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Expansion of the cortical gray matter in evolution has been accompanied by an even faster
expansion of the subcortical white matter volume and by folding of the gray matter surface,
events traditionally considered to occur homogeneously across mammalian species. Here
we investigate how white matter expansion and cortical folding scale across species of
rodents and primates as the gray matter gains neurons. We find very different scaling
rules of white matter expansion across the two orders, favoring volume conservation
and smaller propagation times in primates. For a similar number of cortical neurons,
primates have a smaller connectivity fraction and less white matter volume than rodents;
moreover, as the cortex gains neurons, there is a much faster increase in white matter
volume and in its ratio to gray matter volume in rodents than in primates. Orderspecific
scaling of the white matter can be attributed to different scaling of average fiber caliber
and neuronal connectivity in rodents and primates. Finally, cortical folding increases as
different functions of the number of cortical neurons in rodents and primates, scaling faster
in the latter than in the former. While the neuronal rules that govern gray and white matter
scaling are different across rodents and primates, we find that they can be explained by
the same unifying model, with orderspecific exponents. The different scaling of the white
matter has implications for the scaling of propagation time and computational capacity
in evolution, and calls for a reappraisal of developmental models of cortical expansion in

evolution.
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INTRODUCTION

Across different mammalian orders and species, adult brain cere-
bral cortices vary over several orders of magnitude in size, becom-
ing more folded as their size increases, and gaining proportionally
more white than gray matter (Hofman, 1985; Welker, 1990; Zhang
and Sejnowski, 2000). Cortical folding has been considered to
increase with brain size due to gray matter lateral expansion
constrained by the interior surface of the skull (Welker, 1990),
resulting in the underlying white matter being pushed inwards
(Le Gros Clark, 1945), and a faster increase in the number of
neurons than would occur if the cortex expanded isometrically.
Because the distribution of neurons beneath the cortical surface
has traditionally been considered to be constant across species
ever since the work of Rockel et al. (1980), cortical folding would

Abbreviations: a, Average cross-section area of myelinated axons in WM; Ay,
White-gray matter interface surface area; Ag, Total surface area of cerebral gray
matter; Fg, Cortical folding index; Fy, White matter folding index; GM, cerebral
cortical gray matter; I, Average length of myelinated axons in WM; L, Total length
of myelinated axons in WM; n, GM connectivity through the WM, defined as the
fraction of neurons in GM with myelinated axon in WM; N, Number of neurons
in GM; Ow, Number of other (non-neuronal) cells in WM; T, Average thickness of
cerebral cortex GM; Vgt w, Volume of cerebral cortex (GM + WM); Vi, Volume
of cerebral cortex gray matter (GM); Vyy, Volume of cerebral cortex white matter
(WM); WM, subcortical white matter.

thus be a direct function of the number of neurons in the cor-
tex. This is consistent with the usual expectation that elephants
and large cetaceans, with larger brains than humans and the
most gyrencephalic mammalian brains (Manger et al., 2012), also
have larger numbers of cortical neurons. Along the same lines,
white matter volume has been considered to scale identically as
a function of gray matter volume across different mammalian
species, assuming that neuronal density scales similarly with
brain size, and that the percentage of cortical neurons connected
through the white matter (i.e., cortical connectivity) remains con-
stant across species (Prothero, 1997; Zhang and Sejnowski, 2000
Wang et al., 2008).

Contrary to these traditional views, however, we have recently
shown that mammalian cortical size is not a uniform function
of the number of cortical neurons (reviewed in Herculano-
Houzel, 2011), and neither is cortical connectivity constant across
primates (Herculano-Houzel et al., 2010). Using the isotropic
fractionator to count neurons (Herculano-Houzel and Lent,
2005), we find that cortical mass increases much faster as a
function of neuronal numbers in rodents than in primates
(Herculano-Houzel et al., 2006, 2007, 2011; Gabi et al., 2010),
as average neuronal cell mass increases quickly as a function of
neuronal numbers in rodents, but hardly changes in primates.
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Thus, neuronal densities are larger in primate cortices than in
rodent cortices of a comparable size (Herculano-Houzel, 2011).
Moreover, the number of neurons beneath the cortical surface
is not constant across primate species as previously thought
(Herculano-Houzel et al., 2008). The combination of these find-
ings leaves no reason to expect cortical folding to be a simple
universal function of cortical neuronal numbers for all mam-
mals. For instance, although large cetaceans and artiodactyls have
more folded cerebral cortices primates with similarly sized brains
(Pillay and Manger, 2007), they probably have not more but
rather far fewer cortical neurons than primates, due to much
lower neuronal densities (Tower, 1954; Herculano-Houzel, 2009;
and our unpublished observations). Moreover, given the differ-
ent relationships between gray matter volume and number of
neurons across mammalian orders, it remains to be determined
whether white matter scaling is indeed shared across mammals
as it is assumed to be (Zhang and Sejnowski, 2000). The scaling
of cortical connectivity through the white matter as a function
of the number of cortical neurons is a basic issue in functional
neuroanatomy, with important functional, developmental, and
evolutionary consequences that, to the extent of our knowledge,
has often been modeled, but never examined directly.

Here we examine whether the scaling relationship between
white and gray matter is indeed universal across mammals by
comparing how white matter properties, such as volume, frac-
tion of cortical neurons connected, and average axonal caliber
scale as a function of the number of neurons in the gray mat-
ter of primate and rodent species. We also test our hypothesis
that cortical folding is driven by a shared, conserved mecha-
nism across mammalian species, not as a simple function of the
number of cortical neurons, but of the number of cortical neu-
rons with axons through the white matter and of the average
caliber and longitudinal tension along these axons (Mota and
Herculano-Houzel, 2012).

