
setin cell 2 (left) and cell 3 (right) was plotted against that in cell 1 (the same cells as shown in
A). The figure on the top of the graph is the value of signal correlation in the pair. ¢, Cumulative
distribution of signal correlation of neuron pairs sampled from the upper layer at P13—-P15
(green) and at P24 —P28 after normal rearing (NR, red), dark rearing (DR, gray), and binocular
deprivation (BD, blue). Kolmogorov—Smirnov test, Bonferroni corrections for multiple compar-
isons between the four experimental groups; ##p << 0.01, ###p << 0.001 versus normal
P24 —P28 (indicated only for deprived groups), *p << 0.05, **p << 0.01, ***p << 0.001 versus
P13-P15. D, Similar to €, but for the lower layer. The number of pairs in each experimental
group was the same as that shown in Figure 3 (the upper layer) and Figure 4 (the lower layer).

too, although similar pair dominance in the proportion of syn-
chronous pairs was not enhanced in the lower layer, in contrast to
the noticeable enhancement observed in the upper layer.
Although the proportion of synchronous pairs in the similar
pair group increased only slightly during dark rearing and binoc-
ular deprivation, the proportion in the dissimilar pair group in-
creased considerably (Fig. 8C). Nonetheless, the proportion of
synchronous pairs in the similar pair group was significantly

J. Neurosci., September 5, 2018 - 38(36):7852-7869 * 7861

higher than that in the dissimilar group after dark rearing as well
as after binocular deprivation [x(zl) (n = 682) = 5485, p =
0.0192, x” test, dark rearing; x(;, (n = 829) = 23.30, p < 0.0001,
binocular deprivation]. The CCG peak area in the similar pair
group was significantly larger than that in the dissimilar pair
group after either deprivation, as was found after normal rearing
(U = 784, p = 0.0003, Mann—Whitney test, dark rearing; U =
691.5, p = 0.0329, binocular deprivation; Fig. 8D). These results
indicate that the effect of visual experience on the development of
feature-selective synchronization is almost absent or very weak in
the lower layer.

In the analyses described above, we used different signal cor-
relation values for the classification of similar and dissimilar pair
groups in the upper and lower layers. This might make the syn-
chronization in the lower layer weak. To test this possibility, we
conducted the analysis in the lower layer using the signal corre-
lation value used for the classification in the upper layer. Even in
this case, the proportion of synchronous pairs among similar
pairs (33%) was significantly higher than that among dissimilar
pairs at P24—P28 after normal rearing [13%; X(zl) (n = 530) =
95.09, p < 0.0001, x> test]. This proportion of synchronous pairs
in the similar pair group observed in the lower layer was still
significantly lower than the proportion in the upper layer [47%;
X(zl) (n=242) = 4.326, p = 0.0375; Fig. 7C]. Therefore, it is likely
that the difference in synchronization in the upper and lower
layer was not due to the difference in the criteria used for the
classification of similar pairs.

We examined feature-selective synchronization in neurons
showing response selectivity higher than some level to avoid the
contribution of neurons showing low selectivity to the analysis.
The criterion for the exclusion of neurons, which was used in the
above analysis, might be too loose. Therefore, we conducted the
same analysis using three different criteria for selecting neurons
with higher selectivity and obtained results similar to those de-
scribed above in both the upper and lower layers (Table 2),
supporting the validity of our analysis on feature-selective syn-
chronization. In addition, it may be suggested that both groups of
neurons showing sharp and broad tunings undergo feature-
selective synchronization.

Dependence of synchronization on the similarity of spatial
frequency preference

We then studied the dependence of synchronization on the
similarity of individual stimulus features, spatial frequency pref-
erence, and orientation preference. The similarity of spatial fre-
quency preference was assessed by the difference of the optimal
spatial frequency in each pair of neurons. We excluded neurons
showing low-frequency tunings (tuning width >1.8 cycles/de-
gree) from this analysis. The plot of CCG peak area against spatial
frequency difference in the upper layer suggests that synchroni-
zation took place preferentially in pairs of neurons sharing simi-
lar spatial frequency preference in normal rats at P24-P28,
whereas spatial-frequency-selective synchronization was absent
or weak in other experimental groups (Fig. 9A).

