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Abstract

In adult humans, the prefrontal cortex possesses wider minicolumns and more neuropil space than

other cortical regions. These aspects of prefrontal cortex architecture, furthermore, are increased in

comparison to chimpanzees and other great apes. In order to determine the developmental

appearance of this human cortical specialization, we examined the spatial organization of neurons

in four cortical regions (frontal pole [Brodmann’s area 10], primary motor [area 4], primary

somatosensory [area 3b], and prestriate visual cortex [area 18]) in chimpanzees and humans from

birth to approximately the time of adolescence (11 years of age). Horizontal spacing distance

(HSD) and gray level ratio (GLR) of layer III neurons were measured in Nissl-stained sections. In

both human and chimpanzee area 10, HSD was significantly higher in the post-weaning specimens

compared to the pre-weaning ones. No significant age-related differences were seen in the other
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regions in either species. In concert with other recent studies, the current findings suggest that

there is a relatively slower maturation of area 10 in both humans and chimpanzees as compared to

other cortical regions, and that further refinement of the spatial organization of neurons within this

prefrontal area in humans takes place after the post-weaning periods included here.
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The development of the spatial organization of neurons in the neocortex is an arena of

research with important implications for a wide array of fields, including genetics (Chen et

al., 2012) and pathology (Kana et al., 2011). Horizontal spatial organization incorporates

both modular and vertical characteristics of the cerebral cortex, including the arrangement of

neurons into minicolumns (DeFelipe, 2005; Galuske et al., 2000; Mountcastle, 1997).

Minicolumns are composed of vertically arrayed pyramidal cells and their related axons and

dendrites (Buxhoeveden and Casanova, 2002; Peters and Sethares, 1996), and are

considered to reflect the migration destination of radial units of postmitotic cells generated

in fetal life in the ventricular zone (Rakic, 1995). Variation in spacing between minicolumns

hints at changes in other aspects of neuroanatomy, including the morphology and

distribution of dendrites and axons associated with pyramidal neurons (Allman et al., 2002).

Features of dendritic arborization may influence neuronal functioning, including the size,

branching pattern, and the number and distribution of synapses (Elston et al., 2007).

Furthermore, the addition of minicolumns in fetal brain development is proposed to be one

evolutionary mechanism by which the cerebral cortex may increase in size (Rakic and

Kornack, 2007). The present study examines the postnatal development of the horizontal

spatial organization of neurons in the neocortex of humans and chimpanzees during the pre-

and post-weaning periods.

Direct comparisons of humans with our close phylogenetic relatives, the great apes

(common chimpanzees, bonobos, gorillas, orangutans), are necessary in order to understand

what is evolutionarily distinctive in human brain organization. However, such comparative

analyses of the spatial organization of neurons in the cerebral cortex are relatively scarce,

despite the close phylogenetic relationship that great apes share with humans. A recent study

(Semendeferi et al., 2011) identified significant differences in area 10, with HSD in humans

being 30% larger than in the frontal pole of the other species. HSD in humans was second

largest in area 4, followed by area 3b and then area 17. With the exception of area 10,

humans shared overlapping HSD and GLR values with the apes for all other areas examined.

Although area 4 was the region with the largest HSD values in the great apes, HSD in area 4

did not differ between humans and apes, suggesting that the absolute increase in the size of

area 10 human values was the cause of the observed divergence between humans and apes.

Together with other studies examining similar parameters in Broca’s area (Schenker et al.,

2008) and dorsolateral prefrontal cortex (area 9) as well as areas 3b, 4, and 17 (Casanova et

al., 2006), these results suggest that humans have more space for connections between

neuronal cell bodies in the prefrontal cortex compared to apes. These findings of a rostral to

caudal gradient have recently been independently replicated (Spocter et al., 2012) using
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different specimens in an analysis of the neuropil fraction (which is similar to GLR) in area

10, Broca’s area (area 45), frontoinsular cortex, area 4, primary auditory cortex (area 41/42),

and the planum temporale (area 22).

