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Evidence from comparative studies of gene expression and evo-
lution suggest that human neocortical neurons may be character-
ized by unusually high levels of energy metabolism. The current
study examined whether there is a disproportionate increase in
glial cell density in the human frontal cortex in comparison with
other anthropoid primate species (New World monkeys, Old World
monkeys, and hominoids) to support greater metabolic demands.
Among 18 species of anthropoids, humans displayed the greatest
departure from allometric scaling expectations for the density of
glia relative to neurons in layer II/Ill of dorsolateral prefrontal
cortex (area 9L). However, the human glia-neuron ratio in this
prefrontal region did not differ significantly from allometric pre-
dictions based on brain size. Further analyses of glia—neuron ratios
across frontal areas 4, 9L, 32, and 44 in a sample of humans,
chimpanzees, and macaque monkeys showed that regions in-
volved in specialized human cognitive functions, such as ““theory of
mind” (area 32) and language (area 44) have not evolved differ-
entially higher requirements for metabolic support. Taken to-
gether, these findings suggest that greater metabolic consumption
of human neocortical neurons relates to the energetic costs of
maintaining expansive dendritic arbors and long-range projecting
axons in the context of an enlarged brain.

allometry | human evolution | prefrontal cortex | brain energy
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H umans are distinguished from other primates by a dramat-
ically enlarged neocortex and the elaboration of cognitive
capacities that have culminated in the evolution of language,
technological innovation, and complex social behavior. Expan-
sion of the human brain entails high metabolic costs (1).
Although the human brain comprises only ~2% of body mass,
it captures ~20% of the body’s total glucose utilization (2). At
the same time, because the metabolic rate per gram of neural
tissue generally decreases with larger brain size, the human brain
is more energetically efficient than that in smaller-brained
primate species (3). Despite this evidence for relatively lower
mass-specific brain metabolism in humans, recent microarray
studies have shown that genes involved in neuronal signaling and
energy production are up-regulated in the human neocortex
compared with chimpanzees and other great apes (4, 5). Fur-
thermore, evidence for positive selection in the human lineage
for genes that encode components of the mitochondrial electron-
transport chain suggests that there has been evolutionary pres-
sure for high rates of aerobic energy consumption in metabol-
ically active cells, such as neurons (6). Taken collectively, these
findings suggest that neuronal activity level and energy expen-
diture per neuron have become enhanced in human evolution,
even as mass-specific rates of brain metabolism declined. This
pattern is consistent with a model that predicts that, with
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increases in brain size, a progressively smaller fraction of the
total neuron population may be concurrently active, leading to
more modularized information coding (7, 8).

An indirect measure of metabolic support supplied to neurons
can be obtained by examining the ratio of glia to neurons. Glial cells,
particularly astrocytes, play a crucial role in the flux of energy
substrates to neurons by regulating the rate of glucose uptake and
phosphorylation in response to glutamate concentrations in the
synaptic cleft (9). The other main type of glial cell, oligodendro-
cytes, synthesize the myelin that ensheathes axons in the brain to
facilitate long-range propagation of action potentials. The prolif-
eration of both these glial cell types is responsive to trophic cues
associated with neuronal activity (10-12). Thus, the local density of
glia in the normal brain provides an indication of the metabolic
demand of neighboring neurons. Indeed, because adult neocortical
neuron numbers are attained at around the time of birth in humans,
the tremendous growth of the neocortex during postnatal devel-
opment is due to elaboration of dendritic arbors and a 4-fold
increase in glial cell numbers (13, 14). Several experimental studies
in rodents, furthermore, have demonstrated that the glia—neuron
ratio increases with greater environmental enrichment and stimu-
lation (15, 16).

Here, we investigate whether glial cell densities are relatively
increased in human frontal cortex compared with other anthro-
poid primates (i.e., New World monkeys, Old World monkeys,
and hominoids). Because the human brain is approximately
three times larger than that of great apes, the increased meta-
bolic demand of human neocortical neurons might simply be the
expected allometric consequence of cell physiology associated
with larger overall brain size. Alternatively, the energetic con-
sumption of neurons in the human neocortex might exceed
allometric predictions and represent a unique trait that has
contributed to the evolution of human intelligence. To examine
these possibilities, we tested the hypothesis that humans have
disproportionately more glial cells than would be expected based
on allometric scaling within a region of the dorsolateral pre-
frontal cortex (area 9L) that is involved in “working memory.”

