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Interhemispheric communication may be constrained as brain size increases
because of transmission delays in action potentials over the length of axons.
Although one might expect larger brains to have progressively thicker axons
to compensate, spatial packing is a limiting factor. Axon size distributions
within the primate corpus callosum (CC) may provide insights into how
these demands affect conduction velocity. We used electron microscopy to
explore phylogenetic variation in myelinated axon density and diameter of
the CC from 14 different anthropoid primate species, including humans.
The majority of axons were less than 1 pum in diameter across all species, indi-
cating that conduction velocity for most interhemispheric communication is
relatively constant regardless of brain size. The largest axons within the
upper 95th percentile scaled with a progressively higher exponent than the
median axons towards the posterior region of the CC. While brain mass
among the primates in our analysis varied by 97-fold, estimates of the fastest
cross-brain conduction times, as conveyed by axons at the 95th percentile,
varied within a relatively narrow range between 3 and 9 ms across species,
whereas cross-brain conduction times for the median axon diameters differed
more substantially between 11 and 38 ms. Nonetheless, for both size classes of
axons, an increase in diameter does not entirely compensate for the delay in
interhemispheric transmission time that accompanies larger brain size. Such
biophysical constraints on the processing speed of axons conveyed by the
CC may play an important role in the evolution of hemispheric asymmetry.

1. Introduction

As brain size expands, the length over which axons must travel increases. Conse-
quently, communication between the cerebral hemispheres may be constrained in
larger brains as transmission delays rise with axon lengths. The speed of action
potential propagation limits the flow of information within the nervous system
and the ability for synchronization of activity among spatially dispersed brain
regions [1]. Two possible solutions for improving the conduction velocity of
action potentials are to increase the diameter of the axon and to add myelination
[2,3]. It has been noted that axon diameters cannot scale at the same rate as
increases in brain size, as this would require a prohibitively large expansion of
white matter volume [4]. Therefore, it would be advantageous for a relatively
small subset of faster conducting, larger diameter myelinated axons to counter
the delay in transmission time that occurs owing to increased distances as brain
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Table 1. List of individuals, axon diameter (median and the largest diameter axons) and estimated cross-brain conduction times of fibres of the corpus [JEI}
callosum. (Data are for the average of all corpus callosum regions sampled. All brains were removed and immersion fixed in 10% buffered formalin after

variable postmortem intervals, which never exceeded 15 h.)

species age (years) brain mass (g)
Homo sapiens F 45 1250
Homo sapien§ M 54 1625
ol 'gidri/l'ak " e o
Pan paniscus M 34 313
"Pan‘trbgklbdyrés oy w
Pongo pygmaeus M 33 287
Symphalangus ........... e . o
syndactylus
et 'aéilis‘ L 0 .
 Colobus guerééa F 15 84
 Macaca nemestrina ~ F 7 8
Papio hamadryas F 31 140
Moudtta arya M2 5%
Pithecia pithecia P 1 30
Sagumusgeoffroyl s W
Saimiri sciureus F 27 19

size expands. Larger brains might be expected to have rela-
tively thicker axons at the upper end of the size distribution
than smaller brains, although spatial packing constraints
limit the rate at which these types of connections can increase.

The corpus callosum (CC) provides the major white matter
link between the two cerebral hemispheres, with more than
300 million fibres connecting homotopic and heterotopic corti-
cal regions in humans [5]. Small diameter (less than 2 um),
lightly myelinated fibres are found mainly in the anterior and
posterior regions connecting higher-order association areas,
whereas larger diameter fibres (greater than 2 wm) predomi-
nate in the middle regions connecting primarily motor and
somatosensory areas [6,7] and in the posterior region for
visual callosal axons [8—10]. Increased density of axons is also
found towards the middle and posterior portion of the CC [5].

