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Spatially-organized spontaneous activity is a characteristic feature of developing mammalian sensory systems. However, the
transitions of spontaneous-activity spatial organization during development and related mechanisms remain largely unknown.
We reported previously that layer 4 (L4) glutamatergic neurons in the mouse barrel cortex exhibit spontaneous activity with
a patchwork-type pattern at postnatal day (P)5, which is during barrel formation. In the current work, we revealed that spon-
taneous activity in mouse barrel-cortex L4 glutamatergic neurons exhibits at least three phases during the first two weeks of
postnatal development. Phase I activity has a patchwork-type pattern and is observed not only at P5, but also P1, before bar-
rel formation. Phase II is found at P9, by which time barrel formation is completed, and exhibits broadly synchronized activ-
ity across barrel borders. Phase III emerges around P11 when L4-neuron activity is desynchronized. The Phase I activity, but
not Phase II or III activity, is blocked by thalamic inhibition, demonstrating that the Phase I to II transition is associated
with loss of thalamic dependency. Dominant-negative (DN)-Rac1 expression in L4 neurons hampers the Phase II to III transi-
tion. It also suppresses developmental increases in spine density and excitatory synapses of L4 neurons in the second post-
natal week, suggesting that Rac1-mediated synapse maturation could underlie the Phase II to III transition. Our findings
revealed the presence of distinct mechanisms for Phase I to II and Phase II to III transition. They also highlighted the role
of a small GTPase in the developmental desynchronization of cortical spontaneous activity.
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Significance Statement

Developing neocortex exhibits spatially-organized spontaneous activity, which plays a critical role in cortical circuit develop-
ment. The features of spontaneous-activity spatial organization and the mechanisms underlying its changes during develop-
ment remain largely unknown. In the present study, using two-photon in vivo imaging, we revealed three phases (Phases I, II,
and III) of spontaneous activity in barrel-cortex layer 4 (L4) glutamatergic neurons during the first two postnatal weeks. We
also demonstrated the presence of distinct mechanisms underlying phase transitions. Phase I to II shift arose from the switch
in the L4-neuron driving source, and Phase II to III transition relied on L4-neuron Rac1 activity. These results provide new
insights into the principles of developmental transitions of neocortical spontaneous-activity spatial patterns.

Introduction
Synchronized spontaneous activity is a hallmark of mammalian
sensory systems during early postnatal stages. It may support
Hebbian-type synaptic competition to instruct neuronal circuit
self-organization (Katz and Shatz, 1996; Yamamoto and López-
Bendito, 2012; Kirkby et al., 2013; Ackman and Crair, 2014;
Leighton and Lohmann, 2016). The spontaneous activity of the
developing brain is extensively studied in the mammalian visual
system. Wave-type propagation of spontaneous activity is
observed in cultured retinas prepared from animals before eye
opening (Meister et al., 1991). The retinal wave is transmitted to
the visual cortex through the thalamus as well as to the superior
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colliculus in vivo (Hanganu et al., 2006; Ackman et al., 2012;
Siegel et al., 2012). Accumulating evidence suggests a critical role
for this patterned activity in visual circuit refinement (Stellwagen
and Shatz, 2002; McLaughlin et al., 2003; Burbridge et al., 2014).
Spontaneous activity with unique spatial organization has also
recently been identified and characterized in other sensory sys-
tems of neonatal rodents (Tritsch et al., 2007; Golshani et al.,
2009; Yang et al., 2013; Babola et al., 2018; Luhmann and
Khazipov, 2018; Mizuno et al., 2018). We previously found a
patchwork-type pattern in spontaneous activity of the neonatal
mouse barrel cortex (Mizuno et al., 2018). In that study, we
generated thalamocortical axon (TCA)-RFP transgenic mice
exhibiting labeling of the barrel map, to precisely identify the
barrel-cortex L4 in vivo. L4 glutamatergic neurons were labeled
in these mice with GCaMP6s via in utero electroporation (IUE).
Taking advantage of these two methods, we were able to analyze
the spatial pattern of L4-neuron spontaneous activity in relation
to the barrel map. L4 neurons within the same barrel fire to-
gether in the absence of sensory input at postnatal day (P)5, gen-
erating a barrel-corresponding patchwork-type pattern (Mizuno
et al., 2018). At P11–P13, L4 glutamatergic neurons showed
sparse spontaneous firing with no persisting patchwork-type pat-
terns (Mizuno et al., 2018).

The current study extended our previous work and character-
ized the nature of spontaneous activity in L4 glutamatergic neu-
rons of the barrel cortex in detail. We first asked the following
two questions. (1) How is spontaneous activity in barrel-cortex
L4 spatially organized during the developmental stage before
barrel map formation? If the patchwork-type pattern of activity
is important for barrel map formation, the observation of similar
activity is expected before map formation. And (2) how does
spontaneous-activity transition from patchwork-type activity at
P5 to sparse-type activity at P11–P13? To address these ques-
tions, we conducted in vivo two-photon calcium imaging of L4
glutamatergic neurons in the mouse barrel cortex at several time
points during the first two weeks of postnatal development. We
found that at P1, even before the initiation of barrel formation,
L4-neuron spontaneous activity showed a patchwork-type pat-
tern. The presence of a novel type of spontaneous L4-neuron ac-
tivity with a spatial pattern distinct from the patchwork-type and
sparse-type ones was observed at P9. These observations suggest
that L4-neuron spontaneous activity exhibits at least three phases
during the first two weeks of postnatal development. Phase I
included P1–P5 and exhibited a patchwork-type pattern. Phase
II was detected around P9 and showed wide-area synchroniza-
tion. Phase III included P11–P13 and showed sparse firing.
Second, we investigated the mechanism underlying the Phase I
to II transition. We found that Phase I activity, but not that of
Phase II or III, depended on thalamocortical input. Thus, the
Phase I to II transition was characterized by a shift in the activity
source. Finally, we investigated the mechanism underlying the
Phase II to III transition. We revealed that this transition
required L4-neuron Rac1 activity. We also found that Rac1 activ-
ity was involved in the developmental increase of excitatory syn-
apses on L4 neurons, which may underlie the Phase II to III
transition. Thus, the results of this study provide dynamic and
mechanistic insights into the spatial organization of spontaneous
network activity during postnatal neuronal circuit maturation.

Materials and Methods
Animals
All experiments were performed according to the guidelines for animal
experimentation of the National Institute of Genetics and the National

Institute of Physiologic Sciences and were approved by their animal experi-
mentation committees. The day at which the vaginal plug was detected was
designated as embryonic day (E)0 and E19 was defined as P0. For electro-
physiological analysis, timed-pregnant ICR mice were obtained from SLC
Japan (for naive) or CLEA Japan [for Tam control and dominant-negative
(DN)-Rac1]. Sex of newborn mice was not identified.

