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Nerve myelination facilitates saltatory action potential conduction
and exhibits spatiotemporal variation during development associ-
ated with the acquisition of behavioral and cognitive maturity.
Although human cognitive development is unique, it is not known
whether the ontogenetic progression of myelination in the human
neocortex is evolutionarily exceptional. In this study, we quantified
myelinated axon fiber length density and the expression of myelin-
related proteins throughout postnatal life in the somatosensory
(areas 3b/3a/1/2), motor (area 4), frontopolar (prefrontal area 10),
and visual (areas 17/18) neocortex of chimpanzees (N = 20) and
humans (N = 33). Our examination revealed that neocortical myeli-
nation is developmentally protracted in humans compared with
chimpanzees. In chimpanzees, the density of myelinated axons in-
creased steadily until adult-like levels were achieved at approxi-
mately the time of sexual maturity. In contrast, humans displayed
slower myelination during childhood, characterized by a delayed
period of maturation that extended beyond late adolescence. This
comparative research contributes evidence crucial to understanding
the evolution of human cognition and behavior, which arises from
the unfolding of nervous system development within the context of
an enriched cultural environment. Perturbations of normal develop-
mental processes and the decreased expression of myelin-related
molecules have been related to psychiatric disorders such as
schizophrenia. Thus, these species differences suggest that the
human-specific shift in the timing of cortical maturation during
adolescence may have implications for vulnerability to certain
psychiatric disorders.

primate | hominids | neuropsychiatric illness | cortical development |
behavioral maturation

Comparative studies suggest that human neurobiological de-
velopment is unique. For example, humans differ from other
primates in extending a rapid, fetal-like brain mass growth rate into
the first postnatal year, thereby achieving relatively large adult
brain size (1). Gene expression patterns related to postnatal de-
velopment of the prefrontal cortex are delayed in humans com-
pared with chimpanzees and macaque monkeys (2). In addition,
synapse maturation (3, 4) and axon myelination (5, 6) occur during
later life history stages in humans compared with macaques. Fur-
thermore, recent volumetric data obtained by using in vivo MRI
demonstrates that human neural development and aging differ
from those of our close nonhuman primate relatives (7-9). To-
gether, these observations indicate that a marked delay in the
developmental schedule of human neocortex may play an impor-
tant role in the growth of connections that contribute to our spe-
cies-specific cognitive abilities by providing greater opportunities
for social learning to influence the establishment of circuits.

The myelin lipid bilayer surrounding neuronal axons is crucial to
normal brain function in vertebrates. Myelination results from the
dynamic integration of neuron-oligodendrocyte signaling to pro-
mote saltatory action potential conduction (10). Specifically,
myelination increases in response to electrical excitation and
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activity-dependent molecular cascades, protecting the axon from
damage and significantly increasing nerve impulse transmission
speed (6, 11). Myelination is important in establishing connectivity
in the growing brain by facilitating rapid and synchronized in-
formation transfer across neural systems, which is essential to
higher-order cognitive functions (6). Despite this crucial role, only
limited data exist comparing the development of myelination in
humans with our closest living relatives, chimpanzees (8).

Neocortical myelin development is disrupted in certain neuro-
psychiatric disorders that profoundly affect cognition in humans.
Studies of patients with schizophrenia consistently indicate ab-
normalities in cortical white matter tracts (12-14) and decreased
myelin-related mRNA and protein expression (15-18), particularly
during adolescence (19). For example, expression of 2’,3'-cyclic
nucleotide 3’-phosphodiesterase (CNP) and myelin-associated
glycoprotein (MAG) is dysregulated in patients with schizophrenia
(20-22). CNP is crucial during the initial stage of myelin growth as
oligodendrocytes extend processes toward axons (23). MAG reg-
ulates later stages of neuron-oligodendrocyte interactions, pro-
viding trophic support to established axons while inhibiting neurite
outgrowth (24).

A comparison of the timing of the maturation of myelin in the
cerebral cortex between humans and nonhuman primates may
provide insight into the evolution of human cognitive development
and our vulnerability to psychiatric disorders. To clarify whether
myelin growth differs in the neocortex of humans and chimpan-
zees, we investigated the development of myelinated fiber length
density (MFLD) in the primary somatosensory area (area 3b),
primary motor area (area 4), most rostral part of the prefrontal
cortex (the frontopolar region, area 10), and prestriate visual
cortex (area 18/V2) from histological preparations. We also ana-
lyzed developmental changes in myelin-related protein expression
(i.e., CNP and MAG) in somatosensory areas (areas 3b/3a/1/2),
motor area (area 4), frontopolar area (area 10), and visual cortex
(areas 17/V1 and 18/V2). Aside from studies of brain size growth
(1), to our knowledge, this analysis represents the largest sample of
chimpanzee neural development investigated to date.

