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ARTICLE INFO ABSTRACT

Keywords: Morphogenesis of the nervous system involves a highly complex spatio-temporal pattern of physical forces
Tension (mainly tension and pressure) acting on cells and tissues that are pliable but have an intricately organized
Cytoskeleton cytoskeletal infrastructure. This review begins by covering basic principles of biomechanics and the core cyto-
Embryogenesis

skeletal toolkit used to regulate the shapes of cells and tissues during embryogenesis and neural development. It
illustrates how the principle of ‘tensegrity’ provides a useful conceptual framework for understanding how cells
dynamically respond to forces that are generated internally or applied externally. The latter part of the review
builds on this foundation in considering the development of mammalian cerebral cortex. The main focus is on
cortical expansion and folding — processes that take place over an extended period of prenatal and postnatal
development. Cortical expansion and folding are likely to involve many complementary mechanisms, some
related to regulating cell proliferation and migration and others related to specific types and patterns of me-
chanical tension and pressure. Three distinct multi-mechanism models are evaluated in relation to a set of 18 key
experimental observations and findings. The Composite Tension Plus (CT+) model is introduced as an updated
version of a previous multi-component Differential Expansion Sandwich Plus (DES+) model (Van Essen, 2020);
the new CT+ model includes 10 distinct mechanisms and has the greatest explanatory power among published
models to date. Much needs to be done in order to validate specific mechanistic components and to assess their

Gyrification

relative importance in different species, and important directions for future research are suggested.

1. Introduction

Biological structures acquire their distinctive shapes via the process
of morphogenesis - an intricately orchestrated set of molecular, cellular,
and tissue-wide events and interactions in which physical forces change
the shapes and sizes of individual cells, different brain and body tissue
components, and the organism as a whole. Morphogenesis of the ner-
vous system is particularly fascinating because it progresses from a
simple geometry early in embryogenesis to an adult organization that is
extraordinarily complex and amazingly diverse across species. More-
over, the sizes and shapes of neural cells and tissues can provide useful
insights regarding function, as emphasized a century ago by Cajal [2].

My contributions to the study of morphogenesis began serendipi-
tously 25 years ago, arising from a longstanding interest in the structure,
function, and development of cerebral cortex. While musing about the
process of cortical folding, it occurred to me that mechanical tension in
axons connecting nearby cortical regions might help drive the folding

process. It soon became apparent that this simple notion had not pre-
viously been published, nor had the potential been explored for a much
broader role for mechanical tension in neural morphogenesis. In 1997, I
published a general tension-based morphogenesis (TBM) hypothesis [3],
positing that mechanical tension along axons, dendrites, and glial pro-
cesses works in concert with mechanical pressure to account for many
aspects of nervous system morphogenesis, including why the cortex
increases in surface area much more than in thickness and why it be-
comes convoluted in large-brained animals. An important general cor-
ollary is that mechanical tension should keep wiring length short and
overall neural circuitry compact. Indeed, minimization of wiring length
has long been considered an important principle of nervous system ar-
chitecture [4-8].

The TBM hypothesis has been widely cited, most commonly in
relation to the process of cortical folding. However, many alternative
mechanisms for cortical folding have been proposed, both before and
after my 1997 paper. As is often the case in developmental biology,

Abbreviations: CGM, cortical gray matter; CMS, Cerebellar Multi-layer Sandwich; CT+, Composite Tension Plus; DES+, Differential Expansion Sandwich Plus;
DTE, differential tangential expansion; GBB, Gel-Brain Bilayer; OCL, outer cortical and leptomeningeal; RD, Radial Dispersion; TBM, tension-based morphogenesis.
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multiple mechanisms very likely operate in concert for a process as
complex as cortical folding. In 2020, I reviewed the burgeoning litera-
ture since 1997 [1]. This included consideration at a molecular and
cellular level of how the intracellular cytoskeleton generates mechanical
tension and how tension works against pressure (both osmotic and
focally directed) to maintain or modify cell shape. I also reformulated
the original tension-based folding hypothesis for cerebral cortex and
showed how the five tenets of a new composite ‘Differential Expansion
Sandwich Plus’ (DES+) model account for a wide range of phenomena
by invoking a combination of axonal tension (both tethering and
pathway-specific), radially biased dendritic tension, tangential tension
in the outer cortical leptomeningeal layer, plus other early factors such
as differential proliferation and migration. I also proposed a separate
Cerebellar Multi-layer Sandwich (CMS) model that can account for
many distinctive aspects of cerebellar morphogenesis and adult archi-
tecture. Finally, I suggested a wide range of experimental tests that could
provide critical evidence for or against specific tenets of the DES+ and
CMS models.

The present review revisits the role of mechanical forces in cellular
differentiation, early embryogenesis, and cortical expansion and
folding. Relative to the previous review [1] it provides expanded
coverage of several key topics, while skipping or briefly summarizing
others that need little updating. Section 2 presents a cytoskeletal and
biomechanical framework for morphogenesis. One objective is to pro-
vide an intuitive understanding of how cellular growth can (and cannot)
change the shape of soft, highly pliable neural tissue. This is important in
order to appreciate why the putative mechanisms proposed in some
morphogenetic models are biomechanically implausible, if not impos-
sible. Section 2 also addresses several roles for tension in early
embryogenesis, a topic largely untouched in my 2020 review. Section 3
focuses on cerebral cortex, with an emphasis on cerebral cortical
expansion and folding. It introduces the Composite Tension Plus (CT+)
model, which is a significant refinement of the aforementioned DES+
model [1] that retains the same 5 core tenets but includes additional
sub-tenets that highlight the complementarity of multiple mechanisms,
including tension along axons, dendrites, and glial cells. It also describes
two other prominent multi-component models, the Radial Dispersion
(RD) model [9,10] and the Gel-Brain Bilayer (GBB) model [11] and
systematically evaluates the ability of all three models and their
component mechanisms to account for 18 distinct experimental obser-
vations. In brief, the CT+ model has much greater explanatory power
than these alternative models. Moreover, criticisms of the axonal tension
mechanism have focused largely on a single study [12] in which tissue
cut experiments failed to reveal one particular type of axonal tension in a
single species. However, there are alternative explanations for these
tissue cut observations. The ongoing debate about the relative impor-
tance of tension vs other mechanisms in cortical expansion and folding
will benefit from considering the much broader range of key observa-
tions discussed below.

2. A cytoskeletal and biomechanical framework for
morphogenesis

Two seminal concepts that arose outside neuroscience are highly
relevant to nervous system morphogenesis. A century ago, D’Arcy
Thompson, a pioneer in mathematical biology, proposed that morpho-
genesis in general is driven by an interplay between mechanical tension
and pressure acting on structures having physical asymmetries and an-
isotropies [13]. His examples were based on non-neural biological
structures, but the principles apply equally well to the developing ner-
vous system. The second concept is the property of tensegrity (a
condensation of ‘tension integrity’), as promulgated for architecture in
the mid-twentieth century by Buckminster Fuller [14] and for cell
biology by Donald Ingber [15,16] in recent decades. A tensegrity
structure attains stability by having some components under tension and
others under compression, rather than the predominantly compressive
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forces that support conventional buildings. A canonical architectural
example is a geodesic dome, where the distribution of struts under
tension vs compression depends on external forces (e.g., gravity and
wind) and can change rapidly (e.g., when buffeted during a storm). A
good molecular example of tensegrity is the aptly named buckminster-
fullerene, a 60-carbon-atom molecule whose caged ‘soccer-ball’
geodesic structure provides mechanical rigidity [17]. At a cellular level,
living cells, while generally soft and pliable, are not floppy bags of
molecular and macromolecular soup. Rather, they are pressurized and
prestressed ’tensegrity structures’ with a complex cytoskeletal archi-
tecture that is highly responsive to dynamic developmental and envi-
ronmental forces [18,19].

2.1. Cytoskeletal components

The cytoskeleton includes three major filamentous components —
actin filaments, microtubules, and intermediate filaments — plus diverse
membrane-bound and transmembrane components that serve as me-
chanical anchors [20-23]. These core components account for many
material properties revealed by passive mechanical perturbations, and
they play important roles in cellular force generation and transmission.

