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Systems/Circuits

Specific Functional Connectivity of Molecular Subtypes of
Subplate and Layer 6b Neurons
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Subplate neurons (SpNs) are among the earliest generated cortical neurons that form functional cortical synapses and aid in cortical circuit
development. A fraction of SpNs survive and form Layer (L)6b in the adult cortex. While SpNs exhibit a large variety of molecular identities,
it is unclear if molecular identity correlates with their functional circuits and if different SpNs have similar developmental trajectories. To
resolve these questions, we here characterize the functional intracortical circuits to molecularly identified subpopulations of SpNs with
SpN-specific Cre-lines [connective tissue growth factor (CTGF)-dgCre and dopamine receptor D1 (Drdl)-Cre] in in vitro brain slices of
the primary auditory cortex using whole-cell patch—clamp recordings and laser-scanning photostimulation. We targeted three age groups:
before [Postnatal Day (P)7-P9] and after (P14-P20) the ear canal opening and when circuits are mature (P60-P80). While the excitatory
intracortical circuits impinging on both subtypes were similar, inhibitory circuits differed, particularly those from subplate/L6b. At P7-P9,
Drd1 neurons received stronger inhibition from the subplate compared with CTGF neurons. The functional circuits on SpNs prune with age.
By P60-P80, the inhibitory connections from L6b on CTGF neurons increased and became significantly abundant than those on Drd1 neu-
rons. However, the inhibition strength between the two subtypes remained unchanged. Thus, SpNs exhibit diverse neuronal morphologies
and intracortical input patterns, independent of molecular expression. Thus, although the subplate comprises distinct molecular neural
classes, molecular expression is not clearly correlated with neural morphologies and functional circuits throughout development.
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Significance Statement

Subplate neurons (SpNs) pioneer cortical circuit formation and shape its maturation. SpNs can be categorized into different
subpopulation based on their molecular identities. However, the relationship between functional circuitry and molecular
identities was unclear. Our study demonstrated that excitatory inputs on different molecular classes of SpNs develop similarly
but not the inhibitory inputs, particularly those from within subplate/Layer 6b. Moreover, SpNs within the same molecular
classes exhibit diverse patterns of intracortical circuit connections and neuronal morphologies. This diversity becomes more
pronounced in adulthood. Therefore, distinguishing the functional connectivity between the two subtypes based solely on
their molecular identities is impossible. Overall, the molecular expression of SpNs is not clearly correlated with their
morphologies and functional connectivity pattern.

" J

neurons (SpNs; Kostovic and Rakic, 1980; Luskin and Shatz,
1985; Valverde et al., 1989). SpNs are the first cortical neurons
processing thalamic inputs (Friauf and Shatz, 1991; Higashi et
al,, 2002; Zhao et al, 2009; Wess et al., 2017; Molnér et al,,
2020), and they are actively interconnected with cortical circuits
during the early postnatal period (Viswanathan et al., 2012;

Introduction

Proper sculpting of cortical circuits during development is cru-
cial for normal wiring in the mature brain. One of the earliest
generated populations in the cortical circuit are the subplate
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Meng et al., 2014). As the brain matures, many SpNs undergo
apoptosis, but the fraction of SpNs remaining in adults varies
between species (Kanold and Luhmann, 2010; Chang and
Kanold, 2021). In rodents, the reduction of the number of
SpNs is small (Valverde et al, 1995; Price et al, 1997;
Robertson et al., 2000), with most SpNs surviving to adulthood,
forming Layer (L)6b (Clancy et al., 2001; Hoerder-Suabedissen et
al., 2018). Early sensory experience can sculpt the morphology of
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SpNs (Pifion et al., 2009) and the functional circuits on SpNs
(Meng et al., 2021; Mukherjee et al., 2022, 2023), as well as L6b
neurons (Yoneda et al., 2023). SpNs are involved in the pattern-
ing and functional maturation of thalamocortical connections
(Ghosh and Shatz, 1993; Kanold et al.,, 2003; Tolner et al,
2012), critical period plasticity (Kanold and Shatz, 2006), and oli-
godendrocyte maturation (Yu et al,, 2019). However, it is still
unclear whether the general population of SpNs contributes to
these biological processes or only a subpopulation of SpNs.

SpNs form subgroups based on molecular markers, connectiv-
ity patterns, and morphological properties (Hanganu et al., 2002;
Hoerder-Suabedissen et al., 2009; Viswanathan et al, 2012;
Hoerder-Suabedissen and Molnar, 2013; Meng et al., 2014; Marx
et al., 2017). Molecular markers such as connective tissue growth
factor (CTGF) and dopamine receptor D1 (Drd1) are expressed
in SpNs (Hoerder-Suabedissen and Molnar, 2013; Hoerder-
Suabedissen et al., 2018; Chang et al., 2024). The complement of
SpN subpopulations differs between sensory cortices; for example,
the developing auditory cortex (ACtx) contains more CTGF- than
Drdl-expressing SpNs (Chang et al, 2024). While the Drdl
expression is not limited to subplate/L6b of the somatosensory
and visual cortices (Hoerder-Suabedissen et al., 2018; Chang
et al.,, 2024; Kim et al,, 2024), their expression is confined to the
ACtx subplate during the first three postnatal weeks (Chang
etal., 2024). This provides a tool to explore how SpNs (or L6b neu-
rons) subtypes are integrated into local circuits in the ACtx. While
SpNs in the ACtx show changing and diverse cortical circuit pat-
terns during the first two postnatal weeks (Viswanathan et al,
2012; Meng et al., 2014), the relationship between these patterns
and molecular identities remains unclear. In addition, a prior study
demonstrated that one-third of Drdl-expressing neurons in the
somatosensory cortex are immunopositive for CTGF (Hoerder-
Suabedissen et al., 2018). However, the proportion of this overlap
in the ACtx remains unclear. We hypothesize that if a similar over-
lap exists in the ACtx, the distinct subpopulations of molecularly
defined neurons (ie, CTGF+, Drdla+, CTGF+/Drdla+) may
exhibit unique intracortical circuit patterns, which could help
explain the diversity of cortical circuit patterns observed in the
ACtx during the first two postnatal weeks. As the brain matures,
the remnants of SpNs, L6b neurons in the somatosensory cortex,
also express CTGF and Drdl and are thought to share similar
functional, mainly long-range, cortical connectivity (Hoerder-
Suabedissen et al., 2018; Zolnik et al., 2020). Functional changes
in these circuits over age could be due to selective changes in the
makeup of the subpopulation or functional changes for each
molecularly defined subpopulation.

To address these issues, we determined (1) if molecularly
defined SpNs share distinct cortical connectivity patterns and
neuronal morphology and (2) whether their functional connec-
tions change similarly as the brain matures into adulthood. We
address these questions by functionally characterizing intracorti-
cal circuits in molecularly identified subpopulations of SpNs in
the primary ACtx (A1) of mice using laser-scanning photostimu-
lation (LSPS). We used two subplate and Léb, specific mouse
lines (Drdl-Cre and CTGF-Cre) within three age groups,
P7-P9, P14-P20, and P60-P80, coinciding with the period
before and after the ear canal opening, and when the cortical
circuit is mature. Since, in visual and somatosensory cortices
Drdl-positive neurons are also found outside L6b (Kim et al.,
2024), we here restrict our analysis to neurons located within
subplate/L6b based on their anatomical location in the ACtx.
Our study demonstrated that the intrinsic properties of SpNs
develop similarly, regardless of their molecular identities.
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However, during the early postnatal period, CTGF and Drd1l
SpNs exhibit different circuitry patterns, especially inhibitory
connections on these SpNs. Additionally, we found that even
among the same molecularly defined SpN class, a large variety
of connectivity patterns are present throughout development
into adulthood. Thus, molecular subclasses of SpNs contain mul-
tiple functional subclasses, likely playing different roles during
development and adulthood. Moreover, the molecular expres-
sion of SpNs is not correlated with their somatodendritic mor-
phologies and functional intracortical connectivity patterns.

Materials and Methods

Animals. All experiments and procedures were approved by the Johns
Hopkins Institutional Care and Use Committee. Animals were provided
with food and water ad libitum and maintained on a regular 12 h day/night
cycle. Mice that are heterozygous for Drd1-Cre [Tg(DrdI-cre)FK164Gsat/
Mmucd, MMRRC Stock 030781-UCD] or CTGF-Cre (CTGF-2A-dgCre,
JAX stock #028535) were bred with homozygous tdTomato floxed reporter
mice [GH(ROSA)26Sor™*(CAGdTomatolHze - yAX  stock #007909]. The
offspring were genotyped by TransnetYX, and only those that were hetero-
zygous for Cre recombinase and expressing tdTomato reporter (i.e.,
CTGF®**tdTomato™* or Drd1°*;tdTomato™*) were used in this
experiment. CTGF is transiently expressed in the vasculature from
Embryonic Day (E)18 to Postnatal Day (P)3 (Friedrichsen et al., 2003).
To suppress CTGF expression in the blood vessels, we stabilize the Cre
expression in CTGF-Cre mice by administering 150 pg/g of trimethoprim
(Sigma-Aldrich, T0667) into the milk sac of animals at P4 and P5. Cre
induction was not necessary for Drd1-Cre animals. Both sexes of the
mice were harvested at three different time windows: (1) P7-P9, (2)
P14-P20, and (3) P60-P80 (Fig. 14).