The present study focuses on the postnatal development of the spatial organization of cells

in layer III in human and chimpanzee (Pan troglodytes) specimens ranging from birth to the

juvenile period, in areas 10, 4, 3b, and 18. We sought to examine the developmental

progression of changes in minicolumn dimensions and neuropil proportions that lead to the

unique phenotype observed in adult humans, with increased space for interconnectivity in

the prefrontal cortex (area 10) (Semendeferi et al., 2011). In both humans and chimpanzees,

it has been shown that synaptogenesis occurs over the juvenile period and pruning of excess

synapses takes place through adolescence, with a delay in the development of dendritic

branching and spines in the prefrontal cortex relative to sensorimotor regions (Bianchi et al.,

in press; Huttenlocher and Dabholkar, 1997; Travis et al., 2005). Myelination likewise

occurs later in prefrontal cortex than in other regions of both humans and chimpanzees,

though overall myelin development is extended uniquely in humans beyond puberty (Miller

et al., 2012). The major goal of the current study was to determine at what point the

distinctive patterns of cortical neuron spatial organization observed in adult humans and

chimpanzees emerges in development.

Material and Methods

Specimen and Tissue Preparation

The sample for the current study consisted of sixteen human specimens, ranging in age from

birth to 11 years, and thirteen chimpanzees, ranging in age from birth to 11 years (Table 1).

Chimpanzee specimens were collected from various research institutions, where they were

housed according to each institution’s Animal Care and Use Committee guidelines and

either died of natural causes or were euthanized humanely.

All human and chimpanzee specimens were fixed postmortem in 10% formalin and

sectioned at 35 or 40 µm thickness, respectively. All human specimens were held at the

Yakovlev-Haleem Collection at the National Museum of Health and Medicine in

Washington, DC. The human sections were from complete series of histologically processed

brains and were stained with cresyl violet to identify Nissl substance. Chimpanzee samples

were from dissected blocks collected from brain specimens. Blocks from the left hemisphere

of approximately 3 cm for each region of interest were sectioned. As noted in Table 1 the

majority of specimens were sliced in the coronal plane and four were sliced in the sagittal

plane. We have previously shown that plane of cut has no effect on our minicolumn

measurements (Semendeferi et al., 2011). In the human specimens, images were collected

from the right hemisphere as consistently as possible; in cases of damage, the left

hemisphere was sampled instead. We have no reason to suspect that the inclusion of data

from both hemispheres would affect the findings; hemispheric asymmetry in minicolumn

width and neuropil spacing was not found in our previous studies (Semendeferi et al., 2011;

Spocter et al., 2012) and has, to date, only been found in the planum temporale (Chance et

al., 2006), an area not included in the present study. Adult human and chimpanzee

specimens used in a previous study (Semendeferi et al., 2011) and mentioned in the
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Discussion were sectioned at 20 µm, following a different processing protocol, with the

exception of one chimpanzee that was sectioned at 15 µm. Absolute values in µm are

directly comparable between species and cortical areas within each study, but not between

studies.

Quantification of Spatial Organization

To identify the regions of interest (ROI) in all specimens, we employed a combination of

topographical and cytoarchitectural criteria. The definitions supplied by Geyer and

colleagues (Geyer et al., 1996; Geyer et al., 2000; Geyer et al., 1999) were used for both

area 3 and area 4. Area 18 was defined using the work of Amunts and colleagues (Amunts et

al., 2000; Amunts and Zilles, 2001). Delineation of area 10 was determined using previously

published work that described its cytoarchitecture in humans and apes (Semendeferi et al.,

1994; Semendeferi et al., 2001) as well as other sources (Kononova, 1938; Kononova, 1949;

Kononova, 1955; von Economo and Koskinas, 1925; Sanides, 1962; Sanides, 1964)). While

these studies identified some variability within the frontopolar cortex, they did not claim

differences large enough to form separate cortical areas. Images of the frontal pole in the

human brains were captured from throughout the extent of area 10, including its dorsal,

medial and orbital surface. There were locations even in the most convoluted parts of the

cortex where the minicolumnar formations could be seen, since the size of each captured