MATERIALS AND METHODS

The goal of this study required determining total numbers of neu-
ronal and non-neuronal cells in the gray and white matter of
rodent cerebral cortices, in order to examine their scaling rules
in a way that would be comparable with primates. In princi-
ple, we should have had to determine these numbers in a new
set of animals, given that our initial quantification of cell num-
bers in rodents applied to the combined gray and white matter
of the cerebral cortex (Herculano-Houzel et al., 2006). Instead,
we used the unprocessed cerebral hemispheres left from our
initial study to examine the same animals. Because these had
been fixed for too long, however, determining numbers of neu-
rons directly by immunocytochemistry was no longer possible.
Therefore, we resorted to carefully dissecting the white and gray
matter from these remaining cortical hemispheres; determining
the total numbers of cells in the white matter; and subtracting
these numbers from the average of the original data for the com-
bined gray and white matter. We consider that the vast majority
of cells in the white matter are non-neuronal, and therefore the
total numbers of cells found in the white matter in the present
study are referred to as “other cells” (Ow); and, by subtracting
the average number of cortical neurons found in the original
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study from the total numbers of cells found in the gray matter
in the present study, we consider that the remaining number cor-
responds to the total of other, non-neuronal cells in the cortical
gray matter (Og).

EXPERIMENTAL ANIMALS

We analyzed five of the six species examined originally
(Herculano-Houzel et al., 2006): mouse (two hemispheres, Ca50
and Ca54), rat (two hemispheres, RaL01), guinea pig (two hemi-
spheres, Co02 and Co03), agouti (one hemisphere, CuF), and
capybara (one hemisphere, Hy02). Only the rat was not in the
original dataset; for the other four species, we analyzed the
remaining hemisphere of the individuals examined originally.

COMPARISON TO PRIMATE DATASET

Here we use the published dataset of ten species of primates plus
tree shrew as in Herculano-Houzel et al. (2008, 2010) for which
we determined the cellular composition of the white and gray
matter separately. The tree shrew (Tupaia belangeri), although
a scandentian and not a primate, is included in the “primate”
dataset for the sake of consistency with prior analyses. This is
warranted because the inclusion or exclusion of the tree shrew
to the primate dataset does not affect the results (Herculano-
Houzel et al., 2008, 2010). Besides the tree shrew, the species
included are galago (Otolemur garnetti), marmoset (Callithrix jac-
chus), owl monkey (Aotus trivirgatus), squirrel monkey (Saimiri
sciureus), capuchin monkey (Cebus apella), baboon (Papio sp.),
Goeldi’s marmoset (Callimico goeldii), long-tailed macaque mon-
key (Macaca fascicularis), and bonnet macaque monkey (Macaca
radiata). This dataset does not include human brains (Azevedo
et al., 2009), for which Vi, Aw, and Oy were not available.
For this reason, some of the exponents found here do not match
exactly the exponents reported in recent reviews for the full
dataset (Herculano-Houzel, 2011, 2012).

DISECTION

All hemispheres had been fixed for over 3 years in 4%
paraformaldehyde in phosphate buffer 0.1 M. Each fixed cortical
hemisphere was embedded in 3% agar and sliced manually in a
coronal series of 1 mm (mouse) or 2 mm sections (other species).
Each section was digitalized at 1200 dpi on a flatbed scanner
for surface area reconstruction. Cortical white and gray matter,
including the hippocampus, were then dissected apart in each sec-
tion under a dissecting scope, weighed, and the white matter was
processed separately with the isotropic fractionator (Herculano-
Houzel and Lent, 2005) to determine total cell count numbers for
each section.

SURFACE AND VOLUME RECONSTRUCTION

The perimeter of the pial surface of the cerebral cortex and the
gray matter area in the coronal plane of each section were traced
and measured from the scanned images using Canvas X software
(ACD Systems). The same procedure was applied to the calcu-
lation of the perimeter of the interface between white and gray
matter (i.e., the white matter surface) and of the area of sub-
cortical white matter in the coronal plane (between cortical gray
matter and striatum) in each section.
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We next used these values of perimeter and coronal area for
each section to reconstruct the total volume and surface area
of the gray and white matter. Since we did not have the com-
plete 3D coordinates of each point in both tracings (which would
allow a more precise reconstruction by triangulation), we simply
assume that adjacent slices have approximately congruent shapes,
differing only by some uniform scaling factor. Using this approx-
imation, it can be shown that, for the i-th section contained
between slices i and 7 4 1, the volume and lateral surface area are
given by

A={Ai— A )+ [P+ Py 22}

V=h[Ai+Aig1 + (Aidiy1)'?]/3

where A is total surface area and V is the total volume for the
reconstructed white or gray matter, A; and A; 4+ (or P;and P; 4 )
are the coronal section surface areas (or perimeters) for two adja-
cent sections, and h is the section thickness. We assume that the
last section converges on a cusp (thus implicitly assuming that
the (n + 1)-th section is a point with null perimeter and area).
This method provides a good approximation of surface area and
volume across sections even if there is a systematic variation in
the shape of the sections, as long as this variation is small between
one section and the next.

