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Axonal connections between S1
barrel, M1, and S2 cortex in the
newborn mouse

Levente Gellért, Heiko J. Luhmann and Werner Kilb*

Institute of Physiology, University Medical Center of the Johannes Gutenberg University Mainz, Mainz,
Germany

The development of functionally interconnected networks between primary (S1),
secondary somatosensory (S2), and motor (M1) cortical areas requires coherent
neuronal activity via corticocortical projections. However, the anatomical substrate
of functional connections between S1 and M1 or S2 during early development
remains elusive. In the present study, we used ex vivo carbocyanine dye (Dil) tracing
in paraformaldehyde-fixed newborn mouse brain to investigate axonal projections
of neurons in different layers of S1 barrel field (S1Bf), M1, and S2 toward the subplate
(SP), a hub layer for sensory information transfer in the immature cortex. In addition,
we performed extracellular recordings in neocortical slices to unravel the functional
connectivity between these areas. Our experiments demonstrate that already at PO
neurons from the cortical plate (CP), layer 5/6 (L5/6), and the SP of both M1 and
S2 send projections through the SP of S1Bf. Reciprocally, neurons from CP to SP of
S1Bf send projections through the SP of M1 and S2. Electrophysiological recordings
with multi-electrode arrays in cortical slices revealed weak, but functional synaptic
connections between SP and L5/6 within and between S1 and M1. An even lower
functional connectivity was observed between S1 and S2. In summary, our findings
demonstrate that functional connections between SP and upper cortical layers are
not confined to the same cortical area, but corticocortical connection between
adjacent cortical areas exist already at the day of birth. Hereby, SP can integrate
early cortical activity of M1, S1, and S2 and shape the development of sensorimotor
integration at an early stage.

cortical development, newborn mouse, subplate, sensorimotor integration, barrel field,
motor cortex, secondary somatosensory cortex, Dil dye

Introduction

In rodents, the whisker to barrel-cortex pathway represents an important sensory modality
(for review see Feldmeyer et al, 2013; Staiger and Petersen, 2021). Due to its precise
topographic organization throughout the processing pathway and the possibility of defined
sensory stimulation, it also represents a classical model system to unravel sensory processing
and perception (Woolsey and Van der Loos, 1970; Brecht, 2007; Petersen, 2007; Stiittgen and
Schwarz, 2018). In adult rodents, intense interactions between primary somatosensory cortex
barrel field (S1Bf), secondary somatosensory (S2), and motor cortex (M1) are necessary for
adequate detection and perception of tactile stimuli (Fassihi et al., 2017; Petersen, 2019), and
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reciprocal connections of S1Bf with M1 and S2 cortices underlie
whisker-related sensorimotor integration (Mao et al, 2011; Chen
et al., 2013; Yamashita et al., 2013; Minamisawa et al., 2018).

A variety of studies demonstrated that spontaneous oscillatory
activity and evoked cortical responses during pre- and early postnatal
stages are essential for the development of functional connectivity
between related cortical areas, like, e.g., primary and secondary
sensory areas (Moreno-Juan et al., 2017, Anton-Bolanos et al., 2019,
for reviews see Yamamoto and Lopez-Bendito, 2012, Leighton and
Lohmann, 2016, Luhmann et al., 2016, Luhmann and Khazipov, 2018,
Molnar et al., 2020, and Martini et al., 2021). While evoked responses,
but also part of spontaneous activity, are generated in the periphery
or in subcortical nuclei and forwarded to the corresponding cortical
area (Hanganu et al, 2006; Ackman et al, 2012), a considerable
fraction of spontaneous activity transients are generated within
neocortical circuits (Garaschuk et al., 2000; Khazipov and Luhmann,
2006; Blankenship and Feller, 2010; Luhmann et al., 2016). This
spontaneous and evoked oscillatory activity spans areas with distinct
functional role (Brockmann et al,, 2011, Yang et al., 2013, Del Rio-
Bermudez and Blumberg, 2018, for reviews see Garaschuk et al,
2000, Khazipov and Luhmann, 2006, and Martini et al., 2021).
The establishment of the functional connectivity between S1 and
M1 was previously demonstrated, showing that M1 is involved in
somatosensory information processing during early development
[between postnatal day 3 and 12 (P3-12)] in the rat (An et al,
2014; Dooley and Blumberg, 2018; Gomez et al., 2021). Functional
connections between S1 and S2 appear around the end of the first
postnatal week (Cai et al., 2022). No information is currently available
on anatomical and functional connectivity between S1, S2, and M1
in mouse at the earliest postnatal stages. In addition, the anatomical
basis of corticocortical interactions between S1 and S2 during early
postnatal development remains to a large extend elusive.

During perinatal stages the transient cortical subplate (SP)
serves as an essential element for the transmission of peripheral
information to the developing cortex (Viswanathan et al, 2017,
Wess et al., 2017, for review see Kanold and Luhmann, 2010).
A disturbance in the SP can result in persistent dysfunction of
the mature cortex (Tolner et al.,, 2012; Nagode et al,, 2017; Sheikh
etal, 2019). The SP receives glutamatergic inputs from the thalamus
(Friauf et al., 1990; Zhao et al,, 2009), as well as glutamatergic and
GABAergic inputs from intracortical sources, including horizontal
connections within the SP (Hanganu et al, 2002; Hirsch and
Luhmann, 2008; Viswanathan et al., 2012). Furthermore, SP cells
are electrically coupled with cortical plate (CP) and neighboring
SP neurons via gap junctions (Dupont et al,, 2006; Moore et al,
2014). SP neurons project to the developing cortical layers forming a
transient glutamatergic and GABAergic network (Finney et al., 1998;
Hanganu et al., 2009; Myakhar et al,, 2011; Viswanathan et al., 2012).
Recently, long-range projections of SP neurons were described in

Abbreviations: ACSF, artificial cerebrospinal fluid; AMPA, «a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; CCG, cross-correlogram; CP,
cortical plate; DAPI, 2-(4-amidinophenyl)-1H -indole-6-carboxamidine—
nuclear marker; Dil, 1,10-didodecyl-3,3,30,30-tetramethylindocarbocyanine
perchlorate; GABA, gamma-aminobutyric acid; L5, cortical layer five; L6,
cortical layer six; M1, primary motor cortex; M2, secondary motor cortex;
MUA, multi-unit activity; MZ, marginal zone; NeuN, neuronal nuclei—pan
neuronal marker; NMDA, N-methyl-D-aspartate; PO, postnatal day O; PBS,
phosphate buffered saline; PFA, paraformaldehyde; ROI, region of interest;
S1, primary somatosensory cortex; S1Bf, primary somatosensory cortex,
barrel field; S2, secondary somatosensory cortex; SeeDB, see deep brain; SP,
subplate; 4-AP, 4-aminopyridine.
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the mouse. SP cells in S1 were found to send long-range unilateral
axonal projections to M1 already at P2 (Tiong et al, 2019), while
backlabeled neocortical SP cells were found upon tracer injection
into distant ipsilateral areas or corresponding contralateral areas,
with few GABAergic neurons contributing to these connections
(Boon et al, 2019). Thus the intense local connectivity and the
long-range corticocortical projections of SP neurons may underlie
the generation and global synchronization of oscillatory activity
in the immature rodent and human cortex (for reviews see
Kostovi¢, 2020 and Molnar et al,, 2020). Through this local and
remote connectivity, the SP provides an early integrative hub,
which is essential for the development of the cortical network
cortex (for review see Luhmann et al, 2009 and Luhmann et al,
2018).

Based on these properties of the SP, we hypothesize that the SP
may organize axonal projections between M1, S1Bf, and S2 already at
PO, thereby integrating neuronal activity between these cortical areas
during the earliest stage of postnatal development. We investigated
the distant projections between M1, S1Bf, and S2 through SP by
ex vivo carbocyanine dye (Dil) tracing in paraformaldehyde-fixed
newborn mouse brain tissue as well as by multi-shank silicon probe
recordings. These experiments demonstrate for the first time that
in the neocortex of newborn mice at PO (i) neurons in M1 and S2
send projections through the SP of S1Bf, that (ii) neurons in S1Bf
send projections through the SP of M1 and S2 and (iii) that these
projections form weak but functional synaptic networks in the early
postnatal neocortex.

