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Topic 1. Tension, pressure, and material property measurements. It is important to 
consider whether tension and pressure values observed experimentally in developing 
neural tissue are in an appropriate range to drive morphogenesis given the observed 
range of tissue compliance.   
 
Tension. Published tension magnitudes are summarized in Fig. 1 and Table 1 in ref. [1]. 
Neurite tension magnitudes for vertebrate CNS neurons have not to my knowledge been 
reported. Tension values for neurites and growth cones of vertebrate peripheral neurons 
in vitro range widely, from ~1 – 104 pN. Neurite diameters are not typically measured in 
such studies, but if one assumes that a neurite typically has a cross-sectional area of ~1 
µm2, this would correspond to specific tensions ranging from ~1 – 104 Pa (pN/µm2). For 
vertebrate CNS neurons, growth cone and filopodial/lamellopodial tensions are in the 



lower end of this range, but they may typically have a smaller cross-sectional area and 
thus a specific tension in the 10’s to hundreds of pascals. 
 
Skeletal muscle provides a useful reference in calibrating and interpreting neurite 
tension magnitudes. Mammalian fast-twitch skeletal muscles generate force with a 
specific tension of ~3 kg/cm2 [2] (~300 nN/µm2 = ~3 x 105 Pa).  Thus, the strongest 
neurites in vitro may generate more than 1% of the specific tension of skeletal muscle. 
Even the weaker neurites likely generate a specific tension at least 0.001% that of 
skeletal muscle.  If CNS axons, dendrites, and glial processes in vivo generate specific 
tensions anywhere in this range, this would very likely contribute strongly to 
morphogenesis, given the high compliance of embryonic CNS tissue noted below.  
 
Pressure. During early development of embryonic brain vesicles in the chick, intraluminal 
pressure is ~15 Pa [3], though much higher estimates have also been claimed [4]. In 
rats, CSF pressure is 170 – 200 Pa (1.3 – 1.5 mm Hg) in late embryonic development 
and 330 Pa (2.5mm Hg) from postnatal day y10 onwards [5]. In humans, CSF pressure 
normally ranges from 200 – 800 Pa (1.5 - 6 mm Hg in term infants, 400 – 930 Pa (3 - 7 
mm Hg) in young children, and 1300 – 2000 Pa (10 - 15 mm Hg) in older children and 
adults [6].  
 
Tissue stiffness and shear modulus. In embryonic chicks (Hamburger-Hamilton stages 
11-13), Xu et al. [7] used tissue microindentation to measure stiffness values of 0.4 – 1 
mdyn/µm, which did not vary systematically across age or region (forebrain, midbrain, 
hindbrain, or the furrows between them). They used a 3D geometric model to estimate 
the shear modulus (ratio of shear stress to shear strain, a material property) from 
indentation stiffness and obtained values of 190 – 280 Pa, again independent of age and 
region. In the mouse embryonic cortical plate the Young’s elastic modulus (ratio of 
tensile stress to tensile strain) estimated using Atomic Force Microscopy (AFM) ranges 
from 30 – 110 Pa between ages E12.5 and E18.5, with a peak at E17.5 and modestly 
higher values in the intermediate and subventricular zones [8]. In rat cortex, the AFM-
based Young’s modulus is ~450 Pa at p10 and ~1,000 Pa in the adult [9]. In postnatal 
ferret cortex, microindentation-based stiffness [10] is ~1 mdyn/µm in cortex, subplate, 
white matter and deep gray matter at P6 and P18, and is ~2 mdyn/µm in these 
structures in the adult; these correspond to shear moduli estimated to be 40 and 80 Pa, 
respectively. Altogether, these data suggest that tissue compliance decreases with age 
(but not always monotonically) and is relatively similar across CNS tissue types for a 
given age and species. A point to bear in mind is that lipid composition (and hence 
perhaps mechanical properties) in primate cerebral cortical gray matter varies markedly 
by age as well as species in a comparison of prefrontal cortex in humans, chimpanzees, 
and macaques [11]. 
 
Comparison across measures. To summarize, observed biological pressure differentials 
during CNS development are commonly in the range of 15 – 800 Pa. Observed shear 
and elastic moduli in CNS tissue are commonly in the range of 30 – 450 Pa. Observed 
stiffness values are commonly around 1 mdyn/µm (10nN/µm). Observed neurite tension 
values are in the range of 1 – 104 pN, with specific tensions for CNS neurons likely in the 
range of ~10 – 100 Pa. The wide range of values reported for each of these measures is 
likely in part to reflect genuine biological variability across regions, species, and 
developmental age, but experimental error and bias is likely to be a large contributor as 
well. Continued refinements of existing methods and invention of completely new 
methods will likely aid in improving these estimates.  



 
To a first approximation, pressure, specific tension, and shear/elastic moduli in CNS 
tissue appear to be ‘in the same ballpark’ and are commonly within an order of 
magnitude of 100 Pa. Stress (such as pressure, Pa) and modulus (Pa) are related by 
deformation (strain, which is dimensionless). Strain is, roughly, the relative change in a 
given dimension (e.g., the ratio of change in length to original length), though the 
relationships are inherently more complex because strain and stress are tensors, 
materials are nonlinear (modulus changes with deformation), and deformations are 3D 
(a bar thins as it stretches). When the magnitude of stress approaches the material’s 
modulus, deformations become large; changes in dimension become similar to the 
original dimensions.   
 
Topic 2. Why does the caudate nucleus have a tail? An explanation, prediction, 
and confirmation. The main text notes that (i) forebrain subcortical nuclei are populated 
mainly by neurons having quasi-isotropic dendritic arbors and local axons and (ii) 
tension in subcortical dendrites and axons can account for why these nuclei generally 
blob-like (compact) in shape in the adult. Can the isotropic tension hypothesis be 
reconciled with the fact that some subcortical nuclei have a highly irregular shape? For 
example, the caudate nucleus in primates has a strikingly long tail that extends 
posteriorly then curls around and terminates near the amygdala.   
 
A likely explanation comes from considering human caudate development as illustrated 
in the Bayer & Altman atlases [12-14]. Early in neurogenesis (GW7 – GW9) the striatum 
(caudate, putamen, and globus pallidus) emerges as a compact, round mass several 
mm in total extent (Fig. S1A). The internal capsule is prominent from the outset, and its 
posterior limb separates the putamen from the posterior caudate, which at this early 
stage lies immediately dorsal to the amygdala. Fig. S1B (GW17) and S1C (GW37) 
illustrate the progressive expansion of intervening structures (especially thalamus, 
putamen, globus pallidus, internal capsule, and cerebral peduncles) that collectively 
push the posterior caudate back, stretching it like taffy into a long tail that extends 
posteriorly and laterally before looping forward to retain a termination close to the 
amygdala. This developmental progression suggests that the tail of the caudate arises 
from passive deformation in response to bulk expansion of neighboring tissue. A 
prediction is that dendrites and also axons (e.g., cortico-striatal axons and collaterals of 
intrinsic connections) in the passively stretched tail of the caudate should be elongated 
along the long axis of the tail, whereas dendrites would remain isotropic in the head of 
the caudate. One test of this hypothesis would be to evaluate anisotropies in dendritic 
morphology in the primate tail of the caudate (e.g., using Golgi stains or intracellular 
injections). However, such analyses have not to my knowledge been reported.  

