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Systems/Circuits

The Fronto-Temporal Cortex Has Increased Subcortical
Connectivity In Utero and Plasticity in Adulthood

Gabriela Epihova,' Dimitar Z. Epihov,” Danyal Akarca,"”’ and Duncan E. Astle"*
"MRC Cognition and Brain Sciences Unit, University of Cambridge, Cambridge, United Kingdom, *Plants, Photosynthesis and Soil Cluster, School of
Biosciences, University of Sheffield, United Kingdom, *Electrical & Electronic Engineering, Imperial College London, London, United Kingdom,
and *Department of Psychiatry, University of Cambridge, Cambridge, United Kingdom

The adult cerebral cortex is a heterogeneous structure with prominent functional differences between regions. However, less is
known about how different regions acquire and maintain their functionality. Here, we leveraged connectomes and brain transcrip-
tomes from human fetal and adult brains of both sexes to investigate early and late differences between cortical regions. We show
that at 24 postgestational weeks fronto-temporal regions are disproportionally connected to subcortical regions, highlighting their
role in early integrative cortical-subcortical communication. In adulthood, fronto-temporal cortex has lower myelin content and
exhibits lower expression of marker genes of perineuronal nets, while showing higher expression of undifferentiated progenitor cells
markers. These results suggest that in the adult brain the function of fronto-temporal regions reflects a heightened state of plasticity,
possibly to maximize flexible neural responses. In contrast, the function of parietal and occipital regions aligns with decreased plas-
ticity needed to support stable neural dynamics. Linking physiology to pathology, we show that the greater plasticity of the fronto-
temporal cortex is coupled to higher oncogenic vulnerability—frontal and temporal regions have greater incidence of gliomas and
express higher levels of genes upregulated in glioma even in the absence of malignancy, suggesting a greater glioma-like normative
expression state. Together, these findings highlight the divergent patterns of connectivity in utero and plasticity in adulthood
between cortical regions and provide a framework in which functional differences across cortical regions reflect differences in

connectivity and plasticity.

Key words: fronto-temporal cortex; glioma; plasticity; prenatal connectivity; transcriptomics

Significance Statement

o

Here we leveraged fetal neuroimaging and adult brain transcriptomes to investigate early and late differences between cortical
regions. We present new evidence that already at mid-prenatal development, the fronto-temporal lobes are disproportionally
connected to subcortical regions, potentially reflecting an early route to their establishment as integrative cortical centers. In
adulthood, the fronto-temporal cortex had increased plasticity of its connections and cellular state which was coupled to
greater oncogenic vulnerability. The combination of increased early connectivity and long-term plasticity might serve to max-
imize flexible neural representations and support the domain-general function of fronto-temporal regions.

~

J

Introduction

The adult cerebral cortex exhibits marked functional heterogene-
ity. High-level cortical regions support complex, integrative com-
putations enabling flexible cognition, and context-dependent
behavior, whereas low-level sensory regions support stability by
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faithfully mapping to the source of their activation (Mesulam,
1998; Margulies et al., 2016). However, we know less about
how these regions acquire and maintain their distinctive func-
tionality. A simple principle is that the functional properties of
different cortical regions will be, to some extent, a consequence
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of the pattern of their structural connections laid early in devel-
opment. However, little is known about the developmental
mechanisms guiding the early divergence of cortical regions,
and in particular, whether particular regions are connectivity
hubs already during early brain development. In network neuro-
science a connectivity hub is a brain region that exhibits a dispro-
portionately large number of connections and thus plays a
central integrative role in the organization of the brain network.
Understanding the early signatures of divergent in utero develop-
ment across cortical regions has widespread implications for
their functional properties in the adult brain.

In addition to early developmental differences, the remarkable
integrative properties of the higher order regions likely reflect
differences in postnatal plasticity mechanisms that enable these
regions to flexibly integrate information. Throughout postnatal
development, there are two main processes that contribute to
the reduction of neural plasticity: myelination (McGee et al.,
2005; Xin et al., 2024) and the formation of perineuronal nets
(PNNs; Fawecett et al,, 2019; Reichelt et al., 2019). The well-
established consequence of myelination is that it increases the
speed of neural signals, thus supporting fast and stable commu-
nication. However, it also decreases neural plasticity and contrib-
utes to the closure of critical periods (McGee et al., 2005; Xin
et al., 2024). This is caused by the dual role of fast communica-
tion: fast conduction times support stable signals, but the lack
of delay in signal transduction inherently impedes flexibility as
it prevents a region to recognize and integrate signal patterns
across longer periods of time. Interestingly, association regions
are the last one to myelinate (Baum et al., 2022; Sydnor et al,,
2023) and even when fully myelinated have less myelin than sen-
sorimotor regions (Glasser and van Essen, 2011).

The second main plasticity-repressing mechanism is PNNs.
PNNs are extracellular matrix structures that preferentially sur-
round parvalbumin-positive GABAergic inhibitory neurons
and are responsible for synaptic stabilization by acting as electro-
static insulators (Fawcett et al., 2019; Reichelt et al., 2019).
Similarly to myelin, PNNs limit plasticity by decreasing the abil-
ity of a neuron to store electrical charge across its membrane,
thus forcing it to fire rapidly. In contrast to myelination, much
less is known about differences between cortical regions in the
abundance of PNNs in the human brain, likely due to the lack
of imaging correlates via standard neuroimaging techniques. In
the rat cortex association regions have fewer PNNs compared
with sensorimotor regions (Galtrey and Fawcett, 2007). It is
not known whether this pattern is evident in the human brain
and when during development this difference emerges.

Here we asked: how do high-level cortical regions achieve its
remarkable ability to integrate information, allowing it to sup-
port increasingly abstract levels of representation? We reasoned
that an integrative region must have the following properties: (1)
have more connections early in development to provide greater
source of inputs, (2) keep these connections plastic for longer
to maximize integrative communication and, (3) harbor an
intrinsically more plastic cellular state. To that end, we first char-
acterized fetal structural connectivity and gene expression to
quantify regional differences in number of early connections
and cell type markers. With respect to the second and third prop-
erties, we combined cortical myelin maps derived from T1w/T2w
with brain transcriptomics to investigate whether in adulthood
fronto-temporal regions maintain heightened state of plasticity.
Finally, we linked physiology to pathology by exploring whether
regions with heightened plasticity in adulthood harbor a higher
oncogenic potential.
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Materials and Methods

