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Abstract
In the mature brain, functionally distinct areas connect to
specific targets, mediating network activity required for func-
tion. New insights are still occurring regarding how specific
connectivity occurs in the developing brain. Decades of work
have revealed important insights into the molecular and ge-
netic mechanisms regulating cell type specification in the
brain. This work classified long-range projection neurons of the
cerebral cortex into three major classes based on their primary
target (e.g. subcortical, intracortical, and interhemispheric
projections). However, painstaking single-cell mapping reveals
that long-range projection neurons of the corpus callosum
connect to multiple and overlapping ipsilateral and contralat-
eral targets with often highly branched axons. In addition, their
scRNA transcriptomes are highly variable, making it difficult to
identify meaningful subclasses. This work has prompted us to
reexamine how cortical projection neurons that comprise the
corpus callosum are currently classified and how this stunning
array of variability might be achieved during development.
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Introduction
The mammalian neocortex is a complex, six-layered
structure, parcellated into distinct areas that are
responsible for motor coordination, sensory perception,
learning and memory, and higher cognitive functions
such as social interaction, decision-making, and
www.sciencedirect.com
executive function. These brain functions are made
possible through the formation of complex networks
connecting areas of the brain together in functionally
appropriate circuits. Here we focus on a major subset of
these circuits connecting the cerebral hemispheres,

which in placental mammals occurs via the corpus
callosum, the largest fiber tract in the brain.

Callosal projection neurons (CPNs) primarily reside in
layers 2/3 (L2/3) and L5 of the neocortex and extend
long-range projections to the midline, where they cross
into the contralateral hemisphere. Callosal projections
then grow in the white matter of the contralateral
cortex, locate their precise target area, and then either
branch or turn to innervate the cortical layers and make
appropriate connections with their postsynaptic

partners.
Visualizing callosal projections and molecular
profiling of callosal projection neurons
The earliest strategies to uniquely label CPNs involved
bulk retrograde labeling by injecting horseradish
peroxidase, fluorescent dyes, or microspheres into their
contralateral axonal target [1e6]. Although this was a
robust strategy to visualize projections to a specific
target and, in later studies, to obtain a purified popula-
tion of CPN cell bodies, bulk labeling precluded the
identification and visualization of all axonal projections
from these neurons. Nevertheless, profiling of tran-
scripts enriched in CPN cell bodies, first conducted
using microarray [5] and subsequently by bulk RNA-seq

experiments [7,8], revealed key molecular determinants
of CPNs and hinted at a high degree of heterogeneity in
this class type [5,7,9]. In more recent years, single-cell
RNA-seq analysis of the developing cortical plate has
significantly advanced our abilities to genetically profile
all projection neuron subtypes [10e12].

One such study by Tasic et al. (2018) profiled single
cells within the adult mouse anterior lateral motor
(ALM) and primary visual (VISp) cortices following
retrograde labeling from various brain regions (Figure 1)

[13]. This study confirmed that CPNs that formed
homotopic connections within the contralateral hemi-
sphere were molecularly heterogenous but nevertheless
belonged to subclasses of intratelencephalic neurons
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Figure 1