Used transgenic lines are as follows: TCA-RFP (Mizuno et al., 2018),
TCA-GFP (Mizuno et al., 2014), serotonin transporter (5-HTT)-Cre
Tg208 (Arakawa et al., 2014), and R26-LSL-hM4Di- designer receptors
exclusively activated by designer drugs (DREADD; JAX stock #026219;
Zhu et al., 2016). TCA-RFP mice were backcrossed from B6C3F2 to ICR
three to seven times. TCA-GFP mice were backcrossed from B6 to ICR
11–13 times; 5-HTT-Cre and R26-LSL-hM4Di-DREADD mice were
backcrossed from B6 to ICR one or two times.

IUE
IUE was conducted at E13 night or E14 morning. Timed-pregnant mice
were anesthetized with an intraperitoneal injection of a combination an-
esthetic (medetomidine (0.3mg/kg. Zenoaq, Domitor), midazolam
(4mg/kg. Maruishi Pharmaceutical, Dormicum), and butorphanol
(5mg/kg; Meiji Seika Pharma, Vetorphale) in saline, or with an intra-
peritoneal injection of pentobarbital (50mg/kg; Kyoritsu Seiyaku,
Somnopentyl) in saline and isoflurane inhalation (1�3.5%; DS Pharma
Animal Health, Zoetis). DNA solution (diluted in Milli-Q water
and,5% trypan blue; Sigma T8154) was injected into lateral ventricles
of embryos via a pulled glass capillary (Drummond, 2-000-050), and two
to five times square electric pulses (40 V; 50ms) were delivered by
tweezer-electrodes (NepaGene, CUY650P5) and an electroporator
(NepaGene, CUY21SC). When a combination anesthetic was used, ati-
pamezole (0.3mg/kg. Zenoaq, Antisedan) in saline was administered as
an intraperitoneal injection after IUE.

Dense GCaMP labeling
pK152 (1000 ng/ml) was used. To identify in vivo imaged area in sections,
pK036 (5�15ng/ml) 1 pK037 (1000 ng/ml), or pK036 (5�15ng/ml) 1
pK281 (1000 ng/ml), was also transfected as a marker of IUE.

Sparse GCaMP labeling (Supernova GCaMP)
pK031 (5�15ng/ml) and pK175 (1000 ng/ml) were used. pK098 (500ng/
ml) was also transfected as a marker.

DN-Rac1 histology and electrophysiology
pK036 (5�15ng/ml), pK037 (1000 ng/ml), pK326 (200ng/ml), and
pK328 (1000 ng/ml) were used. For Tam control, pK036 (5�15ng/ml)
and pK037 (1000 ng/ml) were transfected.

DN-Rac1 calcium imaging
For DN-Rac1, Flpe-based Supernova-GCaMP6s [pK036 (5�15ng/ml),
pK313 (1000 ng/ml), pK326 (200ng/ml), and pK328 (1000 ng/ml)] were
transfected. For Tam control, pK036 (5�15ng/ml) and pK313 (1000 ng/
ml) were transfected. As a marker of IUE, pK302 (200ng/ml) or pK037
(500ng/ml) was also transfected.

Plasmids
pK031: TRE-Cre (Mizuno et al., 2014);

pK036: TRE-Flpe-WPRE (Luo et al., 2016);
pK037: CAG-FRT-STOP-FRT-RFP-ires-tTA-WPRE (Luo et al.,

2016);
pK098: CAG-loxP-STOP-loxP-nls-tagRFP-ires-tTA-WPRE (Luo et

al., 2016);
pK152: CAG-GCaMP6s (Nakai et al., 2001; Chen et al., 2013;

Mizuno et al., 2018);
pK175: CAG-loxP-STOP-loxP-GCaMP6s-ires-tTA-WPRE (Mizuno

et al., 2018);
pK281: CAG-FRT-STOP-FRT-CyRFP-ires-tTA-WPRE;
pK302: CAG-tagBFP;
pK313: CAG-FRT-STOP-FRT-GCaMP6s-ires-tTA-WPRE;
pK326: CAG-ERT2CreERT2-WPRE;
pK328: CAG-loxP-STOP-loxP-Rac1(T17N).
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pCAG-CyRFP was a gift from Ryohei Yasuda (Addgene plasmid
#84356; http://n2t.net/addgene:84356; RRID:Addgene_84356; Laviv et
al., 2016). pTagBFP-actin vector was from Evrogen (#FP174; Subach et
al., 2008). pCre-ERT2 was a gift from Pierre Chambon (Feil et al., 1997;
Indra et al., 1999; Li et al., 2000). pCyPet-Rac1(T17N) was a gift from
Klaus Hahn (Addgene plasmid #22784; http://n2t.net/addgene:22784;
RRID:Addgene_22784; Machacek et al., 2009).

For construction of pK281, CyRFP excised with NheI and NotI from
pCAG-CyRFP was blunted with SAP (Takara, 2660A) and Klenow
(Takara, 2140A) and ligated into blunted SalI/EcoRV site of pK068 vec-
tors (CAG-FRT-STOP-FRT-EGFP-ires-tTA-WPRE; Luo et al., 2016).
For pK302, tagBFP excised with SalI/EcoRV from pK301 (CAG-loxP-
STOP-loxP-tagBFP-ires-tTA-WPRE), for which tagBFP was cloned by
PCR from pTagBFP-actin with primers KS130/KS131, was blunted with
SAP and Klenow and ligated into blunted EcoRI site of pK038 vector
(CAG-loxP-STOP-loxP-EGFP-ires-tTA-WPRE; Luo et al., 2016). For
pK313, GCaMP6s was cloned by PCR from pK152 with primer pairs
LW010/LW011 and was ligated into SalI/EcoRV site of pK068 vectors by
using NEBuilder (New England BioLabs, E5520S). For pK326, we first
constructed CAG-CreERT2. CreERT2 was cloned by PCR from
pCreERT2 with primer pairs NN029/NN019 and ligated into SalI/NotI
site of pK025 vector (CAG-turboRFP; Mizuno et al., 2010). Next, WPRE
excised with NotI from pK068 was inserted into NotI site of CAG-
CreERT2. Finally, ERT2 fragment cloned by PCR with primer pairs
NN030/NN031 was inserted into SalI site of CAG-CreERT2-WPRE. For
pK328, Rac1(T17N) was cloned by PCR from pCyPet-Rac1(T17N) with
primer pairs SN088/SN089 and was ligated into site of pK029 vectors
(CAG-loxP-STOP-loxP-RFP-ires-tTA-WPRE; Mizuno et al., 2014) by
using NEBuilder.

Primer sequences were as follows: KS130, CTGTCGACATGAGCG
AGCTGATTAAGGAGA; KS131, AGATATCTTAATTAAGCTTGTG
CCCCAGTTTG; LW010, GAATAGGAACTTCATGAGATCTCGCC
ACCAT, LW011, TAACTCGATCTAGGATGCGGCCGCTCACTTC;
NN019, CCCGCGGCCGCTCAAGCTGTGGCAGGGAAACCCT; NN029,
GCTGTCGACAATTTACTGACCGTACACC; NN030, CCCGTCGA
CGCCACCATGGCTGGAGACATGAGAGC; NN031, ATTGTCGAC
AGCTGTGGCAGGGAAACCC; SN088, TATACGAAGTTATATGA
TGCAGGCCATCAAGT; and SN089, ATCCTCGAGTCGCCGCTTA
CAACAGCAGGCAT.