In addition, because the neocortex is functionally and archi-
tecturally heterogeneous, particular regions that subserve hu-
man cognitive specializations might display differential energetic
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Table 1. Brain weights and glia-neuron ratios for layer I1/1ll of
prefrontal area 9L (species mean)

Species n Brain weight, g Glia-neuron ratio
Homo sapiens 6 1,373.3 1.65
Pan troglodytes 6 336.2 1.20
Gorilla gorilla 2 509.2 1.21
Pongo pygmaeus 2 342.7 0.98
Hylobates muelleri 1 101.8 1.22
Papio anubis 2 155.8 0.97
Mandrillus sphinx 1 159.2 1.02
Macaca maura 6 92.6 0.84
Erythrocebus patas 2 102.3 1.09
Cercopithecus kandti 1 71.6 1.15
Colobus angolensis 1 74.4 1.20
Trachypithecus francoisi 1 91.2 1.14
Alouatta caraya 1 55.8 1.12
Saimiri boliviensis 1 241 0.51
Aotus trivirgatus 1 13.2 0.63
Saguinus oedipus 1 10.0 0.46
Leontopithecus rosalia 2 12.2 0.60
Pithecia pithecia 1 30.0 0.64

demands relative to other primates. Arguably, the most distinc-
tive cognitive capacities expressed by humans are the ability to
use symbolic language in a recursive manner (17) and to make
inferences regarding the mental states of others, i.e., “theory of
mind” (18). Area 44 in the inferior frontal cortex is considered
part of Broca’s area for language production (19) and the
anterior paracingulate cortex (area 32) has been shown to be
selectively activated in tasks that use theory of mind (20, 21).
Therefore, we hypothesized that humans would differ from
chimpanzees (Pan troglodytes) and macaque monkeys (Macaca
maura) in displaying relatively higher glia—neuron ratios within
anterior paracingulate cortex (area 32) and Broca’s area (area
44) versus primary motor cortex (area 4) and dorsolateral
prefrontal cortex (area 9L).

Results

The results of stereologic estimates of cell densities are shown in
Table 3, which is published as supporting information on the
PNAS web site. The glia—neuron ratios derived from these cell
counts are presented in Table 1. We did not perform complete
analyses of neuron and glial density scaling directly against brain
weight because of possible artifacts related to tissue shrinkage of
individual specimens in this sample; however, plots and regres-
sion exponents and a discussion of these relationships are
available in Fig. 3, which is published as supporting information
on the PNAS web site.

Our first analyses concerned the allometric scaling of glial cell
density against neuron density in dorsolateral prefrontal cortex
(area 9L) across anthropoid species (Fig. 14). Glial cell density
scaled against neuron density with a significant positive allo-
metric exponent, as revealed by analysis of both species mean
data [reduced major axis (RMA) slope = 1.38, lower confidence
interval (CI) = 0.88, upper CI = 2.15; r = 0.499, P = 0.035] and
independent contrasts (RMA slope = 1.25,r = 0.756, P < 0.001).
Although human glial density was contained within the 95%
prediction intervals (PIs) of the least-squares (LS) regression
line of nonhuman species data (observed log glial density = 5.19;
predicted = 4.94; upper PI = 5.27, lower PI = 4.60), it was the
greatest positive outlier (studentized deleted residual = 1.85).
Based on the nonhuman species mean LS regression, humans
displayed a 46% greater density of glial cells per neuron than
expected. Glial densities were predicted based on neuron density
for each individual human in our sample (n = 6) by using the
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nonhuman LS regression function. As a group, the observed
human glial densities were significantly greater than their paired
predictions [paired samples ¢ test: = 10.06, degrees of freedom
(df) = 5, P < 0.001]. Next, we used independent contrasts data
to generate a LS regression line to predict glial density based on
neuron density for a hypothetical species attached to the branch
leading to humans in the phylogenetic tree. From this prediction,
glial density in humans fell within the 95% PIs (observed log glial
density = 5.19; predicted = 5.02; upper PI = 5.40, lower PI =
4.63) and represented 32% more glia than expected.