Materials and methods

Animals

All experiments were conducted in accordance with National
and European (86/609/EEC) laws for the use of animals in
research and were approved by the local ethical committee
(Landesuntersuchungsamt Rheinland-Pfalz). All efforts were made
to minimize the number of animals and their suffering. Offspring
from timed-pregnant C57BL/6NR;j wild-type mice (Janvier labs) were
used for all experiments. The timed-pregnant dams were kept in a
12/12 day/night cycle, had access to food and water ad libitum, and
were checked for delivery every day.

Carbocyanine dye labeling and tissue
processing

PO (<24 h after birth) mouse pups were decapitated, brains were
carefully removed from the skull and immersion fixed in buffered
4% paraformaldehyde (PFA) for 48 h at 4°C. Brains were then
rinsed in phosphate buffered saline (PBS), subsequently embedded
in 3% PBS-agarose and sectioned coronally with a vibratome (Leica
VT 1000S, Leica Biosystems, Wetzlar, Germany) until reaching a
plane with a co-appearance of M1, S1Bf, and S2. The fluorescent
nuclear marker (SYTOXTM Green, Invitrogen, Waltham, MA, USA)
was topically applied onto the cut surface of the remaining brain
block to identify cortical areas and the SP under a fluorescence
stereomicroscope (Wild Heerbrugg, Switzerland) that was equipped
with an adequate filter and illumination set (Nightsea, ScienceLabs;
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Lexington, KY, USA). The slice plane and the cortical regions were
identified according to an immature mouse brain atlas (Paxinos,
2007). The course of the lateral ventricle and cingulum, tips of
the internal capsule and the fimbria were used for orientation.
The remaining part of the immersion-fixed brain was used as
sample. Using a tungsten wire fixed to a manual micromanipulator
(WPI, Sarasota, FL, USA), a single Dil crystal (1,10-didodecyl-
3,3,30,30-tetramethyl-indocarbocyanine perchlorate; ~50 pwm in
diameter; Thermo Fischer, Waltham, MA, USA) was placed under
stereomicroscope control into the SP-L6 border of either S1Bf,
M1, or S2, respectively (Supplementary Figure 1). Samples were
incubated in PBS-Azide (0.05%) for 4 weeks at 37°C. Following
the incubation, 350 pwm thick slices were re-sectioned from the
brain block starting at the sectioned surface. Subsequently, NeuN
immunohistochemistry (see Section “Immunohistochemistry on Dil
injected samples”) was performed on these slices before clearing
with the Dil-compatible SeeDB method optimized for neonatal
mouse brain (Ke et al., 2013). After clearing, slices were placed onto
microscope slides, embedded in the clearing solution, coverslipped,
and sealed with dental silicone (Picodent Twinsil®, Wipperfiirth,
Germany).

Immunohistochemistry on Dil injected
samples

To better visualize the SP for surface fitting and cortical thickness
estimation we performed NeuN immunohistochemistry following
the incubation of the samples with Dil. To keep the Dil labeling intact
we applied a low concentration of the cholesterol-specific detergent
digitonin (Thermo Fischer, Waltham, MA, USA) (Matsubayashi
et al, 2008). Briefly, free-floating 350 pm thick samples were
blocked in a blocking solution (PBS-Azide, 2% normal donkey serum,
25 pg/ml Digitonin) for 3 h at room temperature, followed by
an overnight exposure to the primary antibody in the blocking
solution at 4°C (rabbit anti-NeuN, 1:1000, Abcam, Cambridge, UK;
ab177487). Next day, samples were incubated in DAPI (Thermo
Fischer, Waltham, Massachusetts, USA) supplemented blocking
solution containing the secondary antibody (1:200; donkey anti-
rabbit Alexa 647; Jackson ImmunoResearch, Cambridge, UK; 711-
605-302) at room temperature for 3 h.

Imaging and data analysis

Samples were imaged with a VisiScope Spinning Disc confocal
microscope (10x dry objective, 2.5 wm Z steps, Visitron Systems
GmbH, Puchheim, Germany). A confocal tiled scan was performed
to image the area of M1, SIBf, and S2, respectively. Tiles were
then stitched with the built-in stitching plugin of Fiji (Preibisch
et al,, 2009). To create 3D segments for manual cell counting, the
Segmentation editor Image] plugin was used (Gul-Mohammed et al,,
2014). Medio-lateral boundaries of M1, S1Bf, and S2 cortical areas
were drawn manually on every 20th stack and were interpolated.
All analyses are based on the identification of neuronal somata,
that demonstrated obvious Dil fluorescence due to retrograde
fluorophore diffusion from the Dil injection site. Backlabeled cells
were counted manually in the 3D segments and stack position of
each detected cell was defined by visual control. For further analysis
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X, ¥, z centroid coordinates of the backlabeled cells were used. Local
thickness of the cerebral cortex and the disposition of backlabeled
cells through cortical layers were defined by custom-written MatLab
routines based on Euclidean distance estimation from the pial and
SP surfaces, respectively. Cerebral pial and white matter-gray matter
boundary were drawn manually and 3D surfaces were created with
the MatLab “surffit” function. Local thickness of the cortex at
every backlabeled cell was defined as distance between pial surface
and the lower SP surface and the position of the corresponding
backlabeled cell was normalized to this value. Backlabeled cells in
M1 and S2 were counted on the same samples after injection in
S1Bf (see Figure 1A). Backlabeled cells in SIBf after injections
in M1 (see Figure 2A) or S2 (see Figure 3A) were counted on
separate samples.

Estimation of neuron number

To estimate the proportion of neurons across cortical layers,
standard NeuN immunohistochemistry was performed on separate
PO mouse brain slices. Briefly, PFA-fixed brains were immersed
in 30% sucrose-PBS solution for cryoprotection until probes were
sank onto the bottom of incubation tubes (overnight at 4°C).
Slices of 12 pm thickness were cut on a freezing microtome (Leica
CM1325, Wetzlar, Germany) and processed on-slide thereafter.
Samples were permeabilized and blocked in a blocking solution
(PBS-Azide, 5% normal donkey serum, 0.4% Triton™ X-100) for
1 h at room temperature, following an overnight exposure to
the primary antibody solution at 4°C (rabbit anti-NeuN 1:1000,
Abcam, Cambridge, UK; dissolved in PBS, 1% normal donkey
serum). On the next day, samples were incubated in the secondary
antibody (donkey anti-rabbit Cy3, Jackson ImmunoResearch 711-
165-152, Cambridge, UK; dissolved in PBS, 1% normal donkey
serum supplemented with DAPI) at room temperature for 2 h.
Samples were then mounted in ProLong™ Gold antifade mountant
(Waltham, MA, USA) and coverslipped. The whole dorso-ventral
thickness of M1, S1Bf, and S2 cortices, respectively, were tile-
imaged in a width of one-field-of-view of the 60X water immersion
objective with adequate filter sets for DAPI and Cy3 on the
Visiscope Spinning Disk confocal microscope. Tiles were stitched as
described above.