Preparation of auditory thalamocortical slices. In vitro slice record-
ings from SpNs in Al were performed as previously described
(Cruikshank et al,, 2002; Zhao et al.,, 2009; Meng et al.,, 2014). Briefly,
mice were deeply anesthetized with isoflurane before decapitation.
The brain was quickly transferred to ice-cold dissecting solution (in
mM), 212.7 sucrose, 2.6 KCl, 1.23 NaH,PO,, 26 NaHCO;, 10 glucose,
3 MgCl,.6H,0, and 1 CaCl,.2H,0, pH 7.35-7.4 (equilibrated with 95%
0,-5% CO,), and blocked with an angle of ~15°-20° from the horizontal
plane (lateral raised; Fig. 1B). The brain block was then quickly moved into
the holding chamber of a slicing microtome (Leica VT1200) containing
icy-cold oxygenated dissecting solution. Two 400-um-thickness thalamo-
cortical slices were obtained and recovered in 30°C oxygenated artificial
cerebrospinal fluid (ACSF, in mM): 130 NaCl, 3 KCl, 1.25 NaH,PO,,
20 NaHCOs;, 10 glucose, 1.3 MgSO,.7H,0, and 2.5 CaCl,.2H,0,
pH 7.35-7.4 (equilibrated with 95% O,-5% CO,) for 45 min.

Electrophysiological recording. For all recordings, the thalamocortical
slices were held in a chamber mounted on the fixed stage of a microscope
(Olympus BX51) and recorded at room temperature (21-24°C) using bor-
osilicate recording electrodes with input resistance of 5-12 MQ (pulled by
Sutter Instrument). Neurons expressing tdTomato reporter were identified
under fluorescence (Thorlabs LED) with a 40x objective lens (Olympus)
prior to whole-cell recordings. To recover the neuronal morphology of
the cells recorded, the internal solution used in this study contained
0.5% biocytin. For all recordings, membrane voltages were corrected for
an estimated liquid junction potential of 10 mV.

For general electrophysiological recording, the chamber was super-
fused with oxygenated ACSF at 2-4 ml/min. Whole-cell recordings
were performed with recording pipettes filled with gluconate-based
internal solution containing the following (in mM): 108 potassium glu-
conate, 2 KCl, 0.2 CaCl,.2H,0, 10 HEPES, 1 EGTA, 1.5 Na,ATP, 0.3
Na,GTP, 1 MgCl,.6H,0, and 5 glutathione, pH 7.25 (280 mOsm). To
study the intrinsic membrane properties, the cells were recorded at the
holding potential of —70 mV in the voltage-clamp mode and then
switched to the current-clamp mode to characterize spiking properties.
A square current pulse of 500 ms from —50 to 80 pA with 10 pA steps
were applied. In some cases, the square current pulse was increased to
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100 pA to elicit a spike. All recordings were made with a patch-clamp
amplifier (MultiClamp 700B amplifier, Molecular Devices), digitized
using a DAQ board (NI PCI-6259, National Instruments), and acquired
using the WaveSurfer software (HHMI Janelia Farms).

For LSPS experiments, the recording chamber was superfused with
oxygenated high-divalent ACSF (in mM), 124 NaCl, 5 KCl, 1.23
NaH,PO,, 26 NaHCO3, 10 glucose, 4 MgCL.6H,0, and 4 CaCl,.2H,0,
to reduce polysynaptic transmission. The recording pipette was filled
with a cesium-based internal solution containing the following (in mM):
115 cesium methanesulfonate (CsCH3SO;), 5 NaF, 10 EGTA,
10 HEPES, 15 CsCl, 3.5 MgATP, and 3 QX-314, pH 7.25 (300 mOsm).
For photostimulation, ~0.5-1 mM caged glutamate [N-(6-nitro-7-
coumarylmethyl)-L-glutamate; Kao, 2006] was added to the high-divalent
ACSEF solution. Without UV light, this compound does not have any effect
on neuronal activity (Kao, 2006; Muralidharan et al., 2016). UV laser light
(355 nm, 1 ms pulses, DPSS Lasers) was split by a 33% beam splitter (CVI
Melles Griot), attenuated by a Pockels cell (Conoptics), gated with a laser
shutter (NM Laser), and coupled into a microscope via scan mirrors
(Cambridge Technology) and a dichroic mirror. The laser beam entered
the slice axially through the objective (Olympus 10x, 0.3 NA/water)
with a diameter of <20 um. Laser power at the sample was adjusted to
25-26 mW. To ensure the photostimulation extended from the pial matter
to the white matter of A1, at least 700 sites were stimulated, which enabled
us to probe areas of ~1 mm? Stimuli were applied at 0.5-1 Hz, for such a
dense sampling rate helped reduce the influence of spontaneous events. To
record the excitatory or inhibitory postsynaptic currents (EPSPs or IPSCs),
cells were recorded at the holding potentials of =70 and 0 mV, respectively.
Series resistance was typically 20-40 M(Q and was not compensated during
recording. Recordings were performed at room temperature and in
high-Mg”* solution to reduce the probability of polysynaptic inputs. All
recordings were made with a patch-clamp amplifier (MultiClamp 700B
amplifier, Molecular Devices), digitized using a DAQ board (NI
PCI-6259, National Instruments), and acquired with a custom software
(Ephus; Suter et al., 2010) written in MATLAB (MathWorks).

Biocytin staining and reconstruction of neuronal morphology. After
recording, the thalamocortical slices were incubated in 4% paraformalde-
hyde (catalog #281692, Santa Cruz Biotechnology) at 4°C until biocytin
staining. Biocytin staining was performed as previously reported (Zhao
et al,, 2009; Sheikh et al., 2019). Briefly, the thalamocortical slice was
washed with 10 mM phosphate-buffered saline, pH 7.4 (catalog
#P4417, Sigma-Aldrich), and then incubated with methanol/30% hydro-
gen peroxide solution (v/v=9:1) for 30 min at room temperature to
quench the endogenous peroxidase activity in the fixed slice. The slice
was washed with 0.1 M phosphate buffer followed by 0.9% NaCl buffered
with 50 mM Tris (TBS), pH 7.4, before blocking with TBS containing 2%
Triton X-100 for 45 min at room temperature. Then, the slice was incu-
bated overnight at 4°C with ABC reagent (catalog #PK-4000, Vector
Laboratories) dissolved in TBS containing 0.05% Triton X-100. The
next day, the slice was washed with 50 mM TBS and followed with
50 mM Tris buffer before being incubated in DAB solution (catalog
#SK-4100, Vector Laboratories) for 30 min at room temperature in the
dark. The slices were oxidized with hydrogen peroxide (catalog
#SK-4100, Vector Laboratories) for 2-10 min until brown precipitate
formed. All slices were processed with standard dehydration steps and
xylene before being mounted with Permount (catalog #SP-15-500,
Thermo Fisher Scientific). The neurons were traced under 40x or
100x magnification for neuronal morphology reconstruction with the
Neurolucida software (MBF Bioscience) paired with a Zeiss Axiolmager
microscope. The traced neurons were analyzed using the Neurolucida soft-
ware (MBF Bioscience).

Intrinsic properties analysis. Data were analyzed using a custom soft-
ware written in MATLAB. The trials were averaged. Resting membrane
potential was measured 500 ms before the stimulation started. The input
resistance was determined using the slope of the I-V plot. For the active
membrane properties, the traces containing the first spike were retrieved.
The spike threshold was determined as the membrane potential at which
the first derivative reached 10% of the overall peak first derivative. The

J. Neurosci., April 30, 2025 - 45(18):€2094242025 - 3

amplitude of the first spike was measured from the threshold. All group
data across different cell types and age groups were tested statistically
with a Kruskal-Wallis test. If the Prob > F showed a significant difference
(p<0.05), a post hoc Bonferroni’s test was performed across cell types
and age groups to determine which means differed. All figures were plot-
ted as means + standard error of the mean (SEM).

