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Development/Plasticity/Repair

Balanced Enhancements of Synaptic Excitation and
Inhibition Underlie Developmental Maturation of Receptive
Fields in the Mouse Visual Cortex
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Neurons in the developing visual cortex undergo progressive functional maturation as indicated by the refinement of their
visual feature selectivity. However, changes of the synaptic architecture underlying the maturation of spatial visual receptive
fields (RFs) per se remain largely unclear. Here, loose-patch as well as single-unit recordings in layer 4 of mouse primary vis-
ual cortex (V1) of both sexes revealed that RF development following an eye-opening period is marked by an increased pro-
portion of cortical neurons with spatially defined RFs, together with the increased signal-to-noise ratio of spiking responses.
By exploring excitatory and inhibitory synaptic RFs with whole-cell voltage-clamp recordings, we observed a balanced
enhancement of both synaptic excitation and inhibition, and while the excitatory subfield size remains relatively constant
during development, the inhibitory subfield is broadened. This balanced developmental strengthening of excitatory and inhib-
itory synaptic inputs results in enhanced visual responses, and with a reduction of spontaneous firing rate, contributes to the
maturation of visual cortical RFs. Visual deprivation by dark rearing impedes the normal strengthening of excitatory inputs
but leaves the apparently normal enhancement of inhibition while preventing the broadening of the inhibitory subfield, lead-
ing to weakened RF responses and a reduced fraction of neurons exhibiting a clear RF, compared with normally reared ani-
mals. Our data demonstrate that an experience-dependent and coordinated maturation of excitatory and inhibitory circuits
underlie the functional development of visual cortical RFs.
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The organization of synaptic RFs is a fundamental determinant of feature selectivity functions in the cortex. However, how
changes of excitatory and inhibitory synaptic inputs lead to the functional maturation of visual RFs during cortical develop-
ment remains not well understood. In layer 4 of mouse V1, we show that a coordinated, balanced enhancement of synaptic ex-
citation and inhibition contributes to the developmental maturation of spatially defined visual RFs. Visual deprivation by
dark rearing partially interferes with this process, resulting in a relatively more dominant inhibitory tone and a reduced frac-
tion of neurons exhibiting clear RFs at the spike level. These data provide an unprecedented understanding of the functional
development of visual cortical RFs at the synaptic level. /
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ignificance Statement

Introduction

High-quality visual function is progressively established during
development, which depends on the concurrence of correct ini-
tial neural wiring and appropriately patterned sensory inputs
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(White and Fitzpatrick, 2007; Espinosa and Stryker, 2012; Cang
and Feldheim, 2013; Hooks and Chen, 2020). This experience-
dependent visual development is most prominent at the cortical
level and peaks at the critical period (Berardi et al, 2000;
Hensch, 2005; Trachtenberg, 2015), during which various impor-
tant visual functionalities, including ocular dominance (Shatz
and Stryker, 1978; Fagiolini et al., 1994; Hofer et al, 2006;
Stephany et al., 2018), binocularity (Jenks and Shepherd, 2020;
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Tan et al.,, 2020), orientation selectivity (Chapman and Stryker,
1993; White et al,, 2001; Li et al., 2012; Moore and Freeman,
2012; Hoy and Niell, 2015), direction selectivity (Li et al., 2006,
2008; Rochefort et al,, 2011; Clemens et al., 2012; Hoy and Niell,
2015; Smith et al,, 2015; Roy et al., 2020) and binocular matching
(Wang et al,, 2010, 2015; Chang et al., 2020), are established, or
refined and strengthened. Sensory deprivation such as dark rear-
ing (DR) can affect the critical period and normal development
of visual functionalities (Hubel and Wiesel, 1970; Shatz and
Stryker, 1978; Fagiolini et al, 1994; Morales et al, 2002;
Gianfranceschi et al., 2003; Wang et al., 2010; Li et al, 2012;
Kang et al,, 2013; Ma et al,, 2013; Ko et al., 2014; Sarnaik et al.,
2014; Jenks and Shepherd, 2020). Of all these visual functional-
ities, the spatial arrangement of ON/OFF receptive field (RF) is a
major fundamental determinant (Hirsch and Martinez, 2006;
Priebe and Ferster, 2012; Niell, 2015) as integration of individual
sensory inputs from various visual field locations determines the
response to the overall visual stimulation pattern. Importantly,
the RF structure per se may undergo developmental changes,
which in turn can instruct the refinement of other visual func-
tions. However, research on the developmental evolution of RF
structure in the visual cortex has remained limited (Braastad and
Heggelund, 1985; Ko et al., 2013; Sarnaik et al., 2014; Hoy and
Niell, 2015; Smith et al., 2017; Roy et al., 2020). Although a study
of the developing mouse primary visual cortex (V1) has reported
a slight shift toward more RF subunits and more elongated RFs
over development (Hoy and Niell, 2015), how the synaptic input
architecture underlying the spatial RF evolves during normal de-
velopment and whether this process can be affected by sensory
deprivation remains elusive.

To address these questions, in this study, we systematically
examined both the spiking and synaptic RFs in layer 4 excitatory
neurons of the mouse V1 during development with a repertoire
of electrophysiological and modeling approaches. We found that
significant maturation of spatially defined RFs occurred within 1
week after the onset of visual experience, which was accompa-
nied by decreased spontaneous firing rates, increased evoked fir-
ing rates, and an enhancement of the signal-to-noise ratio (SNR)
of visual responses. At the synaptic level, excitatory and inhibi-
tory inputs were strengthened by a similar proportion, and the
inhibitory subfield was enlarged in size over the same develop-
mental period. In addition, we found that sensory deprivation by
DR caused an apparently normal developmental strengthening of
inhibition but an impedance of the broadening of the inhibitory
subfield, whereas excitation paradoxically remained premature. The
resulting abnormally dominant inhibition over excitation led to
reduced response levels and smaller spike subfield sizes. Together,
our data suggest that the balanced strengthening of excitation and
inhibition contributes to the functional maturation of visual RFs
during cortical development, which can be interfered with, at least
partially, by sensory deprivation.

Materials and Methods

Animal preparation. All experimental procedures used in this study
were approved by the Animal Care and Use Committee of the
University of Southern California. C57BL/6] mice of both sexes, ages
postnatal day (P)14-P17 for stage 1 (ST1) and P21-P28 for ST2, were
used. For anesthetized preparations, animals were sedated with an intra-
muscular injection of chlorprothixene (5mg/kg) and then anesthetized
with urethane (1.2 x g/kg, ip., at 20% w/v in saline), as previously
described (Li et al., 2012, 2018). The level of anesthesia was confirmed
by the lack of a toe pinch reflex, and additional urethane (0.2 x g/kg)
was administered as needed. The body temperature of the animal was
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maintained at ~37.5° by a thermostatic heating pad (Harvard Apparatus).
A tracheotomy was performed, and a small glass capillary tube was inserted
to maintain a clear airway. A small craniotomy (~1 X 1 mm) was per-
formed to expose the underlying V1, and the dura mater was partially
resected. Warm artificial cerebrospinal fluid (ACSF) containing the follow-
ing (in mm): 140 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3 MgSO,, 1.0 NaH,PO,, 20
HEPES, and 11 glucose, pH 7.4, was applied to the exposed cortical surface
when necessary. The eyes were covered with ophthalmic lubricant ointment
until recording. During recording sessions, the eyes were rinsed with saline,
and a thin layer of silicone oil (30,000 centistokes) was applied to prevent
drying while allowing clear optical transmission. The eye movement and
receptive field drift of single units were negligible within the recording time
windows (Liu et al., 2010; Sarnaik et al., 2014).