The DAPI channel of the digital images were segmented with
the Fiji Trainable Weka Segmentation plugin (Arganda-Carreras
et al, 2017) and were binarized. At coordinates of logical zeros
(background) of the DAPI image we set the gray-level value of NeuN
images to zero. NeuN positive nuclei were then counted manually
(Table 2). To assign cortical layer boundaries the following criteria
were used: the marginal zone (MZ) was considered a thin, sparsely
populated cell layer between DAPI labeled flat meningeal cells and
NeuN positive dense cortical plate (CP) neurons. CP consisted of
densely packed spindle-shape NeuN positive cells distinctive from
layer 5 (L5) with large round NeuN positive cells. L6 cells showed
smaller cell size and a relatively lower expression of the NeuN
marker. Subplate (SP) layer could easily be delineated from the
underlying white matter (WM) upon different cell structure and
cell size. A high number of large, strongly NeuN positive cells
with non-uniform morphology demarked the SP from the above L6
(Supplementary Figure 2). Thickness ratio from three animals was
defined as summarized in Table 1.
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Dil labeling pattern and localization of Dil backlabeled cells in M1 and S2 on six S1Bf injected samples. (A) Representative photomicrographs showing the
Dil labeling pattern in M1 and S2 cortices of S1Bf injected sample. Image was prepared as a maximum intensity projection of selected stacks of 350 um
thick samples. Left panel: NeuN counterstain of Dil injected sample. Red asterisk indicates the Dil injection site in S1Bf. Yellow lines show border between
M1 and S1 (upper left) and between S1 and S2 (lower right) as estimated from reference points in the developing mouse brain atlas (Paxinos, 2007).
Middle panel: Dil tracer spreading pattern toward M1 and S2 cortices. Right panel: Composite image of the Dil signal and the pseudocoloured NeuN
signal showing the Dil spread toward M1 and S2 cortices. (B) Representative M1 area, as indicated in panel (A) (rectangle a), showing backlabeled cell
distribution across cortical layers. (C) Representative S2 area as indicated in panel (A) (rectangle b), showing backlabeled cell distribution across cortical
layers. Scale bars are 500 um (A) and 100 wm (B,C). (D,F) Scatter plots showing the localization of manually detected somata of backlabeled cells
through the normalized cortical thickness in M1 (D) and in S2 (F) in 6 S1Bf injected samples. Zero level at the y axis refers to the pial surface, level 1
indicates the SP-white matter boundary. (E,G) Quantification of observed counts of backlabeled cells in M1 (E) and in S2 (G).

Slice preparation and electrophysiological
recordings

Newborn mouse pups (<24 h) were decapitated upon deep
anesthesia (Ethrane, Abbot Laboratories, Wiesbaden, Germany).
Whole-brain coronal slices including M1, S1Bf, and S2 were cut on
a vibroslicer (Microm HM 650 V) at 400 wm thickness. Some slices
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were divided into two hemispheres. Slices were maintained for 1 h
at room temperature in a storage chamber before transferring them
into a submerged recording chamber (perfusion rate of 5 ml/min;
32°C). During preparation, slice maintenance and during electrode
positioning, slices were maintained in artificial cerebrospinal fluid
(standard ACSF) containing (in mM): 126 NaCl, 26 NaHCOs,
2.5 KCl, 2 CaCly, 1 MgCl,, 1.25 NaH2POs, and 10 D-glucose
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FIGURE 2

Dil labeling pattern and localization of Dil backlabeled cells in S1Bf on six M1 injected samples. (A) Representative photomicrograph showing the Dil
labeling pattern in S1Bf on M1 injected sample. Image was prepared as a maximum intensity projection of selected stacks of 350 um thick sample. Left
panel: NeuN counterstain of Dil injected sample. Red asterisk indicates the Dil injection site in M1. Yellow lines demark S1Bf from the adjacent primary
somatosensory cortices, according to reference points in the developing mouse brain atlas (Paxinos, 2007). Middle panel: Dil tracer spreading pattern
toward S1Bf. Right panel: Composite image of the Dil signal and the NeuN signal showing the Dil spread toward S1Bf. (B) Representative S1Bf area, as
indicated in the rectangle on panel (A), showing backlabeled cell distribution across cortical layers. Scale bars are 500 wm (A) and 100 um (B). (C) Scatter
plot showing the localization of manually detected somata of backlabeled cells through the normalized cortical thickness in six S1Bf injected samples.
Zero level at the y axis refers to the pial surface, level 1 indicates the SP-white matter boundary. (D) Quantification of observed counts of backlabeled

cells in M1.
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The pH of the solution was 7.4 after equilibration with 95% O,
and 5% CO,.

After electrode positioning spiking activity was evoked
chemically by superfusing the slices with nominally Mg?*-free
ACSE, containing (in mM): 126 NaCl, 26 NaHCOs, 2.5 KCl, 2 CaCl,,
0 MgCl,, 1.25 NaH2POs, and 10 D-glucose, saturated with 95%
O, and 5% CO;, and supplemented with 50 WM 4-aminopyridine
(4-AP; Sigma Taufkirchen, Germany) to promote spontaneous
activity (Perreault and Avoli, 1989; Richter et al., 2010).

Extracellular signals were recorded with silicon probes (A4 x 8-
A32, 32-channel multi-electrode array (MEA) in a 4-shank
configuration, inter-shank distance of 200 pm, inter-channel distance
of 100 wm; Neuronexus, Ann Arbor, MI, US.) at 20 kHz with USB-
MEA256-System and MC_Rack software (Multi Channel Systems,
Reutlingen, Germany). Raw signals were processed oft-line. Multi-
unit activity (MUA) was extracted from 200 to 5,000 Hz filtered
raw signals by applying a threshold of five times the baseline
standard deviation of a spike free interval (custom-written MatLab
routines, MatLab software version: 7.7; Mathworks, Natick, MA,
USA). Simultaneous recordings were obtained in two functionally
distinct cortical areas. For this purpose, a pair of Dil coated 4-
shank silicon probes were positioned in the slices in one of this
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two configurations: (i) M1 and S1Bf (six recordings in six slices,
Supplementary Figure 3A) or (ii) S2 and S1Bf (five recordings in
five slices, Supplementary Figure 3B). The ventral middle shank was
positioned into the SP (SP shank hereafter) and the dorsal middle
shank into the border of L5 and L6 (L5/6 shank hereafter). The
ventral lateral shanks fall out of the cerebral cortex, the dorsal lateral
ones fall into the CP MZ border and only rarely showed spiking.
Electrical activity could be reliably recorded from four channels of
these SP and L5/6 shanks, respectively. After recordings the slices
were transferred into 4% PFA supplemented with DAPI for 48 h.
DAPI and Dil fluorescent signal was imaged in p-dish (Ibidi) with
an epifluorescent microscope.

Analysis of coincident spiking

To analyze the timing relation of spike trains within the
presumable range of monosynaptic connection delay (Hanganu
et al., 2002; Zhao et al, 2009; Myakhar et al,, 2011), spike cross-
correlograms (CCGs) were generated between reference and target
channel pairs of the silicon probes. Electrodes in the area of
backlabeled cells detected in the tracing study, were considered
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FIGURE 3
Dil labeling pattern and localization of Dil backlabeled cells in S1Bf on six S2 injected samples. (A) Representative photomicrograph showing the Dil
labeling pattern in S1Bf on S2 injected sample. Image was prepared as a maximum intensity projection of selected stacks of 350 pm thick sample. Left
panel: NeuN counterstain of Dil injected sample. Red asterisk indicates the Dil injection site in S2. Yellow lines demark S1Bf from the adjacent primary
somatosensory cortices, according to reference points in the developing mouse brain atlas (Paxinos, 2007). Middle panel: Dil tracer spreading pattern
toward S1Bf. Right panel: Composite image of the Dil signal and the NeuN signal showing the Dil spread toward S1Bf. (B) Representative S1Bf area, as
indicated in the rectangle on panel (A), showing backlabeled cell distribution across cortical layers. Scale bars are 500 pm (A) and 100 pm (B). (C) Scatter
plot showing the localization of manually detected somata of backlabeled cells through the normalized cortical thickness in six S1Bf injected samples.
Zero level at the y axis refers to the pial surface, level 1 indicates the SP-white matter boundary. (D) Quantification of observed counts of backlabeled
cells in S1Bf.

as reference electrodes. Electrodes in the SP (area of Dil crystal
injection in the tracing study) were considered as target electrodes.
To find above-chance coincident firing, surrogate spike data
was generated (custom-written MatLab routines, MatLab software
version: 9.5.0.944444). To preserve the original non-stationary
firing pattern, joint interspike interval dithering (jisi-di) surrogate
generation method was used, which is robust to avoid false positivity
(Louis et al, 2010). As surrogate data did not show normal
distribution, threshold was set at the 99 percentile of the 1,000
surrogate spike train.