Results

All cortical regions in human and chimpanzee samples (Table
S1) showed increasing myelination with age (Figs. 1 and 2). In
adulthood, somatosensory, motor, frontopolar, and visual areas
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Fig. 1. Developmental series of low-magnification photos of human and
chimpanzee primary motor cortex. Sections from motor cortex (area 4)
stained for myelinated axons (myelin) arranged by life-history stage. (A-D)
Representative sections of human neocortical myelin as an A: infant (0-1y),
(B) child/juvenile (3-9 y), (C) adolescent/young adult (13-23 y), and (D) adult
(>28y). (E-H) Sections of chimpanzee neocortical myelin as an E: infant (0-2
y), (F) juvenile (5-6 y), (G) adolescent (9-11 y), and (H) adult (>17 y). White
matter (WM) is demarcated at the bottom of the cortex. (Scale bar: 200 pm.)

displayed regional differences in myelination that were qualita-
tively similar in both species (Fig. S1).

We used stereology to quantify MFLD within the gray matter of
several cortical regions. MFLD in the cerebral cortex at birth in
humans was extremely low (~0.008 pm/um®), but increased rapidly
during infancy. After infancy, the rate of myelination slowed during

childhood and adolescence, but exhibited continued growth until
the end of the third decade. Specifically, mean MFLD during later
adulthood (defined as >28 y) was significantly greater than in ad-
olescence and early adulthood (11-23 y; Welch ¢, P = 0.000059;
Mann-Whitney U, P = 0.00016). Accordingly, the developmental
trajectory of cortical MFLD in the human sample was best fit by
a cubic regression function for all regions (Fig. 34 and Table 1).
Throughout life, human frontopolar cortex exhibited the lowest
MFLD and the motor cortex had the highest average MFLD values.

In contrast to humans, MFLD in chimpanzees displayed a con-
sistent rate of increase until the time of puberty, at which time
fibers became maximally dense. Thus, MFLD in adult chimpan-
zees (>17 y) was not significantly different from juveniles (5-11y;
Welch ¢, P > 0.785; Mann—-Whitney U, P > (0.848). Furthermore,
the developmental trajectory of MFLD in the chimpanzee sample
was best fit by a linear model for frontopolar cortex, and by qua-
dratic regression functions for the other regions (Fig. 3B and Table
1). Overall, like humans, the frontopolar cortex exhibited the
lowest MFLD and motor cortex had the highest average MFLD
values throughout development.

To represent the relative degree of MFLD maturation at dif-
ferent developmental stages in each species, we calculated the
percentage of values from the adult mean. Whereas human infants
have less than 2% of maximal adult-like MFLD and achieve only
~60% during adolescence, chimpanzee infants have ~20% and
attain nearly 96% maximal MFLD during adolescence (Fig. 3C
and Table S2).

To examine whether the observed differences between humans
and chimpanzees in the developmental progression of MFLD is
related to species differences in the expression of proteins that are
important in regulating myelination, we performed Western blot
analyses of MAG and CNP. Overall, MAG and CNP protein ex-
pression tended to increase with age in both species, although
some cortical regions did not exhibit a significant association with
age in our samples (Fig. 4, Figs. S2 and S3, and Table S3). Notably,
the age-related effects for MAG and CNP protein expression were
gradual linear or quadratic increases, which differ from the dis-
tinctive pattern of extended childhood and continued post-
adolescent myelin growth observed in humans for MFLD.