Across anthropoid primates, the RMA fit of area 9L glia—
neuron ratio against brain weight (Fig. 1B) yielded a significant
negative allometric relationship based on both species mean
data (RMA slope = 0.26, lower CI = 0.20, upper CI = 0.35,
r = 0.840, P < 0.001) and independent contrasts (RMA
slope = 0.31, r = 0.649, P = 0.004). When the nonhuman
species data were used to generate a LS regression prediction,
the human value was only 5% less than expected (observed log
glia—neuron ratio = 0.22; predicted = 0.23; upper PI = 0.44,
lower PI = 0.03). The paired comparisons between individual
observed human glia—neuron ratios and predictions based on
the nonhuman LS regression line did not reveal a significant
difference (paired-samples ¢ test: t = —1.10, df = 5, P = 0.321).
The independent contrasts prediction for glia—neuron ratio in
humans based on nonhuman data showed that humans have
only a 5% greater glia—neuron ratio than expected when taking
phylogeny into account (observed log glia—neuron ratio =
0.22; predicted = 0.20; upper PI = 0.53, lower PI = 0.12).

Our next analyses investigated whether human glia—neuron
ratios in the frontal cortex display a pattern of regional variation
that differs from other primates. Individual data on glia—neuron
ratios in layer II/III of areas 4, 9L, 32, and 44 in humans,
chimpanzees, and macaque monkeys (Table 2) were analyzed by
using repeated-measures ANOVA (Fig. 1C). The ANOVA
revealed a significant main effect of species (F»,;5 = 101.80, P <
0.001) and cortical area (Fz4s = 22.46, P < 0.001) but no
interaction effect (F4s = 1.19, P = 0.331). Bonferroni post hoc
comparisons showed that areas 4 and 32 differed significantly in
glia—neuron ratio from one another in macaques and chimpan-
zees (all comparisons, P < 0.05). In humans, glia—neuron ratios
in area 4 differed significantly from all other frontal areas (all
comparisons, P < (0.05). Post hoc tests of homologous cortical
areas among species indicated that chimpanzees and macaques
did not differ significantly in glia—neuron ratios from each other.
In contrast, humans had significantly greater glia—neuron ratios
than macaques for every cortical area (all comparisons, P < 0.05)
and greater glia—neuron ratios than chimpanzees in area 4 (P <
0.05) and area 32 (P < 0.05) but not area 9L (P = 0.104) or area
44 (P = 1.000).

Discussion

The human frontal cortex displays a higher ratio of glia to
neurons than in other anthropoid primates. However, this rel-
ative increase in glia conforms to allometric scaling expectations,
when taking into consideration the dramatic enlargement of the
human brain. We suggest that relatively greater numbers of glia
in the human neocortex relate to the energetic costs of main-
taining larger dendritic arbors and long-range projecting axons
in the context of a large brain.

Brain Size Determines Interspecific Differences in Glia-Neuron Ratio.
Previous studies of glia—neuron ratios in the neocortex also
concluded that brain size is the main determinant of this variable
across mammals (22-24). However, these data are problematic
for interpreting human brain evolution in a number of ways.
First, they included relatively few species drawn from very
diverse phylogenetic groups, and they represented a small num-
ber of cortical areas. Second, because scaling relationships were
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Fig. 1.  Glial cell distributions in anthropoid primates. (A) The allometricscaling
of species mean glial cell density (cells per cubed millimeter) against neuron
density (cells per cubed millimeter) in layer I/1ll of area 9L in anthropoid primates.
Asolid line represents the LS regression line that is fit to the nonhuman anthro-
poids based on species mean data (y = 0.68x + 1.54; r = 0.534; P = 0.027). A
dashed line represents the LS regression line that is fit to independent contrasts
mapped back into ““tip" species space, calculated to predict a hypothetical species
attached to the branch leading to humans by pruning humans from the tree and
rerooting it. It should be noted that absolute values for cell densities may show
some error from fixation artifact; however, because each individual data point is
affected by such error equally in both x and y, the slope and residuals are reliable.
(B) The allometric scaling of the glia—neuron ratio against brain weight in layer
1I/11l of area 9L in anthropoid primates. A solid line represents the LS regression
line that is fit to the nonhuman species mean data (y = 0.23x — 0.47; r = 0.804;
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Table 2. Glia—neuron ratios in layer I1/1ll of different areas in
frontal cortex