LSPS analysis. Data were analyzed using a custom software written
in MATLAB. Putative monosynaptic postsynaptic currents (PSCs)
were classified by the poststimulation latency of the evoked current, as
described previously (Meng et al., 2014, 2021; Sheikh et al, 2019).
Traces with short latency (<8 ms) were discarded from the analysis
because the responses are likely the result of direct activation of gluta-
mate receptors on the recorded cell (Meng et al., 2014). Traces with lon-
ger latency (>50 ms) were discarded because of the potential involvement
of polysynaptic components. Evoked currents with latencies between 8
and 50 ms were classified as monosynaptically evoked PSCs and were
used for analysis in this study. In addition, cells that did not show any
large (>100 pA) direct responses were excluded from the analysis, as
these could be astrocytes. For each cell, the input area was calculated
as the area that gave rise to direct synaptic inputs. The charge (the
area of EPSC in the counting window) was quantified for each synaptic
response. The mean input area and charge was the average of the respec-
tive input area and charge of PSCs from each stimulus spot. A spatial
connectivity map was calculated by aligning the somata of the monitored
neurons and calculating the fraction of cells that provided input at each
spatial location (Figs. 2, 3). To evaluate the contribution of synaptic
inputs from each lamina, the cortex was divided into five laminas
(ie, L1-L3, L4, L5, L6, SP/L6b) by features in the bright-field image
based on the laminar proportions reported previously (Chang et al.,
2018). The balance of excitation and inhibition was calculated as
the E/I balance index, which is based on the average input strength
[(E=I)/(E+1I)]. This calculation results in a number that varies
between —1 and 1, with 1 indicating dominant excitation and —1 indicat-
ing dominant inhibition (Meng et al., 2021; Mukherjee et al., 2022). Since
the measurement of E is not possible close to the soma due to direct
responses, the E/I measure does not account for the contribution of cells
from nearby locations. All group data across different cell types and ages
were tested statistically with the Kruskal-Wallis test (Figs. 2, 3). If the Prob
> F showed a significant difference (p <0.05), a post hoc Bonferroni’s test
was performed across cell types and age groups to determine which means
differed. The data are plotted as means + SEM (Figs. 2, 3).

For the rostral-caudal analysis, a binary connection map was gener-
ated based on the stimulus locations that showed evoked PSC. Then, 80%
of the spatial inputs on the rostral-caudal axis were used to plot the graph
indicated by the patch pattern, while the line plot indicates the center
point of 80% of the spatial inputs. The recorded neurons were used as
a center point (marked as “0”); any inputs located at the left side
(—500 to 0) are interpreted as rostral, while those located at the right
side (0-500) are considered caudal to the recorded neurons.

For the circuit similarity analysis, the pairwise correlation of the con-
nection probability map within each subtype and their respective age
groups were calculated. The correlation coeflicient for each molecular
class and age group was tested using the Kruskal-Wallis statistical test.
If the Prob>F showed a significant difference (p<0.05), a post hoc
Bonferroni’s test was performed across cell types and age groups to deter-
mine which means differed. For generating the Fano factor map, we cal-
culated the Fano factor of the PSC as o*/u for each responsive spatial
location (Meng et al., 2021).

To categorize different classes of SpNs expressing CTGF and Drdl,
k-means clustering was used on all maps between P7 and P80 (Meng et
al., 2017). Clustering was done based on both columnar and percent cor-
tical extent of spatial inputs at =70 mV. To determine the optimal number
of clusters, the fraction of variance that the clusters explained (R?) or the
Dunn index was calculated for the numbers of clusters from 1 to 8.

Neuron morphology analysis. To categorize the reconstructed
neurons, we used several criteria (Hanganu et al., 2002; Hoerder-
Suabedissen and Molnar, 2012; Marx et al., 2017): (1) pyramidal,
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neurons with a vertically oriented apical main dendrite with a distinct
orientation toward the pial surface; (2) multipolar, neurons with no
dominant apical or “apical-like” main dendrite and their dendrites pro-
jected in no preferred direction (this cell type showed the highest total
dendrite length); (3) horizontal, neurons with a horizontally oriented
“apical-like” main dendrite extending from the soma, parallel to the
white matter; and (4) Inverted-pyramidal, neurons with an atypically ori-
ented “apical-like” main dendrite which often extended toward the white
matter.

To analyze the location of reconstructed neurons, the slice was imaged
under 10x magnification (Olympus BX53 with Thorlabs Kiralux 12.3 MP
Monochrome CMOS camera), and the images were processed using the
Fiji software (Image]). The contours for the pial surface and L6/white mat-
ter border were traced and superimposed on the traced neurons, as shown
in Figure 5. The x- and y-coordinates of the recorded neurons, pial surface,
and L6/white matter border were marked. The distance between recorded
neurons and the L6/white matter border was calculated.

The complexity of dendritic processes was calculated through the fol-
lowing equation [complexity = (sum of the terminal orders + number of
terminals) X (total dendritic length/number of primary dendrites)]
derived from the dendritic complexity index (Pillai et al., 2012). The sta-
tistical differences for all group data across different cell types and age
groups were tested with the Kruskal-Wallis test. If the Prob > F showed
a significant difference (p <0.05), a post hoc Bonferroni’s test was per-
formed across cell types and age groups to determine which means
differed. The data were plotted as mean+SEM. We also performed
Sholl analysis on the reconstructed neurons using the Neurolucida soft-
ware (MBF Bioscience) to study the complexity of the neurons. Briefly,
the 3D space surrounding the cell body was separated into 3D shell-like
compartments of 5 um thickness. The number of intersections of basal
and apical dendrites within each compartment was counted, and then
the number of intersections for every 25 um was summed and plotted
against the distance from the soma. For statistical comparison between
the SpNs subtypes, a rank-sum test was used. All figures were plotted
as mean = SEM.

Results

The subplate comprises different subtypes of SpNs with distinct
molecular identities (Hoerder-Suabedissen et al., 2009; Hoerder-
Suabedissen and Molndr, 2013). The distribution of these molec-
ular subclasses differs across the sensory cortices (Chang et al.,
2024). For example, during the first three postnatal weeks, the
ACtx contains more CTGF- than Drdl-expressing neurons
(Chang et al.,, 2024). We sought to investigate the functional
differences between the different molecular types of SpNs in
the ACtx. In the somatosensory cortex, the Drd1 population con-
sists of L6b neurons projecting to L1 (located within ~100 pm
from the white matter border) and corticothalamic neurons pro-
jecting to the thalamus (above ~100 pm from the white matter
border; Kim et al., 2024). Our prior anatomical comparison study
across sensory cortices has demonstrated that these genetically
labeled neurons are restricted to within 100 um of the border
of white matter in the ACtx compared with somatosensory and
visual cortices (Chang et al., 2024; Fig. 1C). Thus, we here
restricted our study to neurons within 100 um of the border of
white matter. This provided specificity in the selection of the
recorded cells, ensuring that no other neurons residing outside
the subplate or L6b were included in our study. To explore
whether molecularly defined SpNs share distinct cortical connec-
tivity and undergo changes with age, we aimed to study the elec-
trophysiological properties and functional circuits of SpNs in the
ACtx before and after the presence of peripheral auditory inputs
(i.e., P7-P9, P14-P20, and P60-P80; Fig. 1A). To target specific
cell types, we expressed tdTomato fluorescent reporter in these
subsets of SpNs: (1) CTGF-tdTomato or (2) Drdl-tdTomato
(Fig. 1B). For ease of reading, we will refer to these SpNs as
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CTGF and Drd1 neurons, respectively. For consistency, we chose
to label CTGF and Drd1 neurons as SpNs during the first 3 post-
natal weeks and as L6b at P60-P80, following the nomenclature
used in previous studies (Pifion et al., 2009; Hoerder-Suabedissen
and Molnar, 2012; Zolnik et al., 2020; Ghezzi et al., 2021; Kim
et al, 2024). The lamina lying between L5 and subplate/L6b,
comprised of L6 corticothalamic neurons (or L6a), were termed
as L6 at all examined ages.