For awake head-fixed preparations, a screw was glued to the skull
surface of the mouse with acrylic dental cement under anesthesia with
1.5% isoflurane (v/v). The screw was clamped tightly with a metal head-
post on the recording setup to achieve head fixation. After recovery from
anesthesia, the mouse was trained to get accustomed to the head fixation
and to run freely on a rotatable plate. On the day of recording, the mouse
was again anesthetized with isoflurane and a craniotomy window was made
over V1. A durotomy was further performed to allow the insertion of silicon
probes. After the surgery, the exposed cortex was covered with a silicon elas-
tomer (Kwik-Cast, World Precision Instruments). The mouse was fully
recovered from anesthesia before recording sessions.

In vivo electrophysiology. Whole-cell voltage-clamp recordings were
performed with an Axopatch 200B (Molecular Devices) following our
previous studies (Li et al., 2012, 2018). The patch pipette had a tip open-
ing of ~2 um (4-6 M(}). For whole-cell voltage-clamp recordings, we
used a Cs*-based intrapipette solution containing the following (in mnm):
125 Cs-gluconate, 5 TEA-Cl, 4 MgATP, 0.3 GTP, 8 phosphocreatine,
10 HEPES, 10 EGTA, 2 CsCl, 1 QX-314, and 0.75 MK-801, pH 7.25. The
pipette and whole-cell capacitance were compensated completely, and
series resistance (25-50 M{)) was compensated by 50-60% (at 100 us
lag). An 11 mV junction potential was corrected. Data acquisition scripts
were custom developed with LabVIEW (National Instruments). Signals
were filtered at 2kHz for voltage-clamp recording and sampled at
10kHz. The evoked excitatory and inhibitory currents were resolved by
clamping the cell at —70 and 0 mV, respectively (Li et al., 2012; Liu et al,,
2010). As discussed before, our blind whole-cell recording method
highly biases sampling toward pyramidal neurons (Liu et al, 2009,
2010). For cell-attached loose-patch recordings, glass electrodes contain-
ing the ACSF were used. A 100-250 M() seal was formed on the targeted
neuron. The pipette capacitance was completely compensated. Spikes
were recorded under voltage-clamp mode, with a command potential
applied to achieve a zero-baseline current. The spike signal was filtered
at 10kHz and sampled at 20kHz. All neurons recorded in this study
were located at a depth of 350-500 um below the pia according to the
microdrive reading, corresponding to layer 4, which was determined
based on the distribution of genetically labeled layer 4 cells in the
Scnnla-Cre mouse (Li et al., 2012; Petrus et al., 2015).

For awake recordings, we used a 64-channel silicone probe
(NeuroNexus), coated with Dil (1,1-dioctadecyl-3,3,3,3-tetramethy-
lindocarbocyanine perchlorate, Invitrogen) to allow post hoc track
recovery. The electrode was placed at an angle of 45° relative to the
cortical surface and inserted to an appropriate cortical depth
(~500 pm). After insertion, agarose was added to stabilize the elec-
trode, and it was allowed to settle for 45 min. Signals were recorded
by an Open-Ephys system at a 30 kHz sampling rate. Raw unfiltered
traces were saved for oft-line spike sorting and analysis.

Visual stimulation. Visual stimulation was generated with MATLAB
(MathWorks) and presented on a 34.5 x 25.9 cm monitor (refresh rate
120 Hz, mean luminance ~41.1 cd/m?) placed 0.25 m away from the
right eye. A distance of 0.25 m from the mouse eye is equivalent to infin-
ity (Liu et al., 2010). The center of the monitor was placed at 45° azimuth
and 0° elevation, covering *35° horizontally and +27° vertically of the
mouse visual field. Recordings were made in the monocular zone of the
V1, contralateral to the stimulated eye. For forward mapping of RFs in
anaesthetized conditions, flashing bright (57.5 cd/m?) and dark (24.7 cd/
m?®) squares (5 x 5° in size) were individually presented on a gray
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background (41.1cd/m?) at different positions on an 11 x 11 grid
according to a predetermined pseudorandom sequence. RFs were
mapped for 5-10 repetitions. The stimulus duration was 200 ms, and the
interstimulus interval was 240 ms. Spontaneous activity was determined
by averaging spike rates during the interstimulus intervals when a gray
background was displayed.

In awake recordings for forward RF mapping, small (5 x 5°) or large
(10 x 10°) bright and dark squares were presented individually at differ-
ent positions on the screen (stimulus duration = 200 ms, interstimu-
lus interval = 240 ms, 5-10 repetitions). To map fine-scale RFs,
sparse and dense noise stimuli, composed of static bright and dark
squares (4 x 4°) were used for the spike-triggered average (STA;
Hoy and Niell, 2015). Each stimulus pattern was presented for
32ms (i.e., updated every other frame) without an interstimulus
interval between consecutive patterns. RFs were consistently
revealed by different stimulation methods (see Fig. 3A).

Data analysis. Spikes were sorted off-line. Spikes evoked by flashing
stimuli were counted within a 70-270 ms time window after the stimulus
onset. Stimulus-evoked spike rate (after subtracting the average sponta-
neous firing rate) was considered significant if it exceeded the average
spontaneous firing rate by three SDs of baseline fluctuations. RF was
identified as a spatially contiguous area within which multiple
flashing squares evoked significant responses. The cells analyzed in
this study had one ON (where bright squares evoked responses)
and/or one OFF subfield (where black squares evoked responses).
The signal-to-noise ratio was calculated as the ratio of the mean
evoked firing rate within the dominant subfield over the average
spontaneous firing rate.

To quantify the spatial properties of the two-dimensional ON and
OFF subfields, we fit the hard boundary of the subfield with an ellipse
(Liu et al., 2010; Li et al., 2018; Fang et al., 2020), and quantified the
goodness of fitting by calculating the adjusted r*. Only subfields that
were well fitted (7 > 0.9) were considered to have a clear boundary. The
radius of a circle with the same area of the fitted ellipse was determined
as the size of the subfield. We measured the size for the dominant sub-
field (ON or OFF sign). Overlap index (OI) was calculated between the
excitatory and inhibitory RFs of the same cell and defined as follows (Liu
etal, 2010):

W1+ W2—-d
o= 7= ¢%
W1+ W24d
where d is the distance between the peaks of two subfields, and W1 and
W2 are the half widths on the inner side of the two subfields,
respectively.

For voltage-clamp recording data, average excitatory and inhibitory
response traces to flashing stimuli were first smoothed by averaging
within a sliding 40 ms window. Excitatory and inhibitory synaptic con-
ductance was derived according to the following equation (Liu et al.,
2010; Li et al., 2012):

I(t) = G, x (Vu(t) = E) + G(t) x (Viu(t) — E.) + Gi(t)
X (Vi(t) = E).