To analyze quantitatively spatial-frequency-selective synchro-
nization, we compared the proportion of synchronous pairs in
similar (difference of optimal spatial frequency =0.01 cycles/de-
gree) and dissimilar (>0.01) pair groups. The proportion of syn-
chronous pairs in the similar pair group was not higher than that
in the dissimilar pair group at P13—-P15 (Fig. 9B). Thereafter, the
proportion of synchronous pairs significantly increased in the
similar pair group during normal rearing [ x(,, (n = 455) = 35.93,
p < 0.0001, x* test with Bonferroni correction], whereas it in-
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Figure7.  Experience-dependent establishment of a close correlation between visual response similarity and synchronized firing in upper layer neuron pairs. 4, Examples of visual responsiveness of a similar

pair of upper layer neurons and the CCG for the neuron pair at P13—P15 and at P24 —P28 after normal rearing (NR), dark rearing (DR) and binocular deprivation (BD). For each experimental group, the mean
number of spikes evoked in each of a neuron pair by each stimulusin the stimulus set is shown in the gray-coded figures, in which the ordinate and abscissa represent spatial frequency and direction, respectively.
The number of spikes was normalized by that for the optimal stimulusin each cell. The direction tuning curve at the spatial frequency giving the maximal response s shown above the gray coded figure. The spatial
frequency tuning curve at the direction giving the maximal response is shown on the right. The figure on top of the gray-coded graphs s the value of signal correlation in the pair. The right graph shows the (CG
for the neuron pair. B, The moving average of (CG peak area plotted against the signal correlation for the groups of rats at P13—P15 (green) and at P24 —P28 after NR (red), DR (gray) and BD (blue). The shadow
indicates == SE. €, Percentage of synchronous pairs among similar (signal correlation >0.44, filled bar) and dissimilar neuron pairs (=0.44, open bar) for the four experimental groups. Number of synchronous
neuron pairs (total pairs) was 18 (89) for similar pairs and 38 (318) for dissimilar pairs at P13—P15, 75 (160) forsimilar pairs and 37 (389) for dissimilar pairs after NR, 9 (61) for similar pairs and 27 (272) for dissimilar
pairs after DR, and 35 (178) for similar pairs and 25 (353) for dissimilar pairs after BD. x> test; *p << 0.05, ****p << 00001 between the groups of similar and dissimilar neuron pairs in the same experimental
group. D, Box plot summary of the (CG peak areas in synchronous pairs for the groups of similar (filled bar) and dissimilar neuron pairs (open bar). Plus sign indicates the mean value. Mann—Whitney test;
*p << 0.05 between the groups of similar and dissimilar neuron pairs in the same experimental group.

stead decreased in the dissimilar group. As a result, the propor-
tion of synchronous pairs in the similar pair group was much
higher than that in the dissimilar pair group at P24-P28 [x(,,
(n = 458) = 35.08, p < 0.0001, x* test]. There was no significant
difference in the CCG peak area for synchronous pairs between
the similar and dissimilar pair groups at P13-P15 (U = 236, p =
0.2467, Mann—Whitney test; Fig. 9C). After normal rearing, the
CCG peak area in the similar pair group was significantly larger
than that in the dissimilar pair group (U = 435, p = 0.0008; Fig.
9C). These results indicate that the dependence of synchrony on
the similarity of spatial frequency preference is absent when the

eyes are open and a strong dependence is established after normal
rearing in the upper layer.