Filamentous actin (F-actin) is a polarized filament whose length is

dynamically regulated by polymerization of G-actin subunits at one

end and depolymerization at the other [20,24,25]. Actin can
generate forces through its interactions with various subtypes of

myosin [26-29] and also through subunit polymerization [23].

Cross-liking of F-actin into various geometric configurations and

interactions with diverse cofactors enable actin and actomyosin to

play diverse roles in force generation.

o Alpha-tubulin and beta-tubulin are the dominant subunits of microtu-
bules, which are tubular, larger in diameter than F-actin, lengthened
via subunit assembly at one end, and shortened by disassembly at the
other [30].

e Neurofilaments (NFs) and other intermediate filaments (IFs) are a
diverse set of protein heteropolymers that are intermediate in
diameter [23]. In axons, NFs run in cable-like arrays, have sidearm
protrusions that interact with other cytoskeletal elements, and
contribute to elasticity and the regulation of axon/neurite diameter
[31,32].
A variety of anchoring molecules mediate focal adhesion of intracel-
lular filaments to transmembrane anchoring molecules in the plasma
membrane [20,21,33]. These include integrins, which bind externally
to the extracellular matrix (ECM) — a complex macromolecular
network that occupies interstitial space, including the basal lamina
(basement membrane) at the pial surface [34].
Other key transmembrane entities that add physical integrity include
adherens junctions, which connect adjacent cells via homophilically
binding cadherins, and tight junctions between epithelial cells, which
establish a diffusion barrier critical for maintaining elevated CSF
pressure [35], as well as gap junctions, desmosomes, and synapses
themselves.

2.2. Forces and material properties

With this ‘cytoskeletal toolkit’ in mind, Table 1 categorizes key
physical forces and material properties of embryonic and CNS tissue
plus exemplar associations with specific cytoskeletal components.
Physical forces are classified by their cellular/subcellular vs macro-
scopic scale, dimensionality (1D or 2D), and whether the force is actively
generated or a passive response to an imposed displacement. Axial ten-
sion occurs when elongated cellular components anchored at both ends
are passively stretched, or when a longitudinal shortening force is
generated by sliding between filaments (actomyosin, microtubules). Axial
pressure can be highly anisotropic, but only when cellular components
have high bending stiffness as they push (e.g., elongation of bundled
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Table 1
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Physical forces and material properties in developing CNS tissue.

A. Mechanical forces
Cellular/subcellular

Axial (1D) forces

Axial tension

* passive stretch of anchored filaments (all types)
» force generation (sliding actomyosin filaments,

microtubules)

Axial pressure (requires high bending stiffness)
* polymerization of actin bundles (filopodia), microtubule

bundles
Interface (2D) forces

Transmembrane pressure (elevated intracellular osmotic

pressure)
Surface tension

* passive stretch of plasma membrane and subcellular cortex
* contraction of actomyosin ‘cortex’ under plasma membrane
Lamellar pressure (polymerization of actin mesh in lamellopodia)

Tissue (macroscopic)
Elevated CSF pressure

» generated by CSF production

« pressure difference along epithelium bounded by tight junctions

 counterbalanced by surface tension along diffusion barrier
Pressure or tension exerted by neighboring regions and tissues

Vascular forces

* blood pressure pulsations
 vascular smooth muscle tension

B. Material properties (see Sl Topic 1 of ref [1] for published values)
Elasticity (compliance = 1/stiffness)

* Tensile or compressive

» Bending, shear

* Surface indentation
Viscosity
Plastic (non-recovering) behavior

Adhesiveness (selective adhesion) (Integrins; ECM)

actin filaments in growth cone filopodia and also microtubules) [23,36].
Interface (2D) forces arise at the interface between materi-
als/components, particularly the plasma membrane. Intracellular osmotic
pressure is regulated by transmembrane transport of ions, water, and
other materials handled by a specific molecular subsystem [37].
Elevated intracellular osmotic pressure induces water influx and cell
expansion, thereby stretching the plasma membrane. This is counter-
balanced by surface tension at the plasma membrane (a tangential force
striving to reduce the surface area of the interface between hydrophobic
and hydrophilic components) and often by additional interface tension in
regions containing an underlying actin-enriched cytoskeletal ‘cortex’
[23,29]. Another type of 2D pressure occurs along the margins of
lamellopodia — thin cytoplasmic sheets that expand along their outer
margin by polymerization of a 2D meshwork of actin filaments [38].
At a tissue level, one major force is the elevated pressure in com-
partments filled by cerebrospinal fluid (CSF), namely, the embryonic
‘vesicles’ that arise early in brain development and the ventricles that
they later become. Maintaining an elevated pressure depends on having
a steady source of CSF pumped into the vesicle/ventricle (by the choroid
plexus or its precursors) plus a diffusion barrier based on tight junctions
in the tissue lining the fluid compartment. This pressure differential
promotes outward bulging of the epithelium, and it is counterbalanced
by surface tension along the diffusion barrier. Another important force
‘category’ is inherently more diverse, as it includes the complex 3D
patterns of pressure and tension arising as embryonic CNS tissue grows
within a physically constrained environment. Neighboring brain struc-
tures may press against one another or against other nearby tissues (e.g.,
the dura mater), while other macroscopic stresses may include a tensile
stretching force. A final force category is related to the brain
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vasculature, which emerges via angiogenesis early in neural develop-
ment, starting with invasion of endothelial cells of mesodermal origin
[39]. Blood circulation is driven by pulsatile pressure fluctuations and is
regulated by arterial and venous smooth muscle. However, aside from
the crucial and complex roles of the vasculature in keeping the brain
alive and healthy, there are not to my knowledge well characterized
influences of vascular forces per se on nervous system morphogenesis.

In terms of material properties, embryonic tissue and developing CNS
tissue are in general soft and pliable (see SI Topic 1 of ref. [1]), and they
grow in an incompressible aqueous fluid environment. Table 1B lists key
material (biomechanical) properties that can be assayed in tissues, cells,
or molecules and in vivo or in vitro using diverse methods to estimate
physical deformation (strain) in response to applied force (stress) [40].
(i) Elasticity (compliance) and its inverse (stiffness) reflect a linear,
time-independent component of deformation that can be measured
under linearly aligned stress (tensile and compressive stiffness) or more
complex stress configurations (bending or shear stiffness). Viscosity is
manifested by a time-dependent displacement under constant force.
Plastic behavior involves nonelastic deformation without immediate
recovery after force release. Adhesiveness refers to the force needed to
separate two components, be they molecules, cell processes, or a cell
process attached to an extracellular substrate. Recent methodological
advances have enabled probing of mechanical/material properties with
high resolution and sensitivity at molecular, cellular, and tissue levels
[41-44].

2.3. Subcellular specializations for morphogenesis

Living cells have numerous specialized subregions that mediate their
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Fig. 1. Subcellular specializations for morphogenesis. A. Schematic polarized epithelial cell showing apical-basal polarization of tight junctions, cadherin-based
adherens junctions, and actin meshwork. B. Key events and cellular components in a growth cone and an associated neurite. These events may occur concur-

rently or in any sequence. Panel B adapted from Fig. 2, ref. [1].

different functions. Among the subcellular specializations involved in
morphogenesis, three warrant brief description here: polarized epithelial
cell domains, growth cones, and elongated processes (axons, dendrites, and
neurites) that dynamically regulate their length.

Polarized epithelial cell domains are established early in embryogen-
esis and include apical, basal, and lateral domains that differ in cyto-
skeletal organization and membrane constituents (Fig. 1A). The tight
junctions between cells that form a diffusion barrier across the epithelial
sheet are located near the apical surface. Immediately below, cadherin-
based adherens junctions are linked to F-actin filaments that are
continuous with the aforementioned actomyosin cortical meshwork. In
some epithelial cells (and at some developmental stages), a cable-like
actomyosin contractile ring encircles the apical perimeter.