ROI is 700–900×1100 µm. In the chimpanzee brains, area 10 was sampled from its dorsal

surface. All parameters were measured in cortical layer III, an approach that matches that

taken in our previous work (Buxhoeveden et al., 2001a; Schenker et al., 2008; Semendeferi

et al., 2011). Layer III is a common focus of minicolumn analyses for several reasons: it

typically displays the clearest and most visible linear organization; columns in layer III are

generally representative, although not identical, of the size of a minicolumn throughout the

depth of the cortex in adults (Buxhoeveden et al., 1996); and the supragranular layers play a

critical role in transcolumnar and corticocortical processing.

Three to six images from each ROI were taken (Fig. 1) and digitized. Images were captured

in a consistent fashion from the walls of the gyrus where cell bodies tend to exhibit a more

perpendicular orientation to the cortical surface, avoiding the sulcal depths and gyral

crowns. We obtained scale calibration from the use of a micrometer photographed at the

same resolution and magnification as the images. Photomicrographs for the chimpanzee

specimens were captured using a Nikon H600L microscope with a 10x CFI Plan

Aprochromat lens (N.A. 0.20), attached to a Dell workstation via an Optronics Microfire

video camera. For the chimpanzee specimens, all images were coded before analysis and the

rater was blinded to the specimen investigated. Photomicrographs for the human specimens

were captured at the National Museum of Health and Medicine using an Olympus Provis

AX80 Research Photomicrographic System Microscope attached to a Dell workstation via

an Olympus DP70 camera. Due to the design of the Yakovlev collection, coding the human

specimens was not possible and the rater was not blind. The collection of images from large

segments of layer III depended on the quality of the tissue in the large human and

chimpanzee brains; nevertheless, data collection was performed in a consistent manner.
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After being captured, each image was examined for artifacts such as blood vessels and

uneven lighting that would affect the accuracy of the binary image. Images that had poor

lighting or other artifacts were not analyzed. Each image was subjected to two processes

(Fig. 2): thresholding (to exclude cells smaller than 20 pixels), and watershedding (for edge

detection). The use of a threshold eliminated small cells, such as glia and smaller

interneurons, and allowed us to focus on the pyramidal cells that comprise most of layer III.

Afterwards, each image was converted into a binary image using Image J software that was

modified by a method described elsewhere (Buxhoeveden et al., 2006). The program detects

the location of cell bodies across the region of interest as it descends the ROI in the vertical

plane. Human input was limited to the determination of the threshold level and the boundary

of the ROI within each image. Photoshop CS5 was used to manipulate brightness and

contrast levels in the published micrographs.

The two parameters used for this study are the horizontal spacing distance, HSD, and the

gray level ratio or GLR. HSD provides the average spacing distance between neurons for the

entire ROI, and was calculated based on the edge-to-edge measures of cells in the horizontal

axis. GLR calculates the fraction of the converted binary image that is gray, which displays

how much of the image is occupied by stained cell bodies (Buxhoeveden et al., 2001b). A

higher GLR value is due to more neurons, larger neurons, or a combination of the two. GLR

and HSD were calculated from the same binary image, but they were derived as independent

variables. In general HSD and GLR correlate inversely; when cells are located further away

from each other, HSD tends to be higher and GLR lower. Additionally, the GLR may be

considered the inverse of the measure of neuropil fraction, which has been reported in other

comparative studies of human and great ape neocortex (Spocter et al., 2012). However, on

rare occasions HSD may not vary statistically significantly in the same region where GLR

does or vice versa.

Together, these two parameters describe aspects of minicolumnar morphology and, therefore

we used the term “minicolumn” throughout this paper. The term “wider minicolumns” refers

to an increase in the horizontal spacing between neuronal cell bodies that, together with a

decrease in GLR, is indicative of increased intracolumnar and intercolumnar neuropil space

in layer III.