 
 



 
Fig. S1. Evidence for passive stretching of the caudate tail during human prenatal development. 
Quasi-horizontal sections of brains at GW9 (panel A), GW17 (panel B), and GW37 (panel C) [12-
14]. A. At GW9 the posterior caudate nucleus (CNp) lies dorsal to the amygdala and is separated 
from the putamen by the posterior limb of the internal capsule (PLIC), which is already thick at 
this early stage. The caudate nucleus anterior (CNa) in front of the anterior limb of the internal 
capsule (ALIC) is smaller than the CNp at this age. B. At GW17 the tail of the caudate (CN tail) is 
much smaller than the caudate head (CN head) and has shifted posteriorly and laterally. C. At 
GW37 the size disparity between caudate head and tail is even greater, as is the displacement of 
the tail posteriorly. 
 
 
An alternative approach is to use diffusion imaging as an indirect measure of statistical 
biases in the orientation of elongated cellular elements. To this end, Fig. S2 illustrates 
neurite orientation anisotropies in the tail of the caudate nucleus in young adults from the 
Human Connectome Project (HCP). Fig. S2A shows a highly anisotropic antero-
posterior orientation bias of fiber bundles (elongated green ‘needles’ in most voxels) in 
the left tail of the caudate in one subject, in a region where the tail is thick and runs 
mainly antero-posteriorly. This is evident in the parasagittal (left panel) and axial (right 
panel) views; in the coronal view (middle panel) the orientation bias runs orthogonal to 



the slice plane and the needles are not visible in most voxels. In a more posterior region 
(Fig. S2B), an oblique orientation bias is evident in all panels, running parallel to the 
local long axis of the caudate tail as it shifts laterally, ventrally, and posteriorly in 
progressing towards its tip. In contrast, in the head of the caudate (Fig. S2C), neurite 
orientation biases are generally less pronounced (needles shorter or not visible) and 
more variable in orientation, consistent with the prediction of the TBM model.  Similar 
results were observed bilaterally in four HCP subjects, thus providing strong support for 
the predicted bias. 
 

 
 
Fig. S2. Fiber bundle 
orientation in and near 
human caudate nucleus 
revealed by diffusion MRI 
from the Human 
Connectome Project 
(HCP).  Data from 
exemplar HCP subject 
100307 parasagittal (left), 
coronal (middle) and axial 
(right) panels from the 
anterior portion of the 
caudate tail (row A), a 
more posterior region (row 
B), and the head of the 
caudate (row C). Diffusion 
imaging scans acquired 
with 1.25 mm voxel size 
and other imaging 
parameters described in 
ref. [15]. Fiber orientation 
modeling (up to 3 fiber 
bundles per voxel) 
generated using FSL’s 
BedpostX algorithm and 
other preprocessing steps 
as described in ref. [15, 16] 
and displayed using 
Connectome Workbench 
visualization software[17]. 
Fiber bundle length reflects 
the degree of anisotropy, 
and the hue indicates 
bundle orientation (green = 
A-P bias; red = M-L bias; 
blue = D-V bias). Fiber 
orientation data are 
displayed in native 
diffusion space and 
overlaid on structural MRI 
(T1w scan) at its original 
0.7mm voxel size and with 

FreeSurfer-based automated segmentation of the left caudate nucleus indicated by pale blue 
outline. Data can be accessed at https://balsa.wustl.edu/study/B432K.  



 
 
Topic 3. Why are cerebral and cerebellar cortex thin sheets? It is interesting to 
speculate on why, from both evolutionary and computational perspectives, are cerebral 
and cerebellar cortex thin, laminated sheets that increase dramatically in surface area 
but not in thickness as a function of brain size.  To frame the issues, we first consider 
two overarching principles that are likely to be important throughout the nervous system. 
 
3.1 Compact wiring.  Efficient neural computation requires that aggregate wiring length 
be compact (near-minimal), subject to constraints relating to the biological materials 
used and the computational algorithms to be executed. A corollary is that computations 
should be carried out as much as possible using richly interconnected local circuits. 
Compact wiring is predicted by the general TBM hypothesis and by DES+ Tenet 5; this 
section explores the implications of this principle. 
  
3.2 Repetitive and adaptable modular organization. Once evolution has provided a given 
lineage with a good architectural design for a patch of sheet-like neural tissue (a 
module), it can be used repeatedly, but with variations allowed so that replicated 
modules need not be identical. This may simplify and streamline the developmental 
instructions needed and also promote evolutionary adaptiveness. This in turn may 
enable an increasingly diverse range of functions to be mediated by progressive 
variations on a basic modular scheme. 
 
3.3 Sheets and layers. Cerebral cortex, cerebellar cortex, and the retina are prominent 
sheet-like laminated structures in the CNS of all mammals, with cerebellar cortex and 
retina present in nearly all vertebrates.  

• In each laminar structure, the vast majority of connections are local but 
translaminar, i.e., axons of a neuron in one layer makes most of its synapses 
locally (typically within ~1-2 mm) but mainly onto dendrites in a different layer 
[18]. This feature is likely central to how each structure performs its functions. 
Tension in these radially biased translaminar connections would help keep the 
layers thin. 

• Each laminated sheet has its own distinctive architectural plan and shows 
different degrees of variation across the sheet. 

o Cerebellar cortex has strikingly uniform cellular architecture across the 
entire cerebellar sheet in any given species [19, 20], though modest but 
important spatial nonuniformities do exist [21]. 

o The retina has relatively uniform architecture and circuitry across the 
entire sheet in low-acuity species but has prominent variations in high-
acuity species, mainly relating to the fovea and to the systematic decline 
in retinal ganglion cell density with increasing eccentricity [22]. 

o Cerebral neocortex has pronounced variations in architecture across the 
cortical sheet, as discussed in the next section. 

 
3.4 Modular organization of cerebral cortex. Modularity of cerebral neocortex is 
manifested in two distinct ways: parcellation into distinct cortical areas (parcels) and a 
finer-grained modularity within individual areas.  

