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Closing the gap from transcription to the structural connectome
enhances the study of connections in the human brain
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Abstract

The brain is composed of a complex web of networks but we have yet to map the structural
connections of the human brain in detail. Diffusion MR imaging is a high-throughput method that
relies on the principle of diffusion to reconstruct tracts (i.e., pathways) across the brain. Although
diffusion MR tractography is an exciting method to explore the structural connectivity of the brain
in development and across species, the tractography has at times led to questionable
interpretations. There are at present few if any alternative methods to trace structural pathways in
the human brain. Given these limitations and the potential of diffusion MR imaging to map the
human connectome, it is imperative we develop new approaches to validate neuroimaging
techniques. | discuss our recent studies integrating neuroimaging with transcriptional and
anatomical variation across humans and other species over the course of development and in
adulthood. Developing novel frameworks to harness the potential of diffusion MR tractography
provides new and exciting opportunities to study the evolution of developmental mechanisms
responsible for variation in connections and bridge the gap between model systems and humans.
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Introduction

Pioneering studies in experimental avian embryology combined tissue manipulations with
cell-labeling methods to reveal the developmental origins of cell types, migratory routes, as
well as the developmental time course of axon extension and refinement. The use of a quail-
specific markers, dyes, and conjugates enabled tracking the fate of cell populations in detail
and identified many principles of development (1-3). These studies paved the way for many
future studies in developmental and evolutionary biology (4-12).

The present work is focused on the evolution and development of cellular architecture, and

in particular the structural connectivity of the human brain. Many of the tools available for

study in sauropsid embryology (6—-12), are unavailable to the study of the human brain. The
lack of appropriate tools in human neuroscience has precluded our ability to visualize
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connections and trace cell populations in as much detail in humans as in model organisms.
Identifying which connections are conserved and which have evolved in the hominid lineage
necessitates harnessing methods that only indirectly trace the location and target of axons.
The study of connections and their evolution in the human lineage is as much a study on
howto study connections as it is a study seeking to identify what connections are variant and
invariant across species.

| consider conservation and variation in tractography from diffusion MR imaging,
transcription, and neuroanatomy as tools to study connections across species. | illustrate how
these approaches enhance our understanding of the developmental mechanisms underlying
variation in connectivity in humans relative to model organisms (Figure 1; 13-18). I also
discuss our recent efforts capturing temporal variation in transcription to find corresponding
time points across humans and model organisms (Figure 2). Developing appropriate
norming procedures to compare development permits identifying sources of conservation
and variation in developmental programs across species.

Tracing an axon in the human brain: challenges and opportunities

Many of the approaches available to map pathways in model organisms (e.g., avian
embryos) are not available to study the human brain. For example, tract-tracers require
injections in the living brain, which preclude their study in humans (19-26). Other tracers
such as fluorescent dyes, used in embryology, do not diffuse over sufficient distance to
enable the reconstruction of axonal projections in the human brain (27). The lack of current
tools available to study connections has precluded our ability to develop a map of structural
connections in the human brain and to identify how connectivity patterns in humans differ
from those of other species.