Area 4 Area 9L Area 32

Homo sapiens 6 2.19(0.06) 1.65(0.09) 1.63(0.09) 1.55(0.18)
Pan troglodytes 6 1.54(0.05) 1.20(0.06) 0.91(0.09) 1.24(0.13)
Macaca maura 6 1.29(0.09) 0.84(0.03) 0.68 (0.05) 0.95 (0.06)

Species Area 44

3

Data are presented as mean (standard error).

calculated based on contemporary species data, it was not clear
whether these associations would be maintained after correcting
for statistical nonindependence due to phylogenetic relatedness.
In contrast, the current study was designed specifically to eval-
uate human glial densities in reference to the allometric scaling
patterns in close phylogenetic relatives, other anthropoid pri-
mates. It is noteworthy that our analyses of species data and
independent contrasts yielded similar allometric exponents:
Independent contrast slopes were always contained within the
95% Cls of slopes calculated from species data. This finding
indicates that the scaling relationships observed in contempo-
rary taxa represent changes that have occurred repeatedly
throughout multiple nodes in the phylogenetic tree and, hence,
represent robust functional regularities in neocortical design.

Our results showed that area 9L of the human prefrontal
cortex has higher glial density than expected for neuron density
based on allometric scaling in nonhuman anthropoids, a finding
that is consistent when both species mean data (46% more glia
per neuron) and independent contrasts (32% more glia per
neuron) are used. Additional analyses indicated that increased
densities of glia relative to neurons also characterize other areas
of the human frontal cortex compared with chimpanzees (areas
4 and 32) and macaque monkeys (all cortical areas examined).
What might explain this relative increase in the numbers of glia
in the human frontal cortex? Although only a small proportion
of the variance in glial density is explained by neuron density
(> = 0.25, P = 0.035), the glia-neuron ratio is strongly associated
with brain weight (> = 0.71, P < 0.001). Indeed, human
glia—neuron ratios did not significantly differ from nonhuman
anthropoid allometric predictions based on brain weight. Mam-
mals with even larger absolute neocortex size than humans, such
as whales, are reported to have correspondingly higher glia—
neuron ratios (23, 24). Taken together, these results suggest that
overall brain size comprises an important factor that governs the
ratio of glia to neurons.

Metabolic Correlates of Increased Glia-Neuron Ratio. The increased
ratio of glia to neurons in the human frontal cortex might be
explained by energy expenditures that are correlated with increas-
ing neocortex size, which, in humans, accounts for 44% of the
brain’s total energy consumption (8). The two highest costs asso-
ciated with neuronal activity come from excitatory postsynaptic
potentials in the dendritic tree and propagation of action potentials
along the axon (8). Thus, the energy required per neuron to sustain
the Na* /K™ pumps that restore ion gradients to generate electrical
potentials is expected to increase in neurons with longer dendrites
and axons. Comparative studies of pyramidal neurons in granular
prefrontal cortex have shown that human neurons display much
larger dendritic arbors and more spines than those in primates with
smaller brains (although hominoids have not yet been studied) (25).

P < 0.001). A dashed line represents the LS regression line that is fit to
independent contrasts mapped back into tip species space with humans
pruned from the tree. (C) Glia—neuron ratio across frontal areas in humans,
chimpanzees, and macaque monkeys (n = 6 for each species), showing means
and 95% Cls.
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Axon diameter and length also increase in larger brains (26),
contributing to the higher cost of neuronal activity. In this context,
it is interesting that glia densities have been shown to increase along
different segmental levels of Clarke’s nucleus surrounding neurons
that have progressively longer axon projections in the spinocere-
bellar tract (22).