Drug administration
Clozapine-N-oxide (CNO; Sigma, C0832; Tocris, 4936) prepared in sa-
line was intraperitoneally injected (12mg/g body weight; Hamm and
Yuste, 2016). Lidocaine (AstraZeneca, Xylocaine) was subcutaneously
injected (1%, ,10ml; Mizuno et al., 2018). Tamoxifen (Sigma, T5648)
prepared in corn oil was intraperitoneally injected (50mg/g; Guenthner
et al., 2013).

Craniotomy for in vivo imaging
Cranial window for in vivo imaging was made as described (Nakazawa
et al., 2018). Mice were anesthetized with isoflurane. The skin over the
right hemisphere was removed using scissors to expose the skull, and
Vetbond (3 M, 1469) was applied to seal the incision. Whisker-related
cortical area was detected with increases of GCaMP fluorescence
induced by whisker stimulation. A small piece of bone covering labeled
neurons was removed with a sterilized razor blade (Feather, FA-10) leav-
ing the dura intact. Gelfoam (Pfizer) was used to stop bleeding as neces-
sary. Cortex buffer (125 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM

HEPES, 2 mM CaCl2, and 2 mM MgSO4; pH 7.4; Holtmaat et al., 2009)
was applied during opening the skull. The custom-made titanium bar (T
and I; Nakazawa et al., 2018) was glued to the skull near the window. A
2.5-mm in diameter round cover glass (Matsunami, custom-made) was
applied onto the exposed brain with 1% low melting point agarose
(Sigma, A9793-100) in cortex buffer. The dental cement (GC
Corporation, Unifast III) was applied to seal the cover glass and the tita-
nium bar. For analgesic and anti-inflammation, carprofen (5mg/kg, pre-
pared in saline, Zoetis, Rimadyl) was subcutaneously injected.

In vivo two-photon calcium imaging
In vivo two-photon calcium imaging was performed under an unanes-
thetized condition. A heater was used to keep pups warm. Time-lapse
images (512� 512 pixels, 12 bits) were obtained at 1Hz using a two-
photon microscope (Zeiss, LSM 7MP) with W Plan-Apochromat 20�/
1.0 DIC objective lens (Zeiss). Mai Tai eHP DeepSee titanium-sapphire
laser (Spectra-Physics) running at 920 or 940 nm was used. Fluorescent
proteins were simultaneously excited, and emitted fluorescence was fil-
tered (500�550nm for green and 575�620 nm for red) and detected
with LSM BiG detectors (Zeiss). Higher signal-to-noise ratio images
were obtained with 940- or 960-nm wavelength laser and a slower scan
speed under isoflurane anesthesia to visualize the barrel position in
TCA-RFP Tg mice. L4 was identified based on TCA-RFP signal and/or
imaging depth. For P4�P12 mice, the presence of imaged neurons
within L4 was confirmed by post hoc histologic analysis. For P1�P3
mice, because L4 is not clearly formed at these ages yet, imaging depths
were determined based on dense GCaMP signals. Histologic analyses af-
ter the end of in vivo imaging also confirmed that imaged areas were
located within the (prospective) large barrel field of the primary somato-
sensory cortex.

Histology
Mice were decapitated, and brains were fixed with 4% paraformaldehyde
(PFA) in 0.1 M PB at 4°C for 1–2 d. Right hemispheres were flattened
and transferred to 2% PFA/30% sucrose in 0.1 M PB and kept at 4°C for
1–2 d. Tangential slices (100mm thick) were obtained with a ROM-380
freezing microtome (YAMATO, REM-710) and mounted with Anti-
fade Mounting Medium (Longin et al., 1993). Slices which were not
derived from TCA-GFP or TCA-RFP Tg were stained with anti-VGluT2
antibody (SYSY, 135403, 1:1000) and Alexa Fluor 647 goat anti-rabbit
IgG (Invitrogen, A21244, 1:1000) and/or DAPI (Roche, 10236276001,
2mg/ml) before mounting to visualize barrel map. Images were acquired
by a confocal microscope (Leica, TCS SP5). For quantitative analyses of
dendritic spines, spiny stellate neurons located at the edge of large bar-
rels (a–d , A–E arc 1–4) were chosen and their basal dendritic segments
located inside the barrel were used. Spiny stellate neurons and barrel
edges were identified as previously described (Mizuno et al., 2014).
Confocal images were taken with 40�/0.85 objective lens, 1.2-mm optical
sectioning for measuring dendritic length, and with 63�/1.3 objective
lens, 2� zoom, 0.1-mm optical sectioning for spine count. Dendrites
were cut into segments by a series of concentric circles from 10 to 70mm
in radius with a 10-mm interval. Segments which contained dendritic tip
and those which were highly overlapped with other dendrites were
excluded from spine count analysis. Filaments were classified as follows.
If length. 5mm: dendritic branch. Else if head width. 0.6mm: mush-
room. Else if length. 2mm: filopodium. Else: thin (Yuste and
Bonhoeffer, 2004; Risher et al., 2014). Dendritic lengths and spine counts
were measured on 2D images with using 3D images as references.

Slice electrophysiology
Whole-cell recording
For naive P9 and P11, non-labeled mice were used. For DN-Rac1 and
Tam control, L4 glutamatergic neurons were sparsely labeled by the
IUE-based Supernova-RFP transfection. Oblique coronal slices of barrel
cortex (300mm thick) were prepared from P9 or P11 mice under deep
anesthesia with isoflurane and kept in a normal artificial cerebrospinal
fluid containing the following: 126 mM NaCl, 3 mM KCl, 1.3 mM MgSO4,
2.4 mM CaCl2, 1.2 mM NaH2PO4, 26 mM NaHCO3, and 10 mM glucose,
saturated with 95% O2 and 5% CO2. Non-labeled neurons (for naive P9
and P11) or RFP-positive neurons (for DN-Rac1 and Tam control at
P11) in the barrel-cortex L4 were targeted by patch pipettes for whole-
cell recordings under fluorescent and infrared differential interference
contrast optics (Olympus, BX51). The patch pipettes were filled with an
internal solution containing the following: 130 mM K-gluconate, 8 mM

KCl, 1 mM MgCl2, 0.6 mM EGTA, 10 mM HEPES, 3 mM MgATP, 0.5 mM

Na2GTP, 10 mM Na-phosphocreatine, and 0.2% biocytin (pH 7.3 with
KOH). To record miniature EPSCs (mEPSCs), tetrodotoxin (1 mM,
Abcam) and SR95531 (100 mM, Abcam) were added to block action
potentials and GABAA receptors, respectively. The membrane potentials
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of recorded neurons were held at �75mV. Whole-cell recordings were
performed and sampled using Axon Multiclamp 700B amplifier,
Digidata 1440A, and pCLAMP10 software (Molecular Devices). Signals
were sampled at 20 kHz. We selected cells with a high seal resistance
(.1 GV) and a low series resistance, 30 MV. mEPSCs were detected
and analyzed using MiniAnalysis software (Synaptosoft).