Among the various methods to map connections in the brain, resting state fMRI measures
brain activity via modifications to blood flow and can be used as an indirect means to map
connections across the brain (28-30). Identified cortico-cerebellar maps are an interesting
and a rare example to emerge from the integration of resting state fMRI with tract-tracers.
Whereas tract-tracers provide information about few but detailed localization of connections
in model systems, resting state fMRI broadly surveys blood flow and can be used to study
the human brain. The integration of these methods at different scales of study resolved the
existence and localization of cortico-cerebellar maps. Because there are no monosynaptic
projections between the cerebral cortex and the cerebellum, the presence of maps across the
cerebral cortex and cerebellum cannot be identified from tract-tracers alone since tract-
tracers do not cross synapses (31-36). Resting states fMRIs consider covarying fluctuations
in blood flow regardless as to whether these connections are mono or polysynaptic. The use
of resting states fMRI and tract-tracers identifies cross-synaptic pathways and cortical
representations across the cerebellum. This approach showed that maps of cortical areas are
represented multiple times in the cerebellum and are oriented as mirror images of each
another (33-36). Although there is uncertainty about the origins of recorded signals from
resting state fMRI, it is the combination of tract-tracing techniques with neuroimaging
techniques that identified networks across the human brain (37).
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Diffusion MR tractography is one of the few methods available to visualizing the structure
of pathways in the human brain (Figure 1). Diffusion MR tractography relies on the local
diffusion of water to detect the location and orientation of pathways across the brain. In
adulthood, diffusion MR tractography identifies long-range projections (i.e., bundles of
axons) as fibers (i.e., tracts) across the brain (38—-42). Diffusion MR tractography has not
only enabled visualizing pathways in the adult brain, it has revealed, with unprecedented
detail, the developmental time course of major developmental programs (43-50). Those
include radial glia and emerging pathways in brains of humans and other species. For
example, during cortical neurogenesis, diffusion MR tractography identifies radial fibers,
which act as scaffolds guiding neurons that migrate from the proliferative pool to the cortical
plate (Figure 3). As neurogenesis wanes, diffusion MR tractography identifies emerging
cross-cortical and subcortical pathways, many of which course through the white matter (45,
46, 51). Diffusion MR tractography is non-invasive and identifies tracts across the entire
brain (Figure 1) but, certain limitations imposed by the tractography have precluded its use
at the level of detail needed to map connections in the developing and adult brain.

The limitations of diffusion MR tractography have been described in detail. Diffusion MR
tractography has difficulty resolving the precise terminations of pathways within the gray
matter as it preferentially identifies pathways based on certain characteristics at the expense
of others (axon thickness, myelination; 52-53), and does not fully resolve crossing fibers
(41; 53-55). It is, therefore, critical that we develop new approaches to ensure the accuracy
of tractography emerging from diffusion MR imaging. Validating diffusion MR tractography
would enable mapping connectivity patterns of the brain and investigating developmental
mechanisms generating variation in connections across species.

Traits that are conserved across mammalian brains can be used to make inferences about the
organization of the human brain. This is especially valuable considering that so little is
known about the basic circuitry of the human brain relative to what is known in model
organisms. | consider conserved properties of the cerebral cortex such as the relationships
between birth-order (i.e., when a neuron is born), adult position, neuronal size, gene
expression, and stereotypical patterns of connectivity across the depth of the cortex in
human, non-human primates, and other mammals (56) to infer the evolution of cortical
circuits in the human lineage. Integrating information about cortical structure, stereotypical
patterns of connections, gene expression, and diffusion MR tractography enables developing
new approaches to enhance our understanding of the evolution and development of
connections in the human lineage.

Conservation in cortical properties to the study of the evolution of

connections

| first discuss conserved properties of the mammalian cerebral cortex in order to identify
how connections evolved across species. | focus on the relationship between birth order (i.e.,
when a neuron is generated in development), positional information of neuronal soma, as
well as stereotypical patterns of connections across the depth of the cortex (1; 19; 57-61). |
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integrate these data along with the tractography from diffusion MR imaging to tackle the
evolution of connections across species (Figure 1).

The grey matter of the cortex is composed of 6 layers or so across mammals and consists of
neuronal and glial cell bodies (62). Neurons exhibit stereotypic patterns of projections
depending on where their soma are located across the depth of the cortex. A number of
studies have employed anatomical tracers to investigate patterns of connectivity across
several mammalian species in adults and in development (31, 63—-69). The synthesis across
these studies have revealed conserved properties in connectivity patterns across the depth of
the cortex. Layer I1-111 preferentially project within and across cortical regions. Layer IV
neurons are granular (ie., small) and project locally within the grey matter of the cortex. A
number of layer V-VI neurons project to subcortical structures though some layer V-VI
neurons project to other cortical areas, many of which are considered feedback projections
(57, 68-70). Feedback projections, which originate in layers V and VI, project to layers I-1V.
This in contrast with feedforward projections, which originate largely in layer 11, and have
their axons terminate in layers I\VV-VI. Feedforward projections originate from cortical areas
that are closest to the sensory periphery whereas feedback projections project in the
direction opposite to that of feedforward projections. (57, 71-73). Taken together, these
observations demonstrate that there is systematic variation in projection patterns across the
depth of the cortex in mammals. Given these conserved properties of cortical organization,
modifications to neuron numbers within specific cortical layers can be used to make
inferences about evolutionary changes in connectivity patterns.