Intratelencephalic neurons that form homotopic connections within the contralateral hemisphere have highly heterogeneous transcriptomes and
potentially reside within all cortical layers except L1.
a. TSNE plot depicting intratelencephalic neurons harvested from the VISp and ALM cortex , obtained from the Tasic et al. (2018) scRNA-seq dataset.
Cells are colored based on the respective cortical areas from which they were collected. Overlaid in red and black are retrogradely labeled cells that
project into the contralateral VISp and ALM, respectively. This data demonstrates that these neurons project to largely homotopic areas when compared
between the frontal and occipital poles of the cortex.
b. TSNE plot depicting the subclass identity of intratelencephalic cells in different cortical layers, overlaid by retrogradely labeled cells in red and black,
respectively.
c. Retrogradely labeled cells identified through injections of viral tracers into the contralateral VISp, contralateral ALM, contralateral caudate putamen
(CP), or ipsilateral cortex (Ctx) and overlaid on the TSNE plot of all intratelencephalic cells. Injection sites within the ipsilateral cortex included the primary
motor area, primary somatosensory area, secondary somatosensory area, perirhinal area, and retrosplenial area for cells harvested from the ALM.
Ipsilateral injection sites for cells harvested from the VISp consist of the anterior cingulate and retrosplenial areas. This data shows that individual cell
types, as defined by their transcriptome, could project to multiple target areas both contralaterally and ipsilaterally.
d. TSNE plot depicting cell types as described in Tasic et al. (2018). Cell type labels, represented by each color, are described within the table in panel d’.
Overlaid in red and black are retrogradely labeled cells that project into the contralateral VISp and ALM, respectively.
d’. Table of the number of retrogradely labeled cells within each subclass and their corresponding cell type as defined by Tasic et al. (2018). This data
shows the heterogeneity of retrogradely labeled cells and different callosal subclasses observed in this dataset. Abbreviated forms indicate the following:
ALM, anterior lateral motor; VISp, primary visual cortex; TSNE, t-distributed stochastic neighbor embedding.
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that reside predominantly within L2/3 and L5 but also

occupied L4 and L6 of the adult cortex (Figure 1a, b,
ded’). Retrograde injections into other brain regions
demonstrated that these cell types could also project to
cortical areas within the ipsilateral cortex as well as the
contralateral caudate putamen (Figure 1c). In these
instances, the labeling strategy utilized was limited in
its ability to determine whether individual cells with
similar transcriptomic profiles formed connections with
different brain regions or whether individual cells
formed axonal branches that enabled them to project to
multiple brain regions. If these cells indeed formed

axonal branches (as demonstrated by the single callosal
Current Opinion in Neurobiology 2024, 84:102837
neuron labeling experiments discussed below), it re-

mains to be determined whether only specific CPN
subtypes are capable of this. Therefore, while this study
advanced our understanding of the transcriptome of
adult CPNs, it also demonstrated a gap in our knowl-
edge of the molecular determinants of their projec-
tion patterns.

Single neuron labeling of callosally-projecting
neurons reveals connectivity to multiple targets and a
high degree of variability in their projection patterns
High-throughput platforms that simultaneously enable
single callosal neuron labeling, molecular identification,
www.sciencedirect.com
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and tracing of axonal projections are required to reliably
identify CPN subtypes and examine the full spectrum
of their postsynaptic targets. Such databases or analysis
pipelines that have performed detailed axonal tracing
and molecular profiling of CPNs together have not yet
been generated.

Recently, advanced viral tracing and microscopy tech-

niques employed by the MouseLight project (https://
ml-neuronbrowser.janelia.org/) have brought about a
major technological advance in visualizing the anatom-
ical diversity of projection neurons. Precise labeling of
cell bodies and axonal trajectory reconstruction at a
single neuron level were achieved by injection of low-
titer preps of adeno-associated viruses, followed by
high-resolution 3-D light microscopy of optically cleared
whole mouse brains [14,15]. Neurons were assigned to a
given layer and area based on their anatomical location in
accordance with the Allen Mouse Common Coordinate

Framework. Using axonal reconstructions from about
1200 neurons, Winnubst et al. (2019) performed analysis
on intratelencephalic and pyramidal tract neurons that
revealed diversity in neuron projection patterns and
subtypes projecting to distinct targets. This database’s
high-resolution axonal morphology data also enabled
quantitative analysis and comparison between these
different classes of neurons [16]. We performed a
comprehensive analysis of this publicly available dataset,
focusing on the CPNs, to examine their diversity in
interhemispheric projection patterns and to categorize

them into subtypes, if possible. An exhaustive analysis of
the axonal projection patterns from the NeuronBrowser
of the MouseLight consortium shows remarkable di-
versity in the targets innervated by CPNs (Figure 2). By
carefully examining each neuron reconstruction, we
confidently identified 43 of the 1200 projection neurons
(analyzed by the MouseLight consortium) that display
interhemispheric callosal projections, with their soma
located in the motor, anterior cingulate, frontal, so-
matosensory, and visual cortices (Figure 2). This pro-
portion of neurons (43/1200) likely reflects aspects of
the viral injection strategy rather than an actual indica-