The diameter of CC axons is related to conduction speed
[11-13]. Unmyelinated axons are compact and slow con-
ducting, whereas myelinated axons are larger and faster
conducting [14]. As brain size increases, conduction delay is
expected to rise as a function of distance. Minimizing conduc-
tion delay is crucial for time-sensitive information such as
sensation and perception, as well as the function of neuronal
networks that depend on synchronized spike-time arrival
and oscillator coupling [15], but rapid conduction is costly in
terms of increased brain volume. Ringo et al. [4] suggested
that conduction delays in large brains were too long to support
complex, time-critical computations, leading to the modulari-
zation of these processes into specialized local lateralized
networks in large brains. As a result, functional lateralization
is expected to emerge as brain size expands. Improving the
conduction velocity for interhemispheric signalling can be
accomplished by having a significant subset of larger-diameter
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axons. In a comparative study of the splenium in shrew, mouse,
rat, cat, marmoset and macaques, Wang et al. [16] showed that
the widest callosal axons (greater than 2 pm) increased in size
with brain diameter, but that unmyelinated axons and nar-
rower myelinated axons did not. Across all species the fastest
interhemispheric conduction times conveyed by the largest
axons were maintained at less than 5 ms [16].

Previous studies of CC axon distributions have included
samples from either a relatively small number of species
[8,17-19], a restricted region of the CC [20], or a broad com-
parative assembly of phylogenetically distant relatives [16].
To our knowledge, no investigation of axon size distributions
among different regions of the CC has been conducted with a
representative sample of species across primate phylogeny.
Determining characteristics of axon size distributions within
the CC and its subdivisions in primates may shed light on
how these demands impact conduction speed and have
been balanced in brain evolution. To address these issues,
we studied phylogenetic variation in axonal density and
diameter of the CC across 14 different anthropoid primate
species.

2. Material and methods

The sample included New Word monkeys (1 =4), Old World
monkeys (1 = 4), apes (1 = 5) and humans (n = 2) (table 1). The
phylogeny of the species used is based on the consensus tree
from the 10k trees website (figure 1) [21]. Non-human brains
were provided by American Zoo and Aquarium-accredited zoos
or research institutions, and all animals were maintained in accord-
ance with Federally recognized standards, guidelines and
principles. All subjects, except Macaca maura, died of natural
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Figure 1. The phylogeny of the species used, based on the consensus tree from the 10 k trees website.

causes; the macaque subject was part of another non-neurological
research study, and as part of that protocol was perfused. None of
the brains included in this study showed gross abnormalities or
pathology on veterinary inspection. All brains were immersion
fixed in 10% buffered formalin after variable postmortem inter-
vals, which never exceeded 14 hours. Human brains were
collected at autopsy from the El Paso county coroner’s office in
Colorado Springs, in accordance with Colorado College Insti-
tutional Review Board (no. 011311-1). These individuals died
from non-neurological causes. The brains were removed and
immersion fixed in 10% buffered formalin 14 (female) or 15
(male) h after death. After an initial period of fixation, brains
were transferred into a 0.1 M phosphate-buffered saline (pH 7.4)
solution containing 0.1% sodium azide and stored at 4°C.

Brain masses of non-human specimens were measured either
immediately after perfusion or directly upon receipt from the
donating institution. Human brain masses were measured at
autopsy. Some artefact in the measures of total brain mass in the
sample owing to interindividual differences in fixation length
was unavoidable. Nevertheless, shrinkage artefact is likely to be
minimal, because brain mass measurements in the sample fall
close to the normal range of values reported in the literature for
fresh brains from these taxa [22-24].

The CC from each specimen was sectioned in the midsagittal
plane. The CC was subdivided into five regions, following Witel-
son [6] (figure 2). Although there are more recent parcellations
of the CC for rhesus monkeys and humans [19,25,26] based on
diffusion tensor imaging, it is not certain that these can be gen-
eralized across all primates.

A1 x 4 mm section was cut from the centre of each subdivi-
sion and placed into a microcentrifuge tube containing 1%
glutaraldehyde and 4% paraformaldehyde, for a period of at
least one week. Samples were prepared for transmission electron
microscopy using a modified technique for processing nerve
biopsies. Samples were postfixed in 1% Zetterqvist’s buffe-
red osmium tetroxide, dehydrated, infiltrated with resin and
embedded before sectioning. Semithin sections were first cut

and then stained with toluidine blue and examined under a light
microscope to verify correct orientation before continuing. Sub-
sequent ultrathin silver sections were mounted on electron
microscopic grids and stained with uranyl acetate before viewing
under the electron microscope.

