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Abstract

In this study, we assessed the possibility that humans differ from other primate species in the
supply of dopamine to the frontal cortex. To this end, quantitative comparative analyses were
performed among humans, chimpanzees, and macaques using immunohistochemical methods to
visualize tyrosine hydroxylase-immunoreactive axons within the cerebral cortex. Axon densities
and neuron densities were quantified using computer-assisted stereology. Areas 9 and 32 were
chosen for evaluation due to their roles in higher-order executive functions and theory of mind,
respectively. Primary motor cortex (area 4) was also evaluated because it is not directly associated
with cognition. We did not find an overt quantitative increase in cortical dopaminergic innervation
in humans relative to the other primates examined. However, several differences in cortical
dopaminergic innervation were observed among species which may have functional implications.
Specifically, humans exhibited a sublaminar pattern of innervation in layer | of areas 9 and 32 that
differed from that of macaques and chimpanzees. Analysis of axon length density to neuron
density among species revealed that humans and chimpanzees together deviated from macaques in
having increased dopaminergic afferents in layers I11 and V/V1 of areas 9 and 32, but there were
no phylogenetic differences in area 4. Finally, morphological specializations of axon coils that
may be indicative of cortical plasticity events were observed in humans and chimpanzees, but not
macaques. Our findings suggest significant modifications of dopamine’s role in cortical
organization occurred in the evolution of the apes, with further changes in the descent of humans.
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INTRODUCTION

The expansion of the neocortex in primate evolution may have been paralleled by increased
innervation by dopamine (DA) (Gaspar et al., 1989; Lewis et al., 2001). In contrast to
rodents, primates have denser and more extensive cortical dopaminergic (DAergic)
innervation, with fibers invading all cortical layers in a regionally specific manner (Berger et
al., 1991). However, data concerning variation in cortical DAergic afferents among primate
species are lacking. Therefore, the aim of the current study was to conduct a comparative
analysis of cortical DAergic innervation among humans, chimpanzees, and macaque
monkeys.

The involvement of DA in cognitive processes that invoke the prefrontal cortex is well-
documented in humans and other species (Brozoski et al., 1979; Sawaguchi and Goldman-
Rakic, 1991; Kulisevsky 2000; Winterer and Weinberger, 2004). Functions that rely on
DAergic input include working memory, language comprehension, reasoning, and overall
intelligence (Boshes and Arbit, 1970; Sawaguchi and Goldman-Rakic, 1991; Arnsten et al.,
1995; Goldman-Rakic, 1998; Dreher and Burnod, 2002; Nieoullon, 2002). There is also
considerable evidence indicating that DA plays a significant role in a number of
neuropsychiatric disorders presenting with cognitive deficits that appear to be exclusive to
humans, including Alzheimer’s disease, Parkinson’s disease, and schizophrenia (Akil et al.,
1999; Ciliax et al., 1999; Venator et al., 1999; Sutoo et al., 2001; Winterer and Weinberger,
2004). For these reasons, it has been proposed that the human neocortex might have an
expanded and denser cortical DA innervation compared with other species (Previc, 1999),
making it a candidate neural substrate for modification by natural selection in the evolution
of human cognitive specializations.

In the present study, we performed a quantitative comparative analysis of tyrosine
hydroxylase (TH)-immunoreactive axons in frontal cortical areas 4, 9, and 32 in humans,
chimpanzees, and macaque monkeys. This study was designed to explore potential human-
specific adaptations of the cortical DAergic system that may contribute to cognitive
specializations. For this evaluation, it was essential to also examine chimpanzees, as this
species represents on of the closest living relatives of modern humans. In humans, prefrontal
cortical areas 9 and 32 are involved in higher cognitive functions such as working memory
and ‘theory of mind’ (TOM), respectively (Petrides et al., 1993; Petrides, 1995; Petrides,
2000; Johnson et al., 2002; Gallagher and Frith, 2003). As such, we hypothesized that
differences in the DAergic innervation between humans and other primates would be found
in these areas. For comparison, the primary motor cortex (area 4) was also examined.
Species differences were not expected in area 4, as it is not associated with cognition and is
thought to perform a similar function across primates (Rizzolatti et al., 1998; Kaas, 2004).

EXPERIMENTAL PROCEDURES

Specimens

The nonhuman brain specimens for this research included Moor macaques (Macaca maura,
4 females, 2 males, age range 5-10 years) and common chimpanzees (Pan troglodytes, 3
females, 3 males, age range 17-35 years). Human brain specimens were provided by
Northwestern University Alzheimer’s Disease Center Brain Bank (3 women, 3 men, age
range 35-54 years). All human and nonhuman individuals were adult, non-geriatric, and free
of gross neuropathologic abnormalities. The human cases showed no evidence of dementia
before death and all individuals received a score of zero for the CERAD senile plaque grade
(Mirra et al., 1999) and the Braak and Braak (1991) neurofibrillary tangle stage. The
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nonhuman subjects were housed in social groups. The age, sex, brain weight, and
postmortem interval for each specimen can be found in Table 1.

The macaque monkeys were perfused transcardially with 4% paraformaldehyde as part of
unrelated experiments following methods described previously (Hof and Nimchinsky, 1992;
Hof et al., 1996). Chimpanzee and human brains were collected postmortem and fixed by
immersion in 10% buffered formalin for 7-10 days, then transferred to a 0.1 M phosphate-
buffered saline (PBS, pH 7.4) solution containing 0.01% sodium azide and stored at 4°C to
prevent further tissue shrinkage and blockade of antigens. The postmortem interval (PMI)
prior to fixation for chimpanzee brains never exceeded 14 hours. For human cases, the PMI
ranged from 6 to 17 hours.