tion of interhemispheric versus noninterhemispheric
projection neurons. A close examination of these 43
neurons (1 in the primary somatosensory cortex, 3 in the
visual cortex, and the remaining 39 in the motor/frontal/
cingulate cortices) reveals that they may belong to
multiple classes of previously unknown subtypes based
on their diverse projection patterns in the contralateral
hemisphere (Figures 2, 3). Indeed, Figure 3 demon-
strates neurons with long-range, highly-branched pro-
jections in both the ipsilateral and contralateral
hemispheres. This has also been observed using Fluo-

roGold and DiI retrograde labeling, which showed that
many long-range projection neurons simultaneously
project to the contralateral somatosensory cortex and
the ipsilateral frontal cortex. These dual projections
persist until adulthood, indicating that they may be
www.sciencedirect.com
critical for integrating information from both motor and
sensory areas in both hemispheres [17]. Our observa-
tions are also corroborated by the analysis of frontal L5
callosal neurons, which display heterogeneity in physi-
ological and morphological attributes that directly
correlate with corticocortical and subcortical projection
patterns [18].

Here, we highlight recent studies that investigate
mechanisms that faithfully guide interhemispheric
callosal projections to anatomically diverse target regions.

How is this variability in projection patterns
achieved?
Sequential waves of transcription factor-regulated ge-
netic programs in the cortical ventricular zone act to
establish cortical areas [19e21] and to generate the vast
diversity of projection neuron subtypes found in the
neocortex [9,22,23]. Each subtype expresses a distinct
set of transcription factors, has unique morphological
features and electrophysiological characteristics, and
subserves different functions based on their diverse

anatomical projections [5e7,24e28]. Expression of key
transcription factors like SATB2 and CUX1 is critical for
the specification of CPNs and the establishment and
stabilization of callosal projections [29e35]. Spatial
expression patterns of key guidance factors acting
downstream and in tandem with transcription factors
provide cues for circuit formation between different
areas [36e39]. The interplay between the genetic sig-
natures of developing neurons and the sensory in-
fluences of the surrounding environment plays a major
role in sculpting neuronal circuits [40]. Such mecha-

nisms have been reviewed elsewhere [41e43]. Here, we
review mechanisms that may generate axonal projection
diversity after neurons are specified to a particular layer
and cortical area.

Genetic mechanisms governing axonal extension
In the last decade, new systems-level strategies inte-
grating multiple cutting-edge techniques and high-
throughput approaches have identified key genes that
mediate the assembly and function of callosal circuits.
Here, we provide examples of the types of experimental
approaches that are revealing new insights into callosal
axon targeting without providing an exhaustive review of
this literature.

Flow cytometry-assisted sorting of labeled growth cones
of individual L2/3 CPNs, followed by paired subcellular
proteome-transcriptome analysis, has revealed the
enrichment of diverse classes of proteins, including
those regulating synaptic transmission as well as axonal
growth and guidance [44]. This study employed an
extensive approach to identify specialized sub-cellular
molecular signatures of the growth cone, both at the
mRNA and protein level, and compared them to those of
their parent cell bodies. The approach enabled the
Current Opinion in Neurobiology 2024, 84:102837
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Figure 2
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Figure 3