• Cerebral neocortex is a mosaic of distinct functional areas, or parcels (~180 per 
hemisphere in humans [23], ~40 in mice [24], and ~120 - 140 in macaques and 
marmosets [25]. 



o Some cortical areas may have arisen through an areal duplication event 
followed by evolutionary divergence and areal specialization [26, 27]. 

o The principle of distributed, recursive hierarchical organization allows for 
many levels of processing, with strongest connectivity between 
neighboring hierarchical levels [28-30]. 

o Expansion of neocortex in humans relative to nonhuman primates and 
also to rodents has occurred preferentially in higher-level association 
areas of prefrontal, parietal, and temporal cortex [25, 31]. 

o Architecture varies between neighboring areas, sometimes dramatically 
but more typically by modest differences. The cumulative regional 
differences are relatively modest in mice [24]. However, in macaques and 
humans, regional differences can be dramatic: in higher areas relative to 
early sensory areas, dendritic arbors are much larger [32], neuronal 
density is much lower [33], and the degree of myelination is lower [34, 
35].  

 
• Within-area modularity is identifiable anatomically in some cortical areas, most 

clearly in early visual and somatosensory areas. 
o In primate V1, each patch of cortex - a ‘hypercolumn’ module (~1mm2 

surface area in the macaque) analyzes a small region of the visual field, 
and ~1,000 modules/hemisphere collectively cover the contralateral visual 
hemifield [36, 37] 

o A coarser modularity occurs in primate area V2 and probably V4, 
indicating that module size is not identical in all areas [38]. 

o In the ‘barrel field’ of rodent S1, each barrel is dominated by a single 
vibrissa [39]. 

 
Topic 4. Cross-sulcal leptomeningeal adherence in cerebral and cerebellar cortex. In 
countless published human structural MRI images and in many gently processed 
histological sections from healthy (non-atrophied) adult gyrencephalic brains, opposite 
banks of cerebral and cerebellar cortical sulci are in immediate apposition along a 
common boundary at or near the pial surfaces over extended regions, except for gaps 
where sulcal blood vessels are interposed, as shown for macaque cerebral cortex (Fig. 
S3) and cerebellar cortex (Fig. S4). The apposition can be very precise in histological 
sections, suggesting that it reflects physical adhesion rather than simple post-hoc 
alignment during mounting of tissue sections (see also footnote 17 in ref. [40]. The fact 
that countless other published images show pronounced gaps between opposite sulcal 
banks likely reflects two factors: (i) standard tissue processing (sectioning, processing 
while freely floating, mounting on a slide, solvent immersion, dehydration and tissue 
staining) leads to substantial tissue shrinkage plus considerable physical stress on each 
section and (ii) cross-sulcal adhesion is likely weaker than intracortical tissue integrity, 
making it typically the first to be severed when under physical stress. Also, cortical 
atrophy during healthy or pathological aging commonly reveals CSF-filled gaps between 
opposite sulcal banks in structural MRI scans in vivo, and this likely involves loss of 
trans-sulcal adhesions. 
 
To my knowledge there are few if any published analyses of the cellular or molecular 
basis of adhesion between apposed cortical sulcal banks. An intriguing possibility is that 
this adhesion might be mechanistically similar to “BM-BM” basement membrane (basal 
lamina) interactions that are widespread in other tissues and species [41]. The examples 
they describe of BM-BM interactions commonly involve either sliding or adherence 



between BMs from different tissue types. However, in a developing zebrafish dorsal 
midline fin, a folded epithelial sheet involves adhesion between apposed epithelial BMs 
mediated by cross-fibers in the ECM that may include hemicentin multimers linked to 
integrins. The spatio-temporal progression of fin folding (Fig. 3B in ref. [41] is intriguingly 
similar to the experimentally induced cortical invaginations separated by extended basal 
lamina ‘fingers’ in human organotypic neocortical slice cultures [42]. These are putatively 
part of the OCL folding forces hypothesized in DES+ Tenet 3. 
 
 
 

 
 
Fig. S3. Apposed pial surfaces of macaque cerebral cortex. In gently processed histological 
sections, apposed banks of sulci generally adhere to one another along a common pia mater 
margin (arrows), except where blood vessels intervene. Note that there are many published 
counterexamples of histological sections in which apposed pial surfaces within sulci are partially 
or completely separated. However, this is in large measure attributable to tissue shrinkage during 



histological processing. Image from http://brainmaps.org/ajax-
viewer.php?datid=151&sname=0229RH4.z 

 
Fig. S4. Apposed pial surfaces of macaque cerebellar cortex. In gently processed Nissl-stained 
histological sections, apposed banks of cerebellar folds generally adhere to one another along a 
common pia mater margin, (arrows) except where blood vessels intervene. Note that there are 
many published counterexamples of histological sections in which apposed pial surfaces within 
sulci are partially or completely separated. However, this is likely attributable to tissue shrinkage 
during histological processing. Image from http://brainmaps.org/ajax-
viewer.php?datid=151&sname=0380RH4. 
 

 
Fig. S5. Large arachnoid spaces in human fetal cerebellum. Large gaps between fetal human 
cerebellar folds filled with presumed arachnoid tissue (arrows) are evident at 17 postconceptual 



weeks (left) and 36 postconceptual weeks (right) in parasagittal sections stained with hematoxylin 
& eosin. Adapted with permission from ref. [43]. 
 
Topic 5. Cortical folding abnormalities in human brain disorders. A wide variety of 
cortical folding abnormalities have been reported in different brain disorders and in 
clinical case studies. These provide a valuable testbed for formulating hypotheses for 
how specific abnormalities might be explained by the DES+ model or other putative 
mechanisms. Elucidation of the mechanistic underpinnings of particular disorders (e.g., 
specific gene mutations) might provide evidence on the plausibility of these hypotheses. 
This section provides a non-exhaustive list of folding abnormalities in cerebral and 
cerebellar cortex and brief comments on how some cerebral folding abnormalities can 
be interpreted in the context of the DES+ model. 
 
Lissencephaly includes a spectrum of cerebral cortical malformations manifested by 
abnormally thick cortex (pachygyria) with reduced or absent convolutions (agyria); it is 
generally associated with abnormal (incomplete) neuronal migration and often also 
abnormal neuronal proliferation  [44, 45]. There are numerous genetic subtypes of 
lissencephaly, many of which are linked to tubulin-related genetic defects [46]. In many 
cases, cortical pyramidal neurons lack a tight radial organization  [45]. From the 
perspective of the DES+ model, incomplete migration and abnormal pyramidal cell 
orientation presumably would both contribute to a reduced radial orientation bias and 
hence a reduced bias favoring tangential expansion. This in turn can account for 
increased cortical thickness and reduced gyrification. In other words, the prototypical 
characteristics of lissencephaly are strongly consistent with predictions from DES+ 
Tenets 1 (radially biased tension) and 3 (differential tangential expansion).  
Polymicrogyria typically is expressed as a mixture of ordinary gyri and sulci interspersed 
with regions having shallower, closely spaced folds that are characterized by deep 
invaginations of the OCL and smoother undulations of the gray–white border as well as 
altered lamination, perhaps related to layer-specific degeneration or other pathology 
especially in deep layers [47]. An early hypothesis attributed the enhanced cortical 
buckling to exaggerated differential expansion of superficial vs deep layers [40]. 
However, some microgyria features are reminiscent of many human early cortical sulci 
(e.g., Fig. 5C,D of main text) as well as the experimentally induced folds in organotypic 
slice cultures (Fig 2 in ref. [42]). This suggests that polymicrogyria might in part stem 
from folding involving mechanisms in the OCL layer (DES+ Tenet 3) that are overactive 
relative to normal development.  
Among various other disorders in which cortical folding abnormalities have been 
reported, Williams Syndrome (WS) is notable for having a spatially distributed set of 
localized structural abnormalities, several of which show some degree of replicability 
across studies [48-50] and with many of the abnormalities in regions associated with 
behavioral characteristics that are distinctive in WS. A more stringent evaluation would 
be to determine whether WS patients have abnormal patterns of FC that can actually 
predict specific folding abnormalities such as a shallower olfactory sulcus and a deeper 
intraparietal sulcus [50]. 
 