Sample processing

All samples derived from the left hemisphere. For macaque and chimpanzee brains, the
entire frontal lobe was removed just rostral to the primary motor cortex as a coronal slab,
including areas 9 and 32. For macaque specimens, the occipital lobe was removed rostral to
the lunate sulcus. This resulted in three “blocks” for each macaque left hemisphere, the
middle block containing the primary motor cortex (area 4). The region of hand
representation in the chimpanzee primary motor cortex had been dissected from the left
hemisphere of each brain to be processed as small blocks as part of an unrelated project.
This region was identified as the area on the lateral surface at the level of the middle genu
located within the central sulcus (Yousry et al., 1997). Human samples were dissected from
the regions of interest in 4 cm-thick blocks by the donating brain bank. Prior to sectioning,
samples were cryoprotected by immersion in a series of sucrose solutions (10%, 20%, and
30%).

Brain specimens were frozen on dry ice and cut to 40 um-thick sections using a sliding
microtome. As the brain samples were cut, sections were placed into individual
microcentrifuge tubes containing freezer storage solution (30% each distilled water, ethylene
glycol, and glycerol and 10% 0.244 M PBS) and numbered sequentially. Sections were
stored at —20°C.

A 1-in-10 series for all samples was stained for Nissl substance with a solution of 0.5%
cresyl violet to reveal cell somata. Nissl-stained sections were used to identify
cytoarchitectural boundaries and to obtain neuron densities.

Immunohistochemistry

Floating tissue sections were stained using the avidin-biotin-peroxidase method. Sections
were removed from the freezer and rinsed a minimum of 10 x 5 minutes in PBS. A 1-in-10
series (human samples and chimpanzee primary motor cortex) or a 1-in-20 series (macaque
samples and chimpanzee frontal lobe) for each area was immunohistochemically stained for
TH, to measure putative DA-containing fibers (Hof et al., 1995; Akil et al., 1999; Smiley et
al., 1999) using a rabbit anti-TH polyclonal antibody (AB152, Chemicon, Temecula, CA).
Sections were pretreated for antigen retrieval by incubating in 10 mM sodium citrate buffer
(pH 3.5) at 37° C for 30 minutes. Sections were then rinsed and endogenous peroxidase was
quenched using a solution of 75% methanol, 2.5% hydrogen peroxide (30%), and 22.5%
distilled water for 20 minutes at room temperature. Sections were preblocked in a solution of
PBS with 2% normal goat serum and 0.3% Triton X-100 detergent Following this, sections
were incubated in primary antibody diluted to 1:1,000 in PBS for 48 hours at 4° C. After
incubation in primary antibody, the tissue was incubated in biotinylated secondary antibody
(1:200) in a solution of PBS and 2% normal goat serum for 1 hour at room temperature.
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Sections were then incubated in avidin-peroxidase complex (PK-6100, Vector Laboratories,
Burlingame, CA) for 1 hour at room temperature. A 3,3'-diaminobenzidine-peroxidase
substrate with nickel solution enhancement was used as the chromogen (SK-4100, Vector
Laboratories). Immunostained sections were counterstained with 0.5% methyl-green to
visualize non-immunoreactive neurons and to aid in identifying layers within the cortex.
Robust and full antibody penetration through the tissue sections was observed for each
species, as demonstrated by axon staining through the z-axis (Figure 1). Negative controls
omitted the primary antibody and omitted the secondary antibody. Omission of the primary
or secondary antibody resulted in a complete absence of labeled axons.

Original photomicrographs were processed using Adobe Photoshop, v. 7.0 (San Jose, CA).
Brightness, contrast, and sharpness were adjusted to obtain images that most closely
resembled the appearance of histological features as seen through the microscope.

Identifying cortical regions and layers

Cortical regions of interest were identified based on topological location and distinctive
regional cytoarchitecture recognizable on Nissl-stained sections. Cytoarchitectural features
were relied upon for identification of cortical regions due to individual variation in their
gross anatomical location (e.g., Amunts et al., 1996; Zilles et al., 1996; Petrides and Pandya,
1999; Rademacher et al., 2001). Cortical layers were analyzed separately as layers I, 11, 111,
and V/VI. Because there is not a sharp border between the infragranular layers in all cortical
areas examined, layers V and VI were analyzed together. Layer IV was not analyzed, as area
4 is agranular and area 32 is dysgranular. The borders between cortical areas tend not to be
sharp or distinct, thus, sampling was limited to a representative region within the cortical
areas of interest. That is, once the cortical area was identified in each series of Nissl-stained
sections, the first and last sections that included the area were excluded from stereologic
analyses to avoid sampling from transitional cortical regions. Further, due to the limited
nature of human tissue availability, we were unable to sample uniformly through the entire
extent of any of the cortical regions, and were thus limited to centrally located areas within
the cortical regions of interest.

Area 9 is located in the dorsolateral prefrontal cortex, extending medially to the
paracingulate sulcus of humans and the cingulate sulcus of macaque monkeys (Petrides and
Pandya, 1999; Paxinos et al., 2000). This cortical area is expanded in anthropoids (i.e.,
monkeys, apes, and humans) with no obvious homologue in other mammals (Preuss and
Goldman-Rakic, 1991; Aboitiz and Garcia, 1997). For this study, the part of area 9 sampled
was located on the dorsal portion of the superior frontal gyrus in humans and chimpanzees,
and corresponded to area 9L in macaque monkeys as designated by Paxinos et al. (2000)
(Figure 2). Based on functional imaging studies of humans, this area has been shown to be
involved in several cognitive processes, including inductive reasoning (Goel et al., 1997),
TOM (Goel et al., 1995), and the retrieval phase of episodic and working memory
(Marklund et al., 2007). Lesions restricted to this area impair working memory tasks that
require ordering sample sets of 5 items or more in both humans and macaque monkeys,
illustrating that this area is homologous in some of its functions among primates examined
in the current study (Petrides et al., 1993; Petrides, 1995; Petrides, 2000).