Average cortical thickness was then estimated as the ratio
between the total gray matter volume and surface area in each
specimen. The gray matter folding index was calculated by first
tracing the exposed surface of the cortex (the smallest surface of
gray matter that did not enter sulci), then estimating the total area
of the exposed cortical surface as above, and dividing the total
gray matter surface area by that value.

All values reported (Table 1) refer to a single hemisphere, as in
Herculano-Houzel et al. (2008, 2010).

RESULTS

The distributions of volumes of gray and white matter in the
cerebral cortex are largely overlapping across rodent and primate
species in our dataset (Figure 1B), which allows for direct com-
parison of the scaling of their cellular composition. The total
volume of the cerebral cortex, V4w, expressed as the sum
of the volumes of the gray and white matter, scales with the
number of cortical neurons Ng, as VG w ~ N¢;, much faster in
rodents than in primates. In the sampled rodents, we find a v of
1.649 (95% CI, 1.539-1.759, p < 0.0001), while in primates v is
0.971 (95% CI, 0.779-1.163, p < 0.0001; Figure 1A). Both val-
ues match well the exponents of 1.699 and 1.087, respectively,
obtained previously for a larger number of species (Herculano-
Houzel et al., 2006, 2007, 2011; Gabi et al., 2010; reviewed in
Herculano-Houzel, 2011).

GRAY MATTER

The volume of the gray matter alone also increases more rapidly as
a function of Ng in rodents (Vg ~ Né‘587; 95% CI, 1.459-1.715,
p = 0.0001, % = 0.993; and therefore, Dy ~ N7%587) than in
primates (Vg ~ N2°'8, 95% CI, 0.752-1.084, p < 0.0001, > =
0.990). As a result, for the measured range of cerebral masses,
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primate cortices contain more neurons than rodent cortices with
similar gray matter volume, and the discrepancy increases with
volume (Figure 1C).

Cortical thickness increases rapidly with N&*27 across rodent
species (95% CI, 0.329-0.525, p = 0.0032), in contrast to a slow
but still significant increase with N, %109 across the primate species
in the dataset (95% CI, 0.059-0.159, p = 0.0022). The direct
comparison of the two distributions shows that, for the same
number of cortical neurons or gray matter volume, the cerebral
cortex is thicker in rodents than in primates, and its thickness
increases faster in rodent than in primate cortices as both gain
neurons (Figure 2A).

The fast increase in cortical thickness across rodents is accom-
panied by a significant and rapid decrease in neuronal density,
with N %64% (95% CI, —1.024 to —0.256, p = 0.0445), while neu-
ronal density does not vary significantly with Ng across primate
cortices (exponent, —0.062, p = 0.3807; Figure 2B). This sug-
gests that faster cortical thickening in rodents in comparison to
primates is at least partly related to the average size of the neu-
rons increasing in the former, while remaining nearly invariant in
the latter.

Across rodents, the decrease in neuronal density at a faster rate
than the increase in cortical thickness as a function of Ng implies
that cortical neurons become spread more thinly along the cor-
tical surface, with a smaller N/A in larger cortices. Indeed, we
find that N/A varies 1.8x between mouse and capybara (46,322
and 25,506 neurons/mm?, respectively), decreasing with increas-
ing Vg as N/A ~ Vz'"'2 (95% CI, —0.168 to —0.056, p =
0.0291, * = 0.784; Figure 3), and with N;*'"* (95% CI, —0.204
to —0.140, p = 0.0414). According to our model of cortical scal-
ing (Mota and Herculano-Houzel, 2012), this is compatible with
(1) increasing connectivity and/or (2) increasing axonal caliber
as the rodent cortex gains neurons. In primates, in contrast,
although average N/A varies 3x across primate species, it does
not vary systematically with Ng (Herculano-Houzel et al., 2010;
Figure 3).

WHITE MATTER

As would be expected for the relationship between volume and
surface area of an isometrically expanding volume, we find
that, in rodents, Vyy increases with approximately A?A/,z (Vw ~
AL2%%5 95% CI, 1.475-1.595, p < 0.0001, r* = 0.998). In con-
trast, Viy increases less than expected with Ay in primates
(Vw ~ AL#; 95% CI, 1.181-1.305, p < 0.0001, r* = 0.994),
significantly below isometricity (Figure 4A).

The white matter increases in volume as a function of gray
matter volume with fairly similar rates across rodents (Vi ~
VL2905 95% CI, 1.136-1.384, p = 0.0003, r* = 0.990) and pri-
mates (Vi ~ VE18%95% CI, 1.076-1.292; Figure 1B). However,
the two relationships are non-overlapping, which becomes more
evident when plotted on a linear scale (not shown), such that
for a similar Vg, Vi is always larger in primates than in
rodents (Figure 1B). While the ratio Vi,V is higher in all
primates than in rodents, and also higher in the former for a
same number of cortical neurons (Figure 4B), it increases more
rapidly with the number of cortical neurons in rodents (with
NO4225 959 CI, 0.250-0.594, p = 0.0164, r* = 0.851) than in
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FIGURE 1 | Scaling of gray and white matter volumes (Vg and Vi,
respectively) and total cortical volume (Vg ) in rodents (green) and
primates (red). (A) Total cortical volume increases more steeply with
increasing numbers of cortical neurons in rodents than in primates.