The developmental increase in the proportion of synchronous
pairs among similar pairs was prevented by dark rearing or bin-
ocular deprivation [x(;, (n = 381) = 0.1825, p = 0.6692 dark
rearing vs P13-P15, x* test with Bonferroni correction, x(;, (n =
465) = 2.814, p = 0.0934, binocular deprivation vs P13—P15; Fig.
9B]. The proportion of synchronous pairs was almost the same in
the similar and dissimilar pair groups after dark rearing and it was
slightly but significantly higher in the similar than dissimilar pair
groups after binocular deprivation [x(;, (n = 260) = 0.2850, p =
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Figure 8.  Weakly experience-dependent development of a weak correlation between visual response similarity and synchronized firing in lower layer neuron pairs. 4, Examples of visual
responsiveness of a similar pair of lower layer neurons and the CCG for the neuron pair at P13—P15 and at P24 —P28 after normal rearing (NR), dark rearing (DR), and binocular deprivation (BD). For
each experimental group, the mean number of spikes evoked in each of a neuron pair by each stimulus in the stimulus set is shown in the gray-coded figures, in which the ordinate and abscissa
represent spatial frequency and direction, respectively. The number of spikes was normalized by that for the optimal stimulus in each cell. The direction tuning curve and the spatial frequency tuning
curve are shown on the top and the right of the gray-coded graph, respectively. The figure above the graphs is the value of signal correlation in the pair. The graph on the right shows the CCG for the
neuron pair. B, Moving average of (CG peak area plotted against the signal correlation for the groups of rats at P13—P15 (green) and at P24 —P28 after NR (red), DR (gray), and BD (blue). The shadow
indicates == SE. C, Percentage of synchronous pairs among similar (signal correlation > 0.21, filled bar) and dissimilar neuron pairs (= 0.21, open bar) for the four experimental groups. Number
of synchronous neuron pairs (total pairs) was 46 (323) for similar pairs and 14 (548) for dissimilar pairs at P13—-P15, 51 (213) for similar pairs and 46 (472) for dissimilar pairs after NR, 54 (286) for
similar pairs and 49 (396) for dissimilar pairs after DR, and 89 (491) for similar pairs and 22 (338) for dissimilar pairs after BD. y > test; *p << 005, ****p < 00001 between the groups of similar and
dissimilar neuron pairs in the same experimental group. D, Box plot summary of the CCG peak areas in synchronous pairs for the groups of similar (filled bar) and dissimilar neuron pairs (open bar).
Plus sign indicates the mean value. Mann—Whitney test; *p << 0.05, ***p << 0.001 between the groups of similar and dissimilar neuron pairs in the same experimental group.

0.5934, dark rearing; X(zl) (n =412) = 4.680, p = 0.0305, binoc-  synchronization seemed present in normal rats at P24-P28, but

ular deprivation; Fig. 9B]. There was no significant difference in
the CCG peak area between the similar and dissimilar pair groups
after dark rearing or binocular deprivation (U = 43, p = 0.183,
Mann-Whitney test, dark rearing; U = 158, p = 0.2272, binocu-
lar deprivation; Fig. 9C). Therefore, the establishment of spatial-
frequency-selective synchronization requires pattern vision
during early development in the upper layer.

In the lower layer, the plot of CCG peak area against spatial
frequency difference suggests that spatial-frequency-selective

not P13-P15 (Fig. 9D), although the synchronization was weaker
than that observed in the upper layer (Fig. 9A). It is likely that
spatial-frequency-selective synchronization was present even af-
ter binocular deprivation, whereas such synchronization was ab-
sent after dark rearing (Fig. 9D).

There was no significant difference in the proportion of syn-
chronous pairs between the groups of similar and dissimilar pairs
at P13-P15 [x(,, (n = 780) = 2.323, p = 0.1275, x* test; Fig. 9E].
Although the proportion of synchronous pairs in both the similar
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Table 2. Comparison of the proportion of synchronous pairs between similar and dissimilar pair groups

P13-P15 Normal rearing Dark rearing Binocular deprivation
Upper layer
Neuron pairs with SF
width <1.50r 051 >0.3
Similar 21% 47% 13% 20%
Dissimilar 12% 10% 10% 7%

Similar vs dissimilar
Neuron pairs with SF
width <<1.0 or 051 >0.4
Similar 18% 48%
Dissimilar 11% 10%
Similar vs dissimilar
Neuron pairs with SF
width <0.8 or 0SI >0.5

Similar 18% 50%
Dissimilar 12% 9%
Similar vs dissimilar

Lower layer
Neuron pairs with SF
width <1.50r0SI >0.3
Similar 15% 23%
Dissimilar 3% 1%
Similar vs dissimilar
Neuron pairs with SF
width <<1.0 or 0S| >0.4
Similar 16% 22%
Dissimilar 2% 10%
Similar vs dissimilar
Neuron pairs with SF
width <0.8 or 0SI >0.5
Similar 16% 20%
Dissimilar 2% 9%
Similar vs dissimilar

Xo (0= 840) = 44.39,p < 0.0001 x7, (n = 618) = 16.49,p < 0.0001 X7, (n = 621) = 6.394,p = 0.0115

Xy (1= 757) = 53.43,p < 0.0001 x7, (n = 489) = 13.55,p = 0.0002 7, (n = 566) = 7.121,p = 0.0076

X%n (n = 673) = 43.38, p < 0.0001 X%U (n = 394) = 8.013, p = 0.0046 X%n (n = 489) = 8.747,p = 0.0031