Area 32 is defined as the portion of the paracingulate cortex anterior to the genu of the
corpus callosum (Gallagher and Frith, 2003; Ongiir et al., 2003) (see Figure 2). In humans,
area 32 has been implicated in TOM, the ability to infer the mental states of others
(Gallagher et al., 2000; Adolphs, 2001; Vogeley et al., 2001; Johnson et al., 2002; Gallagher
and Frith, 2003). Macaques do not possess a strict homologue to the portion of area 32 that
is activated in human TOM studies (i.e., anterior cingulate area 32) (Ongiir et al., 2003).
However, because we chose this area to investigate the evolution of this unique human
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behavioral capacity, for comparative purposes, we were limited to the most similar
anatomical territory of the medial prefrontal cortex of macaques, defined as prelimbic cortex
(i.e., prelimbic area 32) (Ongir et al., 2003). In chimpanzees, the cytoarchitecture of cortex
within the anterior paracingulate gyrus was described by Bailey et al. (1950) closely to
resemble area FDL in humans (von Economo and Koskinas, 1925), suggesting that they are
homologous in structure.

Axon length density

Quantitative analyses were performed using computer assisted stereology. This system
consisted of a Zeiss Axioplan 2 photomicroscope, equipped with an Optronics MicroFire
camera, a Ludl XY motorized stage, Heidenhain z-axis encoder, and Stereolnvestigator
software, version 6 (MicroBrightField, Williston, VT). Once the cortical area of interest was
identified in Nissl-stained sections, two to five equidistantly spaced sections per area of
interest per individual were used. The variance in section number was dependent upon the
number of sections available for that cortical area. The blocks of human tissue obtained from
the brain bank were particularly thin and yielded only 20 to 30 sections in some instances.
Once the area of interest was identified, the separate cortical layers (1, II, 111, and V/VI) were
individually traced using the software at low magnification (4x Zeiss Achroplan, N.A. 0.10).
On the occasion when the methyl-green counterstain was too light to identify laminar
boundaries, individual layers were traced from adjacent Nissl-stained sections and
transferred to the immunostained sections.

Mean mounted section thickness was measured at every 5" sampling location. Axon length
was assessed using the SpaceBalls probe under Koehler illumination at 63x (Zeiss Plan-
Achromat, N.A. 1.4) (Calhoun and Mouton, 2000; Mouton et al., 2002; Calhoun et al., 2004;
Kreczmanski et al., 2005). SpaceBalls is a stereological tool that places sampling
hemispheres for lineal features in the context of a fractionator sampling scheme (Mouton,
2002). In this study, fibers were marked where they intersected the outline of a hemisphere
of 10 um diameter in all samples. Total fiber length within the sampled volume of reference
was calculated using the following equation (Calhoun et al., 2004):

L=2 x (v/a) X (Zis) x 1/asf x 1/ssf x 1/tsf

where v/a is the ratio of sampling frame volume to probe surface area,  is is the sum of the
number of intersections between fibers and sampling hemispheres, asf (area sampling
fraction; the fraction of the total area sampled) is the area of the counting frame divided by
the total area of the reference space, ssf (section sampling fraction) is the number of sections
analyzed divided by the total number of sections through the reference space, and tsf (tissue
sampling fraction) is the sampling box height divided by mean mounted section thickness.
To obtain axon length density, the total fiber length was divided by the planimetric
measurement of the reference volume that was sampled, as calculated by the
Stereolnvestigator software. Analyses of axon length densities were used to analyze species-
specific cortical innervation patterns.

Neuron density

Neuron density was assessed using an optical disector combined with a fractionator
sampling scheme. Layers 11, 111, and VV/V1 were outlined within the area of interest at low
magnification (4x Zeiss Achroplan, N.A. 0.10). The optical disector probes were performed
under Koehler illumination using a 63x objective (Zeiss Plan-Apochromat, N.A. 1.4).
Counting frames were set at 40 x 40 um. Neurons were counted when the nucleolus was in
focus within the counting frame. Neurons were identified based on the presence of a large,
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lightly stained nucleus, a distinct nucleolus, and lightly stained proximal portions of
dendritic processes (e.g., Sherwood et al., 2005). The counting frame height was set at 7 um
to allow a guard zone of at least 2 um at the top and bottom of the sections. Neuron density
was calculated as the sum of neurons counted with the optical disectors divided by the
product of the disectors and the volume of the disector (Sherwood et al., 2005). To correct
for tissue shrinkage in the z axis, the height of the disector was multiplied by the ratio of the
sectioned thickness (40 pm) to the actual number weighted mean thickness (calculated from
the section thickness that was empirically measured at every 51 sampling location) after
mounting and dehydration. No correction was necessary for the x and y dimensions because
shrinkage in section surface area is minimal (Dorph-Petersen et al., 2001).

Axon length density/neuron density ratio (ALv/Nv)

The ratio of axon length density to neuron density (ALv/Nv) was used for comparative
analyses among species rather than total axon length to avoid several confounding factors.
First, cell density per unit volume can vary with changes in brain size (Haug, 1987;
Sherwood et al., 2007). Second, PMI, method of fixation, and amount of time in fixative are
factors that contribute to preprocessing tissue shrinkage. Additional tissue shrinkage may
occur with histological and immunohistochemical procedures. Thus, the ratio of ALv/Nv
allows for the evaluation of fiber density in the context of species differences in neuron
density and also acts to standardize data for differential tissue shrinkage among species as
well as between individuals.

