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Abstract

The development of complex neocortical organisatisnthought to result from the interaction of gene
and activity-dependent processes. We propose thiatdatype of process — mechanical morphogenesis —
may also play an important role. We review theoedtand experimental results in physics showing how
even homogeneous growth can produce a varietyrofsfoin particular neocortical folding. The meclahi
instabilities that produce these forms induce loggeneous patterns of stress at the scale of trenoWye
review the evidence showing how these stressesnflaence cell proliferation, migration and apopys
cell differentiation and shape, migration and axapadance, and could thus be able to influencéored

neocortical identity and connectivity.



1. Introduction

The neocortex is the most distinctive structuréhefmammalian nervous system. Whereas its thickanass
radial organisation vary little among speciessiigface area can display >1000-fold changes, isitrgdhe
number of its specialised regions and the complerit its connectivity (Sereno and Allman 1991,
Braitenberg and Schiiz 1998, Zhang and Sejnowsld,R8akic 2009, Krubitzer 2009, Van den Heuvel et al
2016). This increase in complexity is the most llikbiological substrate of the increased behavioura
sophistication that leads to the emergence of tegnfunctions such as consciousness, creativity an

language. How do complex neocortical organisatimalop and evolve?

Today, neocortical organisation is thought to refwm the interaction of genetic and activity-degent
processes (see O'Leary et al. 2013 and GeschwiddRakic 2013 for reviews). During development,
morphogens and signalling molecules secreted froedaced number of patterning centres are thought t
produce gradients of expression of transcriptiartdiss, which together with neuronal activity driveg
thalamo-cortical afferents establish and maintagalaidentity (Krubitzer 2009, O’Leary et al. 2018yom
the perspective of evolution, an increase in nd@adr complexity should result from the increased
sophistication of the genetic program that wouldhtom areal identity directly, or indirectly, by réit

establishing the connections that will later enaalvity-dependent processes to operate.

Here we propose that a third type of process — ar@chl morphogenesis — may also play an importaat r

We refer to mechanical morphogenesis as the prabessgh which simple mechanical forces can lead to
instabilities that conduct to the emergence of dempshapes. The general role of mechanical
morphogenesis in biology is beautifully describedDiArcy Thompson’s work (Thompson 1917, see also
Lecuit and Mahadevan 2017), and its role in embepegis was extensively studied in Wilhelm His and
Wilhelm Roux’s “developmental mechanics” (DupontlZ Recent theoretical and experimental results
from the physics of soft tissues show that evendgeneous growth can produce a rich variety of forms

(Wang and Zhao 2015). In particular, several bigpdal models suggest, for example, that neocortical



folding could be caused by growth-induced mechanitstabilities. The underling mechanism is simple:
growth generates residual stresses on the nealdissue, which eventually overcome a thresholdesa
dependent on its material properties and geomB&yond this threshold, neocortical tissue cannetssu

this residual stress without folding, and folds preduced to minimise the stress. As a result lofirfig, the
neocortical tissue develops complex, heterogenqmitterns of mechanical stress at different scalgs.
developing tissue is very sensitive to these mdchhrsignals, which can influence cell proliferatjo
apoptosis, cell differentiation, cell shape, cellgmation and axonal guidance. Through mechanical
morphogenesis, a broad regulation of growth cobk&htlead to an increased number of different areas,
whereas the macroscopic changes in neocortical gieprmould facilitate the formation of new conneityi

patterns.

We will first briefly summarise the role of actiyitiriven and genetic processes in the production of
neocortical arealisation and connectivity. We whién address the problem of explaining the relatign
between neocortical arealisation and folding. Tdtdpeunderstand neocortical folding and mechanical
morphogenesis, we will briefly introduce the theofymechanical elasticity and growth. We have deped

a website with interactive mechanical simulatiolissirating these principles, which can be accessed

http://neuroanatomy.qgithub.io/growth. Finally, wexiew recent results highlighting the effect ofaimanics

on the developing brain tissue and discuss a medianorphogenesis hypothesis for the developmedt a
evolution of neocortical organisation, its predias, and experimental approaches that should alkwo

test them.

2. Development of neocortical arealisation

"It must remain an open question whether the refimet of the cortex through differentiation is alwdke

result of external, physical causes, or whether ynafithe associated phenomena may be explainethén o
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ways, unrelated to external living conditions andraelated to the struggle for existence, rather doea
property of the organism itself, an 'energy foiimefnent' (R. Hertwig) or, as Naegli expresses fprimciple

of progression” (Brodmann 1909, Brodmann and G2006).