I(t) is the amplitude of current at any time point; G, and E, are the rest-
ing leak conductance and resting membrane potential, respectively; G, and
G; are the excitatory and inhibitory synaptic conductance, respectively; V,,
(#) is the membrane voltage; and E, (0mV) and E; (—70 mV) are the rever-
sal potentials. V,, (f) is corrected by V,,(t) = V; — R, x I(t), where R;
was the effective series resistance, and V}, is the applied holding voltage.
Measurement of currents at two different voltages yielded a system of two
equations that could be solved for G, and G; at any particular t. The peak
synaptic conductance (subtracted by the baseline activity) was considered as
the stimulus-evoked synaptic response. Similar to those in the loose-patch
recording, synaptic ON and OFF subfields were defined as spatially contin-
uous positions on which bright and dark squares evoked significant synaptic
responses (i.e., averaged stimulus-evoked synaptic conductance above the
baseline by 3 SDs of baseline fluctuation).
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The awake recording data were processed as previously described
(Chou et al,, 2020; Fang et al., 2020). Recording sites in layer 4 were
selected. For single-unit activity, the raw signals were filtered through a
300-6000 Hz bandpass filter. The spatially varying motion artifacts were
removed by applying a common average referencing. The nearby four
channels of the silicon probe were grouped as tetrodes, and semiauto-
matic spike detection and sorting were performed using the Plexon oft-
line sorter. Clusters with isolation distance of >20 were considered sepa-
rate clusters. Spike clusters were classified as single units only if the
waveform SNR exceeded four (12dB), and the interspike interval was
longer than 1.2 ms for >99.5% of the spikes.

To determine the spatiotemporal RF, the spike train evoked by the
sparse or dark-noise stimuli was reversely correlated with the stimulus
sequence to derive the STA of the stimuli (Jones and Palmer, 1987; Fang
etal., 2020). A 2D SD was calculated at each time lag from 0 to 200 ms as
the strength of RFs. The RF showing the strongest response was used to
determine the size of RF. The background response level was determined
by averaging the spike numbers at the four borders of RF and subtracted
from RF. The RF map was further divided by its 2D SD to obtain z
scores. Pixel values with a z score <4 were set to 0.

Neuron modeling. A conductance-based single-compartment inte-
grate-and-fire Neuron model (Liu et al., 2010; Li et al., 2012) was built
with a neuron receiving excitatory and inhibitory synaptic inputs evoked
by flash stimuli to simulate the membrane potential response, as follows:

Vot +dt) = — % (G.(t) x (Vo (£) — E.) + Gi(t)
X(Vm(t) - Ez) + Gr(t) X (Vm(t) - Er)} + Vm(t)a

where V,,, (¢) is the membrane potential at time f, C is the whole-cell ca-
pacitance, G, is the resting leak conductance, and E, is the resting mem-
brane potential, set as —65mV. E, and E; were set at 0 and —75mV,
respectively. C was set as 50 pF. G, was calculated based on the equation
G, = C X G,,/C,,, where G, the specific membrane conductance, is
1077 S/cm?, and C,,, the specific membrane capacitance, is 10~ F/cm?.
Because previous studies in cortical pyramidal cells did not find drastic
changes in intrinsic membrane properties including spike threshold after
eye opening (Zhang, 2004), we assumed that the parameters defining
membrane properties were constant between ST1 and ST2. The peak
potential amplitudes above the resting membrane potential were quanti-
fied as postsynaptic potentials (PSPs).

The temporal profile of the evoked synaptic conductance was
approximated by fitting the average waveform of synaptic response with
an alpha function (Liu et al., 2010; Li et al., 2015, 2018), as follows:

G = Gy X (t — onset) /7 x e '7o=0/7 for £>onset,

with 7 = 63 ms for the excitatory response and 83 ms for the inhibitory
response. The onset of the inhibitory current was set at 5 ms after that of
the excitatory current. Gy, the peak amplitudes of the excitatory or in-
hibitory tuning curves, was determined from experimental data of the
average peak synaptic conductance at ST1 and ST2. To simulate the
enhancement of synaptic strength during development, we increased
Gunax from 1 ns to 7 ns for excitation and determined the Gy, for inhibi-
tion according to a constant excitation to inhibition (E/I) ratio at 0.58.
To simulate the effect of broadening of the inhibitory subfield during de-
velopment, we systematically set the inhibitory subfield size to be the
same or 5, 10, or 15° larger than that of the excitatory subfield while
keeping the E/I at 0.58. To simulate the effect of dark rearing in prevent-
ing the developmental strengthening of excitation, we kept the inhibitory
synaptic strength at ST2 and determined the excitation strength based
on E/I ratio values ranging from 0.4 to 0.7. The peak amplitudes of the
evoked synaptic conductances across spatial locations were derived from
the spatial tuning curves approximated by a Gaussian function.

The peak firing rates were simulated by using a power law func-
tion (Carandini and Ferster, 2000; Li et al., 2015) as follows:
R(V,,) = k|V,, — V,JE.. R is the predicted firing rate, V, is the rest-
ing membrane potential (—65mV), k is the gain factor (6.2 x
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1077), p is the exponent, and + indicates rectification. V,, k, and p
were assumed to be constant during development. Because R is
sensitive to variations of p, we chose a p value (5.3) to generate fir-
ing rates comparable to those experimentally observed. The pre-
dicted spiking subfield size was determined by the spatial range of
PSPs above a 20 mV spike threshold. For the DR condition, we
observed a significant reduction of spontaneous firing rates com-
pared with NR mice (see Fig. 6A4). Although it was not trivial to
incorporate random spontaneous synaptic events in the neuron
model, we simulated the effect of their reduction by an equivalent
lowering of the spike threshold (to 17 mV). It should be noted that
any differences in values from empirically observed data could be
because of some unknown changes of parameters. For example, the
physical spike threshold could be lowered after DR, which we
could not examine during our experiments because of the Cs+-
based internal solution used for voltage-clamp recording.

To model the dependence of detectability of RFs on spontaneous fir-
ing rate (see Fig. 6]), we used the mean spontaneous firing rate (*SD)
from ST1 and ST2 data, respectively. We then generated a large pool of
evoked firing rates for each testing SNR; the mean of the generated
evoked firing rates within the pool was equal to the mean spontaneous
firing rate times SNR, and the SD of the pool was selected based on ex-
perimental observations. We randomly sampled from the pool, and the
sampled evoked firing rate was compared with the spontaneous firing
rate. It was scored as detected if it was larger than the spontaneous firing
rate by >3 SDs. For each SNR level, we performed 1000 trials and calcu-
lated a detection rate.

Statistics. The Shapiro-Wilk test was first performed to test the nor-
mality of the dataset. If the data were normally distributed, a parametric
two-sample ¢ test was applied. Otherwise, a nonparametric Wilcoxon
rank-sum test was used. Fisher’s exact test and y? test were used to com-
pare the ratios. Multiple comparisons were based on one-way ANOVA
with post hoc tests with Bonferroni correction. The significance level of
the tests was set as 0.05. Data were reported as mean * SD, unless men-
tioned in the text. Statistical analysis was performed with MATLAB
(MathWorks) and Prism (GraphPad).