An interesting property of the cortex is the relationship between birth-order and the position
of excitatory neuronal soma across the depth of the cortex. In contrast to the “rebel status”
that neural crest cells have achieved by virtue of their widespread dispersion during
development (3), excitatory cortical pyramidal neurons migrate in a very orderly fashion in
the developing cortex. A series of studies employed triated-thymidine in model systems to
track lineages of cell populations and demonstrated an inside-out pattern of cortical
neurogenesis (74-75). Neurons born (i.e., generated) early in development assume a position
at lower layers (i.e., layer V1) and neurons born late during neurogenesis are located in upper
layers (e.g., layers Il; 74—76). This precise relations between birth-order and soma position
across the depth of the cortex has been detailed across a wide range of mammalian species,
including eutherian and placental mammals (77-78). Given this conserved inside-out pattern
of cortical neurogenesis, varying the rate or duration of cell production in neurogenesis
should entail predictable changes in which neuronal population with stereotypical projection
patterns amplify (79).

An interesting link between structure and connectivity patterns in vertebrates is the
relationship between cell size and projection patterns (15, 80). Neurons that have large
somas have a tendency to project over long distances whereas neurons with small somas
have a tendency to form local projections. Layer IV neurons are small (i.e., granular) and
project locally within the grey matter whereas many layers I1-11 and V-VI project over long
distances. Many neurons with large somas emerging from layer 111 and V have axons
coursing through the white matter to project across cortical areas or subcortical structures.
Whether large layer 1I-111 or V neurons project to cortical or subcortical structures depends
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to a large extent on the position across the depth of the cortex. It is possible to use positional
information and cell size across the depth of the cortex to formulate predictions as to
whether a given neuron projects locally, over long distances, to cortical, or to subcortical
structures.

Cell types possess stereotypical projection patterns and can be classified by the genes they
express (81-86). Although a number of genes can be used to identify progenitor subtypes
within the presumptive cortex (e.g., PAX6, TBR2), there are relatively fewer markers to
distinguish neuronal types based on the projection patterns (87-88). Select genes
individually or in combination are expressed by neuronal populations with specific
projection patterns (81-86). For example, in mice, Lmo4 has a tendency to be expressed in
callosal neurons of layers 11/111 and V. As another example, Neff expression from layer V
have a tendency to project subcortically in mice (83-84) though Neff1is expressed by
cortico-cortical as well as subcortical projections from neurons emerging from layers 111 and
V in macaques (Figure 1D, 4A; 69, 89-90). Of note, many of the genes used as markers to
label neurons only partially predict projection patterns.

A number of large-scale projects have identified the expression of genes across cortical
layers (91-94). The differential expression of genes across cortical layers can further define
cell types based on stereotypical patterns of projections. Some genes are expressed across
one or multiple layers. For instance, CUX1, CUXZ, and CALBI are expressed across layers
I1and I1l. RORB is primarily expressed by layer IV, and FOXPZ2is expressed across of layer
V1 (83-84, 91, 95). Although there may be subtle variation in the expression of genes across
cortical layers in different species, a previous study profiling ~1,000 genes across the
primary visual cortex of humans and mice. The study found that the overall expression of
most genes are conserved in humans and mice (94). That is, 79% of examined genes display
conserved pattern of expression across layers in humans and mice. The remaining 21% vary
substantially in their expression across layers of the primary visual cortex between the two
species (Figure 4; 94). | consider some of these differentially expressed genes coupled with
structural variation across layers in humans and mice as a means to investigate the evolution
of cortical connections.

Evolution of cortical connections

Synthesizing information from transcriptional and neuroanatomical variation across cortical
layers with diffusion MR tractography enhances the study of evolution of connections (18,
96). | first discuss variation in cortical neurogenesis, neuronal populations, as well as gene
expression across cortical layers in different species. It is possible to use these observations
to develop a framework with which to study the evolution of connections (13, 97-99). I then
discuss how such information can be integrated with comparative analyses of diffusion MR
tractography.

