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Axons Pull on the Brain, But
Tension Does Not Drive Cortical
Folding
During human brain development, the cerebral cortex undergoes substantial folding,
leading to its characteristic highly convoluted form. Folding is necessary to accommo-
date the expansion of the cerebral cortex; abnormal cortical folding is linked to various
neurological disorders, including schizophrenia, epilepsy, autism, and mental retardation.
Although this process requires mechanical forces, the specific force-generating mecha-
nisms that drive folding remain unclear. The two most widely accepted hypotheses are as
follows: (1) Folding is caused by differential growth of the cortex and (2) folding is
caused by mechanical tension generated in axons. Direct evidence supporting either
theory, however, is lacking. Here we show that axons are indeed under considerable
tension in the developing ferret brain, but the patterns of tissue stress are not consistent
with a causal role for axonal tension. In particular, microdissection assays reveal that
significant tension exists along axons aligned circumferentially in subcortical white mat-
ter tracts, as well as those aligned radially inside developing gyri (outward folds). Con-
trary to previous speculation, however, axonal tension is not directed across developing
gyri, suggesting that axon tension does not drive folding. On the other hand, using
computational (finite element) models, we show that differential cortical growth accom-
panied by remodeling of the subplate leads to outward folds and stress fields that are
consistent with our microdissection experiments, supporting a mechanism involving dif-
ferential growth. Local perturbations, such as temporal differences in the initiation of
cortical growth, can ensure consistent folding patterns. This study shows that a combi-
nation of experimental and computational mechanics can be used to evaluate competing
hypotheses of morphogenesis, and illuminate the biomechanics of cortical folding.
�DOI: 10.1115/1.4001683�

Keywords: biomechanics, morphogenesis, differential growth, finite element model, dif-
fusion tensor imaging
Introduction

In humans, cortical folding begins during the 26th week of
estation �1�. This process occurs after proliferation and migration
f neural precursor cells and is largely concomitant with neuronal
ifferentiation �2�. Disruptions in any of these developmental
vents can cause folding abnormalities, which are associated with
arious genetic perturbations and neurological disorders �3–5�.
olding is fundamentally a mechanical process that is intrinsic to

he brain �2�, and researchers have speculated for decades on spe-
ific folding mechanisms �2,6�. Data supporting these hypotheses
re sparse and indirect, however, and the mechanisms that drive
ortical folding remain poorly understood.

Two hypotheses have dominated thinking on this topic. The
rst is the intracortical differential growth hypothesis �7�, whereby
ifferences in growth rate between cortical layers cause the sur-
ace to buckle or fold �Fig. 1�a��. Using a mathematical model of
uckling of a plate on an elastic foundation, Richman et al. �7�
ound reasonable agreement between computed and experimental
esults for the wavelength of the folding pattern in both normal
nd abnormal brains. The differential growth model is also sup-
orted by the finding that fetal brains in which most of the tissue
elow the cortex is surgically ablated prior to folding develop, at
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term, essentially normal folds, suggesting that folding depends
largely on intracortical events �8�. While this model can reason-
ably reproduce small random folds found in normal, microgyric,
and lissencephalic human fetuses, it does not predict the spatially
consistent patterns of large primary folds �7�. In addition, the
model predictions are based on the assumption that cortical gray
matter is much stiffer �by an unrealistic factor of 10� than the
underlying tissue.

The other, more recent hypothesis is the tension-based theory of
cortical folding �9�. According to this model, tension generated by
axons drives folding by pulling strongly interconnected cortical
regions together �Fig. 1�b��. This hypothesis, which has gained
increasing acceptance �10�, is supported by the finding that axons
sustain measurable tension both in culture �11,12� and in vivo
�13�, and by the observation that tension-driven shortening of ax-
onal connections can create compact wiring of neural circuitry �9�.
However, the tension-based hypothesis has not yet been tested
directly.

In the present study, we test these hypotheses using a combina-
tion of experiment and computation. Microdissection assays re-
veal that axons are indeed under considerable tension in the de-
veloping ferret brain, but the patterns of tissue stress are not
consistent with a causal role for axonal tension �Fig. 1b��. On the
other hand, using computational �finite element� models, we show
that differential cortical growth accompanied by remodeling of the
subplate leads to outward folds and stress fields that are consistent
with our microdissection experiments, supporting a mechanism

involving differential growth �Fig. 1a��.
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Experimental Methods
The brain is composed of white matter �WM� �primarily axons�

nd gray matter which contains axons, dendrites, neuronal cell
odies, and glial cells �14�. During folding, the ferret brain con-
ists of four major layers �Fig. 2�: cortex �cortical gray matter�,
ubplate �becomes white matter in mature brains�, subcortical
hite matter tract, and deep gray matter �dGM�. The subcortical
hite matter contains the highest concentration of axons.
In the ferret, cortical folding occurs primarily during the first 3

eeks after birth �15–18�. The ferret brain is smooth �lissencepha-
ic� at birth �P0, postnatal day 0�. Curvature changes that signify
ncipient folds are visible at P6 �Fig. 2�a��, and the folding pattern,
onsisting of outward folds �gyri� and inward folds �sulci�, is
early complete around P14–P18 �Fig. 2�b��. In general, folds
evelop initially from P6 to P11 and substantially from P15 to
21.