The neocortex is the outermost part of the cereheahispheres. In the radial direction it is commonl
considered to be composed of 6 main layers congiméuronal cell bodies: the grey matter. The mypgdid
axons of these neurones constitute most of thédore/hite matter. Together, the neocortical greattar
and the white matter represent ~90% of the humam l§iforo et al. 2009). The thickness of the nei@sor
varies little across species. For example, the aré@c of mice has an average thickness of 1 mmpeoed
with 2.5 mm in humans (Fischl et al. 2000). By cast, there are extreme differences in corticalaser
area among mammals, and a 1000-fold differencedmiwnice and men (Rakic 2009). The expansion of the
neocortex correlates with the development of caktfolds and the formation of an increased number o
specialised regions: the cortical areas (Chan@@il Although exact numbers of cortical areassatgect

to debate, analyses of cytoarchitecture, chemdeaathie and connectivity patterns, generally allosvto
distinguish ~20 cortical areas in lissencephalecggs such as mice (Herculano-Houzel et al. 2014.8);-50

in gyrencephalic species such as macaques, analpyolmore than 200 in humans (Sereno and Allman
1991, Kaas 2012). In gyrencephalic species, maltgtudies have revealed a close relationship betwee
cortical folding and the cytoarchitectonic, conmextand functional organisation of the neocortex,
suggesting that common biological processes shagra (Welker 1990). For example, in racoons thei sulc
of the somatosensory cortex precisely separattutiational fields of the palm and the fingers (Weelland
Campos 1963). In primates, the central sulcus dgvithe primary motor cortex from the somatosensory
cortex, and the calcarine sulcus divides the sapemd inferior visual hemifields of the primarysual

cortex in the occipital lobe (Brodmann 1909, Brodmand Gary 2006, Fischl 2013, Fischl et al. 2008).

The major divisions of the nervous system developng the early segmentation of the neural tube int
neuromeres (Puelles 2009, Puelles 2013). The nteaciw a rather homogeneous structure — even called

sometimes isocortex — which develops from the abstost neuromere. Only a few cortical areas, sach



the primary visual cortex, can be distinguishechwiite naked eye. For the most part, it was onlgr dfte
development of staining and tracing techniques tigatroanatomists were able to describe them. A core
group of areas is present in all mammals (Welk@01&rubitzer 2007, Krubitzer and Seelke, 2012)eSéh
areas, the primary sensory and motor corticesjvegeeferential innervation from specific thalamigclei.
In species with large cortices there is a progvesaddition of multi-modal associative areas, coteck
mostly with other neocortical regions but also witlalamic nuclei (Krubitzer 2009, Krubitzer and Ree

2012).

Despite their stability within a single speciespc@tical areas are dynamic entities, whose orgénis can

be dramatically modified by changes in neuronalvagt For example, in animals with stereoscopisien
such as cats or monkeys, the primary visual cagegives thalamic afferents associated with thealed the
right eyes clustered into bands of ocular dominartaly visual deprivation can change the balance
between left and right innervation, or even conmgletsuppress the formation of bands (Espinosa and
Stryker 2012). The processes necessary to dyndynidavelop this type of cortical modules seem to be
shared by all vertebrates, and ocular dominanceseaan be made to develop even in species thabtdo n
have them naturally. For example, the primary Jist@tex of mice, or the optic tectum of frogs, are
innervated by axons related to the contra-lateyal @nly, and do not develop ocular dominance bands.
Bands can be made to develop, however, by drivammections from another eye, either by alteringnako
guidance through gene knockout in mice (MerlinleR@13) or by grafting a 3rd eye in frogs (Consitaat
Paton and Law 1978). The link between primary cediand specific sensory modalities can be also
modified by activity. In a series of experimentdeénrets, Sur and colleagues (Roe et al. 1990,nshat al.
2000, Sur et al. 1988) forced visual afferentsrioervate what would normally be the auditory cartex
making it acquire many of the cytoarchitectonic &mactional properties of the visual cortex(Sharehal
2000). Despite using their auditory cortex for eisi rewired ferrets exhibited visual behaviour samio

that of normal ferrets (Von Melchner et al. 2000).

Because of this remarkable plasticity, neuronaviggtinduced by extrinsic stimuli was originalliiaught to
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be the primary cause of neocortical arealisatidme €xistence of intrinsic processes, however, leshb
hypothesised since the first treatises on cortigabarchitecture (Brodmann 1909). The idea was much
discussed at the end of the 80s with the introdoctf the protomap (Rakic 1988) and the protocortex
(O'Leary 1989) hypotheses, which emphasised diffdyethe role of genetic and activity-dependent
processes in neocortical arealisation. The fingafievidence for a genetic process came 10 yatns ith

the demonstration of the roles of Emx2 and Paxhénspecification of cortical progenitor identity iinice
(Bishop et al. 2000, Mallamaci et al. 2000, seedaily et al. 2013 for a review). Subsequent stustiesved

the existence of several patterning centres locatdte periphery of the neocortex, secreting mogpehs
and signalling molecules such as members of theolfiast growth factor family (FGFs) and bone
morphogenetic proteins (BMPs). These molecules édrgradients over the ventricular zone — where most
neocortical neurones are produced in mice — whictirolled the expression of transcription factarstsas
Emx2, Pax6, COUP-TFL1, or Sp8 in cortical progesitdteurones produced in the ventricular zone negrat
radially to form the cortical plate, which later tmees into the neocortex. Each position of the neuiar
zone could be then characterised by a unique catibimof transcription factors, encoding the neticar
areal identity that is propagated through radiagration. The experimental alteration of the morpghg
gradients, or the expression of transcription fictas been shown to result in the displacemeaven the
duplication of cortical areas (Fukuchi-ShimogoridaGrove 2001), as well as marked changes in the

proportions of others (Hamasaki et al. 2004).