Growth cones are specialized appendages that play critical roles in
cell migration and in neurite/axonal/dendritic elongation and naviga-
tion (Fig. 1B). A growth cone typically has a central core with flat
lamellopodial and/or spike-like filopodial extensions on one side and a
trailing process on the opposite side. Actin polymerization generates
directed pressure (red arrows in Fig. 1B) from crosslinked actin fila-
ments that are colinear in filopodia and a planar mesh in lamellopodia
[22,45,46]. Adhesion of the growth cone tip to ECM molecules enables
actomyosin-mediated traction to advance the growth cone [47,48] and
transfer tension to the growth cone rear [45].

Neurons growing in vitro extend processes that are often not readily
distinguished as axons or dendrites and instead are called ‘neurites’.
Neurites commonly exhibit 3 key characteristics: resting tension, retrac-
tion on tension release, and elongation when pulled (‘towed growth’).
Resting tension has been demonstrated in vitro for many neuronal types
and species and in vivo for invertebrate axons [49-51]. Tension
magnitude varies widely [40] and is much lower in chick forebrain
neurites (~15 pN) [52] than in chick dorsal root ganglion neurites (0.5 —
6 nN) [53] and even lower (7 — 9 pN) in mouse hippocampal neurites
[130] but should nonetheless suffice to impact morphogenesis in highly
compliant CNS tissue. Neurites can transfer tension from the growth
cone and also generate tension along their length, perhaps by an
actomyosin-based process likely involving circumferential F-actin rings
[25,54,55]. When tension is relaxed, retraction commonly occurs [56],
and microtubule assembly/disassembly may be implicated in switching
between neurite elongation and retraction [52,57]. Towed growth or
stress-induced elongation can increase neurite or axonal length dramati-
cally while maintaining diameter [58,59], likely involving pushing from
microtubule sliding [60,61] but also involving neurofilament elongation
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Fig. 2. Growth forces for soft tissue deformation. A. Spherical growth bubble
and isotropic expansion (green arrows) in a cubical tissue ‘voxel’ with isotropic
compliance. B. Oblate spheroidal growth bubble in a voxel with radially biased
tension (red arrows) and hence anisotropic compliance and expansion. C.
Laminar pattern of forces and deformations in a gyral region associated with
folding forces.

Panels A, B Adapted from ref. [1].

[23]. This is relevant to models of cortical expansion discussed below.

2.4. Biomechanics of tissue morphogenesis

Given the forces and mechanical properties summarized above, an
important general question is how to predict the tissue shape changes
resulting from cellular growth and migration. Consider a microscopic
(but multicellular) ‘volume element’ from a hypothetical embryonic
CNS - a cubical ‘voxel’ containing various cell bodies and subcellular
specializations. Suppose, for example, that a filopodial growth cone
enters the voxel, increasing its volume by a tiny amount. The immediate
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effects on voxel dimensions depend on the tissue’s material properties —
specifically, its compliance along each axis (Table 1B; see also Figs. 1.5
and 12.1 in ref [62]). If the compliance is isotropic (e.g., because the
elongated processes in the voxel are randomly oriented and under
resting tension) and if no additional forces arise from external sources,
the incremental tissue expansion will be isotropic, represented by a
spherical ‘growth bubble’ and equal-sized green expansion arrows
(Fig. 2A). Moreover, a growth cone entering from the bottom, side, or
top would cause the same isotropic expansion. In contrast, consider a
voxel from a different region in which tissue compliance is anisotropic
owing to radially biased cellular processes under tension (Fig. 2B, red
arrows), but again with no additional external forces. In this case, tissue
expansion will be anisotropic — illustrated by an ellipsoidal growth
bubble (of equal volume) and unequal green arrows (Fig. 2B) that pro-
mote tangential expansion. A third example involves complex de-
formations spanning a larger domain, namely intracortical compressive,
tensile, and shearing forces within a small cortical slab in the process of
folding along one axis. As discussed below, such folding might occur in
response to external forces such as axonal tension in the white matter
(WM) that are transmitted via compliant but incompressible tissue into
the interior of the slab (analogous to how a rubber pad folds in response

A. Gastrulation B.

Blastopore formation
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to external bending forces). These forces can propagate through the
tissue and lead to anisotropic forces having a predictable pattern along
the axis of folding (red arrows at the gyral crown), where they compress
from the side in deep cortical layers to make voxels taller and narrower
but pull from the side in superficial layers to make voxels shorter and
wider, resulting in progressive divergence of the radial axes near the
crown (Fig. 2C).

Failure to appreciate such biomechanical fundamentals can lead to
flawed hypotheses about possible mechanisms of morphogenesis. For
example, the assertion that growing axons ‘push’ tissue ahead to form a
gyrus, as suggested in ref. [63], would make sense only if axonal filo-
podia encountered tissue that was physically rigid (like a block of ice)
rather than highly compliant. Neurons migrating into the cortical plate
do not overtly ‘push cells to the side’ as suggested in ref. [64]. Instead,
each cell should respond to the arrival of another cell in its vicinity by
repositioning according to local forces and tissue compliance. Such tis-
sue expansion patterns should be independent of the direction of cellular
migration or ingrowth. More generally, when considering such issues, it
is important to be mindful of standard biomechanical models of tissue
growth kinematics based on material properties and forces [62,65].

Dorsal closure (Drosophila)

Actin cable
contractile forces

Amnioserosal
contractile forces

Zippering forces

AN

Chick forebrain vesicles
Actin fiber

orientation

4

A
*(, anisotropic

isotropic

WM& anisotropic

Garcia et al. (2017)

Fig. 3. Tension-generating events in early embryogenesis. A. Actomyosin-mediated apical constriction in bottle cells leads to invagination and blastopore formation.
B. Dorsal closure in Drosophila includes contraction of an F-actin cable, amnioseral medio-lateral apical contraction, and zippering forces. C. Progressive closure of
the neural tube by actomyosin-mediated zipping along the dorsal midline of the neural fold. D. In the developing chick forebrain, F-actin is oriented isotropically
within the diencephalon (D), midbrain (M), and telencephalon (T) but has a circumferentially anisotropic orientation at the diencephalic-midbrain boundary (DMB)
and along the anterior intraencephalic sulcus (AIS) at the diencephalic/telencephalic boundary. Contraction of these actomyosin rings likely contributes to brain

vesicle formation.

A. Reproduced from https://commons.wikimedia.org/wiki/File:Apicalconstriction_figl.jpg. B. Adapted from https://www.mechanobio.info/development/what-is-
dorsal-closure/how-is-dorsal-closure-controlled-by-mechanics/ licensed under a Creative Commons Attribution-NonCommercial 4.0 International License. C.
Adapted from Fig. 7 C of ref. [72]. D. Adapted with permission from Fig. 3, ref. [73].

94



D.C. Van Essen
2.5. Tension in early embryogenesis — from gastrulation to brain vesicles

The relative simplicity and accessibility of embryonic tissue has
enabled numerous studies of mechanical forces in early embryogenesis.
Fig. 3 schematically illustrates four developmental events in which
tension is implicated as a major morphogenetic force: gastrulation in
both invertebrate and vertebrate species, dorsal closure in Drosophila,
neural tube formation in chordates, and embryonic brain vesicle for-
mation in vertebrates. All four invoke actomyosin-based tension, and
two of them invoke a process of tension-based ‘zipping’.

A key early event in gastrulation is the invagination of surface ecto-
dermal cells through the blastopore. A common feature involves apical
constriction of ectodermal cells mediated by multiple types of actin-
based or actomyosin-based contraction [66,67]. Fig. 3A schematizes
the apical constriction process in so-called ‘bottle’ cells as they deform
from a cylindrical to a flask shape.

Dorsal closure in Drosophila embryogenesis involves an elliptical
zone in the epidermal layer that is initially covered by the amnioserosa,
a squamous epithelium that does not contribute to the larva [68]. Dorsal
closure involves several distinct steps in which forces mediated by
F-actin and nonmuscle myosin II are implicated [69]: (i) Constriction of
the apical region of amnioserosal cells shrinks their surface area and
draws epidermal margins closer to one another (blue arrows, Fig. 3B).
(ii) Contraction of an F-actin cable in cells along the epidermal margin
acts as a ‘purse string’ to further shrink the gap (red arrows, Fig. 3B). (iii)
Filopodia extend from leading-edge epidermal cells on either side and
meet at the midline, then pull so as to zip the leading-edge epidermal
cells together [71].