Xy (1= 403) = 4.280,p = 0.0386 7, (1 = 536) = 94.28,p < 0.0001 7, (n = 321) = 0.5856,p = 0.4441 x7;, (n = 504) = 16.31,p < 0.0001

12% 21%
1% 7%

Xy (1= 367) = 1.909,p = 0.1671 x7, (n = 406) = 72.13,p < 0.0001 7, (n = 272) = 0.008402,p = 0.927 X, (n = 390) = 16.22, p < 0.0001

9% 19%
8% 7%

X (1= 331)=1710,p = 01909 X2, (n = 331) = 60.17,p < 0.0001 xZ, (n = 204) = 0.05426,p = 08158 xZ, (n = 337) = 10.68, p = 0.0011

20% 18%
13% 6%
X (n=778) = 22.82,p < 0.0001

19% 16%
1% 6%
X (1= 582) = 17.16,p < 0.0001

21% 19%
1% 4%
Xby (n = 410) = 25.16, p < 0.0001

SF, Spatial frequency.

and dissimilar pair groups increased considerably during normal
development, the proportion in the similar pair group was signif-
icantly higher than that in the dissimilar pair group at P24-P28
(X3 (n = 596) = 4.259, p = 0.039, x* test]. At P24-P28 after
normal rearing, the proportion of synchronous pairs in the sim-
ilar pair group was significantly smaller in the lower layer than in
the upper layer, whereas the proportion in the dissimilar pair
group was not different between these layers [x(;, (n = 510) =
15.40, p < 0.0001, similar pairs; x(;, (n = 544) = 0.5893, p =
0.4427, dissimilar pairs; Figs. 9B,E], indicating that spatial-
frequency-selective synchronization is weaker in the lower layer
than in the upper layer. Although there was no difference in the
CCG peak area for synchronous pairs between similar and dis-
similar pair groups at P13—P15, the area in the similar pair group
was considerably larger than that in the dissimilar pair group at
P24-P28 after normal rearing (U = 240.5, p = 0.4194, Mann—
Whitney test, P13-P15; U = 644, p = 0.0164, P24-P28; Fig. 9F).
These results indicate that spatial-frequency-selective synchroni-
zation is also established after eye opening in the lower layer.
Neither dark rearing nor binocular deprivation affected the
developmental increase in the proportion of synchronous pairs
in the similar pair group (Fig. 9E). There was no significant dif-
ference in the proportion between the group of rats after normal
rearing and those after dark rearing or binocular deprivation
[x() (n = 576) = 1.201, p = 0.2731, x” test with Bonferroni
correction, dark rearing; X(zl) (n =794) = 0.2474, p = 0.6189,
binocular deprivation]. However, the two kinds of deprivation
produced opposing effects on the developmental changes in the

proportion of synchronous pairs in the dissimilar pair group (Fig.
9E). The proportion after dark rearing was slightly larger than
that after normal rearing, whereas the proportion after binocular
deprivation was significantly smaller than that after normal rear-
ing [x(,) (n = 563) = 3.386, p = 0.0657, dark rearing; x(,, (n =
541) =9.774, p = 0.0018, binocular deprivation], suggesting that
this development was affected by visual experience in a compli-
cated way. It is difficult to explain this opposing effect at present.
There was no significant difference in the CCG peak area for
synchronous pairs between the similar and dissimilar pair groups
after dark rearing or binocular deprivation (U = 856, p = 0.7204,
Mann-Whitney test, dark rearing; U = 222, p = 0.0855, binocu-
lar deprivation; Fig. 9F). These results suggest that the effect of
visual experience on the development of spatial-frequency-
selective synchronization in the lower layer is weaker than that in
the upper layer and that visual experience regulates the propor-
tion of synchronous pairs in the dissimilar, but not similar, pair

group.

Dependence of synchronization on orientation similarity

The similarity of orientation preference was assessed by the dif-
ference of the optimal orientation in each pair of neurons. We
excluded neurons showing low orientation selectivity (OSI
<0.16) from this analysis. In the upper layer, the plot of CCG
peak area against orientation difference suggests that synchroni-
zation took place preferentially in pairs of neurons sharing simi-
lar orientation preference in normal rats at P24—P28, whereas
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Figure 9.