Coincident bursting analysis

Bursts were identified from the MUA spike time datasets as a
sequence of at least three successive spikes with an interspike interval
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<300 ms. For the detection of coincident bursts, we performed a
pairwise comparison between MUA spike time datasets from two
electrode positions and identified bursts in which at least one spike
of the burst in one electrode appeared within the bursting interval
of the second electrode. The relative number of coincident bursts
was calculated for each electrode pair by dividing the number of
coincident bursts by the total number of bursts in the electrode with
the lower burst activity. In order to analyze the temporal relation
of mutual bursting activity we compared timing of the initial spikes
of coinciding bursts. Ratio of the leading and lagging bursts were
calculated. For each electrode pair the ratio of burst that lead or
lag was calculated by normalizing the respective number to the total
number of coinciding bursts in this electrode pair. All analyses were
repeated for a surrogate dataset, consisting of 1,000 spike trains
with a spike jittering by 750 ms (i.e., the approximated duration
of a burst).
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Statistical analysis

For statistical comparison of backlabeled cells across cortical
layers, chi-square goodness of fit test (chi2gof) was performed (IBM
SPSS Statistics software, version 23; Armonk, NY, USA). The model
investigates whether the observed proportion of backlabeled cells
differs significantly from the proportion of all neurons within each
cortical layer. Since estimating the total number of neurons was not
feasible in our samples, the proportion of neuron number in cortical
layers was determined (Table 2) in a 12 pm thick NeuN brain slices
(see Section “Estimation of neuron number” in the Section “Materials
and methods”). If a significant difference of the relative numbers
of backlabeled neurons from the relative number of all neurons
throughout the layers was found with the Chi2gof test, we checked
layerwise if the relative number of backlabeled cells is significantly
different from the relative neuron number using a binomial test
(MatLab). For statistical analysis of the electrophysiological data the
non-parametric Wilcoxon signed rank test (Systat 11, Systat software,
Berkshire, UK) was used. The significance level a was set to 0.05 (*)
and 0.01 (**).

Results

Small Dil crystals were placed at the SP-L6 border either in M1
(Supplementary Figure 1A), S1Bf (Supplementary Figure 1B), or
S2 (Supplementary Figure 1C) onto the cut surface of a trimmed
brain block (see Section “Materials and methods” for details). After
4 weeks of incubation we analyzed the distribution of the somata
of neurons with a clear Dil signal, which therefore must extend
their axon through the Dil injection site (termed “backlabeled cells”).
The majority of backlabeled cells showed pyramidal morphology,
however, because of differences in the filling of the backlabeled cells
with Dil and the uncertain morphology of neurons at this early
developmental stage (Valverde et al,, 1989; Luhmann et al, 1999;
Gaiarsa et al,, 2001), morphological classification of backlabeled cells
in the cortical layers was not performed. We also did not further
classify the morphological properties of the backlabeled cells in the
SP (Hanganu et al., 2002; Hoerder-Suabedissen and Molnar, 2012).
All backlabeled cells with clearly filled somata and processes were
included in the analysis.

S1Bf injections

After Dil injections at the SP-L6 border in S1Bf, somata of
backlabeled cells were counted in M1 and S2 regions of the same
sample (Figures 1A-C). In six analyzed samples we found in total
85 cells in M1 (Figure 1D) and 111 cells in S2 (Figure 1F). In both,
MI and S2 the highest proportion of backlabeled cells was found in
L6: 43% (37/85 cells) in M1 and 36% (41/111) in S2, respectively.
In L5 of S2 the proportion of backlabeled cells was 33% (37/111)
while only 17% (15/85) of the backlabeled cells of M1 were located
in L5. A similar tendency was found in the CP, where 16% (18/111)
of the backlabeled cells were detected in the CP of S2 and only 4%
(4/85) in the CP of M1. In contrast, in S2 only 13% (15/111) of the
backlabeled cells were located in the SP, whereas in M1 32% (25/85)
were located in the SP. Only one backlabeled cell was detected in the
MZ of M1. Counts and relative occurrence of backlabeled cells across
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TABLE 1 Relative thickness of cortical layers.

M1

0.079 0.215 0.276 0.320 0.107
S1Bf 0.070 0.245 0.301 0.263 0.088
S2 0.112 0.218 0.273 0.867 0.132

Layer boundaries were assigned on 12 jum thick coronal sections, stained for DAPI and NeuN
in M1, S1Bf and S2 (Supplementary Figure 2). Relative layer thickness data were used for total
neuron number estimations in each layer (Table 2) and for assigning the backlabeled cells to
layers.

TABLE 2 Relative proportion of total neuron numbers in cortical layers.
M1 0.06 0.29 0.24 0.34 0.07
S1Bf 0.06 0.33 0.24 0.31 0.06

S2 0.08 0.32 0.22 0.30 0.09

NeuN positive nuclei were counted manually throughout the whole cortical thickness in 12 um
thick coronal sections of M1, S1Bf, and S2 (Supplementary Figure 2). Proportions were used to
estimate expected backlabeled cell frequencies in the statistical analysis.

layers in M1 and S2 are depicted in Figures 1E, G. No backlabeled
cells were detected in cingulate (medial to M1) and in insular (lateral
to S2) cortices, suggesting that projections from these areas to the
S1Bf injection site were absent in our samples. In summary, these
results indicate, that both M1 and S2 are projecting toward the SP
region of the S1Bf already at PO.

M1 injections

After Dil injections at the SP-L6 border in MI, in total 136
somata of backlabeled cells (within six samples) were detected in
S1Bf (Figures 2A-C). In contrast, no backlabeled cells were detected
lateral to the S1Bf-primary somatosensory cortex upper lip boundary
(lateral to S1Bf; Figure 2A). Thus, we can exclude axonal projections
from S2 to the M1 Dil injection site. No backlabeled cells were
detected in the MZ of S1Bf. Within S1Bf, the highest proportion of
backlabeled cells (36%, corresponding to 50/136 cells) was detected in
L6. A comparable proportion of backlabeled cells 34% (47/136) was
detected in L5. In the CP, 22% (30/136) of the backlabeled cells were
found, while a relatively low proportion of 6% (9/136) was found in
the SP of S1Bf. Counts and relative occurrence of backlabeled cells
across layers in S1Bf are depicted in Figure 2D. In summary, these
results indicate, that neurons from the S1Bf project toward the SP
region of M1 already at PO, but projections from S2 toward SP of M1
are not established at this developmental stage.

S2 injections

After Dil injections at the SP-L6 border in S2, in total 99
somata of backlabeled cells in six samples were detected in the S1Bf
(Figures 3A-C). Backlabeled cells were not detected medial to the
S1Bf-primary somatosensory cortex forelimb boundary (lateral to
S1Bf). This observation indicates that projections from M1 to the S2
Dil injection site can be excluded in our samples. Within S1Bf no
backlabeled cells were detected in the MZ. The highest proportion
(40%, corresponding to 40/99 cells) of backlabeled cells in S1Bf was
detected in L5. A lower proportion of 32% (30/99) was found in
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backlabeled and all neurons within M1 (left panel) and S2 (right panel) on S1Bf injected samples. (B) Proportions of backlabeled and all neurons within
S1Bf upon S2 (left panel) and M1 (right panel) injections. Asterisks indicate if the observed proportion of back-labeled cells differs significantly (p > 0.05)

from the proportion of neurons in the respective layer.

L6. A rather low proportion (3%, corresponding to 3/99 cells) of
backlabeled cells was detected in the CP. Finally, 24% (24/99) of
the backlabeled cells were detected in the SP. Counts and relative
occurrence of backlabeled cells across layers in S1Bf are depicted
in Figures 3C, D. In summary, these results indicate, that neurons
from the S1Bf project toward the SP region of S2 already at PO, but
projections from M1 toward SP of S2 are not established in this
developmental stage.

Statistical comparisons

The massive differences in the number of neurons within the
distinct layers must be taken into account to determine whether
neurons from a particular cortical layer have a higher probability to
project toward the Dil injection site. Therefore, we calculated the
proportions of neuron number for all layers from NeuN-stained thin
cortical slices. These proportions of all neurons were compared with
the experimentally determined proportion of backlabeled cells for
each layer and the significance of the difference was calculated with
a binomial test. Since we found a lack of projections from the MZ
toward the Dil injection site, with the exception of one single cell in
the MZ of M1 in one single S1Bf injected sample (Figure 1D; sample
6), the MZ was excluded from statistical analysis.

This statistical evaluation revealed that in S1Bf injected samples,
the proportion of backlabeled cells in the CP of M1 and S2 was
significantly (p = 0.001 for M1; p = 0.001 for S2) lower than expected
from the proportion of all neurons in this layer (Figure 4A). In
L5 of S2 the observed proportion is significantly (p = 0.007) higher
as compared to the proportion of all neurons, while no significant
(p = 0.170) difference was found in L5 of M1 (Figure 4A). In L6 we
found marginally higher observed proportion of backlabeled cells in
both M1 and S2, however, these differences were not significant. In
the SP of M1 and S2, the observed proportion of backlabeled cells
were higher than the proportions of all neurons, but the difference
was significant (p = 0.001) only in the SP of M1 (Figure 4A).