Statistical analyses

Factorial analysis of variance (ANOVA) with repeated measures design was used to
examine differences among macaques, chimpanzees and humans. The variables were TH-
immunoreactive (TH-ir) ALv/Nv for layers I, I1l, and V/VI. A 3 x 3 x 3 mixed-model
ANOVA was performed with cortical area (9, 32, and 4) and layer (11, 11l, and VV/VI) as
within-subjects measures and species as the between-subjects measure. Tukey’s Honestly
Significant Difference (HSD) post hoc tests were used to analyze significant results
indicated by the ANOVA analyses. Separate analyses were conducted for TH-ir axon length
density to examine innervation patterns independent of neuron densities and species effects.
For axon length density, a 3 x 4 (area x layer) repeated measures ANOVA was used to
analyze the pattern differences between areas and layers within each species. Tukey’s HSD
post hoc tests were used to evaluate significant results.

To assess whether PMI affected the intensity of immunohistochemical staining,
nonparametric Spearman’s correlation coefficients were calculated for PMI and TH-ir ALv/
Nv in humans. Data on specific PMI were not available for the chimpanzee sample, and PMI
was not applicable for the macaques as they were perfused.

Even though our sample was restricted to non-geriatric individuals in order to control for the
potentially confounding factor of age-related declines in cortical neuromodulator density, we
used Spearman’s rank order correlation to empirically test whether there was a relationship

between age and TH-ir ALV/Nv within each species. o was set at 0.05 for all statistical tests.

Methodological concerns

Tyrosine hydroxylase (TH) is the rate-limiting enzyme for DA synthesis, as well as for the
synthesis of norepinepherine and epinephrine (Cooper et al., 2002). In some species, such as
the rabbit, TH-ir axons can be primarily noradrenergic (Wang et al., 1996). However,
several studies in primate species have demonstrated that TH and dopamine -hydroxylase,
the enzyme required for norepinepherine synthesis, are not extensively colocalized in
immunoreactive axons ( Akil and Lewis, 1993; Gaspar et al., 1989; Lewis et al., 1987;
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Melchitzsky and Lewis, 2000). This indicates that TH is predominantly localized in DAergic
axons within the primate cortex, and as such, TH may be considered a reliable marker for
DAergic projections and neurons in primates. It should be noted, however, that we did not
perform colocalization analyses for the TH antibody used in the present study.

Another methodological concern pertains to the effect of immersion (humans and
chimpanzees) versus perfusion (macaques) methods of fixation on the reliability of
immunohistochemistry. Perfusion is the most effective method of preservation for
immunohistochemical procedures (Evers and Uylings, 1997; Evers et al., 1998; Shiurba et
al., 1998; Jiao et al., 1999). If this were a factor in this study, it would be expected that
axons would be overrepresented in all layers and areas of the macaques. However, staining
was robust in all species and such an overrepresentation in macaques was not observed. This
is evident in the results, wherein macaques do not exhibit uniformly greater densities than
either humans or chimpanzees. Rather, the amount of variation observed in macaques
relative to other species is layer- and area-specific and not in one consistent direction.

TH-ir axons were present in all cortical layers of the areas examined in the three species.
Figures 3, 4, and 5 show tracings of TH-ir axons in each area for each species and examples
of staining are shown in Figures 6, 7, 8 and 9. There was considerable variation among
individuals, but this variation was not consistently correlated with PMI among humans. Of
the possible 9 correlations (3 layers x 3 cortical areas) with PMI in humans, 8 were not
statistically significant. Only the correlation between PMI and TH Alv/Nv in layers VV/V1 of
area 9 was significant (Spearman’s rho = —0.81, p < 0.05). Also, there was no association
between TH ALV/Nv and age within any of the three species, i.e., the oldest individuals per
species did not have lower values than younger individuals. Descriptions of TH-ir fiber
distributions in the cerebral cortex have been reported for humans (Gaspar et al., 1989;
Benavides-Piccione and DeFelipe, 2003) and long-tailed macaques (Macaca fascicularis)
(Lewis et al., 1987). The present findings are in accordance with these earlier reports.

Qualitative description

The morphology of TH-labeled fibers consisted of straight, smooth axons and varicose
fibers. Consistent with prior descriptions, the varicose fibers observed could be categorized
into two major morphological groups: 1) curvilinear or rectilinear fibers with regularly
spaced varicosities and 2) fine axons with irregularly spaced oblong swellings (Gaspar et al.,
1989; Benavides-Piccione et al., 2005). Of the three cortical areas examined, area 4
demonstrated the densest innervation in all species. Qualitatively, area 32 appeared to have
fewer TH-ir fibers than area 9 in macaques, but this difference was not notable in either
chimpanzees or humans.

Layer | was densely innervated and contained mostly horizontally projecting fibers in all
cortical areas in all three species. However, while macaques and chimpanzees exhibited TH-
ir fibers throughout layer I in the areas examined, humans had relatively sparse innervation
at the top of layer I, and fibers were much denser in the lower portion for areas 9 and 32. In
human area 4, TH-ir fibers were dense throughout layer I. This sublaminar pattern of layer |
TH-ir axon distribution in humans was also noted by Gaspar et al. (1989). In layers I1-VI of
all species, fibers did not have a preferred direction of orientation and formed dense
networks of thin, varicose axons. In chimpanzees, layer 111 of areas 9, 32, and 4 appeared to
have considerably more TH-ir fibers than layer 111 of macaques or humans. However, this
distinction was less evident when comparing area 4 between species. Qualitatively, layers Il
and V/V1 appeared more or less comparable among species. TH-ir fibers were noted in the
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white matter immediately subjacent to layer V1 in all species. However, these fibers were
more abundant in macaques, particularly in area 32.