In chordates, neurulation begins with formation of the neural plate
and neural groove along the dorsal midline. One component of this
process involves contraction of medio-laterally oriented actomyosin
cables, which drives apical constriction, makes cells wedge-shaped and

A

Human GW 11

B
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elongated along the antero-posterior axis and promotes formation of a
midline groove [74]. Closure of the neural groove to form a neural tube
involves actin-rich filopodia and/or lamellopodia that are extended by
neural ectoderm and/or non-neural ectoderm cells (depending on re-
gion, species, and stage). These processes meet at the midline and drive a
zipping process [72,75,76] analogous to that just described for
Drosophila dorsal closure.

Embryonic brain vesicles. Early vertebrate brain development includes
the emergence of hindbrain, midbrain, and forebrain ‘vesicles’ followed
by splitting of hindbrain and forebrain into additional vesicles. In chick
embryos, elevated embryonic CSF (eCSF) pressure expands the initially
quasi-cylindrical brain tube [77,78]. Contraction of circumferential
actomyosin rings at presumptive vesicle boundaries (Fig. 3D) then ap-
pears to initiate conversion of the brain tube into the three primary
vesicles [79] as well as further subdivision of the forebrain into telen-
cephalic, diencephalic, and optic vesicles [73,79]. The expansion and
stretching of the thin vesicle walls by elevated pressure may promote
stress-dependent cell division [73,80], thereby enhancing the pace of
expansion.

The examples covered in this section illustrate that mechanical ten-
sion mediated largely by actomyosin-based mechanisms are implicated
in many early morphogenetic events and across diverse metazoan spe-
cies. Many of the same biomechanical principles and mechanisms un-
derlying these events in relatively simple embryonic systems are likely
also to be engaged in anatomically more complex systems, such as the
mammalian cerebral cortex that we turn to next.

3. Cerebral cortical growth and gyrification — an integrated
biomechanical perspective

Cerebral cortex varies dramatically across mammalian species in
terms of its overall size and the complexity of its convolutions. Many
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Fig. 4. Key events in primate cortical development. A. Horizontal section from human GW11 brain. Cl: claustrum. Other abbreviations as in main text. Blue arrows:
cortical expansion trajectories; red arrows: junction between cerebral cortex and subcortical ‘medial wall’. B, C. Timing of major events in macaque (B) and human
(C) cortical development and folding [94,97]. SF: Sylvian Fissure. Macaque surface models are reprinted from ref. [131] , which is licensed under CC BY 4.0.

A. Republished with permission of Taylor & Francis Group LLC — Books, adapted with permission from ref. [82]; permission conveyed through Copyright Clearance
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developmental studies and reviews have focused specifically on the issue
of cortical folding per se and have paid little attention to corollary
questions of what regulates cortical thickness and surface area. Allo-
metric studies show that the degree of cortical folding can be accurately
predicted knowing just the total surface area and mean thickness [81]. It
is important to consider all three issues (thickness, surface area, and
folding) collectively in order to obtain an integrated mechanistic
perspective.

3.1. Key events and stages in forebrain morphogenesis

Fig. 4A illustrates many important aspects of early brain develop-
ment using a horizontal section through a gestational week (GW)11
human brain as an anatomical substrate [82]. Forebrain subcortical
nuclei arise from a relatively thin ventricular germinal zone (VZ) of the
diencephalon plus the thicker ganglionic eminence (GE) of the ventro-
medial telencephalon. Postmitotic neurons migrate relatively short
distances to reach their final positions in specific nuclei and subnuclei of
the thalamus, hypothalamus, and basal ganglia. The diencephalic
vesicle collapses into the narrow third ventricle (3rd V.) lined by an
increasingly thick gray matter wall. In the telencephalon, most of the
lateral ventricle is bordered early on by a relatively thin cerebral wall
that includes proliferative ventricular (VZ) and subventricular (SVZ)
zones, a fibrous intermediate zone (IZ), a cortical subplate (SP) zone that
contains scattered neurons and many synapses in their so-called ‘waiting
period’ [83] as well as many axons and radial glial processes, a
cell-dense cortical plate (CP), and a thin fibrous marginal zone (MZ)
capped by a basal lamina. As noted above for the chick embryo,
stretching of the thin cerebral wall from elevated CSF pressure may
accelerate proliferation of neuronal precursors in the VZ and SVZ that
populate the cerebral cortex.

Fig. 4 also shows timelines of major events during the development
of cerebral cortex for the macaque (panel B) and human (panel C).
Cortical neurogenesis (red bars) extends over a ~2 month period in the
macaque [84,85] and more than 4 months in humans [86]. Neuronal
migration (orange bars) starts near the onset of neurogenesis but extends
even longer than does neurogenesis. Excitatory (pyramidal) neurons are
born in the germinal (ventricular) and subventricular zones and migrate
mainly radially along scaffolding formed by multiple subtypes of radial
glial cell (RGC). These include ventricular RGCs (VRGCs) closest to the
VZ plus outer RGCs (0RGCs) whose cell bodies are in the SVZ [87,88].
Alternative names for ventricular and outer RGCs are apical and basal
RGCs (aRGC and bRGCs), respectively [9]. Later-born excitatory neu-
rons originate from precursors in the SVZ, and their migration through

Early Calcarine Sulcus (CaS)
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Fig. 5. Early-forming cortical sulci in primates. A. Macaque early calcarine sulcus at E85 in utero (top) and at E90 in utero (bottom left) and ex vivo (bottom right).
B. Human early calcarine sulcus at GW17 (coronal). C. “Dimples” in lateral temporal (top) and medial frontal (bottom) cortex at GW13.5. D. Early irregular folds in
frontal cortex at GW17.
A. Images adapted with permission from ref. [93]. D. Images in B — D adapted with permission from ref. [97]. Republished with permission of Taylor & Francis Group
LLC - Books, from ref. [97]; permission conveyed through Copyright Clearance Center, Inc. Figure adapted from Fig. 5 of ref. [1].
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the IZ/SP may involve jumping from one RGC to another with some
tangential migration in between, as shown in ferret cortex [10]. On
arrival at the CP, neurons migrate past deeper (earlier-born) cortical
neurons and settle superficially, just below the MZ that later becomes
layer 1 [89,90]. Inhibitory neurons are born in the GE and migrate long
distances tangentially through the cortex to reach their termination.
Long-distance connections through the WM are established over an even
longer period (yellow/green bars) than cellular migration, starting first
with connections to subcortical nuclei soon after deep-layer cortical
neurons have arrived. Cortical synapse formation and WM expansion
involving cortico-cortical and cortico-subcortical pathways occur
throughout the third trimester [86] (green portion of connectivity bar).
In the macaque (Fig. 4B), long-distance cortico-cortical connections
reach the subplate and/or cortical plate beginning ~embryonic day (E)
106 for area V4 [91] and ~E108 for V1-V2 [92]. This overlaps with the
main gyrification period (~E100 to ~E135) [93-95]. Axons tend to run
in parallel in the developing WM, forming numerous long-distance fiber
tracts. However, extensive crossing of fiber bundles must occur in order
to achieve the brain’s enormous wiring complexity (e.g., an average of
>50 input and output pathways to each cortical area in the macaque
[96]). Hence, WM wiring must have high topological complexity, which
has important implications for aggregate wiring length as the brain
grows (see ref. [1], SI Topic 6).