Discussion

Our data demonstrate that the developmental trajectory of neo-
cortical myelination in humans is distinct compared with chim-
panzees. Humans are born with fewer myelinated axons compared
with chimpanzees, and prolong myelin growth well beyond ado-
lescence. By using stereologic methods to analyze the length
density of myelinated axon fibers within the gray matter of the
cerebral cortex, we also corroborated previous observations based
on histological and neuroimaging techniques, indicating that my-
elin develops in primary cortical areas before association cortical
areas (5-7, 25-28). The infant, juvenile, and adolescent stages are
periods of intense learning in primates. The convergence of neural

Fig. 2. Developmental series of high-magnification photomicrographs of layer Ill in chimpanzee primary motor cortex. Representative photomicrographs of
layer Il of primary motor cortex (area 4) in chimpanzee tissue sections stained for myelin using the Gallyas preparation. Images are arranged by life-history
stage: (A) infant (0-2 y), (B) juvenile (5-6 y), (C) adolescent (9-11 y), and (D) adult (>17 y). (Scale bar: 50 um.)
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Fig. 3. Developmental trajectory of MFLD. Graphs show best-fit curves for
MFLD data in humans (A; n = 24) and chimpanzees (B; n = 20) arranged by age in
years. The shaded vertical area represents time between weaning and full
sexual maturation. Diamonds represent somatosensory area (area 3b), squares
represent motor area (area 4), triangles represent frontopolar area (area 10),
and circles represent visual area (area 18). (C) Bar graph depicts mean percent of
maximum mature adult MFLD across development in humans (Left) and chim-
panzees (Right). Error bars represent SEM. The thin and thick horizontal dashed
lines represent 50% and 100%, respectively, of maximum MFLD. Black repre-
sents somatosensory area (area 3b), red represents motor area (area 4), gold
represents frontopolar area (area 10), and blue represents visual area (area 18).

growth with social and environmental factors during these periods
mediates cognition in crucial ways, particularly given the extended
lifespan and enriched cultural context of humans (29). Therefore,
evolutionary modification of the developmental schedule of
neural connectivity in humans might contribute to the formation
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Table 1. Best-fit regression functions for myelinated fiber
density data

Function Function Adjusted R? P value
Human
Somatosensory Cubic 0.883 0.002
Motor Cubic 0.884 0.001
Frontopolar Cubic 0.878 0.034
Visual Cubic 0.924 0.001
Chimpanzee
Somatosensory Quadratic 0.733 0.061
Motor Quadratic 0.722 0.006
Frontopolar Linear 0.573 0.001
Visual Quadratic 0.687 0.032

Values calculated by using hierarchical multiple regression analysis with
adults as endpoint (Materials and Methods).

of functional circuitry with greater plasticity, simultaneously
contributing to unique species-specific pathological vulnerability
to schizophrenia and other psychiatric disorders.

Myelination is ubiquitous throughout the nervous system of
vertebrates and plays a dynamic role in regulating the functional
activity of axons (10, 11). The myelin sheath is therefore crucial to
normal neurological function, and the density of myelinated axons
is commonly used to assess the relative maturity of brain regions.
Traditionally, histological studies of myelin growth have been
qualitative, making direct ontogenetic comparisons between spe-
cies difficult (5, 6, 30-37). Nonetheless, previous studies (5, 6)
described greater initial myelination of the cerebral cortex in
neonatal macaque monkeys compared with humans. Our data
provide further evidence that the lack of myelination in the new-
born human neocortex is distinct from our closest living phyloge-
netic relatives, indicating that a greater fraction of mature adult-
like neocortical myelination is achieved before birth in chimpan-
zees (~20%) compared with humans (~0%). The relative absence
of myelin in the neonatal human cortex complements other data
showing that, at the time of birth, human brains are a relatively
small proportion of their adult size (27%) compared with chim-
panzees (36%) (38), and that much of postnatal brain expansion
results from the growth of white matter underlying the neocortex
(8, 25). Together, these observations suggest that activity-medi-
ated myelin growth early in human life has the capacity to be
shaped by postnatal environmental and social interactions to
a greater degree than in other primates, including chimpanzees.

Later myelin growth also differentiates humans and chimpan-
zees. Our data demonstrate that, in chimpanzees, the density of
myelinated axons reaches its maximum level by adolescence for
most cortical regions. Notably, we found a gradual linear trend of
increasing MFLD beyond adolescence in frontopolar cortex. This
is similar to results from histological and neuroimaging studies of
macaque monkeys indicating that the growth of cortical myelina-
tion and the volume of the underlying white matter are largely
complete by puberty (5, 7, 8). In contrast, we found that pro-
nounced increases in the density of myelinated axons in the human
neocortex continue after adolescence and into the third decade,
providing further evidence of extraordinary prolonged neocortical
maturation. MRI studies also indicate that growth in the volume of
the cortical white matter persists well beyond puberty (25-28, 39).
Additionally, in humans, neocortical dendritic development and
synaptogenesis exhibit heterogeneity across the processing hier-
archy, with the greatest delay in maturation characterizing the
prefrontal cortex (40—44). Synaptic pruning in human prefrontal
cortex has been shown to continue until age 30 y (4). These neu-
roanatomical findings are congruent with recent evidence in-
dicating widespread delay in the gene expression profile of the
human prefrontal cortex compared with chimpanzees and macaque
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Fig. 4. Developmental trajectory of MAG and CNP protein. Graphs depict best-fit curves for densitometric analyses in relative densitometry units of CNP (A
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(areas 17 and 18). Note the different scales for relative densitometry units between species because Western blotting was performed on frozen human