(B) White matter volume increases as non-overlapping functions of gray
matter volume in rodents and primates. (C) Gray matter volume increases

B
100,000
10,000
VW 1,000
(mm3)
100
VW = VG1.250
10 1.184
Vv~ Vg
1 T T T T GG T LU |
10 100 1,000 10,000 100,000
Vg (mm3)
D
100,000
10,000
VW 1,000
(mm?3)
100
2.009
10 Vw~Na
1.080
Vi ~Ng
14 | N ———
10° 107 10 10° 10"

Neurons (Ng)

faster with increasing numbers of cortical neurons in rodents than in
primates. (D) White matter volume also increases faster with increasing
numbers of cortical neurons in rodents than in primates. Each point
represents one species. Power functions are plotted for each mammalian
order with the respective 95% confidence intervals (dotted lines).
Exponents are indicated.
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FIGURE 2 | Scaling of average cortical thickness (A) and of average
neuronal density (B) as a function of numbers of cortical neurons in
rodents (green) and primates (red). Power functions, where the exponents
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are significant at the level of p < 0.05, are plotted for each mammalian order
with the respective 95% confidence intervals (dotted lines). Exponents are
indicated.

primates (with N%162; 9505 CI, 0.048-0.276, p = 0.0217, r* =
0.440; Figure 4B).

The apparently similar scaling of white matter volume with
gray matter volume across rodents and primates, therefore,

obscures very different scaling relationships between Vi and
number of neurons. Vi increases rapidly across rodents with
NE" (95% CI, 1.879-2.139, p < 0.0001, r* = 0.996), but it
scales across primates with only Ncl;'080 (95% CI, 0.84-1.320,
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FIGURE 3 | Scaling of average number of neurons underneath
1mm? of cortical gray matter as a function of gray matter
volume in rodents (green) and primates (red). The power function
for rodents is plotted with the respective 95% confidence interval
(dotted lines).
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p < 0.0001, r* = 0.898; Figure 1D). Thus, the addition of neu-
rons to the cerebral cortex is accompanied by a much faster
increase in white matter volume in the rodent than in the primate
cortex.

Increases in white matter volume can be due to larger total
axonal length, to wider average axon caliber, or both. The num-
ber of other (non-neuronal) cells in the white matter, Oy,
can be considered a proxy for the total length of myelinated
axons in the white matter, L (Barres and Raff, 1994, 1999).
We find that Vi scales as different, non-overlapping func-
tions of Oy across rodents (Vi ~ OIWISS; 95% CI, 1.065-1.305,
p =0.0003, 2 =0.990) and primates (Vi ~ O};"'%; 95% CI,
0.854-1.174, p < 0.0001, 2 = 0.946; Figure 4C). Because Vi
is the product of L and average axonal caliber in the white
matter, a, this suggests that a increases together with Vi in
rodents, but not in primates. Oy also increases much faster
with the number of cortical neurons in rodents (Oy ~ Né'691;
95% CI, 1.619-1.763, p < 0.0001, r> = 0.969) than in primates
(Ow ~ NE'®%;5 95% CI, 1.041-1.289, p < 0.0001, r* = 0.969;
Figure 4D).
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FIGURE 4 | Scaling laws for the white matter. (A) White matter volume
scales differently with increasing surface area of the white matter (Ay) in
rodents (green) than in primates (red). (B) White/gray matter volume ratio
increases faster in rodents than in primates with increasing numbers of
cortical neurons. (C) White matter volume scales faster with increasing
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white matter in rodents than in primates. (D) The number of other cells
in the white matter increases much faster with increasing numbers of
cortical neurons in rodents than in primates. Each point represents one
species. Power functions are plotted for each mammalian order with the
respective 95% confidence intervals (dotted lines). Exponents are
indicated.

Frontiers in Neuroanatomy

www.frontiersin.org

April 2013 | Volume 7 | Article 3 | 6


http://www.frontiersin.org/Neuroanatomy
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive

Ventura-Antunes et al.

ESTIMATING CHANGES IN CONNECTIVITY AND AXONAL CALIBER

The scaling relationships that apply to the white matter allow
the estimation of how the fraction of Ng connected through the
white matter, n, and the average fiber caliber in the white mat-
ter, a, vary with Ng, assuming that these are power functions
of Ng, as we have shown before (Mota and Herculano-Houzel,
2012). Briefly, the total length L of all axons in the white mat-
ter, given by L = n, N, [, is considered proportional to the total
number of oligodendrocytes found in the white matter (Barres
and Raff, 1994, 1999), which we assume to be well approxi-
mated by the total number of non-neuronal cells in the white
matter, Ow. Thus, as mentioned above, Oy ~ L. Now, because
Vw amounts to L multiplied by a, then Vi ~ Oy a. Expressing
Oy as an empirically determined power function of Ng, Ow ~
Ng, and a as proportional to N¢, then Vi may be rewritten as
Vi ~ N2NZ.

Given that in rodents we find Vyy ~ N(z;'o09 and Oy ~ Né:691,
then o = 2.009-1.691 = 0.318 £ 0.074. The average axonal cal-
iber in the white matter thus increases quite rapidly as the rodent
cortex gains neurons, scaling with Ng‘318 £ 0074 This is signifi-
cantly different from the exponent of 0.032 =+ 0.104, which is not
significantly different from zero (obtained using My instead of
Vi, which was not available for all species; Herculano-Houzel
et al., 2010). Using My as a proxy for Vi and Ng to calcu-
late o does not lead to significantly different results in rodents
(Mw ~ NEP1,95% CI, 1.863-2.119; o = 0.300).