In the MI1 injected samples the observed proportion of
backlabeled cells in the CP of S1Bf was significantly (p = 0.006)
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lower than the proportion of all neuron (Figure 4B). In contrast,
a significantly (p = 0.007) higher proportion of backlabeled cells
was observed in L5 of S1Bf (Figure 4B). In L6 the proportion of
backlabeled cells was comparable (p = 0.176) and in the SP the
proportion of backlabeled SP cells was virtually identical with the
proportion of all neurons (Figure 4B).

For the S2 injected samples cell the proportion of backlabeled
CP neurons in S1Bf was significantly (p = 0.001) lower than the
proportion of all neurons (Figure 4B). In contrast, in L5 of SI1Bf
a significantly (p = 0.001) higher proportion of backlabeled was
observed (Figure 4B). While in L6, the proportion of backlabeled
cells was not significantly (p = 0.968) different from the proportion
of all neurons, a significantly (p = 0.001) higher proportion of
backlabeled SP cells was observed (Figure 4B).

In summary, these data indicate that the proportion of neurons
projections from the CP toward the SP is consistently less than
expected from the pure number of neurons, suggesting a low density
of axonal projection from these neurons to adjacent neocortical areas.
In contrast, for most investigated areas the number of projections
from L5 toward the SP are higher than expected, indicating that
these neurons already project to adjacent areas at PO. For SP we
observed significantly more backlabeled cell in areas medial to the
injection site, while the proportion of backlabeled SP cells lateral
to the injection site was as expected from the number of SP cells
(Figure 4B).

Identification of functional synaptic
connections between S1Bf, S2, and M1 in
the PO cortex

In order to investigate whether the observed axonal projections
are representing functional synaptic connections, we performed
electrophysiological recordings using multishank electrode arrays
positioned in visually identified regions of cortical slices, including
M1, S1Bf, and S2 (Supplementary Figure 3). Because virtually no
spiking activity could be observed in standard ACSE, we evoked
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Partially correlated discontinuous multiunit activity in low Mg2*-ACSF. (A) Typical trace recorded with one MEA electrode located in L5/6 of S1Bf. Above
the trace the highpass-filtered signal used for the spike detection and the lowpass-filtered signal are displayed. (B) Representative interval of a burst as
depicted in panel (A). (C) Plot of individual spikes identified by the threshold-crossing detector (gray traces) and the average spike waveform (black
trace). (D) Simultaneous recording of multi-unit activity (MUA) in the subplate (SP) and in L5/6 of S1Bf and M1 recorded in low Mg?+ ACSF. The lines
beneath the trace indicate identified spikes, isolated spikes are represented by gray lines, spikes belonging to a burst by black lines. Note the frequent
occurrence of burst-like activity transients in all areas and that burst like activity was only partially correlated between the investigated regions

(E) Representative interval of a burst correlated between all electrodes [as indicated in panel (A)] illustrating a significant delay in the onsets of the bursts
between the recordings. (F) The correlation matrix for electrode pairs inserted in S1Bf and M1 revealed that the bursts were only partially correlated
between regions, with the highest degree of correlation observed between S1Bf SP and S1 L5/6 and the lowest degree of correlation between S1Bf SP
and M1 L5/6. (G) Correlation matrix for electrode pairs inserted in S1Bf and S2. Note the overall lower degree of correlation between S1Bf and S2 as
compared to S1Bf—M1 recordings

spontaneous synchronous activity by bath application of the K™ , ), while the unspecific Kt channel blocker 4-AP
channel blocker 4-AP in Mg2+-free ACSF ( , ). enhances the excitability ( s ). This condition
Under this condition the lack of Mg+ unblocks NMDA receptors  evoked stable, burst like neuronal activity throughout the 1-1.5 h

(

, ) and reduces surface charge screening ( long recording sessions, which enables the identification of functional
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synaptic connectivity (Figures 5A-D). As this neuronal activity does
not resemble the spindle-like burst typical for spontaneous network
events in the immature cortex (Minlebaev et al,, 2007; Yang et al,
2016), we analyzed only the MUA. MUA was identified in 200-
5,000 Hz filtered traces using a simple threshold-crossing detector set
at 5 times the standard deviation of a spike free interval (Figures 5A-
C). It consisted of burst-like spike trains and few separated spikes
(Figures 5D, E).

As immature cortical neurons show longer membrane time
constants (McCormick and Prince, 1987; Luhmann et al., 2000),
slower rising and falling phases of action potentials (Kriegstein
et al,, 1987), and a small number of synapses with low temporal
fidelity (Hanganu et al,, 2001; Doischer et al, 2008), we did not
expect that the spikes of the immature neocortical network are
synchronized with a millisecond precision. Indeed, 5-15 ms delay
of monosynaptic connections in the newborn rodent neocortex has
been previously demonstrated (Hanganu et al, 2002; Zhao et al,
2009; Myakhar et al, 2011). From these reports we assumed that
a 5-15 ms temporal coincidence between spikes can represent a
monosynaptic transmission. Therefore, we first generated cross-
correlograms (CCGs) calculated for all pairs of electrodes located
unequivocally in the SP and L5/6 (from n = 6 experiments for S1Bf-
M1, n =5 for S1-S2 and n = 5 for M1-S2 connections) and checked in
this time window of 5-15 ms whether we could detect spike bins that
are significantly above the threshold derived from surrogate data (see
Section “Materials and methods”).

We observed above-threshold spike bins in some of the CCGs,
with the occurrence varying between 15.8 and 53.3% of the pair-
wise CCG from single experiments. However, the distribution of
the above-threshold spikes did not show a typical clustering within
the expected range of delay (Miller, 2000), but distributed over
the whole analysis interval (data not shown). This result indicates
that coincident spiking was not evident from the CCG analysis,
suggesting that synaptic connections in the newborn cortex are too
weak to establish a tight temporal spike correlation between single
neurons. In addition, we cannot exclude that the immature properties
of the neuronal excitability and the synaptic processes (Kriegstein
et al., 1987; Luhmann et al., 2000; Hanganu et al., 2001; Doischer
et al,, 2008), also obscured the identification of a significant cross
correlation between synaptically connected neurons.

To further characterize the functional connectivity between the
different regions and layers we next investigated the temporal relation
of burst firing.

Coincident bursting analysis

All investigated areas showed consistent bursting activity under
the recording conditions in 4-AP containing Mg?T-free ACSF
(Figures 5A, D). Due to the shank distance we could only
discriminate activity in the SP and in L5/6. The average occurrence
of these bursts was between 2.0 £ 0.48 min~! (n = 2,328 bursts in
#n = 11 slices) in the S1IBf SP and 1.1 £ 0.2 min~! (n = 523 bursts in
n = 6 slices) in M1 L5/6 (Table 3). The occurrence was significantly
higher in the SP than in L5/6 for M1 (p = 0.046, n = 6 slices) and
showed a strong tendency in S1 (p = 0.05, n = 11 slices). No significant
differences between the areas were observed. The duration of the
bursts was between 484 + 67 ms in the S2 SP and 871 £ 107 ms in
the S1Bf L5/6 (Table 3). The duration of the bursts in S1Bf L5/6 was
significantly (p < 0.05) longer than in S1Bf SP, M1 L5/6, and SP and
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TABLE 3 Properties of the burst discharges induced by the low Mg2+
solution at the different recording sites.

Occurrence |Duration (s)] Number | Freq. (Hz)
(min—1) of Spikes
S1SP 2.04 £ 0.48 604.8 = 61.0 100+ 1.4 194427
(n=11) (n=11) (n=11) (n=11)
S1L5/6 1.16 +0.18 871.3 & 107.0 29.5+5.2 282426
(n=11) (n=11) (n=11) (n=11)
M1 SP 1.92 4 0.53 830.3 & 76.9 135431 156+ 2.1
(n=6) (n=6) (n=6) (n=6)
M115/6 1.06 = 0.20 791.4 + 135.0 146+ 3.4 203432
(n=6) (n=6) (n=6) (n=6)
S2SP 1.97 4 0.81 484.1 + 68.8 75417 169423
(n=5) (n=5) (n=5) (n=5)
S2L5/6 0.91 4 0.13 664.2 + 93.0 18.0 + 4.8 249434
(n=>5) (n=>5) (n=>5) (n=>5)

Data represent mean + S.E.M. The number of data points (n) refers to the number of

slices investigated.