Post hocmorphologic analysis
After electrophysiological recording, the slices were fixed with PFA in
0.1 M PB overnight at 4°C for biocytin staining. To visualize recorded
neurons, slices were incubated with streptavidin conjugated to Alexa
Fluor 488 (1:1000; Life Technologies) in 25 mM PBS containing 0.1%
Triton X-100 overnight at 4°C. Spiny stellate neurons were distinguished
from other neurons by the spherical soma and the absence of a promi-
nent apical dendrite (Staiger et al., 2004).

In vivo image processing and quantification
Preprocessing
Green channel was extracted and Gaussian filter (s =10 pixels for the
active contour analysis, 2 pixels for the others) was applied on Fiji/
ImageJ version 1.52p (Schindelin et al., 2012).

Region of interest (ROI) setting
Approximately 15� 15mm rectangular areas were selected. In sparse
labeling experiments, ROIs were basically put on cell bodies, but some
ROIs were put nearby the center of the cell bodies to avoid signal satura-
tion which can be the cause of failure of signal detection.

Signal detection and processing
Intensity of the ROI was the mean of the pixels in the ROI. Raw calcium
signals for each ROI, F(t), were converted to represent changes from
baseline level, DF/F(t) defined as (F(t) � F0)/F0, where F0 was the time-
averaged intensity at each ROI. DF/F(t). 1 was counted as neuronal fir-
ing. The time period from when DF/F(t) became over the threshold to
when DF/F(t) became lower than the threshold was defined as one firing
events.

Movie
For Movies 1, 2, 3, F0 was subtracted from Gaussian filtered images, and
brightness was adjusted for visualization. Movie is 10 times faster than
the real time.

Active contour drawing
Images were binarized based on DF/F(t) threshold, and the area of the
active contour was measured using Fiji/ImageJ. If a contour protruded
from the view field, it was excluded from the analysis. When a contour

was observed in the same position over multiple timeframes, only the
contour on the initial timeframe was used for the analysis.

Synchronized event detection
Monte Carlo simulation was applied to infer the chance rate of ROI syn-
chronization. For each ROI, firing periods and non-firing periods were
calculated and they were randomly shuffled. After all ROIs underwent
random shuffling process, the number of ROIs fired together was
counted. This process was repeated 1000 times, and the distribution of
active percentage in random firing was estimated as the proportion of
the replications; 99th percentile of this distribution was used as the
chance rate (p, 0.01). The time period in which the number of fired
ROIs were over the chance rate was considered as a synchronized event.

Statistics and computing
Fiji/ImageJ ver. 1.52p (Schindelin et al., 2012) and custom-written
scripts in Python 3.6.8 (Python Software Foundation) with its additional
packages Numpy 1.16.4 (Oliphant, 2006; van der Walt et al., 2011), Scipy
1.2.1 (Virtanen et al., 2020), Matplotlib 3.1.0 (Hunter, 2007), Pandas
0.24.2 (McKinney, 2010), and OpenCV 3.3.1 (Bradski, 2000) were used
to data analysis and visualization. Two-tailed Welch’s t test was used to
test the differences among means unless otherwise noted. The asterisks
and pound symbols in the figures indicate the following: */# p, 0.05,
**/## p, 0.01, and ***/### p, 0.001; p, 0.05 was considered

Movie 1. Spontaneous activity in the barrel cortex at P1. L4 neurons were densely labeled
with CAG-GCaMP6s. [View online]

Movie 2. Spontaneous activity in the barrel cortex at P9. L4 neurons were densely labeled
with CAG-GCaMP6s. [View online]

Movie 3. Spontaneous activity in the barrel cortex of Tam control and DN-Rac1 mice at
P11. L4 neurons were sparsely labeled with Supernova-GCaMP6s. [View online]
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statistically significant; g indicates Hedges’ g. In box plots, upper and
lower limits of box represent 75th and 25th percentiles, crosses represent
mean, horizontal lines represent median, upper and lower whiskers rep-
resent maximum and minimum within 1.5 interquartile range, and
observations beyond the whisker range were marked with open circles as
outliers. Sample size was described in Results. Representative examples
of each figure were chosen from the following number of mice: Figure 1,
five, three, and three mice at P1, P3, and P5, respectively; Figure 2, three
and six mice at P5 and P9, respectively; Figure 3, three and four mice at
P9 and P11�P12, respectively; Figure 6, four and five mice for Tam con-
trol and DN-Rac1, respectively. The following timeframes were used for
each analysis: Figures 1D,E, 2, 3, 240 frames (for Fig. 3, P11, three mice:
180 frames) and Figures 1H, 4, 6, 300 frames.

Data and code availability
All data that support the conclusions and computational code used in
the study will be available on manuscript publication.

Results
Patchwork-type pattern of L4-neuron spontaneous activity
before barrel formation
We previously reported that spontaneous activity in barrel-cor-
tex L4 shows barrel-corresponding patchwork pattern at P5 dur-
ing the barrel formation period (Mizuno et al., 2018). If this
pattern of spontaneous activity plays an important role in barrel
circuit maturation, it is expected that similar activity would be
observed before barrel formation. To examine this possibility,
GCaMP6s was transfected into L4 glutamatergic neurons of the

barrel cortex by IUE and calcium transients were acquired in
vivo by two-photon microscopy at P1 and P3 (Fig. 1A). P5 mice
were also analyzed as a known control. We found that, at P1 and
P3, L4 neurons in the barrel cortex showed spontaneous activity
with a similar spatial pattern to L4 neurons at P5 (Fig. 1B; Movie
1). When ROIs were uniformly placed in the barrel field, a group
of ROIs located nearby showed high pairwise correlation with
each other but low correlation with ROIs in different locations
(Fig. 1C,D). Although the barrels are not visible at P1, it is likely
that the spatial organization of the spontaneous activity found at
P1 corresponds to the prospective barrel map. To characterize
the spatial organization of L4-neuron spontaneous activity at P1
in more detail, we defined an active contour as the region where
GCaMP fluorescence was over the threshold in a timeframe (for
details, see Materials and Methods). An active contour at P5
largely corresponded to a barrel, although sometimes it corre-
sponded to two or more barrels when neighboring barrels fired
together. We found that the active contour size at P1 was slightly
larger than that at P5 (p=0.011, t=2.564, g=0.418; n= 76 con-
tours/3 mice at P1, 73 contours/3 mice at P5; Fig. 1E). Consistent
with this result, at P1, neighboring contours showed some level
of overlap (Fig. 1F). ROIs located on these overlapping regions
showed high correlation coefficients with ROIs on each contour
(Fig. 1D). These features of the activity pattern at P1 may reflect
the fact that at this age TCA termini corresponding to different
whiskers are not yet segregated (Erzurumlu and Gaspar, 2012;
Mizuno et al., 2014). Electrophysiological studies also demo-
nstrate that the functional whisker protomap at P0�P1 is not as
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Figure 1. Patchwork-type spontaneous activity observed in L4 glutamatergic neurons of the barrel cortex in the first week of postnatal development. A, Schematic of in vivo imaging with
dense L4-neuron labeling. CAG-GCaMP6s plasmid vector was transfected by IUE. B, Representative examples of GCaMP6s signals at P1, P3, and P5. Brightness was adjusted for visualization.
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G, Schematic of the L4-neuron imaging experiment with peripheral silencing. H, Local anesthetic lidocaine injection into the whisker pad significantly reduced the frequency of L4-neuron spon-
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precise as later than P2�P3 (Mitrukhina et al., 2015), and oscilla-
tory activity is altered between P0 and P7 (Yang et al., 2009), in
the rat barrel cortex. The patchwork pattern could be refined at
the same time as whisker-barrel circuit maturation during neo-
natal development. Taken together, these results suggest that
L4-neuron spontaneous activity shows a patchwork-type pattern
immediately after birth even before barrel formation, although
the early patchwork pattern exhibits some distinct characteristics
from the one at P5.