Dependence of synchronized firing on the similarity of spatial frequency preference. A, Moving average of ((G peak area plotted against the difference in the optimal spatial frequency

in the upper layer neuron pairs for the groups of rats at P13—P15 (green) and at P24 —P28 after normal rearing (NR, red), dark rearing (DR, gray), and binocular deprivation (BD, blue). The shadow
indicates == SE. B, Percentage of synchronous pairs among similar (= 0.01 cycles/degree, filled bar) and dissimilar neuron pairs (> 0.01 cycles/degree, open bar) for the four experimental groups.
Number of synchronous neuron pairs (total pairs) was 19 (203) for similar pairs and 31 (167) for dissimilar pairs at P13—P15, 83 (252) for similar pairs and 20 (206) for dissimilar pairs after NR, 19 (178)
for similar pairs and 7 (82) for dissimilar pairs after DR, and 38 (262) for similar pairs and 11 (150) for dissimilar pairs after BD. x test; *p << 0.05, **p < 0.01, ***¥p < 0.0001 between the groups
of similar and dissimilar neuron pairs in the same experimental group. C, Box plot summary of CCG peak areas of neuron pairs with significant CCG peaks for the groups of similar (filled bar) and
dissimilar neuron pairs (open bar). Plus sign indicates the mean value. Mann—Whitney test; *p << 0.05, ***p << 0. 001 between the groups of similar and dissimilar neuron pairs in the same
experimental group. D—F, Similar to A—C, but for lower layer neuron pairs. Number of synchronous neuron pairs (total pairs) was 33 (434) for similar pairs and 17 (346) for dissimilar pairs at P13—P15,
46 (258) for similar pairs and 40 (338) for dissimilar pairs after NR, 46 (318) for similar pairs and 39 (225) for dissimilar pairs after DR, and 88 (536) for similar pairs and 8 (203) for dissimilar pairs after BD.

orientation-selective synchronization was weak or absent in the
other experimental groups (Fig. 10A).

There was no significant difference in the proportion of syn-
chronous pairs between similar (difference of the optimal orien-
tation =30°) and dissimilar (>30°) pair groups at P13-P15 [ X(zl )
(n = 385) = 0.01591, p = 0.8996, X test; Fig. 10B]. During
normal development, the proportion of synchronous pairs in the
similar pair group significantly increased, whereas that in the
dissimilar pair group remained unchanged [x(;, (n = 376) =
7.954, p = 0.0048, x? test with Bonferroni correction, similar
pair; X(zl) (n=532) = 0.09766, p = 0.7547, dissimilar pair]. This
change resulted in a remarkable difference in the proportion of
synchronous pairs between the similar and dissimilar pair groups
at P24-P28 [x(,, (n = 523) = 10.48, p = 0.0012, x” test]. There
was no significant difference in the CCG peak area for synchro-
nous pairs between the similar and dissimilar groups at P13-P15
(U =1296.5, p =0.2031, Mann—Whitney test) and, thereafter, the
area significantly increased only in the similar pair group (mean
rank difference = —33.87, p = 0.0005, Dunn’s test, similar pair;
mean rank difference = —17.64, p = 0.2201, dissimilar pair; Fig.
10C). The CCG peak area in the similar pair group was larger
than that in the dissimilar pair group at P24—P28, although the
difference was statistically insignificant (U = 1067, p =
0.0995, Mann—Whitney test). These observations indicate that
orientation-selective synchronization is absent just after eye opening
and then it emerges during the subsequent development.

Both dark rearing and binocular deprivation almost totally
prevented the developmental increase in the proportion of syn-
chronous pairs in the similar pair group (Fig. 10B). There was no
significant difference in the proportion of synchronous pairs be-
tween the similar and dissimilar pair groups after dark rearing or
after binocular deprivation, as was found at P13-P15 [x(,, (n =
283) = 0.5810, p = 0.4459, x* test, dark rearing; x(}, (n = 488) =
0.9320, p = 0.3344, binocular deprivation]. Similarly, there was
no significant difference in the CCG peak area for synchronous
pairs between similar and dissimilar pair groups after dark rear-
ing or binocular deprivation (U = 143.5, p = 0.914, Mann—
Whitney test, dark rearing; U = 304.5, p = 0.3036, binocular
deprivation; Fig. 10C). These results indicate that the establish-
ment of orientation-selective synchronization requires pattern
vision.