2.1 Tissue Dissection. Dissection techniques are commonly
sed to reveal the stress state in living tissues �13,19,20�. The
rocedure used in this work follows published methods �13�.

Fig. 1 Schematics of postulated mo
cortical differential growth model †7
two layers with the outer layer grow
inner layer „“+”…. All other underlyin
foundation without any growth „“0”…
buckling. „b… Axon tension hypothes
that strongly interconnect two corti
other to form an outward fold. An in
folds to separate weakly interconnec
Phased differential growth model. Co
by cortical growth in region 2 „t> tc…

derlying subplate grows to provide s
tical growth. „b�… Actual distributions
section and histology data. Axons ar
majority of them are located circumf
ter tract and radially in the subplat
around P18…. No circumferential tens
lines… was detected in the cores „sub
riefly, whole brains were extracted from male ferrets �Marshall
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BioResources, North Rose, NY� on postnatal days P6, P18, and
adult �9- and 12-month old� immediately after sacrifice �two ani-
mals at each age�. Similar tests were also conducted on brains of
other ages, e.g., P11, P15, and P21. The results shown in this
article are representative observations from all these brains. Using
a vibratome, we cut 600-�m-thick �800 �m for adult brains�
coronal slices from brains submerged in ice-cold artificial cere-
brospinal fluid �aCSF� �21�. Slices containing the subcortical
white matter with corpus callosum were collected �two to four
slices from each animal� and allowed to recover for about 15 min
at room temperature ��22°C� in aCSF. To eliminate potential
artifacts caused by surface tension, all brain sections were fully
submerged in aCSF during the experiments.

To probe the circumferential stress in different layers of cere-
bral gyri and sulci, a razor blade was used to make radial cuts
completely through the slice thickness at different levels of depth
into the brain: �1� through the cerebral cortex and the subplate,
and �2� deeper into the subcortical white matter tract �Figs. 2�a�
and 2�b��. The degree of opening at the cutting site served as an

s for brain cortical folding. „a… Intra-
rain cortex is roughly divided into
faster „indicated by “++”… than the

tissue is treated as a softer elastic
ifferential growth results in cortical
9‡. Tension „black arrows… in axons
regions pulls them closer to each

rd fold forms between two outward
cortical regions „gray arrows…. „a�…

al growth in region 1 „t< tc… followed
oduces two outward folds. The un-
ss relaxation in response to the cor-
axon tension based on present dis-

nder tension „black arrows…, and the
ntially in the subcortical white mat-
r the cores of outward folds „from
„gray arrows… or axons „gray dotted
te… of outward folds.
del
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indicator of the magnitude of the stress perpendicular to the cut-
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ing line �13�. Tensile stress directed perpendicular to the cut
auses local opening, while compressive stresses keep the cut
losed. To minimize tissue damage by the blade and ensure a
traight cut, only one cut at a specified depth was made at each
yrus or sulcus. In addition, to probe the stress in the radial direc-
ion, circumferential cuts of limited lengths were made with a
urgical blade.

2.2 Diffusion Tensor Imaging (DTI). Although major fiber
rchitecture in the developing human brain has been well studied
22�, less is known about the developing ferret brain. To correlate
he stress field with tissue anisotropy and the distribution of fiber
racts, diffusion weighted images of brains fixed at P6, P21, and
dult were acquired with a DTI protocol on a 4.7T Varian imaging
ystem �15�. DTI detects anisotropic diffusion, which is a distin-
uishing feature of white matter tracts �23� and developing cortex
24,25� and thus provides a global view of the structure of the
rain. Briefly, the animal was deeply anesthetized with sodium
entobarbital, and the brain perfusion-fixed with 4% paraformal-
ehyde. The brain was imaged ex vivo in fixative �P6 and P21� or
rytox™ perfluorinated ether �adult�, allowing long stable scans

or enhanced signal-to-noise and spatial resolutions. Imaging pa-
ameters were optimized based on age: TE=35–67 ms; TR
3.5–4 s; 250–350 �m isotropic voxels; 25 diffusion-weighting
irections, b=200–12,100 s /mm2 �P6 and P21�; 22 directions,
=2700 s /mm2 �adult�.
The local diffusion tensor was estimated by fitting the decay in

ignal amplitude to the exponential function predicted for ideal
iffusion in an anisotropic medium �governed by the generalized
ick’s law�. Relative anisotropy �RA� was calculated from the
igenvalues of the diffusion tensor at each voxel. RA is the ratio
f the standard deviation to the mean of the eigenvalues �RA=0
orresponds to isotropic diffusion�. Whisker plots were generated
y plotting the major eigenvector of the diffusion tensor at each
oxel. Each vector was scaled in intensity and length by its cor-
esponding RA value.