Today, intrinsic genetic and extrinsic activity-éegent processes are thought to act in combination
produce neocortical arealisation. The initial gestts of gene expression in the ventricular zone thed
cortical plate would be genetically encoded, definin some cases areal identity directly, or dafjniirst
the connectivity patterns that would later allovurmnal activity to refine the basic area map, poooly the
discrete areas and modules of the adult neocortea@® et al 2013). The phylogenetic differences in
neocortical complexity between mice and humans, ekample, would result from differences in the
sophistication of the genetic program that eithesgpribes areal identity directly, or indirectly bgcoding

first connectivity.



But how to explain the relationship between nedcaktarealisation and brain folding in gyrencepbali
species? One possibility is that the same genetigramme that encodes arealisation (directly, dir@ctly
through neuronal activity) would guide the formatiaf folds at specific locations (Ronan and Flet@@L4,

De Juan Romero et al. 2015, Borrell 2018). Spespesific folding patterns would then be a reflectaf

the genetic programs that produce the differentorizal area maps. For example, gyri could refsath
bulging due to a locally higher production of nengs (Welker 1990, Ronan and Fletcher 2014, De Juan
Romero et al. 2015, Borrell and G6tz 2014, Krieigsét al. 2006, Nonaka-Kinoshita et al. 2013, Redlt al.
2011, Smart and McSherry 1986a, Smart and McSH&8gb, Stahl et al. 2013, Borrell 2018). Borreldan
colleagues (De Juan Romero et al. 2015) have expdingat in ferrets the density of dividing progerstat

P3 (3rd postnatal day, when the ferret cortexiissshooth) was higher under the region that wilcbme
later the splenial gyrus compared with the neighinguregions, which will become sulci. Alternatiyel
folds could result from bending due to the actiwatcaction of axonal fibres connecting differenboertical
areas together (Van Essen 1997, Geng et al. 200f:thy and Barbas 2005, Hilgetag and Barbas 2006).
Van Essen (1997) reported that neighbouring areidsstrong interconnections were more often onrfgci
sides of a gyrus, compared with weakly connecteasarwhich tended to be separated by a sulcudl In a
cases, the same genetic program that encodesdmamectivity would produce neocortical folding abya

product.

However, these explanations do not take into adcd@ physics of growth and the geometric and
mechanical properties of the developing brain. Techanical stress patterns that would produce brain
folding if it were due to bulging or bending aret mompatible with those observed in real brains éXal.
2009, Xu et al. 2010). Recent theoretical and erptal evidence suggest that brain folding is midedy

the result of a buckling instability induced by lgéd neocortical growth: submitted to homogeneowasvyr,
physical systems similar to the developing braiodpce folding patterns strikingly reminiscent togé of

real brains. If this were the case, the intringoergy for refinement” alluded by Brodmann couldlwe

both biological and mechanical. We will now consitles possibility further.
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3. The physics of mechanical morphogenesis

3.1. Elasticity

Brain tissue is composed in a large part of wattés,mostly incompressible (its volume is conserdespite
deformation), elastic (after deformation it recevés original shape), and to some extent plastioigg or
prolonged deformation produce a permanent changhape) (Xu et al. 2009, 2010, Tallinen et al 2014,
2016). The elastic forces produced by deformatiam ®e calculated relative to an idealised rest
configuration, where the tissue is free of mecharstress (see Fig. 1). Imagine that we subdiviégtissue
at rest into small volume elements, and then tleakoek at how each of them is transformed in tHerdeed
configuration (Fig. 1a). Each volume element caunldgcribed by a small box, and a correspondinicied

and skewed box in the deformed tissue (Fig. 1b% possible now, for each volume element, to campu
3x3 transformation matri¥ that changes the box at rest into the deformed @og. 1c-e). This

transformation matri¥’ is called thedeformation tensor



ACCEPTED MANUSCRIPT

Figure 1. Deformation and elasticity.Tissues are decomposed into a continuous grisbloimne elements. The elastic deformation
of each volume element is measured relative todaalised resting configuration. The deformatioreath volume element is
described by a matrix, the deformation tensor.d@jormation of a tissue. The tissue is decomposéa & continuous grid of
volume elements. (b) The deformation of each voleteenent is measured with respect to the shapét thatuld ideally have at rest.
(c) Matrix representation of a change in volumehwaiit change in shape. (d) Matrix representatiochainge in shape without

change in volume. (e) Matrix representation of mimed change in shape and volume.

In order to compute the mechanical forces prodimedeformation, we need@nstitutive modethat will
describe how deformation and force are related. @inthe simplest constitutive models is Hook's law,
which states that force is proportional to defoioratin the case of a linear spring, for examplastic force
would be directly proportional to elongation. Themortionality constant is known &ung's moduluér)

whose unit of measurement is the Pascal (Pa). Bissine is very elastic, similar to jelly, with-1.5 kPa.