In the lower layer, the plot of CCG peak area against orienta-
tion difference suggests that strong orientation-selective syn-
chronization, as was observed in the upper layer, seemed almost
absent in all of the experimental groups (Fig. 10D). The propor-
tion of synchronous pairs in the similar pair group was signifi-
cantly higher than that in the dissimilar pair group at P13-P15
[)((21) (n=766) = 5.481, p = 0.0192, x> test; Fig. 10E]. In normal
development, the proportion of synchronous pairs in the dissim-
ilar pair group increased more than that in the similar pair group.
Therefore, the proportion in the similar and dissimilar pair
groups was almost the same at P24 -P28 [X(zl) (n=1501) =0.1837,
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Figure 10.

Dependence of synchronized firing on the similarity of orientation preference. 4, Moving average of CCG peak area plotted against the difference in the optimal orientation in the upper

layer neuron pairs for the groups of rats at P13—P15 (green) and at P24 —P28 after NR (red), DR (gray) and BD (blue). The shadow indicates == SE. B, Percentage of synchronous pairs among similar
(difference of the optimal orientation =30°, filled bar) and dissimilar neuron pairs (> 30°, open bar) for the four experimental groups in the upper layer. Number of synchronous neuron pairs (total
pairs) was 24 (165) for similar pairs and 31(220) for dissimilar pairs at P13—P15, 56 (211) for similar pairs and 47 (312) for dissimilar pairs after NR, 14 (97) for similar pairs and 21 (186) for dissimilar
pairs after DR, and 27 (214) for similar pairs and 27 (274) for dissimilar pairs after BD. x 2 test; *p << 0.05, **p << 0.01 between the similar and dissimilar pair groups in the same experimental group.
€, Box plot summary of CCG peak areas of neuron pairs with significant CCG peaks for the groups of similar (filled bar) and dissimilar neuron pairs (open bar). Plus sign indicates the mean value.
Mann—Whitney test; no significant difference between the groups of similar and dissimilar neuron pairs in the same experimental group. D—F, Similar to A-C, but for lower layer neuron pairs.
Number of synchronous neuron pairs (total pairs) was 31 (317) for similar pairs and 24 (449) for dissimilar pairs at P13—P15, 29 (208) for similar pairs and 37 (293) for dissimilar pairs after NR, 46 (239)
for similar pairs and 47 (376) for dissimilar pairs after DR, and 39 (254) for similar pairs and 60 (436) for dissimilar pairs after BD.

p = 0.6682]. There was no significant difference in the CCG peak
area for synchronous pairs between the similar and dissimilar
pair groups in normal rats at P13-P15 or P24-P28 (U = 361, p =
0.8564, Mann—Whitney test, P13-P15; U = 499, p = 0.6324,
P24-P28; Fig. 10F). Therefore, it is likely that weak orientation-
selective synchronization is present when the eyes are open and
disappears during the following development.

After binocular deprivation, there was no significant differ-
ence in the proportion of synchronous pairs between the similar
and dissimilar pair groups, as was found after normal rearing
[X(zl) (n=690) = 0.3314, p = 0.5649, x> test; Fig. 10E]. However,
the proportion of synchronous pairs increased in the similar and
dissimilar pair groups to a similar extent during dark rearing and
the proportion of synchronous pairs in the similar pair group was
significantly higher than that in the dissimilar group after dark
rearing [X<21) (n=615) =5.182, p = 0.0228; Fig. 10E]. There was
no significant difference in the CCG peak area for synchronous
pairs between similar and dissimilar pair groups after either de-
privation (U = 889, p = 0.1407, Mann—Whitney test, dark rear-
ing; U = 1132, p = 0.7851 binocular deprivation; Fig. 10F).
Therefore, it seems that weak orientation-selective synchroniza-
tion is present at the time of eye opening and, thereafter, it dis-
appears in the presence of visual inputs regardless of whether the
inputs include contour information.

Discussion

In the present study, we found that synchronized firing occurred
preferentially in pairs of adjacent neurons sharing a similar pref-
erence for visual stimulus features in the upper layer. This
feature-selective synchronization was rudimentary just after eye
opening and its development required pattern vision. Con-
versely, synchronized firing in the lower layer showed weak fea-
ture selectivity and developed almost independent of pattern
vision. In addition, the synchronization depended on the simi-
larity of spatial frequency preference and orientation preference
in the upper layer, whereas it was dependent on spatial frequency
similarity but almost independent of orientation similarity in the
lower layer after normal development. Therefore, the properties
and development of feature-selective synchronization are dis-
tinctly different between the upper and lower layers.