2.3 Immunohistochemistry. Histology was used to further
onfirm dominant axon orientations indicated by DTI. Animals
ere anesthetized and perfused transcardially with a fixative com-
osed of 4% paraformaldehyde in 0.1M phosphate buffer �pH
.4�. Brains were postfixed for 24 h in the same fixative. Floating
ibratome sections �50 �m thick� were washed in 0.01M phos-
hate buffered saline �PBS�, quenched for 10 min in a solution of
ethanol containing 3% hydrogen peroxide, and incubated at

Fig. 2 Schematic and model geom
and „b…… Schematic of coronal sectio
and 14 „b…. Drawings were modified
sections in Ref. †18‡…. The ferret brai
tex, „II… subplate, „III… subcortical w
matter „dGM…. Tissue dissections „cu
in the developing brain. „c… Repres
brain section before folding. The geo
layers I–IV, each composed of tri
phased differential growth, a quarter
plate regions are further divided into
oom temperature for 1 h in blocking solution �2% bovine serum
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albumin �BSA�/0.2% nonfat dry milk/0.4% Triton X-100 in PBS�
before incubation with primary antisera. Axon processes were la-
beled with monoclonal antiserum to SMI312 �Covance, 1:1000�.
Polyclonal myelin basic protein �MBP� antibody �Sigma, 1:1000�
was also used to detect myelinated axons. Following overnight
incubation in primary antisera at 4°C, sections were thoroughly
rinsed in PBS and incubated for 1 h in complementary secondary
antibodies �Vector Laboratories, Burlingame, CA, 1:200 dilution
in 1% BSA in 0.01M PBS at pH 7.4�. Sections were then rinsed
and reacted in the dark with streptavidin-peroxidase reagent �stan-
dard Vectastain ABC Elite Kit, Vector Laboratories, Burlingame,
CA�. Finally immunoreactive product was visualized by VIP kit
�Vector�. Stained sections were mounted on glass slides, air-dried,
dehydrated, and coverslipped. Observations were made using a
Nikon microscope.

2.4 Microindentation Tests. Regional mechanical stiffness
was measured on 800-�m-thick coronal brain slices using a
custom-made microindentation device. The design of our tissue-
level device is based on that of the cell indenter �26�, which was
originally developed for measuring cell stiffness and was the pre-
cursor of atomic force microscopy. Force is computed from the
measured deflection of a thin glass cantilever beam �about 66 �m
in diameter� of known stiffness. Indentation depth is recorded di-
rectly from the motion of a tip attached to the end of the beam. All
experiments were conducted at room temperature, with the brain
slice glued to the bottom of a dish filled with aCSF.

The slope of a linear regression fit to the approximately straight
force-indentation curve �up to 10 �m� yielded the stiffness of the
brain at the tested region. For small indentation depths, the mate-
rial shear modulus �G� is proportional to the measured tissue stiff-
ness �k� and can be estimated as �27�

G =
k�1 − ��

2d
�1�

where d is the indenter diameter and � is Poisson’s ratio. For
example, for an incompressible material ��=0.5� with a
1 mdyn /�m stiffness measured by a 66-�m cylindrical indenter,
the shear modulus is approximately 38 Pa. However, it is the
relative modulus between regions, not the actual modulus, that is
critical to the behavior of growth models for cortical folding �7�.

At each developmental age, two brain slices were probed from
the two animals used in the dissection experiments. In general,
3–16 locations were chosen for each designated region and three

of the developing ferret brain. „„a…
f ferret brain at postnatal days 6 „a…
sed on the tracings of ferret brain

onsists of four major layers: „I… cor-
e matter „WM…, and „IV… deep gray
were made to reveal stress patterns
ative 2D finite element model for a
try is partitioned into the four major
ular mesh elements. To simulate
the cortex and corresponding sub-
o regions „labeled 1 and 2….
etry
n o
ba

n c
hit
ts…
ent
me
ang
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consecutive indentations were analyzed at each location. Hence,
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he mean and standard deviation of the stiffness are based on 9–48
ata points for each region. To compare stiffness among different
egions at a certain age or among different ages for a certain
egion, one-way analysis of variance �ANOVA� tests were used,
ollowed by Tukey’s all-pairwise comparison. The significance
evel was taken as P�0.05.

Computational Methods

3.1 Brain Model. To explore the differential growth hypoth-
sis, we created a nonlinear plane-stress finite element model for a
rain slice using the software COMSOL MULTIPHYSICS �V.3.4,
OMSOL AB, Providence, RI�. As a first approximation, the slice

s taken as an initially circular disk composed of four layers rep-
esenting cortex, subplate, subcortical WM, and dGM �Fig. 2�c��.
o simulate phased differential growth, a quarter of the cortex and
orresponding subplate regions are further divided into two re-
ions �labeled 1 and 2 in Fig. 2�c��. The model geometry is par-
itioned into triangular mesh elements, with the sufficiency of the

esh density confirmed by solving the problem for increasing
ensities.