3.2. ‘Early’ cortical folding

In primates the main gyrification period is preceded by three distinct
types of ‘early’ cortical folding (purple preceding blue in Figs. 4B and
4 C), two of which emerge as a result of unique types of differential
neuronal proliferation. (i) Sylvian Fissure (SF). The primate insula arises
early from a distant germinal region at the pallial-subpallial boundary
[98] and is anchored by its strong connections with the adjacent
slow-growing claustrum and basal ganglia (Fig. 4 A). Neighboring
neocortical regions are not anchored but instead expand rapidly (blue
arrows) in conjunction with the expanding lateral ventricles; the un-
derlying germinal layers near the ventricular surface also expand. The
SF begins as a crease along the perimeter of the insula (the nascent
circular sulcus) starting before E85 in the macaque [94] and before
GW20 in humans [97]; by E110 in the macaque and GW29 in humans
the temporal, parietal, and frontal gyral regions approach one another to
form a well-defined SF (top row in Fig. 4B, bottom row in Fig. 4 C). (ii)
Early calcarine sulcus. In macaque occipital cortex, in utero MR scans at
E85 (Fig. 5 A, top) and E90 (Fig. 5 A, lower left) reveal a nascent cal-
carine sulcus (CaS) appearing as a distinct indentation of the cortical
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plate and an IZ that is thin or absent. Given that the earliest V1-V2
connections reported are at E108 [92], formation of this early calcar-
ine sulcus seems unlikely to be related to cortico-cortical connectivity. In
an E90 ex vivo scan, the calcarine invagination is deeper, and a bulge
into the posterior horn in the region corresponds to a feature known as
the calcar avis in adults, but at this early age the inward bulge likely
reflects a brain extraction or fixation artifact. In human postmortem
histological sections, a precursor to the calcarine sulcus is discernible at
GW13.5 - GW21 [83,97,99], including the GW17 example in Fig. 5B
(arrows) where the proliferative zones (VZ, SVZ) plus the IZ and SP are
much thinner than in adjacent regions. As in the macaque there is a
pronounced invagination into the ventricle (wide arrow in Fig. 5B) that
is not evident in in vivo human MRI scans prior to GW23-24 (ref. [100]
and G. Kasprian, personal communication) and thus is likely an artifact
of brain extraction and/or fixation. However, it is unlikely that the
dramatic thinning of the cerebral wall is entirely artifactual; more likely,
it largely reflects differential thickness and differential proliferation of
the germinal layers. (iii) A very distinct type of early folding involves
small dimples and wrinkles that appear early in the second trimester in
human postmortem brain sections (Fig. 5 C, D). These are irregular in

Radial Dispersion (RD) model

1. Differential neuronal proliferation generates ‘hills’ and 1.
‘valleys’ under nascent gyri and sulci, respectively.

2. Differential radial glial proliferation creates a divergent
radial glial scaffold guiding neuronal migration to cortex.

3. Radial Intercalation promotes tangential expansion by
‘pushing cells to the side’.
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location, shape, and spacing [97,99] and many of them may be transient
structures. These invaginations are typically most pronounced in su-
perficial layers, suggesting they are initiated by superficial morphoge-
netic forces. Even if they ultimately prove to be fixation artifacts, they
suggest a distinct type of mechanical instability in cortical tissue at this
stage.

3.3. Models and mechanisms of cerebral cortical expansion and folding

Numerous models and mechanisms have been proposed to account
for cortical expansion and folding, and others have noted the plausibility
of contributions from multiple mechanisms [101]. Here, we focus on
three major models, each of which invokes multiple mechanistic com-
ponents. Two models have been previously published: the Radial
Divergence (RD) model [9,10] and the Gel-Brain Bilayer (GBB) model
[11]. The third is largely based on my recent Differential Expansion
Sandwich Plus (DES+) model [1], but here it is refined in several re-
spects. Also, it is renamed as the Composite Tension Plus (CT+) model to
signify a prominent and multifaceted role for tension along with inclu-
sion of other mechanisms, including several also invoked by the RD and

Composite Tension Plus (CT+) model of cortical expansion and folding:

Radially biased tension promotes tangential cortical expansion.

2. Differential tangential expansion along the cortex/core boundary promotes folding.
2A. Pathway-specific tension promotes gyral folds.
2B. Tethering tension promotes irregular folding (buckling).

3. Tangential tension in the outer cortical & leptomeningeal (OCL) layer promotes early folding.
3A. Tangential tension within the marginal zone promotes invagination.

3B. Adhesion of trans-sulcal leptomeninges stabilizes folds.

Gel-Brain Bilayer (GBB) model
1. (Unspecified) early events shape the pre-folding 3D
landscape
2. Differential tangential expansion induces folding
2A. Mechanical stress fields bias the axis of folding
2B. Nonspecific buckling occurs in many regions

Subcortical
nuclei

4. 3D geometry biases fold location folding axis.
4A. Differential proliferation shapes the 3D landscape underlying the CGM.
4B. Elevated CSF pressure promotes proliferation where cerebrum is thin.
4C. Differential migration further shapes the 3D landscape.
4D. Mechanical stress fields bias the axis of cortical folding.

5. Tension reduces wiring length and interstitial space.

B

RD 3

Fig. 6. Three models of cortical expansion and folding. Top left. Tenets of the RD (blue) and GBB (pink) models. Top right. Tenets and subtenets of the CT+ model
(yellow). Bottom. A. Models of cortical expansion and folding displayed on a schematic illustration of key aspects of cortical development, with features prominent at
earlier stages on the left and those prominent at later stages on the right. CT+ tenet 5 (compact wiring) is not denoted in panel A because it presumed to be mediated
by all elongated processes that are under tension. B. Schematic of Radial Intercalation model. C. Computer 3D model of a human GW22 brain. D. Exemplar surface of
a highly convoluted and irregularly folded region in human prefrontal cortex in individual HCP subject 100307. E. Strain fields in computerized version of GBB model

that bias fold orientation.

B. Adapted with permission from ref. [64]. C. Adapted with permission from Fig. 1d of ref [11]. E. Adapted with permission Fig. 3a of ref [11].
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GBB models. Each model is described briefly in relation to Fig. 6, which
schematically illustrates major mechanistic events and processes. All
three models are then evaluated systematically with reference to
Table 2, where each column refers to a proposed component mechanism
for a given model, each row represents an experimental observation
needing explanation, and each cell qualitatively indicates the explana-
tory capacity of that mechanism (column) for that observation (row). In
both the figure and table, pastel shades associate various entries with
one of the three models (blue for RD, pink for GBB, yellow for CT+).

The RD model (pastel blue text in Fig. 6 and columns b —d in Table 2)
invokes three complementary mechanisms: differential neuronal prolif-
eration (column b), differential RGC proliferation and divergence (column
¢), and radial intercalation of neurons into cortical gray matter (CGM,
column d). (i) Differential neuronal proliferation posits that genetically
regulated fluctuations in the thickness of the underlying germinal zones,
particularly the SVZ (‘RD 1’ in Fig. 6 A) give rise to ‘hills’ and ‘valleys’ in
the 3D landscape and that the numbers of neurons produced under
nascent gyri and sulci correlate with germinal zone thickness. (ii) Dif-
ferential RGC proliferation and divergence posits a corresponding differ-
ential production of bRGCs under nascent gyri vs sulci, in the inner and
outer SVZ (iSVZ, oSVZ), leading to divergence (fanning out) of gyral but
not sulcal radial glial basal processes in the IZ and SP (‘RD 2’ in Fig. 6 A).
It also posits that the migration of pyramidal neuron precursors often
includes a tangential component (jumping from one radial glial process
to another) along with predominantly radial migration [9,10]. (iii) As
migrating neurons reach their target layer at the top of the CP, a radial
intercalation mechanism [64] posits that newly arrived neurons overtly
push neighboring cells ‘to the side’ and thereby promote tangential
cortical expansion (‘RD 3’ in Fig. 6B).

For differential tangential expansion (DTE) models, the core notion is
that when adjacent ‘layers’ expand tangentially at different rates, in-
stabilities and/or biased forces along their common interface promote
cortical folding. The Gel-Brain Bilayer (GBB) model [11] is a specific

Table 2
Explanatory power of cortical expansion and folding models and mechanisms.
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instance of a DTE model that involves two main stages (pink in Fig. 6 and
Table 2). Stage 1 takes as a given an initial 3D configuration that
matches the smooth but complex shape of the brain in an early (GW22)
human fetal brain (GBB 1 in Fig. 6 C). This shape is presumed to reflect
the myriad factors needed to generate a minimally folded brain, such as
the differential proliferative mechanisms invoked by the RD model
described above, but these are not explicitly specified in the GBB model.
The physical GBB model was made by creating an elastomer inner core
molded to match GW22 brain shape, which was coated with a thin,
softer outer elastomer layer representing the initial thickness of the
CGM. Immersion in a solvent (and running an equivalent computer
simulation) caused the outer layer to expand faster than the inner layer
(GBB 2 in Fig. 6 A), resulting in folding that strikingly recapitulates
observed patterns of human cortical folding. This includes some primary
folds aligned to overall lobar shape owing to nonlinear instabilities
operating on mechanical stress fields arising from the initial 3D brain
shape (GBB 2 A in Fig. 6E) as well as quasi-random buckling in other
regions (GBB 2B, Fig. 6D).