The presence of “coils” was noted in all areas of humans and chimpanzees (Figure 10).
Coils are dense clusters formed by intertwined TH-ir varicose fibers, and have been
described in humans (Gaspar et al., 1989; Benavides-Piccione and DeFelipe, 2003). Coils
were most commonly observed in layer 111, although they occurred in all layers of both
species. Although intertwined TH-ir fibers were observed in macaques, particularly in area
4, no structures directly comparable to the dense coils that were observed in humans and
chimpanzees were found.

To determine if TH-ir axon coils were an artifact of fixation (i.e., chimpanzee and human
brains were immersion fixed and macaque brains were perfused), we immunostained
sections through areas 9 and 32 from 18 additional individuals representing six Old World
monkey species (golden monkey, patas monkey, black and white colobus, Francois’s langur,
olive baboon, and golden mangabey) and three great ape species (bonobo, gorilla, and
orangutan). Coils of TH-ir axons were noted within the cortex of each of the great apes, but
were absent in all of the Old World monkey species.

Within-species analyses

For neuron density counts, an average of 102.4 + 22.5 (mean * standard deviation) sampling
sites was placed in each layer/individual/cortical area, with a total of 16,591 sampling sites
investigated and 40,201 neurons counted. The mean coefficient of error related to sampling
(CE, Schmitz and Hof, 2000) was 0.06 with a standard deviation of 0.02.

For TH-ir axon length estimation, an average of 99.4 + 24.3 sampling hemispheres was
placed in each layer/individual/cortical area. A total of 21,462 sampling hemispheres were
used, with 80,291 intersections counted.

Table 2 lists the mean TH-ir axon length density for each species/layer/area. The 4 x 3
repeated-measures ANOVA used for the analysis of TH-ir axon length density within
macaques showed a significant interaction between layer and area (Fg 30 = 3.3, p < 0.05;
Figure 11a), and significant main effects of layer (F3 15 = 140.6, p < 0.05) and area (F 19 =
10.6, p < 0.05). The results of the chimpanzee analysis yielded a significant interaction
(Fe,30 = 3.1, p < 0.05; Figure 11b), and a significant main effect of layer (F3 15 = 14.7, p <
0.05). The main effect of area was not significant (F 19 = 2.5, p > 0.05). In humans, the
interaction was significant (Fg 39 = 5.9, p < 0.05; Figure 11c), as was the main effect of layer
(F3,15 = 29.4, p < 0.05). The main effect of area was not significant (F, 19 = 2.2, p > 0.05).
Post hoc Tukey HSD tests were used to evaluate the significant interactions for each species.
Comparisons were made between layers within each cortical area (Table 3). Differences of
layers between cortical regions are also reported (Table 4). The results demonstrate
significant differences in the patterns of dopaminergic axon length density among humans,
chimpanzees, and macaques, independent of neuron densities.

In macaques, layers I and Il received the densest contingent of TH-ir axons in all three
cortical areas, with layer I having a higher axon length density than any other layer, and
layer 11 having a greater density than either layer 111 or V/VI (see Table 3). Layers 11l and V/
VI were equally innervated for each area. In the comparisons between cortical areas (see
Table 4), area 4 displayed a higher axon length density in all layers relative to area 32, and
had a greater density only in layer Il relative to area 9. Additionally, area 9 exhibited a
higher density in layers I and Il when compared to the same layers of area 32.
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The analysis of chimpanzee data revealed a different pattern. Layer | was more densely
innervated than layer Il only in areas 9 and 4 (see Table 3). Further, layer | had a higher
density relative to layer 111 only in area 4, and was greater relative to layers V/VI in each of
the three cortical areas. Only one difference was detected in comparisons made between
cortical areas; axon length density in layer | of area 4 was significantly higher than layer | of
area 32 (see Table 4). No other differences were detected.

Humans were different from both macaques and chimpanzees. Layers V/VI had a
significantly higher density than layers Il and I11 in both areas 9 and 32, and layer | of area 9
(see Table 3). Layer | was more densely innervated than layer Il in area 4 and layer Il in
areas 4 and 32. Among cortical areas, area 32 had denser innervation in layer I relative to
that of area 9 (see Table 4). Area 32 also had a higher density in layer V/VI relative to area
4. Finally, layer I displayed a greater density in area 4 relative to area 9.

Among-species analyses

The mean ALV/Nv and standard deviation for each layer and cortical area for macaques,
chimpanzees, and humans are shown in Table 5. In the 3 x 3 x 3 ANOVA with repeated-
measures design, the three-way interaction, layer x area x species, was statistically
significant (Fg 60 = 2.2, p < 0.05). Corresponding two-way interaction terms were
significant as well: layer x species (F4 309 = 42.9, p < 0.05); area x species (F4,30 = 3.3, p <
0.05); layer x area (F4, 0 = 3.3, p < 0.05). Finally, all main effects were statistically
significant: layer (Fy, 30 = 53.1, p < 0.05); area (F» 30 = 4.4, p < 0.05); and species (F, 15 =
8.6, p <0.05). The interaction among layer, area, and species is graphically represented in
Figure 12.

Post hoc Tukey HSD tests of the three-way interaction revealed no differences between
species. Comparisons within each species between cortical areas were also made (Table 6).
In humans, none of the layers were different between area 4 and area 9, nor were there
differences between area 4 and area 32. The same pattern held for chimpanzees, with no
laminar differences detected between area 4 and area 9, or between area 4 and area 32. For
macaques, there were no differences in layer Il between area 4 and area 9, or between area 4
and area 32. Layer 11 and layers V/VI were significantly different between area 4 and area 9
as well as between area 4 and area 32 for macaques, with area 4 having denser ALv/Nv. No
differences were detected within any of the species between areas 9 and 32.