By contrast, Young's modulus for rubbeEis10-100 kPa, and for metEb10 GPa.

In two or three dimensions, a new parameter isirequo describe how much pulling in one directigif
produce stretch in the orthogonal directioRsisson's ratio(v). Stretching a square of rubber to twice its

length will make it shrink to half its width: a Bson's ratio of 0.5. By contrast, compressing eepa# cork



in one direction produces almost no change in thers: the Poisson's ratio of cork is close to Oindar
constitutive model will include these 2 constakitandv. It is sometimes convenient to combine Young's

modulus and Poisson's ratio into a bulk mod#fusnd a shear modulys The bulk modulus represents the
amount of mechanical stress produced by changeslime, whereas the shear modulus represents the

amount of stress produced by changes that do feat die element's volume.

But biological tissues can be described using @alirconstitutive model only for very small deforioas.
Most frequently, a hyperelastic constitutive moidetequired, where the relationship between deftona

and force is non-linear. A widely used hyperelastinstitutive model is the Neo-Hookean model intcet
by Rivlin (Rivlin 1948). The model is defined inrtes of the elastic energy that the deformation

described by the tensérwill produce in a material of shear modupusind bulk moduluX:

W = u(Tr(FFT)J~%/3 =3) + K(J — log(J) — 1). (1)

In this equatiory measures the change in volume produced by the afmm F (mathematically] =
det(F)). If a volume element is shrunk Bythen0 < J < 1, if it is expanded, theh > 1, and if volume is
conserved as in the case of incompressible maetiaén/ = 1. The right-hand side of equation has 2
components. The first one, multiplied py increases the ener§(fas the shear componentsfoincrease
(the off-diagonal elements of the matfi¥ The second part, multiplied &), increase$V asF produces
volume changes. In this second part, if there ishange in volume theh= 1, log(J) = 0, and there is no
change in energy due to bulk volume changek.dfrinks the volume element so tlias close to 0, then
—log(J) will be very large, increasing the total elastiemyyW. W will also increase if > 1, but the
increase will not be proportional to the deformatioecause of the subtraction lofg(J): in the Neo-

Hookean model disproportionately larger forcesracgiired to keep increasing the deformation.



3.2. Growth

Growth introduces a different kind of deformatidn. an influential article, Rodriguez et al. (1994)
conceptualised the deformation induced by growtlihascombination of a term related to elasticity an

another related to growth itself:

F,=F-G. @)

Applying the deformation tensdf; to a volume element is then equivalent to makerawgfirst, and
introduce the deformation due to elasticity nexaportantly, only the elastic part of the deformatio

however, changes the elastic endrgy

To illustrate how growth-induced mechanical inditibs works consider a first simple example: aitially

flat ring of a hyperelastic material that growsyoml circumference but not in thickness. If we thé ring in
two pieces before it grows, as shown in Fig. 2,pieees could be stuck back without introducing tomge.
After growing, however, the length of the ring wilave increased so that sticking the pieces batk wi
introduce a gradient of residual stress all oveifiter sticking the pieces, the ring will undergompression

in the circumferential direction, and dependingtsrPoisson's ratio, it will also undergo a forndtie radial
direction. Growth can be thought as a deformatiotin® resting configuration of the volume elemeoitsin
object, independently one from another. In thisecaven if residual stress is not enough to prodace
out-of-plane deformations, the requirement of carity of the object will then introduce elastic ¢es, and

a field of residual stress across the object (ZaJ.
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Figure 2. Residual stress induced by growthGrowth can lead to a configuration where stressigibe eliminated, producing a
gradient of residual stress. In this example, g originally at rest is made to grow such thatpgsimeter increases by 50% but
without increasing neither the radial length of thng nor its thickness. At equilibrium, the ringepents with a gradient of residual
stress. (a) Original configuration of the ring estr (b) After growth, the ring could reach a zstress configuration only if it were

cut into two pieces. The dashed lines show theoregihat should have to be stuck together to réemighe original ring. (c) The

uncut ring after growth exhibits a gradient of desil stress, always bellow the critical value. Timg is contracted overall, but
especially within a rim near its inner side. Greydl: logarithm of the deformation (Jacobian of teformation tensor). Black:

log(J)=-0.007, white: log(J)=-0.053, bulk modul&s50, shear modulys=1. An interactive simulation illustrating the foation of

a residual stress gradient due to growth can besaed at http://neuroanatomy.github.io/growth.