The scaling of the fraction of cortical neurons connected
through the white matter (the connectivity fraction, n) as a
power law of N such that n ~ N, can next be estimated from
the empirical relationship between Ay and Ng, Aw ~ nNga.
Across rodents, we find that Ay ~ N3 (950, CI, 1.230-1.384,
p < 0.0001), which is significantly different from the relation-
ship observed in primates, of Ay ~ N%873 (959 CI, 0.695-1.051,
p < 0.0001). Replacing # and a by their respective power laws of
Ng, we get Ay ~ NENGNg ~ Ng’ 1+¢ Since in rodents Ay ~
N.% and @ = 0.318 + 0.074, then ¢ = —0.010 & 0.083, which

White matter differences in rodents and primates

is not significantly different from zero. The rodent cerebral cor-
tex thus gains neurons without changing its fraction of neurons
connected through the white matter. This is in contrast to a value
of ¢ =0.159 4 0.137 in primates, which suggests that cortical
connectivity through the white matter decreases across species as
the primate cortex gains neurons.

Although we cannot determine the real values of a and n, their
scaling can be compared across rodent and primate species, since
Vw = L.a and Ay ~ n.N.a. We find that » is about 4x higher
in rodents than in primates (Figure 5A), suggesting that a much
larger fraction of all cortical neurons are connected through the
white matter in rodents than in primates. Moreover, average white
matter axonal caliber, a, is larger in the sampled primates than in
rodents, but while it does not vary significantly across primate
species (p = 0.9022), it increases with Ng'318 in rodents (95% CI,
0.126-0.510, p = 0.0451), and approaches primate values in the
capybara (Figure 5B).

CORTICAL THICKNESS

According to our model of cortical scaling (Mota and Herculano-
Houzel, 2012), cortical thickness is a consequence of a
combination of factors: number of neurons, average neuronal size
in the gray matter (which can be inferred from neuronal den-
sity), the fraction of cortical neurons connected through the white
matter, and the average caliber of the axons crossing the inter-
face between gray and white matter. Because Vg = Ay x T, and
with the relationship between Ay and Ng given above, the rela-
tionship T ~ N, can be written as N{, ~ NG_"Z_C_‘x (Mota and
Herculano-Houzel, 2012). If correct, then the predicted value of
the exponent ¢ should match the value determined empirically.
We find a good match between these values for rodents (predicted
t, 0.332; observed, 0.427, 95% CI, 0.329-0.525) and primates
(predicted ¢, 0.127; observed, 0.109, 95% CI, 0.059-0.159). The
good agreement thus supports our hypothesis that cortical thick-
ness is a consequence of the neuronal constitution of the cortical
tissue and its relationship with the underlying white matter.
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FIGURE 5 | Scaling of the connectivity fraction, n (A) and of average
axonal caliber (B) as a function of numbers of cortical neurons in
rodents (green) and primates (red). (A) n, a value proportional to the
fraction of cortical neurons connected through the white matter, calculated as
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(Aw/Ng) x (Ow/ V), is higher in rodents than in primates. (B) a, a value
proportional to the average axonal caliber, calculated as the ratio Vi//Opy, is
higher in primates than in rodents, but increases with number of cortical
neurons in rodents to reach primate levels.
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CORTICAL GYRIFICATION

The folding of the cortical surface (Fg), measured as the ratio
between the total pial surface and the surface exposed in gyri,
increases slowly across rodent species with V%% (95% CI,
0.034-0.070, p = 0.0115), and significantly faster across primates,
with V&% (95% CI, 0.140-0.188, p < 0.0001; Figure 6A). As
a result, cortices are more folded in primates than in rodents
with similar gray matter volumes (Figure 6A) or cortical thick-
ness (T; Figure 6B). In addition, gray matter folding also increases
more rapidly with increasing cortical thickness in primates, with
T0%0 (95% CI, 0.422-1.498, p = 0.0073), than in rodents, with
T0180 (95% CI, 0.080-0.280, p = 0.0376; Figure 6B).

Cortical folding reduces the average length of fibers in the
white matter compared to a cortex that had a smooth sur-
face. Given that the average length of axons in the white
matter can be written as, [ = %;/—V‘;VOON)‘ the allometric expo-
nent h that describes the scaling of / with N can be deter-
mined experimentally from the relationship between the ratio
between the measureable values Vy//Aw and Ng (Mota and
Herculano-Houzel, 2012). In rodents, we find that Vy//Aw ~
NZO /N ~ N27OV(95% CI, 0.619-0.783, p = 0.0004),
in contrast to primates, where Vi /Aw ~ Ng,207 (95% CI,
0.127-0.287, p = 0.0008).

If the volume of the cerebral cortex scaled isometrically, then
in rodents we should find / ~ V‘l,f ~ N2009/3 ~ NO670 while in

primates, A should vary with Né’lw/ - Ng'399. The exponent of
0.207 obtained in primates is significantly smaller than the iso-
metric exponent, which predicts that larger primate cortices have
an average axonal length that increases less rapidly than expected
for isometricity, and thus is compatible with increasing corti-
cal folding (Herculano-Houzel et al., 2010). In rodents, on the
contrary, the calculated \ of 0.701 (95% CI, 0.619-0.783) is not
significantly different from the value of 0.670 predicted for iso-
metricity, which indicates that the average axonal length simply
increases isometrically, in which case there should be no increase
in cortical folding as the rodent cerebral cortex gains neurons.
While this is true of the smaller rodent cortices, it is certainly not
the case for the two larger species in the sample, the agouti and
the capybara, whose cortices are gyrencephalic.