Several more prevalent brain disorders have been reported to show cortical folding or 
other structural abnormalities, including autism [51-53], schizophrenia [54], and 
depression [55, 56]. However, the effects have not in general been as robust as those 
reported for WS. A possible explanation is that these other disorders are much more 
diverse and that fractionation into finer-grained subgroups might reveal sub-type specific 
characteristics. 



 
Cerebellar folding abnormalities are also relatively common in humans and in various 
mouse mutants [57, 58] but to date have not been studied nearly as intensively as have 
cerebral folding abnormalities. The mouse is a particularly attractive model for such 
studies, given its experimental and genetic tractability and the consistency of cerebellar 
folding in a given mouse strain. 
 
More generally, a promising avenue for the future is to systematically map genetic 
mutations across patients having brain folding abnormalities. Such mutations may be 
discovered through exome sequencing studies, and functional experiments elucidating 
the roles of such genes offer a potentially valuable approach to understanding 
mechanisms of normal folding 
 
Topic 6. The impact of pre-gyrogenesis wiring topology. The establishment of long-
distance connections is an extraordinarily complex process in which billions of neurons 
send axons that must reach their diverse targets by navigating a 3D maze using 
guidance cues provided by chemotactic gradients and by molecular interactions with 
scaffolding elements (e.g., radial glial processes) and with neighboring white matter 
axons. In 2012 Wedeen et al. [59] advanced the provocative ‘grid’ hypothesis, which 
proposes that wiring of the brain’s white matter is configured in a 3D locally rectilinear 
grid and that this grid is established by the pathways of the brain following “a base-plan 
established by the three chemotactic gradients of early embryogenesis”.  The diffusion 
MRI analyses underlying this hypothesis have been strongly criticized [60, 61], and an 
alternative hypothesis has been proposed that brain fiber pathways can be well 
approximated by a “lamellar vector field”[61]. 
      
These competing ideas draw attention to the prospect that topological factors related to 
crossing fiber bundles may impose major constraints on the compactness of wiring in the 
adult. As fiber bundles cross one another while establishing long-distance connections 
during early development, this necessarily forms a highly interlocking meshwork. 
Whether this mesh conforms to the orderly ‘warp and woof’ of the Wedeen grid 
hypothesis, to a completely disordered tangle, or (as seems more probable) to an 
intermediate quasi-orderly configuration, once a particular intricate topology is 
established it cannot be changed without severing axons and thus changing 
connectivity. During gyrogenesis and other large-scale morphogenetic changes, 
topological constraints may have a dramatic impact on axonal trajectories and the 
overall compactness of wiring in the adult, as illustrated by the following hypothetical but 
plausible scenario. Consider two pathways: a long-distance one between widely 
separated regions ‘O’ and ‘F’ (e.g., in occipital and frontal cortex) and a short-distance 
pathway between two regions that both lie in between O and F (e.g., regions ‘P1’ and 
‘P2’ in the parietal lobe). Suppose in addition that a gyral fold emerges between P1 and 
P2, such that they lie on opposite banks of a gyral white matter blade. If the axons that 
interconnect P1 and P2 are from the outset shallower and completely separate from 
deeper-running axons that interconnect O and F, then pathway-specific folding may 
proceed without direct interference between the two pathways. However, if instead there 
is any intermixing, such that some axons of the local P1-P2 pathway loop under some 
axons of the O-F pathway, then axonal tension would tend to pull the two sets of 
interdigitated axons into intermediate trajectories, with the O-F axons pulled partway up 
into the parietal white matter blade and the P1-P2 axons taking a downward loop en 
route from one bank to another. Thus, the two hypotheses make very different 
predictions about the distribution of axonal trajectories in the white matter.  



 
Recent advances in connectomic methods make it feasible to address such questions 
experimentally. In the lissencephalic mouse, complete reconstructions of the axonal as 
well as dendritic arborizations of individual neurons reveal their morphology in exquisite 
detail for a rapidly increasing number of cell reconstructions [62, 63].  Extending such 
methodology to the gyrencephalic macaque is very challenging, given its 200-fold 
greater brain size. However, a promising approach has been developed that uses optical 
clearing of thin brain slabs combined with high-throughput optical scanning, 
computational alignment between slabs, and semi-automated axonal tracing [64]. 
Intriguingly, their preliminary observations suggest that the trajectories of some long-
distance axons may indeed include loops within a white matter blade that deviate 
markedly from the most direct route to their target location. If such findings are confirmed 
and shown to be common rather than outlier cases, it would indicate that aggregate 
wiring length may be substantially greater than the hypothetical minimal wiring length 
that would occur if (hypothetically) topology could be rearranged and optimized for adult 
3D geometry. 
 
Topic 7. Individual variability of cortical convolutions and their relationship to 
cortical areas and connections. As noted in the main text, macaques are notable for 
consistency of cortical folding patterns across individuals (folding consistency) and 
between areal boundaries and folds (folding-function consistency). In contrast, humans 
are notable for a substantial degree of variability in folding from one individual to the next 
(folding variability) and relative to cortical areal boundaries (folding-function variability) 
[65]. This section addresses these issues in more depth based on studies in 
gyrencephalic species that have already been done or may be feasible in the future. SI 
Topic 8 below addresses analogous issues for mouse gyrification mutants and for in 
vitro model systems. 
 
7a. Folding consistency and variability.  Pathway-specific tension is the only candidate 
mechanism that can readily account for high folding-function consistency, by virtue of its 
overt relationship to areal size and connectivity patterns. In contrast, the DES+ model 
invokes multiple mechanisms that can in principle contribute to folding variability. These 
include (i) variability in size and/or connection strength profiles of individual cortical 
areas, both mediated by pathway-specific tension (Tenet 2A); (ii) quasi-random 
variations in the pattern of buckling mediated by tethering tension (Tenet 2B) and/or 
sulcal invagination forces in the OCL (Tenet 3); and (iii) variability in the 3D landscape 
when the main period of cortical folding commences, based on regional differences in 
neuronal proliferation and/or migration (Tenet 4).  
 