Results

Maturation of spatial RFs in layer 4 of mouse V1

To understand developmental changes of visual RFs, we per-
formed in vivo cell-attached loose-patch recordings in layer 4 of
the mouse monocular V1 at different developmental stages (see
above, Materials and Methods). Our recording paradigm has
been proved to preferentially sample from excitatory pyramidal
neurons (Liu et al., 2010; Li et al., 2012). The cells we recorded
from were segregated into two groups according to the age of
animals: within 3 d after eye opening (ST1, P14-P17, precritical
period) and during the critical period for ocular dominance plas-
ticity (ST2, P21-P28). The reason for us to choose these two
stages is that several monocular visual selectivity features (e.g.,
orientation selectivity and linearity) mature significantly over 1
week after eye opening, in particular in layers 2-4 (Wang et al.,
2010; Rochefort et al., 2011; Li et al., 2012; Ko et al., 2013; Hoy
and Niell, 2015; Jenks and Shepherd, 2020). To map the ON and
OFF subfields of the RF, we presented bright and dark squares
(5 x 5°), respectively, flashing individually on the screen (Liu et
al., 2009, 2010; Li et al.,, 2015). As shown by the poststimulus
spike-time histograms (PSTHs) of an example neuron at ST1
(Fig. 1A), the response areas to the bright (ON) and dark (OFF)
squares were not clearly distinguishable from the spontaneous
activity and therefore neither an ON nor OFF subfield with a
definite boundary could be defined. Indeed, the RFs of recorded
cells at ST1 were mostly obscure or sluggish (33 of 41 cells; Fig.
1B,C), and only a small portion of the cells showed a spatially
defined or clear RF (8 of 41 cells; Fig. 1D). In stark contrast, a
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typical neuron at ST2 exhibited a brisk burst of firing to the
square stimulation, and a clear RF boundary could be delineated
(Fig. 1E, green ellipse). Such spatially defined RFs were observed
in the majority of cells recorded at ST2, with diversified spatial
arrangements of ON/OFF subfields (Fig. 1F-H). This striking
difference between the premature sluggish RFs at ST1 versus the
clear RFs at ST2, and at adult ages as shown in our previous
study (Liu et al., 2009), prompted us to study the functional mat-
uration of visual cortical RFs during this critical developmental
period when basic monocular response properties are refined
(Hoy and Niell, 2015).

To better understand the nature of the RF development, we
quantified RF properties of the cells at ST1 and ST2. We found
that distributions of spontaneous firing rates of the cells at ST1
versus ST2 were greatly diverged, as the median value was 1.4 Hz
at ST1 versus 0.41 Hz at ST2 (Fig. 2A, left). Accordingly, the
mean spontaneous firing rate was significantly decreased at ST2
(Fig. 24, right; p < 0.001, ¢ test). On the contrary, the evoked fir-
ing rate (measured as the maximum within the RF) was signifi-
cantly increased at ST2 (Fig. 2B; p << 0.001, ¢ test). Because of
these opposite changes of spontaneous and evoked firing rates,
the SNR values of cells at ST2 were greatly enhanced compared
with those at ST1 (Fig. 2C; p < 0.001, ¢ test). The reduced spon-
taneous firing rate and enhanced SNR would allow neurons to
better encode visual information. Indeed, while the cells at ST1
predominantly showed sluggish RFs; ~90% of ST2 cells (19 of
21) exhibited spatially well-defined RFs (Fig. 2D). Of cells show-
ing clear RFs, 50% (4/8), 25% (2/8), and 25% (2/8) of ST1 cells
had ON-OFF, ON-only and OFF-only RF types, respectively,
whereas the fractions at ST2 were 37% (7/19), 26% (5/19), and
37% (7/19), respectively (p = 0.79, x* test). All these RF types
have been observed in layer 4 of the adult cortex (Liu et al.,
2009). Interestingly, the size of the dominant subfield (ON or
OFF sign) of those apparently precocious ST1 cells with clear
RFs was similar to their ST2 counterpart (Fig. 2E; p = 0.46, t
test). Overall, cells with clear RFs exhibited lower spontaneous
firing rates than those with sluggish RFs (Fig. 2F; left, p < 0.001,
t test). Even for the precocious ST1 cells, the rare cells with clear
RFs tended to have lower spontaneous firing rates than those
with sluggish RFs (Fig. 2F, right; p =0.094, t test). These data
indicate that the RF maturation is accompanied by a reduction
of the spontaneous firing rate and enhancement of SNR.

It is possible that anesthesia has differential effects on circuits
at different ages, contributing to the observed firing rate differen-
ces between ST1 and ST2. To avoid this confound, we further
conducted extracellular multichannel recordings (with single-
unit sorting) in awake mice at ST1 and ST2 (see above, Materials
and Methods). We used different methods to map RFs, that is,
forward mapping with singly flashed 5 and 10° squares, as well as
sparse-noise and dense-noise mapping with STA (see above,
Materials and Methods). As shown by three example cells (Fig.
3A), the different methods either consistently failed to reveal a
spatially organized RF or revealed an RF at a similar location.
The proportion of neurons exhibiting a clear RF greatly
increased from ST1 to ST2 (Fig. 3B), and at ST2 it nearly reached
the adult level (Fig. 3B, black column; see also Fang et al., 2020).
Also consistent with data from anesthetized mice, there was a
significant decrease in the spontaneous firing rate as well as an
increase in the evoked firing rate and SNR (Fig. 3C-E). The SNR
at ST2 was comparable to that at the adult level (4.83 * 4.36,n =
27 cells, p = 0.56, t test; see also Fang et al., 2020). Consistent
with data from anaesthetized animals, the size of the dominant
subfield (measured with 5° squares) was not significantly
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Developmental maturation of spatial RFs in mouse primary visual cortex. A, One example layer 4 (L4) pyramidal neuron at ST1. Top, Plots of poststimulus spike time histograms

(PSTHs) of its responses to bright (ON, left) and dark (OFF, right) squares (5 x 5°) presented at various locations. Scale bar, 5Hz and 50 ms. Bottom, ON (left), OFF (right), and merged
ON-OFF (middle) subfield maps of the neuron. The response strength is color coded. Scale bar, 5Hz and 300 ms. Scale bar, 8°. B-D, Three additional L4 pyramidal neurons at ST1. Red and
green ellipses mark the boundary of defined ON and OFF subfields, respectively. £, One example L4 pyramidal neuron at ST2. Data display is similar to A. Top, PSTHs to bright and dark squares.
Scale bar, 10 Hz and 50 ms. Bottom, ON, OFF, and merged subfield maps. Scale bar, 8°. F—H, Three additional L4 pyramidal neurons at ST2.

changed from ST1 to ST2 (Fig. 3F). Together, these awake re-
cording data further support the notion that maturation of mo-
nocular RFs mostly occurs between ST1 and ST2 and is
characteristic of an enhancement of SNR.

Synaptic inputs underlying the developmental maturation of
RFs

The reduction of spontaneous firing rates and popping out of
clear RFs at ST2 are reminiscent of a general increase of inhibi-
tory tone in the visual cortex during development, as reported in
previous studies (Morales et al., 2002; Chattopadhyaya et al.,
2004; Li et al.,, 2012). Thus, we sought to compare excitatory and
inhibitory synaptic inputs underlying the spatial RF between ST1
and ST2. Because dense-noise mapping with STA tends to gener-
ate segregated ON/OFF subfields, although the underlying ON
and OFF inputs could be overlapped (Fig. 3A, bottom), we chose
to use forward mapping with sparse stimuli to better understand