Considering the relatively greater surface area of neuronal
soma, dendrites, and axons that accompany brain enlargement,
it has been estimated that each human neocortical neuron
consumes 3.3 times more ATP to fire a single spike than in rats,
and 2.6 times more energy to maintain resting potentials (8).
Accordingly, our results suggest that relatively more glia might
proliferate to provide metabolic support to neurons that are
increasingly energetically expensive in larger neocortices, such as
in humans. In fact, certain populations of neurons that provide
long corticocortical association projections linking the prefron-
tal cortex, temporal cortex, and parietal cortex in primates show
metabolically costly characteristics, such as highly myelinated,
large axons and fast firing properties (27-30). In humans,
neurons in the prefrontal cortex with specialization such as these
exhibit enhanced susceptibility to neurodegeneration in the
course of disorders like Alzheimer’s disease (31-34). These
neurons may also be preferentially vulnerable to alterations of
energy metabolism that occur in many age-related degenerative
brain illnesses. It is, furthermore, conceivable that increased
number of glia in humans may increase susceptibility to certain
diseases that involve these cell types, such as schizophrenia (35).

The Correlation Between Glia—Neuron Ratio and Brain Size Corre-
sponds to Gene Evolution. Relatively higher glia—neuron ratios in
the human neocortex are most likely an epigenetic consequence
of the elevated metabolic costs of maintaining membrane po-
tentials in neurons that are situated within an enlarged brain.
Hence, whenever significant evolutionary changes in brain size
occur, there might be corresponding modifications to the pro-
cesses underlying energy metabolism. Indeed, considerable ev-
idence indicates that the biochemical mechanism of generating
energy has been under evolutionary selection going back at least
to the anthropoid primate stem, presumably to fuel increases in
brain size. First, an evolutionary switch in the lactate dehydro-
genase enzyme occurred among haplorhines from expression of
an isozyme that predominantly supports anaerobic metabolism
to one that predominantly supports oxidative metabolism (36).
Lactate generated in glia, particularly astrocytes, can serve as a
substrate for the oxidative metabolism of adjacent neurons (37).
Second, the process of mitochondrial electron transport shows
accelerated evolution of multiple subunits of complex III, com-
plex I'V, and cytochrome c (6, 38), suggesting that the engine of
energy generation has been a prominent target of Darwinian
positive selection in anthropoid primates.

Comparative microarray experiments have also revealed up-
regulation of genes in the human neocortex related to energy
metabolism (4, 5). For example, the gene encoding carbonic
anhydrase 2, CA2, is up-regulated in the human cortex compared
with chimpanzees and other primates (5). Carbonic anhydrases
are expressed in glial cells and are involved in modulating CO,
and other metabolic end products to levels that may enable
buffering/secretion of lactate (37, 39). Given our current results,
it is possible that part of the increase in transcript levels of CA2
and other glia-expressed genes observed in the human cerebral
cortex is due to relatively greater numbers of these cell types.

Regional Variation in the Glia-Neuron Ratio. Our analyses of glia—
neuron ratios in functionally distinct areas of the frontal cortex
(areas 4, 9L, 32, and 44) did not reveal a significant species X
cortical area interaction effect in the ANOVA model, indicating
that increased glia—neuron ratios in the human frontal cortex
follows a pattern of regional variation that resembles both
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chimpanzees and macaque monkeys. This finding suggests that
regional differences in the energetics of frontal cortex have been
largely conserved over ~25 million years of catarrhine evolution
since the last common ancestor shared by macaques and humans.
These data provide further support for the idea that human
cognitive and linguistic specializations have emerged by elabo-
rating on higher-order executive functions of the prefrontal
cortex, such as planning, working memory, attention, commu-
nication, and social cognition, that evolved earlier in the primate
lineage (40-42).