Analysis

To compare the developmental changes that occur in humans and chimpanzees, two species

with different life history trajectories, the specimens were divided into two age groups: those

younger than weaning age (pre-weaning), and those older than weaning age but not yet

sexually mature (post-weaning). Average weaning age is 4.5 years for chimpanzee infants,

and 2.8 years for human infants (Alvarez, 2000; Robson and Wood, 2008). All data analysis

was performed using IBM SPSS Statistics 21 for Macintosh. Repeated measures ANOVA

tests were performed on both HSD and GLR, with region as the within-subjects factor and

both species (chimpanzee or human) and age group (pre-weaning or post-weaning) as

between-subjects factors. For GLR, Greenhouse-Geisser corrections were used on all

comparisons to correct for a lack of sphericity (Mauchly’s test, p = 0.033). Post-hoc analyses

for both HSD and GLR were performed using a Bonferroni correction for multiple
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comparisons (p = 0.003125). P-values for F tests with degrees of freedom corrected by the

Greenhouse-Geisser are given in the Results section.

Results

When data from both species and age groups were combined, there was a significant main

effect for cortical region differences in HSD (F = 12.103, p = 0.000001, df = 3; Fig. 3A).

Post hoc tests using a Bonferroni correction for multiple comparisons revealed that area 4

possessed significantly larger HSD than area 10, and area 18 possessed significantly smaller

HSD than areas 10, 4, and 3b. There was also a significant main effect for cortical region

differences in GLR (F = 9.001, p = 0.000017, df = 2.575; Fig. 3B). The post-hoc

comparisons indicated that area 4 had smaller values for GLR than areas 10, 3b, and 18.

For HSD, the interaction effect between region and age group was significant (F = 3.960, p

= 0.01, df = 3), as was the interaction among region, age group, and species (F = 2.755, p =

0.05, df = 3). Follow-up post hoc tests indicated that in humans, HSD in area 10 increases

markedly after weaning (p = 0.001). In the pre-weaning specimens, mean HSD in area 10

was 38.23 µm, while mean HSD in the older post-weaning human specimens was 50.08 µm

(Fig. 3 A). For GLR, the interactions both of region and species (F = 2.686, p = 0.049, df =

3) and of region, species, and age group (F = 2.665, p = 0.05, df = 3) were likewise

significant. In the chimpanzees, spacing distance (as measured by both HSD and GLR),

increased significantly in the frontal pole (area 10) after weaning (HSD p = 0.00022; GLR p

= 0.000002) (Fig. 3 B C).

No other developmental differences were statistically significant in humans, and

minicolumn size in area 4 and area 3b did not differ significantly between the pre-and post-

weaning groups. Spacing distance in area 18 increased in humans by approximately 5 µm

over development, though this was not statistically significant. As can be seen in Figure 4A,

which plots the mean HSD values for every individual human specimen by chronological

age, there is a trend for HSD in area 10 to increase with age, during the protracted

development of the human frontal lobe. HSD in area 4 exhibits the most variance across

specimens, with the most pronounced variability among the youngest specimens. HSD in

areas 3b and 18 do not change much over the developmental period studied. We plotted

linear, quadratic, and cubic curves for the data displayed in Figure 4A to determine best fit.

Humans had a significant linear increase in HSD values with age in area 10 (r2 = 0.424, p =

0.006), but no other best-fit curves were significant.

Similarly, no other developmental differences were significant in the chimpanzees, though

spacing distance also increased slightly in the somatosensory cortex (area 3b). In the

youngest chimpanzee specimens, those under weaning age, HSD was largest in area 4 (mean

= 50.37 µm), followed by area 18 (mean = 42.24 µm), area 3b (40.88 µm), and then area 10

(mean = 34.23 µm); see Figure 3B. GLR was largest in area 10 (0.255), followed by area 3b

(0.213), area 18 (0.197), and then area 4 (0.176; see Fig. 3D). In older chimpanzees, HSD

was still largest in area 4 (51.64 µm in post-weaning juveniles). In Figure 4B, which plots

the mean HSD values for every individual chimpanzee specimen by their chronological age,

there was a trend for HSD in areas 10, 3b, and 4 to increase with age, though no best fit
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curves were significant for the data plotted in Figure 4B. In area 10, this trend of increasing

HSD with age appears to be driven by the particularly low HSD values of the youngest,

newborn specimens.