Diffusion-weighted imaging (DWI), fiber tracking, and connectome
construction. Human fetal diffusion data was taken from the
Developing Human Connectome Project (dHCP). The dHCP is a collabo-
rative effort between King’s College London, Imperial College London, and
Oxford University that collects fetal and neonatal neuroimaging data.
Detailed description of acquisition parameters and preprocessing steps is
provided in Price et al. (2019) and Wilson et al. (2023). We restricted
our analyses on fetal brains aged 23-25 postgestational weeks (n =22) to
avoid the effect of myelination on connectivity estimates in older subjects.
The earliest that myelination has been microscopically observed is at 25 p.g.
weeks with the first myelin sheaths appearing in the globus pallidus,
pallido-thalamic fibers of the posterior internal capsule, and ventral lateral
nucleus of the thalamus (Hasegawa et al., 1992). In utero imaging of fetuses
of that age presents challenges, such as reduced anisotropy; however,
unmyelinated white matter tracts still show signal intensity changes consis-
tent with anisotropic water diffusion (Hiippi et al., 1998). Using dMRI pre-
vious work has successfully reconstructed major white matter tracts as early
as 22 postgestational weeks (Wilson et al., 2021; Calixto et al., 2025). We val-
idated anatomical tracts that are expected to be present at this developmental
stage (Supp Fig. 1a,b) and compared their fractional anisotropy (FA) values
to published values for similarly aged fetal samples. Our FA values were com-
parable with published FA values in that developmental period (Supp Fig. 1¢).

Preprocessed scans were reconstructed in DSI studio (Yeh et al., 2010)
via generalized q-sampling imaging using a sampling length ratio of 1.25 in
native space. Deterministic fiber tracking was performed in DSI Studio with
1,000,000 seeds. Visualization of whole-brain fiber tractography across all
subjects is shown in Supp Figure 1d. To prevent radial glia and spurious
short fibers being incorrectly included in the connectivity estimates, we
restricted the minimum fiber length to 30 mm. Streamlines resulting
from the fiber tracking were parcellated with a fetal volumetric atlas that
corresponded to the gestational age of the subject (either 23, 24, or 25 post-
gestational weeks) taken from http:/crl. med.harvard.edu/research/fetal
brain_atlas/ (Gholipour et al., 2017). This atlas contains 78 distinct cortical
parcellations. As short-range local connectivity between regions within the
same lobe may not be reliable at the fetal stage of brain development, we
modified the atlas by grouping all regions within their respective lobes
into a single mask, which resulted in four cortical regions: frontal, temporal,
parietal, and occipital. The subcortical regions included in the fetal atlas
were the left and right hippocampus, parahippocampal region, amygdala,
caudate, putamen, and thalamus.

After manual inspection, eight fetal scans were removed from the
analyses for incorrect reconstruction and fitting of the atlas parcels to
the anatomical structures/brain orientation. The remaining 14 fetuses
had a mean age of 23.92 pgwk (range, 23.43-24.71), 8 male, 6 female.

The structural connectome of each subject was constructed by parcel-
lating the whole-brain tractography with 16 regions (4 cortical + 12 sub-
cortical regions) derived from the fetal atlas. The connectivity matrix was
calculated by using the fiber density which represents the number of
streamlines connecting each pair of regions. All connections within the
same regions were excluded.

Human fetal transcriptomics data and cell type enrichment analysis.
RNAseq data was obtained from the publicly available BrainSpan
Developing Brain atlas (https://www.brainspan.org), covering the period
from 12 postgestational weeks to adulthood. The data used in the current
analyses included gene expression from 11 cortical: dorsal frontal cortex
(DFC), medial frontal cortex (MFC), orbito-frontal cortex (OFC), ventral
frontal cortex (VEC), motor cortex (M1C), somato-sensory cortex (S1C),
auditory cortex (A1C), inferior parietal cortex (IPC), superior temporal
cortex (STC), inferior temporal cortex (ITC), and visual cortex (V1C).
Data from corresponding regions in the left and right hemispheres
were pooled together. The obtained gene expression data were in reads
per kilobase per million (RPKM) values. To allow normalized compari-
sons across regions and timepoints, RPKM values were converted to
transcripts per million (TPM) according to the formula:

RPKM

TPM =10% % ——— .
sum (RPKM)
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A Uniform Manifold Approximation and Projection (UMAP) across the
expression of all genes was performed for dimensionality reduction. The
UMAP results indicated that at 37 weeks the expression patterns transi-
tion to a distinct state compared with earlier fetal and ex utero expres-
sion, replicating the previously reported transcriptomic transition
beginning during late fetal development (10). As a result, and to facilitate
for compatibility between our connectivity and transcriptomics analyses,
we excluded data from 37 pgwk and constrained our analyses on the
remaining early-to-mid fetal samples from 12 to 24 postgestational
weeks (pgwk). This resulted in 13 donor samples (6 female, 7 male): 3
donors at 12 pgwk, 3 donors at 13 pgwk, 3 donors at 16 pgwk, 1 donor
at 17 pgwk, 1 donor at 19 pgwk, 1 donor at 21 pgwk, 1 donor at 24 pgwk.
As there was only one region to represent, the expression in the occipital
lobe (V1) donors without expression data from V1 cortex was removed
from the analysis to ensure no individual differences bias in expression.

First, we cross-referenced known brain cell type marker genes with a
developmentally relevant single-cell RNAseq data which were derived
from frontal cortex tissue across developmental timepoints from early
fetal to adulthood (Zhu et al., 2023). Expression of maker genes were ref-
erenced across a set of predefined neuronal cell types: early fetal excit-
atory neurons (EN fetal early), late fetal excitatory neurons (EN fetal
late), postnatal excitatory neurons (EN), fetal inhibitory neurons (IN
fetal), medial ganglionic eminence-derived inhibitory neurons
(IN-MGE), caudal ganglionic eminence-derived inhibitory neurons
(IN-CGE), oligodendrocyte progenitor cells (OPC), oligodendrocytes,
astrocytes, microglia, radial glia, intermittent progenitor cells (IPC),
endothelial cells, pericytes, and vascular smooth muscle cells (VSMC).
After ensuring that the marker genes are expressed uniquely in a cell
type, we investigated whether expression of these markers in the bulk
RNA samples from the BrainSpan Developing Brain atlas differed
between the cortical lobes.

Cortical myelin map, plasticity-related, and glioma-upregulated gene
expression in adulthood. T1w/T2w cortical myelin maps were taken
from the Human Connectome Project (Glasser et al., 2016) and parcel-
lated with the Desikan-Killiany (DK) cortical atlas (Desikan et al., 2006)
to derive a cortical myelination value for each region of the atlas.
Normalized gene expression maps were taken from The Allen Human
Brain Atlas (AHBA) using the abagen toolbox (Markello et al., 2021)
and were also parcellated with the DK cortical atlas.

