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A mechanistic understanding of neurodevelopment requires us to follow the
multiscale processes that connect molecular genetic processes to macroscopic
cerebral cortical formations and thence to neurological function. Using mag-
netic resonance imaging of the brain of the ferret, a model organism for study-
ing cortical morphogenesis, we create in vitro physical gel models and in silico
numerical simulations of normal brain gyrification. Using observations of ge-
netically manipulated animal models, we identify cerebral cortical thickness
and cortical expansion rate as the primary drivers of dysmorphogenesis and
demonstrate that in silico models allow us to examine the causes of aberra-

tions in morphology and developmental processes at various stages of cortical
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ontogenesis. Finally, we explain analogous cortical malformations in human
brains, with comparisons with human phenotypes induced by the same genetic
defects, providing a unified perspective on brain morphogenesis that is driven
proximally by genetic causes and affected mechanically via variations in the

geometry of the brain and differential growth of the cortex.

Understanding the growth and form of normal and abnormal cortical convolutions (gyri and
sulci) is important for the study of human neurodevelopmental diseases (/—5). During early brain
development, the cortical plate expands tangentially relative to the underlying white matter (6).
This pattern of growth is the central cause of gyrification; indeed tangential cortical expansion
creates compressive forces on the faster-growing outer layer of the cortex and tensile forces on
the attached slower-growing inner layer, and the relative-growth induced forces cause cortical
folding as suggested more than a century ago (7) and first quantitatively elucidated nearly fifty
years ago (8). At a molecular and cellular level, neurogenesis, neuronal migration, and neuronal
differentiation all contribute to the tangential growth of the developing cortex via processes such
as an increase in either the number or size of cells (9—/2). Recent models that take these facts
into account attempt to explain gyrification in terms of a simple mechanical instability, termed
sulcification (/3), that when iterated with variations (/4) shows that tangential expansion of the
gray matter constrained by the white matter can explain a range of different morphologies seen
in the brains of different organisms (75, 16). Furthermore, when deployed over developmental
time to simulate normal human cortical convolution, the results can capture a substantial range of
features seen in normal human fetal brain morphogenesis (/7). However, these and other similar
studies (/8—29) do not allow us to understand malformations of cortical development (MCD)
owing to our inability to probe the development of the human fetal brain in utero.

An alternative strategy is to turn to model organisms to study the developmental trajectory

of MCDs. Since commonly used animal models such as the mouse and rat have lissencephalic
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cortices, the ferret, a gyrencephalic non-primate, has been favored as an experimentally tractable
laboratory organism that demonstrates cortical folding patterns that are roughly similar to that
observed in the human (9, 30—33). Furthermore, since the process of cortical folding in the
ferret is almost exclusively postnatal, with the progressive development of cortical gyri and
sulci from postnatal day 0 (PO) to adolescence (Fig. [I), it is more easily observable. Finally,
the ability to perform region-specific genetic manipulation of the ferret brain through in utero
electroporation (34, 35) makes the ferret an ideal system for modeling normal and abnormal
neurodevelopmental processes.

Inspired by our previous studies using physical experiments with swelling gels and computa-
tional models of brain growth (75, 17, 36), we model the folding of a normal ferret brain using
a physical gel model and a computational model based on the principle of constrained cortical
expansion and compare the simulation results with the real brain development using various
geometric morphometric approaches. We then use the computational and physical models to
reproduce defective developmental processes of the ferret brain and show that they are consistent
with biological experiments that manipulate different molecular drivers of neurogenesis, neuronal
migration and cell growth in the cortex that underlie its relative thickness and expansion rate.
Taken together, our studies provide a mesoscopic approach to brain morphogenesis that combines
computational in silico and physical gel in vitro models with morphological and molecular

analysis of ferret cortical disease models, and shed light on analogous MCDs in human brains.

Physical gel model

Inspired by the observation that soft physical gels swell and fold superficially when immersed in
solvents, we constructed a physical simulacrum of ferret brain folding following our previous
protocols (15, 17). Specifically, we produced two-layer PDMS gel models of the ferret brain at

various ages based on surfaces reconstructed from MR Images (see SI Section S1 for details).
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We then immersed the two-layer gel brain model in n-hexane, which led to folding patterns by
solvent-driven swelling of the outer layers (Fig.[2j).