The Composite Tension Plus (CT+) model (pastel yellow entries) is
expressed as 5 tenets and multiple sub-tenets. Tenet 1. Radially biased
tension in elongated processes anchored within the CGM promotes
tangential cortical expansion (CT+ 1 in Fig. 6 A). Tenet 2. Differential
tangential expansion along the cortex/core boundary (CT+ 2 in Fig. 6 A)
promotes folding in two complementary ways: Tenet 2 A. Pathway-spe-
cific tension promotes gyral folds by bringing strongly connected nearby
cortical areas closer together, forming a gyrus in between (CT+ 2 A in
Fig. 6 A); Tenet 2B. Tethering tension promotes irregular folding (buck-
ling) along the cortex/core boundary (CT+ 2B in Fig. 6 A). The
distinction between tethering and pathway-specific tension is not an all-
or-nothing dichotomy; many axons likely contribute to both processes.
Tenet 3. Tangential tension along the outer cortical and leptomeningeal
(OCL) layer plus trans-sulcal pial adhesion promote early folding. Tenet
3 A. Tangential tension within the marginal zone (later, layer 1) has a
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‘puckering’ effect that promotes invagination of the CGM (CT+ 3 A in
Fig. 6 A). Tenet 3B. Adhesion of the leptomeninges (pial basal lamina plus
ECM) across apposed banks of a sulcus tend to stabilize folds by allowing
them to slide relative to one another while remaining physically
adherent (CT+ 3B in Fig. 6 A). Tenet 4. Three-dimensional geometry biases
the location of folds and the axis of folding. Tenet 4 A. Differential pro-
liferation shapes the 3D landscape by regulating the number of neurons
and radial glial cells generated in major proliferative zones (VZ, iSVZ,
oSVZ) and by regulating the thickness and ventricular surface area
associated with different regions (CT+ 4 A in Fig. 6 A). Tenet 4B.
Elevated CSF pressure stretches the germinal zone, particularly in regions
where it is thin, which can lead to stretch-induced proliferation and
further ventricular enlargement, particularly in highly gyrencephalic
species (CT+ 4B in Fig. 6 A). Tenet 4 C. Differential migration further
shapes the 3D landscape by regulating the predominantly radial
migration of excitatory neuron precursors and the predominantly
tangential migration of inhibitory neuron precursors (CT+ 4 C in
Fig. 6 A). Tenet 4D. The axis of cortical folding may be biased by me-
chanical stress fields that are related to the overall 3D configuration of
the developing brain (CT+ 4D in Fig. 6E). Tenet 5: Tension reduces wiring
length and interstitial space, thereby ensuring that the developing brain
does not expand to loosely fill all available space.

3.4. Evaluation of the three models

To facilitate systematic within-model evaluations and cross-model
comparisons, Table 2 lists 18 experimental observations that are
directly or indirectly informative about mechanical factors and forces
that may impact cortical expansion and folding and help elucidate the
explanatory power and limitations of different models and mechanisms.
These include characteristics reported during normal cortical morpho-
genesis and findings from experimental perturbations. Column ‘b’ states
the observation succinctly, and column ‘c’ provides key reference(s) that
document the observation. Each cell at the intersection of a given row
and column contains a ‘4’ and is colored green if the mechanism
associated with that column qualitatively accounts for the observation
associated with that row or at least could plausibly be a major
contributing factor. If the observation is inconsistent with the mecha-
nism, the cell instead contains an ‘X’ and is red if the inconsistency is
severe or orange if there are plausible alternative explanations for the
inconsistency. The majority of cells are blank (with a pastel color
matching the model type) because the observation for that row is neutral
with regard to the mechanism associated with that column. References
listed in individual cells provide key additional evidence pertaining to
how well that mechanism does or does not account for the observation.

The first two observations pertain to the cortical sheet independent
of whether it is folded: (1) cortical expansion is preferentially tangential
[82,97] and (2) cortical thickness varies systematically with develop-
mental age and across cortical areas [102,103]. The radial intercalation
mechanism invoked by the RD model proposes that neurons overtly
push neighboring cells ‘to the side’ in order to promote tangential
cortical expansion and keep the cortex thin. However, radial intercala-
tion is not a biomechanically plausible mechanism for expansion of soft,
pliable CNS tissue in general ([62]; see also Section 1.4 and Fig. 1A, B).
Hence cells ‘1 f* and ‘2 " in Table 2 are red and contain an ‘X’ because
radial intercalation does not account for tangential expansion or thick-
ness. Unless radial intercalation is supplanted by a viable alternative
mechanism (e.g., radially biased tension within the CGM), the RD model
as currently formulated [9,104,105] would allow neurons migrating
into the cortical plate to stack up radially and make CGM thicker and
smaller in surface area. The GBB model does not account for preferential
tangential expansion or changes in cortical thickness because in the
physical model, thickness was not measured and in the simulation these
characteristics were imposed by explicit growth equations rather than
emerging independently [11].

In contrast, the CT+ model accounts for both preferential tangential
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expansion and cortical thickness that varies with age and across areas
based on the degree of radial bias in tension-bearing elongated fibers
within CGM (Tenet 1), given that the radial bias changes with age [93]
and can vary across cortical regions [94]. Also, elevated ventricular CSF
pressure stretches the cerebral wall in regions where it is thin to begin
with and can accelerate neuronal proliferation [73]. Accordingly, cells
1j, 1p, and 2j in Table 2 are green and contain a ‘+ . To my knowledge,
these are the only proposed mechanisms that can account for either
observation 1 or 2. However, observation 3 is that tangential tissue cuts
in CGM of ex vivo brain slices of ferrets failed to show a gap indicative of
resting radial tension [12], contrary to the prediction of CT+ Tenet 1.
Importantly, the tissue-cut paradigm might cause osmotic shock and
metabolic stress in tissue slices, thereby obscuring resting tension that
could be present in vivo (ref. [106]; see [1] for details). Accordingly, cell
3j (Table 2) has an ‘X’ to indicate inconsistency but is shaded orange
rather than red in order to reflect this viable alternative explanation.
Moreover, even if radial tension were shown to be lacking in ferret CGM
in vivo, the conclusion would not necessarily generalize to other species,
especially given the many known differences in cortical development in
primates vs ferrets. While it is conceivable that regulation of cortical
thickness and tangential expansion are mediated by novel mechanism
(s), a parsimonious alternative is that radial tension indeed plays a
prominent role despite imperfect evidence to the contrary from a single
experimental study.

Observation 4 is that folding patterns correlate with differential
proliferation, as predicted in general by the RD model (cell 4c, Table 2)
and for some regions in some species by the CT+ model (cell 40). The
strongest evidence for a correlation comes from ferret visual cortex,
where thicker vs thinner underlying proliferative zones (especially the
0SVZ) respectively underly nascent gyri and sulci and also correlate with
neuronal proliferation rates [10]. In humans and nonhuman primates,
evidence for folding correlated with differential proliferation has
already been noted for the special cases of the SF and the calcarine
sulcus (Section 3.2). Differential proliferation may contribute to the
formation of other primary sulci in human and macaque, as has been
proposed [107] but also challenged. If differential proliferation were the
main determinant of the precise and complete folding pattern in highly
gyrencephalic species, the 3D landscape of hills and valleys in the
germinal zones would need to be highly corrugated, mirroring the cor-
responding cortical convolutions in the adult. Such a pattern is not
evident during the second and third trimesters of human development
[97,108,109]. Thus, there are likely to be major species differences in
the degree to which differential proliferation contributes to folding.