3.2 Growth Theory. Volumetric growth is modeled using the
heory of Rodriguez et al. �28�. Briefly, the total deformation gra-
ient tensor F is written in the form F=F� ·G, where G is the
rowth tensor and F� is the elastic deformation gradient tensor
hat enforces geometric compatibility. The zero-stress configura-
ion of each material element grows according to G, but stress
epends only on F�. In this formulation, therefore, the geometric
nd equilibrium equations are expressed in terms of F, but the
onstitutive equations are written in terms of F�. The Cauchy
tress tensor is given by the constitutive relation

� = J�−1F� · �W/�F�T �2�

here W is the strain-energy density function and J�=det F� is the
lastic volume ratio.

For this two-dimensional problem, the growth tensor is written
n the form G=Grrerer+G��e�e�+Gr�ere�+G�re�er, where the

ij are growth components relative to the undeformed cylindrical
olar coordinates �r ,��, and ei are the corresponding local unit
ectors �29�. Depending on the region, the Gij are either specified
unctions of time or determined through a mechanical growth law.
urther details on the implementation of growth in COMSOL are
iven in Ref. �30�.

3.3 Material Properties. Our microindentation tests have re-
ealed that the mechanical properties of white and gray matter are
imilar throughout the postnatal ferret brain �see Sec. 4�. As a first
pproximation, both gray matter and white matter are assumed to
e isotropic, nearly incompressible, pseudoelastic materials char-
cterized by the modified neo-Hookean strain-energy density
unction

W =
1

2
��I�J�−2/3 − 3� + p�1 − J� −

p

2�
� �3�

here � and � are the shear and bulk moduli, respectively, I�

tr�F�T ·F�� is a strain invariant, and p is a penalty variable intro-
uced for nearly incompressible materials.

The stresses presented in Sec. 4 are normalized relative to the
hear modulus �e.g., the normalized circumferential stress is

��
�=��� /�, where � on average is about 40 Pa based on our

icroindentation tests�. For numerical stability of simulations in-
olving nearly incompressible material, we took � to be three
rders of magnitude larger than �.

3.4 Simulation. The simulation for cortical folding is based
n our measured stress distributions and the following lines of
xperimental observations: �1� During development, sulci and gyri
orm along a lateral to medial gradient, corresponding to regional

ifferences in cortical growth �16,24�; �2� relative to the subcorti-
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cal white matter tract, the bases of sulci move relatively little in
the radial direction �17,18�; and �3� axonal tension is approxi-
mately the same order of magnitude as the shear modulus �13�.
The major steps of the simulation are as follows.

�i� Differential growth is specified in the initially smooth
brain disk. We set Grr=G��=1 in subcortical white matter
�Fig. 2�c�, layer III�, while Grr and G�� increase from 1 to
1.3 for all other regions. This induces tensile stress in the
subcortical white matter tract that is similar in magnitude
to the shear modulus �13�.

�ii� One region of the cortex �Fig. 2�c�, layer I of region 1�
grows circumferentially �Grr remains at 1.3 from the pre-
vious step and G�� increases from 1.3 to 1.625�, accompa-
nied by underlying subplate growth �Fig. 2�c�, layer II of
region 1� governed by the growth laws �28�

dGrr/dt� = A�rr
�Grr

dG��/dt� = A���
�G�� �4�

dGr�/dt� = dG�r/dt� = A�r�
�

where t� is nondimensional time and A=10 is a growth
coefficient. The initial conditions are Grr=G��=1.3 �from
step i� and Gr�=G�r=0 at t�=0. According to these rela-
tions, growth ceases when all stresses are zero. The value
for A ensures relatively fast relaxation of subplate stresses
caused by cortical expansion �consistent with the experi-
mental results�.

�iii� After growth from the previous step is complete, the other
region of the cortex �Fig. 2�c�, layer I of region 2� grows
circumferentially, accompanied by underlying subplate
growth �Fig. 2�c�, layer II of region 2�. The values of the
regional parameters are the same as those used in �ii�.

After growth is complete, radial cuts are simulated by freeing
boundaries from the cortical surface to the subcortical white mat-
ter tract on half of the geometry.

4 Results

4.1 Stress Distributions. We used multiple cuts in different
directions to map stress distributions during folding in the ferret
brain. Radial cuts made through the cortex and subplate layers of
gyri usually opened at the extreme outer cortical surface, but con-
sistently remained closed in the core of the gyrus �Figs. 3a2–3c2�.
When radial cuts were extended into the subcortical white matter,
however, the cuts opened and extended back into the subplate
�Figs. 3a3–3c3�. These results indicate that, during folding, sig-
nificant circumferential tension �tension tangential to the original
cortical surface� exists at the outer �pial� surface and in the sub-
cortical white matter but not in the interior of the developing gyri.

Radial cuts into sulci produced opening patterns similar to
those found in gyri �Figs. 3a4–3c4�. The primary difference was
that the outer region of the cortex did not open after P6 �Figs. 3b4
and 3c4�, indicating the development of tangential compression at
the outer surface of sulci.