The actual folding of the white matter, Fyy, can be deter-
mined experimentally for each species as being proportional to
Aw/ Véf. The exponent of the experimentally obtained scaling
of Fyy with N can thus be compared to the predicted expo-
nent given by Fy ~ NU+c+a=2M/3 in primates, we find an
actual Fy ~ AW/V‘%3 ~ N%SB, which matches well the pre-
dicted Fyy ~ N FeFea=20/3 ~ NO4 For rodents, we find Fy
to vary with Ng 0-931 (that is, not to vary significantly with Ng),
and predict that it varies with N{;O‘O% (that is, also not sig-
nificantly with Ng). As mentioned above, however, the cortical
surface of the two largest rodents in our sample is clearly gyrated,
as is the surface of the white-gray matter interface.

We find that the folding of the cortical surface (Fg), which
increases as different functions of Vg in the two orders, increases
across rodent species with Ng:o84 (95% CI, 0.058-0.110, p =
0.0082), and significantly faster across primates, with N%'>% (95%
CI, 0.122-0.182, p < 0.0001; Figure 6C). Because of the very
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FIGURE 6 | Scaling of the folding index of the gray matter (Fg) as a
function of gray matter volume (A), number of cortical neurons (B) and
cortical thickness (C) in rodents (green) and primates (red). Each point
represents one species. Power functions are plotted for each mammalian
order with the respective 95% confidence intervals (dotted lines).
Exponents are indicated.

different scaling of Vi with Ng between rodents and primates,
the difference between the two orders in the scaling of cortical
folding with Vi is even more noticeable, being steeper in pri-
mates than in rodents, as noted above (Figure 6A). Thus, cortical
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folding increases as different functions of the number of cortical
neurons across rodents and primates; and, for the same cortical
volume, rodents are less gyrencephalic than primates.

Following the same model of cortical gyrification (Mota and
Herculano-Houzel, 2012), we predict that Fg, expressed as the
ratio Ag/(Vi + V)23, scales with N!'=9=7=27/3 Given the
observed values of d, t, and v, we predict that Fg should scale in
rodents with N, %“4, and in primates, with N, %244, which are fairly
close to the observed scaling with Ng‘084 +£0013 4nd Ng.lsz +0015,
respectively.

DISCUSSION

Cortical expansion in evolution has long been considered a
homogeneous process, one supposed to occur through the lateral
addition of new columns with a constant number of neurons of
which a fixed proportion is connected through the white matter
(Prothero, 1997; Zhang and Sejnowski, 2000; Wang et al., 2008).
Gyrification supposedly ensues as the cortical surface expands
laterally faster than the underlying subcortical and overlying cra-
nial volumes (Welker, 1990)—although a first demonstration that
gyrification is actually not a universal function of brain volume
was provided by Pillay and Manger (2007), extended recently by
Manger et al. (2012). In the same scenario, the volume of the
white matter has been considered to scale universally with the
volume of the gray matter across mammalian species, with Vyy
scaling with V:*? to V{?? depending on the study (Zhang and
Sejnowski, 2000).

In contrast to this traditional view, here we show that the simi-
lar scaling of white matter volume with gray matter volume across
mammalian orders, as suggested before (Zhang and Sejnowski,
2000), is only apparent: the two distributions are shown here not
to be overlapping, with larger volumes of white matter for similar
volumes of gray matter in primates than in rodents. More impor-
tantly, the apparently similar scaling of white matter volume with
gray matter volume masks very different scaling rules of white
matter expansion in rodents and primates, with a smaller white
matter volume in primates than in rodents for a similar num-
ber of cortical neurons; a much faster increase in Vi and the
Vw / Vg ratio in rodents than in primates as their cortices gain
neurons; and a faster increase in cortical folding in primates than
in rodents.

In rodents, the addition of neurons to the cerebral cortex is
accompanied by decreased neuronal densities in the gray mat-
ter (with N 0.640y, rapidly increasing cortical thickness (Ng'427);
unchanging cortical connectivity (the fraction of gray matter neu-
rons connected through the white matter); increasing average
axonal caliber in the white matter (N%318); rapidly increasing
white matter volume (N%%); and slowly increasing cortical fold-
ing (Ng'084). In primates, in contrast, the addition of neurons to
the cerebral cortex is accompanied by unchanging neuronal den-
sities in the gray matter; slowly increasing cortical thickness (with
NZ199); decreasing cortical connectivity (Ng 0-159): unchanging
average axonal caliber in the white matter; slowly increasing white
matter volume (N;%°); and rapidly increasing cortical folding
(Ng'152). As a result of these differences, the white matter has a
smaller volume in primates than in rodents for a similar num-
ber of cortical neurons, and white matter volume increases much

White matter differences in rodents and primates

more rapidly as neurons are added to the cortex in rodents than
in primates, with Né'009 in the former, but only Né.oso in the lat-
ter. White matter constitution and expansion is thus much more
volume-saving in primates than in rodents.

The strongly hypermetric increasing volume of the white mat-
ter with increasing numbers of cortical neurons in rodents, in
contrast to the nearly linear scaling in primates, is attributable to
the increasing average caliber of axonal fibers in the former on top
of the addition of isometrically longer fibers, while in primates
the volume of the white matter increases linearly with num-
bers of cortical neurons due to the addition of longer fibers that
become elongated below isometricity and a decreasing connectiv-
ity fraction. Decreasing connectivity with growth of the network
is a characteristic of small-world networks (Watts and Strogatz,
1998; Argollo de Menezes et al., 2000). While the cerebral cortex
has been considered to scale as a small-world network, growing
through the addition of nodes that are densely interconnected
locally but only sparsely interconnected globally (Changizi, 2001;
Karbowski, 2003; Sporns and Kotter, 2004; Sporns and Zwi,
2004), our findings suggest that the rodent cerebral cortex scales
differently, with a constant connectivity fraction, as a uniform
network would.