Because neuronal populations have a tendency to project stereotypically, variation in
subpopulation of neuron numbers can be used to make inferences about variation in
connectivity patterns across species (14, 17, 100-103). Neuronal populations can be
quantified with stereological methods as well as from sequencing of RNA, methylation, or
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open chromatin regions at the single cell level (104-110). The use of classical stereological
approaches coupled with RNA or DNA sequencing can provide rigorous approaches to
compare cell populations across species. This is because statistical procedures used to
classify cell populations (i.e., tSNE) from single cell RNA or DNA sequencing can yield
varying results (104). The integration of different methods provides rigor and reproducibility
in defining and comparing cell populations across groups. We use stereological techniques to
quantify the number of cortical neurons across layers of a broad range of mammalian
species (59, 100, 105). We grouped layers 1I-111 with IV because a granular layer 1V is rather
elusive across some of the examined mammalian species (106). Grouping layers I1-111 with
IV captures long-range projecting neurons emerging from layer 111 as well as local circuit
neurons emerging from layer IV. These studies show that layer I1-1V neuron numbers are
disproportionately amplified in primates compared with other examined species (59).(Figure
1C;). Single cell methylome and RNA sequencing data-set from frontal cortices of humans
and mice show that frontal cortex excitatory pyramidal layer 11 neuron numbers are
expanded in humans relative to mice (Figure 1; 107; 14; 17, 110). The amplification of layer
I1-1V neuronal populations, which may be specific to layer 111, coupled with knowledge of
stereotypical projection patterns across the depth of the cortex suggest an amplification of
neurons projecting cross-cortically is a shared and distinguishing feature of many primates.

The developmental origins responsible for the expansion of layers 11-1V neuron numbers
have been identified in primates (59, 77, 102). Capturing information about the duration of
neuron production, progenitor pools, and cell cycle rates over the course of development as
well as quantitative data capturing the number of neuronal populations in adulthood enables
building statistical models to identify the developmental basis of variation in brain structure
across species. Collectively, this work, which integrates a comparative and experimental
approach, has shown that an extension in the duration of cortical neurogenesis, and in
particular layer 11-1V neurogenesis, accounts for an expansion of layer 11-1V neuron numbers
in the primate cortex in adulthood (59, 79, 102, 111-116). In birds, a similar approach
revealed that extensions in the duration of neurogenesis give rise to an amplification of
neuron numbers in the adult avian telencephalon (79, 117-119). Collectively, these studies
show that similar developmental processes have evolved within birds and within primates
and that extensions in the duration of neurogenesis lead to concomitant amplification of
specific population of neurons in adulthood.

Within the cortex, the majority of genes are at least grossly conserved in their spatial
expression in rodents and primates (94). | consider both conserved and differentially
expressed genes across layers of the cortex in humans and mice. There are 19 supragranular-
enriched genes (e.g., NEFH, VAMPI1, SYT2, CRYM), which are of particular interest,
because these genes encode filaments (e.g., NEFH), synapse (e.g., VAMPI), and voltage-
gated channels (e.g., SCN4B). These genes can be used as proxies of long-range projections
(Figure 4). The observation that the expression of supragranular-enriched genes can be used
as makers of long-range projections is also evident from the fact that the expression of
supragranular-enriched genes correlates across long-range distributed association networks
across the human cortex (120). Of particular interest is the observation that these
supragranular-enriched genes are differentially expressed in humans and mice. In mice,
these supragranular-enriched genes are preferentially expressed in layer VV whereas these
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genes appear preferentially expressed in layer I111 in humans (Figure 4A). The differential
expression of these supragranular-enriched genes suggests major modifications in long-
range cross-connectivity patterns in humans relative to mice. Whether the observed
differences in gene expression between human and mice are unique to humans or shared
feature among human and non-human primates still remains an open question.