L4-neuron spontaneous activity at P5 is blocked by whisker-
pad local anesthesia, suggesting that the activity originates from
the periphery (Mizuno et al., 2018). To test whether P1 activity
also originates from the periphery, we used the local anesthetic
lidocaine in P1 mice (Fig. 1G). We found that lidocaine injection
into whisker pad abolished L4-neuron activity in the contralat-
eral barrel cortex at P1 (p, 0.001, t= 8.101, g= 3.177; n= 13
ROIs/2 mice; Fig. 1H). These results suggest that the periphery is
the source of spontaneous activity in barrel-cortex L4 at P1, simi-
lar to P5.

Wide-area synchronization of L4-neuron spontaneous
activity at P9
To investigate how spontaneous network activity transitions
from patchwork-type at P1–P5 to sparse-type at P11–P13, we an-
alyzed the spatial organization of L4-neuron spontaneous activity
at P9. We first compared the activity pattern between P9 and P5
by transfecting GCaMP6s into a dense population of L4 glutama-
tergic neurons and performing calcium imaging in vivo (Fig.
2A). ROIs were placed on barrels that were visualized using
TCA-RFP Tg mice or post hoc staining with an anti-VGluT2
antibody and/or DAPI (Fig. 2B). At P5, L4 neurons showed
spontaneous activity corresponding to the barrel map (Fig. 2C,D)
as previously reported (Mizuno et al., 2018). ROIs put on the
same barrels tended to fire together (Fig. 2C). Therefore, ROI
pairs in the same barrels were highly correlated with each other,
while ROIs located in different barrels tended to fire independ-
ently and showed low correlations (50–100mm: p, 0.001,
t= 23.024, g= 3.798; n= 84 same barrel pairs and 39 different
pairs; 100–150mm: p, 0.001, t= 12.369, g= 4.842; n= 21 same
and 128 different; 2 mice; Fig. 2D–F, top). While, at P9, L4-

neuron spontaneous activity was widely synchronized in the
barrel cortex across the barrel borders (Fig. 2C,D; Movie 2).
They were still highly correlated even at large distance between
ROI pairs (Fig. 2E) and regardless of whether ROI pairs were in
the same barrel or not (50–100mm: n= 151 same and 58 differ-
ent pairs; 100–150mm: 50 same and 175 different pairs; three
mice; Fig. 2F, bottom). Overall, L4 neurons at P9 showed much
higher correlations than those at P5 (Fig. 2G). Thus, the spatial
pattern of L4-neuron spontaneous activity at P9 was distinct
from that at P5. Our analyses for P7 (n= 3 mice) identified both
patchwork-type (n= 2 mice) and widely synchronized-type
(n= 1 mouse) activity, supporting that transition of two types
of activity occurs between P5 and P9.

We next compared the P9 and P11–P12 activity patterns by
using the Supernova method (Mizuno et al., 2014; Luo et al.,
2016) to label a small population of L4 neurons with GCaMP6s
and conducting in vivo calcium imaging in single-cell resolution
(Fig. 3A). We previously reported that L4 neurons show asyn-
chronous patterns of spontaneous activity at P11–P13 (Mizuno
et al., 2018). Here, we confirmed that L4 neurons fire sparsely
and show no clear spatial organization of spontaneous activity at
P11–P12. At this age, pairwise correlation coefficients were low
between ROIs placed on individual L4 neurons (Fig. 3B–D) and
synchronized firing involving many neurons was not observed
(Fig. 3E). In contrast, at P9, as observed in dense cell-labeling
experiments (Fig. 2), L4 neurons showed high correlations even
when they were in different barrels (Fig. 3B–D) and tended to
fire synchronously (Fig. 3E). Overall, L4 neurons at P9 showed
much higher correlations than those at P12 (Fig. 3F). Qua-
ntitative analyses revealed that the frequency of neuronal firing
events was similar between P9 and P11–P12 [p=0.239, t=1.340,
g= 0.945; n= 3 (P9) and 4 (P11–P12) mice; Fig. 3G]. However,
the ratio of synchronously firing events to total firing events was
significantly higher at P9 than at P11–P12 [p=0.009, t=4.170,
g= 3.012; n= 3 (P9) and 4 (P11–P12) mice; Fig. 3H]. Further, the
peak height of synchronized events was significantly higher at P9
(726 5%, mean 6 SD) than P11–P12 [266 3%; p=0.003,
t= 9.901, g=8.378; n= 3 (P9) and 4 (P11–P12) mice; Fig. 3I].
These results indicate that a large population of neurons distrib-
uted over multiple barrels fired together at P9. Thus, P9-type L4-
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neuron spontaneous activity is distinct from P11–P13-type
activity.

These results suggest that there are at least three phases of
spatial organization in L4-glutamatergic-neuron spontaneous ac-
tivity during the first two weeks of postnatal development (Fig.
3J). Phase I is around P1 to P5 and shows a patchwork-type pat-
tern. Phase II is around P9 and shows widely synchronized activ-
ity across the barrel borders. Phase III is around P11–P12 and
shows sparse firing.

Ventrobasal (VB) thalamic inputs are dispensable for Phase
II and Phase III activity
Phase I spontaneous activity is generated in the periphery and
transmitted to cortical L4 along the ascending trigeminal path-
way via the VB nucleus of the thalamus (Mizuno et al., 2018).
Therefore, if VB neurons are silenced by inhibitory DREADD,

Phase I activity in cortical L4 is expected to be silenced. To test
this possibility, we expressed hM4Di in the VB by crossing R26-
LSL-hM4Di-DREADD (Zhu et al., 2016) and 5-HTT-Cre Tg
(Arakawa et al., 2014) mice. IUE was used to transfect L4 neu-
rons in a dense population with GCaMP6s. We conducted in
vivo two-photon calcium imaging of the barrel cortex of 5-HTT-
Cre; R26-LSL-hM4Di-DREADD mice at P4 or P5 (Fig. 4A), and
found that L4 spontaneous activity was silenced following CNO
administration (p, 0.001, t= 7.400, g= 2.283; n=21 ROIs/3
mice; Fig. 4B). It should be noted that, in 5-HTT-Cre Tg mice,
Cre-mediated recombination is observed not only in the VB thal-
amus but also in a few other brain regions including the lateral
geniculate nucleus (LGN) and medial geniculate nucleus (MGN)
of the thalamus, raphe nuclei and deep layers of medial neocor-
tex such as the cingulate (Arakawa et al., 2014). Although the
neonatal barrel cortex is innervated by serotonergic axons
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originating from the raphe, these axons
are sparse and not confined to L4
(Rebsam et al., 2002). Thus, it appears
that silencing of Phase I L4 spontaneous
activity in 5-HTT-Cre; R26-LSL-
hM4Di-DREADD mice is primarily
attributed to silencing of VB inputs.