The morphogenetic effect of growth within the framoek proposed by Rodriguez et al. (1994) has been
addressed in several theoretical studies and cosdirexperimentally. The elastic instabilities inedidy
growth and its geometrical constraints have sufabg®xplained different aspects of the shape Ighe,
plant leaves and flowers (Dervaux and Ben Amar 20@hg and Mahadevan 2009, Lian and Mahadevan
2011), the shape of bacterial pellicles (Trejole2813), the morphologies of growing tumours (E&ta
2013), the vilification of gut and epithelial tigsi(Shyer et al. 2013), mucosa wall patterning @ial.
2014) and tubular tissues (Ciarletta et al. 20ddreg many others. In particular, the effect of gioand

elasticity in systems resembling the cerebral gotias been observed to introduce different buckling



instabilities which are able to produce folds @emmetry and a scale similar to those of real bréiallinen

et al. 2014, Tallinen et al. 2016).

3.3. Buckling instabilities and neocortical folding

By the end of neuronal migration the cerebral codemany gyrencephalic mammals is still geomeliyca
smooth, cytoarchitectonic regions do not yet appeartical layering is immature, and cortico-caatic
connectivity is absent (Welker 1990, Rakic 1988/l®et al. 2011, Rakic et al. 2009, Hansen eRall0).
Once cell migration is finished, the neocortex tstar period of fast expansion, due to the increzdse
intracortical connectivity, dendrites and gliat this early stage, the neocortex and subcorstalctures
(including radial glia and the developing white tagt can be viewed as a mechanical system of testiel

substrates, where one of the substrates undergogts more growth than the other.

The deformation of a flat elastic layer whose stefarea is much larger than its thicknesthiia platein
mechanics) is often described using Foppl-von Kareduations. Although there is no general solutiown
these equations, they can be solved for particalses or approximated through numerical simulatdimen
submitted to load, shrinkage or growth, Foppl-voaridan equations predict different types of buckling
instabilities. For small growth, stretching is egadically less costly than bending and the systeows
without buckling (this is likely the reason why dinbrains are lissencephalic). As growth increases,
however, there is a critical threshold after whiginding becomes less costly than further stretchimythe
system buckles. Among these buckling instabilitigenkles (Bowden et al. 1998, Cerda and Mahadevan
2003, Davidovitch et al. 2011), folds (Pocivavsekle2009) and creases (Tallinen et al. 2014 el et al.
2016, Hohlfeld and Mahadevan 2011) can producepettsuch as those observed in gyrencephalic brains
Wrinkles develop when a stiff, thin, elastic layea skin — grows over a softer one. Wrinkles anesidal
undulations and are the first instabilities obsdraéter buckling (see Fig. 3 for an illustratiofhey can
develop into folds, where deformations are morelised, with flat regions coexisting with valleys o

depressions of the stiff layer. Creases (also dadldci) are similar to folds, but they do not requa
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difference in stiffness between skin and substratdevelop. Whereas the depth of wrinkles and fidds

smooth, similar to the first stages of gyrogendsis,depth of creases is cusped, similar to thpesbfadult

brain sulci.

Figure 3. Buckling induced by growth.In this example, the outer rim of the ring growswice its original size. This leads to the
formation of folds that minimise the elastic eneafythe system. At equilibrium, a heterogeneousepatof stress, appears with
residual stress gradients from centre to periphergngular bands and through the thickness ofitige Homogeneous growth leads
then to a heterogeneous pattern of residual. (ajigioation of the ring at rest. (b) After growtliet ring could reach a zero stress
configuration only if its outer rim were cut frorme inner core. The dashed lines show regions Hmatld have to be stuck together
to reconstruct the original ring. (c) The ring aftgowth. The outer rim is overall contracted, wiftadients of residual stress from
the inside to the outside of each fold. The inraeds overall dilated, with a deformation that @&ses towards the centre of the
ring. Grey level: logarithm of the deformation (Gb@n of the deformation tensor). Black: log(J)4a®, white: log(J)=-0.398, bulk
modulus 4=100, shear modulug=100. An interactive simulation illustrating bueldj induced by growth can be accessed at

http://neuroanatomy.github.io/growth.




The first model of brain folding based on the erearge of a buckling instability was that of Richnetral.
(1975). This was a model of wrinkling where smoathusoidal, folds developed because of a diffexrdnc
growth and stiffness between the superior andioféayers of the neocortex. The model proposetbagss
for producing folding through exclusively neocoalianeans (i.e., without requiring a cranial coratja
The model left unanswered, however, the questibtiseoconstancy of species-specific folding pateand

the relationship between folding and neocorticghoisation (cytoarchitecture, connectivity, funojio

These questions were addressed by the model ofarmtdurnod (2005). In this 2D model, wrinkling was
produced by the growth of a neocortical layer auerelastic and plastic substrate representing vahdtiéer
and radial glia. In addition to elasticity, thesties were also considered to be plastic: the lygremus
mechanical stress produced by folding could indacal cortical growth and reabsorption, or the ghtion
and contraction of the white matter. Toro and Bdr(@005) observed that the formation and orientatib
folds (wrinkles) could be modulated by cytoarchitedc differences if they were already present, dso

by the initial (unfolded) geometry of the corticayer. This last mechanism could provide a purely
geometric basis for the development and evolutiospecies-specific folding patterns (Toro 2012jded,
Tallinen et al. (2016) have shown that corticalvgtoin mechanical models (physical and computatjona
endowed with the geometry of the smooth foetal hurheain, develop folds whose pattern resemble

remarkably those observed in real folded humambrai

The models by Richman et al. (1975) and Toro anch&i (2005) were purely theoretical, but more récen
models based on mechanical parameters similaosetbf real brains show that the morphology arekstr
patterns produced by buckling agree with thosergbsgleexperimentally (Tallinen et al. 2014, 2016yBat

al. 2013, Budday et al. 2014a, Budday et al. 20Kd4bdenke and Bayly 2018).