When comparing the four cortical lobes, the following DK regions
were included in each lobe: (1) frontal: caudal anterior cingulate, caudal
middle frontal, frontal pole, lateral orbito-frontal, medial orbito-frontal,
pars opercularis, pars orbitalis, pars triangularis, rostral anterior cingu-
late, rostral middle frontal, superior frontal; (2) temporal: bankssts, ento-
rhinal, fusiform, inferior temporal, middle temporal, parahippocampal,
superior temporal, temporal pole, transverse temporal; (3) parietal: infe-
rior parietal, isthmus cingulate, paracentral, posterior cingulate, precu-
neus, superior parietal, supramarginal; and (4) occipital: cuneus, lateral
occipital, lingual, pericalcarine, inferior parietal, isthmus cingulate, para-
central, posterior cingulate, precuneus, superior parietal, supramarginal.
Regions from the atlas not included in the cortical lobe classification were
the insula, precentral, and postcentral.

There were 451 upregulated genes in glioblastoma identified in Neftel
et al. (2019). In total, 325 of these genes matched to genes in the AHBA
transcriptome, and 221 matched to genes in the BrainSpan atlas after
removing the genes with low average expression values (<1 TPM). For
each of the matching genes, we z-scored the expression levels across
the cortical regions and then averaged the z scores of regions across
the four cortical lobes.

Results

Structural connectivity differences across the cortex in the
mid-prenatal period

A simple first step toward understanding very early differences in
connectivity between cortical regions is to look at differences
in connection numbers early in development. We measured in
utero brain connectivity from fetal diffusion MRI scans (dMRI)
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in 14 healthy fetuses from the Developing Human Connectome
Project (dHCP). To avoid the potential effect of myelination
beginning after 25 postgestational weeks (p.g. wks), we focused
on the youngest available fetal brains scan aged 23-25 p.g. wks:
mean age of 23.92 p.g. wks. For each individual we performed
whole-brain fiber tracking and constructed individual connec-
tomes by parcellating the whole-brain tractography with a fetal
atlas of the corresponding age. The pattern of connectivity
between regions was consistent across individuals as indicated
by an average between-participants correlation of connectomes
of r=0.77 (Supp Fig. 2a,b). We averaged the individual connec-
tivity matrices and compared the connections between each cor-
tical lobe with the rest of the lobes and subcortical regions in the
atlas (Fig. 1a). Next, to statistically compare the number of con-
nections between the four lobes, for each individual we calculated
the total number of connections, the cortical (between-lobe) con-
nections, and the subcortical connections of each cortical lobe.

The frontal and temporal lobes had significantly more total
connections than the parietal and occipital (ANOVA with
FDR-corrected multiple comparisons: F; 55y =18.61, p <0.001;
Fig. 1b). This pattern was primarily driven by the higher number
of subcortical connections to the frontal and temporal lobes
(ANOVA with FDR-corrected multiple comparisons: F3 s, =
54.30, p <0.001; Fig. 1d). The increased connectivity of the fron-
tal and temporal lobes to the subcortex was evident across all sub-
cortical regions in the atlas and cannot be attributed to a single
strong subcortical connection (Fig. 1a) or the physical distance
between the lobes and subcortical structures (Supp Fig. 3e,f).
The increased fronto-temporal connectivity to subcortical
regions was consistent in all of the 14 individual subjects (Supp
Fig. 2¢) and present when the number of subcortical connections
to each lobe was normalized by the voxel size of each cortical
mask (Supp Fig. 3). However, although both the frontal and tem-
poral lobes were enriched in subcortical connections, there were
some differences in their pattern of subcortical connectivity. The
increased fronto-subcortical connectivity was driven by a higher
number of connections with the basal ganglia (caudate and puta-
men), whereas the increased temporo-subcortical connectivity
was driven by connection between the temporal cortex and hip-
pocampus (Fig. 1a).

There was also a significant difference between the lobes in the
number of connections to cortical regions, with the highest cor-
tical connectivity in the temporal and parietal lobes ANOVA
with FDR-corrected multiple comparisons: F35,=4.83, p=
0.005 (Fig. 1b), but this effect was not as strong and consistent
across all subjects (Supp Fig. 2c¢).

Frontal and temporal cortices were enriched in inhibitory
neurons in the mid-prenatal period

Next, we investigated whether the observed increased connectiv-
ity between the fronto-temporal cortex and subcortical regions
covaries with differences in abundance of specific cell types.
We contrasted the expression levels of marker genes for different
cell types between cortical regions (see Materials and Methods).
As gene expression from only a limited number of cortical
regions was available, and to facilitate the comparison with our
connectivity analysis, we grouped all cortical regions into lobes
before statistically comparing them. Marker genes are a set of
genes with highly enriched expression in a particular cell type
(Fig. 2a), and relative differences in their expression can be
used to estimate differences in cell types across bulk RNAseq
samples taken from different regions (Jew et al., 2020; Seidlitz
et al., 2020; Mandal et al, 2021). Specifically, we explored
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Figure 1.

Structural brain connectivity at 24 postgestational weeks. a, Average number of connections between each cortical lobe with the other lobes and subcortical regions. b, Number of

connections between each cortical lobe and all regions in the atlas. ¢, Number of connections between each cortical lobe and the other three cortical lobes. d, Number of connections between

each cortical lobe and all subcortical regions in the atlas. Error bars represent +1 SEM.

expression differences in marker genes in the bulk RNA samples
from the BrainSpan Developing Brain atlas for radial glia, astro-
cytes, inhibitory neurons, excitatory neurons, microglia, oligo-
dendrocyte progenitor cells (OPCs), and oligodendrocytes.

We observed consistently higher expression across all inhibi-
tory neuron markers (GADI, GAD2, DLX1, DLX2, SST, LHX6),
in regions within the frontal and temporal cortex relative to
regions within the parietal, occipital, and motor cortex,
ANOVA with FDR-corrected multiple comparisons: F,q)=
146.8, p <0.001 (Fig. 2b,c). As we had a limited number of regions
across the lobes, it is difficult to ascertain with certainty whether
the results reflect lobar differences or sensorimotor-association
differences. However, the pattern of results may herald the early
emergence of sensorimotor—association gradient: for example,
anatomically the motor cortex is part of the frontal lobe, yet,
the expression levels of inhibitory neuron markers align with
that of sensorimotor regions. Similarly, across temporal regions
(ITC, STC, A1C), the A1C (which is sensorimotor in adulthood
in contrast to ITC) showed lower expression of inhibitory mark-
ers comparable to other sensorimotor regions (M1, S1, VI1).
The higher expression in the frontal regions of marker genes
for inhibitory neurons was confined to the fetal period when

inhibitory neurons have an excitatory function (Owens et al,,
1996; Ben-Ari, 2002; Wang and Kriegstein, 2009; Murata and
Colonnese, 2020), with little differences in postnatal expression
(except SST; Fig. 2d). The pattern of higher expression in fronto-
temporal regions holds valid both for markers whose expression
was highest postnatally (GADI, GAD2, and SST) as well as inhib-
itory markers with highest expression in the fetal period (DLXI,
DLX2, and LHX6). There was also a statistically significant differ-
ence in expression levels across oligodendrocyte marker genes at
p <0.05, but the absolute levels of expression, as well as the differ-
ences, were very low (Supp Fig. 4).