Conclusion

In summary, our results are consistent with the hypothesis that
interspecific variation in the glia-neuron ratio in the neocortex
of anthropoid primates is driven by the metabolic costs borne
by single neurons in association with the energy required by
larger dendritic arbors and longer axons. In this regard, human
glia—neuron ratios in frontal cortex are well predicted by
scaling expectations for brain size calculated from nonhuman
anthropoid primates. These findings might help to explain the
selection for cellular mechanisms to enhance energy metab-
olism that have occurred in the lineage leading to humans. This
study demonstrates the potential of integrating data from
histology to gain insight into the genetic changes underlying
brain evolution.

Materials and Methods

Sample and Histological Preparation. The left hemisphere from
postmortem brain samples representing 18 anthropoid primate
species were used for these analyses (see Table 4, which is
published as supporting information on the PNAS web site, for
details regarding sample sizes, age, and sex characteristics). The
majority of specimens came from adults, with the exception of
two juveniles that had a brain size comparable with their species
typical adult average (Trachypithecus francoisi and Pithecia pithe-
cia). None of the brain samples showed evidence of neuropatho-
logical abnormality on routine examination. Many postmortem
brain specimens used in this study were donated by zoological or
research institutions after immersion fixation in 10% buffered
formalin. Some samples were obtained from animals that were
perfused transcardially with 4% paraformaldehyde in the con-
text of unrelated experiments (Papio anubis, Macaca maura,
Erythrocebus patas, Saimiri boliviensis, and Aotus trivirgatus).
Human brain specimens from nongeriatric adults under 55 years
of age were obtained from the Northwestern University Alzhei-
mer’s Disease Center Brain Bank. These specimens were im-
mersion-fixed in 10% buffered formalin. Brain weights were
recorded from each specimen and used in scaling analyses. For
all nonhuman specimens, the entire frontal lobe was sectioned
in the coronal plane. Human brain samples were dissected from
the regions of interest as 4-cm-thick slabs. Tissue blocks were
cryoprotected by immersion with increasing concentrations of
sucrose solution up to 30%. Blocks were frozen on dry ice,
sections were cut at 40 wm by using a sliding microtome, and a
1:10 series of sections was stained for Nissl substance with a
solution of 0.5% cresyl violet. Additional details on the materials
and experimental procedures can be found in Supporting Mate-
rials and Methods, which is published as supporting information
on the PNAS web site.

Identification of Cortical Areas, Neurons, and Glia. Interspecific
allometric scaling analyses used cell densities in layer II/III of
dorsolateral prefrontal area 9L (Fig. 4, which is published as
supporting information on the PNAS web site). Although the
cytoarchitecture of area 9L has not been described for every
species included in this study, reports from a diverse range of
anthropoids generally agree in the location and principal cyto-
architectural features of area 9L: Callithrix jacchus (43), Saimiri
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Fig. 2.

Nissl staining of neurons and glia from different species in layer 11/11l
of area 9L. Arrows indicate examples of neurons, and arrowheads indicate
examples of glia. Aotus trivirgatus (A), Saguinus oedipus (B), Alouatta caraya
(Q), Pithecia pithecia (D), Trachypithecus francoisi (E), Colobus angolensis (F),
Cercopithecus kandti (G), Hylobates muelleri (H), and Pongo pygmaeus (/).
(Scale bar, 50 um.)

oerstedii (44), Macaca sp. (45-47), Papio hamadryas (48), Pan
troglodytes (49), and Homo sapiens (45, 50). Therefore, we were
able to unambiguously identify this homologous cortical area
across species upon histological observation, and our stereologic
counts of cell densities were confined to its borders.

We performed further analyses of glia—neuron ratios in hu-
mans (n = 6), chimpanzees (n = 6), and macaque monkeys (n =
6) across a larger number of frontal cortical areas, including area
4 (in the region of hand representation), 9L, 32, and 44 (Fig. 5,
which is published as supporting information on the PNAS web
site). These regions of interest were initially identified based on
topological location and confirmed by their characteristic cyto-
architecture by using descriptions from previous parcellations in
these species (42, 45, 49, 51-54).