Fig.[2b shows the experimental results for a P8 gel brain; it swells nonuniformly and folds
progressively from an initial state that has invaginations corresponding to the cruciate sulcus
(crs), the coronal sulcus (cns), and the suprasylvian sulcus (sss). The post-swelling state shows
the development of sulci corresponding in location and self-contacting nature to the crs, cns, sss,
and the formation of rhinal sulcus (rs), the pseudosylvian sulcus (pss), and lateral sulcus (Is), and
ansate sulcus (as) observed in real ferrets aged P21 and older. Fig. [2c shows another swelling
experiment with a starting shape corresponding to the P16 gel brain, from which we observe a
similar progression in the folding patterns. We see that our minimal physical model can capture
the qualitative aspects of the folding transitions in the ferret brain (see also SI Section S1 and

Video S1-S2).

Computational model

To complement our physical experiments with quantitative simulations of ferret brain develop-
ment, we followed the approach in (/5, /7) and considered a neo-Hookean material model for
the brain cortex consisting of a layer of gray matter on top of a deep layer of white matter with

volumetric strain energy density

W = g [Tr(FFT)J /3 — 3] + %(J —1)%, (1)

where F is the deformation gradient, J = det(F), u is the shear modulus and K is the bulk
modulus. We assume that X' = 5 for a modestly compressible material. Computer simulations
were then performed on tetrahedral meshes of ferret brains to model the gyrification (see SI
Section S2 for more details).

We considered both simulations that modeled the changes in brain morphology from PO to
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P32 as one continuous process (Fig. 3, see also SI Movie S3) and stepwise simulations that
considered the growth process in stages, i.e. from PO to P4, from P4 to P8, from P8 to P16 and
from P16 to P32 (Fig. , see also SI Movie S4). In both sets of simulations, the emergence
of cortical folding can be observed. In the continuous simulation approach, we observed the
appearance of multiple minor folds since the continuous simulations only depend on the PO initial
brain, so that the effect of minor features in the PO brain on the brain growth may accumulate
over time. By contrast, in the stepwise simulation approach which focuses on multiple shorter
growth periods, and thus reduces the accumulation of shape variations over time. Comparing
the P16 results of stepwise numerical simulation, the gel experiment and the P16 real brain, we
observe that the folding patterns are visually very similar (Fig. dp). For a more quantitative
comparison, we applied a method based on aligning landmarks using spherical mapping termed
FLASH (Fast Landmark Aligned Spherical Harmonic Parameterization) (37) to parameterize the
simulated P16 ferret brain and the P16 brain surface generated from the MRI scans onto the unit
sphere using landmark-aligned optimized conformal mappings, with the coronal sulcus (cns),
suprasylvian sulcus (sss), presylvian sulcus (prs), and pseudosylvian sulcus (pss) on both the left
and right hemispheres used as landmarks (see Fig. 4, and SI Section S3 for more details). We
then assessed the geometric similarity of the two brain surfaces on the spherical domain in terms
of their shape index (38), which is a surface measure defined based on the surface mean curvature
and Gaussian curvature. The similarity of the two shape indices suggests that the folding pattern
produced by our simulation is close to the actual folding pattern (see SI Section S3 and (39)
for more details of the morphometric method). We further utilized spherical harmonic-based
representations of the two brains, which also shows that the two brains have consistent geometric

similarities (see SI Section S3).
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Neurology of ferret and human cortical malformations

The effectiveness of our differential growth-based model in quantifying the normative develop-
ment of normal ferret brains begs the question of whether we can use the same framework to
study malformations of cortical development (MCD). For instance, SCN3A encodes a sodium
channel and specific missense mutations of it are associated with the MCD polymicrogyria
(PMG) (40), while genetic manipulations of ASPM have also been shown to produce severe
microcephaly in human and ferret brains (32), while disrupting TMEM161B leads to cortical
malformations in humans and ferrets (47). In these and other examples, various genetic causes
lead to variations in the cortical thickness ratio /R and/or the tangential growth ratio g in space
and time, that we know to be critical geometric parameters that change the physical nature of the
sulcification instability driving cortical folding.