To examine whether Phase II and
Phase III L4 spontaneous activity also
depends on ascending trigeminal path-
way via the VB, we conduced calcium
imaging of 5-HTT-Cre; R26-LSL-
hM4Di-DREADD mice at P9 (Phase II)
and P11 (Phase III). L4-neuron sponta-
neous activity was not significantly
changed between before and after CNO
application [p=0.928, t=0.091, g =
0.039; n= 11 ROIs/2 mice (Fig. 4C);
p=0.156, t=1.471, g= 0.601; n= 12
ROIs/2 mice (Fig. 4D)]. These results
suggest that VB thalamic inputs have no
or little contribution to Phase II and
Phase III activity. Thus, the transition
from Phase I to Phase II is associated
with a switch in the source of spontane-
ous activity.

DN-Rac1 suppresses increases in
spine density during the second week
of postnatal development
We next investigated the mechanism
that controls the transition of Phase II
to Phase III L4-glutamatergic-neuron
spontaneous activity in the barrel cor-
tex. Although sparse spontaneous activ-
ity is observed in various areas, layers and cell types of the
mammalian cortex in the late developmental stage (Golshani et
al., 2009; Rochefort et al., 2009; Colonnese et al., 2010; Luhmann
and Khazipov, 2018; Modol et al., 2020), the underlying mecha-
nisms of sparsification remain largely unresolved. Notably, little
attention has been paid to the possible involvement of matura-
tion of the excitatory system. Given that dendritic spine density
dramatically increases in the second week of postnatal develop-
ment (Blue and Parnavelas, 1983; Micheva and Beaulieu, 1996;
De Felipe et al., 1997; Holtmaat and Svoboda, 2009), maturation
of excitatory circuits may affect sparsification of L4-glutamater-
gic-neuron spontaneous activity. If this hypothesis is correct,
blocking developmental spinogenesis could inhibit sparsification
of L4-neuron spontaneous activity.

To test this hypothesis, we first examined whether spine den-
sity increased in barrel-cortex L4 glutamatergic neurons during
the transition from Phase II to III. To reduce data dispersion, we
focused our analyses on barrel-inner dendrites of barrel-edge
spiny stellate neurons, which are the major type of L4 glutama-
tergic neurons in the barrel cortex (see Materials and Methods).
We found that spine density more than doubled between P9 and
P11, with increases in the mushroom and thin/stubby types [na-
ive P9 vs P11; total: p, 0.001, t= 11.770, g=1.533; mushroom:
p, 0.001, t=7.361, g= 0.970; thin/stubby: p, 0.001, t=10.488,
g= 1.362. Welch’s t test with Holm correction; n= 102 (P9) and
117 (P11) segments from 3 (P9) and 3 (P11) mice; Fig. 5A–C].

We used Rac1 (T17N), a DN-Rac1 that blocks spinogenesis in
cultured hippocampal and cortical neurons (Penzes et al., 2003;

Hayashi-Takagi et al., 2010), to interfere with developmental
spinogenesis. We used an inducible gene expression strategy to
overexpress DN-Rac1 because constitutive DN-Rac1 expression
interferes with radial migration of transfected cells (Kawauchi
et al., 2003). IUE was used to transfect L4 glutamatergic neu-
rons with tamoxifen-inducible Cre (ERT2CreERT2; Feil et al.,
1997; Casanova et al., 2002; Matsuda and Cepko, 2007) and Cre-
dependent DN-Rac1. Flpe-based Supernova RFP (Mizuno et al.,
2014; Luo et al., 2016) was co-transfected for clear visualization
of neuronal morphology. Then, tamoxifen was intraperitoneally
injected at P7 and brain samples were collected at P11 (Fig. 5A).
Comparing DN-Rac1 overexpression and tamoxifen control
(Tam control) at P11 indicated that DN-Rac1 overexpression
decreased spine densities (Tam control vs DN-Rac1; total: p ,
0.001, t=4.308, g=0.564; Fig. 5B,C). In DN-Rac1-expressing
neurons, mushroom-type spine density was also lower than in
Tam control neurons [Tam control vs DN-Rac1; mushroom:
p, 0.001, t=6.647, g=0.840. Welch’s t test with Holm correc-
tion; n=134 (Tam) and 94 (DN) segments from 4 (Tam) and 3
(DN) mice; Fig. 5C]. This effect was more pronounced on the
distal dendrites than in the proximal dendrites. On the proximal
dendrites, mushroom-type spine density was decreased, but the
total spine density was not changed in DN-Rac1-overexpressing
neurons [mushroom: p= 0.004, t=3.068, g = 0.911; n=23 (Tam)
and 20 (DN) segments from 4 (Tam) and 3 (DN) mice; Fig. 5D].
On the distal dendrites, total spine and mushroom-type spine
densities were decreased [total: p= 0.002, t= 3.453, g=0.829;
Mushroom: p=0.005, t=2.922, g =0.729. Welch’s t test with
Holm correction; n= 42 (Tam) and 21 (DN) segments from 4
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(Tam) and 3 (DN) mice; Fig. 5E]. These results suggest that DN-
Rac1 overexpression inhibited increases in and maturation of
dendritic spines between Phase II and Phase III.

We also assessed electrophysiological synaptic properties of
DN-Rac1-overexpressing neurons. Like above, DN-Rac1 over-
expression was induced by tamoxifen injection at P7, and ex
vivo whole-cell patch-clamp recordings were conducted at P11
(Fig. 5A). We analyzed mEPSCs recorded from L4 spiny stel-
late neurons identified by post hoc staining with biocytin. In
naive animals, the frequency of mEPSCs increased from P9 to
P11 (naive P9 vs P11: p= 0.002, t=3.633, g=1.396; n= 10
neurons/4 mice at P9, n=13 neurons/4 mice at P11; Fig. 5F).
We found that the frequency was lower in DN-Rac1-overex-
pressing cells compared with Tam controls at P11, which was