DISCUSSION

This is the first rigorous analysis of cortical DAergic innervation between human and
nonhuman primate species and the first characterization of cortical DAergic innervation in
the chimpanzee. Direct comparative studies of the DAergic system have heretofore been
restricted to analyses of rats versus humans and macaque monkeys. The differences between
these two groups in both the organization of the frontal cortex and in DAergic innervation of
this area are striking and suggest evolutionary changes that paralleled increases in both the
size and functional differentiation of the cerebral cortex (e.g., van Eden et al., 1987; Berger
etal., 1991; Preuss, 1995; Sesack et al., 1995; Williams and Goldman-Rakic, 1998). For
example, the primary motor cortex is thought to be the latest development of a primary
cortical field in mammalian neocortical evolution (Sanides, 1970; Kaas, 2004), and is the
most densely DA-innervated cortical area in primates (Lewis et al., 1987; Gaspar et al.,
1989; Berger et al., 1991). However, homologous motor areas in rodents are sparsely
innervated (Berger et al., 1991). Also, the molecular layer is a widespread target for dense
DAergic innervation in all areas of the macaque and human neocortex, but DAergic
innervation of layer I is restricted to only a few areas in rats. Indeed, the motor, parietal, and
temporal cortical areas of rats do not have DAergic afferents in the molecular layer. Finally,
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primates share neurochemical properties of DAergic afferents that are not found in rats,
suggesting that the DAergic neurons innervating the frontal cortex of humans and nonhuman
primates are fundamentally distinct from the DAergic neurons that innervate the
infragranular layers in rodents (Studler et al., 1988; Gaspar et al., 1990; Berger et al., 1991;
Berger et al., 1992). Such significant differences between rodents and primates prevent
direct comparisons of cortical DAergic function within the frontal cortex. The importance of
these differences in the presynaptic component of the cortical DAergic system between
these taxonomic groups is further supported by the finding that primates have an accelerated
rate of protein evolution for the DA receptor gene, DRD2, relative to rodents (Dorus et al.,
2004).

A broader view of phylogenetic differences has been provided by Hof and collaborators in
an analysis of cortical TH-ir axon distribution in the harbor porpoise and pilot whale (Hof et
al., 1995). Their findings revealed a different pattern of innervation of auditory and visual
cortices of cetaceans compared to that of other mammals. Most other mammals share in
common a sparser DAergic innervation in primary sensory cortices relative to all other
cortical areas. This is particularly true of the primary visual cortex, where humans and other
primates exhibit TH-ir axons only in layer | and DAergic axons are rarely found in rodent
visual cortex (Gaspar et al., 1989; Berger et al., 1991). In contrast, the cetacean primary
visual cortex is innervated throughout all layers, and it is more densely innervated than the
auditory cortex, whereas the reverse is true for the other mammals (Hof et al., 1995). Such
phylogenetic differences strongly suggest a potential role for this neurotransmitter in brain
evolution.

Additional lines of evidence suggest that DAergic systems may have been subtly altered in
human evolution. For example, there is considerable evidence indicating that DA
dysfunction plays an important role in a number of neuropsychiatric disorders presenting
with cognitive deficits that preferentially afflict humans, including Alzheimer’s disease,
Parkinson’s disease, and schizophrenia (AKkil et al., 1999; Ciliax et al., 1999; Venator et al.,
1999; Sutoo et al., 2001; Winterer and Weinberger, 2004). Further, a substantial decrease in
TH-ir axons in layer VI of area 9 occurs in schizophrenic subjects (Akil et al., 1999),
potentially underlying working memory deficits in this disease (Akil et al., 1999; Abi-
Dargham, 2004). Humans appear to be uniquely susceptible to these disease states that are
associated with devastating cognitive deficits. This susceptibility may be due to an increased
reliance on DAergic systems to support intellectual capabilities. Based on this evidence, we
hypothesized that humans would have significantly more cortical TH-ir fibers, particularly
in prefrontal cortical areas relative to other primate species. Previc (1999) proposed that
DAergic systems increased and expanded within the human neocortex, and that this increase
was responsible for the origins of human intelligence. However, the results of the present
study do not fully support this hypothesis and indicate that humans do not exhibit an overt
increase of DAergic innervation within the cerebral cortex in comparison to their close
phylogenetic relatives, chimpanzees.

Nonetheless, the evaluation of TH-ir axon length density within each species demonstrated
interesting differences among humans, chimpanzees, and macaques, which might have
functional implications. Although these differences cannot be used in direct between-species
comparisons because they do not take into account differential tissue shrinkage, these
analyses illustrate that the species examined vary in regional pattern of cortical DAergic
innervation within the frontal cortex (see Tables 3 and 4). Briefly, macaques display a
denser innervation in layers I and 11 relative to layers I11 and V/V1 in all three cortical
regions examined. In contrast, humans display a much higher innervation in layers V/VI
only in areas 9 and 32. The pattern of innervation for chimpanzees is altogether different,
with layer I being the most densely innervated layer only in area 4.
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Direct comparisons of ALv/Nv in each layer and area among humans, chimpanzees, and
macaques found general similarities in laminar patterns, however, comparisons made
between the cortical areas involved in cognition versus the primary motor cortex revealed
interesting species differences. Of the different cortical regions, the primary motor cortex
has the densest DAergic innervation in primates, including humans (Lewis et al., 1987;
Gaspar et al., 1989). Our analyses detected significant differences in layers 111 and V/VI of
macaques. Density of TH-ir axon length relative to neuron density was significantly less in
these layers in areas 9 and 32 when compared to area 4. No such differences were found in
either humans or chimpanzees, with areas 9 and 32 being as densely innervated as area 4.
These results suggest an evolutionary shift towards relatively denser DAergic innervation of
layers 111 and VV/VI1 of these prefrontal areas in humans and chimpanzees.