Axon density and diameter were determined from electron
micrographs from 6000x digital images taken by a digital
camera coupled to a JOEL JEM 1200EX electron microscope.
An average of 34 images was acquired from each CC subdivision
from each subject. Counts and measurements of axon diameter
were made over a 100 x 200 pm?” region in each micrograph in
a systematic-random fashion using fractionator sampling
implemented in the National Institutes of Health IMAGE]. We ana-
lysed myelinated axons only because they could be identified
unambiguously in these samples. Axon diameter was defined
as the average of the fitted major and minor axis lengths for
major-minor ratios less than 1.5, and otherwise as the minor
axis. The individual performing these measures (C.D.S.) was
blind to the species and region of each sample. A mean of 397
(s.d. =69) axons were counted and measured in each CC
region of each specimen.

(a) Data analysis

To determine the scaling relationships we employed phylogenetic
generalized least-squares (PGLS) regression with a likelihood-
fitted lambda transformation. If a standard regression is used with
comparative data, the slope drawn through closely related species
may appear to be shallower than the slopes drawn through distantly
related species [27]. To correct for this, the statistical method must
take into account the expected error structure given the phylogenetic
relatedness of the species studied. PGLS incorporates this error
structure by weighting observations according to a variance—
covariance matrix of relative phylogenetic distance between species.
PGLS is thus a standard regression in which the estimates of the
scaling coefficients are calculated based on weighted observations
[28]. The variance—covariance matrix of phylogenetic relatedness
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Figure 2. The corpus callosum of a mantled quereza (Colobus guereza), indi-
cating the five regional subdivisions (A—E). (Online version in colour.)

is further adjusted for the extent to which the data adhere to a pure
gradual model of evolution using a likelihood-fitted lambda trans-
formation. Lambda varies between zero and unity, where zero
indicates that traits covary independently of their degree of shared
ancestry, and unity indicates that traits covary in a manner accu-
rately described by their degree of shared ancestry. In practice, the
lambda transformation multiplies the off-diagonal elements in the
variance—covariance matrix of phylogenetic relatedness to the
value of lambda to produce the variance—covariance structures
that best describe how traits covary in relation to their degree of
shared ancestry. When zero is unity, PGLS is therefore equivalent
to a standard generalized least-squares (GLS) regression. PGLS con-
fidence intervals were calculated according to Rohlf [28]. In order to
facilitate interpretation of allometric slopes from regressions of axon
diameters versus brain mass, we used the cube root of brain mass to
bring it into a similar geometric dimensionality as the linear
measures of axon diameter.

Conduction velocities were calculated as v = 5.7*D for myeli-
nated axons, where v is in ms~ ! and D is the outer axon
diameter in wm [11]. Cross-brain conduction times were then cal-
culated as v*brain diameter. Brain diameters were calculated as
the diameter of the sphere of reported brain mass (table 1).

3. Results

Examples of electron micrographs of CC tissue can be seen in
figure 3. As expected, there was a wide range of axon diameters
present in all species. The majority of myelinated axons in our
sample were less than 1 pm in diameter (median diameter =
0.56 um; table 1 and figure 4). The distribution of axon
diameters in all species showed positive skew (figure 5).

To examine the differential scaling of the most common
axon diameters compared with the largest axons, we calcu-
lated the median and 95th percentile from axon diameter
distribution for each CC region. To represent the axon diam-
eters and density across the entire CC in each specimen, we
used the average of all CC region measurements. Table 2 dis-
plays the PGLS coefficients for axon scaling in the sample
regressed against brain mass.

There were no significant differences among CC regions for
the scaling of either median or 95th percentile axon diameters
versus brain mass (i.e. all the slopes were contained within the
95% intervals of the other CC regions). Axons within the differ-
ent regions of the CC changed in diameter at a similar rate with
variation in brain size, regardless of their anterior—posterior

location. Thus, the scaling slope of the whole CC axon diameter
measurements can be taken to represent the manner in which
axons change relative to brain mass across anthropoid pri-
mates. The scaling slope of median axon diameter in the
whole CC was 0.18 (95% confidence intervals (Cls) = 0.07-
0.28; ¥ = 0.53, p < 0.001, lambda = 0.4) and the scaling slope
of the 95th percentile axon diameter was 0.15 (95% CIs =
0.04-0.27; r>=0.41, p=0.01, lambda = 0; figure 6). These
slopes indicate a negative allometric relationship between
axon diameters of the CC and brain mass such that increases
in axon diameter do not match the rate of brain size enlarge-
ment. In this sample, brain mass varied by 97-fold with only
a 1.8-fold difference in median axon diameters between the lar-
gest (Homo) and smallest (Saguinus and Saimiri) brains and a
2.1-fold difference in the diameters of axons in the 95th
percentile.