Increased plasticity in fronto-temporal cortical regions in
adulthood

To be an integrative hub, a region does not only need to be well
connected, but also to process the incoming information flexibly.
Flexibility is a function of the plasticity of connections, as well as
the collective functional properties of the cells comprising the
region. To that end, we next investigated whether in adulthood
high-level association regions maintain heightened state of plas-
ticity to maximize integrative communication. Specifically, we
explored differences across cortical regions in three processes
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a, Marker genes show distinct expression for specific cell types. b, ¢, Higher expression of marker genes for inhibitory neurons (GAD7, GAD2, DLX1, DLX2, SST, LHX6) in frontal and

temporal regions relative to parietal and occipital regions during early-to-mid fetal development (1224 p.g. wks). d, Normalized expression levels (TPM) of inhibitory neuron marker genes from
12 p.g. wks to adulthood (40 years) in the frontal + temporal (MFC, OFC, DFC, VFC, ITC, STC, A1C) versus parietal + occipital cortex (IPC, M1C, S1C, V1C). Inhibitory markers had higher expression
levels in the frontal and temporal cortex during early-to-mid fetal development (12-24 p.g. wks), and this was limited to the fetal period, with no difference in expression in postnatal devel-

opment (except SST).

directly related to plasticity: myelination and formation of PNNs
—which repress plasticity—and markers of progenitor cells
(stem cell-like states), which promote plasticity. We parcellated
the brain with the Desikan-Killiany atlas and compared cortical
myelination (T1w/T2w) and the expression levels of Myelin
Basic Protein (MBP) as markers of mature myelin content across
the adult cortex. PNNs are composed of the chondroitin sulfate

proteoglycans neurocan, versican, brevican, and aggrecan which
bond to hyaluronan (Fawcett et al., 2019). For assessing abun-
dance of PNNs, we used the expression level of the gene ACAN
encoding the proteoglycan aggrecan which is selectively
expressed in PNNs (Rowlands et al., 2018). We focused on two
broad categories of undifferentiated cell marker genes: (1) oligo-
dendrocyte progenitor cells (OPCs) markers and (2) neural stem
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cells (NSCs) markers. The OPCs marker genes ID4, SOX5, SOX6,
and PDGFRA have been shown to maintain OPCs in their
undifferentiated state and repress myelin gene expression
(Kondo and Raff, 2000; Wang et al., 2001; Stolt et al., 2006; Li
et al., 2009; Zhu et al., 2014). The NSCs marker genes SOX2,
PAX6, HES1, HES5, VIM, NES, and GLI3 are expressed by imma-
ture progenitor cells of the nervous system (Zhang and Jiao, 2015;
Vinci et al., 2016).

We show that cortical myelin content (T1w/T2w) and MBP
expression were positively correlated (Fig. 3c) and both were
lower in the frontal lobe relative to the rest of the cortex
(Fig. 3a,b), while ACAN expression was significantly lower in
the frontal and temporal compared with the parietal and occipital
lobes (Fig. 3a,b). We further compared expression levels of genes
promoting plasticity. Expression levels of the genes ID4, SOX5,
SOX6, and PDGFRA, which are expressed by OPCs to maintain
an undifferentiated state and suppress myelin production, were
enriched in the frontal and temporal, relative to parietal and
occipital regions (Fig. 3a,b). To assess whether the variation in
cortical myelin (T1w/T2w) values across brain regions (DK atlas
parcels) is related to the gene expression patterns for MBP, ID4,
SOX5, SOX6, and PDGFRA, we performed a series of Pearson’s
correlations. There was a significant negative correlation between
the level of expression of these myelin-suppressing genes and the
cortical myelin content across the adult cortex (Fig. 3¢). Finally,
the expression of NSCs marker genes was also increased in fron-
tal and temporal cortex (Fig. 3a,b). Overall, across all
plasticity-related mechanisms analyzed here, with the exception
of myelin content and MBP expression (which were highest in
the frontal cortex), the frontal and temporal cortices were equally
enriched in plasticity markers.

To investigate when during development do these differences
in plasticity emerge, we used the developmentally enriched
BrainSpan transcriptome atlas. We first replicated our findings
of higher expression of plasticity-related processes in the frontal
and temporal cortex in the samples of adult brains with the
BrainSpan transcriptome atlas (Fig. 3d). Next, we grouped the
regions into association (frontal cortex: MFC, OFC, DFC, VEC;
inferior temporal cortex: ITC) and sensorimotor (M1C, SIC,
V1C) and compared the expression across the lifespan for
MBP and ACAN as marker for plasticity-repressing myelination
and PNNss, respectively. Expression of MBP was higher in asso-
ciation relative to sensorimotor regions soon after birth
(4 months old sample) and continued to differ during childhood
through adolescence (until 19 years old), after which expression
levels were similar (Fig. 3e). This is consistent with prior work
showing that postnatally myelination proceeds along a sensori-
motor-association gradient (Sydnor et al., 2023). In contrast,
differences in expression of ACAN between association and sen-
sorimotor regions emerged in late childhood/adolescence and
were most pronounced in adulthood (Fig. 3f).