CTGF and Drd1 SpNs have similar intrinsic properties during
the first 3 postnatal weeks

The intrinsic membrane properties of SpNs progressively mature
during the first 2 postnatal weeks in rodents (Zhao et al., 2009;
Liao and Lee, 2012). However, it is unclear whether different
molecular types of SpNs share similar membrane properties
and if they mature on a similar timeline. Therefore, we first per-
formed whole-cell current-clamp recordings on SpNs in thala-
mocortical brain slices that contained both medial geniculate
body (MGB) and Al at P7-P9 (CTGF, 22 cells; Drdl, 21 cells)
and P14-P20 (CTGEF, 23 cells; Drdl, 20 cells; Fig. 1D). Upon a
series of current injections, both subtypes of SpNs were capable
of firing overshooting action potentials at both time points.
Figure 1E showed an exemplar voltage traces from CTGF
(blue) and Drd1 neurons (red). We characterized the membrane
resistance, resting potential, spike threshold, and spike ampli-
tude. There were no significant differences in the passive and
active membrane properties between the two subtypes at both
examined age groups (Fig. 1F-I). When comparing the P7-P9
and P14-P20 age groups, the resting membrane potential was
slightly more depolarized in the younger age group, and the
input resistance declined with age for both CTGF and Drd1 neu-
rons (Fig. 1F,G; p<0.05; Kruskal-Wallis test with post hoc
Bonferroni’s). This developmental maturation of the passive
membrane properties is consistent with prior results (Zhao
et al., 2009; Liao and Lee, 2012). For the active membrane
properties, we analyzed the first evoked action potential in
each recording. The spike threshold became more negative
from P7-P9 to P14-P20 for both subtypes (Fig. 1H), and the
amplitude of the spikes increased with age (Fig. 1I; p <0.05;
Kruskal-Wallis test with post hoc Bonferroni’s). The intrinsic
properties of excitatory and inhibitory neurons in the L2/3 of
the ACtx mature ~P19 (Oswald and Reyes, 2008, 2011). Since
SpNs are born earlier and since most of these neurons achieve
maturation or die off during the first 3 postnatal weeks (Hoerder-
Suabedissen and Molnar, 2013), we speculated that their membrane
properties would not change after the third postnatal week
into adulthood. To confirm this speculation, we recorded L6b
neurons at P60-P80 (eight CTGF and six Drdl neurons). The
intrinsic properties for both subtypes of L6b neurons at P60-P80
(Vieso CTGF=-6344+2.58 mV; Drdl = —57.81+2.8 mV; Ry,
CTGF =318.15+25.12 MOhm; Drdl =340.26 +£20.27 MOhmy;
threshold, CTGF =-38.55+0.62 mV; Drdl =-35.86+1.06 mV;
amplitude, CTGF=77.62+5.06 mV; Drdl=79.74+2.22 mV)
were similar to their respective age groups at P14-P20 (p>0.05;
Kruskal-Wallis test with post hoc Bonferroni’s), indicating that
intrinsic properties did not change after the third postnatal weeks.
Additionally, there were no significant differences between the
two subtypes at P60-P80 (p > 0.05; Kruskal-Wallis test with post
hoc Bonferroni’s). Overall, these results demonstrate that SpNs of
both molecular classes show similar passive and active membrane
properties. Both types of SpNs progressively mature from the sec-
ond to third postnatal week and that intrinsic properties remain sta-

ble to adulthood.
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CTGF and Drd1 SpNs receive more intracortical inputs from
the lower layers and prune with age

SpNs receive synaptic inputs from within the subplate and
from other cortical layers, and the spatial pattern of laminar
inputs changes over time during the first 2 postnatal weeks
(Viswanathan et al.,, 2012; Meng et al., 2014). We thus investi-
gated if functional connections to each subtype of SpNs develop
differently by performing whole-cell voltage-clamp recordings
coupled with LSPS (Shepherd et al., 2003). Since many SpNs sur-
vive to adulthood and form L6b in rodents (Valverde et al., 1995;
Clancy et al., 2001), we also recorded L6b neurons in adult mice.
Again, we restricted our study to neurons within 100 pum of
the border of white matter to exclude L6a neurons. Prior
cell-attached recordings under identical conditions have demon-
strated that neurons ranging from P4 to 1-year-old mice located

across cortical L2-6 and within the subplate/L6b of the ACtx are
capable of firing action potentials in response to photo-released
glutamate and that the spatial resolution of LSPS remained stable
with age (Viswanathan et al., 2012; Meng et al., 2014, 2021; Xue
etal., 2023). We thus mapped CTGF and Drd1 neurons targeting
three different time windows: P7-P9 (CTGF, 24 cells; Drdl,
28 cells), P14-P20 (CTGF, 23 cells; Drdl, 33 cells), and
P60-P80 (CTGF, 24 cells; Drdl, 28 cells).

To record the evoked excitatory synaptic currents, cells were
held at =70 mV; to record inhibitory synaptic currents, cells were
held at 0 mV (Fig. 2A). For each cell and each stimulation site, we
identified if the cell received a synaptic input (see Materials and
Methods) and generated binary connection maps (one excitatory
and one inhibitory) for each cell, which indicate the stimulus
locations providing input to the cell (Fig. 2Aiii,iv). The soma of
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the recorded cells in each age group was aligned, and a spatial ~ each stimulus location, the fraction of cells that receive inputs
connection probability map was generated by averaging the  from this particular stimulus location. At P7-P9, both CTGF
inputs at each stimulus site across cells. This map indicates, for ~ and Drdl neurons receive abundant excitatory (left panel) and
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inhibitory (right panel) input from within the subplate but also
input from the other cortical layers, including L4 (Fig. 2B,E), con-
sistent with prior observations (Viswanathan et al, 2012).
Inspection of these maps in the different age groups showed
that the probability of an evoked excitatory and inhibitory synap-
tic event decreases with age, as indicated in the pseudocolor maps
at P14-P20 (Fig. 2C,F) and at P60-P80 (Fig. 2D,G). These results
show that both subtypes of SpNs receive abundant intracortical
inputs and that these inputs change with age.

CTGF and Drd1 SpNs share similar excitatory intracortical
input patterns across age

The decrease in the connection probability map with age can be
due to a decrease in connection or diversification of the inputs
with age. If all the maps of individual cells were identical, the
average spatial connectivity map would have a connection prob-
ability of 1 wherever there is an overlap. However, if all the maps
are very different but still have some overlaps, even if each map
still has the same number of inputs, the average spatial connec-
tivity map would show a lower connection probability in the
overlapping areas. To first test if the amount of inputs decreased
with age, we quantified the contribution of synaptic inputs from
each cortical lamina on each SpN. For each cell, we calculated the
area within each layer that provided inputs to the SpN. The mea-
surement reflects the number of synaptic connections from each
cortical layer to the recorded neuron (bar plots in Fig. 2B-D for
EPCSs and Fig. 2E-G for IPSCs). The excitatory input areas to
CTGF and Drdl neurons were mostly similar, except that there
was a tendency of more excitatory synaptic connections from
within the subplate on Drdl compared with CTGF neurons
at P7-P9 (p=0.0544; Kruskal-Wallis test with post hoc
Bonferroni’s). In addition, both subtypes showed pruning in
excitatory synaptic connections with age, especially those from
lower layers to SpNs (Fig. 2B-D, bar plots). The amount of excit-
atory synaptic connections from L5 on CTGF neurons declined
by ~76% (p=0.01), and L5 input to Drdl neurons declined by
73% (p < 0.0001) at P60-P80 compared with P7-P9 (Fig. 2D,
#). The amount of excitatory synaptic connections from L6
also showed a decline of 40% for CTGF (p=0.03) and 59% for
Drd1 neurons (p <0.0001; Fig. 2D, #). In contrast, the amount
of excitatory synaptic connections within the L6b on Drd1 neu-
rons at P60-P80 showed a decline of 58% (p<0.0001), while
those on CTGF neurons showed no significant changes when
comparing with their respective younger age groups (p=0.22;
Kruskal-Wallis test with post hoc Bonferroni’s; Fig. 2D, #).
Although there were no statistical differences between the two
subtypes at all examined ages, the developmental trends suggest
that the excitatory synaptic connections within the subplate/L6b
on CTGF neurons likely reach a steady state by P7, while those on
Drdl neurons continue to decline to adulthood. Overall, when
comparing the two subtypes, the excitatory synaptic inputs
from L1-L3, L4, L5, and L6 and within subplate/L6b to CTGF
and Drdl neurons were similar at all examined age groups.
These results suggest that overall excitatory intracortical connec-
tion to both types of SpNs largely develops similarly and reduces
into adulthood.