Discussion

Recent studies suggest that the human prefrontal cortex has increased space available for

interneuronal connectivity compared to apes (Casanova and Tillquist, 2008; Schenker et al.,

2008; Semendeferi et al., 2011; Spocter et al., 2012). In order to identify at what point in

development this human specialization emerges, we examined the spatial organization of

neurons in the frontal pole (area 10), primary motor (area 4), primary somatosensory (area

3), and prestriate visual cortex (area 18) in humans and chimpanzees, in specimens ranging

from newborn to 11 years old.

Humans and chimpanzees, having diverged 6–7 million years ago (Cheng, 2007), are far

more similar to each other in terms of brain development than they are to other living

primates, according to comparative studies that examined a range of species (DeSilva and

Lesnik, 2006; Leigh, 2004). At birth, the human brain is 26.9–29.5% of its adult size (meta-

analysis from (DeSilva and Lesnik, 2006) while chimpanzees achieve 39.5–40.1% of their

adult brain size by birth (DeSilva and Lesnik 2006; but see also (Vinicius, 2005). This is a

marked departure from macaques, which are born with brains ~70% of the adult size

(Passingham, 1982), and from whom humans diverged 30 million years ago (Cheng, 2007).

In humans, adult brain size is reached between the ages of 5 to 7 years (Coqueugniot and

Hublin, 2012; Leigh, 2004) and by age 4–5 in chimpanzees (Robson and Wood, 2008).

Humans similarly share more in common cognitively and behaviorally with chimpanzees

than they do with macaque monkeys (Matsuzawa, 2013).

Recent longitudinal magnetic resonance imaging (MRI) research suggests that in both

species, most of early postnatal brain volume growth is attributable to increases in white

matter (Sakai et al., 2011). Additionally, chimpanzees and humans share a long period of

synaptogenesis (Bianchi et al., in press), which occurs in both species throughout the

juvenile period; this pattern contrasts with macaques, in which synaptogenesis is completed

in infancy (Rakic et al., 1986). This extended development is likely related to the importance

of early social learning for developing proficiency at adult skills, which is evident in

chimpanzees (Biro et al., 2003) as well as humans (Boyd et al., 2011; Tomasello, 1999).

The current study found some key developmental similarities between humans and

chimpanzees. In both species, HSD in area 10 is considerably greater in post-weaning

specimens than in the pre-weaning specimens. The later maturation of both association

cortex and more rostral regions of the human cortex, particularly the frontal lobe, has been

established by examining neuronal density (Shankle et al., 1999), dendritic and axonal

growth (Schade and Van Groenou, 1961; Shankle et al., 1999; Travis et al., 2005), overall

gray matter development (Gogtay et al., 2004), and cerebral energy metabolism (Chugani

and Phelps, 1986). The present findings support this pattern, and further suggest that

prolonged prefrontal development also characterizes chimpanzees, which is consistent with

observations that dendrites of prefrontal pyramidal neurons of chimpanzees develop later
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than they do in sensorimotor cortices (Bianchi et al., in press). Importantly, regions with

later development in humans are the very same regions that experienced the greatest degree

of expansion in human evolution (Hill et al., 2010).

There were no significant differences between pre-and post-weaning specimens in either

species in the other three regions studied; the visual, somatosensory, and motor cortices are

known to develop earlier in the maturing human brain (Becker et al., 1984; Gogtay et al.,

2004) and chimpanzee brain (Bianchi et al., in press). Thus, the developmental trajectory up

through the juvenile period is prolonged for both species selectively in the frontal pole, and

likely other association cortical regions. By the time of adulthood, dendrites in area 10

display more complex branching patterns in both chimpanzees and humans than they do in

sensorimotor and visual cortices (Jacobs et al., 2001; Bianchi et al., 2012), which correlates

with the finding that synaptogenesis occurs later in area 10 in both species (Bianchi et al.,

2012; Travis et al., 2005), as regions with later development tend to have more complex

dendritic branching (Jacobs et al., 1997; Jacobs et al., 2001).