Interestingly, the finding that average fiber caliber increases
together with increasing N in rodents while remaining nearly
invariant in primates is qualitatively very similar to what happens
with predicted average neuron size in both orders: it increases sig-
nificantly with N in rodents, but does not vary significantly with
N across primate species (Herculano-Houzel, 2011). This similar-
ity suggests that there is a link between average neuron size in the
gray matter and axon caliber in the white matter.

Additionally, our data implies that a larger fraction of neu-
rons is connected through the white matter in rodents than in
primates; and that the average axonal caliber in the subcortical
white matter is larger in primates than in rodents, although it
increases rapidly in the latter, approaching primate values in the
capybara, the largest rodent in our sample. The combination of
a relatively much smaller cortical connectivity fraction with only
slightly larger average axonal calibers is a possible explanation for
the smaller white matter volumes in primate compared to rodent
species with similar numbers of cortical neurons (Figure 1D).
Thus, primate cortices gain neurons in a more economical fash-
ion than rodent cortices not just in the scaling of white matter
volume, but also in the scaling of the absolute white matter
volume.

Here we show that cortical thickness scales differently as rodent
and primate cortices gain neurons, increasing more rapidly in
the former than in the latter. In many models of cortical scaling,
cortical thickness is considered to vary inversely with neuronal
density (e.g., Prothero, 1997), as required by the hypothesis of
a constant number of neurons underneath a unit cortical sur-
face area (Rockel et al., 1980). In contrast, here we show that
cortical thickness is not a universal function of neuronal density
across mammals, but rather scales more slowly than the inverse
of neuronal density in rodents, resulting in a decreasing N/A
ratio as numbers of cortical neurons increase, while bearing no
relationship to neuronal density in primates (Herculano-Houzel
et al., 2008). Thus, cortical thickness is neither a determinant of
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neuronal density, nor is determined uniquely by it. Instead, our
findings fit our recently proposed alternative model (Mota and
Herculano-Houzel, 2012): The thickness of the gray matter wall
depends not only on average neuronal size in the gray matter but
also on their lateral spread, which in turn depends on the fraction
of neurons connected through the white matter and the average
caliber of the connecting fibers. This can be intuitively under-
stood as the stacking of a number of smaller or larger neurons
on top of the gray/white matter interface whose lateral exten-
sion depends on the proportion of cortical neurons sending or
receiving axons from the white matter, combined to a thinner
spreading of cortical neurons over the gray/white matter interface
when the average axonal cross-sectional area leaving or enter-
ing the white matter is larger. In this scenario, therefore, cortical
thickness depends on characteristics of both the gray and white
matter.

It has been suggested that a thin cortex of low numbers of neu-
rons correlates best with the higher degree of convolution in some
mammalian orders, which is consisten with the notion that these
thinner cortices would offer less mechanical resistance to fold-
ing, or would impose less pressure on the white matter (Pillay
and Manger, 2007). However, not only we show that primate cor-
tices are more folded than rodent cortices over a similar range
of cortical thicknesses, but also that folding increases much more
steeply with increasing (not decreasing) cortical thickness in pri-
mates compared to rodents. These findings contradict the notion
that cortical thickness is a direct determinant of cortical folding.

On the contrary, we have previously predicted that corti-
cal thickness is rather a consequence of the parameters that
determine cortical folding (Mota and Herculano-Houzel, 2012).
According to our model, more highly folded cortices are those
that have more neurons connected through the white matter
and/or larger average axonal cross-sectional areas, which lead to
a thinner cortex for the reasons explained above. We find a con-
nectivity fraction much larger in rodents than in primates for a
similar Ng, which should lead to a larger folding index in the for-
mer for similar numbers of neurons, but this is counterbalanced
by larger average axonal calibers in the latter. While these values
sometimes average out, such that the capybara cortex is as folded
as a primate cortex of similar Ng, the very different rates of scaling
of connectivity fraction, average fiber caliber, and average fiber
length found in rodents and primates predict the comparatively
faster increase in cortical folding observed in primates as cortices
gain neurons across species and orders.

Importantly, this similarity in the degree of cortical folding
between the capybara and some of the smaller primates in our
sample, with similar numbers of cortical neurons, might sug-
gest that cortical folding varies as a single, shared function across
rodents and primates, and perhaps other mammalian orders. The
different scaling rules obtained for rodents and primates in sep-
arate suggest, on the contrary, that this is just a coincidence, a
crossing point between two unrelated distributions.

Here we show, to the contrary, that gyrification does not vary
as a shared, homogeneous function of N across rodents and
primates. This finding, combined with the order-specific relation-
ships between gray matter volume and its number of neurons
(Herculano-Houzel, 2011), explains why folding is not a similar
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function of Vi across mammalian orders (Pillay and Manger,
2007; Manger et al., 2012). As a consequence, across mammalian
orders, and contrary to the traditional expectation, species with
more convoluted cortices do not necessarily have more neurons
than less convoluted cortices. Indeed, our preliminary data sug-
gest that the highly folded cortices of various artiodactyl species
and the elephant have very folded cortices that however hold very
few neurons, falling well outside of the relationships found here
for rodents and primates (SHH, unpublished observations).