CTGF and Drd1 SpNs differ in inhibitory intracortical
patterns across age

We next analyzed the maturation of intracortical inhibitory
inputs to SpNs. In contrast to the largely similar amounts of
excitatory inputs to CTGF and Drd1 neurons, inhibitory inputs
showed large differences between SpN classes. There were
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more inhibitory synaptic connections from within the subplate
on Drdl (7.4+0.5x10* um®) when compared with CTGF
neurons (4.4+0.3x10* um?* p<0.001; Kruskal-Wallis test
with post hoc Bonferroni’s) at P7-P9 (Fig. 2E bar plots). Such
differences were not obvious at P14-P20 (Fig. 2F). However,
at P60-P80, an opposite relationship was observed where
there were more inhibitory connections to CTGF (7.7 £0.4 x
10* um?) than Drdl neurons (5.6+0.4x 10* um?% p=0.011,
Kruskal-Wallis test with post hoc Bonferroni’s; Fig. 2G). This
is likely due to a developmental change in CTGF neurons where
there were more synaptic connections from within the subplate
at P14-P20 compared with their respective younger age group
(P7-P9, 7.0 £0.7 x 10* um*; p=0.003; Kruskal-Wallis test with
post hoc Bonferroni’s; Fig. 2F), while such developmental
changes were not found in Drdl neurons. In addition, at
P60-P80, there was a trend of a higher amount of inhibitory
synaptic inputs from L6 on CTGF (5.1 +0.5x 10* um®) than
that on Drd1 neurons (3.4 + 0.4 x 10* um? p=0.058; Kruskal-
Wallis test with post hoc Bonferroni’s; Fig. 2G). We also found
the amount of inhibitory synaptic connections from L1-3 and
L4 on CTGF neurons increased by 5.4-fold, while those connec-
tions from L1-3 and L4 on Drdl neurons increased only by
2.7-fold and 3.8-fold, respectively (p < 0.05; Kruskal-Wallis test
with post hoc Bonferroni’s). However, the amount of inhibitory
synaptic connections from L5 prunes by ~52% between P7-P9
and P60-P80 for both CTGF and Drdl neurons (p<0.001;
Kruskal-Wallis test with post hoc Bonferroni’s). The amounts
of inhibitory connections from L6 on both CTGF and Drd1 neu-
rons at P60-P80 did not change significantly from P7-P9 for
each respective subtype. In contrast, the developmental trajecto-
ries of inhibitory synaptic connections from within the subplate/
L6b to CTGF and Drdl neurons were opposite; there were no
significant changes between P7-P9 and P60-P80 for Drdl neu-
rons but an increase of ~25% of synaptic connections on
CTGF subtypes (Fig. 2E,G). Together, these results show that
the molecular subtypes of SpNs receive similar excitatory intra-
cortical connectivity patterns during development but not inhib-
itory intracortical connections. Not only do these subtypes have
different amounts of inhibitory inputs, their intracortical connec-
tivity also develops in a lamina-dependent manner.

The changes in laminar inputs suggested that the balance of
inputs from each lamina changes with development. Thus, we
measured the fraction of inputs provided by each layer (total
input area from each cortical layer divided by the total input
area; Fig. 2H,I). At P7-P9, the largest relative input area contrib-
uting to the excitatory synaptic events on recorded CTGF and
Drdl neurons mostly comes from L5 (CTGF, ~51%; Drdl,
~45%), followed by L6 (CTGF, ~23%; Drdl, ~22%) and SP
(CTGF, ~21%; Drd1, ~29%; Fig. 2H). Similarly, the relative input
areas contributing to the inhibitory synaptic events on a recorded
CTGF (L5, ~46%; L6, ~29%; SP, ~23%) and Drd1 neurons are
mainly from the lower layers (L5, ~45%; L6, ~24%; SP, ~28%;
Fig. 2I). At P14-P20, the fraction of input area that showed
synaptic connections with recorded CTGF neurons (EPSCs,
~96%; IPSCs, 93%) and Drdl neurons (EPSCs, ~94%; IPSCs,
90%) are still mainly from the lower layers (Fig. 2H,I). Such pro-
portion of spatial intracortical input retained to adulthood for
CTGF (EPSCs, ~92; IPSCs, 87%) and Drdl (EPSCs, ~95%;
IPSCs, ~86%; Fig. 2H,I). In addition, our analysis showed an
increase in the proportion of inhibitory connection from upper
layers (L1-3 and L4) to both subtypes increases with age
(P7-P9—P14-P20—-P60-P80; CTGF, 2.2—7.3—12.7%; Drdl,
3.1-10.3—-14.3%; Fig. 2I). Cortical maturation in the upper
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layers in the ACtx is still ongoing during the first 2 postnatal
weeks (Chang et al., 2018). During this period, the thalamocorti-
calinputs are refined in L4 (Barkat et al., 2011), and the excitatory
and inhibitory neurons in L2/3 are maturing (Oswald and Reyes,
2008, 2011). We speculate that the increase in the inhibitory con-
nection from the upper layers reflects the maturation of inhibi-
tory connectivity, which coincides with the opening of the
critical period (Takesian et al., 2018). Overall, our analysis
showed that CTGF and Drd1 neurons received more excitatory
and inhibitory inputs from L5 and L6 and within the subplate
compared with the upper layers for each age group. Our results
also showed that CTGF and Drd1 neurons differed more in their
inhibitory than excitatory inputs.

Chang, Xu, et al. e Connectivity of Subplate Neuron Subtypes

CTGF and Drd1 SpNs show differences in the strength of
inhibition

So far, we have shown that CTGF and Drd1 neurons differ in the
amounts of intracortical input they receive from the different
cortical layers. Differences in neural connectivity can be mani-
fested in the number of connections as well as changes in the
strength of connections. Thus, we next quantified the synaptic
strength from each stimulus location by calculating the average
transferred charge of the EPSCs from each stimulus location
and the averaging across all locations within each layer (Fig. 3).
From the two-dimensional maps, a decrease in the EPSC charge
with age was noticeable for both SpN subtypes (Fig. 3A-C). The
excitatory synaptic strength from each cortical layer on CTGF
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and Drdl neurons were similar at P7-P9, except for those from
L1-3 (CTGF, 0.2%0.1 pC; Drdl, 0.3 +0.1 pC; p = 0.04; Kruskal-
Wallis test with post hoc Bonferroni’s). Although the area of con-
nections was similar (Fig. 2B), the average transferred charge was
higher in the Drd1 than in CTGF neurons (Fig. 3A), suggesting
stronger excitatory synaptic connections from L1-3 neurons to
Drdl SpNs. Such differences disappear at the third postnatal
week, and the subpopulations remain similar into adulthood
(Fig. 3B,C). Developmentally, for both CTGF and Drdl SpNs,
the synaptic strength decreases for all cortical layers from
P7-P9 to P60-P80 (p < 0.05; Kruskal-Wallis test with post hoc
Bonferroni’s; Fig. 34,C).

The inhibitory synaptic input strength to CTGF and Drdl
neurons, on the other hand, showed different developmental pat-
terns from the excitatory inputs. From the two-dimensional
maps, it is noticeable that for CTGF neurons, there is an increase
of transferred charge between P7-P9 and P14-P20 and then a
decrease at P60-P80, while for Drdl neurons, the transferred
charge continuously decreased from P7-P9 to P60-P80
(Fig. 3D-F). Quantitative analysis showed that such changes
were lamina-dependent (Fig. 3D-F, bar plots). The synaptic
strength from L1-3 and L4 on CTGF and Drdl neurons did
not change during development (Fig. 3D-F), although the
number of connections (Fig. 2E-G) increased from P7-P9 to
P60-P80. The synaptic strength from L5 neurons on CTGF
and Drdl neurons decreased from P7-P9 to P60-P80 (CTGF,
47+0.4 pC—2.2+0.3 pC; p=0.0001; Drdl, 7.2+ 0.7 pC—3.6 +
0.4 pC; p=0.002). The synaptic connection strength from L6
on CTGF neurons remained similar from P7-P9 (9.4+0.7 pC)
to P60-P80 (6.8+0.6 pC; p=0.08). Meanwhile, the synaptic
strength on Drdl neurons decreased significantly from P7-P9
(16.4+1.7 pC) to P14-P20 (9.5+0.9 pC; p=0.02) and then
remained similar at P60-P80 (7.4 + 1.0 pC; Fig. 3D-F, bar plots).
At P7-P9, inhibition from within the subplate was stronger on
Drdl neurons (14.9 1.7 pC) than on CTGF neurons (7.2 +0.6
pC, p=0.004, Kruskal-Wallis test with post hoc Bonferroni’s;
Fig. 3D). Such differences were less obvious at P14-P20, as there
was a slight increase of synaptic strength on CTGF neurons
(122+14 pGC; p=1; Kruskal-Wallis test with post hoc
Bonferroni’s; Fig. 3E). At P60-P80, inhibition on both neurons
declined to similar levels (Fig. 3F). Overall, these results suggest
that different molecular subgroups of SpNs are integrated differ-
ently into the cortical circuits and thus likely play different func-
tional roles, especially during development.