Comparative analyses of differential expressed genes, neuronal populations across layers,
and birth-dating studies highlight major modifications to layer 111 and cortico-cortical
connectivity patterns in humans and non-human primates relative to rodents. Primates
possess an expanded layer 11, an increase in excitatory layer 111 neuron numbers, and a
concomitant increase in the expression of genes linked to long-range cortical projections
(e.9., NEFH, 14, 17, 69, 107). Because layer 111 neurons have a tendency to form cortico-
cortical projections, the expansion of layer Il and suite of differentially expressed genes
across layers suggest an expansion in cortico-cortical projections in humans versus mice. In
two recent studies, we used diffusion MR tractography to confirm that primates possess an
expansion in cross-cortically projecting pathways relative to rodents (14, 17). We compared
the relative proportion of cortico-cortical pathways coursing through the cortical white
matter of human and non-human primates relative to rodents. We randomly selected voxels
though the white matter of the frontal cortex of humans and mice and quantified the relative
percentage of cortico-cortical pathways in humans relative to mice (17). We found that the
relative percentage of cortico-cortical pathways coursing through the white matter is
significantly greater in humans than it is in mice (14, 17). Cutting across scales of
organization from diffusion MR tractography to transcriptional variation enables identifying
evolutionary changes in connections across species. It will be of interest to integrate
transcriptional information with tractography from diffusion MR imaging within primates to
trace the evolution of pathways more closely within the human lineage. | next discuss our
efforts to develop new norming procedures to compare brain development at postnatal ages,
and how to use this information to integrate neuroimaging with RNA sequencing to identify
the developmental processes giving rise to the expansion of cortico-cortical pathways in
humans.

Appropriate norming procedures to compare brain development across

species

In humans, as in monkeys, cortical connections mature well into adulthood with peak
cortical synaptic densities occurring shortly after birth (121-124). The cortical grey and
white matter matures well into our 20s (125-129). It is unclear which layers are responsible
for this extended development of cortical structure in adulthood in humans. More
information on maturation of layers may be instrumental in relating the growth of the grey
matter with underlying white matter pathways. Identifying developmental sources of
variation in connections requires a systematic approach with which to compare development
from fetal stages to adulthood. Species vary widely in their length of development, which
makes it a challenge to identify comparable ages throughout development and in different
species. | discuss the history of the “translating time” model and our recent efforts to build
on this line of work to find corresponding time points at postnatal ages in different species.
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Developing appropriate norming procedures to compare brain development across species
enables identifying developmental sources of conservation and variation in developmental
programs across species.

The current database for the “Translating Time” model enables translating equivalent ages in
humans and model organisms and can be found at www.translatingtime.org (78). The
Translating time project and website is the product of collaborations across multiple
individuals over multiple years (130). Initially, Finlay and Darlington, 1995, used birth-
dating experiments to capture when neuronal types are generated to find corresponding time
points across 6 species. Later work captured the timing of abrupt transformations across a
broader range of species and from a broader range of developmental processes (e.g.,
synaptogenesis, cell death, 78, 131). More recently, we more than doubled the number of
transformations and species (102, 132, 133). Dr. Noden was the curator of the Cornell
embryological collection and | had the opportunity to meet Dr. Noden when | extracted the
timing of developmental transformations from specimens housed in the Cornell
embryological collections (e.g., cats, dogs, sheep). The inclusion of specimens from the
embryological collection was used to expand the number of transformations (h=271) and
species in the data-set. Together, these data enabled finding corresponding time points up to
2 years of age in humans and their equivalent in other species (Figure 2; 132).

Capturing when abrupt changes in developmental processes take place is especially well
suited to finding corresponding time points across humans and model organisms at fetal
stages of development. The translating time model relied heavily on birth-dating
experiments to track when different neuronal populations are born in different species (134).
Although a few neural structures such as the hippocampus extend neurogenesis into
postnatal ages, the vast majority of neurogenesis occurs during fetal development (135). The
low levels of neurogenesis coupled with the poor preservation of human samples have fueled
controversy about the mere existence of human hippocampal neurogenesis at postnatal ages
(135-138). In an effort to resolve this controversy, we asked whether the temporal profiles of
human hippocampal neurogenesis are unusual in humans compared with other species once
cross-species variation in developmental schedules are accounted for (133). Based on
temporal profiles of hippocampal neurogenesis in model organisms, human hippocampal
neurogenesis should drop sharply during childhood to hard to detect levels around
adolescence (133), which is consistent with that reported by (135). Although these studies
stress conservation in the timetable of hippocampal neurogenesis in humans, these
comparative analyses also highlight that methods employed previously (e.g., birth-dating
experiments, abrupt changes) are not suitable to find corresponding time points during
postnatal development in humans and model organisms.