Increased plasticity confers increased vulnerability to glioma
We found that the frontal and temporal cortex are enriched in
expression of NSCs and OPCs markers. This increased state of
cellular plasticity led us to postulate that these regions will hold
higher oncogenic potential and thus be more vulnerable to carci-
nogenesis as stems cells are the putative cells of origin in glioma
(Alcantara Llaguno et al., 2009; Lee et al., 2018; Altmann et al,,
2019). To that end, we compared the frequency of adult glioma
across the cortex by collating previously published data (n=
317 cases; Larjavaara et al., 2007; Neftel et al.,, 2019; Scarpace
et al, 2019). The distribution of gliomas across the cortex
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revealed an extraordinary imbalance: ~45% of gliomas were
found in the frontal cortex, ~37% in temporal, ~14% in parietal,
and only ~3% in the occipital lobe (Fig. 4a). To check whether
the higher glioma frequency in frontal and temporal cortex
remains after adjustment for the volume difference across lobes,
we calculated a normalized glioma frequency by dividing the %
frequency of glioma in each lobe by the number of voxels in
that lobe. The frequency of gliomas per voxel in each lobe was
as follows: frontal, 0.0016; temporal, 0.0023; parietal, 0.001, and
occipital, 0.0004, indicating that he higher glioma frequency in
frontal and temporal cortex remained after adjustment for their
volume difference. The higher oncogenic potential of the fronto-
temporal suggests that they might have a higher expression of
genes typically expressed in gliomas. To test this, we used an
existing database of genes which were upregulated in glioblas-
toma samples relative to normal brain tissue (Neftel et al.,
2019; see Materials and Methods). Next, we mapped the expres-
sion of these glioma-upregulated genes across the cortex of adult
brain samples using two brain transcriptomic atlases—the Allen
Human Brain Atlas and (AHBA) and the adult samples from the
BrainSpan Atlas. Across the two independent brain transcrip-
tome atlases, the expression of glioma-upregulated genes was con-
stantly higher in the frontal and temporal cortex relative to parietal
and occipital cortical regions (Fig. 4b,c,d; AHBA: F3 1506y = 23.18,
P <0.0001; BrainSpan: F(j02310) = 20.96, p <0.0001). This suggests
that expression levels of glioma-upregulated genes across the cor-
tex in the absence of glioma mirrors the cortical pattern of glioma
frequency and underlying plasticity.

Discussion
Here we leveraged fetal neuroimaging prior to myelination to
investigate the connectivity signatures of cortical lobes. The fron-
tal and temporal cortices were enriched in connections with the
subcortex, potentially reflecting an early route to their establish-
ment as integrative cortical centers. In adulthood, the fronto-
temporal regions showed lower levels of myelination and expres-
sion of perineuronal nets markers and increased expression of
progenitor cells markers, suggesting a heightened state of plastic-
ity. Together, our results suggest that the early establishment of
subcortical connections and prolonged maturation might enable
the association fronto-temporal cortex to flexibly integrate infor-
mation and support increasingly abstract representations.
What are the mechanisms leading to the higher subcortical
connectivity of the fronto-temporal cortex? A possible mecha-
nism might be through GABA signaling. Using gene expression
from fetal brains, we report higher expression of inhibitory neu-
ron marker genes in regions of frontal and temporal cortex com-
pared with parietal and occipital regions. This finding has been
demonstrated previously (Al-Jaberi et al.,, 2015; Molnér et al,,
2019) and is thought to reflect a genetically determined preferen-
tial inhibitory neuron generation in the fronto-temporal cortex
(Al-Jaberi et al., 2015). GABA is the main inhibitory neurotrans-
mitter in the brain and acts primarily by binding to GABA4
or GABAjg receptors which is critical for the development of
cortical circuits (Peerboom and Wierenga, 2021). While
GABA neurons are inhibitory in the postnatal brain, they have
an excitatory function during fetal cortical development
(Owens et al., 1996; Ben-Ari, 2002; Wang and Kriegstein, 2009;
Murata and Colonnese, 2020), with a shift toward their estab-
lished inhibitory function at around the first postnatal week in
humans (Kilb, 2012). Crucially, GABA inhibitory neurons have
been demonstrated to preferentially generate action potentials
in pyramidal neurons of layers V and VI of the immature cortex
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(OPCs and NSCs markers). ¢, MBP expression positively correlates with cortical myelin content (TTw/T2w) across the cortex, whereas genes suppressing myelination (ID4, SOX5, SOX6, PDGFRA)
correlate negatively. d, Replication with an independent gene expression dataset (BrainSpan) in adult brains (18-40 years old). Association regions (frontal and inferior temporal cortex) are
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sensory-motor
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(Rheims et al., 2008), which are the layers that form corticofugal ~ connections and the number of inhibitory neurons across the
projections to subcortical regions such as the basal ganglia and  developing cortex.

thalamus (Baker et al., 2018; Usrey and Sherman, 2019), provid- We restricted the connectivity analysis only to the narrow
ing a potential mechanism for the covariance between subcortical =~ 22-25 p.g. weeks age range in order to avoid the effect of
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myelination on connectivity estimates in older subjects and thus,
derive a measure of connectivity based solely on axonal tracts.
Connectivity strength of a given region after the start of myelina-
tion likely reflects a combination between the number of axonal
connections and their myelination levels; however, their relative
contribution to the strength of connectivity measured is unclear
(Oldham and Fornito, 2019). As such, determining which cortical
regions are connectivity “hubs” throughout the lifespan would be
influenced by the relative prevalence of axonal connections and
myelination in these regions, which itself varies temporally and
spatially. For example, the occipital lobe does not have as many
early connections as the frontal lobe; however, it is one of the
first cortical regions to myelinate which would overestimate its
connectivity in the early postnatal period. In contrast, association
regions tend to be the last ones to myelinate which would overes-
timate their relative gain of connections during the adolescence-
adulthood transition. Indeed, a shift in “hubness” of regions
between primary and association regions has been documented
during the transition from neonatal to childhood/adolescence peri-
ods (Oldham and Fornito, 2019). However, we recognize that the
structural connectivity we measured during 22-25 p.g. weeks win-
dow may not necessarily be representative of future connectivity as
there are both further extension of axons as well as retraction of
exuberant axons during the late gestational and early postnatal
periods (LaMantia and Rakic, 1990; Innocenti and Price, 2005).

The finding that the frontal lobe has more connections in the
24-week fetal brain is somewhat counterintuitive to the fact that
its connections are the last to myelinate (see also Lebel et al.,
2008; Baum et al., 2022; Sydnor et al., 2023). We propose that
it is precisely the combination of early overconnectivity and later
myelination that enables the frontal cortex to serve its function as
an integrative hub supporting increasingly abstract levels of rep-
resentation throughout the human lifespan. There are two main
properties that a cortical region needs to satisfy in order to per-
form flexible integration of information: (1) connect to multiple
regions and (2) keep long-term plasticity of these connections to
incorporate changing inputs at differing rates from other regions
as they mature. To this end, our results demonstrate that the
frontal cortex is particularly enriched in connections to the sub-
cortical regions, which are hubs in the brain (Oldham and
Fornito, 2019). This is consistent with the previously reported
increased functional connectivity of the frontal cortex during
fetal development (Karolis et al., 2023). In line with the second
property, the frontal cortex develops myelination of its connec-
tions last and has less myelin compared with other cortical
regions even when fully matured in adulthood. Although myeli-
nation contributes to faster information transfer and therefore
serves a more efficient communication, it is also one of the pro-
cesses that inhibits brain plasticity and closes critical periods
(McGee et al,, 2005; Hiibener and Bonhoeffer, 2014). Thus, by
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setting up early connections and allowing for these connections
to be plastic (less myelinated) over a longer time, the frontal cor-
tex may flexibly integrate information. The question of what fac-
tors delay the formation of myelin to the frontal region
postnatally, and more broadly, what factors underlie the extraor-
dinary postnatal neoteny of the frontal cortex, constitutes a most
promising field for future investigations.