Based on Nissl-stained sections, neurons were distinguished
from glia and endothelial cells by the presence of dark, coarsely
stained Nissl substance in the cytoplasm, a large nucleus, a
distinct nucleolus, and lightly stained proximal segments of
dendritic processes (Fig. 2). In contrast, glial cells lack a con-
spicuous nucleolus and contain less endoplasmic reticulum.
Similar to previous comparative studies of glia—neuron ratios
(22, 23), we did not distinguish between astrocytes and oligo-
dendrocytes, and microglia were excluded.

Stereologic Analyses. The optical disector method was used to
calculate densities of neurons and glial cells (55). Quantifica-
tion of cellular densities within layer II/III was performed by
using a computerized stereology system consisting of a Zeiss
(Oberkochen, Germany) Axioplan 2 photomicroscope
equipped with a Ludl (Hawthorne, NY) XY motorized stage,
Heidenhain (Plymouth, MN) z-axis encoder, an Optronics
(East Muskogee, OK) MicroFire color video camera, a Dell
(Round Rock, TX) PC workstation, and Stereolnvestigator
software (MicroBrightField, Wiliston, VT). Within each cor-
tical area, beginning at a random starting point, three sections

13610 | www.pnas.org/cgi/doi/10.1073/pnas.0605843103

equidistantly spaced 400 um apart were selected for analysis
for each cell type. After outlining the boundaries of layer
II/1II, a set of counting frames (30 X 30 um) were placed in
a systematic random fashion to cover the sampled area with
~30 frames per section by using a fractionator sampling
design. Disector analysis was performed under Koehler illu-
mination using a 63X objective (Zeiss Plan-Apochromat, N.A.
1.4). Each cell type was counted when its nucleolus was
encountered within the counting frame. The thickness of
disectors was consistently set to 6 um to allow for a minimum
2-pum guard zone on either side of the section. On average, the
coefficient of error (56) of optical disector analyses was
0.085 = 0.018 (mean = SD). Cellular densities (Ny) were
derived from these stereologic counts and corrected for shrink-
age from histological processing by the number-weighted mean
section thickness as described in Sherwood et al. (57).

Data Analysis. Logarithmic (base 10)-transformed species
means were used in allometric scaling analyses of glial cells in
prefrontal area 9L. To determine the exponent of scaling
relationships, we used RMA line-fitting to bivariate data
because this method accounts for error in both independent
and dependent variables (58). All RMA routines and tests were
calculated by using (SYMATR software version 1.0 (Falster D.
S., Warton, D. L., and Wright, I. J.; www.bio.mq.edu.au/
ecology/SMATR). Phylogenetic independent contrasts were
also calculated from the data to examine scaling relationships
while controlling for the effects of phylogenetic relatedness in
the data set (59). Standardized independent contrasts were
calculated by using the PDAP:PDTREE module (60) of
Mesquite software version 1.06 (61) from log-transformed
data based on a phylogeny of primates in Goodman et al. (62).
Branch lengths were transformed according to Pagel’s method
(63), which assigns all branch lengths to 1, with the constraint
that tips are contemporaneous.

In addition to estimating scaling exponents, we also examined
whether human glial cell densities represent significant devia-
tions from allometric expectations based on other anthropoid
primates. We calculated LS prediction equations and PIs for
humans based on nonhumans using both species mean data and
independent contrasts. To generate phylogenetically informed
predictions based on independent contrasts, humans were
pruned from the tree, the tree was rerooted so that the last
common ancestor of humans and chimpanzees was at the base
of the phylogeny, and then an independent contrasts regression
line and prediction intervals were computed and mapped back
into the original tip species space (60). After logarithmic de-
transformation of predictions, the percentage difference be-
tween observed and predicted values was calculated as the ratio
of (observed — predicted)/observed.

Differences in glia—neuron ratios among macaques, chimpan-
zees, and humans in different frontal cortical areas were analyzed
by using a two-way ANOVA with repeated-measures design. Be-
fore these analyses, data within each group were tested for nor-
mality with the Shapiro-Wilk’s W test, and homogeneity of vari-
ances was confirmed with Brown-Forsythe tests. Statistical
significance level for all tests was set at « = 0.05 (two-tailed).
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