Diverse projection patterns of callosal neurons originating in the sensory cortices were analyzed using data available in the MouseLight database.
a. Dorsal view of callosal neurons, three originating in the primary visual cortex (VISp, VISl) and one in the primary somatosensory cortex (SSp), which
extend interhemispheric and intrahemispheric projections. Each neuron is represented by a different color. Black arrowheads represent the location of the
soma.
b. Analysis of the anatomically diverse targets innervated by callosal neurons originating from primary somatosensory and visual cortices.
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identification of mTOR signaling as necessary for
transhemispheric callosal axon growth. mTOR foci,
along with mRNA transcripts controlling the translation
machinery, were found to be enriched in CPN growth
Callosal neurons in motor, cingulate, and frontal cortices project to anatomicall
MouseLight database (https://ml-neuronbrowser.janelia.org/).
a. Dorsal view of axonal projection patterns of 39 callosal neurons, originatin
projections. In each individual brain, five representative callosal neurons are s
the soma.
b. Tabular analysis of the diverse anatomical targets innervated by each of th
Detailed information for each neuron has been tabulated under the following
cortical layer, classification as homotopic or heterotopic, brain regions innerva
c. Categorization of these 39 callosal neurons based on their soma location a
forms indicate the following: Str, Striatum; Ins, Insula; mOFC, medial orbitofron
cingulate; S1J, primary somatosensory area. ACA, anterior cingulate area; F

www.sciencedirect.com
cones, a site of intense axonal growth and where the
sensing of target-derived signals occurs. The outcomes
of this analysis, for the first time, provided a strong
experimental foundation for carrying out quantitative
y diverse targets in both hemispheres, analyzed using data available in the

g in MOp, MOs, ACA, and FRP1 cortices, which extend interhemispheric
hown, each in a different color. Black arrowheads represent the location of

ese 39 neurons in both the ipsilateral and contralateral hemispheres.
headers: neuron ID (from the MouseLight database), soma location and
ted in the contralateral and ipsilateral hemispheres.
nd the presence of axonal terminals in distinct brain regions. Abbreviated
tal cortex; Ect, Ectorhinal cortex; Ent, Entorhinal cortex; IL, infralimbic; Cg,
RP1, frontal; MOp, primary motor cortex; MOs, secondary motor cortex.
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investigations of subcellular RNA-proteome mapping in
developing CPNs. Together, these novel findings pro-
pose a unique concept that involves coupling cellular
translational machinery to signaling components at the
growth cone to facilitate axon extension of specialized
projection neuron subtypes. In the growth cones of
interhemispheric projections, candidates like neurexin
and neuregulin were also enriched, which are known to

control excitatory and inhibitory synapse development
and synapse specificity [45].

Recently, techniques like BRICseq (brain-wide individ-
ual animal connectome sequencing) have also been
developed, which allow correlations between tran-
scriptomic signatures and neuronal activity during
behavior [46]. This technique harnesses the power of
multiplexed viral tracing, DNA barcoding, and high-
throughput sequencing to extensively map neocortical
region-to-region connectivity from single individuals at

an affordable cost in a few weeks. This technique was
used to correlate spatial expression patterns of a few
genes with region-to-region connectivity that predicted
neuronal activity patterns in the adult brain while the
animal performed a decision-making task. The outcomes
of the BRICseq corticocortical projectome mapping align
with our findings based on the MouseLight dataset that
corticocortical projection neurons originating in a given
region project in a highly variable manner to anatomically
diverse cortical regions in both hemispheres.

In addition to extrinsic axon guidance mechanisms, the
ability of CPNs to extend interhemispheric projections
is also contingent upon intrinsic cues such as firing re-
sponses characteristic of cortical L2/3 neurons. Acqui-
sition of such characteristic firing patterns is achieved by
the expression of master regulator genes, either in CPNs
themselves or in their contralateral target area. The
transcription factor CUX1, which is expressed in L2/3
CPNs, is necessary for modulating the ion channel KV1-
dependent firing properties of L2/3 neurons. Down-
regulation of either CUX1 or KV1 resulted in decreased
callosal innervation of the contralateral hemisphere

[34], suggesting transcription factor-regulated neuronal
firing is critical for stabilizing interhemispheric callos-
al projections.