TABLE 4 Probability of coincident bursting estimated by S1Bf—M1
silicon probe pairs.

S1SP SLL5/6 | MLSP | M1L5/6 |

S1SP 1400 0594023 | 052+017 | 039024
(n=1,112) (n=>510) (n=580) (n=261)

S1L5/6 059 +0.23 1400 0414025 | 044025

(n=510) (n=725) (n=368) (n=243)
M1 SP 0524017 0.41 £0.25 1400 0.50 £ 0.20

(n = 580) (n =368) (n =984) (n=397)
M1 L5/6 039 £ 0.24 0444025 | 0.50+0.20 1400

(n=261) (n=243) (n=397) (n=523)

The number of data points (n) refers to the number of coincident bursts detected in a

total of six slices.

TABLE 5 Probability of coincident bursting estimated by S1Bf-S2
silicon probe pairs.

S2 SP S2 L5/6 S1SP S1L5/6 ‘
S2 SP 14+0.0 0.16 £0.12 0.21 £0.23 0.09 £0.11
(n=1,214) (n=125) (n=211) (n=55)
S2L5/6 0.16 £0.12 14+0.0 0.27 £0.10 0.43 £0.25
(n=125) (n=763) (n=300) (n=185)
S1SP 0.21 £0.23 0.27 £0.10 14+0.0 0.38 £0.22
(n=211) (n=300) (n=1,157) (n=252)
S1L5/6 0.09 £0.11 0.43 £0.25 0.38 £0.22 14+0.0
(n=55) (n=185) (n=252) (n = 488)

The number of data points (1) refers to the number of coincident bursts detected in a

total of five slices.

L5/6 of S2. In accordance with this longer burst duration, the number
of spikes per burst were in S1Bf L5/6 (30 =+ 5) significantly (p < 0.5)
higher than in the other regions and layers (between 8 + 2 and 18 £ 5)
(Table 3).

Intriguingly, the burst-like activity was not persistently
synchronized across the investigated cortical areas (Choi et al., 2010),
but non-stationary mutual synchronizations between distinct areas
were found (see Figures 5D, E). For all recorded areas and layers, the
ratio of synchronized bursts was significantly (p = 0.028) lower than
one (which would correspond to a complete synchronization), but
clearly above the synchronization ratios (between 0.007 and 0.028)
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Analysis of burst onset differences in bursting multi-unit activity (MUA) activity between and within different layers in S1Bf, S2, and M1. (A) Box plots
representing the relative occurrence (as normalized to the total number of correlated burst within an electrode pair) of burst onset at a given electrode
pair inserted in SIBF and M1. Open circles represent identified outliers, shaded box plots represent the results of surrogate data sets and the dashed gray
line at 0.5 represents a random distribution of burst onsets. Significant differences of burst onset between electrode pairs are indicated. Note the high
occurrence of spike onsets in S1Bf SP, suggesting that neurons from the SP projecting to other areas might have a higher relevance for initiating
postsynaptic local network activity. (B) As panel (A) but for an electrode pair using an electrode pair inserted in S1IBF and S2. Note the absence of a
significantly directionality except for the SP to Layer 5/6 connections within both regions. *p < 0.05; ns, no significant difference.

calculated from surrogate datasets (Figures 5F, G and Tables 4, 5).
We conclude from these observations that the functional connectivity
in early postnatal cortical circuits is too weak to maintain stable
synchronization, but that synaptic connections between the mutually
synchronized areas must exist and can be used to estimate the
functional connectivity between these areas. In order to estimate the
favored direction of information flow between the investigated areas,
we analyzed the latencies between the onsets of coincident bursts
(Figure 6).

With this analysis we observed that in S1Bf, S2, and M1 the
correlated bursts start significantly (p < 0.05) more often in the
SP than in L5/6 (Figures 6A, B and Tables 6, 7), suggesting that
synaptic connections from the SP to L5/6 contributed more reliably
to the synchronization than the reciprocal synapses. In addition, the
bursts started in S1Bf SP and L5/6 significantly (p > 0.05) more often
than in the corresponding layers of M1 (Figure 6A and Table 6),
whereas no significant onset preference was observed between S1Bf
and S2 (Figure 6B). In summary, these significant differences in the
latencies supports the concept of a reliable information flow from the
SP to cortical layers in the early postnatal cortical network (Kanold
and Luhmann, 2010; Viswanathan et al., 2017) and from S1 to M1
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(Khazipov et al., 2004; An et al., 2014; Dooley and Blumberg, 2018;
Tiong et al, 2019). In contrast, the low rates of correlated burst
between S1 and S2 and the lack of a directed burst onset indicate that
a functional coupling between S1 and S2 is only weakly developed in
the early postnatal cortex.

Discussion

Several studies demonstrated that the SP is not only a
waiting station for ingrowing thalamocortical axons, but rather
that anatomical and functional connections between SP neurons
and overlying cortical layers exist, transmitting information from
subcortical sources to the respective neocortical area (Friauf et al,
1990; Finney et al., 1998; Kanold et al., 2003; Kanold and Shatz,
2006; Hanganu et al., 2009; Zhao et al., 2009; Tolner et al., 2012;
Viswanathan et al., 2017; Wess et al., 2017; Molnar et al., 2020;
Meng et al,, 2021). But to which extent the SP also contributes to
the information flow between adjacent neocortical areas during early
development has been addressed only by one study, which identified
anatomical projections from S1 to M1 at P2 (Tiong et al,, 2019). In the
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present study we therefore systematically investigated the SP directed
lateral connectivity between S1, S2 and M1 in the PO mouse brain
and performed electrophysiological experiments to analyze whether
reliable functional synaptic connections between these areas exists at
this early postnatal stage.

Anatomical corticocortical network in
newborn mouse

We identified neurons that project toward the SP by prominent
Dil backlabeling in their somata. These analyses demonstrated that
already at PO a substantial number of backlabeled neurons can
be identified in adjacent functional areas. The low number of
backlabeled neurons and the high inter-individual variance in these
numbers are probably due to the required use of tiny Dil crystals
in the present study. For the interpretation of our results one must
keep in mind that the carbocyanate-dye Dil labels all projections that
traverse the area in which the small Dil crystal was placed. The remote
backlabeled cell bodies observed upon Dil injection at the dense
dendritic arbor of the SP cells (SP-L6 border) in M1, S1Bf, and S2
therefore represent mainly neurons that send long-range projections
through this injection site (Hoerder-Suabedissen and Molnar, 2012),
whereas we cannot predict from these experiments whether they
terminate in the SP and/or synapse on SP neurons.

Projections from S1Bf toward the SP in M1 and S2, as well as
projections from M1 or S2 toward the SP of S1Bf, were observed.
This result demonstrates that neocortical neurons do not only project
toward the SP within the same functional column (Kostovi¢ and
Rakic, 1980; Hanganu et al, 2002; Hirsch and Luhmann, 2008;
Viswanathan et al., 2012), but also project toward adjacent functional
areas. The existence of a SP projection between S1 and M1 has
already been demonstrated in the P2 murine neocortex (Tiong et al,,
2019), however, the present results advanced the appearance of this
projection to PO. In contrast, no projections between M1 and S2
could be found in our specimens, suggesting a lack of connectivity
between these more distant areas. It was previously described in the
PO mouse neocortex, that neurons from different layers of the dorso-
medial cortex send cortico-fugal axons through the internal capsule
(Auladell et al., 2000). In our samples, S1Bf backlabeled cells after S2
injections may thus partially represent such projections. The presence
of early cortico-spinal projections in the motor cortex has also been
described previously (Gu et al., 2017), therefore the M1 backlabeled
cells in S1Bf injected samples might also represent such projections.
In contrast, the contribution of cortico-fugal projections in S2 after
S1Bf injections to S2 backlabeled cells can be excluded, because S2
cortico-thalamic fibers do not cross the SP of S1Bf (Grant et al,
2012). We can also exclude, that S1Bf backlabeled cells on S2 injected
samples project via the SP region toward insular cortices, as these
projections are not present earlier than P3-4 (Sohur et al, 2014).
Thus the latter projections may represent specific connections from
S2 toward the SP of S1Bf.