A general prediction of pathway-specific tension in the context of the DES+ model is that 
borders between adjacent but weakly connected neighboring areas should tend to run 
close to sulcal fundi (negative mean curvature) whereas borders between adjacent 
strongly connected areas should tend to run along gyral crowns. The remaining 
subsections focus on experimental data and possible future approaches to analyzing 
variability in cortical area size, connectivity, and the relationships to folds, as this 
information can provide constraints (but not proof) regarding the relative importance of 
pathway-specific vs other candidate DES+ mechanisms in accounting for folding-
function variability.  
 
7b. Area size variability. Each cortical area varies in size (surface area) by two-fold or 
more across individuals in the two species (macaque and human) that have been 



systematically investigated to date. In macaques, these estimates come mainly from 
studies of visual areas using multiple methods for areal parcellation and are based on 
modest numbers of animals [66-68]. In humans, size variability estimates come mainly 
from postmortem cytoarchitectonic analyses of areal volume [69-71] and from a recent in 
vivo “HCP_MMP1.0” multimodal parcellation of 446 individual HCP subjects using an 
‘areal classifier’ applied to cortical surface maps based on cortical myelin and thickness, 
resting-state functional connectivity (FC), task-fMRI, and visuotopic organization [23].  
 
7c. Folding-function correlations in primate area V1. Area V1 is a particularly informative 
example, as it is the largest cortical area in primates, has by far the most sharply defined 
architectonic transition along its border with neighboring area V2 (thus minimizing errors 
in areal delineation in histological sections), and also is associated with the uniquely 
early-forming calcarine sulcus (Fig. 5 in main text).  
 
In the macaque, the lateral V1/V2 boundary consistently runs close (within 1 – 2 mm) to 
the gyral folds between the operculum and the lunate sulcus dorsally and the inferior 
occipital sulcus ventrally; medially, the boundary runs close to the gyral margin along 
most but not all of the calcarine sulcus [68, 72]. The strong correlation between the V1-
V2 boundary and gyral folding is a strong prediction of pathway-specific tension, given 
that the bi-directional retinotopic pathways linking V1 and V2 are among the most 
powerful inter-areal pathways in the macaque. (Indeed, on a historical note, this 
particular relationship was the wellspring for my original 1997 TBM hypothesis.) The fact 
that the V1/V2 boundary consistently correlates with gyral folds irrespective of its size 
(surface area) argues that this is not an accidental or coincidental relationship.  Another 
relevant observation is that in many individual macaques, particularly those with larger 
brains, a small crease (the external calcarine sulcus) occurs roughly in the middle of the 
operculum, but its presence or absence does not alter the consistent relationship 
between the V1/V2 border and the deeper folds nearby. This implies that folding 
variability in one region can coexist with nearby strong correlations between areal 
boundaries and gyral folds.  
 
In humans, cytoarchitectonic maps of the V1 boundary near the foveal representation at 
the occipital pole show marked variability relative to local folds [69]. Also, an earlier 
retinotopic mapping study reported that the vertical meridian along the V1/V2 boundary 
mainly in the calcarine sulcus is correlated with negative (gyral) mean curvature [73]. 
The correlation was weaker than that described above for the macaque, though this 
might in part reflect lower accuracy of mapping the human retinotopic vertical meridian. 
More accurate estimates of the human V1 boundary are now available in two 
independent HCP datasets: the aforementioned HCP_MMP1.0 parcellation based on 3T 
data that includes the full extent of V1 and a higher resolution human 7T retinotopy 
dataset for the central visual field representation from 183 HCP subjects [74]. A 
systematic comparison of folding vs V1 boundaries is feasible and would be of general 
interest. But there is little doubt about the qualitative conclusion that folding-function 
correlations are significant but also more variable in human than macaque V1/V2. An 
important corollary question is whether the gyral folds along the margins of the early-
forming CaS occur close to the V1/V2 boundary even though they may precede the 
establishment of connections between V1 and V2. It is plausible that this fold gradually 
shifts during development relative to the architectonically well-defined V1/V2 border. 
 
7d. Connection weight variability. In the two species that have been systematically 
investigated to date using quantitative anatomical retrograde tracer data, the connection 



weight between a given pair of cortical areas (expressed as a “Fraction of Labeled 
Neurons” – FLN) varies across individuals by about one order of magnitude or less in 
both the mouse [24]; see also [75] and macaque [30, 76]. This within-pathway variability 
is a small fraction of the five orders of magnitude range in average connection strength 
across all pathways analyzed in these species. 
 
7e. Connectivity and folding perturbations from eye enucleation. Experimental 
perturbations that affect cortical parcellation and/or connectivity offer potential for 
systematically exploring the relationship between connectivity and folding.  For example, 
prenatal binocular eye enucleation in the macaque dramatically affects cortical 
architecture, parcellation, folding, and connectivity [77-80]. The size of area V1 is 
markedly reduced; islands and patches of nonstriate cortex known as ‘area X’ [80], and 
‘default extrastriate cortex (DEC)’ [78], or ‘hybrid cortex (HC)’ [79] occur within or 
adjacent to V1. The boundary of V1 is often far from the gyral margins of the lunate and 
inferior occipital sulci, and additional dimples or wrinkling of opercular cortex are 
common. An important issue is whether these altered folding-vs-function relationships 
are related to altered connectivity between V1 and adjacent regions that might impact 
pathway-specific tension (DES+ Tenet 2A). The existing data on connectivity patterns 
after enucleation are insufficient to resolve this issue [79]. Another observation is that 
prenatal enucleation causes a dramatic loss of LGN neurons [77]. Hence, enucleation 
effects are not simply attributable to silencing of retinal activity but may in addition reflect 
changes in trophic interactions normally mediated by thalamocortical circuitry. Thus, 
while the effects of enucleation on cortical folding are intriguing, it is difficult to make 
strong inferences about the mechanistic underpinnings based on current knowledge. 
 
7f. Connectivity inferred from diffusion imaging and fMRI. Connection weights can also 
be assessed using tractography based on diffusion imaging (dMRI) and by FC based on 
rfMRI, but both measures are very indirect.  Tractography is conceptually a more direct 
approach, insofar as it uses fiber bundle orientations and trajectories within the white 
matter to estimate the anatomical pathways linking different gray matter regions. 
Unfortunately, this approach is highly susceptible to errors and systematic bias, including 
a major ‘gyral bias’ related to cortical folding patterns that impacts sulcal fundi more 
severely than gyral crowns [81-83]. Hence, current state-of-the-art dMRI and 
tractography is not well suited for rigorous quantification of individual variability in 
anatomical connectivity.  
 