cortical samples, whereas, in chimpanzees, samples were formalin-fixed.

monkeys (2). In sum, these species differences suggest that neural
development in humans is characterized by a number of features
that prolong the process of neocortical maturation.

Given that humans and chimpanzees displayed divergent growth
trends for myelinated axon density in the neocortex, we sought to
explore the potential molecular mechanisms regulating these
species differences by analyzing the expression of CNP and MAG,
two proteins that contribute to distinct aspects of myelin de-
velopment. CNP protein facilitates oligodendrocyte differentia-
tion and process outgrowth early in the myelination process (45,
46), whereas MAG is important in oligodendrocyte—neuron sig-
naling, such that it regulates axon caliber and contributes to axon
growth cone collapse, maintaining established axons at the ex-
pense of novel growth (24, 47, 48). The results from Western
blotting for CNP and MAG, however, did not reveal develop-
mental changes in myelin-associated protein expression in humans
that mirrored the cubic function of the MFLD curve. Indeed, the
postnatal developmental regulation of CNP and MAG was modest
compared with the more dramatic anatomical changes in MFLD
in both species. The molecular mechanisms responsible for the
evolution of prolonged myelination of the cerebral cortex in
humans remain incompletely understood, and further research

Miller et al.

with other myelin-related genes, more sensitive techniques, and
larger samples is needed.

The evolutionary significance of prolonged myelination in
humans is uncertain. One possibility is that additional postpubertal
growth of myelination is a byproduct of alterations to earlier life
history stages in human evolution, such as an extended period of
slow childhood growth (49). An alternative hypothesis is that there
has been selection on changes to the neural circuitry mediating
learning and memory following the time of sexual maturity. There
are well-documented changes to executive and social cognitive
functions that characterize adolescence in humans, presumably
related to the growth of myelination and white matter tracts, in-
cluding improvements in selective attention, decision-making, in-
hibitory control, working memory, and perspective-taking (50).
Unfortunately, comparable data are not available to determine
whether chimpanzees or other primates undergo such dramatic
transformations of cognitive abilities after puberty.

Sustained postpubertal myelin growth, which is unique to
humans, might be associated with our species-specific vulnerability
to certain psychiatric diseases that display onset during adolescence
and early adulthood. Previous research has identified abnormal
myelination in a number of psychiatric diseases that may derive
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from the disruption of normal postnatal development (51). For
example, schizophrenia is associated with abnormal myelination of
the cortical white matter, particularly in the prefrontal cortex (52).
Molecular studies also implicate disrupted myelin-related pro-
cesses throughout the forebrain, such as CNP and MAG gene or
protein expression, in the pathogenesis of schizophrenia (14-22).

Accumulating evidence suggests that adolescence and young
adulthood constitute a novel period in the evolution of human
neurobiological development (14, 7, 28, 49, 53). Our findings ex-
tend this observation to the ontogeny of myelination, which follows
a distinctively delayed and prolonged pattern of development in
humans. These results invite further exploration of the molecular
and systems-level mechanisms that mediate plasticity and learning
that are unique to the human species, as these are not only im-
portant for normal cognition and adaptive behavior, but may also
be crucial in the emergence of certain psychiatric disorders.