In Fig. [Sh, we show a control human brain MRI (top), a wild-type P16 ferret brain MRI
(middle), and the stepwise numerical simulation result under the normal parameter setup (bottom).
In Fig. [5p, (top) we show the MCD polymicrogyria (PMG) phenotype in humans associated with
over-expression of a mutated SCN3A gene. In Fig. [5p (middle), we show that the same mutation
in ferrets leads to an increased number of tightly packed folds in the perisylvian region. To model
this cortical malformation, we performed a modified numerical simulation with the cortical
thickness reduced to 1/4 of the original thickness at a localized zone around the perisylvian
region of the P8 brain model. From the modified numerical simulation result (Fig. [Sb, bottom),
we can see that our model can qualitatively capture perisylvian PMG.

In Fig. [Sk (top) and Fig. S (middle) (32) we show that ASPM mutants produce severe
microcephaly in human and ferret brains (32), because the cortical surface area is reduced
while there is no significant change in the cortical thickness. To reproduce this malformation we

consider a modified computational experiment with a reduction of the growth rate to 1/4 of the
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original rate. In Fig. S (bottom), we show the results of numerical simulations that lead to less
prominent folding when compared to the normal brain, consistent with observations in human
and ferret brains.

Finally, in Fig. [5d (top) and Fig. [5Sd (middle) (41), we show that disrupting TMEM161B also
leads to cortical malformations in human and ferret brains, with shallower sulci. Modifying the
morphogenetic simulations with a reduction of the growth rate to 3/4 of the original rate and
an increase of the cortical thickness to 1.5 times the original thickness leads to results shown in
Fig.[5d (bottom) that matches the experimentally observed malformation patterns qualitatively.

In SI Section S4, we present additional physical gel and computational experiments to
demonstrate the effect of different combinations of the growth rate and cortical thickness

parameters on the cortical malformation results.

Discussion

Understanding the growth and form of the cerebral cortex is a fundamental question in neu-
robiology, and the experimentally accessible progressive postnatal development of the ferret
brain makes it an ideal system for analysis. Here, we have used a combination of physical and
computational models based on differential growth to show how ferret brain morphologies arise.
By modifying the scaled cortical layer thickness and the tangential growth profile in our model,
we have qualitatively reproduced various cortical malformations and shown how developmental
mechanisms lead to morphological manifestations with potential functional implications. All
together, our study elucidates the normal and abnormal folding in the ferret brain as a function of
its genetic antecedents that lead to changes in the geometry of the cortex and thence to different
physical folding patterns with functional consequences. A computational and physical-gel brain
study informed by detailed MRI of ferret and human fetal brains allows us to move towards a

synthesis of the genetic, physical and morphological basis for cortical malformations.
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While this work has focused on the morphogenesis and dysmorphogenesis of the ferret brain,
one may also use the physical and computational models to understand how folding occurs
across organisms as in our complementary study (39), where we investigate how modifying the
cortical layer thickness and the tangential growth rate would lead to abnormal folding in different

species.

Methods

Physical gel model for ferret brain folding

Beginning with T2-weighted motion-corrected anatomical MR images of ferret brains of various
ages (42), we recreated digital maps of the surfaces of pre-swelling brain states. Then, we
followed our prior experimental approach (75, 17) and produced two-layer PDMS gel models of
the ferret brain at various ages based on the reconstructed brain surfaces. Specifically, we first
generated a negative rubber mold with Ecofl ex 00-30 from a 3D-printed brain plastic model and
then the core gel with SYLGARD 184 at a 1:45 crosslinker:base ratio. To mimic the cortical
layer, we surface-coated 4 layers of PDMS gel at a 1:35 crosslinker:base ratio onto the core layer.
Finally, tangential cortical growth was mimicked by immersing the two-layer gel brain model in
n-hexane for 1.5 hours, which resulted in solvent-driven swelling of the outer layers, leading to

folding patterns. See SI Section S1 for details.

Computational model for ferret brain folding

Three geometrical parameters of the 3D brain models control its morphogenesis: the average
brain size R (determined for example by its volume), the average cortical thickness 7" and the
average tangential expansion ratio of the cortex relative to the white matter, g°. To characterize
brain development in the ferret, we followed the empirical scaling laws for gray-matter volume

to thickness described in (/5) and set R/T ~ 10 with the tangential expansion ratio g ~ 1.9,
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along with an indicator function 8(y) = (1 + ¢!°@/T=1))~1 with y the distance from surface in a
material reference frame used to distinguish between the cortical gray matter layer (with 6 = 1)
from the deeper white matter (with 6 = 0).