Over two independent transcriptome datasets, we found that
in adulthood the association fronto-temporal cortex remains
more plastic as it harbored the lowest levels of marker genes
for PNNs. Although much less is known about differences
between cortical regions in the abundance of PNNs in the human
brain, prior work in the adult rat cortex suggests that association
regions have less PNNs compared with sensorimotor region
(Galtrey and Fawcett, 2007). Our transcriptomic results suggest
that this spatial pattern might be conserved in the adult human
brain and that differences between sensorimotor and association
regions become most prominent in adolescence/adulthood,
although histological verification would be required. Consistent
with the idea of increased plasticity, the fronto-temporal cortex
also expressed higher levels of marker genes for undifferentiated
progenitor cells (OPCs and NSCs). Here we want to emphasize
that our results are agnostic to the exact process contributing
to the increased gene markers for progenitor cells. Unlike neu-
rons, OPCs continue to differentiate throughout adulthood
(Crawford et al., 2014); thus, the OPCs markers likely reflect
yet undifferentiated oligodendrocyte progenitors. However, it is
well established that there is no neurogenesis in the adult cortex
(Rakic, 1985; Kornack and Rakic, 2001; Spalding et al., 2005),
suggesting that the NSCs markers expression does not stem
from bona fide neuron progenitors. As cells can exist in different
“states” (Trapnell, 2015), one possibility is that the NSCs markers
are expressed by mature, differentiated neurons to drive a more
plastic cellular state. Another alternative is that the increased
expression of NSCs markers captures a state of dedifferentiation
where mature cells gradually lose their differentiation and trans-
form into stem cells (Yang et al., 2010; Corti et al., 2012; Mills
etal,, 2019). The blurred borders between cell types and cell states
have been discussed extensively elsewhere (Trapnell, 2015; Mills
etal,, 2019). Here, we seek to highlight that whether the increased
cellular plasticity is attributed to truly undifferentiated progeni-
tor cells, or mature cells acquiring more plastic stem-like cellular
states, our results, nevertheless, suggest that the association cor-
tex harbors more plastic cellular potential.

When observing regional differences in plasticity across the
cortex, one specious conclusion is to view the regions with higher
plasticity in some sense as exceptional or “high-level.” This is
particularly tempting in light of the well-established association
between the frontal cortex and complex cognitive abilities, as
well as its disproportional evolutionary expansion in humans
(Miller et al., 2002). We want to stress that the appropriate devel-
opment and functionality of the association cortex, as well as the
execution of complex cognitive tasks, necessarily rely on stable
inputs from less plastic regions. In this view, plastic responses
could be maladaptive when stable signals are required. In other
words, to support intelligent (adaptive) behavior, both stable
and plastic neural responses are of equal value. Differences
between individuals in the developmental timing and extent of
processes driving plasticity (myelination, PNNs formation) are
propitious candidate mechanisms for investigating individual
differences in cognition and behavior.

Finally, we linked typical physiology to pathology by showing
that greater plasticity confers greater oncogenic vulnerability.
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Our analysis, as well as extensive previous work (Larjavaara
et al., 2007; Altmann et al., 2019; Mandal et al., 2021; Romero-
Garcia et al., 2023), demonstrated that glioma involving the cor-
tex is preferentially located in the fronto-temporal regions rela-
tive to other cortical regions. This pattern is specific to gliomas
as metastases to the cortex from non-neural primary cancers
do not show the same cortical distribution (Kwon et al., 2020;
Cardinal et al., 2022; Bonert et al., 2023). Stem cells are the likely
cells of origin in glioma (Alcantara Llaguno et al., 2009; Lee et al.,
2018; Altmann et al., 2019), and differences in their abundance
across the cortex have been linked to the different rates of gliomas
across the cortex (Mandal et al.,, 2021; Romero-Garcia et al.,
2023). As gliomagenesis is a probabilistic event, the observation
that the frequency is higher in fronto-temporal regions suggests
that stem cells might be disproportionately supplied in those
regions in adulthood, relative to regions in the parietal and occip-
ital lobes, which is in line with our findings of increased stem cell-
like expression. However, if gliomagenesis was only a function of
the abundance of stem cells, one would expect higher glioma
rates in utero and early postnatal life. Given that the peak inci-
dence of glioma is between 45 and 75 years of age (Altmann
etal,, 2019), the higher glioma frequency in the association cortex
would likely involve immune and inflammation factors [which
may themselves be higher in frontal cortex due to the increased
metabolic rate there (Castrillon et al.,, 2023)], independent of
stem cells abundance. Our results contribute to the literature
by showing that fronto-temporal cortical regions express higher
levels of genes upregulated in glioma even in the absence of
malignancy, suggesting that their higher oncogenic potential is,
at least in part, due to greater glioma-like normative expression
state, potentially providing more conductive environment for
gliomagenesis, progression, and survival.

In conclusion, we demonstrated that at 24 postgestational
weeks fronto-temporal regions are disproportionally connected
to subcortical regions, highlighting their role in early integrative
cortical-subcortical communication. In adulthood, the fronto-
temporal cortex had lower myelin content, lower markers of
perineuronal nets, and increased markers of undifferentiated
progenitor cells, suggesting heightened plasticity of its connec-
tions and cellular state. However, the association regions showed
an increased incidence of gliomas, as well as expression of
glioma-associated genes in the absence of disease, suggesting
that the heightened plasticity confers greater oncogenic vulnera-
bility. Together, our results provide evidence of divergent pat-
terns of connectivity in utero, and plasticity in adulthood
between cortical lobes and support a framework which views
functional differences across cortical regions as manifestations
of differences in connectivity and their plasticity.

Data Availability
Codes and results from the current analyses are publicly available
at https://osf.io/s4qb2/.

References

Al-Jaberi N, Lindsay S, Sarma S, Bayatti N, Clowry GJ (2015) The early fetal
development of human neocortical GABAergic interneurons. Cereb
Cortex 25:631-645.

Alcantara Llaguno S, Chen ], Kwon CH, Jackson EL, Li Y, Burns DK,
Alvarez-Buylla A, Parada LF (2009) Malignant astrocytomas originate
from neural stem/progenitor cells in a somatic tumor suppressor mouse
model. Cancer Cell 15:45-56.

Altmann C, Keller S, Schmidt MHH (2019) The role of SVZ stem cells in glio-
blastoma. Cancers 11:448.


https://osf.io/s4qb2/
https://osf.io/s4qb2/

10 - J. Neurosci., February 18, 2026 « 46(7):e0832252025

Baker A, Kalmbach B, Morishima M, Kim J, Juavinett A, Li N, Dembrow N
(2018) Specialized subpopulations of deep-layer pyramidal neurons in
the neocortex: bridging cellular properties to functional consequences.
] Neurosci 38:5441-5455.