We have previously hypothesized that cortical folding is driven
by the folding of the white matter surface, under the tension of its
axons (Mota and Herculano-Houzel, 2012). While the folding of
the white matter scales across primate cortices with an observed
exponent that matches our prediction (Ng'5 13 and N%‘459, respec-
tively), in rodent cortices the white matter folding is predicted not
to increase with Ng. As a consequence, according to our model,
the gray matter should thus not become increasingly folded with
Ng—and yet it clearly does. However, we believe that the apparent
failure of the model to predict the folding of large rodent cor-
tices is due to the fact that in our sample, three of the five species
(mouse, rat, and guinea pig) are small-brained and practically
lissencephalic. Rodent cortices seem to scale without becoming
folded up to a certain point, beyond which larger cortices do
become increasingly folded. We speculate that, in the smallest
rodent cortices, the tension exerted by axons in the white matter
might not be enough to pull the gray matter inwards, but in larger
rodents that threshold is overcome, leading to folding. The lack of
folding in the smallest cortices is actually circumstantial evidence
in favor of the push—pull model that we propose, in which the
white matter only begins to fold once the traction that its actions
exert upon the gray matter exceeds the resistance of the latter
to becoming folded inwards. Examination of a larger sample of
gyrencephalic rodent cortices should allow us to clarify this issue
and determine whether our white matter-based model is also able
to predict the folding of the cortical surface within gyrencephalic
rodents.

The more volume-saving scaling of the white matter in pri-
mates than in rodents that we report has functional consequences:
propagation time and computational capacity can be estimated
to scale more advantageously in primates than in rodents as the
number of cortical neurons increases across species. Propagation
time in white matter axons scales with N5 where t =k —a/2
(Mota and Herculano-Houzel, 2012). Given the values of A and
a found for rodents and primates, we obtain a scaling of propa-
gation time with exponents of 0.542 and 0.191, respectively. This
suggests that average signal propagation time through the white
mater increases far more steeply with Ng in rodent than in pri-
mate brains. The comparatively faster scaling of white matter
folding in primates, which we propose to result from stronger
minimization of axonal lengths under tension, thus bestows upon
primate cortices the advantage over rodents of gaining neurons
without having white matter signal propagation slowed down as
much.

We also predict the computational capacity of the white mat-
ter to increase faster in primates than in rodents as their cortex
gains neurons. As described before (Mota and Herculano-Houzel,
2012), a rough estimation of computational capacity of white
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matter connections scales with Ng with 6 = 1 4 ¢ — 1, which we
can estimate to scale in rodents and primates as respectively 0.448
and 0.650. Importantly, however, although computational capac-
ity increases faster in primates than in rodents, in both orders
it increases more slowly than the rate at which the cortex gains
neurons. Similarly, the computational efficiency of the WM, pre-
dicted to scale with N=2*~(@/2) " can be estimated to scale with
N~1%! in rodents, and with N=%430 in primates (Mota and
Herculano-Houzel, 2012). In both orders, thus, the increase in
number of cerebral cortical neurons is accompanied by a decrease
in the computational efficiency of the white matter—but this
decrease is much faster in rodents.

Finally, our findings of order-specific scaling rules for corti-
cal connectivity through the white matter also have important
evolutionary and developmental consequences. Developmental
models of evolution must no longer consider that white matter
scaling is homogeneous, with similar underlying developmen-
tal processes across orders. Our data thus call for a reappraisal
of how cortical expansion occurs in development and evolu-
tion. We propose that evolutionary expansion of the cortical
gray matter, with the accompanying expansion of the subcor-
tical white matter and increased folding of the cortical surface,
is governed by similar mechanisms across mammals, albeit with
order-specific scaling exponents that lead to order-specific rela-
tionships between numbers of cortical neurons and the few
parameters that define cortical morphology. According to our
model (Mota and Herculano-Houzel, 2012), these are: (1) the
number of cortical neurons connected through the white mat-
ter, which is the product of the total number of cortical neurons
and the connectivity fraction; (2) the average cross-sectional area
of axons crossing the white matter; and (3) the shrinkage, under
tension, of average axonal length relative to isometry. All these

White matter differences in rodents and primates

parameters are considered to scale as power functions of Ng. Just
one further parameter, the scaling of (4) neuronal density with
increasing Ng, is required to predict both how the thickness of
the gray matter varies, and how the folding of the gray matter
itself scales. Cortical expansion in each mammalian order would
thus scale as a function of Ng with different, order-specific com-
binations of the exponents ¢, N and a, leading to cortices that
become increasingly folded at different rates as they gain neu-
rons, as long as h < (¢ + a + 1)/2. Notice that when h = (¢ +
a + 1)/2, folding is predicted to not increase significantly across
species with larger cerebral cortices, as was recently suggested
to be the case in cetaceans by Manger et al. (2012). Thus, our
model also predicts the circumstances in which cortical expan-
sion should occur isometrically, without changes in gyrencephaly.
As pointed out by Manger et al. (2012), understanding the mech-
anisms underlying cortical gyrification requires a multifactorial
approach that also takes phylogenetic relationships into consid-
eration. Systematic studies of cortical scaling in large-brained and
highly gyrencephalic mammalian orders are underway in our lab-
oratory and should determine whether the different scaling rules
that apply to gray and white matter expansion across mammalian
orders indeed result, as we predict, from a unified mechanism that
involves only a handful of parameters, but which are implemented
with different exponents across mammalian orders.
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