We developed new approaches to find corresponding time points across during postnatal
ages across different species. Most recently, temporal variation in transcription permits
finding corresponding time points across humans and model organisms (Figure 2). That is,
an RNA sequencing data from the frontal cortex at multiple ages in humans and in mice
serves to capture temporal variation in gene expression (14, 17, 107). The timing of peaks in
gene expression were used as a basis with which to find corresponding ages across species
during postnatal development. Temporal variation in transcription can be used
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interchangeably with the timing of previously collected transformations to find
corresponding ages in humans and mice (Figure 2; 17). Of particular interest, the inclusion
of temporal variation in transcription finds corresponding ages up to 30 years of age in
humans and 6 months after birth in mice (Figure 2A-B). The use of temporal variation in
transcription permits finding corresponding ages at postnatal ages and these norming
procedures permit investigating the developmental basis of variation in connections across
species.

Evolution of developmental timing in connections across species

Developing appropriate norming procedures to compare brain development at postnatal ages
permits testing whether the timing of pathway maturation deviates relative to the timing of
other developmental programs in different species. That is, it is now possible to test whether
heterochronic changes in pathway maturation account for variation in brain structure in
adulthood. A number of hypotheses have focused on the duration of pathway development
as a basis with which species differences in connections emerge in adulthood. Many of these
hypotheses have focused on timing of axon extension and refinement as a substrate through
which connections evolve. However, these hypotheses were not explicitly tested due to the
lack of quantitative methods available to study the development of pathways across groups
and because of the lack of a rigorous approach with which to find corresponding time points
across species during postnatal development. It has been proposed, on the one hand, that
early connection formation can outcompete targets (139). Accordingly, evolving projections
to target brain regions early relative to the timing of other developmental programs would
provide an advantage in gaining territory in the brain (66, 140). It has also been proposed, on
the other hand, that extending the duration of axon formation and extension might afford
longer time to outcompete targets and gain an expanded territory. The second hypothesis
seems intuitive as the protracted development of pathway maturation can expand territory
into the postnatal ages, which can subsequently be shaped by environmental input (141).
These different hypotheses were proposed several years ago but the limitations of methods
available to study the evolution of connections precluded their investigation in much detail.

Integrating neuroimaging with RNA sequencing permits investigating the developmental
basis of variation in connectivity across species. Temporal trajectories in the expression of
supragranular-enriched genes as well as the growth of the cortical white matter across
species can be used as a means to test these two different hypotheses (Figure 4B-D). The
temporal pattern in the expression of supragranular-enriched genes is of particular interest
because they are markers of long-range projections and variation in the temporal profiles in
the expression of these supragranular-enriched genes may reveal whether the timetable of
projection development deviates across species (14, 17). Given that the cortical white matter
houses axons coursing to or from different cortical areas, comparative analyses of the
timetable of white matter growth can also be used as an indirect means to compare the time
course of projection development across species. Together, considering temporal trajectories
in white matter and gene expression identify deviations in the duration of pathway
development account for variation in connectivity patterns across species.
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Controlling for variation in developmental schedules in humans and in mice serves to
identify developmental programs accounting for the expansion of cortico-cortical pathways
in humans. The expression of at least some of the supragranular-enriched genes (e.g., NEFH,
VAMPYI) increase at postnatal ages and subsequently become invariant in both humans and
in mice (14, 17). Of particular interest is the observation that the expression of these genes
become invariant much later in humans than in mice once variation in developmental
schedules are controlled for. Comparative development of NEFH expression from in situ
hybridization further confirms NEFH expression steadily increases for longer in humans
than in mice once human age is mapped onto mouse age (Figure 4B-D; 14). These findings
demonstrate that temporal trajectories in the expression of genes linked to long-range
projection patterns are protracted in humans relative to mice. In addition, the cortical (i.e.,
frontal cortex, corpus callosum) white matter grows for longer in humans than in mice once
age in human age is mapped onto mouse age (14, 17, 50). Together, these findings suggest
that the development of long-range projections emerging from the cortex are protracted in
humans relative to mice. These few examples illustrate that the integration of neuroimaging
with transcription resolves the timetable of pathway development across species and the
developmental processes giving rise to the expansion of cortico-cortical pathways in
humans.