Baum GL, et al. (2022) Graded variation in T1w/T2w ratio during adoles-
cence: measurement, caveats, and implications for development of corti-
cal myelin. ] Neurosci 42:5681-5694.

Ben-Ari Y (2002) Excitatory actions of gaba during development: the nature
of the nurture. Nat Rev Neurosci 3:728-739.

Bonert M, Berzins A, Begum H, Schittenhelm J, Lu JQ, Juergens RA,
Swaminath A, Cutz JC, Naqvi AH (2023) Neuroanatomical location of
brain metastases from solid tumours based on pathology: an analysis of
511 patients with a comparison to the provided clinical history. PLoS
One 18:€0294154.

Calixto C, Soldatelli MD, Jaimes C, Pierotich L, Warfield SK, Gholipour A,
Karimi D (2025) A detailed spatiotemporal atlas of the white matter tracts
for the fetal brain. Proc Natl Acad Sci U S A 122:2410341121.

Cardinal T, et al. (2022) Anatomical and topographical variations in the dis-
tribution of brain metastases based on primary cancer origin and molec-
ular subtypes: a systematic review. Neurooncol Adv 4:vdab170.

Castrillon G, et al. (2023) An energy costly architecture of neuromodulators
for human brain evolution and cognition. Sci Adv 9:eadi7632.

Corti S, et al. (2012) Direct reprogramming of human astrocytes into neural
stem cells and neurons. Exp Cell Res 318:1528-1541.

Crawford AH, Stockley JH, Tripathi RB, Richardson WD, Franklin RJM
(2014) Oligodendrocyte progenitors: adult stem cells of the central ner-
vous system? Exp Neurol 260:50-55.

Desikan RS, et al. (2006) An automated labeling system for subdividing the
human cerebral cortex on MRI scans into gyral based regions of interest.
Neuroimage 31:968-980.

Fawcett JW, Oohashi T, Pizzorusso T (2019) The roles of perineuronal nets
and the perinodal extracellular matrix in neuronal function. Nat Rev
Neurosci 20:451-465.

Galtrey CM, Fawcett JW (2007) The role of chondroitin sulfate proteoglycans
in regeneration and plasticity in the central nervous system. Brain Res Rev
54:1-18.

Gholipour A, et al. (2017) A normative spatiotemporal MRI atlas of the fetal
brain for automatic segmentation and analysis of early brain growth. Sci
Rep 7:476.

Glasser MF, van Essen DC (2011) Mapping human cortical areas in vivo
based on myelin content as revealed by T1- and T2-weighted MRI.
J Neurosci 31:11597-11616.

Glasser MF, et al. (2016) A multi-modal parcellation of human cerebral cor-
tex. Nature 536:171-178.

Hasegawa M, Houdou S, Mito T, Takashima S, Asanuma K, Ohno T (1992)
Development of myelination in the human fetal and infant cerebrum: a
myelin basic protein immunohistochemical study. Brain Dev 14:1-6.

Hiibener M, Bonhoeffer T (2014) Neuronal plasticity: beyond the critical
period. Cell 159:727-737.

Hippi PS, Maier SE, Peled S, Zientara GP, Barnes PD, Jolesz FA, Volpe JJ
(1998) Microstructural development of human newborn cerebral white
matter assessed in vivo by diffusion tensor magnetic resonance imaging.
Pediatr Res 44:584-590.

Innocenti GM, Price DJ (2005) Exuberance in the development of cortical
networks. Nat Rev Neurosci 6:955-965.

Jew B, Alvarez M, Rahmani E, Miao Z, Ko A, Garske KM, Sul JH, Pietiliinen
KH, Pajukanta P, Halperin E (2020) Accurate estimation of cell compo-
sition in bulk expression through robust integration of single-cell infor-
mation. Nat Commun 11:1971.

Karolis VR, et al. (2023) Maturational networks of human fetal brain activity
reveal emerging connectivity patterns prior to ex-utero exposure.
Commun Biol 6:661.

Kilb W (2012) Development of the GABAergic system from birth to adoles-
cence. Neuroscientist 18:613-630.

Kondo T, Raff M (2000) The Id4 HLH protein and the timing of oligodendro-
cyte differentiation. EMBO ] 19:1998-2007.

Kornack DR, Rakic P (2001) Cell proliferation without neurogenesis in adult
primate neocortex. Science 294:2127-2130.

Kwon H, Kim JW, Park M, Kim JW, Kim M, Suh SH, Chang YS, Ahn §J, Lee
JM (2020) Brain metastases from lung adenocarcinoma may preferen-
tially involve the distal middle cerebral artery territory and cerebellum.
Front Oncol 10:1664.

Epihova et al. @ Fronto-Temporal Connectivity and Plasticity

LaMantia AS, Rakic P (1990) Axon overproduction and elimination in the
corpus callosum of the developing rhesus monkey. ] Neurosci 10:2156-
2175.

Larjavaara S, Mintyld R, Salminen T, Haapasalo H, Raitanen J, Jadskeldinen J,
Auvinen A (2007) Incidence of gliomas by anatomic location. Neuro
Oncol 9:319-325.

Lebel C, Walker L, Leemans A, Phillips L, Beaulieu C (2008) Microstructural
maturation of the human brain from childhood to adulthood.
Neuroimage 40:1044-1055.

Lee JH, et al. (2018) Human glioblastoma arises from subventricular zone
cells with low-level driver mutations. Nature 560:243-247.

Li H, He Y, Richardson WD, Casaccia P (2009) Two-tier transcriptional con-
trol of oligodendrocyte differentiation. Curr Opin Neurobiol 19:479-485.

Mandal AS, Romero-Garcia R, Hart MG, Suckling J (2021) Genetic, cellular,
and connectomic characterization of the brain regions commonly plagued
by glioma. Brain 143:3294-3307.

Margulies DS, et al. (2016) Situating the default-mode network along a prin-
cipal gradient of macroscale cortical organization. Proc Natl Acad Sci
U S A 113:12574-12579.

Markello RD, Arnatkeviciute A, Poline J-B, Fulcher BD, Fornito A, Misic B
(2021) Standardizing workflows in imaging transcriptomics with the aba-
gen toolbox. Elife 10:€72129.

McGee AW, Yupeng Y, Quentin FS, Nigel DW, Stephen SM (2005)
Experience-driven plasticity of visual cortex limited by myelin and
Nogo receptor. Science 309:2222-2226.

Mesulam MM (1998) From sensation to cognition. Brain 121:1013-1052.