FC from resting-state fMRI can be based on the correlation of BOLD signal fluctuations 
between pairs of grayordinates (surface vertices plus subcortical gray matter voxels), 
parcels, or other ROIs. These correlations are likely influenced by indirect as well as 
direct anatomical connectivity between the selected ROIs as well as by common inputs 
[84, 85]. Analysis strategies such as using partial correlation instead of full correlation 
might in principle provide better estimates of direct connectivity, but preliminary efforts 
along these lines suggests that the relationships are more complex [86]. Biases related 
to cortical geometry and folding are another concern, as it may include partial volume 
effects as well as sensitivity to venous signals that reflect drainage from opposing banks 
of a sulcus. Nonetheless, FC analyses may be less severely impacted by folding-related 
biases than is tractography and hence are more promising as a semi-quantitative 
approach to estimating anatomical connectivity (see topic 7g below). 
 
7g. Evaluating folding-connectivity relationships in macaque and human – future 
prospects. The previously noted prediction that sulcal fundi should tend to separate 



weakly connected regions, whereas gyral crowns should tend to separate strongly 
connected neighboring regions is amenable to systematic evaluation, using 
neuroanatomical tracers in animal models, particularly the macaque, and using 
neuroimaging methods in humans and macaques. 
 
To analyze folding-connectivity correlations using anatomical tracers, it is highly 
desirable to have quantitative, ‘parcellation-free’ analyses of ‘dense’ tracer-based 
connectivity accurately mapped to cortical surface models. This has only rarely been 
achieved in the past (e.g., ref. [87], largely owing to challenges in obtaining accurate 
surface models of the hemispheres that were injected and analyzed histologically. A 
promising alternative is to align histological sections to an MRI-based atlas surface 
model using a novel ‘contours-to-surface’ method [86], taking advantage of the 
consistency of folding patterns across individual macaques.  
 
To address analyze folding-connectivity correlations using analyses of FC from fMRI, a 
prerequisite is to have large amounts of high quality and high spatial resolution fMRI 
data mapped to the cortical surface. Such datasets are available in the YA-HCP 3T and 
7T datasets described above and are becoming available in the macaque as well [86, 
88].  
 
Another consideration is that novel advances in light microscopic methods may open 
exciting new opportunities for analyzing long-distance connectivity in gyrencephalic 
brains without the use of anatomical tracers. For example, novel imaging systems can 
leverage polarized light properties to infer fiber orientations in postmortem human brains 
[89, 90] 
 
Topic 8. Alternative models of tangential expansion and cortical folding 
interpreted in the DES+ framework. This section evaluates four published models of 
cortical expansion and folding. 
 
8a. Radial Intercalation. The Radial Intercalation model [91] for preferential tangential 
expansion proposes that newly migrated neuronal cell bodies intercalate between 
existing neurons within the cortical plate and that “the translocating cell body pushes the 
neighboring cell bodies tangentially aside”. As noted in relation to Fig. 1 in the main text, 
the direction of migration is irrelevant to the axis of preferential expansion. Indeed, to 
explain why cells are pushed tangentially rather than radially, the authors further 
stipulate that the “outer cortical plate is bonded to the deeper layers of the cortical plate 
(through radial processes and intercellular adhesion)”. This is tantamount to invoking 
radially biased tension, is consistent with DES+ Tenet 1, and arguably does not 
constitute a separate, distinct mechanism.  
 
8b. Differential Proliferation.  Another model invokes differential proliferation underneath 
gyral vs sulcal regions leading to tangential dispersion of neurons in presumptive gyral 
regions as explanations for both preferential tangential expansion and cortical folding 
[92-94]. Differential proliferation is indeed important in generating the 3D geometrical 
landscape prior to the onset of cortical folding, as noted in Fig. 4 of the main text and in 
DES+ Tenet 4. However, differential proliferation per se does not specify what 
morphogenetic forces actually shape the cortex. The tangential dispersion model 
describes ‘splaying out’ of migration trajectories in a nascent gyral bulge over a region of 
elevated proliferation. However, whether migrating neurons stack up to make cortex 
locally thicker or diverge to keep cortex thin and increase surface area depends not on 



proliferation but on forces within the CGM and principles of tissue expansion such as 
those illustrated in Fig. 1 of the main text. By DES+ Tenet 1, tangential dispersion is a 
consequence, not a cause of tangential expansion.  
 
8c. Differential laminar expansion and cortical buckling. An early DTE model of Richman 
et al. [40] proposed that “differential growth between the outer and inner portions of the 
cerebral cortex” causes cortical buckling (and that the extreme folding observed in 
polymicrogyria reflects excessive buckling – see SI Topic 5). Their evidence for normal 
differential growth is based on finding ~10% greater surface area in superficial vs deep 
layers in the normal hemisphere of one GW27 brain that had microgyria in the opposite 
hemisphere. Their buckling model invoked differential growth of superficial vs deep 
cortical layers surrounding a slower-growing white matter core of much lower stiffness. 
They identified parameter ranges in which buckling occurred with a ‘wavelength’ ~8-fold 
greater than cortical thickness and comparable to that in human cortex. However, 
consistency with a few anatomical observations does not constitute strong support for 
the model. As noted in the main text, the gel-brain simulation model [95] achieves a 
much better fit to observed human convolutions based on differential tangential 
expansion between a uniform cortical sheet and an underlying core having roughly 
similar elastic moduli. Also, the evidence for greater surface area of superficial vs deep 
layers is attributable to gyri in general being thicker than sulci, particularly in superficial 
layers, which in turn is arguably a consequence rather than a cause of cortical folding 
[96].  
 
8d. Free Energy. The Mota and Herculano-Houzel Free Energy model of cortical folding 
[97] represents a very different mechanistic analysis. It starts with the striking empirical 
observation that total cortical surface area (AG), exposed cortical surface area (AE), and 
cortical thickness (T) conform tightly to a relationship in which the product of AG and T0.5 
(AG * T0.5) is proportional to AE~1.3 across a wide range of mammals. Moreover, a similar 
relationship holds for crumpled paper sheets - another fractal self-avoiding surface.  
 
In order to link these empirical observations to the development of cortical folds, the 
authors (in their supplementary material section) formulate a free energy model that 
aims to “incorporate the known mechanics and organization of elongating axonal fibers”. 
They derive from their model a prediction that AG * T0.5 is proportional to AE~1.25, i.e., 
similar to the empirically determined exponent. This leads them to propose that 
development effectively follows a free energy gradient until reaching a minimum that 
also corresponds to a minimum aggregate wiring length, subject to other constraints. 
They conclude that “Folding is therefore an intrinsic, fractal property of a self-avoiding 
surface, whether biological or not, subjected to crumpling forces that depends simply on 
the relative lateral expansion of this sheet relative to its thickness, regardless of how 
densely neurons are distributed within it.” 
 