Primary callosal axons upon reaching their contralateral
target undergo extensive arborization, and some of these
mechanisms are disrupted in human developmental
disorders. Callosal arborization is influenced by multiple
factors, including mitochondrial function. Mitochondria
within the axonal compartments of CPNs are shorter in
length compared to dendritic mitochondria, which are

long and tubular in structure. This characteristic small
size of axonal mitochondria is necessary for controlling
the calcium buffering capacity of presynaptic mito-
chondria, which in turn regulates neurotransmitter
Current Opinion in Neurobiology 2024, 84:102837
release and axonal branching of callosal neurons [47].
Callosal branching is also affected by gain-of-function
mutations in the L-type Ca2þ channel, CAV1.2, in
Timothy syndrome, which results in greatly reduced
callosal axon arborization in the contralateral hemi-
sphere [48].

Early neuronal activity sculpts initial callosal
targeting and pruning
During development, the combinatorial expression of
transcription factors plays a pivotal role in the specifi-

cation, guidance, wiring, and assembly of callosal circuits
[5]. As callosal neurons mature and extend projections
into contralateral cortical targets, coordinated patterns
of spontaneous activity and sensory-evoked neuronal
activity patterns emerge that are crucial for circuit
development and function [49e51]. These activity
patterns may emerge within callosal neurons themselves
or in target neuronal populations. Spontaneous firing of
action potentials in developing cortical neurons during
prenatal and early postnatal periods plays an important
role in the establishment and maintenance of cortical

circuits [51]. When axonal firing is compromised, for
example, when exogenous expression of an inward
rectifying potassium channel KIR2.1 is used to hyper-
polarize L2/3 neurons in the visual cortex, it results in
impaired lamina-specific axonal targeting in the
contralateral hemisphere but does not affect region-
specific targeting [52]. In contrast, similar perturba-
tions introduced in somatosensory cortex L2/3 neurons
resulted in slightly different outcomes by affecting both
area- and lamina-specific targeting [53]. Overexpression
of KIR2.1 also resulted in the slowing of axon extension

along the corpus callosum, as well as during innervation
of the contralateral cortex [53]. These effects could
occur through KIR2.1-mediated suppression of neuronal
excitation or a failure to establish proper synaptic
transmission. Overexpression of the tetanus toxin light
chain, TeNT-LC, that interferes with vesicular exocy-
tosis of neurotransmitters resulted in an initial delay in
the innervation of the contralateral cortex and failure in
the stabilization of callosal terminals at the end of the
second postnatal week. These results suggest that both
intrinsic neuronal excitability and proper synaptic

transmission are required for precise targeting and
maintenance of callosal projections in the contralateral
somatosensory cortex [53]. Further studies have un-
covered that spontaneous network activity is selectively
required during a critical period in the second postnatal
week for the development of callosal projections [54].
Further, silencing of neuronal activity in the CPNs and
in the contralateral target hemisphere indicated that
both presynaptic and postsynaptic neuronal activity play
a critical and differential role in axon growth, branching,
and the formation of arbors during callosal axon devel-

opment [55]. This indicates that the coordination of
neuronal firing levels, between presynaptic and
www.sciencedirect.com
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postsynaptic neurons across both hemispheres regulates
the wiring of long-range projection neurons. Such coor-
dination of neuronal firing levels may be orchestrated by
the expression of key genes encoding transcription fac-
tors, axon guidance cues, and ion channels.

Correlated patterns of spontaneous activity in small
neuronal ensembles in the developing neocortex may

also operate in combination with molecular cues to
instruct callosal connectivity [50]. In late embryonic to
postnatal mammals, distinct modality-specific sponta-
neous activity patterns with unique spatiotemporal
properties emerge in sensory areas [56e58]. Sponta-
neous wave-like activity patterns emerging in peripheral
sensory organs like the retina propagate to the visual
cortex and the superior colliculus in a bilaterally syn-
chronized manner [56]. This motivates the question of
whether these coordinated retinal waves could facilitate
interhemispheric wiring between the visual hemi-

spheres [59]. Spontaneous activity in developing cir-
cuits also primes the nascent neuronal networks for
subsequent sensory-experience-dependent fine-tuning
of circuits and maturation of complex networks [59,60].
This has been elegantly demonstrated in the developing
visual cortex, where callosal inputs from the contralat-
eral hemisphere coordinate with spontaneous retinal
activity to eliminate chandelier interneurons in the
binocular zone prior to vision onset. This callosal-input-
driven elimination is critical for developing binocular
vision [61].