Miller EK, Freedman DJ, Wallis JD (2002) The prefrontal cortex: categories,
concepts and cognition. Philos Trans R Soc Lond B Biol Sci 357:1123-
1136.

Mills JC, Stanger BZ, Sander M (2019) Nomenclature for cellular plasticity:
are the terms as plastic as the cells themselves? EMBO ] 38:e103148.
Molnar Z, et al. (2019) New insights into the development of the human cere-

bral cortex. ] Anat 235:432-451.

Murata Y, Colonnese MT (2020) GABAergic interneurons excite neonatal
hippocampus in vivo. Sci Adv 6:eabal430.

Neftel C, et al. (2019) An integrative model of cellular states, plasticity, and
genetics for glioblastoma. Cell 178:835-849.

Oldham S, Fornito A (2019) The development of brain network hubs. Dev
Cogn Neurosci 36:100607.

Owens DF, Boyce LH, Davis MBE, Kriegstein AR (1996) Excitatory GABA
responses in embryonic and neonatal cortical slices demonstrated by
gramicidin  perforated-patch recordings and calcium imaging.
] Neurosci 16:6414-6423.

Peerboom C, Wierenga CJ (2021) The postnatal GABA shift: a developmental
perspective. Neurosci Biobehav Rev 124:179-192.

Price AN, et al. (2019) The developing human connectome project ({HCP):
fetal acquisition protocol. In Proceedings of the 27th ISMRM Annual
Meeting & Exhibition 27 (Abstract No. 244) (Montreal, Canada, 2019).

Rakic P (1985) Limit of neurogenesis in primates. Science 227:1054-1056.

Reichelt AC, Hare DJ, Bussey TJ, Saksida LM (2019) Perineuronal nets: plas-
ticity, protection, and therapeutic potential. Trends Neurosci 42:458-470.

Rheims S, Minlebaev M, Ivanov A, Represa A, Khazipov R, Holmes GL,
Ben-AriY, Zilberter Y (2008) Excitatory GABA in rodent developing neo-
cortex in vitro. ] Neurophysiol 100:609-619.

Romero-Garcia R, Mandal AS, Bethlehem RAI, Crespo-Facorro B, Hart MG,
Suckling J (2023) Transcriptomic and connectomic correlates of differen-
tial spatial patterning among gliomas. Brain 146:1200-1211.

Rowlands D, Lensjo KK, Dinh T, Yang S, Andrews MR, Hafting T, Fyhn M,
Fawcett JW, Dick G (2018) Aggrecan directs extracellular matrix-
mediated neuronal plasticity. ] Neurosci 38:10102-10113.

Scarpace L, Flanders AE, Jain R, Mikkelsen T, Andrews DW (2019) Data from
REMBRANDT [Data set]. The Cancer Imaging Archive.

Seidlitz J, et al. (2020) Transcriptomic and cellular decoding of regional brain
vulnerability to neurogenetic disorders. Nat Commun 11:3358.

Spalding KL, Bhardwaj RD, Buchholz BA, Druid H, Frisén ] (2005)
Retrospective birth dating of cells in humans. Cell 122:133-143.

Stolt CC, etal. (2006) Soxd proteins influence multiple stages of oligodendrocyte
development and modulate SoxE protein function. Dev Cell 11:697-709.

Sydnor V], et al. (2023) Intrinsic activity development unfolds along a
sensorimotor-association cortical axis in youth. Nat Neurosci 26:638-649.

Trapnell C (2015) Defining cell types and states with single-cell genomics.
Genome Res 25:1491-1498.



Epihova et al. @ Fronto-Temporal Connectivity and Plasticity

Usrey WM, Sherman SM (2019) Corticofugal circuits: communication lines
from the cortex to the rest of the brain. ] Comp Neurol 527:640-650.
Vinci L, Ravarino A, Fanos V, Naccarato AG, Senes G, Gerosa C, Bevilacqua
G, Faa G, Ambu R (2016) Immunohistochemical markers of neural pro-
genitor cells in the early embryonic human cerebral cortex. Eur J

Histochem 60:13-19.

Wang DD, Kriegstein AR (2009) Defining the role of GABA in cortical devel-
opment. ] Physiol 587:1873-1879.

Wang S, Sdrulla A, Johnson JE, Yokota Y, Barres BA (2001) A role for the
helix-loop-helix protein Id2 in the control of oligodendrocyte develop-
ment. Neuron 29:603-614.

Wilson S, et al. (2021) Development of human white matter pathways in utero
over the second and third trimester. Proc Natl Acad Sci U S A 118:
€2023598118.

Wilson §, et al. (2023) Spatiotemporal tissue maturation of thalamocortical
pathways in the human fetal brain. Elife 12:e83727.

J. Neurosci., February 18, 2026 - 46(7):20832252025 « 11

Xin W, Kaneko M, Roth RH, Zhang A, Nocera S, Ding JB, Stryker MP, Chan
JR (2024) Oligodendrocytes and myelin limit neuronal plasticity in visual
cortex. Nature 633:856-863.

Yang H, Qian XH, Cong R, Li JW, Yao Q, Jiao XY, Ju G, You SW (2010)
Evidence for heterogeneity of astrocyte de-differentiation in vitro: astro-
cytes transform into intermediate precursor cells following induction of
acm from scratch-insulted astrocytes. Cell Mol Neurobiol 30:483-491.

Yeh F-C, Wedeen VJ, Tseng W-YI (2010) Generalized q-sampling imaging.
IEEE Trans Med Imaging 29:1626-1635.

Zhang ], Jiao ] (2015) Molecular biomarkers for embryonic and adult neural
stem cell and neurogenesis. Biomed Res Int 1:727542.

Zhu K, et al. (2023) Multi-omic profiling of the developing human cerebral
cortex at the single-cell level. Sci Adv 9:eadg3754.

Zhu Q, et al. (2014) Genetic evidence that Nkx2.2 and Pdgfra are major deter-
minants of the timing of oligodendrocyte differentiation in the developing
CNS. Development 141:548-555.



	 Introduction
	 Materials and Methods
	Outline placeholder
	Outline placeholder
	 Diffusion-weighted imaging (DWI), fiber tracking, and connectome construction
	 Human fetal transcriptomics data and cell type enrichment analysis
	 Cortical myelin map, plasticity-related, and glioma-upregulated gene expression in adulthood



	 Results
	 Structural connectivity differences across the cortex in the mid-prenatal period
	 Frontal and temporal cortices were enriched in inhibitory neurons in the mid-prenatal period
	 Increased plasticity in fronto-temporal cortical regions in adulthood
	 Increased plasticity confers increased vulnerability to glioma

	 Discussion
	 Data Availability
	 References