These models suggest that mechanical instabilitehsced by homogenous growth are sufficient to peed
folds, without requiring specific, local, gyrogeiteprocesses such as a genetically determinedynally

higher rates of growth in pro-gyral regions (Wellk&90, De Juan Romero et al. 2014, Reillo et al120
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Lefévre and Mangin 2010, Borrell 2018), specifictiom-cortical connectivity between pro-gyral waligan
Essen 1997, Hilgetag and Barbas 2005, HilgetagBartlas 2006), or a specific attachment of pro-$ulca

regions (Smart and McSherry 1986a, Smart and Mc$hé&B86b, Régis et al. 2005).

Additionally, these models suggest that the pattériolding could be determined by the initial gestny of

the neocortex. The orientation of folds in manycspe has been observed to correspond with the éhes
principal curvature of the surface (Todd 1982), ahhin many cases correspond with directions either
concentric or orthogonal to the system formed ey dbrpus callosum and the Sylvian fissure (Régel.et
2005, Toro and Burnod 2003). In the same way tiegeometry of a dome rigidifies its structure, itheal
geometry of the neocortex makes some regions etmsi@d than others, facilitating the developmeiit

folds in specific positions, with preferential artations.

Previous theories explained the relationship betwesocortical organisation and brain folding by ating
both of them in the genome. But if folding and folgl patterns result from mechanical growth-induced
buckling instabilities, we have to consider the giloitity that, at least in parbrain folding may have a

causal effect on neocortical organisation

4. Effect of mechanical forces on neocortical development

The macroscopic, heterogeneous, residual streseaddby brain folding could regionally modulatel cel
proliferation, cell fate and cell shape, influero®nal guidance and even synaptic activity, thiecthg the
organisation of the neocortex (Franze 2013). Leedlistress is known to modulate tissue volume, with
tension facilitating tissue growth and compressiwomoting reabsorption (Rodriguez et al. 1994, Fung
1993). Compressing a tumour spheroid formed fromcicama cells decreases cell proliferation in the
regions of high mechanical stress, and cells cewein undergo apoptosis if stress is sufficientlghhi
(Cheng et al. 2009, Montel et al. 2012). In neatai cells culture, the rate of cell division resxh peak at

1-4 kPa, but decreases in stiffer or softer sutestrdn gels softer than ~10 Pa, the spreadinfressdwal



and differentiation of neural stem cells is almosipletely inhibited (Saha et al. 2008). Mechangtedss
can affect progenitor cells directly, but also nedtly, by affecting the structure of the extrakdalr matrix.
Mechanical stress could result in differential lomancentrations of extra-cellular matrix comporsenthich

in turn could lead to differences in cell signadliand adhesion (Lutolf et al. 2009).

In addition to cell proliferation, cell fate andférentiation can be regulated by mechanical farEssgyler et

al. (2006) showed that naive mesenchymal stem caltsired on a substrate mimicking the elasticity o
brain, muscle or bone, differentiated respectivetp branched cells similar to primary neuronesndle-
shaped cells similar to myoblasts or polygonal scedimilar to osteoblasts. Interestingly, whereas
reprogramming these lineages by the addition afitdel induction factors was possible only during the
initial week in culture, changes in cell fate thgbumnanipulation of matrix elasticity were possiblen after
several weeks. In neural stem cells culture, Salah €2008) showed that soft gels (~100-500 Pajipced
mostly neurones, whereas increasingly harder gelsq 1-10 kPa) produced progressively more gkdsc

In vivo, neocortical neurones grow along glial selvhich may be due in part to the fact that glia a

significantly softer than their neighbouring neugsr{Lu et al. 2006).

The shape of differentiated cells can also respmndhe mechanical properties of their environment.
Neurones cultured on soft substrates (50-300 P#glale up to 3 times more branching than those redtu

on stiffer gels (300-550 Pa, Flanagan et al. 200urones also seem to require a certain amount of
mechanical tension to mature. In vitro, the axdmahches that attach strongly to the substratearserved
and stabilised, whereas the remaining branchesetieeted or eliminated (Anava et al. 2009). Pgliéxons

at different speeds not only increases their lergitordingly, but also their calibre (Bray 1984haT is,
nerve cell respond to tension applied along theama by building more axon, increasing the lengill a

number of its microtubules, neurofilaments and memé components.