In addition, we observed an obvious difference in the proportion
of cells from different layers that projects toward the SP. The fraction
of projections is higher than expected from the proportion of neurons
for the projections from L5/6 toward the SP between S2 and S1Bf,
between S1Bf and S2, as well as between S1Bf and M1. In contrast,
less L5/6 to SP connections were found between M1 and S1B. For
SP we observed significantly more backlabeled cells in areas medial

Frontiers in Neuroanatomy

12

10.3389/fnana.2023.1105998

TABLE 6 Directionality of connections between by S1Bf—M1 silicon probe
pairs.

Target region

Signal origin | S115/6 M1L5/6
S1SP 0.79 £ 0.12 0.78 £ 0.13 0.77 £ 0.12
(n=510) (n=580) (n=261)
S1L5/6 0.21 £0.12 0.54 +0.18 0.72 £ 0.18
(n=510) (n=368) (n=243)
M1 SP 0.22 £ 0.13 0.46 +0.18 0.90 +0.12
(n=1580) (n=368) (n=397)
M1 L5/6 0.23 £0.12 0.28 +0.18 0.10 & 0.12
(n=261) (n=243) (n=397)

The number of data points (n) refers to the number of coincident bursts analyzed in a
total of six slices.

TABLE 7 Directionality of connections between by S1Bf—S2 silicon probe
pairs.

Target region

Signal origin ‘ S2 L5/6 S1L5/6
S2SP 0.86 & 0.11 0.774£039 | 0.73+035
(n=125) (n=211) (n=55)
S215/6 0.14 £ 0.11 065035 | 055026
(n=125) (n=300) (n=185)
S1SP 0234039 | 035035 0.78 £ 0.20
(n=211) (n=300) (n=252)
S1L5/6 0274035 | 0454026 0.22 4 0.20
(n=55) (n=185) (n=252)

The number of data points (1) refers to the number of coincident bursts analyzed in

®

total of five slices.

to the injection site, while the frequency of backlabeled SP cells
lateral to the injection site was as expected from the number of SP
cells (Figure 7 and Table 2). The latter observation suggests directed
axonal projections from S1 toward S2 and from M1 toward S1 on
the level of SP-SP connections, although we cannot exclude that this
asymmetrical connectivity within the SP may reflect a general trend
favoring mediolateral axonal projections. Finally, the frequency of
projections from CP neurons toward the SP is consistently less than
expected for all identified connections, in line with the immature
morphological properties of CP neurons (Kasper et al., 1994).

A striking observation in our study is that we failed to identify
any backlabeled cell in M1 upon Dil injection in S2 as well as
backlabeled cells in S2 upon Dil injection in MI1. This observation
suggests that in the PO neocortex neurons project preferably to
cortical regions in the closest proximity, while connections to more
distant areas are not established yet. In the adult neocortex functional
synaptic connections between S2 and M1 exists and are relevant
for motosensory integration (Suter and Shepherd, 2015). We can
exclude that the lack of backlabeled neurons in these more distant
regions were caused by an insufficient Dil diffusion within the 4 week
incubation period. In accordance with previous results (Schlaggar
and O’Leary, 1994; Agmon et al., 1995) we were able to identify in
our probes backlabeled cells in the thalamus upon Dil injection in
S1Bf or S2 (data not shown), indicating that Dil can reliably label
neurons at an estimated axonal distance of >3,500 pwm (manual
measurement along S1Bf thalamocortical axons in Fiji; Schindelin
et al, 2012). Thus we assume that the lack of backlabeled cells
in distant cortical regions (<2,500 wm apart), does not represent
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Summary diagram for comparison of anatomical projections and functional connectivity between M1, S1Bf, and S2. Black arrows indicate the direction of
backlabeled cell axonal projections toward the SP. Thick black arrows indicate if backlabeled cell number was significantly higher than expected. The red
lines depict the estimated connectivity between two regions, as determined by the burst correlation. Arrowheads indicate a significant direction of burst

correlation, as determined from burst initiation latencies. Note the clear direction in the functional connectivity from SP to L5/6 in all investigated regions

and from S1Bf to M1.

insufficient fluorophore dispersion, but a lack of connectivity between
both regions in the PO neocortex. On the other hand, all connections
that project above the sliced surface were cut in our preparation, thus
we cannot exclude that the longer connections between S2 and M1
have a higher probability to be removed.

Functional synaptic connections between
M1, S1Bf, and S2

In line with previous studies (Golshani and Jones, 1999
Abdelmalik et al., 2005; Dupont et al., 2006), substantial neuronal
activity can be observed in the immature cortex in vitro only
under an excitatory regime, in our case upon addition of the K*
channel blocker 4-AP in Mg?T-free ACSF. A substantial portion
of the induced bursting activity consists only of local activity
that did not propagate to adjacent cortical areas or layers. The
observation that in the PO neocortex the bursting activity was not
consistently synchronized between adjacent layers and/or functional
areas indicates that the synaptic connectivity was not as strong as in
the more mature cortex during later postnatal stages (Bureau et al,,
2004; Doischer et al., 2008; Choi et al., 2010; An et al., 2014). Our
results are in line with previous observations demonstrating that in
the developing neocortex spontaneous network activity is restricted
to functional areas or even functional columns (Garaschuk et al,
2000; Khazipov and Luhmann, 2006; Yang et al., 2013; Luhmann
et al,, 2016; Luhmann and Khazipov, 2018; Mizuno et al., 2018; Pires
et al., 2021).

However, between 39 and 52% of the bursting activity is
temporally correlated in different layers in SIBf and M1 (Table 4).
This fraction was lower in S1Bf and S2 (9-43%, Table 5). For
several of the investigated areas/layers we found that the sequence
of bursting activity showed a significant directionality (see Table 6
and Figure 7). We assume that this significant sequence of burst
initiation reflects a dominance of synaptic connections from the
area in which the bursting activity appears first to the area with
the subsequent burst. This assumption suggests that the amount of
synaptic contacts is not strong enough to reliably trigger bursting
activity in the postsynaptic area, but that the amount of synaptic
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inputs can be sufficient to significantly increase the probability to
induce a local burst in the postsynaptic area. Thus we suppose that
the identification of a significant directionality in the burst initiation
between two areas indicates that the functional synaptic connectivity
in this preferred direction is larger than the reciprocal connections.
Figure 7 summarizes the analysis of the differences in the burst onset.
An obvious directed functional connectivity, as illustrated by the bold
red arrows, was observed from the SP toward L5/6 of both S1Bf and
M1 as well as from S1Bf toward the M1 in both SP and L5/6. A weaker
functional directed connectivity appeared between S2 SP and S2 L5/6
and from S1Bf SP toward M1 L5/6.

Two major conclusions can be drawn from these findings. First,
we observed for all regions a significant synaptic directionality from
the SP to L5/6 of the same area. For S1Bf this observation is in
line with all information that is known about the implication of SP
cells in the formation of early synaptic circuits in various primary
sensory areas, mediating transfer of thalamic information toward
the overlying cortical layers in sensory cortical areas (Friauf et al,
1990; Finney et al., 1998; Hanganu et al., 2009; Zhao et al., 2009;
Myakhar et al., 2011; Viswanathan et al., 2012). However, our results
also indicate that the SP may play a role in establishing the transient
synaptic circuit mediating transfer of information from subcortical
areas to upper layers in M1 and, probably to a lower extend, in S2.