consistent with our morphologic analysis of spine density
(Tam control vs DN-Rac1: p, 0.001, t=4.522, g = 1.809; n =
12 neurons/4 mice for Tam control, n=10 neurons/5 mice for
DN-Rac1; Fig. 5F). There were no significant differences in the
amplitude, rise time and half-width between them, suggesting
that synaptic strength and kinetics did not change [naive P9 vs
P11: p=0.899, t= 0.129, g= 0.053 (Fig. 5G); p= 0.065, t =1.951,
g= 0.802 (Fig. 5H); p= 0.298, t= 1.067, g=0.434 (Fig. 5I); Tam
control and DN-Rac1: p= 0.654, t=0.455, g=0.188 (Fig. 5G);
p= 0.327, t= 1.005, g= 0.426 (Fig. 5H); p=0.075, t=1.900,
g= 0.835 (Fig. 5I); n= 10 neurons/4 mice at P9, n= 13
neurons/4 mice at P11]. These results suggest that Rac1 inhibi-
tion reduces functional excitatory inputs to barrel-cortex L4
neurons.
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was lower in DN. E, On the distal dendrites (50–60, 60–70mm), total spine density of DN was lower than that of Tam control, and mushroom-type spine density was also significantly lower
in DN. F, The average frequency of mEPSCs was significantly increased from P9 to P11 in naive animals. By overexpressing DN-Rac1, the average frequency of mEPSCs became lower than that
of Tam control. The same experimental scheme shown in A was used for Tam control and DN-Rac1 of the physiological analysis. G–I, Additional properties of mEPSCs. The amplitude (G), rise
time (H), and half-width (I) of mEPSCs did not significantly change from P9 and P11 in naive mice, and also no significant differences between Tam control and DN-Rac1. #p, 0.05, **p,
0.01, ***/###p, 0.001.
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Taken together, these results suggest that Rac1 is important
for increases in dendritic spine density and functional matura-
tion of excitatory synapses at L4 glutamatergic neurons, which
occur between the Phase II and Phase III periods.

DN-Rac1 hampers the Phase II to III transition
Finally, we conducted in vivo calcium imaging of DN-Rac1-over-
expressing L4 neurons. L4 neurons were co-transfected with
ERT2CreERT2, Cre-dependent DN-Rac1, and Supernova-
GCaMP6s. Tamoxifen was administrated at P7 and in vivo cal-
cium imaging was conducted at P11 in single-cell resolution
(Fig. 6A). As expected, Tam controls showed sparse firing (Fig.
6B–D). Notably, we observed widely synchronized activity across
the barrel borders in DN-Rac1 mice (Fig. 6B,C; Movie 3).
Synchronized events were frequently observed in the activity his-
togram of DN-Rac1 mice (Fig. 6D). Quantitative analyses
showed that the frequency of neuronal firing events was similar
between Tam control and DN-Rac1 mice [p =0.217, t=1.378,

g= 0.855; n= 4 (Tam control) and 5 (DN-Rac1) mice; Fig. 6E].
However, the ratio of synchronized events to total events was sig-
nificantly higher in DN-Rac1 compared with Tam controls
[p=0.005, t= 4.821, g= 2.921; n=4 (Tam control) and 5 (DN-
Rac1) mice; Fig. 6F]. These results indicate that the synchronized
events were prominent in DN-Rac1 cases. The ratio of active
neurons to total neurons in individual synchronized events
tended to be higher in DN-Rac1 than in Tam controls although
it was not significantly different [p=0.093, t=1.992, g =1.237;
n= 4 (Tam control) and 5 (DN-Rac1) mice; Fig. 6G]. These fea-
tures of L4-neuron spontaneous activity in DN-Rac1 mice at P11
were distinct from Phase III-type sparse firing in naive P11 mice
and appeared similar to Phase II-type spontaneous activity (Fig.
3). However, it should be noted that DN-Rac1 activity at P11 was
not identical to Phase II activity observed in naive P9 mice. For
example, the ratio of synchronized events to total firing events
was 836 9% (mean 6 SD) for naive mice at P9 (Fig. 3H), but
636 13% for DN-Rac1 mice at P11 (Fig. 6F). Also, the ratio of
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neurons involved in each synchronized event was 726 5% for
naive mice at P9 (Fig. 3I), but 536 17% for DN-Rac1 mice at
P11–P12 (Fig. 6G). IUE-mediated transfection, tamoxifen-
induced Cre recombination, or DN-Rac1 effects may be insuffi-
cient to stop the phase transition completely. These results
suggest that DN-Rac1 overexpression partially blocked the spar-
sification process that occurs during normal development
between P9 and P11.

Taken together, these results reveal that Rac1 plays an impor-
tant role in the Phase II to III transition of L4-glutamatergic-neu-
ron spontaneous activity in the barrel cortex.

Discussion
Spatial organizations of spontaneous activity provide a template
for activity-dependent development of mammalian neuronal cir-
cuits. We showed that there are at least three phases (I, II, and
III) in spatial organization of barrel-cortex L4-glutamatergic-
neuron spontaneous activity during the first two postnatal weeks
and further demonstrated mechanisms that are involved in
Phase I to II and Phase II to III transitions.

Phase I spontaneous activity of L4 glutamatergic neurons
We previously reported that barrel-cortex L4 glutamatergic neu-
rons exhibit patchwork-type spontaneous activity at P5 (Mizuno
et al., 2018). Herein, we demonstrated that similar patchwork-
type spontaneous activity was present at P1 (Fig. 1), before barrel
map formation. In the mouse barrel-cortex L4, thalamocortical
connectivity is drastically reorganized to form the barrel map
during the first postnatal week (Rice and Van der Loos, 1977;
Erzurumlu and Jhaveri, 1990; Senft and Woolsey, 1991; Agmon
et al., 1993; Rebsam et al., 2002; Lee et al., 2005; Mizuno et al.,
2014; Nakazawa et al., 2018). The patchwork-type activity may
play an important role in thalamocortical reorganization.

Thalamocortical slices prepared from mouse embryos exhibit
wave-type spontaneous activity that propagates in the thalamus
(Moreno-Juan et al., 2017; Antón-Bolaños et al., 2019). On the
other hand, our analysis of cortical L4-neuron activity at P1 did
not indicate the presence of wave-type activity. Similar to that
observed at P5 (Mizuno et al., 2018), L4 activity at P1 was abol-
ished by whisker-pad lidocaine administration (Fig. 1G,H), sug-
gesting that Phase I activity arises from the periphery, rather
than thalamus. The thalamic wave reported in the embryonic
thalamus in vitro may not be present or sufficiently strong to
induce L4-neuron calcium transients in the postnatal brain
in vivo.

L2/3-neuron spontaneous activity was analyzed in the rat bar-
rel cortex at P4–P7 (Golshani et al., 2009). These neurons exhib-
ited Phase I-like activity, which was highly synchronous within
local clusters. However, the spatial pattern of L2/3-neuron spon-
taneous activity does not track with specific barrel boundaries
(Golshani et al., 2009). At this age, L4-neuron axons projecting
to L2/3 are sparse and not confined within a barrel column
(Bender et al., 2003). Such rudimentary axonal projections may
explain the discrepancy between L4 and L2/3. It is unclear
whether the patchwork pattern observed in L4 neurons at P1
corresponds to the barrel map because the barrel map does not
exist at P1. A previous in vivo imaging study of the rat barrel cor-
tex showed that the spontaneous firing clusters were similar to
the cortical representations of whisker stimulation at P0–P1
(Yang et al., 2013). Technical improvement of the long-term in
vivo imaging of the neonatal cortex (Nakazawa et al., 2018)

would enable imaging starting at P1. Such studies will determine
whether patchwork-type activity at P1 corresponds to the pro-
spective barrel map. Spontaneous activity of GABAergic neurons
in the neonatal mouse barrel cortex was recently reported
(Modol et al., 2020). Further studies are required to fully under-
stand the characteristics and interactions of Phase I-type locally
clustered spontaneous activity among various cortical layers and
cell-types in neonatal stages and their roles in somatosensory cir-
cuit maturation.