While the free energy model is both clever and intriguing, it also makes multiple 
questionable assumptions and obvious oversimplifications, and it is additionally 
inconsistent with a number of experimental observations. One debatable assumption is 
that the ‘equilibrium’ length of each axon can be adequately expressed by minimizing a 
potential energy containing only two terms, one related to axonal tension and the other 
related to ‘external forces’. Given the complex configuration of ‘external forces’ on 
individual axons, the axonal energy landscape might commonly have a complex profile 
that leads to local minima far from a global minimum. Another assumption is that the 
‘volumetric energy’ for the cortex can be adequately expressed by a linear equation 



proportional to total white matter volume and to CSF pressure. This seems problematic 
insofar as the pressure gradient declines within the brain parenchyma by an unknown 
but likely complex spatial pattern. A third assumption, that ‘surface energy’ associated 
with the shape of the cortical surface can be adequately expressed by a self-avoidance 
term plus “whatever other surface energy terms one cares to include”, is inherently weak 
owing to the vagueness of the last phrase. A fourth assumption is that connectivity 
patterns within the white matter naturally segregate into deep long-distance connections 
that preferentially interconnect deep portions of sulci and shallow shorter-range 
connections that preferentially interconnect regions within gyri. However, no evidence is 
presented that cortical connectivity conforms to such predictions, particularly for their 
specific and highly constrained geometric formulation (see also SI Topic 6).  A final 
example is their assumption that “All sulci and gyri originally form at the same scale, but 
the surface expansion means that earlier forming structures will become larger and 
deeper and will connect more distant regions, and that the larger structures will 
themselves be composed of smaller ones iteratively, down to the minimal, fundamental 
scale at which they are originally formed. This structure of nested self-similar structures 
precisely characterizes a fractal object.” This assumption is inconsistent with the 
observed pattern of early sulcus formation in humans (Fig. 5 of main text) and with other 
characteristics of gyrification evident in refs [12-14]. Altogether, the free energy model 
appears to be highly speculative, and the observed similarity of the power law exponent 
to that derived empirically by a totally different approach may be largely coincidental. 
 
Topic 9. Induced gyrification in model systems – promise and pitfalls.  As noted in 
the main text, there are several promising model systems for mechanistic studies of 
cortical gyrification. These include induced gyrification in mice and in human organotypic 
slice cultures and stem-cell-derived cerebral organoids, and perturbation of gyrification in 
ferrets. There are also important issues to consider regarding what constitutes 
gyrification and how best to explore the underlying mechanisms while avoiding pitfalls. 
Particularly attractive are systems that induce robust and  consistent folding that 
emulates either the full set of folding characteristics or selected characteristics that 
enable focusing on a subset of mechanisms involved. Also relevant is whether the 
method used to induce folding taps into signaling mechanisms plausibly involved in 
normal gyrogenesis or instead represents an ‘unnatural’ perturbation that achieves a 
similar outcome. 
 
The patterns of tissue folding reported in different studies are diverse, but most fall into 
two broad categories identified as ‘bona fide cortical folding’ and ‘pseudo cortical folding’ 
by Borrell [98]. Bona fide cortical folding, as occurs in normal neocortex of all 
gyrencephalic species, involves a cortical ribbon that is folded along both the pial and 
gray/white boundary, so that the underlying white matter (or cortical subplate) has 
‘blades’ that separate opposing sulcal banks; the ventricular surface, in contrast, is 
generally smooth. Pseudo cortical folding generally involves wrinkling or buckling of the 
entire cerebral sheet, including both pial and ventricular surfaces; it typically involves a 
neuroepithelial sheet that has not differentiated into a cortical plate distinct from the 
germinal layer(s). In general, pseudo folding differs so profoundly from bona fide folding 
that it is arguably of limited utility for exploring the mechanisms of normal gyrification.  
 
Among the more promising mouse gyrification mutants are ones involving expression of 
the hominoid-specific gene TBC1D3 via electroporation or transgenesis [99] or from 
electroporation-based knockdown of the DNA-associated protein Tmp1 [100]. These 
cause a single invagination analogous to the dimples reported here in early human 



cortex (Fig. 5B, C in main text). Other examples include transgenic knockout deletions of 
adhesion molecules FLRT1 and FLRT3 in mice that lead to multiple shallow and 
occasionally deeper sulci [101], electroporation-induced expression of the human-
specific and radial glia-specific gene ARHGAP11B that induces modest superficial 
invaginations, and selected Foxc1 transgenic hypomorphs that can cause notably 
complex undulations (see Fig. 1C in ref. [102]). Interestingly, intraventricular injection of 
FGF2 protein causes a crease-like invagination mainly involving superficial layers, with 
only a slight inward curving of the gray-white border [103]. This is suggestive of effects 
that might be concentrated in the OCL zone (DES+ Tenet 3). The FGF family is also of 
particular interest in view of perturbation experiments in ferrets that implicate FGF in 
regulation of cortical folding [104, 105]. 
 
Apoptosis is not known to have a major role in normal gyrogenesis, but it is nonetheless 
noteworthy that another class of mouse gyrification mutants involves increase in 
neuronal numbers via inhibition of apoptosis. Patterns suggestive of bona fide folding 
have been reported for some caspase knockouts [106] and from perturbation of ephrin 
signalling by EphA7 knockout [107]. Other caspase knockouts produce expanded cortex 
with amorphous blobs but a lack of convincing sulci or gyri [108, 109]. Finally, examples 
of pseudo folding include beta-catenin overexpressing mice [110] and lysophosphatidic-
acid-treated embryonic explants [111].  
 
There is understandable interest in using human stem-cell-derived cerebral organoids as 
a model system for various aspects of cortical development. However, to date, only 
pseudo cortical folding has been demonstrated in cerebral organoids [112, 113]. In 
contrast, in vitro human organotypic slice cultures and free-floating cortical tissue culture 
have already proven to be a promising approach for experimental analyses of the 
mechanisms of cortical folding [42]; see also main text and SI Topic 4. 
 
Topic 10. Biomechanical measurements of CNS tissue properties. The DES+ and 
CMS models predict specific patterns of anisotropic tissue compliance in different 
compartments of cerebral and cerebellar cortex and underlying white matter. These 
features in principle should be detectable and quantifiable using appropriate 
biomechanical methods. One promising approach is MR elastography (MRE) combined 
with focused ultrasound. MRE is based on encoding of harmonic displacement by 
oscillating magnetic field gradients (“motion encoding gradients”) that are inserted 
between the imaging gradients of a spin-echo MR imaging pulse sequence, analogous 
to diffusion encoding gradients used in dMRI [114]. Conventional MRE for in vivo studies 
typically generates oscillating tissue displacements using a vibrating “actuator” that is 
coupled to the skull in a fixed configuration. This does not allow systematic control over 
the axis of vibration and hence is not well suited for mapping anisotropic tissue 
properties at different locations. A promising recent development involves the use of 
focused ultrasound (FUS) rather than a physical actuator to induce systematically 
controllable tissue vibration patterns [115, 116]. Another involves multi-excitation MRE 
based on two orthogonally placed vibrators [117]. If these or other methods can be 
further refined so as to achieve sufficient spatial resolution (sub-cm) and sensitivity in 
vivo in humans or in animal models (e.g., macaque or ferret), they might be able to 
assess whether cerebral white matter regions dominated by a primary fiber orientation 
(as assessed using diffusion imaging) show a corresponding anisotropic compliance. For 
cerebellar cortex a primary question of interest is whether the molecular layer (ML) is 
stiffer along the axis of folding (parallel to the parallel fibers) compared to the transverse 
axis. Given the collinearity of the ‘accordion-like’ cerebellar folds over large expanses, 



this anisotropy may be manifested over a larger spatial scale than individual folia and 
thus addressable using FUS-MRE.   
  