SpNs receive relatively more excitatory inputs from L4 during
the first postnatal weeks but L4 inputs in Drd1 neurons
became relatively more inhibitory in adults when compared
with CTGF neurons

So far, we have analyzed the strength of excitatory and inhibitory
synaptic inputs from each layer separately (Fig. 3). Our analysis
showed that the spatial and temporal patterns for both excitatory
and inhibitory circuits change differently over development for
both subtypes of SpNs. The net effect of activity in each layer
depends on the balance of excitation and inhibition; thus, we cal-
culated the E/I balance index [(E—1I)/(E+1I)] based on the mean
charge for the laminar inputs on CTGF and Drd1 neurons (Meng
etal, 2015, 2017, 2020, 2021). A positive E/I balance index toward
1 indicates the neurons received excitation-dominant inputs,
while a negative index toward —1 indicates the neurons received
inhibition-dominant inputs. At P7-P9, the E/I index is negative
for inputs from all layers except Layer 4, indicating a relative pau-
city of inhibitory inputs and relatively stronger excitation from L4
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(Fig. 3G). With age, the E/I index in L4 for both subtypes became
more inhibition-dominant, especially for Drd1 neurons (Fig. 3Gii).
The switching from excitation-dominant to inhibition-dominant
is likely due to the maturation of inhibitory neurons in the upper
layers (Oswald and Reyes, 2011) and the strengthening of thalamo-
cortical inputs on L4 neurons with the ear-canals opening (Barkat
etal., 2011). Although the L4 E/I index of CTGF and Drd1 neurons
were not significantly different at this time point (P14-P20,
p =0.057), the E/I index in L4 was more negative for Drdl than
CTGF neurons in adults (p <0.05 Kruskal-Wallis test with post
hoc Bonferroni’s; Fig. 3G, right). Together, these results suggest
that CTGF and Drd1 SpNs show differences with respect to their
balance of excitatory and inhibitory input strength, especially
from L4 at older ages. Moreover, our results show that both sub-
groups receive relatively more excitatory input from L4 than any
other layer at young ages.

Upper layers inputs on SpN’s are biased to originate from the
caudal direction during the early postnatal period, but not in
adult

We performed our recordings in thalamocortical slices; such that
the rostrocaudal direction (tonotopic organization) is preserved
in the slice (left-right in the 2D maps). From the spatial connection
probability map (Fig. 2), we noticed relatively more upper layer
inputs originating from the right (caudal) side of the recorded neu-
rons. To quantitatively examine whether the SpNs potentially
receive intracortical inputs in a spatially biased manner, we ana-
lyzed the spatial range of inputs, which accounts for 80% of
responses along the tonotopic (rostrocaudal) axis (see Materials
and Methods). At P7-P9, the averaged excitatory and inhibitory
inputs from the upper layers (>500 pm) on CTGF and Drdl neu-
rons are biased to the right (caudal) direction, but such a bias is not
present for inputs from the lower layers (<500 pum; Fig. 4Ai,Bi).
This pattern of the bias remained at P14-P20, but the spatial range
of intracortical inputs from the upper layers now shifted more
toward the center (Fig. 4Aii,Bii). In the adult, the excitatory inputs
on CTGF neurons from the area between ~700 and 900 um (likely
L2) were biased to the rostral direction, while the inputs from the
area between ~500 and 700 pm were biased to the caudal direction
(Fig. 4Aiii). Meanwhile, our analysis of Drdl neurons indicated
that inputs from the mid-upper layers (between ~500 and
900 um) were biased to the rostral direction (Fig. 4Aiii). In con-
trast, the inhibitory inputs to both CTGF and Drdl neurons
from each layer were distributed evenly between the rostral and
caudal directions (Fig. 4Biii). The term cortical “column” is ambig-
uous and can refer to structures ranging from small-scale columns
(~50 pm in diameter) to larger-scale columns (~300-500 pm in
diameter; Jones, 2000; Rockland, 2010). Our analysis shows that
the integration of other cortical inputs on SpNs/L6b neurons
remains confined within a radial column of 0-500 pm throughout
development. While the excitatory inputs from the upper layers
exhibit a developmental remodeling from the caudal direction
toward the rostral direction, the inhibitory inputs shift from the
caudal direction toward the center. Despite these shifts, the process
remains within a columnar organization. Additionally, such devel-
opmental changes were observed, especially after the ear canals
opened, suggesting the peripheral inputs likely shape this process.

The dendritic processes of CTGF SpNs are more complex than
those of Drdl SpN at P14-P20, but not in the adult

Previous studies have demonstrated a variation in neuronal
morphology among SpNs (Wahle et al., 1987; Valverde and
Facal-Valverde, 1988; deAzevedo et al., 1997; Robertson et al.,
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2000; Hanganu et al., 2002; Hoerder-Suabedissen and Molnar,
2012). Therefore, we investigated if the molecularly defined
SpNs share distinct neuronal morphology. All the recorded neu-
rons were within 100 um from the white matter border in the
ACtx. Among all the recorded neurons, 43 CTGF (P7-P9, 13;
P14-P20, 16; P60-P80, 14) and 37 Drdl neurons (P7-P9, 8;
P14-P20, 13; P60-P80, 16) were reconstructed, and their dis-
tance from the white matter is plotted against age (Fig. 5A).
Next, we categorized the reconstructed neurons into (1) pyrami-
dal, (2) multipolar, (3) horizontal, and (4) inverted-pyramidal
neurons (see details in Materials and Methods). For CTGF neu-
rons, there were 22/42 pyramidal, 8/42 multipolar, 12/42 hori-
zontal, and 1/42 inverted-pyramidal neurons. For Drdl
neurons, there were 22/35 pyramidal, 10/35 multipolar, 5/39 hor-
izontal, and 0/39 inverted-pyramidal neurons. In addition, there
were some pyramidal neurons with processes projecting either to
the left or right from the soma, instead of projecting tangentially
toward the pia (Fig. 5B-D). Since the number of neurons recon-
structed was low, we did not statistically compare the data
between genotypes or age groups. However, we did notice
more angled pyramidal neurons among the pyramidal neurons
class in the older age groups (# angled pyramidal neurons/total
pyramidal neurons, P7-P9, CTGF =3/7; Drdl =2/6; P14-P20,
CTGF =3/6; Drdl=3/6; P60-P80, CTGF =8/9; Drdl=6/10).
Next, we performed Sholl analysis to characterize dendritic mor-
phology. At P7-P9, Sholl analysis shows that the number of
intersections was similar between CTGF and Drdl neurons
(Fig. 5E). However, at P14-P20, there were more intersections
found in the CTGF neurons compared with Drd1 neurons, par-
ticularly in the range of 100-400 um from the soma (p <0.05;

rank-sum test; Fig. 5E). Additionally, the complexity of CTGF
neurons’ processes was higher than Drdl neurons (p=0.04;
Kruskal-Wallis with post hoc Bonferroni’s; Fig. 5F). Although
the increase in the dendritic branching in CTGF neurons from
P7-P9 to P14-P20 coincides with the developmental increment
of the amount of inhibitory synaptic connections observed in
CTGF SpNs (Fig. 3D,E), we did not observe any functional differ-
ences between CTGF and Drd1 neurons at P14-P20. Therefore,
the complexity of SpNs’ morphology does not necessarily reflect
functional synapses and may not be relevant to their functional
properties. Later, at P60-P80, such differences were not present,
likely due to the pruning of dendrites during development
regardless of cell types. Together, these results demonstrate
that a diverse neuronal morphology exists even among the
same molecularly defined SpNs. In addition, although CTGF
and Drd1 neurons initially exhibit distinct complexity of dendri-
tic processes, the dendrites eventually prune with age and
become less distinct.

Circuit diversity in both groups of SpNs increases with age

Our functional maps and the analysis of neuronal morphology
indicated a variation of intracortical inputs even within the
same molecular class of SpNs (Fig. 4). In L2/3 cells, the functional
diversity is lowest in the critical period and increases with further
development (Meng et al.,, 2020). To test whether such a change
in circuit diversity also occurs in SpNs, we quantified the func-
tional circuit diversity in each group by calculating the pairwise
correlation of the probability connection map (Meng et al,
2020) within each subtype and their respective age groups. If
all the connectivity maps for the recorded SpNs are similar
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within the same molecular class and age group, the correlation
will be high; otherwise, the correlation will be low (Fig. 6A). In
general, both excitatory and inhibitory connection maps showed
a continuous decrease in the correlation coefficient with age, for
both CTGF and Drdl neurons (p <0.05; Kruskal-Wallis with
post hoc Bonferroni’s; Fig. 6A). These results suggest that there
is an increase of circuit diversity with age despite their distinct
molecular classes, consistent with similar observations in L2/3
(Meng et al., 2020). However, these changes occur earlier in
SpNs than in L2/3 neurons, reflecting the early maturation of
SpNs. When comparing both SpN subtypes in detail, CTGF neu-
rons show more diverse excitatory and inhibitory circuit patterns
than Drd1 neurons at P7-P9 (excitatory, p = 0.02; inhibitory, p=
0.001; Kruskal-Wallis with post hoc Bonferroni’s). In adults, the
circuit pattern for excitatory inputs was similar between CTGF
and Drdl neurons but not for inhibitory inputs where there is
more diversity within the Drdl neurons (p<0.001; Kruskal-
Wallis with post hoc Bonferroni’s). To gain detailed insight
into how inputs from each stimulation location contributed to
the developmentally emerging circuit diversity, we computed
the Fano factor map (see Materials and Methods). A higher
Fano factor value (red) indicates higher circuit diversity and
vice versa (Fig. 6B,C). The results show that the Fano factor is
highest for distal inputs in both groups. Moreover, the Fano fac-
tor maps show that the excitatory inputs from lower cortical lay-
ers are similar at P7-P9 but became more diverse with age
(Fig. 6B). Similarly, the inhibitory inputs also indicate an increase
of diversity with age for both subtypes (Fig. 6C). Overall, the
results suggest that the functional connectivity on SpNs became
more diverse with age and that these changes occur earlier in
SpNs than in L2/3 neurons.
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The development of cortical connections on SpNs differ
between CTGF and Drdl