It will be of interest to integrate transcriptional variation with diffusion MR tractography
more broadly across mammals other than in the primate lineage. Some groups, which may
be of particular interest are domesticated species (142-143). Integrating transcriptional
variation with diffusion MR tractography to study the neurobiological basis of domestication
would be of particular interest as it would capture all scales of study from development to
brain structure and behavior. Such an approach would provide new opportunities to link
modifications to connections with behavior.

Future Directions and applications to neurological disorders

Bridging the gap from transcription to the structural connectome has provided an
opportunity to identify evolutionary changes in connectivity patterns across species as well
as the developmental basis giving rise to the expansion of cortico-cortical pathways in
humans. | have provided just a few examples where integrating across these scales of
organization would be of value for understanding the evolution and development of
connections. Although the discussion has focused on the evolution and development of
connections, these approaches can readily be used to enhance our understanding of the
biological basis of disorders.

There is often a focus on identifying neurological abnormalities at a single scale of
organization, most commonly at the genetic or at the neuroimaging level (e.g., diffusion MR
tractography, fMRI). Yet, the integration of the high-throughput methods in genetics and
neuroimaging has the potential to lead to a more complete understanding of neurobiological
abnormalities across a wide range of diseases. Abnormalities across layers and pathway
development from diffusion MR tractography have been reported across a spectrum of
disorders, including schizophrenia and autism spectrum disorder (144-149). For instance,
schizophrenia is characterized by abnormalities in layer 111 and concomitant abnormalities in
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long range cortico-cortical association pathways (146-148). Identifying neurobiological
abnormalities in the development of white matter pathways, transcriptional variation and
neuroanatomy together would yield a more complete understanding of the neurobiological
basis of disorders. A framework focused on cutting across scales of organization from
transcription to diffusion MR tractography provides new venues to map the structural
connectivity of the human brain in health and in disease as well as in hominid evolution.
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Figurel.
The integration of diffusion MR tractography with transcriptional and anatomical variation

can be used to identify conservation and variation in connectivity patterns in humans relative
to other species. Diffusion MR tractography viewed from sagittal (A) and (B) coronal slices
show fibers (i.e., tracts) that course through the white matter. Color-coding of fibers
represent their direction according to the map shown in A (e.g., fibers coursing across the
(A) anterior to (P) posterior axis are in blue). (C) A tSNE plot of single cells from
methylome sequencing highlights cell populations across layers of the frontal cortex of
humans. These data can be used to compare relative populations of cell types across species.
(D) Close-up view through the cortex identifies cell populations based on cytoarchitecture
(Nissl-stained) and gene expression (NVEFH). The expression of NEFH identifies large
pyramidal neurons in layer Il (arrows). Quantitative comparisons of diffusion MR
tractography, single cell sequencing, and neuronal populations based on cytoarchitecture and
gene expression can be used to identify conservation and variation in connections across
species. Diffusion MR scans and in situ hybridization data are made available on the Allen
Brain Institute for science. The diffusion MR scan at 900 um resolution and Nissl-stained
sections are from a 34 year old female brain (150). Single cell methylome sequencing data
are from 107. The Nissl-stained section shown in D is taken from the box shown in B.
Abbreviations: M: Medial; L: lateral; D: Dorsal; V: ventral.
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Figure 2.
A schematic illustrates examples of corresponding time points between humans and mice

throughout fetal and postnatal ages. For example, a mouse at embryonic day (E) 11 is
roughly equivalent to a human at E44. A post-natal day 4 mouse equates to a human fetus at
gestational week 21, and a 6 month-old mouse is roughly equivalent to a human at 30 years
of age. These data will enhance translational work from model systems to humans by
finding corresponding ages throughout development and adulthood. Micro CT-scans of
prenatal mice are from 151. Structural MR scans of humans at ED 44 and 54 are from the
multi-dimensional human embryo project (http://
embryo.soad.umich.edu.proxy.library.cornell.edu/index.html). Smooth surfaces were made
from human MRI structural scans. Human and mice brains other than those from the Multi-
dimensional project and 151 are made available from the Allen Brain Atlas.
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Figure 3.
Diffusion MR tractography through the brain of a human fetus at gestational week (GW) 21.