At all ages, circumferential cuts in the cortex of both gyri and
sulci did not open, revealing little or no radial tension �Figs. 3a6,
3b5, and 3c5�. Circumferential cuts in the subplate region of sulci
also did not open at any age �Figs. 3a6–3c6�. Similar cuts through
the cores �subplate� of incipient gyri of P6 ferrets also did not
open �Fig. 3a5�, but the trend changed in older brains. At P18,
circumferential cuts in gyral cores near the subcortical white mat-
ter opened considerably �Fig. 3b5�, and similar cuts in the fiber-
rich interiors of mature gyri consistently sprang open at all loca-
tions �Fig. 3c5�.

Taken together, our dissection data indicate that considerable
circumferential tension is present in subcortical white matter and

at the pial surface of gyri at all ages studied. At the surfaces of
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ulci, an initial circumferential tension at P6 later becomes com-
ression. In the subplate, radial tension begins to develop by P18
ear the subcortical white matter and spreads throughout this re-
ion by maturity. Elsewhere, either compressive stresses or very
mall tensile stresses are present in both directions at all ages.

4.2 Axon Distributions. DTI images of the P6 brain indicate
he presence of circumferential fibers in the subcortical white mat-
er, and radially directed fibrous structure in the cortex �Fig. 4�a��.
mmunostaining reveals that the circumferential fibers are axons
Fig. 5a3�, as expected, but the radial cortical fibers are glial cells
31�. During folding, DTI indicates increased anisotropy in the
ubcortical white matter, as fiber density and myelination increase.
nisotropy in the cortex decreases �Figs. 4�b� and 4�c��, however,

s the dendrites of cortical neurons extend and arborize �key pro-
esses underlying tangential cortical growth�, and radial glia
ransform into astrocytes �24,31�. Hence, the main concentrations
f axons are located in the subcortical white matter �Fig. 5�.

The subplate region initially has very low anisotropy, but DTI
etects an increase in radially directed fibers in the core of gyri
rom age P21 onward �Fig. 4�. Histology is consistent with these
esults, as organized fiber tracts are absent in the subplate at P6

Fig. 3 Microdissection assay of developin
tions at postnatal days „P… 6, 18, and adul
between cortex, subplate, subcortical whit
Scale bars represent 1 mm. Rectangles in
the right of each section. Cuts of various r
made either radially „a2–a4, b2–b4, and c2–
and c5 and c6… on developing gyri and su
cated by asterisks.
Fig. 5a2�, but myelinated axons in the core of P17 gyri start to
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emerge from the subcortical white matter and extend radially to-
ward the cortex �Figs. 5b2 and 5b3�. In the adult, myelinated
axonal tracts are fully developed in the core of gyri with a pre-
dominant radial orientation �Figs. 5c2 and 5c3�.

Taker together with the dissection results, these data indicate
that the circumferential tension in the white matter tract, as well as
the radial tension that develops near the tract by P18 and spreads
throughout the gyral core in the mature brain, is associated with
axons in the same orientations.

4.3 Mechanical Stiffness. Regional stiffness of the brain tis-
sue at each developmental age was measured by microindentation.
Despite some statistically significant differences between regions
�marked in Fig. 6�, the stiffness at each developmental age is
similar for the cortex, subplate, subcortical WM, and dGM. Dur-
ing postnatal development between P6 and P18, significant
changes in stiffness occurred only in the cortex �P�0.05�. During
this period, the stiffness of all regions of the ferret brain was
around 1 mdyn /�m, corresponding to a shear modulus of about
40 Pa �see Sec. 2.4�. The stiffness of each region in adult brains
�around 2 mdyn /�m� was significantly larger than those at P6

ferret brain. „„a1…–„c1…… Coronal brain sec-
he dashed curves outline the boundaries
atter „WM…, and deep gray matter „dGM….

ate the regions shown in the close-ups to
es „indicated by pairs of arrowheads… are
or circumferentially „a5 and a6, b5 and b6,
as marked. Significant openings are indi-
g
t. T
e m
dic
ang
c4…
lci
and P18 �P�0.0001� �Fig. 6�. In our model for cortical folding,
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herefore, we assume that the mechanical properties of white and
ray matter of different regions are the same throughout the post-
atal ferret brain.

4.4 Computational Results. Our computational model was
sed to explore the differential growth hypothesis. Prior to the
nset of folding, isotropic growth in layers I, II, and IV �see Fig.

Fig. 4 Structural anisotropy of developin
dashed curves outline the boundaries bet
white matter, and „IV… deep gray matter. Da
6, 21, and adult. Directions of yellow “whis
diffusivity „the first eigenvector of the loca
orientation in white matter, and radial glial
length and intensity are proportional to the

Fig. 5 Histology of developing ferr
tained and selectively stained at po
ronal cell bodies were marked by Nis
c1…, while myelinated and unmyelin
were stained by MBP and SMI312 „ne
respectively. Indicated rectangles ar
is shown. Regions of cortex, subpla

deep gray matter „dGM… are labeled.
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2�c�� relative to the subcortical white matter �layer III� introduces
circumferential tension along the white matter tract and compres-
sion in the other regions of the brain �Fig. 7�a��. Cortical growth
in region 1 of Fig. 2�c�, followed by growth in region 2, then
produces two outward cortical folds �Figs. 7�b� and 7�c��. These
outward folds are separated by an inward fold with a base that

ferret brain measured by DTI. The white
n „I… cortex, „II… subplate, „III… subcortical
ere acquired ex vivo at postnatal days „P…
s” correspond to the direction of maximal
ffusion tensor…, which is indicative of fiber
entation in immature gray matter. Whisker
cal RA of the tissue.

rain. Coronal brain slices were ob-
atal days „P… 6, 17, and adult. Neu-
staining „darker areas in a1, b1, and
d axons „indicated by arrowheads…
ofilament marker… immunoreactivity,
elative regions where axon staining
subcortical white matter „WM…, and
g
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ta w
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e r
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oves relatively little in the radial direction during the folding
rocess.