Topic 11. Extending TBM to other structures. My original TBM paper [118] focused 
on cerebral neocortex and cerebellar cortex, as does the current study, but it also 
proposed specific tension-based mechanisms that could account for key aspects of 
morphogenesis in two other structures: the foveal pit of the primate retina and the curled 
configuration of the hippocampal cortex. Here, I briefly review recent evidence bearing 
on these hypotheses. 
 
11a. How does the primate retina get its fovea? In humans and many other primates, the 
fovea provides for maximal visual acuity in the center of gaze by virtue of (i) a very high 
cone density and (ii) a foveal pit that allows for maximum image quality by way of 
centrifugal displacement of cell layers interior to the photoreceptor layer [22, 119]. As a 
result, cones in the foveal center (foveola) have long photoreceptor axons (fibers of 
Henle) that link to displaced retinal ganglion cells (RGCs) by way of interposed (and 
displaced) bipolar and other cells in the inner nuclear layer (INL). A key early 
developmental event is that RGCs in the area centralis (the foveal precursor) appear to 
send axons that radiate centripetally; axons initially directed temporally (away from the 
optic disk) take a curved trajectory as needed to exit the retina at the optic disk in the 
nasal retina [120, 121]; see Fig. 4 in [119].   
 
As part of the general TBM hypothesis [118], I proposed a foveal ‘axonal anchoring’ 
model involving tension along a multicellular link between RGC axons anchored at one 
end in the inner nerve fiber layer (subjacent to the inner limiting membrane and before 
axonal trajectories begin to curve) and at the other end in the outer limiting membrane 
where photoreceptor axons join photoreceptor cell bodies. Because the anchoring points 
for the RGC axons are displaced from the cone cell bodies, tension would displace the 
intervening cellular components. If photoreceptor axons are the most compliant, they 
would be stretched the farthest, becoming fibers of Henle, and the other components in 
the inner nuclear and plexiform layers would be displaced the most and remain in 
approximate radial alignment with one another, as also occurs for the intercalated Muller 
glial cells that extend between inner and outer limiting membranes (cf. Fig. 13 in [119]).  
 
Springer et al. [122] raised several criticisms of the axonal anchoring model (‘axonal 
towing’ in their terms). One is the assertion that because RGC axons have exited the 
retina long before foveal displacement occurs, axonal tension would be unable to exert 
its proposed effect. However, this criticism is flawed because axonal tension can 
mediate cellular displacement at any time, not just when axonal outgrowth is occurring. 
Another is that because nuclear layers are likely to be stiffer than axonal layers, RGC 
axons would be unable to displace (tow) the RGC cell bodies, let alone bipolar cells. 
However, if many neighboring RGC axons are pulling in concert, they should be able to 
displace a ‘raft’ of RGC cell bodies. A third criticism is that axonal anchoring “does not 
address how inner nuclear layer neurons are displaced laterally”.  However, this issue 
was explicitly addressed previously [118] and is restated above.  
 
Several other mechanisms have been proposed to contribute to foveal displacement: (i) 
enhanced elasticity of the inner retinal layers in the avascular and astrocyte-free central 
part of the fovea (foveola), coupled with intraocular pressure [122, 123]; (ii) tangential 
stretching of retinal tissue due to eye growth [124, 125]; and (iii) horizontal contraction of 
Muller cell side processes [119]. Altogether, the axonal anchoring model remains a 



plausible and attractive hypothesis for centripetal displacement events in foveal pit 
development, and I am not aware of any strong evidence against it. However, other 
mechanisms may be involved as well. To test these hypotheses, laser photoablation 
experiments of the type espoused in the main text are a particularly attractive approach 
because excellent access can be obtained in retinal whole mount preparations without 
tissue slicing. Specific predictions are that severing foveal RGC axons near the soma 
should result in retraction, as should severing of photoreceptor fibers of Henle. Another 
important and tractable but understudied issue is the mechanism that induces centrifugal 
outgrowth of RGC axons. Might this be a diffusible morphogen that repels axonal growth 
cones and has its highest concentration in the area centralis? 
 
The axonal anchoring model does not account for the dramatic (10-fold or more) 
increase in foveal cone density, which occurs over an extended period (both prenatally 
and postnatally in humans) and is associated with a reduction in diameter and 
corresponding elongation of cones [119]. The mechanism of these cone shape changes 
remain unclear but may include intrinsic shape changes mediated by FGF signaling 
[126-128], molecular interactions that affect membrane curvature [129] and/or 
mechanical interactions with Muller cells [119].  
 
11b. Hippocampal folding and the unique perforant path. The perimeter of the cerebral 
cortical sheet includes several distinctive structures, one of which is the hippocampal 
complex. Hippocampal cortex is separated from neocortex by intervening strips of 
transitional cortex, including entorhinal cortex (adjoining neocortex) and the subicular 
complex (between entorhinal cortex and hippocampal subfields CA1-4). The pyramidal 
cell layer of CA4 terminates abruptly and is capped by the tooth-like dentate gyrus (DG). 
A striking feature is that the hippocampus is sharply creased, so that the dentate gyrus 
folded is directly apposed to the subicular complex. This is important functionally 
because the perforant path (PP) is a major anatomical pathway that links entorhinal 
cortex (ER) to the DG [130]. It is unique because it is the only pathway known whose 
axons traverse apposed pial surfaces. For example, in early  postnatal rats, axons from 
superficial ER layers cross the underlying white matter, the full thickness of subicular 
cortex, and the subicular-DG gap to invade the DG molecular layer [131, 132].   
 
In the original TBM study [118] I proposed that mechanical tension along axons of the 
PP are under tension and help ensure that the two regions remain in close proximity. 
This remains a plausible hypothesis, and to my knowledge there is no direct evidence 
against the model. However, the aforementioned evidence for cross-sulcal 
leptomeningeal adherence (DES+ Tenet 3 and SI Topic 4) as a general mechanism for 
adherence of apposed sulcal banks could plausibly be involved as well. Once again, the 
photoablation method could provide an attractive experimental approach, as it might 
reveal whether PP axons are under tension as they cross the subicular-DG gap.  
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