the spatial distribution of synaptic inputs. We performed whole-
cell voltage-clamp recordings from layer 4 neurons and recorded
excitatory and inhibitory synaptic responses to flashing bright
and dark squares (5 x 5°) by holding the membrane potential at
—70and 0mV, respectively (see above, Materials and Methods).
No significant difference in input resistance was found between
the recorded ST1 and ST2 cells (324 *= 78 M{) vs 292 *+ 57 M(),
p =034, t test, n = 10 and 12 cells, respectively). We observed
that both excitatory and inhibitory synaptic responses were
evoked by both ON and OFF stimuli in every cell recorded, even
at ST1. As shown by an example neuron at ST1 (Fig. 4A), excita-
tory and inhibitory responses to ON and OFF stimuli (Fig. 44,
top) were spatially organized into largely overlapping excitatory
and inhibitory ON/OFF subfields (outlined by blue and red
ovals, respectively). To quantify the strength of synaptic
responses, we deduced the synaptic conductance and measured
the peak conductance after smoothing the conductance time
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the SNR of neuronal responses (ST1, 2.7 == 8.0; ST2, 19.1 £ 12.5; ***p < 0.001, two-sample t test, n = 41 and 21 cells, respectively. D, Fractions of clear versus sluggish RFs at ST1 and ST2;
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t test; n = 8 and 19 cells, respectively. F, Spontaneous firing rates of neurons with clear versus sluggish RFs. Left, All neurons at ST1 and ST2 are counted (Clear RF, 0.8 == 0.9 Hz; Sluggish RF,
2.0 = 1.6 Hz; **p < 0.001, two-sample ¢ test, n = 27 and 35 cells, respectively. Right, Only neurons at ST1 are counted (Clear RF, 1.3 = 1.4 Hz; Sluggish RF, 2.1 = 1.6 Hz; p = 0.094, two-

sample ¢ test, n = 8 and 33 cells, respectively. Error bar indicates SEM for all.

curve with a 40 ms sliding window (see above, Materials and
Methods). The peak conductances evoked by ON and OFF stim-
uli at various locations were color coded to display the synaptic
subfield maps (Fig. 44, bottom). Similar to the example neuron
in Figure 4A, in most of the neurons recorded at ST1 (8 of 10),
we observed clear ON and OFF subfields for both excitatory and
inhibitory inputs (Fig. 4B). This is evidently different from the
spiking response data at ST1, where in most of the neurons no
spatially clustered evoked responses were observed. At ST2, clear
ON and OFF subfields could be identified for both excitatory
and inhibitory inputs in every cell recorded (12 of 12; Fig. 4C,D).
The arrangement of ON and OFF subfields at this stage appeared
similar to that in ST1.

To quantitatively understand the progression of synaptic RF
development, we compared two parameters, that is, synaptic

strength (the maximum peak conductance within the RF) and
subfield size (size of the subfield of the dominant sign), between
ST1 and ST2. We found that strengths of both excitation (p =
0.0097, t test) and inhibition (p = 0.0072, ¢ test) increased from
ST1 to ST2 (Fig. 5A,B). The excitation-to-inhibition (E/I) ratio
however remained the same (Fig. 5C; p = 0.49, ¢ test), indicating
that excitation and inhibition were enhanced by a similar pro-
portion. Moreover, although the excitatory subfield size
remained the same (Fig. 5D; p = 0.31, t test), the inhibitory sub-
field size significantly increased from ST1 to ST2 (Fig. 5E; p =
0.019, ¢ test). Thus, the ratio of excitatory to inhibitory subfield
size was significantly reduced (ST1, 1.01 * 0.13; ST2, 0.87 =
0.11; p = 0.012, two-sample ¢ test; n = 8 and 12 cells). In addition,
the spatial arrangement of largely overlapping excitatory and in-
hibitory subfields appeared similar between ST1 and ST2, as
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shown by the quantification of Ols (with
1 indicating complete overlap; Fig. 5F).
Together, the changes of these synaptic
RF parameters suggest that excitatory
and inhibitory synaptic inputs are sub-
stantially strengthened during develop-
ment, presumably contributing to the
maturation of spike RFs. The spatially
enlarged inhibitory RF may further help
to sharpen and delineate the boundary of
spike RF at ST2, similar to the function
of broadened inhibitory orientation tun-
ing in the sharpening of orientation se-
lectivity at the spiking response level (Li
etal, 2012).

The balanced enhancement of synaptic
inputs leads to increased detection of
RFs

To further understand how the balanced
enhancement of excitatory and inhibi-
tory synaptic inputs during development
contributes to the observed changes in
spike RFs, we used a single-compartment
neuron model (Liu et al., 2011; Li et al.,
2015) to simulate the membrane poten-
tial response resulting from the integra-
tion of synaptic excitation and inhibition
evoked by each visual stimulus (see
above, Materials and Methods). The tem-
poral dynamics of the synaptic conduc-
tances was based on our experimental
data (Fig. 6A, top). We kept the E/I ratio
at 0.58 (the average E/I ratio of the
recorded neurons across ST1 and ST2;
Fig. 5C) and systematically changed the
strength of excitation from 1 nano sie-
mens (nS) to 7 nS (the range of excitatory
input strengths across ST1 and ST2; Fig.
5A). That is, the strength of inhibition was
also increased proportionally from 1.7 to
12.1 nS. As expected from our experimen-
tal data, we found that the peak amplitude
of the simulated PSP response (Fig. 6A4,
bottom) monotonically increased as the
strengths of synaptic inputs were propor-
tionally enhanced (Fig. 6B,C, red dashed
line).

To understand the direct effect of syn-
aptic strengthening on RF development,
we simulated one-dimensional subfields
(of the same sign) of excitation and inhi-
bition (Fig. 6D, inset), based on the aver-
age synaptic strengths observed at ST1
and ST2. By integrating the excitation and
inhibition evoked at each spatial location,
we then obtained PSPs at different loca-
tions and thus the subfield of PSP at ST1
and ST2 (Fig. 6D), assuming there were no
changes in the synaptic subfield sizes. We
found that the enhanced synaptic inputs at
ST2 produced stronger PSPs than those
at ST1, resulting in a pronounced spike
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subfield above the presumed spike threshold (20 mV; see above,
Materials and Methods). This indicates that the balanced enhance-
ment of excitation and inhibition can directly contribute to the
functional maturation of spatially defined spike RFs. Next, we sys-
tematically increased the maximum excitatory conductance within
the RF from 1 nS to 7 nS while keeping the E/I ratio at 0.58 and pre-
dicted evoked firing rates based on the derived PSPs by using a
power law function (Carandini and Ferster, 2000; Priebe and

Ferster, 2012; Liu et al, 2011). As expected from PSPs, the spike
subfield appeared only above a certain threshold conductance value
(~3 nS), and after that the peak firing rate and the spike subfield
size increased with increasing synaptic strengths (Fig. 6E,F). When
we further enlarged the inhibitory subfield as observed for ST2, the
increase in spike subfield size was then largely limited (Fig. 6F, red).

Next, using a similar modeling approach, we predicted the
peak PSP within the RF for each recorded neuron by integrating



Fang, Lietal. # Maturation of Cortical Synaptic Receptive Fields

A

J. Neurosci., December 8, 2021 - 41(49):10065—10079 - 10073

8 " ik 15 - o
| | — |
W n —~
10 1
g o E : _
- I M
(DI 00 0 & L
- 5519
o o a o0
o
0- 0 -
ST1 ST2 ST1 ST2
D E F

07 01— =
= ns > o <
Q O = o o
x X

u] = O

" % Op ! 00 —
N N £° 5
=20 - % 20 - - D 055
o fo) k) o =
2 2 Q
5 5 L
> =} o)
()] N 5

0 - 0 - 0 -

ST1 ST2 ST1 ST2 ST1 ST2

Figure 5.