There are, however, important developmental differences between the species when the

current study is interpreted in concert with other data on the timing of cortical maturation. In

chimpanzees, myelination of area 10 is completed by sexual maturity, while in humans it

continues past the time of adolescence (Miller et al., 2012). Additionally, because post-

adolescent adult humans have significantly greater minicolumns spacing and neuropil

fraction in area 10 than great apes (Semendeferi et al., 2011; Spocter et al., 2012), this

implies that HSD continues to increase in humans after puberty, but does not in chimpanzees

(Fig. 5). Only the GLR measurement in area 10 was significantly different between post-

weaning humans and post-weaning chimpanzees. Furthermore, the expression of genes

related to synaptogenesis in the prefrontal cortex peaks later in humans than in chimpanzees

or macaque monkeys (Liu et al., 2012), suggesting that synaptic refinement may occur over

a longer developmental period. Consistent with this idea, it has been reported that dendritic

spines in the prefrontal cortex of humans continue the process of pruning into early

adulthood, during the third decade of life (Petanjek et al., 2011). Such exceptionally slow

and delayed neocortical maturation might be associated with the generally protracted growth

of humans, who possess an evolutionarily distinct phase of slow childhood growth and a

later adolescence growth spurt (Bogin, 2009; Crews and Bogin, 2010).

Neurons in areas that complete development later in post-adolescent adulthood, such as the

frontal lobe, have more complex dendritic trees than those that mature earlier, such as area

4s and 18 (Jacobs et al., 1997; Jacobs et al., 2001; Travis et al., 2005). Similarly, it has been

found that projections from layer III neurons in human prefrontal cortex have more branched

and spiny dendritic arbors than in temporal, occipital, or parietal cortex (Elston et al., 2005;

Elston and Rosa, 1997; Jacobs et al., 2001; Petanjek et al., 2008). The long-range,

corticocortical projections of layer III neurons (Casanova, 2007; Hof et al., 1995; Lewis et

al., 2002) in particular are thought to be critically involved in working memory and other

higher-order cognitive processes in primates (Elston et al., 2006; Fuster, 2000a; Fuster,

2000b), suggesting that the reported differences in dendritic tree structure are related to the

evolution of cognition (but see Zeba et al., 2008). The developmental pattern identified in
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this study is thus consistent with the later development and more complex dendrites of the

human prefrontal cortex.

In recent years many studies have sought to determine the most functionally significant

differences, as well as similarities, between human and chimpanzee brains. The human brain

is roughly three times the size that of chimpanzees and other great apes, yet there are many

intriguing similarities. Although the human and chimpanzee genomes only differ by a few

percent (Mikkelsen et al., 2005; Preuss, 2012), this divergence still translates to hundreds of

genetic differences, some of which might have functional consequences for

neurodevelopment. Of note, one of these differences has been proposed to play a role in the

prolonged development of the human prefrontal cortex; around 2.5 million years ago, when

humans diverged from chimpanzees, SRGAP2, a gene related to slower dendritic and

synaptic spine development, was duplicated (Dennis et al., 2012). While human and

chimpanzee brains exhibit many similarities in their development throughout infancy and

childhood, there are also differences, such as those identified in the current study, that might

be involved in the divergence in cognitive capacities that are present in adults of each

species Such examination, regarding species-specific developmental trajectories, can help to

place the human brain in biological and evolutionary context. Altriciality in humans,

characterized by relatively slow maturation, appears to be particularly evident in the

prolonged development of the prefrontal cortex (Petanjek et al., 2011) and is likely related to

the remarkable capacity for learning and communication of our own species.
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Figure 1.
Photomicrographs of layer III in all four regions of interest in both human and chimpanzee