Similar to prior studies of all SpNs (Viswanathan et al., 2012; Meng
et al,, 2014), within each molecular class of SpNs, we noticed a
marked heterogeneity in the spatial connection patterns. We thus
sought to investigate if there were underlying types (“primitives”)
of connection probability patterns across groups especially with
respect to integration across the tonotopic axis and across the cor-
tical laminae. For each recorded neuron, we measured the colum-
nar extent and fraction of cortical extent (ventricle to pia) across
the cortical layers of the spatial excitatory connection maps that
accounted for 80% of the responses. We then plotted the cortical
extent against the columnar extent (Fig. 7A). Most cortical inputs
across the tonotopic axis fell in the 400-1,000 pm range, but the
integration fraction across the cortical extent varied widely from
10 to 100% (Fig. 7A). To investigate if molecularly defined SpNs
can be separated into different classes, we used two-dimensional
k-means clustering on all spatial connection patterns and calcu-
lated the Dunn index to determine the optimal number of clusters
(Fig. 7B). We found that the recorded cells could be grouped into
three classes based on their spatial excitatory inputs (Fig. 7B).
Group 1 showed extending inputs from upper layers, while
Group 2 and 3 shared similar degrees of cortical extent ratio across
the cortical layers, receiving inputs mostly from the lower layers.
We also note that group 2 and 3 mainly differed in their integra-
tions across the column where Group 2 was characterized by the
limited coverage of columnar inputs, while Group 3 received
extending inputs across the tonotopic axis. These results are consis-
tent with prior observations (Viswanathan et al., 2012; Meng et al.,
2014). To probe whether the molecular class contributes to distinct
groups in intracortical connectivity, we calculated the fraction of
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Figure 7.  CTGF and Drd1 neurons form three groups based on distinct spatial input patterns. A, A scatterplot of cortical extent versus columnar extent of all recorded neurons (CTGF and Drd1)
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SpNs of each molecular type falling into each group at all age
groups (Fig. 7C). At both time window, P7-P9 and P14-P20,
most CTGF and Drdl SpNs were dominated by Group 2
(P7-P9, CTGF = 54%; Drd1 =75%; P14-P20, CTGF = 48%; Drd1
=55%) followed by Group 3 (P7-P9, CTGF =42%; Drdl =21%;
P14-P20, CTGF =48%; Drdl =21%). Meanwhile, the proportion
of Group 1 was similar between CTGF and Drdl at P7-P9 but
not at P14-P20 (P7-P9, CTGF=4%; Drdl=4%; P14-P20,
CTGF =4%; Drdl =24%). With age, the proportion of all three
groups became more balanced, with a slight dominance of
Group 2 (CTGF, 46%; Drd1, 36%) and the increase of Group 1 pro-
portion in CTGF SpNs (4—29% from P14-P20 to P60-P80). To
further investigate the underlying connection patterns within
each cluster group, we plotted the cortical extent against the colum-
nar extent for each molecularly labeled subgroup and age group
(Fig. 7D). Before the ear canals opened, both subtypes of SpNs
were exhibiting connection patterns that fall into Group 2 and
Group 3, where cells received inputs mostly from the lower layers
(Fig. 7D, left). At P14-P20, with the presence of more thalamocor-
tical inputs, there were more Drdl SpNs received intracortical

inputs with higher cortical coverage (CTGF, 60%; n=1; Drdl,
60-95%; n=238; Fig. 7D, middle), suggesting that Drd1l neurons
may play a more prominent role in receiving and processing thala-
mocortical inputs during the critical period. At P60-P80, more
Group 1 neurons presented in CTGF SpNs, where their cortical
extent also increased to the extent similar to Drdl SpNs.
However, there is a slight difference in their columnar inputs,
where the inputs on CTGF neurons span between 600 and
1,000 um, while those on Drdl neurons mostly span 600-
700 um (Fig. 7D, right). In contrast, Group 2 and 3 SpNs showed
similar levels of sparseness throughout age without any obvious
indication of further small subcluster groups. These results further
suggest that the development of circuits among different cell types
might occur at different time points.

Discussion

SpNs are a molecularly and functionally heterogeneous neural
population. Prior studies have demonstrated a diverse pattern
of functional intracortical connectivity in SpNs within the
ACtx during the first 2 postnatal weeks (Viswanathan et al,
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2012; Meng et al., 2014), but SpNs were recorded based on posi-
tion within the subplate but without regard to the molecular sub-
type. As a result, there is no information on the molecular
subtype and neuronal morphology of these recorded cells.
Here, we aimed to use genetically labeled SpNs to explore the cor-
relation of molecular expression, neuronal morphology, and
functional intracortical circuitry. Moreover, we extended the
experimental timeline to young adults (P60-P80) in the ACtx
to identify if SpN properties are transformed. While the func-
tional connectivity study on CTGF and Drdl neurons in the
somatosensory cortex has been studied (Ansorge et al., 2020;
Zolnik et al., 2020, 2024; Yoneda et al., 2023), sensory cortices
differ in their composition of SpN subtypes (Chang et al,
2024) and also show different maturation of their cytoarchitec-
tural features (Chang et al., 2018). Given that the auditory system
in rodents shows delineated developmental stages due to postna-
tal ear opening, we here focused on the ACtx.

In this study, we spatially mapped the functional synaptic
inputs to molecularly defined classes of SpNs and showed that
molecular subclasses of SpNs show a large amount of similarity
in the excitatory synaptic connections but differ in the inhibitory
synaptic connections at key developmental ages. The areas of
excitatory laminar input and the respective synaptic strength
for both molecular classes decrease over development, consistent
with the pruning of connections. The main difference between
the molecular classes is the amount of inhibitory input. The
strength of inhibitory inputs in Drdl neurons is larger at P7-
P9 than in CTGF neurons, and inputs to Drdl neurons are
more extensive. Drdl neurons also have a relatively positive
shifted E/I balance index for inputs from L4, indicating the pre-
ponderance of excitatory inputs from L4 in this class of SpNs.
Based on the reconstructed neuronal morphology, we observed
that most Drd1 neurons have apical processes extending toward
the upper layers, while CTGF neurons typically extend horizon-
tally, parallel to the white matter (Fig. 5C). Since anatomical fea-
tures do not necessarily correlate with function, we interpret the
data cautiously. We speculate that Drdl neurons receive more
inputs from L4 than CTGF neurons at P7-P9, likely due to their
morphology, which increases the likelihood of making connec-
tions with L4 neurons. Furthermore, the clustering analysis
also indicated that among Drd1l neurons, there was an increase
of subgroups (i.e., Group 1; Fig. 7) receiving inputs from upper
layers between P14 and P20. Since Drdl neurons project to the
higher-order thalamus (Viswanathan et al, 2017; Hoerder-
Suabedissen et al., 2018; Zolnik et al., 2020), we speculate that
Drdl neurons likely mediate a direct connection between thala-
morecipient L4 and the higher-order thalamus. Thus, molecular
classes of SpNs represent different functional circuits and likely
play different roles in development.