Changes of synaptic response properties during development. A, Comparison of the maximum peak conductance of excitatory responses (averaged) to a flashing square within the

RF between two stages (ST1, 2.5 = 1.0 nS; ST2, 3.8 == 1.3 nS; **p = 0.0097, two-sample ¢ test, n = 10 and 14 cells, respectively. B, Comparison of the maximum peak conductance of inhibi-
tory responses within the RF (ST1, 43 = 1.3 nS; ST2, 6.8 = 2.7 nS; **p = 0.0072, two-sample ¢ test, n = 10 and 14 cells, respectively. €, Excitation-to-inhibition (E/I) ratio (ST1, 0.58 =
0.19; ST2, 0.58 = 0.13; p = 0.49, two-sample ¢ test, n = 10 and 14 cells, respectively. D, Comparison of dominant excitatory subfield sizes (ST1, 20.5° * 4.4% ST2, 21.6° = 5.1% p = 0.31,
two-sample ¢ test, n = 8 and 12 cells, respectively. E, Comparison of dominant inhibitory subfield sizes (ST1, 20.3° = 3.8° ST2, 24.8° = 4.9° *p = 0.019, two-sample t test, n = 8 and 12
cells, respectively. F, Overlap index calculated between the excitatory and inhibitory subfields of the same sign (ST1, 0.79 = 0.10; ST2, 0.78 = 0.11; p = 0.39, two-sample ¢ test, n = 8 and

12 cells, respectively. Error bar indicates SEM for all.

the experimentally obtained excitatory and inhibitory conduc-
tances (Fig. 6G, top). We found that neurons at ST2 tended to
have larger PSPs than those at ST1 (21.0 * 3.8mV vs 18.0 *
5.5mV; Fig. 6G). Among the ST1 neurons, only 38% of them
(3/8 cells) had a peak PSP that surpassed the presumed spiking
threshold of 20 mV, whereas 67% of ST2 neurons (8/12 cells) did
so (Fig. 6H). Moreover, the predicted firing rate tended to be
lower at ST1 than at ST2 (Fig. 6I), consistent with the experimen-
tal observation of higher evoked firing rates at ST2. Therefore,
the observed balanced enhancement of excitatory and inhibitory
synaptic inputs can directly contribute to the increased responses
and RF detectability of layer 4 neurons during development.

The reduction of spontaneous activity contributes to the
increased RF detection

In addition to the synaptic input changes, the observed reduction
of spontaneous firing rates could also influence how well a spa-
tially organized RF can be detected. As shown in a schematic
illustration (Fig. 6], top), a reduction of the spontaneous firing
rate alone can lower the detection threshold for evoked
responses, equivalent to lowering the effective spike threshold,
and therefore enhances the detection of a spatially organized RF.
By random sampling from a large pool of evoked firing rates
consistent with experimental observations (see above, Materials
and Methods), we examined how the detection probability
depended on the spontaneous firing rate. Detection rate was

increased with increasing SNR, and the spontaneous firing rate
at the ST2 level shifted the curve leftward relative to that at the
ST1 level (Fig. 6/, bottom). Therefore, with the reduced sponta-
neous firing rate and enhanced SNR at ST2, the detection proba-
bility could be greatly enhanced. This result demonstrates that
the reduction of spontaneous activity per se is an important fac-
tor contributing to the maturation of RFs.

Effects of dark rearing on the development of visual RFs

Previous studies have demonstrated that in excitatory neurons of
mouse visual cortex orientation selectivity develops more or less
normally when visual experience is deprived by DR (Wang et al.,
2010; Kuhlman et al., 2011; Rochefort et al., 2011; Li et al,, 2012;
Ko et al.,, 2014; Sarnaik et al., 2014; Jenks and Shepherd, 2020).
To examine whether visual experience is similarly dispensable
for the development of RFs, we reared animals in total darkness
from P9 and examined spiking and synaptic responses to bright
and dark squares at P21-P28 (after DR, comparable to ST2). We
found a similar trend of response level changes to the normal de-
velopment; compared with those at ST1, spontaneous firing rate
was significantly reduced after DR (Fig. 74; p < 0.001, one-way
ANOVA and post hoc test), whereas evoked firing rate was
noticeably increased (Fig. 7B; p = 0.014, one-way ANOVA and
post hoc test), and thus SNR was enhanced (Fig. 7C; p < 0.001,
one-way ANOVA and post hoc test). In addition, the proportion
of cells showing a clear RF was significantly higher than that at
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Figure 6.  Neuron modeling to simulate membrane potential and subfield size changes during development. 4, Top, Simulated square stimulus-evoked excitatory (Ge) and inhibitory (Gi) syn-
aptic conductances of the neuron (top) and the derived membrane potential response using the single-compartment neuron model (bottom). B, Change of the peak PSP response with increas-
ing excitatory conductances (£) under a constant E/I ratio of 0.58, the average value observed experimentally at both ST1 and ST2. C, Color-coded amplitudes of PSPs at various combinations
of E/I strengths. The maximum conductance is 12.1 nS. Red dashed line marks the trajectory of E/I ratio = 0.58. D, Spatial tuning of PSP responses at two different stages. Dashed line marks
the presumed 20 mV spike threshold. Inset, Schematic spatial tuning of excitation (blue) and inhibition (red) and sample synaptic conductances at the corresponding locations. In this stimula-
tion, the spatial tuning of synaptic conductances was kept the same between ST1 and ST2, whereas the response amplitude (for both excitation and inhibition) was increased from ST1 to ST2,
keeping the E/I ratio the same. E, Predicted evoked firing rate with increasing excitation amplitudes under a constant E/I ratio of 0.58. F, Predicted spike subfield size with increasing excitation
amplitudes under a constant E/I ratio of 0.58. Black line indicates that excitatory and inhibitory subfield sizes are equal. Red line indicates inhibitory subfield is 5° larger than the excitatory sub-
field as observed experimentally at ST2. G, Peak PSP amplitudes derived by integrating experimentally obtained excitatory and inhibitory inputs with the neuron model (ST1, 18.0 == 5.5mV;
ST2,21.0 = 3.8 mV; p = 0.11, two-sample t test, n = 8 and 12 cells, respectively. Top, Example of experimentally obtained excitatory and inhibitory conductances in a cell responding to the
same flash square (left) and the derived PSP response [membrane potential (Vm), right]. H, Percentage of neurons with PSPs surpassing a spike threshold of 20 mV at two stages. /, Predicted
evoked firing rates of neurons at ST1 versus ST2 based on a power law function (ST1, 3.9 = 5.8 Hz; ST2, 7.4 = 6.4 Hz; p = 0.14, two-sample t test, n = 8 and 12 cells, respectively). The firing
rates of neurons with PSPs lower than 20 mV were set as zero. Error bar indicates SEM. J, Top, lllustration of the influence of spontaneous firing rate on detectability of RFs. The black line and
gray shaded area represent the mean and SD of spontaneous firing rate, respectively, with the blue dash line labeling spike rate = 0. The green bar represents the spike rate to a square stimu-
lus within the subthreshold RF (represented by the light green edlipse). Red dashed line marks the detection threshold (mean + 3 SD). Solid green squares mark visual stimuli that result in
the detection of a significant evoked response. Bottom, detection probability (see above, Materials and Methods) plotted against SNR. The two curves are generated by using spontaneous firing
rates at ST1 and ST2 levels, respectively. Colored bars depict the range of SNR at ST1 and ST2, respectively (Note that the ST2 range has been cut off at 5 because the mean value is much
higher than 5.).