(A) Whole brain diffusion MR tractography highlight fibers coursing in different directions
with the color-coding highlight the average direction of fibers (see map). Coronal slices
through the brain highlight radially aligned fibers (i.e., putative radial glia) coursing from
the proliferative zones to the outer surface of the developing cortex (white arrow-heads) as
well as emerging pathways such as the corpus callosum (green arrow-heads). (B) Diffusion
MR tractography from the left hemisphere show radial fibers coursing from the proliferative
zone to the outer surface of the cortex. Nissl-stained sections through the right hemisphere
show cell dense proliferative cells. These proliferative zones include the ventricular zone
(VZ) and a subventricular zones (inner and outer; SVZO). Over the course of cortical
neurogenesis, newly born neurons exiting the proliferative pools migrate radially along
radial glia to the developing cortex called the cortical plate (CP). (C) Timetable of cortical
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neurogenesis at different ages represent the population of proliferative and neurons over the
course of development. Neurons are produced over time and migrate radially to the outer
surface of the cortex. Nissl-stained sections of sections of the developing cortex of macaques
at different ages are in the background from embryonic (E) from E40 to E120. Over the
course of fetal neurogenesis, the progenitor pool amplifies concomitant with newly born
neurons cells exiting the proliferative zones to migrate to the outer surface of the cortex.
These newly born neurons migrate to the outer surface of the cortex, and they are guided by
radial glial cells as they migrate from the proliferative pool to the outer surface of the cortex.
Neurons generated later migrate previously generated neurons (arrows). The diffusion MR
scan of a 21GW fetus is from the Allen Institute for Brain Science. Abbreviations: A:
Anterior; P: Posterior; M: Medial; L: lateral; D: Dorsal; V: ventral.
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Figure 4.
Comparative analysis of supragranular-enriched genes from the cortex of humans and mice

in adulthood (A) and in development (B-D). In adulthood, the expression of some
supragranular-enriched genes such as NEFH, SYT2, VAMP1, and CRYM are expressed in
layers Il in humans but are less so in mice. The expression of NEFH in the cortex is
protracted in humans relative to mice once variation in developmental schedules are
controlled for. This is evident from comparative analyses of (A) NEFH expression from in
situ hybridization in the cortex of humans and in mice, (B) RNA sequencing data from the
frontal cortex of humans and in mice, as well as (C) and from quantitative investigations of
NEFH expression across layers of the cortex in humans and in mice. (A) NEFH expression
increases shortly after birth in mice but remains relatively poorly expressed at roughly
comparable ages in humans. (B) NEFH expression from an RNA sequencing data from the
frontal cortex of humans and mice increase with age in both species but they appear to
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increase for longer in humans than in mice once variation in developmental schedules are
controlled for. (C) Quantitative investigations of MEFH expression intensity between layers
I1-1V versus V-VI in the cortex of humans and in mice show that the relative expression of
NEFH increases for longer in humans than in mice once variation in developmental
schedules are controlled for, which suggests that the development of NEFH expression in
superficial layers is protracted in humans relative to mice. These findings demonstrate that
the protracted time course of NEFH expression from bulk samples in humans relative to
mice may be accounted for by the protracted expression of NEFH expression in
supragranular layers in humans. These graphs are modified from 14 and 17.

Dev Dyn. Author manuscript; available in PMC 2021 February 15.



	Abstract
	Introduction
	Tracing an axon in the human brain: challenges and opportunities
	Conservation in cortical properties to the study of the evolution of connections
	Evolution of cortical connections
	Appropriate norming procedures to compare brain development across species
	Evolution of developmental timing in connections across species
	Future Directions and applications to neurological disorders
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