Laminar differences in synchronization and its development

In the upper layer, the development of orientation-selective and
spatial-frequency-selective synchronizations required pattern vi-
sion. It is well known that orientation selectivity in cortical neu-
rons is considerably high already around eye opening and the
following developmental changes in the selectivity are almost in-
dependent of visual experience in mice (Wang et al., 2010; Roche-
fort et al., 2011; Ko et al., 2014, Hagihara et al., 2015). We
obtained almost the same results from rats in the present study.
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shape of visual objects to subcortical areas and higher-order visual cortex.

Therefore, visual experience seems less important for the im-
provement of orientation selectivity in rodents than other mam-
mals with well developed vision. These observations suggest that
early visual experience is important for the establishment of
feature-selective synchronization rather than sharp selectivity for
stimulus features in the upper layer of rodents.

In the lower layer, the property and development of synchrony
were very different from those in the upper layer. Lower layer syn-
chronization was strengthened during development independently
of visual experience as a whole. In addition, the analysis using signal
correlation demonstrated that feature-selective synchronization was
also enhanced after eye opening independently of visual experience.
However, spatial-frequency-selective and orientation-selective syn-
chronizations appeared and disappeared after eye opening, re-
spectively. These developmental changes required visual inputs
but not pattern vision. The opposing effect of visual experience
on spatial-frequency-selective and orientation-selective syn-
chronizations may underlie the apparent lack of experience
dependence in the development of feature-selective synchro-
nization revealed by the analysis using signal correlation.
Monocular deprivation during development affects visual re-
sponses of cortical neurons in a different manner depending
on their laminar location (Daw et al., 1992; Trachtenberg et
al., 2000; Liu et al., 2008; Medini, 2011). Therefore, layer-
specific mechanisms may be also involved in the development
of visual response properties other than feature-selective syn-
chronization.

Neural circuits underlying synchronized firing

The present study demonstrated that layer 2/3 neurons sharing a
similar orientation preference often received common inputs,
consistent with previous findings (Hata et al., 1991; Denman and
Contreras, 2014). Layer 2/3 pyramidal neurons located at short and
rather long distances were both preferentially connected when they
shared a similar orientation preference, which seems to underlie the
orientation-selective synchronization (Gilbert and Wiesel, 1989;
Boskingetal., 1997; Ko etal., 2011; Lee et al., 2016). This connection
specificity was almost absent just after eye opening (Callaway and

L‘”M

_> Subcortical

Schematicillustration of presumable neural circuits underlying feature-selective synchronization. Upper layer neu-
rons form synaptic connections between them when they share a similar preference for visual stimuli. Feature-selective synchro-
nization in these neurons is established in an experience-dependent manner during development after eye opening and may
effectively convey precise features of visual stimuli to higher visual cortical areas. Lower layer neurons receive inputs from neurons
with various kinds of preferences for visual stimuli. In these neurons, weak feature-selective synchronized firing develops inde-
pendent of pattern vision. This synchronization may effectively send visual information about some features other than the precise
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Katz, 1991; Ko et al,, 2013). In our previous
studies investigating local synaptic circuits,
we demonstrated that adjacent layer 2/3 py-
ramidal neurons connected monosynapti-
cally frequently shared common inputs
from other excitatory neurons in layers 2/3
and 4, suggesting that these excitatory neu-
rons precisely interconnected form a fine-
scale network (Yoshimura et al., 2005).
Therefore, the fine-scale network may be
composed of neurons with similar prefer-
ences for visual features and underlie
feature-selective synchronization in the up-
per layer.

This view is supported by a compari-
son of our previous work (Ishikawa et al.,
2014) and present studies, in which visual
experience of rats was manipulated in the
same way. The fine-scale network and
feature-selective synchronization were
both immature at eye opening. Both dark
rearing and binocular deprivation com-
pletely prevented the establishment of
fine-scale networks (Ishikawa et al., 2014)
and feature-selective synchronization in
the upper layer. Therefore, the fine-scale network may mainly
contribute to feature-selective synchronization. Because layer 2/3
neurons receive rather sparse excitatory inputs at eye opening
(Ishikawa et al., 2014), the developmental process of the fine-
scale network seems different from that of the orientation-
selective horizontal connections in higher mammals, which are
ascribed to pruning rather than the formation of connections
(Lowel and Singer, 1992; White et al., 2001). Although our view
on the role of the fine-scale network is likely, we cannot exclude
the possibility that the fine-scale network may contribute to en-
abling cortical neurons to have their optimal spatial frequency at
higher frequencies because visual deprivation prevented the de-
velopmental shift of the optimal spatial frequency toward higher
frequencies. In addition, the network may contribute to enabling
individual cortical neurons to match their optimal orientations
between the two eyes because dark rearing prevented orientation
matching (Wang et al., 2010).