As another way of examining the scaling of axon diameters,
we also regressed the 95th percentile axons on the median
directly (figure 7). Within each CC region, the 95th percentile
diameter of axons correlated significantly with the median
diameter. The scaling slopes progressively increased from
regions A to E (A, 0.697; B, 0.744; C, 0.917; D, 1.267; E, 1.337),
but with CIs that always include isometry. The scaling coeffi-
cients of regions A and B were significantly (p < 0.05) lower
than those of regions D and E (95% Cls of the scaling coeffi-
cients: A, 0.292-1.102; B, 0.229-1.258; C, 0.564-1.270; D,
0.653-1.880; E, 1.940-1.734). The likelihood-estimated
lambda value for all these regressions was zero, suggesting
that the median and 95th percentile diameter of axonal thick-
ness does not covary in tandem with phylogenetic relatedness.

Concomitant with increased axon diameters that are associ-
ated with greater brain size, axon density in the CC also tended
to decrease (figure 6). The scaling slope of axon density in the
whole CC was —0.44 (95% Cls = —0.78 to —0.09; r2=0.39,
p = 0.02, lambda = 0) and was illustrated by a 2.8-fold differ-
ence in total axon density between the largest and the
smallest brains in the sample. Axon density scaling relative
to brain mass did not significantly differ across the regions of
the CC (table 2 and figure 6).

Finally, to determine the implications of cross-species vari-
ation in the size of CC axons, we estimated the interhemispheric
conduction time for an action potential. The conduction time of
the 95th percentile of diameter thickness correlated significan-
tly with overall brain size in regions A, D and E (A, 2 = 0.500;
p=0.005; D, r*=0457, p=0.008; E, r*=0.670, p = 0.0003)
but not in regions B and C. In each instance, the direction of
the correlation was negative. Our estimates of the fastest
cross-brain conduction times, as conveyed by axons at the
95th percentile, varied within a narrow range (3—9 ms) across
species, whereas the cross-brain conduction times for the
median axon diameters differed more significantly among
species (11-38 ms). Nonetheless, even with a compensatory
increase in axon diameter, interhemispheric transmission
times tended to rise with larger brain size (figure 8).

4. Discussion

We provide here a comparative quantitative examination of
myelinated axons of the CC in anthropoid primates, including
humans. Results indicate that the distribution of axon diam-
eters displayed positive skew in all species examined with a
median in the total sample that was less than 1 wm. Similar
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Figure 3. Electron micrographs of callosal tissue from subdivision E from (a) Saimiri sciureus, (b) Macaca maura, (c) Gorilla gorilla and (d) Homo sapiens. Scale bar,

1 pm.

12500

10000 —

7500

count
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axon diameter (LLm)

Figure 4. Frequency histogram of axon diameters across the entire sample of
species. The most frequently occurring axons are 0.5 pum; axons are rarely
larger than 2 pum.

results have been reported for the myelinated fibres in the CC
of humans [1,5] and macaque monkeys [17,18]. We also found
that axons within the different regions of the CC changed in
diameter at a similar rate with variation in brain size, regardless
of their anterior—posterior location. Previous cross-species
studies have tended to sample just one CC region and did
not test whether there are differences across the anterior—

posterior axis. It is notable that we did not find significant scal-
ing differences from CC regions as divergent as the genu and
splenium. Furthermore, as brain size increased and axon diam-
eters became larger, axon density in the CC decreased. Finally,
interhemispheric conduction times were found to increase for
the median diameter axons in association with brain size
much more rapidly than for the largest axons. These results
have implications for understanding the effects of evolutionary
changes in brain size in primates on neural processing speed
and hemispheric lateralization.