After growth, the outer cortical surfaces of gyri and sulci are
nder circumferential �tangential� tension and compression, re-
pectively, primarily due to bending of the expanding cortex,

ig. 6 Regional stiffness of developing ferret brain. Indenta-
ion stiffness is reported as mean±standard deviation. The to-
al number of indentations for each case is shown in the corre-
ponding column. Temporal differences: Between P6 and P18,
ignificant changes in stiffness occurred only in the cortex „P
0.05…. The stiffness of each region in adult brains was signifi-
antly larger than those at P6 and P18 „P<0.0001…. Spatial dif-
erences: Despite some statistically significant differences be-
ween regions „shown in the figure…, the stiffness at each
evelopmental age is similar for the cortex, subplate, subcorti-
al white matter „WM…, and deep gray matter „dGM….

ig. 7 Finite element model for cortical folding caused by
hased differential growth. „„a…–„c…… Model geometry and stress
istribution after each major simulation step „i–iii, see Sec.
.4…, leading to the formation of two gyri in designated regions.
„d…–„g…… A section of the model shown in „c… was used to simu-
ate the effects of subsequent radial cuts within a gyrus „„d…
nd „e…… and a sulcus „„f… and „g……. The simulated cuts from the
ortical surface through the subcortical white matter tract are

ndicated by pairs of arrowheads, and resulting openings are
ndicated by asterisks. „Panels „e… and „g… are close-ups of the
ashed regions in „d… and „f…, respectively.… Colors indicate cir-
umferential stress „���

�
… normalized relative to the material
hear modulus.
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while the subplate sustains relatively little tension �Fig. 7�c��. Cor-
respondingly, simulated radial cuts open only at the gyral surface
and the subcortical white matter tract, but not at the sulcal surface
and the subplate region �Figs. 7�d�–7�g��.

5 Discussion
In this study, we tested two competing hypotheses for brain

cortical folding: One is the axon tension hypothesis �9� and the
other is the differential cortical growth hypothesis �7�.

In testing the tension-based theory for cortical folding, we
found that axons are indeed under considerable tension in the
developing ferret brain. However, most of that tension is located
along axon bundles in the subcortical white matter tract, which is
too deep to significantly affect folding taking place near the sur-
face of the brain �see Fig. 1b��. Furthermore, in the cores of de-
veloping gyri, there is no significant axonal tension, or any other
tension, in the circumferential direction �i.e., between the walls of
gyri�. These results suggest that axonal tension does not play a
major role in initiating �around P6�, sustaining �around P18�, or
maintaining �in adult� cortical folding by pulling on intercon-
nected cortical regions. Our finding directly contradicts the
tension-based hypothesis of cortical folding �9�, which speculates
that axon tension inside a gyrus pulls the gyral walls together �see
Fig. 1�b��.

Nevertheless, axonal tension still may play a role in shaping the
cortical surface. For example, the radial tension within gyri may
limit expansion of the cortex, thereby helping to shape the cortical
surface �32�. Moreover, the magnitude of this tension may be
regulated by stress-dependent axon growth, as indicated by ex-
periments with single axons �11�, suggesting that regional varia-
tions in tension can affect brain shape �10�. Thus, although it may
not directly drive cortical folding, axonal tension may mediate
brain growth and morphology.

On the other hand, our computational model shows that, given
realistic assumptions and parameter values, forces generated by
differential growth can initiate and drive folding patterns that are
consistent with observed folding geometry, as well as with di-
rectly measured stress distributions �Fig. 7�. The distributions of
circumferential stress in the model after growth were further con-
firmed by simulated radial cuts �Figs. 7�d�–7�g�� that are in rea-
sonable agreement with those found from the dissection experi-
ments �Fig. 3�. In our model, intercortical “phased” growth is the
key to establishing a specific folding pattern, as a sulcus is created
between two gyri when a slowly growing region of the cortex first
constrains the deformation of an adjacent faster growing region to
give one bulge, and then the growth rates switch regions to gen-
erate a second bulge �see Figs. 1a� and 7�a�–7�c��. Without this
constraint, our model would generate arbitrarily located folds,
similar to the model of Richman et al. �7� �see Fig. 1�a��. This
mechanism is also fundamentally different than previous specula-
tion whereby rapidly growing regions of the cortex �gyri� are
separated by slowly growing regions �sulci� �2�. Although our
results support differential growth as the primary folding mecha-
nism, this idea warrants further testing in the laboratory.