Over development and into adulthood, these sensory-
specific spontaneous and experience-evoked patterns
are replaced with more complex activity rhythms in the
adult brain that engage multiple networks and propa-
gate over different neocortical areas [62]. In the mature
sensory system, spontaneous activity is regulated by
behavioral states such as attention and fixation in visual
or auditory tasks, and in varying degrees, anesthesia
(reviewed in 63). A comparison of cortical spontaneous
activity across behavioral states indicates that there is
significant diversity of these activity signatures across

cortical areas. Even within a specific behavioral state,
area and layer diversity in cortical spontaneous activity
patterns can be observed [63]. Voltage-sensitive dye
imaging of adult mice in both awake and anesthetized
states at millisecond temporal resolution has revealed
that spontaneous oscillatory activity is highly synchro-
nized across multiple regions and between hemispheres
via transcallosal interhemispheric projections [64]. This
coherence of complex local rhythms originating at
several points may facilitate parallel modification of
functionally linked synaptic connections in both hemi-

spheres. This has also been exemplified in studies
employing specific activation of the corpus callosum
coupled with whole-brain activity imaging. Using fMRI
and calcium imaging, optogenetic activation of the
www.sciencedirect.com
corpus callosum connecting the barrel cortices was
found to elicit signals in the ipsilateral motor cortex and
the posterior thalamus, suggesting that callosal pro-
jections are functionally connected with diverse tar-
gets [65].

Sensory-deprivation experiments reveal that
unilateral sensory disruption causes greater changes
in callosal targeting than bilateral disruptions of
sensory input to the cortex
Experience-driven inputs relayed by peripheral sensory

organs play a major role in the formation and function of
developing cortical circuits. Using sensory deprivation
paradigms, sensory-input-driven neuronal activity has
been shown to play a crucial role in the development of
callosal projections.

Visual system
In the visual cortex of adult cats, callosal connections are
distributed in a restricted manner, and they are partic-
ularly enriched at the boundary of area 17 (primary
visual cortex) and area 18 (secondary visual cortex).
Such distribution is acquired postnatally by the pro-
gressive elimination of callosal projections from the rest

of areas 17 and 18. Kittens deprived of visual inputs by
binocular eyelid suturing develop a normal distribution
of callosal inputs. However, monocularly deprived kit-
tens displayed unusual retention of callosal inputs in
area 17 (where they are normally eliminated) at adult
stages [2]. Monocularly deprived rats also display
ectopic callosal terminals in area 17, while bilateral
enucleation results in a reduction of callosal projections
in the border between areas 17 and 18 [66]. Overall,
these observations point to the fact that monocular
deprivation results in greater disruption of callosal con-

nections as compared to binocular deprivation. These
studies indicate that visual input is critical for the
normal development of callosal projections, in the
absence of which callosal projections are either reduced
or retained in ectopic locations.

Somatosensory system
The ablation of peripheral sensory organs in other sen-
sory circuits, like the somatosensory system, by trans-
ecting the infraorbital nerve impacts callosal projections
in both hemispheres. In the rodent somatosensory
cortex, unilateral transection of the infraorbital nerve
results in an abnormal pattern of callosal projection
terminals in the contralateral somatosensory cortex.