Using MRIs of ferret brains, we created a computational model of the initial brain size
and shape, that was discretized using tetrahedral meshes with over one million tetrahedral
elements using Netgen (43). Using a finite element method implemented using a discretized
version of the energy of the system (1)), we minimized the energy by quasistatic equilibration
using an explicit solver (/7), while growth was applied incrementally using the form described
earlier by expanding the tetrahedral elements with inversion handling (44) and a nodal pressure
formulation (45). Self-avoidance of the surface was handled using the penalty-based vertex-
triangle contact processing (46). We also enforce the condition that there is no growth in the
central part as well as in the bottom part of the brain to better simulate the development of ferret

brains. See SI Section S2 for more details.

Data availability

Newborn ferret brain surfaces will be made available upon request. All other data are included

in the article and/or supplementary material.
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Figure 1: Time course of ferret brain morphogenesis. a, Whole brain samples from ferrets of
various ages show progressive development of cortical gyri and sulci. b, Ferret brains show an
increase in complexity of sulcal pattern and in sulcal depth throughout development. The rhinal
sulcus (rs), cruciate sulcus (crs), coronal sulcus (cns), suprasylvian sulcus (sss), pseudosylvian
sulcus (pss), lateral sulcus (Is), and ansate sulcus (as) are labelled. Schematic by G. Séjourné.
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Figure 2: Physical gel model of ferret brain morphogenesis. a, Schematic of the gel experi-
ment. We first produced a two-layer gel model of a ferret brain from MRI scans as previously
described (/7). We then immersed the gel model in n-hexane for 1.5 hours, which induced the
outer layer to swell by absorbing the solvent over time, resulting in the development of cortical
gyri and sulci. b, The swelling experiment for the P8 ferret model, in which it can be observed
that the swelling of the cortical layer produces sulcal patterns and characteristics comparable
to the real ferret brain. ¢, The swelling experiment for the P16 gel model. Scale bar = 1cm.
Notation guide: cruciate sulcus (crs), coronal sulcus (cns), suprasylvian sulcus (sss), rhinal
sulcus (rs), pseudosylvian sulcus (pss), lateral sulcus (Is), ansate sulcus (as).
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Figure 3: Numerical model of ferret brain morphogenesis. a, Continuous growth simulation
from PO to adolescence. The PO brain tetrahedral mesh was used as the input for the numerical
simulation. b, Stepwise growth simulation from PO to P4, P4 to P8, P8 to P16, and P16 to P32.
For different growth intervals, we use different brain tetrahedral meshes as the input for the

numerical simulation. Different views of the input PO brain and the simulated P16 brain are
provided.
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Figure 4: Comparison of cortical folding in real and simulated ferret brain models. a, The
top row shows the increase in complexity of sulcal pattern and in sulcal depth of ferret brains
from P8 to P16. The middle row shows a numerical model of a P8 brain and its deformed
state mimicking progression to P16. The bottom row shows a physical gel model of P8 and its
post-swelling state mimicking progression to P16 (scale bar = 1cm). The P8 initial states have
invaginations corresponding to the cruciate sulcus (crs), coronal sulcus (cns) and suprasylvian
sulcus (sss), and both the numerical deformed state and the physical post-swelling state have
sulci corresponding in location and self-contacting nature to the crs, cns, sss, lateral sulcus (Is),
and ansate sulcus (as) observed in P16 real ferrets. b, The real P16 brain reconstructed from
MRI scans, the simulated P16 brain, and their respective landmark-aligned spherical mappings
obtained by the FLASH algorithm (37), each color-coded with the shape index (38) of the brain.
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Figure 5: Modeling malformations of cortical development (MCD) using our model. a,
Control. b, SCN3A. ¢, ASPM. d, TMEM161B. For each example, we show human (top) and
ferret (middle) brain MRIs. We then perform a modified numerical brain simulation on the P8
model with different tangential growth rate and cortical thickness parameters, including (a) the
original growth rate and cortical thickness, (b) a reduction of the cortical thickness at a localized
zone, (¢) a reduction of the growth rate globally, and (d) a reduction of the growth rate and an
increase of the cortical thickness globally. All numerical simulation results (bottom) qualitatively
capture the cortical malformations.
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