ST1 (Fig. 7D; DR vs ST1, 73 vs 20%, p < 0.001, Fisher’s exact ~ animals at ST2, we did find a significant reduction in both the
test). These data demonstrate that despite the deprivation of  spontaneous (Fig. 7A; p = 0.024, one-way ANOVA and post hoc
vision, the development of RFs proceeds relatively well, suggest-  test) and evoked firing rates (Fig. 7B; p = 0.0024, one-way
ing that a large component of RF development is experience in-  ANOVA and post hoc test) as well as in the proportion of cells
dependent. However, comparing to normally reared (NR)  showing a clear RF (Fig. 7D; DR vs ST2, 73 vs 90%, p < 0.001,
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Excitatory and inhibitory ON/OFF subfields of an example layer 4 neuron after DR. Gray ellipses delineate the subfield boundary. Scale bar, 300 pA and 300 ms. G-/, Peak evoked excitatory (G)
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0.24), inhibitory subfield size (DR, 19.9° = 5.3°% ST1 vs DR, p = 0.41; ST2 vs DR, p = 0.015), and excitatory-to-inhibitory subfield size ratio (DR, 1.03 = 0.09; ST1 vs DR, p = 0.40; ST2 vs DR,

p < 0.001); ***p < 0.001, **p << 0.01, *p << 0.05; one-way ANOVA and post hoc test. Error bar indicates SEM.

Fisher’s exact test). For these cells, 41% (9/22) had ON-OFF RFs,
9% (2/22) had an ON only, and 50% (11/22) had an OFF-only
RF (DR vs ST2, p = 0.33, )(2 test). In addition, the dominant sub-
field size was reduced after DR compared with both ST1 and ST2
of normal development (Fig. 7E; ST1 vs DR, p = 0.046; ST2 vs
DR, p = 0.0078, one-way ANOVA and post hoc test). These
results suggest that DR does interfere in some aspects of RF de-
velopment, possibly through altering the excitation/inhibition
balance.

We next sought to investigate synaptic mechanisms underly-
ing the reduction of response level and subfield shrinkage after
DR, using whole-cell voltage-clamp recording. The input resist-
ance of cells recorded in DR mice was not different from that of
ST2 cells in NR animals (315 = 78 M{) vs 292 * 57 MQ, p =
0.51, t test; n = 13 and 12 cells, respectively). We found that exci-
tatory and inhibitory synaptic subfields remained well spatially

defined (13 of 13 cells) and were seemingly normal in shape after
DR (Fig. 7F, gray ovals). However, a closer examination revealed
an impedance of subfield development caused by DR; the excita-
tory input was underdeveloped and remained as weak as that at
ST1 (Fig. 7G; ST1 vs DR, p = 0.27; ST2 vs DR, p = 0.015, one-way
ANOVA and post hoc test), whereas the inhibitory input
appeared normally developed in strength (Fig. 7H, ST1 vs DR,
p < 0.001; ST2 vs DR, p = 0.35, one-way ANOVA and post hoc
test). This unbalanced development led to a significant reduction
of the E/I ratio (Fig. 7I; ST1 vs DR, p = 0.015; ST2 vs DR, p <
0.001, one-way ANOVA and post hoc test), that is, relatively
more dominance of inhibition over excitation after DR, which
may explain the suppression of both spontaneous and evoked fir-
ing rates. Additionally, although the excitatory subfield size was
not affected (Fig. 7J; ST2 vs DR, p = 0.43, one-way ANOVA and
post hoc test), the developmental broadening of the inhibitory
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Figure 8. A working model for the maturation of RF during development. 4, Blue, red, and green curves represent the spatial tuning (or RF subfield) of excitation, inhibition, and membrane
potential (Vm) responses, respectively. Gray dashed line represents the spike threshold. At ST1, the premature excitation and inhibition result in relatively weak Vm responses (pale green) and
only suprathreshold Vm responses (or spike responses that are above the detection threshold) in a small fraction of neurons. Under normal development at ST2, the amplitudes of excitation
and inhibition are enhanced in proportion (vertical arrows), and the inhibitory subfield is broadened (horizontal arrows), resulting in stronger suprathreshold Vm responses and emergence of a
distinct spike subfield (bright green). Note that without the developmental broadening of the inhibitory RF, the resultant spike subfield would be broadened (compare dashed green and solid
green lines). Under DR, the maturation of excitation is arrested, while inhibition enhances its strength to the mature state (red vertical arrow) without broadening its spatial tuning. This unbal-
anced change of inhibition results in reduced Vm responses (bright green, compared with pale green). Note that spontaneous firing rate is reduced after DR, equivalent to lowering the detec-
tion threshold. Together, these effects lead to a smaller spike subfield. B, Simulation of the effect of the developmental broadening of inhibitory subfield on the spike subfield size (see above,
Materials and Methods). ASize is the difference between inhibitory and excitatory subfield sizes, whereas the peak amplitudes of excitation and inhibition (E/I ratio = 0.58) as well as the exci-
tatory subfield size are kept the same. The maximum conductances of excitation and inhibition are 4.3 and 6.8 nS, respectively. Note that the mean experimentally observed ASize at ST2 is
5°. C, Simulation of the effect of impaired maturation of excitation and reduced spontaneous firing rates on the spike subfield size after DR (see above, Materials and Methods). The peak ampli-

tude of inhibition (6.8 nS) as well as the inhibitory and excitatory subfield sizes are kept the same, whereas the amplitude of excitation (therefore, E/I ratio) is varied.

subfield was prevented by DR (Fig. 7K; ST2 vs DR, p = 0.015,
one-way ANOVA and post hoc test). Thus, the ratio of excitatory
over inhibitory subfield size was substantially increased com-
pared with ST2 but remained the same as ST1 (Fig. 7L; ST1 vs
DR, p = 0.40; ST2 vs DR, p < 0.001, one-way ANOVA and post
hoc test). On the other hand, the spatial overlap between excita-
tory and inhibitory subfields (of the same sign) was not affected
by DR (OI after DR, 0.78 = 0.096; DR vs ST2, p = 0.47, t test).
Together, these data indicate that DR results in abnormal under-
development of excitation and paradoxically normal develop-
ment of inhibition, leading to abnormal dominance of inhibition
over excitation.

Discussion
A proper spatial organization of RFs is fundamental for normal
visual function (Priebe and Ferster, 2012; Niell, 2015). However,
how the RF structure matures during development and what the
underlying changes of synaptic inputs are remain not well under-
stood. In the present study, we found that premature V1 layer 4
neurons around eye opening rarely exhibited spatially organized
visual RFs at the spike level, whereas clear RFs were observed in
most of neurons 1-2 weeks after. In accompany with this RF
maturation, spontaneous firing rates were reduced while evoked
firing rates were increased, leading to a robust enhancement of
SNR of visual responses within the RF.

The suppression of high spontaneous activity is consistent
with the notion of an increasing inhibitory tone during post-eye-
opening development (Morales et al., 2002; Chattopadhyaya et

al., 2004). The developmental trends of decreases in spontaneous
firing rates and increases in visually evoked responses generally
agree with the results of several previous studies (Li et al., 2012;
Hoy and Niell, 2015; Roy et al., 2020), although they have not
reached statistical significance in layer 4 in one study (Hoy and
Niell, 2015). The decrease in the spontaneous firing rate and the
increase in SNR together contribute importantly to the increased
detectability of RFs (Fig. 6]). These changes may similarly con-
tribute to the developmental increase in the fraction of visually
responsive neurons reported previously (Hoy and Niell, 2015;
Jenks and Shepherd, 2020). Therefore, it is possible that SNR
could be a critical indicator of maturation status of cortical neu-
rons. It should be noted that early neurons without exhibiting a
clear RF may still be responsive to other stimulation patterns
such as full-field moving gratings, leading to an apparently
higher fraction of overall visually responsive neurons (Hoy and
Niell, 2015) than the fraction reported here.