However, anomalies in callosal projection patterns were
also observed in the hemisphere ipsilateral to the nerve
transection, which receives normal peripheral input
from the contralateral periphery [67]. This indicates
that periphery-driven activity alone is insufficient to
maintain normal callosal projection patterns and that
alternate mechanisms are involved. The fact that bilat-
eral disruption of peripheral sensory organs does not
Current Opinion in Neurobiology 2024, 84:102837
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affect callosal projections provides additional evidence
in favor of this argument [68,69]. Experiments involving
disruption of either spatially symmetric whisker pad
organization or cortical neuronal activity have demon-
strated that symmetrically balanced neuronal activity in
both hemispheres is necessary for correct callosal axon
targeting [69]. During the targeting phase, interhemi-
spheric axons likely match the activity of the contra-

lateral targets with their cell bodies to faithfully
establish long-range connections. This indicates that
extrinsic periphery-relayed sensory inputs or intrinsic
neuronal activity alone are insufficient for precise
guidance of callosal projections. Correlated patterns of
activity that emerge in a balanced manner in both
hemispheres may act as an instructive cue for guiding
callosal projections between homotopic targets. Hence,
diverse mechanisms are required for the formation of
callosal projections in modality-specific sensory circuits.

The influence of experience-dependent sensory input
also extends to the elimination of developmentally
transient exuberant callosal projections during postnatal
refinement. Such sensory-input-dependent pruning
mechanisms have recently been demonstrated in the
Figure 4

hypothetical model depicting how diverse axonal projections may arise during
a. Dorsal view of the axonal projection pattern of representative neuron AA049
The representative neuron has five axonal terminals (2 ipsilateral, blue arrow
projection patterns of a single callosal neuron could occur through various m
heterogeneity at the cell body [5,11,13], periphery- and activity-driven cues [2,5
or stochastic axon growth that is stabilized in a more specific manner.

Current Opinion in Neurobiology 2024, 84:102837
somatosensory cortex for transient callosal projections
that extend from L4 neurons [70].

CPNs in L2/3 also receive input relayed from the
thalamus via L4. Manipulation of spontaneous
neuronal activity originating in the sensory thalamic
nuclei has been shown to result in the modulation of
thalamocortical axon extension, branching complexity,

and cortical area specification [71e74]. Using mouse
models that undergo an alteration of sensory areas
upon peripheral manipulations or activity silencing
[73,74], it would be interesting to test whether a
reorganization of thalamic projections influences the
innervation pattern of callosal axons in sen-
sory cortices.

Although most callosal projections are glutamatergic in
nature, a small proportion of callosal projections also
belong to L5 GABAergic neurons that express parval-
bumin and modulate the gating of long-range inter-
hemispheric inhibition [75,76]. Thus, in addition to

excitatory pyramidal neurons, activity from long-range
inhibitory callosal neurons can sculpt interhemi-
spheric circuits.
callosal development.
2 (MouseLight database) on the left and an enlarged version on the right.
heads and 3 contralateral, red arrowheads). Such variability in the axonal
echanisms. These factors include, but are not limited to, transcriptional
2,53,66–69], growth-cone-specific enrichment of mRNA and proteins [44],

www.sciencedirect.com
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Conclusion
Callosal axons display remarkably heterogeneous axonal

trajectories, which often include extensive ipsilateral
and contralateral heterotopic connections. Such diverse
projection patterns remain hidden by bulk labeling ap-
proaches that are the basis for most histological
connectomic tracing. Furthermore, MRI-based tech-
niques such as tractography accurately produce
streamlines up to the midline but are not able to trace
streamlines into the contralateral gray matter. Such
techniques that trace and label callosal neurons in bulk
have indicated that callosal projections are largely
homotopic. However, it is now unclear to what degree

this is the case, given the results reviewed here from the
MouseLight and BRICseq studies. A number of models
could be put forward as to how such diverse axonal
projections to a variety of contralateral and ipsilateral
targets from a single neuron might arise. Callosal axons
might follow a stereotypical growth pattern following
guidance cues toward, across the midline, and into the
contralateral hemisphere. However, considerable evi-
dence presented here suggests that callosal axons also
require activity, either spontaneous or evoked, to locate
their target and stabilize branches in the appropriate

layers. An alternative model might be that axon growth
is constrained by molecular cues but largely stochastic,
becoming pruned when activity patterns are encoun-
tered that can enable functional connections to be sta-
bilized. Figure 4 summarizes factors that may be
involved in driving the variability observed in callosal
projection patterns. Variability between neurons is an
important consideration, but it is also necessary to
consider how a single neuron can project to multiple
targets. For example, multiple neuronal growth cones
originating from a single neuron and projecting to