The morphologic appearance of TH-ir fibers in the molecular layer of areas 9 and 32 in
humans was considerably different from the distribution observed in macaques and
chimpanzees. Innervation of layer I in humans is mostly restricted to the lower portion of the
layer, whereas the entire layer is equally innervated in the other species. This observation
was previously made in humans, with the suggestion that this pattern could have
evolutionary implications (Gaspar et al., 1989). This pattern of sublaminar innervation in the
molecular layer has been reported in agranular cortices of long-tailed macaque monkeys
(Berger et al., 1988), but may have been extended in humans to include both agranular and
granular cortices (Gaspar et al., 1989).

Another species difference concerns the coil-like accumulations of TH-ir fibers within the
cortical mantle of only humans and chimpanzees, most commonly observed in layer I11.
Although coils of TH-ir axons were previously described in humans, the functional
significance of these structures is unknown (Gaspar et al., 1989; Benavides-Piccione and
DeFelipe, 2003). We did not detect the presence of coils in any of the areas examined in
macaques, consistent with earlier reports. A detailed analysis that included long-tailed
macaques (Macaca fascicularis) and squirrel monkeys (Saimiri sciureus) did not report the
presence of TH-ir coils within the cortical mantle (Lewis et al., 1987). Another study of
Macaca fascicularis reported “clusters” of DAergic fibers in the upper portion of layer 11l of
the motor areas 4 and 6, but not in other cortical areas (Berger et al., 1988). Similarly, we
did not find any coil-like TH-stained structures in the frontal cortex of any species of Old
World monkeys that we examined, whereas coils were consistently present in great apes.
These results suggest that TH-ir axon coils represent an important morphological variant
that is present only in apes and humans.

Interestingly, analogous morphological features (i.e., coils/clusters of axons) have been
reported for cholinergic and serotonergic axons in human and chimpanzee cortex, and have
been interpreted to represent local events of cortical plasticity or circuit changes (Mesulam
et al., 1992; Raghanti et al., 2007; Raghanti et al., 2008). Neuromodulatory transmitters have
well described functions in modifying cortical neuron response properties as mediated by
numerous receptor subtypes (Gu, 2002; von Bohlen und Halbach and Dermietzel, 2006).
Specific effects include long-term potentiation and long-term inhibition, depending on the
properties of the post-synaptic element. The finding that coils of TH-ir axons are most
numerous in layer 111 is important because of its putative role as the terminal input layer in
corticocortical connections (e.g., Fuster, 1997). If coils are indicative of cortical plasticity,
these findings suggest increased synaptic reorganization that may be manifested in increased
cognitive and behavioral flexibility. Specifically, capacities such as an awareness of “self”
(Gallup, 1982), transmission of social traditions (Whiten and van Schaik, 2001; van Schaik
and Pradhan, 2003), and symbolic language acquisition (Gardner and Gardner, 1985) that
are unique to the great ape and human clade may require a greater capacity for cortical
plasticity.
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There exist limitations for interpreting results from comparative studies that are noteworthy.
First, there is little functional evidence indicating that other species possess strict
homologues for human cortical areas. Although this limits interpretation of comparative
results to some extent, it does allow for an evaluation of potential human-specific attributes.
This is particularly relevant for our analysis of area 32. The integrity of this cortical area is
necessary for the putatively unique human capacity of TOM (e.g., Gallagher and Frith,
2003). Because macaques do not possess a structural homologue to human area 32, it was
necessary to analyze the closest anatomical region to evaluate the emergence of potential
neuroanatomical substrates that support TOM in humans. In addition, while the current
study detected differences between the prefrontal areas versus primary motor cortex, further
cortical regions need be examined to determine if this is a functional adaptation, or a general
feature of all prefrontal cortical areas on a phylogenetic level.

Currently, very little is known regarding differences in cortical histology between humans
other species (Preuss, 2000; Preuss, 2006; Sherwood and Hof, 2007). This report represents
a first step towards a broader understanding of human-specific cortical DAergic
specializations that may support the evolution of cognition. Future studies that include a
wider variety of primate species, cortical areas, and incorporate additional measures of
innervation (such as varicosity densities) will further elucidate the functional roles of DA
within the cortical mantle.

Several differences in cortical DAergic innervation were observed among species which
may have functional implications. Specifically, humans exhibited a sublaminar pattern of
innervation in layer | of areas 9 and 32 that differed from macaques and chimpanzees. In
addition, in statistical analyses of axon length density within species, humans displayed a
greater density of innervation to infragranular layers exclusively in cortical areas involved in
high-level cognitive processing (areas 9 and 32), but not in primary motor cortex. The other
species displayed different regional and laminar variation in DAergic innervation. Macaques
consistently displayed denser innervation of layers | and Il relative to layers 11l and VV/VI for
all cortical areas examined. In contrast, chimpanzees did not demonstrate a consistent
direction of denser innervation. Further, the among-species analysis of ALv/Nv revealed that
humans and chimpanzees together deviated from macaques in having increased DAergic
afferents in layers I11 and V/VI of areas 9 and 32. Finally, morphological specializations that
may be indicative of cortical plasticity events were observed in humans and chimpanzees,
but not macaques.