Observation 5 is that radial glial trajectories diverge under nascent
gyri owing to differential proliferation of basal RGCs, as shown most
clearly in ferret visual cortex [10]. This can be explained by RD mech-
anism 5e and CT+ mechanisms 50 and 5q in Table 2 (Tenets 4 A, 4 C).
Quantitatively, the degree to which this mechanism contributes to
folding in different species remains to be determined. A corollary
observation is that many radially migrating neuronal precursors also
have a tangential component that involves exiting one RGC, migrating
some distance tangentially, and attaching to another RGC process to
continue their radial journey [10]. Such divergent tangential migration
presumably leads to dispersion and intermixing of neurons originating
from different initial radial glial columns, but it seems unlikely to impact
the folding process per se because it would not impact the number of
neurons entering a given gyrus or sulcus.

Observation 6 is that relatively normal cortical folding occurs even
after removal of cranial pressure by brain size reduction via surgical
removal of the opposite hemisphere [110]. Folding in the absence of
cranial pressure is consistent with the differential neuronal and radial
glial proliferation mechanisms of the RD model (cells 6d,e) and
CT+ model (cell 60), the DTE mechanisms of the GBB model (cells 6 h,i)
and CT+ model (cells 6j,k,1), and the CT+ compact wiring mechanism
(cell 65). Observation 7 is that interstitial space is generally low in
developing brain tissue (i.e., outside the ventricles), even in the vicinity
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of cortical folds as they are forming, based on histological sections [97]
as well as in vivo prenatal MRI scans [111]. To appreciate the relevance
of these two observations, consider a hypothetical variant of the GBB
model in which adhesion between the two elastomer layers is
completely lacking. In that situation, as the outer layer expands rapidly
it could physically separate and drift away from the slowly expanding
inner core. This could result in two separate layers, each expanded but
with few if any convolutions in either layer. In the real brain, the
physical continuity of axons entering and leaving the CGM prevent a
complete separation between CGM and the WM core. However, an
approximation to this hypothetical situation could arise if axons crossing
the CGM/WM boundary elongated by towed growth (see Section 1.3) to
an arbitrary degree when put under the slightest tensile stress — much as
a fishing line can freely extend until the bail is engaged. This scenario
has indeed been explicitly proposed [112]: “This suggests that - rather
than axons pulling on the brain to induce cortical folding - the folding
cortex pulls on the axons to trigger axonal elongation and white matter
growth”. However, unconstrained axonal elongation model could lead
to a smoother CGM and a WM core having lower axonal density and
excess interstitial space (and perhaps even CSF-filled cavities). In the
CT-+ model this hypothetical scenario is avoided and observation 7 is
accounted for in part by tension-related mechanisms, including cells 7j,
k,1 plus cell 7 s, which posits that tension reduces both interstitial space
and also aggregate wiring length (CT+ Tenet 5).

The next two observations are that (8) gyral folds often occur be-
tween strongly connected regions and that (9) some areal boundaries
run close to gyral crowns or sulcal fundi. These relationships are best
documented in the macaque [3,113,114]. In general, inter-areal con-
nections tend to be strongest between nearby areas, and on average
connectivity declines exponentially with distance between areas via
white matter [115]. Both the RD and CT+ models can account for these
observations, but for different reasons. In the RD model
folding-connectivity and folding-areal boundary correlations (cells 8d,
9d) are secondary to the correlation between areal boundaries (near a
gyral crown) and local proliferation maxima (cell 4c). The CT+ model
instead accounts directly for folding-connectivity correlations through
Tenet 2 A (pathway-specific tension, cell 8k) and indirectly for
area-folding correlations (cell 9k in Table 2) as a corollary of the same
process. The fact that many human areal boundaries are not closely
correlated with gyral folds [102] is consistent with buckling-like folding
posited by tethering tension (cell 8 1). The GBB model does not account
for either observation 8 or 9.

Another key observation (10) is that tissue cuts in white matter
parallel to a gyral blade in immature ferrets failed to show a convincing
gap indicative of resting tension in the white matter between neigh-
boring sulcal banks [12]. The RD and GBB models are neutral regarding
this observation, whereas Tenet 2 A (pathway-specific tension) of the
CT-+ model predicts that tension should be observed and is thus incon-
sistent with observation 10 (‘X’ in cell 10k). However, the same reasons
detailed above (observation 3) for suspecting an artifact in the ex vivo
CGM tissue-cut experiment apply to observation 10, and cell 10k is
accordingly colored orange. Moreover, even if future studies definitively
establish that tension is indeed lacking in short-range cross-sulcal con-
nections in vivo in the ferret, such a finding would not necessarily
generalize to primates, where the geometry is very different and
mechanisms related to proliferation and migration may be less pro-
nounced. Observation 11 addresses this by considering the extreme
example of areas V1 and V2, the two largest cortical areas in primates,
each of which contains a precise retinotopic map. In the macaque, a high
percentage of V1 neurons project to retinotopically corresponding parts
of V2 and vice-versa, and the trajectories of the V1-V2 pathway are
near-minimal in length throughout [117]. This is because a gyral fold
runs along the V1/V2 border for its entire extent (bordering the lunate
and inferior occipital sulci and both banks of the calcarine sulcus),
bringing corresponding V1 and V2 sites into close proximity. This is
readily explained in terms of pathway-specific tension (cell 11k) and
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compact wiring (cell 11 s) but not by RD or GBB mechanisms.

Observation 12 is that folding in many regions is highly irregular and
variable across individuals, particularly for tertiary folds in human
cortex [118]. The RD model as proposed does not explicitly account for
this observation. Moreover, variability is greatest for tertiary folds,
where the evidence of a correlated pattern of differential proliferation is
weakest. The GBB model accounts for buckling-like irregularities by
invoking instabilities caused by differential expansion along the
CGM/WM border (cell 12i). The CT+ model also invokes local in-
stabilities along the gray-white border, but attributes them to tethering
tension between cortex and distant subcortical and cortical targets (cell
121), enhanced by puckering at quasi-random locations initiated by
tangential tension in the OCL[119] (cell 12 m). The distinction between
tethering and pathway-specific tension is not an all-or-nothing di-
chotomy; many axons likely contribute to both processes. Observations
13 and 14 are that gaps indicative of resting tension occur for tissue cuts
in deep white matter of ferrets and mice and for cuts orthogonal to WM
blades under a gyrus in ferrets [12,120]. The RD and GBB models are
neutral with regard to these observations, whereas they both fit the
predictions of Tenet 2B of the CT+ model (cells 13k, 14k), i.e., they
provide positive evidence for the presence of tethering tension.

Observation 15 is that some folds are aligned with the long axis of
cortical lobes, such as the superior temporal sulcus (STS) and nearby
gyri and sulci in both macaques and humans (Fig. 6E). The RD model
does not explicitly address this observation. The GBB model accounts for
folds aligned to overall lobar shape by invoking nonlinear instabilities
operating on mechanical stress fields arising from the initial 3D brain
shape [11], as does the CT+ model for the same reason (cells 15 h,15r).

Observation 16 is that apposed banks of sulci often and at all ages are
contiguous with one another along the pia mater, indicative of trans-pial
adherence (ref. [1], SI Topic 4). This is not addressed by the RD or GBB
models, but is accounted for by Tenet 3B (cell 16 n) involving
trans-sulcal pial adhesion [119]. Observation 17 is that irregular dim-
ples and creases are common in postmortem human histological sections
prior to the main phase of major cortico-cortical connections [97], and
they commonly have an atypical architecture involving greater invagi-
nation of superficial vs deep cortical layers (Fig. 5C, D). Neither the RD
nor the GBB model accounts for these early cortical sulci. The
CT-+ model accounts for these features by invoking tangential tension
and trans-pial adherence along the outer cortical and leptomeningeal
(OCL) layer [12,119] (Tenets 3 A,B, cells 17 m,n). The OCL has previ-
ously received little attention as a source of morphogenetic forces but is
currently the only proposed mechanism that can account for these early
cortical folds.