Synchronized firing in neuron pairs in the lower layer weakly
depended on the similarity in their preferred visual stimuli com-
pared with that in the upper layer. Layer 2/3 pyramidal neurons
innervating the same layer 5 pyramidal neuron are rarely con-
nected with each other (Kampa et al., 2006), suggesting that con-
nections between layer 2/3 and layer 5 pyramidal neurons do not
depend on the similarity of orientation preference. This view is
consistent with the present finding that synchronized firing de-
pends on the similarity of spatial frequency preference but not
orientation preference in the lower layer. Therefore, the connec-
tion between layer 5 pyramidal neurons and the inputs to these
neurons may be organized based on rules different from those
governing the fine-scale network found in the upper layer. The
connection probability between layer 5 pyramidal neurons de-
pends on the similarity in neuronal properties such as somato-
dendritic morphology, electophysiological properties, and the
target of their axonal projection (Morishima and Kawaguchi,
2006; Brown and Hestrin, 2009; Zarrinpar and Callaway, 2016).
A recent study showed that the optimal spatial frequency of layer
5 pyramidal neurons differs depending on the target area of their
axon projection (Lur et al., 2016), suggesting that layer 5 pyrami-

Higher
visual areas

areas
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dal neurons projecting to the same target area can display syn-
chronized firing frequently.

Functional roles of synchronized firing in the upper and
lower layers

The synchronized firing of primary visual cortical neurons is con-
sidered to play important roles in visual information processing
(Singer and Gray, 1995; Usrey and Reid, 1999; Salinas and Se-
jnowski, 2001; Yu and Ferster, 2010). Correlated activity in a
population of excitatory neurons can strengthen their excitatory
effect on the target neurons through the spatial summation of
EPSPs (Usrey and Reid, 1999; Bruno and Sakmann, 2006). The
present study demonstrated that the property and development
of synchronized firing were distinctively different between the
upper and lower layers, which send main outputs to higher-order
visual cortical areas (Johnson and Burkhalter, 1996; De Pasquale
and Sherman, 2011) and subcortical structures, respectively
(Harvey and Worthington, 1990; McCormick and von Krosigk,
1992; Oh et al., 2014) (Fig. 11).

Synchronized firing occurring selectively among neurons
with similar preferences for orientation and/or spatial frequency
in the upper layer might be essential to effectively convey visual
stimulus features, which are extracted from visual inputs in the
primary visual cortex, to the higher visual cortical areas for the
further processing of visual images (Fig. 11). The importance of
synchronized firing for visual perception was supported by a
study of cats with strabismic amblyopia (Roelfsema et al., 1994).
Visual cortical neurons driven by the normal eye showed syn-
chronized firing far more than neurons driven by the amblyopic
eye, although the magnitude of the visual responses evoked in
individual neurons by the normal and amblyopic eyes was similar
(Roelfsema et al., 1994). In these strabismic cats, neurons in a
higher-order visual cortical area responded far more weakly to
the amblyopic eye than the normal eye (Sireteanu and Best,
1992). The failure to establish feature selective synchronization
may lead to low visual acuity in the deprived animals (Prusky et
al., 2000; Kang et al., 2013) and human infants deprived of pat-
terned visual inputs by cataracts (Maurer et al., 1999). The
orientation-selective synchronization in neurons with interco-
lumnar connections may have some roles other than that men-
tioned above, such as the discrimination of two objects in nearby
or overlapping regions of the visual field (Singer and Gray, 1995).

The lower layer neurons underwent synchronized firing de-
pending on spatial frequency preference, but not orientation
preference, suggesting that these neurons may effectively send
some kinds of information other than the precise contour of
visual objects such as their size, brightness, or movement (Fig.
11). These kinds of information may contribute to the control or
modification of visually initiated or guided motor behaviors. In-
puts from layer 5 to the superior colliculus trigger or modulate
natural defensive behaviors initiated by diffuse light changes
(Zhao et al., 2014; Liang et al., 2015). Visual acuity measured by
an optomotor task, the execution of which is mediated by corti-
cofugal connections, develops independently of visual experience
(Kang et al,, 2013). Synchronized firing established in an
experience-independent or weakly experience-dependent man-
ner can underlie these kinds of innate behaviors.
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