Our findings show that as brain size increases, conduc-
tion delay rises as a function of distance. These findings
confirm and extend previous studies conducted on domestic
mammals and primates [8,16,29,30]. With increasing brain
size, a small subset of axon fibres become disproportionately
larger with increased conduction velocity. However, the
enlargement of axon diameters may not be great enough to
compensate for the increased interhemispheric distance
in larger brains. As a result, the speed of action potential
signalling across the brain via the CC is relatively delayed,
which might cause the degree of interhemispheric connec-
tivity to be reduced. These factors could promote the
evolution of hemispheric specialization in correlation with
the enlargement of brain size [4,31,32]. Indeed, in our
sample of anthropoid primates, smaller brains were found
to have shorter cross-brain conduction times than larger
brains. Our data further indicate that the fastest interhemi-
spheric conduction times (less than 10 ms) are provided by
only a few large myelinated axons conveyed by the CC.
These largest diameter axons allow for the velocity of some
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Figure 5. Kernel density estimation plot of axon diameters in each species according to (C subdivision (A—E). Plots are truncated at 3 pum as extremely small

numbers of axons were larger than this in all species examined.
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Figure 6. (a) Median callosal axons regressed against brain mass; (b) 95th percentile callosal axons regressed against brain mass; (c) axon density regressed against
brain mass. Dashed lines are confidence intervals. Solid circles, New World monkeys; solid squares, Old World monkeys; open circles, hominoids.

neural signals to be kept relatively constant across brain size
[32]. Similarly, Caminiti ef al. [19] concluded that axon diam-
eter is more important to restrict conduction delays to a
minimum for interhemispheric connectivity than is the
length of callosal axon bundles.

Axons of various diameters originate from different cortical
areas in macaques [9,30], indicating that there is variability in
the effect of conduction delays as signals converge on their tar-
gets at different times [19,30]. Caminiti et al. [19] showed that
axon diameter increased with axonal length, however this

relationship was not sufficient to maintain equivalent con-
duction velocities across the hemisphere. While the slowest
conduction velocities occurred in the prefrontal regions, and
the faster conduction velocities occurred in motor, somatosen-
sory and visual areas, there was considerable variation in
conduction velocity for all areas [19]. The present results,
which showed a large range in axon diameters in all regions
of the CC, also suggest that primates show great variability
in interhemispheric transmission speed. It is possible that
variability in cross-brain conduction times for information
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Table 2. PGLS coefficients for axon measurements in the sample regressed against brain mass.
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processing reflects the capacity to synchronize the activity of
neuron assemblies across cortical regions and between the
hemispheres. Perge ef al. [33] note that larger axon diameters
improve timing precision and provide higher information
rates. Our data suggest that a variety of conduction velocities
are required for interhemispheric communication and that
variation in axon diameter is a reflection of the differences in
the functional roles of these axons and the cortical regions
they connect.

In each species, the largest diameter axons comprised a
small proportion of the total number present, suggesting that
they perform highly specific functions. Although the largest
axons (those at the 95th percentile) and the median diameter
axon scaled to brain mass similarly across the anterior—posterior
axis of the CC, the largest axons increased in diameter progress-
ively relative to the median axons towards the posterior region of
the CC. The posterior region of the CC includes the splenium
which is involved in synchronizing visual information between
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the two hemispheres [34]. Recent neuroimaging studies in
humans suggest that different regions within the splenium pro-
vide interhemispheric connectivity of dorsal visual and
association parietal areas, posterior cingulate and retrosplenial
cortices, and ventral visual areas [20,35,36]. Thus, theimportance
of more rapid conduction times for visuospatial information
may reflect the need to preserve the interhemispheric integration
of such information.

Overall, the findings of this study support a model of brain
scaling that predicts increases in brain size imposes biological
limits to information processing which lead to the compart-
mentalization of wiring within lateralized local networks
[37]. The transmission time of axons in the CC of anthropoid
primates rises significantly as a function of brain size. The
effects of axon dimension scaling impact all regions of the
CC and lead to conduction delays that become more pro-
nounced for the majority of axons as brain size expands.
Even the largest axons do not increase in diameter to a
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Figure 8. Estimated interhemispheric conduction times increased with larger
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interhemispheric conduction times.

sufficient degree to entirely compensate for the accumulation
of longer spike transmission time with increasing brain mass.
These results suggest that in large-brained species, such as
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