Phase II spontaneous activity and Phase I to II transition
During the Phase II periodaround P9, L4 glutamatergic neurons
showed spontaneous activity that was widely synchronized
across multiple barrels (Figs. 2, 3). The current study also found
that the Phase I to II shift in L4-glutamatergic-neuron spontane-
ous activity arose from the switch in the L4-neuron driving
source. Phase I L4-neuron activity was blocked by whisker-pad
lidocaine administration and DREADD-induced thalamic inacti-
vation (Figs. 1, 4), suggesting that this activity originates in the
periphery and is relayed to L4 via TCAs. Conversely, Phase II
and III activity failed to be blocked by DREADD-induced tha-
lamic inactivation (Fig. 4), suggesting that these phases of L4 ac-
tivity are delivered primarily from brain areas other than the VB
thalamus. Similarly, a recent study reported that spontaneous ac-
tivity in the mouse visual cortex loses dependence from the pe-
ripheral drive at the beginning of the second postnatal week
(Gribizis et al., 2019).

The Phase I to II transition period is associated with thalamo-
cortical connectivity maturation, e.g., the barrel map, represent-
ing whisker-related clusters of TCA termini, is established in the
first postnatal week (Erzurumlu and Gaspar, 2012; Mizuno et al.,
2014). Long-term potentiation is easily induced at thalamocorti-
cal synapses at P3–P7, but not P9–P11 (Lu et al., 2001). L4 neu-
rons drastically reorganize their dendritic patterns postnatally,
and by P9, they establish adult-type dendritic projections
(Espinosa et al., 2009; Mizuno et al., 2014; Nakazawa et al.,
2018). Subplate neuron neurites that initially accumulate in the
barrel hollow gradually shift to the barrel septa between P6 and
P10 (Piñon et al., 2009). The barrel net, which is the whisker-
related axonal pattern of L2/3 neurons in the barrel-cortex L4, is
not present at P6 but is formed by P10 (Sehara et al., 2010).
Thus, thalamocortical and/or cortical maturation during these
periods could be important for terminating the prevailing role of
thalamocortical input and initiating the critical involvement of
cortical or other non-thalamic input in driving L4-neuron spon-
taneous activity. Large neuronal ensembles of spontaneous activ-
ity that are similar in appearance to Phase II activity of L4
glutamatergic neurons were found in rat barrel-cortex L2/3 neu-
rons between P8 and P11 (Golshani et al., 2009). In mouse, spon-
taneous-activity assemblies of GABAergic neurons become
wider from P4–P6 to P7–P9 (Modol et al., 2020). However, it
remains unknown whether the Phase II-like activity of L2/3 and
GABAergic assemblies of the barrel cortex are independent of
thalamic input.

Phase II to III transition of L4-neuron spontaneous activity
The adult neocortex exhibits spontaneous activity that is sparse
and heterogeneously distributed in space and time across the
neuronal population (Kerr et al., 2005; Wolfe et al., 2010). The
sparseness of this neuronal activity allows precise information
processing (Anderson et al., 2000; Chance et al., 2002; Wolfe et
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al., 2010). L4 glutamatergic neurons in the barrel cortex started
to show sparse spontaneous activity by P11 (Fig. 3). Mice begin
to show active whisking and explorative behavior around P14
(Arakawa and Erzurumlu, 2015; van der Bourg et al., 2017),
which drastically increase the amount and complexity of infor-
mation perceived and processed by L4 neurons. The develop-
mental sparsification of L4 glutamatergic neurons may play a
role in setting up the neural circuits that underlie adult barrel-
cortical function.

We provided evidence that the small GTPase Rac1, which is a
key regulator of actin dynamics, plays an important role in the
Phase II to III transition, a time point at which L4-neuron spon-
taneous activity undergoes sparsification. At P11, L4 glutamater-
gic neurons showed sparse-type (Phase III) spontaneous activity
(Fig. 3). However, in P11 mice with L4 neurons that express
DN-Rac1, L4 neurons exhibited spontaneous activity with a
spatial pattern that was similar to the Phase II type (Fig. 6).
Rac1 plays an important role in broad aspects of brain devel-
opment, including cell migration, axon guidance and dendri-
tic-spine formation, by regulating actin dynamics (Luo, 2000).
During cortical development, the timing of spontaneous activ-
ity sparsification coincides with a drastic increase in dendritic-
spine density. We demonstrated that the spine densities of
mouse barrel-cortex L4 glutamatergic neurons more than
doubled between Phases II (P9) and III (P11; Fig. 5C). L4-neu-
ron developmental spinogenesis was suppressed by DN-Rac1
expression (Fig. 5C). Furthermore, mEPSC frequency was
lower in DN-Rac1-expressing L4 neurons than in controls at
P11 (Fig. 5F). These results suggest that Rac1 regulates the
number of excitatory synapses on L4 glutamatergic neurons
during the transition from Phase II to III. Thus, Rac1 may
facilitate spontaneous-activity sparsification by promoting exci-
tatory-network maturation in cortical L4.

Developmental sparsification of spontaneous activity is
observed in the postnatal mammalian cortex across various
areas, layers, cell types, and species including preterm human
infants (Vanhatalo et al., 2005; Golshani et al., 2009; Rochefort et
al., 2009; Colonnese et al., 2010; Iyer et al., 2015; Luhmann and
Khazipov, 2018; Modol et al., 2020). However, the mechanisms
underlying sparsification remain largely unknown. For example,
the whisker plucking starting at P2 does not affect the L2/3-neu-
ron spontaneous-activity sparsification in the rat barrel cortex,
suggesting that sensory input is dispensable for this process
(Golshani et al., 2009). To our knowledge, we provided the first
evidence that the functional blockade of a cortical molecule
affects the developmental sparsification of cortical spontaneous
activity.

Our results do not exclude the possibility that inhibitory-cir-
cuit maturation plays a role in spontaneous-activity developmen-
tal sparsification. Symmetric synapses, which are putative
inhibitory synapses, are increased (De Felipe et al., 1997), and
intrinsic L2/3 excitability is decreased during the transition pe-
riod (Golshani et al., 2009). Therefore, inhibitory-synapse
maturation may also be involved in spontaneous-activity devel-
opmental sparsification. Previous experiments using dissociated
neuronal cultures suggest that Rac1 affects GABAA receptor
function by regulating its clustering and recycling (Meyer et al.,
2000; Smith et al., 2014). Therefore, Rac1 may regulate L4-neu-
ron spontaneous-activity sparsification by facilitating the matu-
ration of both inhibitory and excitatory synapses.

Thus, these results suggest that Rac1 plays an important role
in the Phase II to III transition of L4-glutamatergic-neuron

spontaneous activity, possibly via the regulation of L4-neuron
synaptic maturation.
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