specimens. (A–D). Human specimens. (E–H). Chimpanzee specimens. Images represent

different developmental ages and individuals. Scale bar = 200 µm.
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Figure 2.
Analytical processes used in the current study (A) Photomicrograph of layer III in

chimpanzee area 10.(B) The digitized binary image is shown prior to the threshholding

process. (C) The digitized binary image is shown after the thresholding process, which

excludes cells smaller than 20 pixels. (D) Horizontal spacing distance (HSD) is calculated

based on the edge-to-edge measures of cells in the horizontal axis, and provides a measure

of the average spacing distance between cells. Gray level ratio (GLR) is the fraction of the

converted binary image that is gray, which reveals how much of the image is occupied by
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stained cell bodies. Locations largely occupied by cells have high GLR values. HSD and

GLR are generally correlated and when cells are located further away from each other, HSD

tends to be higher and GLR lower. Nevertheless GLR is more sensitive than HSD to

possible differences in cell size in addition to spacing of cells. (E) The binary image shown

here comes from the exact same ROI shown in D, but the cells were artificially enlarged

(fattened) to demonstrate the value of both measures. Despite the striking difference in

appearance, the spacing of the cells as reflected in HSD remains identical between D and E,

but GLR changes dramatically. A higher GLR value is indicative of greater density of

neurons due to their number or their size, or combination thereof. Scale bar (on A) = 100

µm.
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Figure 3.
(A) Average horizontal spacing distance (HSD) in human specimens, in both age groups,

and for all four regions. (B) Average HSD in chimpanzee specimens, in both age groups,

and for all four regions. (C) Average gray level ratio (GLR) in human specimens, in both

age groups, and for all four regions. (D) Average GLR in chimpanzee specimens, in both

age groups, and for all four regions. Note that HSD increases and GLR decreases in both

species with age in area 10.
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Figure 4.
(A) Average horizontal spacing distance (HSD) for each individual human specimen, plotted

against age in years or fractions thereof. Stillborns are listed as 0 years. (B) Average HSD

for each individual chimpanzee specimen, plotted against age in years of fractions thereof.

The linear best-fit curve for area 10 in humans is displayed on the graph, as it was the only

significant best-fit curve in either species.
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Figure 5.
(A) Average horizontal spacing distance (HSD) in all juvenile human specimens from the

present study and for all adult human specimens in our previous study (Semendeferi et al.,

2011). (B) Average horizontal spacing distance (HSD) in all juvenile chimpanzee specimens

from the present study and for both adult chimpanzee specimens in our previous study. Note

that the absolute values from our previous study (µm in y axis) are not directly comparable
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with the current study due to tissue processing differences (See Methods). Note also that

area 17 rather than area 18 was examined in the previous study.
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Table 1

Specimens by species, name, sex, and age.

Species Specimen Sex Age

Human

RPSL-B-10-60* F Stillborn

RPSL-B-197-61* F Stillborn

RPSL-B-210-61* M Stillborn

RPSL-B-84-60* F Stillborn

RPSL-B-138-61* F 14 days

RPSL-W-160-64* F 48 days

RPSL-B-123-61* M 7 months

MU-93-65* M 8 months

MU-89-65+ M 3.5 years

MU-92-65+ F 4 years

MU-108-66+, S F 4 years

MU-94-65+, S M 5 years

MU-91-65+, S M 6 years

MU-90-65+ M 6.5 years

MU-118-66+, S F 9.5 years

MU-101-65+ F 11 years

Chimpanzee

Brain 1* M Stillborn

Brain 2* F Stillborn

Brain 3* M 1 day

Brain 4* M 6 days

Brain 5* M 10 days

Brain 6* M 1 years

Brain 7* F 1.5 years

Brain 8* F 2 years

Brain 9+ M 5 years

Brain 10+ M 5 years, 4 months

Brain 11+ M 6 years

Brain 12+ M 9 years

Brain 13+ M 11 years

S
Indicates a specimen that was processed in the sagittal plane.

*
Indicates specimens included in the pre-weaning group.
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+
Indicated specimens included in the post-weaning group.
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