different targets could be presented with different
guidance cues when growing toward their target,
including potentially conflicting cues regulating
contralateral and ipsilateral targeting. Exactly how these
signals would be integrated within the same neuron
suggests the compartmentalization of signals within a
neuron and perhaps more integration at the local level of
the individual growth cone [44], rather than being
controlled by signals from the cell body. A combination
of the mechanisms outlined in Figure 4, perhaps
deployed in a hierarchical manner, might mediate the

heterogeneity observed. Such heterogeneity may also be
important for axonal plasticity. An example of this is the
heterogeneity in whole-brain connectivity patterns
observed between animals and people with brain wiring
defects such as corpus callosum dysgenesis (for
example, see [77]). Regardless of how these circuits are
formed, the morphology and anatomical targeting of
callosal neurons suggest an important role for the inte-
gration of information within individual neurons, not
only between the hemispheres but across the
entire cortex.
www.sciencedirect.com
Methods
Reanalysis of Tasic et al. (2018) scRNA-seq dataset
The scRNA-seq data generated by Tasic et al. (2018) was
downloaded from the Allen Brain Map RNA-seq data
portal (https://portal.brain-map.org/atlases-and-data/
rnaseq/mouse-v1-and-alm-smart-seq). The class, sub-
class, and cell type cluster identities that were originally
assigned were obtained from the full metadata table
available as Supplementary Table 10 in Ref. [13]. Similar
to the original study, we used read counts that mapped to
exons and further filtered the data to include only
glutamatergic neurons using the following filter:
class = glutamatergic. To generate t-distributed sto-

chastic neighbor embedding (TSNE) plots, we rean-
alyzed this data in R (version 4.2.2) using the following R
packages: SingleCellExperiment (version 1.20.0),
scuttle (version 1.8.4), scater (version 1.26.1), and scran
(version 1.26.2). The R script used for normalization,
feature selection, and dimensionality reduction is avail-
able at https://doi.org/10.5281/zenodo.8179341. Retro-
gradely labeled cells were identified from the metadata
table via the column ‘injection_primary’ following
filtering for injection_exclusion_criterion = OK.

Analysis of MouseLight data
The source of the dataset used in this article is the

MouseLight project (Economo et al., 2016, Winnubst
et al., 2019), which is hosted online as an interactive
database of 1200 neurons, available at https://ml-
neuronbrowser.janelia.org/. We used the functionality
of the search bar on this website to arrive at our final list
of 43 neurons for analysis. In order to screen the data-
base for neurons located in the frontal and motor
cortices, the following parameters were entered into the
search bar, and additional filters were applied as follows:
Query type=anatomical region; source or target loca-
tion=corpus callosum, “and” (isocortex þ primary

motor area þ secondary motor area þ anterior cingulate
cortex þ frontal pole of cerebral cortex), “not”
(thalamus þ primary somatosensory area þ primary
visual area þ posterior commissure þ anterior commis-
sure); structure=any. This input yielded a list of 104
neurons. In order to check whether each of these 104
neurons satisfied the definition of a true CPN projecting
across the midline, the dataset for each neuron was then
manually analyzed for the presence of an interhemi-
spheric projection that crossed the midline of the
neocortex. Following this initial screening, we arrived at
our final list of 39 neurons, which we analyzed for

multiple parameters and categorized them as shown in
Figure 2. In a similar way, in Figure 3, for neurons located
in the sensory cortices, the following filters were used,
and for each hit obtained, the dataset was manually
analyzed for the presence of an interhemispheric pro-
jection, and 4 neurons satisfied our criteria: query
type=anatomical region; source or target loca-
tion=corpus callosum, “and” (primary somatosensory
Current Opinion in Neurobiology 2024, 84:102837
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area þ primary visual area), “not” (thalamus þ primary
motor area þ secondary motor area þ anterior cingulate
cortex þ frontal pole of cerebral cortex); structure=any.
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