Buckling models of neocortical folding predict giaats of mechanical stress between gyri and sulci

spanning the thickness of the cortex and closeewhdtter (such as those in Fig. 3c). These graxmmild
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participate to the establishment of the differencesell shape and layering observed in vertebréBes,
1959, Welker 1990). Cell migration and axonal pattihg respond to mechanical clues (Saez et al7200
and could be guided by the mechanical stiffnesdignés produced by growth-driven buckling instaias.
This process is called durotaxis. In cases wififnstss gradient or transition in rigidity in thebstrate, cells
migrate preferentially along stiffer directions (Baan et al. 2015, Lo et al. 2000). Finally, temsim
neurones has been observed to produce an activenalation of the synaptic vesicles involved in
neurotransmitter releasing to postsynaptic cellmédh et al. 2012), which leads to a possible moidur aif

the synaptic activity by the mechanical propertiethe surrounding tissue.

5. Conclusion

5.1. A hypothesis about neocortical development and evolution

From the previous considerations we propose a nedemfor the development and evolution of the
neocortex, which result from the integration of &improcesses: the classic genetic and activityedri
processes, plus mechanical morphogenesis. Braielafawent is the plastic deployment of a complex
organisation, involving a massive production oflgetheir migration, differentiation, specialisati@nd
interconnection. Under the forces of biologicalwgtio, brain tissue undergoes major changes in gegmet
correlated with constant changes in the distrilbutd mechanical stress. This is the context withhich
patterning centres diffuse morphogens and sigmgaitinlecules. Through their effect on transcripfiactors
and cell behaviour (proliferation, differentiatiah. these molecules can affect local growth ane th
mechanical properties of the developing tissue,ngimy the global distribution of stress. In return,
mechanical gradients can affect gene expressiorcglhtdehaviour back, in a continuous interplaynesn
biological and physical forces. Neocortical orgatin is laid out in this dynamic substrate, unties

influence of gradients of morphogens, signallindenoles and mechanical stress.



New cortical areas could develop because of areaser in the complexity of the intrinsic response to
transcription factors, as suggested by current tsg@®Leary et al. 2013). This is conceptually game as
the “French flag” model of patterning proposed bwl@ért (1969). In this case, morphogenic gradients
established by the diffusion of molecular sighasrf patterning centres could provide unique co@tdis
for each point in the cortical mantle. This cowddulate the local expression of different trangmipfactors.

In response to different combinations of trans@ipfactor levels, cortical tissue could develogestricted
number of cell identities: the basis of the futwatical areas (this is how a continuous gradidos p
thresholds could be used to generate the 3 sectibibe pattern of the French flag). Through these
morphogenic gradients, intrinsic genetic procegsrdd also regulate the expression of axonal guielan

molecules, and control the formation of specifiamectivity patterns.

In addition to this genetic mechanism, we propbse hew areas could also develop because of maethani
morphogenesis. In this case, homogeneous cortrealtly could induce buckling instabilities that ocdul
produce cortical folding. Each fold would be chaesised by a geometric deformation — a gyrus —and
mechanical stress pattern, with tension in gyraivois, compression in sulcal fundi, and a graduahgk in
tension across cortical layers and close white enafor comparable thickness, a large cerebrakxort
should develop more folds, i.e., more of these afisnuous mechanical domains. The geometric and
mechanical changes within each fold would introdlozlised changes in cell identity and influenbe t
formation of brain connectivity. Depending on thejratial situation and time of development, neusone
within each fold would establish different setscohnections with the rest of the brain, in partculith

sensory and motor thalamic nuclei.

The causes of the formation of a new area coulthdér® genetic — a change in the complexity of tispoase

to gradients of transcription factors — or mechalnie a change in the number of mechanical domains.
both cases, whether new cortical areas appear $&cda change in the genetic program or becauteof
effect of mechanical morphogenesis, the organisgtimduced by intrinsic genetic or mechanical fecto

could be plastically modified by neuronal activityhich in turn could influence gene expressiontmnge
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the mechanical properties of the tissue.

5.1. Consequences of mechanical morphogenesis

Across species, the number of cortical areas amatcdmplexity of the connectivity patterns increasth
brain size (Sereno and Allman 1991, Krubitzer 2@ayrgeois 1997, Krubitzer and Seelke 2012, Van den
Heuvel et al 2016). In a small brain, the numbercaitical areas should be determined by the discret
number of possible responses of the nervous tissdidgferent levels of transcription factors, by tresponse

to monotonous gradients of mechanical stress dhatild be present even in the absence of buckhidg a
brain folding), or by the plastic response to attidriven by thalamic afferents. An evolutionafyange in
brain size sufficient to induce cortical foldingosid lead to the creation of new cortical areas and
connectivity patterns even if the number of respsr® transcription factor levels or to neurondlviy
stays the same. Because large brains are progelyseiere folded than small ones (Prothero and Sends
1984), and develop an exponentially larger amofiobonections (Zhang and Senjowski 2000, Horval.et
2016), mechanical morphogenesis could explain i th& augmentation in the number of cortical areas

(Changizi 2001, Karbowski, 2003).