Second we observed a significant directionality from both S1BF
SP and S1Bf L5/6 toward the corresponding regions of M1, suggesting
that the synaptic connections from S1Bf toward M1 are stronger than
the reciprocal connections. For sensory evoked activity in the P3
mouse cortex it has been shown that S1 activity precedes M1 activity
(Khazipov et al., 2004; An et al., 2014; Dooley and Blumberg, 2018).
While we cannot exclude that the organization of thalamocortical
inputs contribute to the delayed M1 activity, the early synaptic
connectivity between S1 and M1 suggested by our results may pave
the information flow between these areas in the early postnatal
cortex. In contrast, between S1Bf and S2 only a very weak temporal
correlation between the bursts and no significant directionality of
burst onsets were observed. This finding suggests that only a weak
synaptic connection exists between S1 and S2 in the early postnatal
brain, which is in line with a recent in vivo study demonstrating
that whisker-related activity in the S2 regions is smaller and that
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a consistent activity representing a solid interaction between both
areas establishes only around P6 (Cai et al, 2022). Importantly,
the significant information transfer from S1Bf to M1 occurred both
between L5/6 and between the SP, while the connection from S1Bf
SP to M1 L5/6 is less prominent (Figure 7 and Table 4). This
observation suggests that in the PO neocortex not only L5/6 neurons
are functionally coupled, but that probably also direct synaptic
connections between SP neurons of S1Bf and M1 exist.

The assumed strength of the functional synaptic connections did
not fit in all instances to proportions of axonal connections estimated
from the Dil tracing (Figure 7). Possible explanations for these
contradictory results are as follows: (i) the observation of backlabeled
cells upon Dil injection in the target region does not necessarily
represent a synaptic connection between the labeled cell and neurons
in the target region, (ii) the statistical analysis of the distribution
of the backlabeled cells across cortical layers reveals exclusively a
deviation from the cell numbers expected from the total neuron
number, which necessarily overestimates the number of structurally
and functionally mature neurons in the heterogeneous populations at
such early developmental stages, (iii) SP cells may receive connections
via silent synapses (Meng et al., 2014; Kanold et al,, 2019) thereby
causing a deviation between structural and functional connectivity,
and (iv) SP and upper layer cortical cell neurites undergo synaptic
pruning (Hua and Smith, 2004; Hoerder-Suabedissen and Molnar,
2015), proposing that the axons of backlabeled cells crossing these
regions are not necessarily functional.

The SP mediates synaptic interactions
between M1, S1Bf, and S2 already at PO

In the adult cerebral cortex connections between M1, S1Bf,
and S2 play a crucial role in sensorimotor integration (Sreenivasan
et al, 2016; Hubatz et al, 2020). The formation of specific
synaptic connections between those functionally interconnected
areas depends not only on genetic programs, but also on the patterns
of spontaneous and sensory evoked activity during fetal and postnatal
development (Barkat et al., 2011; Erzurumlu and Gaspar, 2012; Levelt
and Hubener, 2012; Luhmann et al., 2016, but see Molnar et al.,
2002). The connections described in the present study provide an
anatomical template that can serve to transmit or establish local and
global correlated activity (Garaschuk et al., 2000; Blankenship and
Feller, 2010; Leighton and Lohmann, 2016; Luhmann et al., 2016;
Luhmann and Khazipov, 2018).

A variety of anatomical and functional studies demonstrated
that for the establishment of functional connectivity in primary
sensory cortices transient excitatory connections from the SP toward
superficially located cortical layers are essential (Ghosh et al., 1990;
Kanold et al., 2003; Kanold and Shatz, 2006; Tolner et al., 2012;
Molnar et al, 2020; Meng et al, 2021). The functional axonal
projections between SP and L5/6 in S1Bf identified in the preset
study support these previous findings. However, no details about
the ontogeny of synaptic projections from the SP toward superficial
cortical layers have been published for M1 and secondary sensory
cortices. Our study demonstrates that in M1 and S2 synaptic
connections from SP neurons toward upper cortical layers can
be also an essential functional element that serve to establish a
transient network required for the adequate development of the
circuits. In particular for M1 the role of the functional transient
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connectivity awaits further investigation, as it has been shown that
the SP of the rodent motor cortex is thicker than in sensory areas
(Qu et al, 2016) and motor deficits have been described after
hypoxia-induced lesion within the subplate (McQuillen et al., 2003).
Accordingly, it has been proposed that the SP of M1 plays an
important role for the development of motor functions (Hadders-
Algra, 2007).

In addition to these vertical connections within a cortical column,
transient correlated activity between functionally related areas also
plays an essential role for the acquisition of the interconnectivity
between these areas (Khazipov and Luhmann, 2006; Yang et al., 2013;
Sieben et al., 2015; Luhmann et al., 2016; Mezzera and Lopez-Bendito,
2016; Luhmann and Khazipov, 2018; Xu et al., 2020). The adult
M1 processes somatosensory information and thus receives thalamic
input (Hooks et al., 2013), but a major part of sensory inputs originate
from S1 (Farkas et al, 1999). Thus an intense interconnection
between these areas must be generated during early development.
Our data demonstrate that on the level of the SP a reciprocal axonal
projection between M1 and S1Bf exists already in the PO mouse
neocortex, suggesting that the SP can integrate neuronal activity of
these functionally related areas already during the earliest stages.
A variety of studies suggested that M1 is involved in somatosensory
information processing already in the immature neocortex. During
early developmental stages the majority of spontaneous movements
are initiated in subcortical areas and transmitted via sensory feedback
to M1 (Khazipov et al., 2004; Tiriac et al, 2014; Dooley and
Blumberg, 2018). Already in P1 to P3 rats sensory stimulation
induces a reliably activation of M1 (Khazipov et al,, 2004; An et al,,
2014). The observation that in the early postnatal neocortex (P1-
P3) part of the correlated activity in S1 and M1 is at this age not
associated with movements (Khazipov et al,, 2004; An et al,, 2014),
indicates that a direct link between S1 and M1 must exist already
at this age. While our data indicate that part of this activation
can be mediated by synaptic connections in L5/6, the S1Bf to M1
connections within the SP can also contribute to this information
transfer. In contrast to this connection between S1Bf and M1, our
experimental results indicate that the functional connectivity between
S1 and S2 is less developed at PO, although we observed in the SP
anatomical projections between S2 and S1Bf. Correlated neuronal
activity occurs in this region at P6-8 (Cai et al., 2022), suggesting that
the connectivity toward secondary sensory areas develops delayed,
as has been also shown for associative cortical areas (Sydnor et al,
2021).

The cortex of a newborn mouse can roughly be compared to the
developmental state of the human neocortex in the 18th gestational
week (Workman et al., 2013), a stage when the thick human subplate
is established (Kostovic, 2020). In the human cortex the subplate zone
probably plays a more prominent role than in rodents, as judged
by the sheer thickness and complexity of this structure (Kostovi¢
and Raki¢, 1990; Duque et al, 2016). The early appearance of
oblique, horizontally oriented axons in the human subplate indicate
that it not only is a waiting station for thalamocortical axons
(Allendoerfer and Shatz, 1994), but also contains corticocortical
axons (Duque et al, 2016). Thus the subplate may serve as an
interface for both thalamic and corticocortical connections already
during early fetal developmental stages (Kostovi¢ and Raki¢, 1990).
The identification of lateral connectivity within the SP provided by
the present study supports this hypothesis. Thereby the subplate can
contribute to the transient occurrence of widespread synchronized
electroencephalogram (EEG) activity in the immature human brain
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(Wallois et al, 2021) and control the establishment of adequate
synaptic connections between functionally related cortical areas.
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SUPPLEMENTARY FIGURE 1

Representative photomicrographs of Dil crystal injections at the SP-layer 6
border of M1 (A), S1Bf (B), and S2 (C) in coronal sections of PO mouse brains.
Immediately after Dil injection, photomicrographs were captured with an
adequate fluorescence filter set for SYTOX™ Green nuclear marker and for
Dil. White lines demark the Dil injection target areas from the adjacent
sensory areas as estimated from reference points in the developing mouse
brain atlas (Paxinos, 2007). Scale bar is 1 mm.

SUPPLEMENTARY FIGURE 2

Scheme for assigning the cortical layer boundaries and for determination of
neuron number proportions across cortical layer to estimate expected
backlabeled cell frequencies. Scale bar is 100 um.

SUPPLEMENTARY FIGURE 3

Composite image of the Dil signal and the pseudocoloured DAPI signal
showing silicon probe positioning in the M1 S1Bf panel (A) and S1Bf S2 panel
(B) configuration. Position of the analyzed L5/6 and SP shanks is marked with
red circles. Scale bar is 500 pum.
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