At P14-P20, although the number of intersections found in
CTGF neurons increased and was higher than in Drdl neurons,
we did not find any significant difference in the connection probabil-
ity and transferred charge between the two subtypes at this age group
(Figs. 2, 3). These results suggest that each dendritic branch of CTGF
neurons might have fewer synapses than a dendritic branch of Drd1
neurons, suggesting differing dendritic computations in CTGF and
Drdl neurons. While ultrastructural analysis, e.g., spine analysis
could be a potential measure, it is outside the scope of this study.
Moreover, such a measure does not strictly correlate with functional
connections, as each functional connection could involve one or
multiple parallel synapses. Therefore, we did not find direct evidence
suggesting a strong correlation between molecular subtypes, neuro-
nal morphology, and functional properties.
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In rodents, many SpNs survive and form L6b (Clancy et al.,
2001; Hoerder-Suabedissen et al., 2018). Prior functional studies
of SpN circuits focus on the first 2 postnatal weeks (Viswanathan
et al,, 2012; Meng et al., 2014). Our current study extends the
functional understanding of SpN circuit development to adult-
hood and thus connects SpNs to L6b cells. Functionally, L6b neu-
rons receive local intracortical and long-range inputs, but the
different molecular classes were thought to be similar with
respect to their intracortical sources in adults (Zolnik et al.,
2020). Our study demonstrated that the amounts of excitatory
synaptic inputs to CTGF and Drdl neurons were similar, while
inhibitory inputs from within the L6b were higher for CTGF
than for Drdl at P60-P80. The differences between studies are
likely due to technical differences and/or the examined sensory
area. Prior work in the somatosensory cortex used viral transfec-
tion (rabies-based monosynaptic retrograde tracing on the
Drdla-Cre and Ctgf-dgCre lines) to quantify the neurons syn-
apsing on Drdl and CTGF neurons (Zolnik et al., 2020); we
here apply photostimulation using caged glutamate in in vitro
thalamocortical slices. Our analysis is limited to the area of the
thickness of the auditory thalamocortical slices, while the prior
anatomical study may cover a larger volume of the somatosen-
sory cortex. Another explanation for the differences is that the
composition of CTGF and Drdl1 neurons differs between soma-
tosensory and auditory cortices (Chang et al., 2024). There are
almost twofold more CTGF and Drd1 neurons in the somatosen-
sory cortex than in the ACtx, and since the presynaptic neuron
counts in the somatosensory cortex rely on the transfected starter
neurons (CTGF-dgCre and Drd1-Cre), there are likely more pre-
synapses accounted in the prior study. Moreover, our current
study demonstrated differences in the functional connections
of the SpN subtypes in Al. Hence, we speculate that both sub-
types of SpNs might process information in a slightly different
manner in each cortical area. One of the major roles of SpNs is
the relay of thalamic information to L4 (Friauf and Shatz,
1991; Higashi et al., 2002; Zhao et al., 2009), and SpNs also pro-
ject back to the higher-order thalamus (Viswanathan et al., 2012;
Hoerder-Suabedissen et al., 2018). Sensory cortices differ in their
innervation by the primary and higher-order thalamus. For
example, the primary somatosensory cortex (S1) is organized
in orderly barrels and septa, which differ in their thalamic inner-
vation patterns (Feldmeyer, 2012). Similarly, Al receives both
lemniscal MGBv and nonlemniscal MGBd input, with dense
MGBv inputs targeting L4 and few MGBd inputs below L4
(Vasquez-Lopez et al., 2017). We speculate that the differences
in the local intracortical inputs onto SpNs between S1 and Al
are reflective of these differences.

Our results suggest that CTGF and Drd1 SpNs process infor-
mation differently and may have different roles in cortical circuit
processing. Such a view is consistent with observations that these
two populations are differently modulated by orexin, Drd1 neu-
rons are more sensitive to orexin than CTGF neurons, and Drd1
neurons in the primary somatosensory cortex and medial pre-
frontal cortex share similar functions, driving cortical oscillation
(Messore et al., 2024; Zolnik et al., 2024). Such cytoarchitecture
and projection patterns have also been observed in the primary
visual and motor cortices (Zolnik et al., 2024); however, whether
such patterns are present in the ACtx remains unclear. Given that
Drd1 neurons are very sparsely distributed within the subplate of
the ACtx and since their number in ACtx is significantly lower
than that in the visual and somatosensory cortices (Chang
et al,, 2024), we speculate that in the ACtx, either a small popu-
lation of Drdl neurons would be sufficient to drive the cortical
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activity as demonstrated in other cortices or another mechanism
is at play.

Furthermore, sensory cortices have a different time window of
the critical period in rodents (Pedrosa et al., 2022). The spine
dynamics in L5 neurons differ across sensory cortices
(Majewska et al., 2006), and since subplate/L6b neurons receive
inputs mostly from the lower layers’ neurons, we speculate that
the local circuitry onto the subplate/L6b neurons differs between
auditory, visual, and somatosensory cortices. During the early
postnatal critical period, when connections between neurons
are plastic (~P12-P18 in rodents; de Villers-Sidani et al., 2007;
Barkat et al., 2011) and sensitive to environmental information,
the intracortical circuit patterns of L2/3 cells are more alike but
later become more diverse toward adulthood (Meng et al,
2020). SpN circuits are also sculpted by early peripheral and sen-
sory activity in the precritcal period (<P10; Pifion et al., 2009;
Meng et al., 2021; Mukherjee et al., 2022, 2023; Mukherjee and
Kanold, 2023), and here, we find a similar trajectory of SpN cir-
cuitry diversity at earlier ages in SpNs than in L2/3 neurons.
These results suggest that the development of circuit heterogene-
ity is a common process across cortical layers but occurs sequen-
tially at different times in development. We speculate that the
highest amount of circuit similarity might be a marker of the
peak of the relative critical period in each layer and indicative
of the potential for plasticity. Also, our analysis demonstrated
that the excitatory inputs from the upper layers onto subplate/
L6b neurons are biased toward the caudal direction between P7
and P9 but toward the rostral direction in the adult. Our analysis
of neuronal morphology was consistent with the functional
changes. Although the number of reconstructions of the recorded
neurons was low, we did notice a tendency of having more pyra-
midal neurons with processes either projecting toward left or
right, instead of tangentially toward the pial matter at P14-P20
and P60-P80 (Fig. 5). Such changes were observed after ear
canals opened, and since L3/4 received thalamic inputs, we spec-
ulate that these changes are likely due to sensory experience.

SpNs could be grouped into functional subpopulations that
differed in their integration across the tonotopic axis and in their
columnar integration (Viswanathan et al, 2012; Meng et al,
2014), and these functional differences could be due to morphol-
ogy and molecular identities. Here, while we confirm and extend
this work by showing that molecular subgroups differ in the com-
position of functional subpopulations, we find that even within
each molecular class, different types of functional circuits are pre-
sent (Fig. 7). Thus, functional classes of SpNs are not defined by
the expression of a single gene. Another point to note is that a
previous study has demonstrated that even among Drdl neu-
rons, they express other SpN markers, such as CTGF and
Cplx3 (Hoerder-Suabedissen et al., 2018). For example, at P8,
~34% of Drdl neurons express CTGF marker. Therefore, we
speculate that a particular signature expression profile of multi-
ple genes would label specific functional groups. Our methods
cannot address this possibility as we could not identify further
if the CTGF neurons recorded were expressing Drdl and vice
versa. Additionally, given the areal differences in SpNs (Chang
et al., 2024), such overlap of CTGF and Drd1 expression might
differ across sensory cortices; future studies on areal sequencing
would provide more conclusive ideas.

In somatosensory and visual cortices of adult rodents, L6b can
be defined as a thin layer, primarily composed of multipolar
excitatory neurons with axons projecting to L1/2 (Kim et al,
2024). With such definitions, the Drd1 population in somatosen-
sory and visual cortices is not only comprised of L6b neurons,
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consistent with our anatomical observations (Chang et al,
2024). Although a similar tracing method would be necessary
to confirm the target projections of Drd1 neurons in the ACtx,
we believe that the Drd1l neurons we recorded here are more
likely to be Léb rather than Léa neurons. This is because we
selected neurons based on their anatomical location within the
cortex (i.e., within ~100 um from the white matter border), con-
sistent with the location of L6b neurons ~10% from the bottom
of the cortex (Kim et al., 2024). L6b neurons in the somatosen-
sory cortex expressing CTGF and neurexophilin 4 are spiny
and multipolar without apical dendrites (Kim et al., 2024). In
contrast, our data showed heterogeneous neuronal morphology
within CTGF and Drd1 neurons. There could be several reasons
for these differences: (1) slice preparation and (2) variations
between cortical areas. In our study, we used a thick auditory tha-
lamocortical slice that preserved the rostral-caudal direction,
while parasagittal sections were used to study the visual and
somatosensory cortex (Kim et al., 2024). Such slice orientation
may have cut off the apical dendrites projecting either rostrally
or caudally. Although we aimed to obtain thicker slices
(400 um) for our recordings to preserve as many processes as
possible for analysis, our method still shares some of the limita-
tions seen in any in vitro study. Second, the definition and the
maturation timing of cortical layers (Ignacio et al, 1995;
Chang et al., 2018), as well as the proportion of different subtypes
of SpNs (Chang et al., 2024), vary across sensory cortices. There
is a possibility that these differences in neuronal morphology
between ACtx and somatosensory cortex could be genetic, loca-
tion, or experience dependent, with sensory cortices undergoing
distinct forms of experience. To better compare neuronal mor-
phologies across cortical areas, techniques such as brain clearing
and light-sheet imaging, which preserve intact processes, would
be valuable to assess whether the differences observed in various
studies are due to technical differences or biological reasons. In
summary, our study shows that the subplate comprises distinct
molecular classes of neurons that share functional properties
but differ in their associated circuits and developmental trajecto-
ries. The SpNs’ molecular expression (particularly CTGF and
Drd1) is not correlated to a specific neuronal morphology and
functional intracortical circuitry throughout development.
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