The effect of mechanical morphogenesis on neo@brtigganisation could also be studied within a lsing
species, where genetic differences are much smaherrestricted mostly to genetic polymorphismsjbe
a high genetic similarity (Kaessmann et al. 200i)mans exhibit a remarkable diversity in total trai
volume, mostly due to differences in total cortisatface area. Large human brains have dispropatsty
more cortical surface area and are significantlyariolded than small ones (Germanaud et al. 20&6&) &t
al. 2008). These differences are mainly due taatgrfolds (shallow, late developing and varialded in
some cases to secondary folds, but the deep, dmrbloping folds, are very stable. Neverthelessshauld
observe a larger number of neocortical areas igelamore folded brains, as well as differenceshim t
connectivity patterns. Some reports suggest intlegtcthe presence of supplementary folds among hema

such as the paracingulate fold of the cingulatdegprcan be associated with differences in behaviou



(Fornito et al. 2004, Fornito et al. 2006) and eybhitecture (Vogt et al. 1995). In addition tourat inter-
subject diversity, pathologies such as lissencgpaiatl microgyria should provide an opportunity tody
the effect of mechanical morphogenesis on neo@brbcganisation. We should observe a change in the
number of cortical areas and connectivity pattagsociated with the changes in cortical foldingeesally

if the pattern of early developing primary foldsaféected.

5.2. Experimental perturbations of mechanical morphogenesis

If our hypothesis were correct, mechanical pertiwoba of the developing cortex should be able talifiyo
the area map, add new areas, or produce new cortiest As with genetic perturbations (gene knaaikso
knockins, etc.) or perturbations of neuronal agti{sensory deprivation, rewiring, etc.), perturbas of
mechanical morphogenesis will require to developrayriate controls to ensure that the effects oleskr

are due to the intended perturbation and not terxgntal artefacts.

The ferret has been often used to study brainrigldSmart and McSherry 1986a, Smart and McSherry
1986b, Barnette et al 2009, Reillo et al 2011, Kentet al 2013, De Juan Romero et al 2015). Al bitd
neocortex is completely smooth, but after a fitage of growth without folding, somewhere betwedraRd

P8 it starts to fold. After one month, the ferrasha richly folded neocortex with deep sulci orgadiin a
characteristic folding pattern. If brain folding seproduced because of a buckling instability, fifreet
neocortex should be at a maximally unstable stgte before folding, probably by P4. A small mecicah
perturbation introduced at this time should be ghoto trigger the formation of an artificial fold.
Mechanically, the most probable orientation of &l fehould be along one of the 2 principal curvature
directions of the surface before folding (Tallinenal. 2014, 2016, Todd 1982, Toro and Burnod 2003)
natural fold is formed along one principal curvatualirection, it should be possible in theory tocéothe

formation of an artificial fold along the other tloogonal, principal curvature direction.

In wild-type ferrets, an increased rate of neuregén(measured by a higher densityTbf2+ progenitors)
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has been observed in regions that will later umelerigyrus (De Juan Romero et al. 2015, Reilld.2Gi 1,
reviewed in Borrell 2018). If neurogenesis is isficed by the mechanical stress that builds a fedd,
should observe a new, ectopic increase of neursgemmder the future position of artificial gyrir a
decrease under the future position of artificidtistAs a result, the orientation of the corticadas in the
mechanically perturbed cortex should be differdmntin the wild-type ferret, and correspond witle th
orientation of the new folding pattern. Experimdlgtaa mechanical perturbation could be introduced-
invasively using, for example, acoustic radiationcé (Ferndndez-Sanchez et al 2015), the foldinigna
could be reconstructed from magnetic resonance e@sjagnd cytoarchitecture could be estimated using
guantitative methods, such as those introduced diyjlefgher et al (1999) and Spitzer et al (2017).
Additionally, if connectivity is influenced by thgeometry of folding, we should observe an alteraitepn

of cortico-cortical and cortico-subcortical conneity. Neuronal activity should further influencdnet
organisation of the new cortical areas, dependimghe sensory modalities of the thalamic affer¢héey
receive. Experimentally, changes in connectivityitggas could be studied using diffusion weighted
magnetic resonance imaging and whole brain traafdgr methods such as those described by Jeurissen e
al. (2014) or Smith et al. (2015); and functionéttasound appears as a promising method for testing
functional connectivity in ferrets (Demené et &18). The behaviour of the animals should alsoHanged

as a result of the new brain organisation. In ferrauditory fear conditioning is faster than vistear
conditioning, likely because of the more directwection from the auditory thalamic nuclei to theygaala
than from the visual thalamic nuclei to the amygd@lewton et al. 2004). In rewired ferrets, however
visual fear conditioning is mediated by auditorycleu and is then faster than in control animalse Same
phenomenon should be observed in ferrets withi@diiffolds: the different patterns of connectidretween

the new cortical areas should produce similar belaal alterations.

In conclusion, we have outlined a hypothesis onrtile of mechanical morphogenetic processes in the
definition of neocortical organisation. If this hythesis is correct, processes such as brain folstagld
have a causal effect on brain development and piggther with genetic and activity-dependent psees,

an important role on the evolution of the neocartex
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