Taken together, these findings suggest that significant modifications of DA’s role in cortical
organization occurred in the evolution of the apes, with further changes in the descent of
humans. However, we did not find an overt quantitative increase in cortical DAergic
innervation in humans relative to chimpanzees. In this regard, our results highlight the
importance of including chimpanzees in comparative neuroanatomical studies to determine
human brain specializations (e.g., Preuss, 2000). The addition of chimpanzees in this
analysis has enhanced our ability to understand the role of cortical DAergic innervation in
humans in a phylogenetic perspective. Finally, the distinctive innervation patterns and
morphological specializations shared by humans and chimpanzees imply functional
specializations of cortical DAergic innervation that may provide new insight into normal
and pathological functioning of the human brain.
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Figure 1.
Examples of TH staining in chimpanzee cortex. High magnification (63x) photomicrographs
were captured at 1 um, 5 um, and 10 um.
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Human Chimpanzee Macaque

Figure 2.

Lateral (upper) and medial (lower) views of human, chimpanzee, and macaque brains. The
positions of the cortical regions sampled in this study are labeled with their respective
numerical designations.
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Figure 3.
TH-ir axon tracings (A, B, C) and Nissl-stained sections (D, E, F) in area 9 for each species.
Scale bar =250 um. ‘wm’ = white matter.
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Figure 4.
TH-ir axon tracings (A, B, C) and Nissl-stained sections (D, E, F) in area 32 for each
species. Scale bar = 250 um. ‘wm’ = white matter.
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Figure 5.
TH-ir axon tracings (A, B, C) and Nissl-stained sections (D, E, F) in area 4 for each species.
Scale bar =250 um. ‘wm’ = white matter
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Figure 6.
TH immunoreactivity in layers I-111 (A) and V/VI (B) of area 32 in macaque, scale bar = 100
um . C and D show examples of smooth and varicose axons, respectively, scale bar = 25 um.
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Figure 7.
TH immunoreactivity in layers I-111 (A) and V/VI (B) of area 32 in chimpanzee, scale bar =

100 um . C and D show examples of smooth and varicose axons, respectively, scale bar = 25
pm.
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Figure 8.
TH immunoreactivity in layers I-111 (A) and V/VI (B) of area 32 in human, scale bar = 100
um . C and D show examples of smooth and varicose axons, respectively, scale bar = 25 um.
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Figure 9.
Darkfield photomicrographs of TH immunoreactivity in macaque (A) and chimpanzee (B).
Human area 32 (C) is a reversed image of a brightfield photomontage. Scale bars = 100 um.
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Figure 10.
High magnification photographs of TH-ir coils in human layer 111 of area 32 (A), and in
chimpanzee layer 11 of area 4 (B). Scale bar = 25um (B).
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Figure 11.
TH-ir axon length densities in each layer, area, and species.
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Figure 12.
TH-ir ALV/Nv in each layer, area, and species.
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Probabilities for Tukey HSD post hoc tests of TH-ir axon length density. Comparisons made between layers
within each cortical area for each species.

Species Layers Area 9 Area 32 Area 4

Macaca maura ~ I-II 0.00" (1) 0.05" (1) 0.00" (1)
-1 0.00™ (1) 0.00™ (1) 0.00™ (1)
-VIVE 0.00% (1) 0.00™ (1) 0.00™ (1)
-1 0.00% (1) 0.00% (11 0.00™ (1)
-VIVI 0.00" (I1) 0.00™ (11 0.00" (1)
M-V/VI  0.39 0.93 1.00

Pan troglodytes  I-11 0.04™ (1) 1.00 0.00" (1)
-1 0.61 0.58 0.00™ (1)
-VIVE 0.00% (1) 0.00" (1) 0.00" (1)
-1 0.91 0.98 1.00
-V/VI 0.96 0.19 0.16
NI-VVI - 0.18 0.55 0.60

Homo sapiens  I-Il 0.94 0.12 0.00" (1)
-1 0.60 0.00" (1) 0.00" (1)
1-V/IVI 0.02" (vivI) 0.08 0.12
-1 1.00 0.84 0.93
-VIVI 000" (VIVI) 0.00" (Vivl) 0.84
NI-VIVE 0,00 (VIVI) 0007 (v/vI) 0.10

*
Results statistically significant at the 0.05 level. The layer with the higher axon length density is indicated in parentheses to the right of each

significant result.
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Probabilities for Tukey HSD post hoc tests of TH-ir axon length density. Differences of layers are reported
between cortical regions for each species.

Species Layer Area9-Area32 Area9-Aread4 Area32-Aread
Macaca maura I 0.00™ (9) 0.06 0.00™ (4)
Il 000" (9) 0.97 0.00" (4)
064 0.03* (4) 0.00" (4)
VIVl 014 0.88 0.00™ (4)
Pan troglodytes | 0.57 0.14 0.00™ (4)
1 0.99 0.96 1.00
11 0.54 1.00 0.99
VIVI  0.92 1.00 0.98
Homo sapiens 1 0.04™ (32) 0.03" (4) 1.00
1 0.70 1.00 0.89
11 1.00 1.00 0.96
VIVI  0.14 0.09 0.00" (32)

*
Results statistically significant at the 0.05 level. The area with the higher axon length density is indicated in parentheses to the right of each

significant result.
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Probabilities for Tukey HSD post hoc tests for TH-ir ALv/Nv. Comparisons made between cortical areas.

Layers Area4-Area9

Area 4 - Area 32

Area 9 - Area 32

Macaca maura 1 1.00

*

1l 0.01

VIVl 0.00"
Pan troglodytes 1 1.00
1 0.99
VIVI 0.86
Homo sapiens 1 1.00
1 1.00
VIVI 1.00

1.00

*

0.00

0.00"
1.00
0.70
031
1.00
1.00
0.91

1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00

*
Results statistically significant at the 0.05 level.
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