Different from the spike RF, we found that synaptic RFs
(both excitatory and inhibitory) were mostly clear cut at the ear-
liest post-eye-opening stage. The largely overlapping patterns of
excitatory and inhibitory subfields are similar to what has been
found in the adult cortex (Liu et al., 2010). This indicates that
spatial RFs of thalamic relay neurons are already formed (Davis
et al., 2015; Tschetter et al., 2018) and that the basic thalamocort-
ical wiring pattern is already established around eye opening,
likely under the influence of cortical/subcortical activity driven
by spontaneous retinal waves (Katz and Shatz, 1996; Blankenship
and Feller, 2010). This notion is also supported by observations
that several visual functions such as orientation and direction
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selectivity are already present at the time of eye opening (Wang
et al., 2010; Kuhlman et al.,, 2011; Rochefort et al,, 2011; Li et al,,
2012; Ko et al., 2014). Nevertheless, both excitatory and inhibi-
tory inputs undergo robust developmental changes after the
onset of visual experience (Fig. 84). On a global scale, excitation
and inhibition were scaled up in a balanced manner, as the E/I
ratio of visually evoked synaptic conductances was constant dur-
ing development. Such a balanced enhancement of excitatory
and inhibitory synaptic strengths can help to increase evoked fir-
ing rates while preventing response saturation (Pouille et al,,
2009; Liu et al., 2011). However, simply upregulating excitation
and inhibition would generally lead to a reduction of tuning
strength (Liu et al,, 2011; Li et al., 2012), specifically in this study
to enlarged spike subfields. Fortunately, inhibitory subfield size
was increased during development. Such broadening of inhibi-
tory spatial tuning, together with the enhancement of its
strength, can effectively refine the spike subfield (Fig. 6F) by sup-
pressing membrane potential (and spiking) responses at RF sur-
rounding regions, creating a clear-cut boundary. Remarkably,
only moderately broader than the excitatory subfield, inhibition
can already effectively sharpen the spike subfield (Fig. 8B). These
modeling results are reminiscent of previous demonstrations
that inhibition more broadly tuned than excitation can sharpen
orientation selectivity in the face of weakly tuned excitation
(Somers et al., 1995; Liu et al,, 2011) and that broadening of in-
hibitory orientation tuning can lead to developmental sharpen-
ing of orientation selectivity (Li et al., 2012).

Different from the inhibitory subfield, the excitatory subfield
remained unchanged in size. A previous study in the mouse dor-
sal lateral geniculate nucleus (ALGN) has shown that the spatial
RF of thalamic relay neurons is reduced in size by half during de-
velopment (Tschetter et al, 2018), which is attributable to
reduced convergence (i.e., pruning) of retinogeniculate connec-
tions (Litvina and Chen, 2017; Tschetter et al., 2018). The
unchanged excitatory subfield size in layer 4 thus suggests that
the number of dLGN neurons connecting to a layer 4 neuron
might be increased after eye opening, which can also contribute
to the increased excitatory (and inhibitory) input strength. In
this sense, retinogeniculate and geniculocortical connectivity
might be developmentally regulated in an opposite manner. In
addition, as layer 4 is the major thalamo-recipient layer of V1,
changes of both feedforward thalamocortical and recurrent intra-
cortical connectivity (Ko et al., 2013) can contribute to the devel-
opmental change of excitatory input. It will be of great interest to
know how each of these components can account for the devel-
opmental maturation of the RF structure (Sun et al., 2019).

In addition to the synaptic input changes, any possible
changes of intrinsic membrane properties of neurons can influ-
ence the detectability of spike RFs. A previous slice recording
study of pyramidal neurons in the rat prefrontal cortex has
reported only minor or negligible changes in input resistance,
membrane time constant, and spike threshold after eye opening
(Zhang, 2004). Consistently, we did not find a significant differ-
ence in input resistance between ST1 and ST2 cells. Nevertheless,
we do not exclude the possibility that changes of other mem-
brane properties, for example, lowering of the spike threshold
(Roy et al., 2020), can further contribute to the increased salience
of visually evoked activity and detectability of RFs.

Sensory experience is required for various aspects of normal
visual functional development in the cortex during the critical
period (Fagiolini et al., 1994; White et al., 2001; Wang et al,,
2010; Kuhlman et al., 2011; Li et al., 2012; Sarnaik et al., 2014).
Indeed, in this study, our data demonstrate that both the
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spontaneous and evoked firing rates as well as spike subfield sizes
were diminished after DR, suggesting an overall reduction of
responsiveness, which is in agreement with a number of previous
studies (Braastad and Heggelund, 1985; Tsumoto and Freeman,
1987; Fagiolini et al., 1994; Tropea et al,, 2010). A later study,
however, reports no significant change in the overall RF size (i.e.,
considering both ON and OFF subfields) in slightly older (P31-
P35) DR mice compared with the NR control (Sarnaik et al,
2014). On the one hand, DR effects could be dependent on when
and for how long it is applied (Benevento et al., 1992). On the
other hand, the above observation may be in fact in line with our
result of unaffected excitatory subfield sizes, considering that
ON/OFF synaptic subfields are largely overlapping. Despite the
largely normal development of monocular RFs, the development
of spatial acuity as measured behaviorally is significantly delayed
by DR (Kang et al., 2013), possibly because the acuity examined
under binocular conditions is affected by binocular matching of
monocular RF properties, which is affected by DR (Sarnaik et al.,
2014).

The change in spike subfield sizes can be explained by the
imbalanced changes of synaptic strengths; excitation remained
weak and not strengthened, whereas inhibition underwent appa-
rently normal developmental strengthening, creating an abnor-
mal dominance of inhibition over excitation and resulting in
reduced subfield sizes (Fig. 8C). The underdevelopment of exci-
tation is likely a result of combined effects, that is, delayed prun-
ing of retinogeniculate synapses (Hooks and Chen, 2008) and a
delayed increase in the convergence of thalamocortical synapses.
The relatively enhanced inhibition is consistent with previous in
vitro slice recording results showing that inhibitory synaptic
transmission in layer 4 is potentiated after sensory deprivation
(Maffei et al., 2006; Nahmani and Turrigiano, 2014). This para-
doxical enhancement of inhibition may be attributed to a com-
pensatory recruitment of more inhibitory inputs and/or
strengthening of presynaptic and postsynaptic functions of in-
hibitory synapses during DR (Matffei et al., 2006; Nahmani and
Turrigiano, 2014; Miao et al., 2016). Combined thalamocortical
and intracortical effects may lead to the failed enlargement of in-
hibitory subfields after DR. It is worth noting that some of DR
effects on inhibition might be masked as it has been shown previ-
ously in layer 2/3 pyramidal neurons that restoring vision after
DR only for a short period of time (2 h, comparable to our time
window for visual stimulation) can partially reverse some DR
effects on miniature inhibitory postsynaptic currents (Gao et al.,
2014). Finally, studies have suggested that the impact of parval-
bumin (PV) and somatostatin inhibitory neurons on pyramidal
cells is increased and decreased, respectively, during a similar de-
velopmental window to this study (Miao et al., 2016; Yaeger et
al., 2019) and that the development of PV-neuron function is
regulated by visual experience (Kuhlman et al,, 2011; Li et al.,
2012). How the inhibitory-neuron subtypes contribute distinctly
to the experience-dependent RF maturation awaits further
investigations.
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