Several other mathematical models for growth-driven cortical
folding have been proposed previously �32–35�. These models,
however, focus mainly on folding geometry and do not present
stress distributions that can be compared with experiment. Direct
comparison of experimental stress measurements to model predic-
tions helps us distinguish between multiple solutions that often
characterize nonlinear problems such as brain cortical folding.

In conclusion, although we did not find significant circumfer-
ential tension between the walls of gyri, relatively small tensions
may be present that could not be detected using tissue dissection
�see light gray lines in Fig. 1b��. Although these small forces
would be too small to drive cortical folding by direct mechanical
deformation, they may provide regional mechanical signals that
trigger the patterns of growth that fold the cortex. This type of

mechanical feedback is consistent with Beloussov’s mechanical
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heory of morphogenesis �36�. In addition, as mentioned above,
adial axon tension may limit gyral expansion. Consequently, the
echanism for cortical folding may involve differential growth in
primary role and axon tension in a distinctly secondary role.

cknowledgment
We gratefully acknowledge technical assistance from Stephanie

indsey, Jennifer Griffith, and Alan Barnette. We thank David Van
ssen and Jeffrey Neil for helpful discussions and suggestions.
his work was supported by the National Science Foundation

Grant No. DMS-0540701, L.A.T.� and the National Institutes of
ealth �Grant No. R21 EB005834, P.V.B.�.

eferences
�1� Chi, J. G., Dooling, E. C., and Gilles, F. H., 1977, “Gyral Development of the

Human Brain,” Ann. Neurol., 1, pp. 86–93.
�2� Welker, W., 1990, “Why Does Cerebral Cortex Fissure and Fold? A Review of

Determinants of Gyri and Sulci,” Cerebral Cortex, E. G. Jones and A. Peters,
eds., Plenum, New York, pp. 3–136.

�3� Nakamura, M., Nestor, P. G., McCarley, R. W., Levitt, J. J., Hsu, L., Ka-
washima, T., Niznikiewicz, M., and Shenton, M. E., 2007, “Altered Orbito-
frontal Sulcogyral Pattern in Schizophrenia,” Brain, 130, pp. 693–707.

�4� Nordahl, C. W., Dierker, D., Mostafavi, I., Schumann, C. M., Rivera, S. M.,
Amaral, D. G., and Van Essen, D. C., 2007, “Cortical Folding Abnormalities in
Autism Revealed by Surface-Based Morphometry,” J. Neurosci., 27, pp.
11725–11735.

�5� Pang, T., Atefy, R., and Sheen, V., 2008, “Malformations of Cortical Devel-
opment,” Neurologist, 14, pp. 181–191.

�6� Hofman, M. A., 1989, “On the Evolution and Geometry of the Brain in Mam-
mals,” Prog. Neurobiol., 32, pp. 137–158.

�7� Richman, D. P., Stewart, R. M., Hutchinson, J. W., and Caviness, V. S., Jr.,
1975, “Mechanical Model of Brain Convolutional Development,” Science,
189, pp. 18–21.

�8� Barron, D. H., 1950, “An Experimental Analysis of Some Factors Involved in
the Development of the Fissure Pattern of the Cerebral Cortex,” J. Exp. Zool.,
113, pp. 553–581.

�9� Van Essen, D. C., 1997, “A Tension-Based Theory of Morphogenesis and
Compact Wiring in the Central Nervous System,” Nature �London�, 385, pp.
313–318.

�10� Hilgetag, C. C., and Barbas, H., 2006, “Role of Mechanical Factors in the
Morphology of the Primate Cerebral Cortex,” PLOS Comput. Biol., 2�3�, pp.
146–159.

�11� Chada, S., Lamoureux, P., Buxbaum, R. E., and Heidemann, S. R., 1997,
“Cytomechanics of Neurite Outgrowth From Chick Brain Neurons,” J. Cell
Sci., 110, pp. 1179–1186.

�12� Lamoureux, P., Buxbaum, R. E., and Heidemann, S. R., 1989, “Direct Evi-
dence That Growth Cones Pull,” Nature �London�, 340, pp. 159–162.

�13� Xu, G., Bayly, P. V., and Taber, L. A., 2009, “Residual Stress in the Adult
Mouse Brain,” Biomech. Model. Mechanobiol., 8, pp. 253–262.

�14� Purves, D., Augustine, G. J., Fitzpatrick, D., Hall, W. C., LaMantia, A.-S.,
McNamara, J. O., and White, L. E., 2008, Neuroscience, 4th ed., Sinauer
Associates, Sunderland, MA.

�15� Barnette, A. R., Neil, J. J., Kroenke, C. D., Griffith, J. L., Epstein, A. A.,
Bayly, P. V., Knutsen, A. K., and Inder, T. E., 2009, “Characterization of Brain
Development in the Ferret via MRI,” Pediatr. Res., 66, pp. 80–84.