Observation 18 is that cortical folding involves systematic architec-
tonic deformations of laminar and radial organization and of cell
morphology [105,121,122] (see Fig. 1). In gyral crowns, radial axes
diverge from the base; deep layers are thicker and have tall, narrow
dendritic arbors vs. short, wide arbors in thinner superficial layers. In
sulcal fundi, the pattern is reversed. This observation can be partially
explained by radial glial divergence in the RD model (cell 18d) and by
the effects of mechanical stress fields in the GBB model [11] (cell 18 h)
and the CT+ model (18r).

3.5. Evaluation of three models - summary

Several general observations and conclusions emerge from the
analysis up to this point. In broad terms, it seems apparent that
numerous morphogenetic mechanisms are likely to be engaged in
cortical expansion and folding. The RD and GBB models in aggregate
include five distinct mechanisms, but together they account for only 9 of
the 18 observations. Of these 5 putative mechanisms, only the radial
intercalation method is considered invalid, and that is for reasons
related to biomechanical implausibility rather than experimental data.
The CT+ model accounts for all but two observations; it achieves this
breadth by bringing under one umbrella 10 mechanisms derived from
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four sources: (i) mechanisms related to tension and pressure as pre-
sented in the original TBM hypothesis [3] (Tenets 1, 2, and 5); (ii)
additional effects of tension plus adhesive forces in the OCL (Tenets 3 A,
3B) from the DES model [1]; (iii) contributions of differential prolifer-
ation and migration from the RD model [9,10]; and (iv) DTE mecha-
nisms of the GBB model [11]. While this gives the CT+ model broad
explanatory power, it remains challenging to establish whether any
particular component mechanism definitively does contribute to a
particular observation or that it definitively is ruled out.

The failure to demonstrate trans-sulcal WM (axonal) tension
(observation 10 in Table 2) in ferret brain slices has been interpreted as
inconsistent with the ‘axonal tension hypothesis’ in the original study
[12] and in a number of subsequent studies and reviews (e.g., refs. [9,
123,124]). However, there are objective grounds for qualifying this
interpretation. (i) The original axonal tension hypothesis invoked teth-
ering tension as well as pathway-specific tension, even though it
emphasized the latter [3]. Since tissue cut observations 13, 14 in Table 2
provide strong evidence for tethering tension, only one of the two types
of axonal tension proposed to mediate cortical folding is contested,
rather than the axonal tension hypothesis as a whole, as others have also
noted [64]. (ii) The apparent absence of one type of axonal tension
(orthogonal to a white matter blade under a gyrus) in vitro in a single
study in one species does not imply its absence in vivo in white matter
blades in all species, including the special case of macaque V1 and V2
(observation 11). Similar to the above comment about the role of radial
tension in regulating cortical thickness and expansion (observations
1-3), a parsimonious hypothesis is that pathway-specific axonal tension
contributes to cortical folding in at least some regions in some species
despite suggestive evidence to the contrary from a single experimental
study.

3.6. Additional proposed mechanisms and observations

Other models and mechanisms for cortical folding have been pro-
posed besides those evaluated in the preceding sections. Space limita-
tions preclude a comprehensive analysis, but several additional
mechanisms warrant brief consideration.

Stress-induced modulation of white matter growth. Several studies have
explored variants of the differential tangential expansion mechanism in
which mechanical stress induces volume changes in the subjacent SP/
WM region. Using finite-element simulations to model the SP/WM as an
isotropic visco-elastic tissue, Bayly et al. [125] found that the wave-
length of folds increases with an increased tangential cortical growth
rate or a decreased rate constant for stress-induced subcortical growth.
Holland et al. [112] simulated anisotropic stress-induced axonal elon-
gation using a continuum model of finite growth and reported that the
initial fiber orientation can bias the location of buckling-induced folds.
Garcia et al. [124] explored a model in which stress-induced tissue
elongation modifies the underlying axonal orientation bias and reported
that buckling increases the tangential orientation bias under sulcal fundi
and the radial orientation bias under gyral crowns, consistent with
experimental observations. These studies demonstrate progress in
incorporating neurobiologically important characteristics into various
mathematical simulations. Still missing, however, is a modeling and
simulation framework that incorporates additional key neuroanatomical
features such as the widespread occurrence of crossing fibers (i.e.,
multiple fiber bundles at different orientations at a given WM location)
and the need to respect the topological continuity of individual axonal
projections rather than fiber orientation biases that are independently
computed for neighboring locations. Given that crossing fibers can be
prominent in gyral WM blades (e.g., short-distance projections between
sulcal banks separated by a gyral crown plus quasi-orthogonal pro-
jections between gyral cortex and distant cortical and subcortical targets
[132], including the important special case of the gyral blade between
macaque areas V1 and V2 (observation 11 in Table 2) it is vital to
evaluate models that can represent this type of observed connectivity.
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A specific concern arises from the statement [112] that “Axons Do
Not Pull on the Brain—The Brain Pulls on the Axons”. The authors
further state: “When sensing mechanical stretch, axons quickly resume
their new resting length and the stretch-induced axonal tension rapidly
returns to its physiological baseline value. This suggests that—rather
than axons pulling on the brain to induce cortical folding—the folding
cortex pulls on the axons to trigger axonal elongation and white matter
growth.” That the brain indeed pulls on axons is not in dispute, nor is the
presumption that this often leads to axonal elongation as the cortical
mantle rapidly expands. However, the authors evidently take issue with
the converse question of whether axons pull on the brain. Given that
CNS axons can generate tension and that absent resting tension they
retract until baseline tension is restored (see Section 1.3), it is plausible,
and indeed seems highly likely that the above statements are both
broadly correct (i.e., axons do pull on the brain, and the brain does pull
on axons). Rather than framing the issues in terms of a questionable
dichotomy, it may be more productive to focus on unresolved major
questions of (i) to what degree does axonal tension contribute to the
folding process overall, and (ii) to what degree does pathway-specific
tension (Tenet 2 A of the CT+ model) contribute to specific gyral folds
as distinct from tethering tension (Tenet 2B) contributing to buckling or
irregular folding.

Another proposed mechanism involves ‘anchoring’ of nascent sulcal
fundi to deeper structures, which is a plausible and intriguing hypothesis
for some species such as the ferret [126,127] but seems unlikely to
generalize to primates. A very different putative mechanism is the ‘free
energy’ model [128], which proposes that cortical development follows
a free energy gradient until reaching an energy minimum that also
corresponds to a minimum aggregate wiring length. This model entails
various assumptions that are implausible or unlikely (see SI Topic 8d of
ref [1]. Finally, many studies have identified particular genes whose
expression affects cortical folding, e.g., in conditions such as lissence-
phaly and polymicrogyria [9,129]; SI Topic 5 in ref. [1]. However, these
are out of scope for this review, which has focused on mechanisms that
can be expressed and evaluated in biomechanical terms.

3.7. Future directions

There are many exciting opportunities for further progress in
studying the biomechanics of embryogenesis and nervous system
morphogenesis in general and of cerebral cortical development and
folding in particular. New methods and refinements of existing methods
and tools may enable experimental measurements and perturbations
that assess the forces and factors involved in morphogenesis with greater
sensitivity and quantification than has heretofore been possible. With
regard to cortical expansion and folding, a number of promising ap-
proaches have been suggested [1]. These include photoablation of
cellular processes to test for tension in different locations and systems;
analyses of gyrification in mouse mutants and in cerebral organoids;
biomechanical measurements of tissue properties and cellular forces;
and computational models that incorporate increasingly realistic con-
straints and features. An important overarching objective is to strive for
models that are comprehensive rather than piecemeal and quantitative
rather than qualitative.

Another high-level objective is to better understand the how the
extraordinarily complex sets of biochemical reactions and molecular
interactions involving thousands of genes, proteins, other macromole-
cules and regulatory molecules within each living cell are coordinated
and orchestrated in space and time so as to generate the physical forces -
tension and pressure — that actually change the shapes of cells and tis-
sues. Elucidating how these myriad biochemical reactions and molecu-
lar signals impact specific morphogenetic events during healthy
development and in developmental disorders represents a grand chal-
lenge for future generations of developmental neuroscientists.
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