Materials and Methods

Sample and Preparation. The study sample consisted of postmortem brains from
a total of 33 humans (Homo sapiens, 16 male and 17 female) and 20 common
chimpanzees (Pan troglodytes, 13 male and 7 female), ranging in age from
birth to adulthood (Table S1). The human histological sample was drawn from
the Yakovlev-Haleem slide collection (n = 24) at the National Museum of
Health and Medicine. These sections were cut at 35 pm and stained for myelin
with the Loyez method (6). Additional human samples were used for Western
blotting and for examination of the effect of different myelin staining tech-
niques on the results. These additional frozen and fixed human cortical tissue
samples were obtained from the National Institute of Child Health and Human
Development Brain and Tissue Bank for Developmental Disorders at the Uni-
versity of Maryland (Baltimore, MD; n = 9). Other frozen human samples that
were used for Western blotting were obtained from the laboratory of Nenad
Sestan (Yale University School of Medicine, New Haven, CT; full details pro-
vided in ref. 54). All human brain specimens originated from individuals free of
neurological or psychiatric disorders. The same chimpanzee sample was used
for histology and Western blotting, and it included formalin-fixed brains or
dissected blocks collected from various research institutions (S/ Materials and
Methods and Table S1). The chimpanzee cortical samples were sectioned at 40
pm, every 10th section was stained for Nissl substance to reveal cytoarchi-
tecture, and an adjacent 1-in-10 series was stained to visualize myelin using the
Gallyas method (55). No neurological deficits were detected in any of the
chimpanzees included in this study, and all brains appeared normal on routine
inspection at necropsy. All histological sections from humans and chimpanzees
appeared free of neuropathologic processes. Tissue samples were randomly
coded to prevent observer bias in stereologic quantification and Western
blotting; however, this was not feasible for the Yakovlev-Haleem slide col-
lection. We did not examine sex differences because of limited tissue
availability.

Stereology. All quantification of MFLD was performed by the same observer
(D.J.M.) by using Stereo Investigator software (MBF Bioscience). MFLD was
calculated from sections stained for myelin at high magnification (>60x; S/
Materials and Methods) using a 6-pm SpaceBalls probe under Koehler illu-
mination (56) in ~90 sampling locations per region in each individual (17,550
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total sampling locations; 9,450 in humans and 8,100 in chimpanzees). Curved
portions of the cortical mantle were avoided when defining regions of in-
terest for length density measurement.

Reliability of Results Between Different Myelin Staining Methods. Because the
stereologic quantification of MFLD in humans used sections stained for myelin
with the Loyez method and the chimpanzee sections were stained with the
Gallyas method, we sought to determine the reliability of results across these
techniques. We compared MFLD between the different myelin stains in
chimpanzee cortical sections from two regions (motor and frontopolar cortex)
and in individuals of five different ages and found a high degree of correlation
(Pearson adjusted R? = 0.576, P = 0.007; Spearman adjusted R? = 0.521, P =
0.011; n = 10; Fig. S4). Additionally, sections from human frontopolar cortex
stained by using the Gallyas technique showed a significant cubic trajectory for
MFLD, similar to that observed with the Loyez stain (adjusted R>=0.006, n = 9;
Fig. S5). Chimpanzee sections stained using the Loyez technique show similar
results for age-related changes in MFLD to those obtained with the Gallyas
stain. Motor cortex was best fit by a quadratic model (adjusted R? = 0.921, P=
0.006; n = 5; Fig. S6) and frontopolar cortex by a linear regression function
(adjusted R? = 0.921, P = 0.006; n = 5; Fig. S6).

Western Blot Analyses. Western blotting was performed as described pre-
viously (57) with minor modifications. Fig. S3 shows results for Western blot
validation using polyclonal anti-MAG (1:300; LifeSpan BioSciences) and
monoclonal anti-CNP antibodies (1:300; Abcam). GAPDH (Imgenex) and
B-actin (1:1,000; Santa Cruz Biotechnology) were used as loading controls to
normalize expression levels. Densitometry analyses of Western blots were
performed using Scion Image software (Fig. S3C). Full details of the Western
blot assay are provided in S/ Materials and Methods.

Statistical Methods. The SPSS package was used for statistical analyses. For the
calculation of best-fit regression curves depicting growth effects in MFLD and
protein expression during development, we grouped older adult values to-
gether to summarize variability in each species because our aim was to focus on
the trajectory of earlier developmental changes. Regression curves were cal-
culated by using forward-selection multiple regression for linear, quadratic, and
cubic functions (58). Age groups were determined based on life history stages
(38, 49, 53), punctuated by the species-typical age at weaning (human, ~3y;
chimpanzee, ~5 y) and puberty (human, ~11-14 y; chimpanzee, ~8-10y) (59,
60). Adult age was assigned as the age of the youngest postpubertal individual
in the sample, except in humans in whom MFLD showed a significant differ-
ence between older (>28 y) and younger (<28 y) adults (Results); mature adult
age was thus assigned at 28 y. P values lower than 0.05 were considered
significant.
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