�16� Neal, J., Takahashi, M., Silva, M., Tiao, G., Walsh, C. A., and Sheen, V. L.,
71013-8 / Vol. 132, JULY 2010

ded 02 Jun 2010 to 128.252.20.193. Redistribution subject to ASM
2007, “Insights Into the Gyrification of Developing Ferret Brain by Magnetic
Resonance Imaging,” J. Anat., 210, pp. 66–77.

�17� Smart, I. H., and McSherry, G. M., 1986, “Gyrus Formation in the Cerebral
Cortex of the Ferret. II. Description of the Internal Histological Changes,” J.
Anat., 147, pp. 27–43.

�18� Smart, I. H., and McSherry, G. M., 1986, “Gyrus Formation in the Cerebral
Cortex in the Ferret. I. Description of the External Changes,” J. Anat., 146, pp.
141–152.

�19� Fung, Y. C., 1993, Biomechanics: Mechanical Properties of Living Tissues,
2nd ed., Springer, New York.

�20� Zamir, E. A., and Taber, L. A., 2004, “Material Properties and Residual Stress
in the Stage 12 Chick Heart During Cardiac Looping,” ASME J. Biomech.
Eng., 126, pp. 823–830.

�21� Alexander, G. M., and Godwin, D. W., 2005, “Presynaptic Inhibition of Cor-
ticothalamic Feedback by Metabotropic Glutamate Receptors,” J. Neuro-
physiol., 94, pp. 163–175.

�22� Huang, H., Zhang, J., Wakana, S., Zhang, W., Ren, T., Richards, L. J.,
Yarowsky, P., Donohue, P., Graham, E., van Zijl, P. C. M., and Mori, S., 2006,
“White and Gray Matter Development in Human Fetal, Newborn and Pediatric
Brains,” Neuroimage, 33, pp. 27–38.

�23� Beaulieu, C., 2002, “The Basis of Anisotropic Water Diffusion in the Nervous
System—A Technical Review,” NMR Biomed., 15, pp. 435–455.

�24� Kroenke, C. D., Taber, E. N., Leigland, L. A., Knutsen, A. K., and Bayly, P. V.,
2009, “Regional Patterns of Cerebral Cortical Differentiation Determined by
Diffusion Tensor MRI,” Cereb. Cortex, 19, pp. 2916–2929.

�25� Neil, J. J., Shiran, S. I., McKinstry, R. C., Schefft, G. L., Snyder, A. Z., Almli,
C. R., Akbudak, E., Aronovitz, J. A., Miller, J. P., Lee, B. C., and Conturo, T.
E., 1998, “Normal Brain in Human Newborns: Apparent Diffusion Coefficient
and Diffusion Anisotropy Measured by Using Diffusion Tensor MR Imaging,”
Radiology, 209, pp. 57–66.

�26� Petersen, N. O., Mcconnaughey, W. B., and Elson, E. L., 1982, “Dependence
of Locally Measured Cellular Deformability on Position on the Cell, Tempera-
ture, and Cytochalasin B,” Proc. Natl. Acad. Sci. U.S.A., 79, pp. 5327–5331.

�27� Harding, J. W., and Sneddon, I. N., 1945, “The Elastic Stresses Produced by
the Indentation of the Plane Surface of a Semi-Infinite Elastic Solid by a Rigid
Punch,” Proc. Cambridge Philos. Soc., 41, pp. 16–26.

�28� Rodriguez, E. K., Hoger, A., and McCulloch, A. D., 1994, “Stress-Dependent
Finite Growth in Soft Elastic Tissues,” J. Biomech., 27, pp. 455–467.

�29� Taber, L. A., and Perucchio, R., 2000, “Modeling Heart Development,” J.
Elast., 61, pp. 165–197.

�30� Taber, L. A., 2008, “Theoretical Study of Beloussov’s Hyper-Restoration Hy-
pothesis for Mechanical Regulation of Morphogenesis,” Biomech. Model.
Mechanobiol., 7, pp. 427–441.

�31� Voigt, T., 1989, “Development of Glial Cells in the Cerebral Wall of Ferrets:
Direct Tracing of Their Transformation From Radial Glia Into Astrocytes,” J.
Comp. Neurol., 289, pp. 74–88.

�32� Toro, R., and Burnod, Y., 2005, “A Morphogenetic Model for the Development
of Cortical Convolutions,” Cereb. Cortex, 15, pp. 1900–1913.

�33� Raghavan, R., Lawton, W., Ranjan, S. R., and Viswanathan, R. R., 1997, “A
Continuum Mechanics-Based Model for Cortical Growth,” J. Theor. Biol.,
187, pp. 285–296.

�34� Todd, P. H., 1982, “A Geometric Model for the Cortical Folding Pattern of
Simple Folded Brains,” J. Theor. Biol., 97, pp. 529–538.

�35� Nie, J., Guo, L., Li, G., Faraco, C., Stephen Miller, L., and Liu, T., 2010, “A
Computational Model of Cerebral Cortex Folding,” J. Theor. Biol., 264, pp.
467–478.

�36� Beloussov, L. V., 1998, The Dynamic Architecture of a Developing Organism:
An Interdisciplinary Approach to the Development of Organisms, 1st ed., Klu-
wer, Dordrecht.
Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm


