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Abstract

We examined the distribution of neurons immunoreactive for neuropeptide Y (NPY) in the
posterior part of the superior temporal cortex (Brodmann's area 22 or area Tpt) of humans and
nonhuman haplorrhine primates. NPY has been implicated in learning and memory and the
density of NPY-expressing cortical neurons and axons is reduced in depression, bipolar disorder,
schizophrenia, and Alzheimer's disease. Due to the role that NPY plays in both cognition and
neurodegenerative diseases, we tested the hypothesis that the density of cortical and interstitial
neurons expressing NPY was increased in humans relative to other primate species. The study
sample included great apes (chimpanzee and gorilla), Old World monkeys (pigtailed macaque,
moor macaque, and baboon) and New World monkeys (squirrel monkey and capuchin).
Stereologic methods were used to estimate the density of NPY-immunoreactive (-ir) neurons in
layers I-VI of area Tpt and the subjacent white matter. Adjacent Nissl-stained sections were used
to calculate local densities of all neurons. The ratio of NPY-ir neurons to total neurons within area
Tpt and the total density of NPY-ir neurons within the white matter were compared among
species. Overall, NPY-ir neurons represented only an average of 0.006% of the total neuron
population. While there were significant differences among species, phylogenetic trends in NPY-ir
neuron distributions were not observed and humans did not differ from other primates. However,
variation among species warrants further investigation into the distribution of this neuromodulator
system.
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Introduction

Primates are characterized by an increase in brain size relative to other mammals,
particularly of the neocortex [Barton and Harvey, 2000]. It is this expansion in size that has
been heralded as the underlying factor supporting an increase in behavioral and cognitive
flexibility. However, significant differences in cognitive capacities exist among primates,
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and between human and nonhuman primates, including theory of mind, behavioral
inhibition, and language abilities [e.g., Hare et al., 2001, 2007; Herrman et al., 2010;
Savage-Rumbaugh et al., 1980]. These differences are not likely to be the result of changes
in overall size or encephalization quotients alone [Holloway, 1966]. Broad comparative
analyses are needed to understand not only the diversity of neural architecture among
species, but also to reveal human-specific adaptations that contribute to our intellectual
divergence compared to other species.

Neurotransmitter and neuromodulator systems that regulate the communication among
neurons are potential candidates for evolutionary selection due to their critical roles in
supporting learning, memory, language, and other higher cognitive functions [Previc, 1999;
Raghanti et al., 2008a, b, ¢, 2009]. Neuropeptide Y (NPY) is a 36-amino acid peptide that is
present in high concentrations throughout the central nervous system [Tatemoto et al., 1981]
and its actions are mediated by at least four receptor subtypes [Dumont et al., 1998; Michel
et al., 1998]. NPY is an evolutionarily conserved peptide which plays a role in basic
physiological functions such as the regulation of circadian rhythms, feeding behaviors, and
cognitive processes including learning and memory [Lewis et al., 2005; Teramitsu et al.,
2004]. In addition, the expression of NPY mRNA, and the distribution of NPY-
immunoreactive (-ir) axons and cortical neurons is affected in a variety of neuropathological
processes, including depression, bipolar disorder, schizophrenia, schizoaffective disorder,
and Alzheimer's disease [Beal et al., 1986; Caberlotto and Hurd, 1999; Kowall and Beal,
1988; Kuromitsu et al., 2001; Morales-Medina et al., 2010; Moris et al., 2009].

NPY-synthesizing neurons are located throughout the cortex and subcortical regions, and
within subcortical neuron populations (e.g., locus coeruleus) projecting to the cerebral
cortex, hypothalamus and spinal cord [von Bohlen und Halbach and Dermietzel, 2006].
Within the cerebral cortex, NPY is involved in synaptic transmission [Bacci et al., 2002],
regulation of cerebral blood flow [Cauli et al., 2004; Estrada and DeFelipe, 1998; Hamel et
al., 2002], and inhibition of neuronal excitability [Colmers and Bleakman, 1994]. NPY
cortical neurons are mostly GABAergic [Hendry et al., 1984b] and morphologically they
appear as bipolar, bitufted, and multipolar types [Hendry et al., 1984b; Kuljis and Rakic,
1989b; Mori, 1996]. These neurons are distributed throughout the layers of the neocortex,
but are most numerous in layers II-III and VI [Hendry et al., 1984a; Kubota et al., 1994;
Kuljis and Rakic, 1989b]. NPY cortical neurons are categorized as local circuit neurons
because their axons do not extend outside of the grey matter [Rakic, 1987]. Kuljis and Rakic
[1989b] suggested that the area-specific distributions of NPY-ir neuron subtypes in primate
neocortex may reflect adaptations of local circuits for specialized functions. Further, Zaitsev
and colleagues [2009] reported that primate NPY-ir interneurons display electophysiological
properties unique from those in rodent cerebral cortex. The density and distribution of
cortical NPY-ir neurons varies among species and among cortical areas within species [e.g.,
Butti et al., 2011; Kuljis and Rakic, 1989a, b; Sherwood et al., 2009], suggesting that these
neurons may have been recruited to support human- or primate-specific behavioral
functions.

In this study, we analyzed the distribution and density of NPY-ir neurons among humans
and nonhuman primate species in the superior temporal cortex, Brodmann's area 22. This
cortical area (also known as Wernicke's area or area Tpt) is particularly relevant in terms of
human-specific abilities as it is involved in the auditory processing of speech [Geschwind,
1967]. Homologous areas have been described in great apes, monkeys, and galagos based on
cytoarchitectural characteristics [Poremba et al., 2004; Preuss and Goldman-Rakic, 1991;
Spocter et al., 2010]. In humans, there is a leftward asymmetry in the planum temporale, the
size of this cortical region, and the length of the adjacent sylvian fissure that is particularly
evident in right-handed individuals [Foundas et al., 1994; Galaburda et al., 1978; Naidich et
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al., 2001]. A similar leftward asymmetry of the planum temporale and this cortical area
volume is also present in chimpanzees [Gannon et al., 1998; Hopkins and Nir, 2010; Spocter
et al., 2010]. While macaque monkeys lack the morphological features of the planum
temporale, cytoarchitectural asymmetry is evident [Gannon et al., 2008]. Cortical
homologues are involved in the processing of species-specific vocalizations in Old World
monkeys [Poremba et al., 2004] and chimpanzees [Tagliatela et al., 2009]. This evidence,
together with the identification of area Tpt in galagos [Preuss and Goldman-Rakic, 1991],
suggest that this cortical area has an evolutionary history extending back 50-60 million
years.

Because cortical NPY-ir neurons are local-circuit neurons [Kuljis and Rakic, 1989b] that
have species-specific and cortical region-specific distributions, significant differences in this
cell population might be expected between humans and nonhuman primates in this cortical
area. Specifically, we tested the hypothesis that humans would possess a significantly higher
density of cortical NPY-ir neurons relative to other primate species in Wernicke's area (Tpt)
to support human language.

No living animals were used in this study. All postmortem brains from nonhuman primates
were acquired from zoological or research institutions. The animals had been maintained in
AAALAC- or AZA-accredited facilities and died from either natural causes or from humane
euthanization for quality of life. The research presented here is in accordance with the
American Society of Primatologists Principles for the Ethical Treatment of Nonhuman
Primates. The acquisition and processing of postmortem human and nonhuman brain
materials are exempt from the requirement of approval by institutional animal care and
human subject use committees.

The nonhuman brain specimens included 32 individuals representing seven haplorrhine
species (Table I). Human brain specimens were provided by the Northwestern University
Alzheimer's Disease Center Brain Bank. All specimens were obtained from adult individuals
that were free of neuropathology on gross examination. The human subjects showed no
evidence of dementia before death and all individuals received a score of zero for the
CERAD senile plaque grade [Mirra et al., 1991] and the Braak and Braak [1991]
neurofibrillary tangle stage. The age, sex, and method of fixation for each subject can be
found in Table I. Postmortem interval did not exceed 17 hours for any specimen.

The moor macaques were perfused transcardially with 4% paraformaldehyde as part of
unrelated experiments following methods described previously [Hof and Nimchinsky, 1992;
Hof et al., 1996]. All other brains were fixed by immersion in 10% buffered formalin for at
least 10 days, then transferred to a 0.1 M phosphate-buffered saline (PBS, pH 7.4) solution
containing 0.1% sodium azide and stored at 4° C until histological processing.

Sample Processing

All samples were from the left hemisphere. Prior to sectioning, samples were cryoprotected
in a graded series of sucrose solutions (10%, 20%, and 30%) until saturated. Brain samples
were frozen on dry ice and sectioned at 40 pm using a freezing sliding microtome
(SM2000R, Leica, Chicago, IL). Each section was placed into an individual centrifuge tube
containing freezer storage solution (30% each distilled water, ethylene glycol, and glycerol
and 10% 0.244 M PBS), numbered sequentially, and maintained at —20° C until histological
or immunohistochemical processing.
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A 1:10 series for all samples was stained with 0.5% cresyl violet to reveal cell somata.
Nissl-stained sections were used to obtain total neuron densities (Nv) and to define the
cytoarchitectural boundaries of Brodmann's area 22 (area Tpt) located in the caudal portion
of the superior temporal cortex. Area Tpt has been described for humans [Fullerton and
Pandya, 2007], chimpanzees [Bailey et al., 1950; Spocter et al., 2010], macaque monkeys
[Fullerton and Pandya, 2007; Gannon et al., 2008; Lewis and Van Essen, 2000; Preuss and
Goldman-Rakic, 1991], and galagos [Preuss and Goldman-Rakic, 1991]. This area is
distinguished by its well-developed layer II, a columnar appearance of pyramidal neurons in
layers III and V, and a thick layer IV (Fig. 1) [Fullerton and Pandya, 2007; Galaburda and
Pandya, 1982; Preuss and Goldman-Rakic, 1991].

Immunohistochemistry

A 1:10 series of sections from each individual was immunostained for NPY. Floating tissue
sections were immunostained using the avidin-biotin-peroxidase method. Sections were
pretreated for antigen retrieval in a 0.05% citraconic anhydride solution (pH 7.4) in a water
bath (85° C) for 30 minutes [Alelu-Paz et al., 2008]. Endogenous peroxidase was quenched
using a solution of 75% methanol, 2.5% hydrogen peroxide (30%) and 22.5% distilled water
for 20 minutes. Sections were preblocked in a solution of 0.1 M phosphate buffered saline
(PBS; pH 7.4), 0.6% Triton X-100, 4% normal serum, and 5% bovine serum albumin.
Sections were then placed in primary antibody (rabbit anti-NPY polyclonal antibody,
ab30914, Abcam, Cambridge, MA, USA) at a dilution of 1:5,000 in PBS for 48 H at 4° C.
Following this, sections were incubated in a biotinylated secondary antibody (1:200) in a
solution of PBS and 2% normal serum. The sections were then incubated in an avidin-
peroxidase complex (PK-6100, Vector Laboratories, Burlingame, CA, USA) followed by a
3, 3/-diaminobenzidine-peroxidase substrate with nickel enhancement (SK-4100, Vector
Laboratories). The pattern of NPY-ir neurons and axons obtained using this primary
antibody that was generated from the first residue of pig C-terminus were in concordance
with that previously described in humans [Kowall and Beal, 1988], chimpanzee [Mori,
1996], and macaque monkeys [Hendry et al., 1984a; Kuljis and Rakic, 1989a, b].

Data collection and analysis

Nissl-stained sections and sections immunostained for NPY were analyzed using an
Olympus BX-51 photomicroscope equipped with a Ludl X,Y motorized stage, Heidenhain
z-axis encoder, Stereolnvestigator software (MBF Bioscience, Williston, VT, USA, version
9), and a digital camera that projects images onto a 24-inch LCD flat panel monitor.

NPY-ir neuron densities (Nv) were calculated using the optical disector as described
previously [Raghanti et al., 2009]. Cortical NPY-ir neuron density (within layers I-VI of
area 22) was calculated separate from the density of NPY-ir neurons in the white matter
(i.e., interstitial elements). Adjacent Nissl-stained sections were used to obtain total neuron
densities (total Nv) using the optical disector with a fractionator sampling scheme [Raghanti
et al., 2009]. The ratio of NPY-ir Nv to total Nv represents the percentage of cortical
neurons expressing NPY and was used to evaluate the density of NPY-ir neurons in the
context of species differences in overall neuron density. The ratio of NPY-ir Nv to total Nv
within area Tpt and interstitial NPY-ir Nv were compared among species using one-way
ANOVAs. Tukey's HSD post hoc tests were used to evaluate significant findings. An a
level was set at 0.05 for all statistical tests.

Photomicrographs were processed using Adobe Photoshop (version 12.1, San Jose CA,
USA). Brightness and contrast were adjusted to obtain images that most closely resemble
the appearance of histological features as seen through the objectives of the microscope.
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Additional figures were produced by obtaining photomontage images of the cortex at low
magnification and tracing NPY-ir neurons using Adobe Photoshop software.

NPY-ir cortical and interstitial neurons were present in all species examined (Figs. 2 and 3).
The morphological cell types and distributions were in general accordance with previous
results in macaque [Hendry et al., 1984a; Kuljis and Rakic, 1989a; Zaitsev et al., 2009],
chimpanzee [Mori, 1996], and human [Delalle et al., 1997; Kowall and Beal, 1988; Suarez-
Sola et al., 2009], with bipolar and multipolar interneuron subtypes represented in all species
(Fig. 4).

Overall, NPY-ir neurons represented on average 0.006% (SD = 0.003, range = 0.002 —
0.01%) of the total cortical neuronal population in area 22 in haplorrhines. NPY-ir Nv was
significantly correlated with total Nv in the cortex (Pearson correlation: r = 0.61, 1 df, P <
0.001, N = 36) and in the white matter (Pearson correlation: r = 0.57, 1 df, P < 0.001, N =
36). There were significant differences among species in both the percentage of NPY-ir
neurons within the cortex (Brown Forsythe: F7 596 =3.87, P <0.05, N = 36; Fig. 5) and
interstitial NPY-ir Nv (Brown-Forsythe: F7 1476 = 3.42, P <0.05, N = 36; Fig. 6). Tukey's
post hoc analyses did not reveal differences among species that clustered according to
phylogeny and there were no significant differences between humans and any of the
nonhuman primate species in this sample. The non-significant Tukey's post hoc P values
ranged from 0.05 to 1.00. In the white matter, gorillas had significantly fewer NPY-ir Nv
than both capuchins (P < 0.05) and moor macaques (P < 0.05). Within the cortex, squirrel
monkeys had a great a greater percentage of NPY-ir neurons than capuchins (P < 0.05),
pigtailed macaques (P < 0.01), baboons (P < 0.05), chimpanzees (P < 0.01), and gorillas (P <
0.05).

For the New World monkeys (capuchin and squirrel monkey), the majority of NPY-ir
neurons were found in layer VI and the subjacent white matter (see Fig. 2 A, B). NPY-ir
neurons were relatively sparse or absent in layers I-V. In Old World monkeys (moor
macaque, pigtailed macaque, and baboon), neuron density was highest in layers II-III, VI,
and in the white matter (see Fig. 2 C, D, E). A similar pattern was also observed in humans
and chimpanzees (Fig. 2 G, H). In gorillas, NPY-ir neurons were more scattered throughout
the layers of the cortex and white matter (Fig. 2 F).

Discussion

The present analysis represents the first large-scale quantitative analysis of NPY-expressing
neurons in the neocortex of human and nonhuman primates and the first description of NPY-
ir cortical neurons in several of these species. The distribution of NPY-ir cortical
interneurons is of major interest due to reported interspecies differences, differential
expression among cortical areas, and their susceptibility in a variety of human-specific
neuropathological processes [e.g., Beal et al., 1986; Kuljis and Rakic, 1989a, b; Morales-
Medina et al., 2010; Moris et al., 2009]. NPY-ir interneurons were present in all species
examined here, with differences among species in the densities and distribution within area
22 and subjacent white matter. However, contrary to our hypothesis, humans did not possess
a significantly higher density of cortical NPY-ir neurons relative to other primate species.
Further, the differences did not accord with phylogenetic relationships nor did a human-
specific pattern emerge.

Inhibitory interneurons perform key functions within cortical circuits. Disinhibition, due to
reduced numbers of inhibitory interneuron or loss of function, has been associated with
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cognitive deficits in a variety of diseases, including Alzheimer's disease and schizophrenia
[Beal et al., 1986; Kowall and Beal, 1988; Lewis et al., 2005]. Butti and colleagues [2011]
recently reported a comparable pattern and density of cortical NPY-ir neurons in the striped
dolphin, manatee, harp seal, Atlantic walrus, and African elephant, with a sparse distribution
that was concentrated in layers V-VI and the underlying white matter. A similar pattern was
also found for Xenarthra and Afrotheria [Sherwood et al., 2009]. It appears that primates
deviate from this more common pattern among other mammals in having an increased
density of NPY-ir cortical neurons overall and alterations in their distributions among
species, with NPY-ir interneurons present throughout most layers of the cortex.

As with NPY-ir cortical interneurons, the patterns of distribution for other interneuron
populations also display species- and cortical area-specificity [Glezer et al., 1993, 1998;
Sherwood et al., 2004, 2007, 2009, 2010]. In comparison to the relatively small numbers of
NPY-ir interneurons, however, other cortical interneuron subtypes as defined by expression
of calcium-binding proteins and other neuropeptides together comprise approximately
20-30% of the total neuron population [DeFelipe et al., 2002]. Previous comparative
analyses of cortical inhibitory interneuron subpopulations as defined by the calcium-binding
proteins parvalbumin, calretinin, and calbindin in haplorrhine primate prefrontal cortex (area
9), for example, revealed that the density of these cortical cells hyperscales relative to
neuron density [Sherwood et al., 2010].

NPY-ir neurons are derived from a progenitor cell population that are likely comprised of
thyroid transcription factor 1-positive (TTF1, also called NKX2) cells in the ventral
forebrain that migrate dorsally into the cortex [Fertuzinhos et al., 2009]. Developmental and
functional constraints may limit the degree to which this population of neurons can be
modified, as supported by the current results demonstrating only a limited degree of
phylogenetic variation in the distribution of cortical NPY-ir neurons in area 22 and the
underlying white matter. While these constraints may not allow for large changes in neuron
number, there is evidence that the electrophysiological properties of NPY-ir interneurons
differ between rodents and primates [Zaitsev et al., 2009]. Such differences may have
dramatic effects on the processing of local cortical circuits by influencing synaptic plasticity
or modulating the signal-to-noise ratio within or between minicolumns. This could translate
into differences in cognitive and behavioral plasticity, but its true functional significance
remains speculative.

The developmental trajectory of NPY-ir cortical neurons in human prefrontal cortex has
been outlined and includes a high density of NPY-ir neurons in the white matter before 1
year of age, an increased density in cortical layers after 1 year, a peak density of cortical
NPY-ir neurons occurring between 4 and 7 years, and the adult pattern of a relatively low
density occurring around 8 years of age [Delalle et al., 1997]. Interestingly, NPY-ir neurons
are rare in layers I-V in the New World monkeys included in this sample. Neurons in these
upper layers are younger in terms of development as cells migrate from the subplate
outwards [Rakic, 1990]. Developmental analyses are needed to determine if the distribution
of NPY-ir neurons in New World monkeys is the result of cell migration or adult patterning
of neuron types.

The present data contribute to our understanding of human and nonhuman inhibitory cortical
circuits, revealing a component of the cerebral cortex that exhibits species-specificity in
terms of localization and densities. Despite their susceptibility in human neuropathologies
and the involvement of this cortical area in human language, our data indicate that a relative
increase in the number of NPY-ir cortical or interstitial neurons does not distinguish area 22
of humans from that of other haplorrhine primates. The variation present within this sample
is of interest, but because the range of phylogenetic differences is very small and the overall
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percentage of NPY-ir interneurons in the cortex is minimal, this variation is difficult to
characterize in terms of function. Comparisons between the left and right hemispheres and
analyses of additional cortical areas may contribute further to an understanding of how these
neurons contribute to cortical function and an interpretation of species-specific patterns.
Further research is also needed to determine if other components of cortical NPY
innervation (e.g., electrophysiological properties, axon collaterals, or receptor distributions)
differ among human and nonhuman primates.

Acknowledgments

This work was supported by the National Science Foundation (BCS-0921079 and BCS-0824531) and the James S.
McDonnell Foundation (grant 22002078 and 2200020293). Brain material used in this study was obtained through
the Great Ape Aging Project (USPHS/NIH grant AG14308, “A Comparative Neurobiology of Aging Resource”, J.
Erwin, PI), the National Primate Research Center at the University of Washington (NIH grant RR00166), the
Northwestern University Alzheimer's Disease Center Brain Bank (supported by an Alzheimer's Disease Core
Center grant, P30 AG13854, from the National Institute on Aging to Northwestern University, Chicago, Illinois),
the University of Texas MD Anderson Cancer Center, Michale E. Keeling Center for Comparative Medicine and
Research (NIH P40-RR001254), the Southwest National Primate Research Center (NIH-NCRR grant P51
RRO013986), and the University of South Alabama. We thank Bridget Wicinski for expert technical assistance.

References

Alelu-Paz R, Iturrieta-Zuazo I, Byne W, Haroutunian V, Garcia-Villanueva M, Rabano A, Garcia-
Amado M, Prensa L, Gimenez-Amaya JM. A new antigen retrieval technique for human brain
tissue. PloS ONE. 2008; 310.1371/journal.pone.0003378

Bacci A, Huguenard JR, Prince DA. Differential modulation of synaptic transmission by neuropeptide
Y in rat neocortical neurons. Proceedings of the National Academy of Science USA. 2002;
99:17125-17130.

Bailey, P.; von Bonin, G.; McCulloch, WS. The Isocortex of the Chimpanzee. Urbana, IL: University
of Illinois Press; 1950. p. 440

Barton RA, Harvey PH. Mosaic evolution of brain structure in mammals. Nature. 2000; 405:1055-8.
[PubMed: 10890446]

Beal MF, Mazurek MF, Chattha GK, Svendsen CN, Bird ED, Martin JB. Neuropeptide Y
immunoreactivity is reduced in cerebral cortex of Alzheimer's disease. Annals of Neurology. 1986;
20:282-288. [PubMed: 3767313]

Braak H, Braak E. Neuropathological staging of Alzheimer-related changes. Acta Neuropathologica.
1991; 82:239-259. [PubMed: 1759558]

Butti C, Raghanti MA, Sherwood CC, Hof PR. The neocortex of cetaceans: cytoarchitecture and
comparison with other aquatic and terrestrial species. Annals of the New York Academy of
Sciences. 2011; 1225:47-58. [PubMed: 21534992]

Caberlotto L, Hurd YL. Reduced neuropeptide Y mRNA expression in the prefrontal cortex of subjects
with bipolar disorder. Neuroreport. 1999; 10:1747-1750. [PubMed: 10501568]

Cauli B, Tong X-K, Rancillac A, Serluca N, Lambolez B, Rossier J. Cortical GABA interneurons in
neurovascular coupling, relays for subcortical vasoactive pathways. Journal of Neuroscience. 2004;
24:8940-8949. [PubMed: 15483113]

Colmers WF, Bleakman D. Effects of neuropeptide Y on the electrical properties of neurons. Trends in

Neuroscience. 1994; 17:373-379.

DeFelipe J, Alonso-Nanclares L, Arellano JI. Microstructure of the neocortex: comparative aspects.
Journal of Neurocytology. 2002; 31:299-316. [PubMed: 12815249]

Delalle I, Evers P, Kostovic I, Uylings HB. Laminar distribution of neuropeptide Y-like
immunoreactive neurons in human prefrontal cortex during development. Journal of Comparative
Neurology. 1997; 379:515-522. [PubMed: 9067840]

Dumont Y, Jacques D, Bouchard P, Quirion R. Species differences in the expression and distribution

of the neuropeptide Y, Y1, Y2, Y5, and Y5 receptors in rodents, guinea pig, and primate brains.
Journal of Comparative Neurology. 1998; 402:372-384. [PubMed: 9853905]

Am J Primatol. Author manuscript; available in PMC 2014 May 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Raghanti et al.

Page 8

Estrada C, DeFelipe J. Nitric oxide-producing neurons in the neocortex: morphological and functional
relationship with intraparenchymal microvasculature. Cerebral Cortex. 1998; 8:193-203.
[PubMed: 9617914]

Fertuzinhos S, Krsnik Z, Kawasawa Y1, Rasin M-R, Kwan KY, Chen JG, Judas M, Hayashi M, Sestan
N. Selective depletion of molecularly defined cortical interneurons in human holoprosencephaly
with severe striatal hypoplasia. Cerebral Cortex. 2009; 19:2196-2207. [PubMed: 19234067]

Foundas AL, Leonard CM, Gilmore R, Fennell E, Heilman KM. Planum temporale asymmetry and
language dominance. Neuropsychologia. 1994; 32:1225-1231. [PubMed: 7845562]

Fullerton BC, Pandya DN. Architectonic analysis of the auditory-related areas of the superior temporal
region in human brain. Journal of Comparative Neurology. 2007; 504:470—498. [PubMed:
17701981]

Galaburda, AM.; Pandya, DN. Role of architectonics and connections in the study of primate brain
evolution. In: Armstrong, E.; Falk, D., editors. Primate Brain Evolution: Methods and Concepts.
New York: Plenum Press; 1982. p. 203-216.

Galaburda AM, LeMay M, Kemper TL, Geschwind N. Right-left asymmetries in the brain. Science.
1978; 199:852-856. [PubMed: 341314]

Gannon PJ, Kheck N, Hof PR. Leftward interhemispheric asymmetry of macaque monkey temporal
lobe language area homolog is evident at the cytoarchitectural, but not gross anatomic level. Brain
Research. 2008; 1199:62—73. [PubMed: 18262172]

Gannon PJ, Holloway RL, Broadfield DC, Braun AR. Asymmetry of chimpanzee planum temporale:
humanlike pattern of Wernicke's brain language area homolog. Science. 1998; 279:220-2.
[PubMed: 9422693]

Geschwind N. The varieties of naming errors. Cortex. 1967; 3:97-112.

Glezer II, Hof PR, Morgane PJ. Comparative analysis of calcium-binding protein-immunoreactive
neuronal populations in the auditory and visual systems of the bottlenose dolphin ( 7ursiops

truncatus) and the macaque monkey (Macaca fascicularis). Journal of Chemical Neuroanatomy.
1998; 15:203-37. [PubMed: 9860088]

Glezer II, Hof PR, Leranth C, Morgane PJ. Calcium-binding protein-containing neuronal populations
in mammalian visual cortex: a comparative study in whales, insectivores, bats, rodents, and
primates. Cerebral Cortex. 1993; 3:249-72. [PubMed: 8324371]

Hamel E, Vaucher E, Tong XK, St-Georges M. Neuronal messengers as mediators of microvascular
tone in the cerebral cortex. International Congress Series. 2002; 1235:267-276.

Hare B, Call J, Tomasello M. Do chimpanzees know what conspecifics know? Animal Behavior.
2001; 61:139-151.

Hare B, Melis AP, Woods V, Hastings S, Wrangham R. Tolerance allows bonobos to putperform
chimpanzees on a cooperative task. Current Biology. 2007; 17:619-623. [PubMed: 17346970]

Hendry SH, Jones EG, Emson PC. Morphology, distribution, and synaptic relations of somatostatin-
and neuropeptide Y-immunoreactive neurons in rat and monkey neocortex. Journal of
Neuroscience. 1984a; 4:2497-2517. [PubMed: 6149273]

Hendry SH, Jones EG, DeFelipe J, Schmechel D, Brandon C, Emson PC. Neuropeptide-containing
neurons of the cerebral cortex are also GABAergic. Proceedings of the National Academy of
Science USA. 1984b; 81:6526-30.

Herrman E, Hare B, Call J, Tomasello M. Differences in the cognitive skills of bonobos and
chimpanzees. PloS ONE. 2010; 5:e12438. [PubMed: 20806062]

Hof PR, Nimchinsky EA. Regional distribution of neurofilament and calcium-binding proteins in the
cingulate cortex of the macaque monkey. Cerebral Cortex. 1992; 2:456—467. [PubMed: 1282402]

Hof PR, Ungerleider LG, Webster MJ, Gattass R, Adams MM, Sailstad CA, Morrison JH.
Neurofilament protein is differentially distributed in subpopulations of corticortical projectiion

neurons in the macaque monkey visual pathways. Journal of Comparative Neurology. 1996;
376:112-127. [PubMed: 8946287]

Holloway RL. Cranial capacity, neural reorganization, and hominid evolution: a search for more
suitable parameters. American Anthropologist. 1966; 68:103—121.

Am J Primatol. Author manuscript; available in PMC 2014 May 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Raghanti et al.

Page 9

Hopkins WD, Nir TM. Planum temporale surface area and grey matter asymmetries in chimpanzees
(Pam troglodtyes): the effect of handedness and comparison with findings in humans. Behavior
and Brain Research. 2010; 208:436—443.

Kowall NW, Beal MF. Cortical somatostatin, neuropeptide Y, and NADPH diaphorase neurons,
normal anatomy and alterations in Alzheimer's disease. Annals of Neurology. 1988; 23:105-114.
[PubMed: 2897822]

Kubota Y, Hattori R, Yui Y. Three distinct subpopulations of GABAergic neurons in rat frontal
agranular cortex. Brain Research. 1994; 649(1-2):159-73. [PubMed: 7525007]

Kuljis RO, Rakic P. Distribution of neuropeptide Y-containing perykarya and axons in various
neocortical areas in the macaque monkey. Journal of Comparative Neurology. 1989a; 280:383—
392. [PubMed: 2918100]

Kuljis RO, Rakic P. Multiple types of neuropeptide Y-containing neurons in primate neocortex.
Journal of Comparative Neurology. 1989b; 280:393—409. [PubMed: 2918101]

Kuromitsu J, Yokoi A, Kawai T, Nagasu T, Aizawa T, Haga S, Ikeda K. Reduced neuropeptide Y
levels in the frontal cortex of people with schizophrenia and bipolar disorder. Gene Expression
Patterns. 2001; 1:17-21. [PubMed: 15018814]

Lewis DA, Hashimoto T, Volk DW. Cortical inhibitory neurons and schizophrenia. Nature Reviews
Neuroscience. 2005; 6:312-324.

Lewis JW, Van Essen DC. Mapping of architectonic subdivisions in the macaque monkey, with
emphasis on parieto-occipital cortex. Journal of Comparative Neurology. 2000; 428:79-111.
[PubMed: 11058226]

Michel MC, Beck-Sickinger A, Cox H, Doods HN, Herzog H, Larhammer D, Quirion R, Schwartz T,
Westfall T. XVI. International Union of Pharmacology recommendations for the nomenclature of

neuropeptide Y, Peptide Y'Y, and pancreatic polypeptide receptors. Pharmacology Reviews. 1998;
50:143-150.

Mirra S, Heyman A, McKeel S, Sumi S, Crain B, Brownlee L, Vogel F, Hughes J, van Belle G, Berg
L. The consortium to establish a registry for Alzheimer's disease (CERAD). Neurology. 1991;
41:479-486. [PubMed: 2011243]

Morales-Medina JC, Dumont Y, Quirion R. A possible role of neuropeptide Y in depression and stress.
Brain Research. 2010; 1314:194-205. [PubMed: 19782662]

Mori S. Neuropeptide Y-like immunoreactivity in area 17 of chimpanzee. Okajimas Folia Anatomy
Japan. 1996; 73(5):219-27.

Moris HM, Stopcynski RE, Lewis DA. NPY mRNA expression in the prefrontal cortex: Selective
reduction in the superficial white matter of subjects with schizoaffective disorder. Schizophrenia
Research. 2009; 115:261-269. [PubMed: 19804960]

Naidich TP, Hof PR, Gannon PJ, Yousry TA, Yousry I. Anatomic substrates of language emphasizing
speech. Neuroimaging Clinics of North America. 2001; 11:305-341. [PubMed: 11489742]

Poremba A, Malloy M, Saunders RC, Carson RE, Herscovitch P, Mishkin M. Species-specific calls
evoke asymmetric activity in the monkey's temporal poles. Nature. 2004; 427:448-51. [PubMed:
14749833]

Preuss TM, Goldman-Rakic PS. Architectonics of the parietal and temporal association cortex in the
strepsirhine primate Galago compared to the anthropoid primate Macaca. Journal of Comparative
Neurology. 1991; 310:475-506. [PubMed: 1939733]

Previc FH. Dopamine and the origins of human intelligence. Brain and Cognition. 1999; 41:299-350.
[PubMed: 10585240]

Raghanti MA, Stimpson CD, Marcinkiewicz JL, Erwin JM, Hof PR, Sherwood CC. Differences in
cortical serotonergic innervation among humans, chimpanzees, and macaque monkeys: a
comparative study. Cerebral Cortex. 2008a; 18:584-597. [PubMed: 17586605]

Raghanti MA, Stimpson CD, Marcinkiewicz JL, Erwin JM, Hof PR, Sherwood CC. Cortical
dopaminergic innervation among humans, chimpanzees, and macaque monkeys: A comparative
study. Neuroscience. 2008b; 155:203-220. [PubMed: 18562124]

Raghanti MA, Stimpson CD, Marcinkiewicz JL, Erwin JM, Hof PR, Sherwood CC. Cholinergic
innervation of the frontal cortex: Differences among humans, chimpanzees, and macaque
monkeys. Journal of Comparative Neurology. 2008c; 506:409-424. [PubMed: 18041783]

Am J Primatol. Author manuscript; available in PMC 2014 May 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Raghanti et al.

Page 10

Raghanti MA, Spocter MA, Stimpson CD, Erwin JM, Bonar CJ, Allman JM, Hof PR, Sherwood CC.
Species-specific distributions of tyrosine hydroxylase-immunoreactive neurons within the
prefrontal cortex of anthropoid primates. Neuroscience. 2009; 158:1551-1559. [PubMed:
19041377]

Rakic, P. Local circuit neurons. In: Adelman, G., editor. Encyclopedia of Neuroscience. Boston:
Birkhauser; 1987. p. 594

Rakic P. Principles of neural cell migration. Experientia. 1990; 46:882-91. [PubMed: 2209797]

Savage-Rumbaugh ES, Runbaugh DM, Boysen S. Do apes use language? American Scientist. 1980;
68:49-61.

Sherwood CC, Holloway RL, Erwin JM, Hof PR. Cortical orofacial motor representation in Old World
monkeys, great apes, and humans. II. stereologic analysis of chemoarchitecture. Brain, Behavior,
and Evolution. 2004; 63:82-106.

Sherwood CC, Raghanti MA, Stimpson CD, Bonar CJ, de Sousa AJ, Preuss TM, Hof PR. Scaling of
inhibitory interneurons in areas V1 and V2 of anthropoid primates as revealed by calcium-binding
protein immunohistochemistry. Brain, Behavior, and Evolution. 2007; 69:176-195.

Sherwood CC, Stimpson CD, Butti C, Bonar CJ, Newton AL, Allman JM, Hof PR. Neocortical neuron
types in Xenarthra and Afrotheria: implications for brain evolution in mammals. Brain Structure
and Function. 2009; 213:301-328. [PubMed: 19011898]

Sherwood CC, Raghanti MA, Stimpson CD, Spocter MA, Uddin M, Boddy AM, Wildman DE, Bonar
CJ, Lewandowski AL, Phillips KA, Erwin JM, Hof PR. Inhibitory interneurons of the human
prefrontal cortex display conserved evolution of the phenotype and related genes. Proceedings of
the Royal Society Society B: Biological Sciences. 2010; 277:1011-1020.

Spocter MA, Hopkins WD, Garrison AR, Bauernfeind AL, Stimpson CD, Hof PR, Sherwood CC.
Wernicke's area homologue in chimpanzees (Pan troglodytes) and its relation to the appearance of
modern human language. Proceedings of the Royal Society B: Biological Sciences. 2010;
277:2165-2174.

Suarez-Sola ML, Gonzalez-Delgado FJ, Pueyo-Morians M, Medina-Bolivar OC, Hernandez-Acosta
NC, Gonzalez-Gomez M, Meyer G. Neurons in the white matter of adult human neocortex.
Frontiers in Neuroanatomy. 200910.3389/neuro.05.007.2009

Tagliatela JP, Russell JL, Schaeffer JA, Hopkins WD. Visualizing vocal perception in the chimpanzee.
Cerebral Cortex. 2009; 19:1151-1157. [PubMed: 18787228]

Tatemoto K, Carlquist M, Mutt V. Neuropeptide Y- a novel brain peptide with structural similarities to
peptide YY and pancreatic polypeptide. Nature. 1981; 296:659-660. [PubMed: 6896083]

Teramitsu I, Kudo LC, London SE, Geschwind DH, White SA. Parallel FoxP/ and FoxP2 expression
in songbirid and human brain predicts functional interaction. Journal of Neuroscience. 2004;
24:3152-3163. [PubMed: 15056695]

von Bohlen und Halbach, O.; Dermietzel, R. Handbook of Receptors and Biological Effects. Second.
Weinheim, Germany: Wiley-VCH Verlag GmbH & Co; 2006. Neurotransmitters and
Neuromodulators; p. 386

Zaitsev AV, Povysheva NV, Gonzalez-Burgos G, Rotaru DC, Fish KN, Krimer LS, Lewis DA.
Interneuron densitiy in layers 2-3 of monkey prefrontal cortex. Cerebral Cortex. 2009; 19:1597—
1615. [PubMed: 19015370]

Am J Primatol. Author manuscript; available in PMC 2014 May 01.



Raghanti et al.

Squirrel monkey Capuchin ) Pigtailed macaque

Figure 1.
Coronal Nissl-stained sections with the sampled area outlined with open rectangles and high

magnification photomicrographs of area Tpt in representative species. Cortical layers are
indicated by roman numerals, wm = white matter. Scale bar for photomicrographs = 500

pm.
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Figure2.

NPY-ir neuron tracings in area 22 from each species. Cortical layers are indicated by roman
numerals. Scale bars = 250 pm.
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Figure3.

Low magnification photomicrographs of the infragranular layers and subjacent white matter
in squirrel monkey (A), capuchin (B), moor macaque (C), pigtailed macaque (D), baboon
(E), gorilla (F), chimpanzee (G), and human (H). The dotted lines represent the border
between the cortex and white matter. Scale bars = 250 pm.

Am J Primatol. Author manuscript; available in PMC 2014 May O1.



Raghanti et al. Page 14

Figure4.
Examples of NPY-immunoreactive interneurons in squirrel monkey (A), capuchin (B), moor

macaque (C), pigtailed macaque (D), baboon (E), gorilla (F), chimpanzee (G), and human
(H). Scale bars = 25 pm.
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Figureb5.

Percentage of NPY-immunoreactive neurons within the cortex of each species. Error bars
represent SD. Asterisks indicate a significant difference relative to squirrel monkeys. The
numbers above the asterisks represent the P values associated with Tukey's post hoc tests.
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Figure®6.

NPY-immunoreactive neuron densities present in the white matter of each species. Error
bars represent SD. Significant differences detected using Tukey's post hoc tests (P values)
are indicated by asterisks and brackets, with gorillas having fewer interstitial cells relative to
capuchins and moor macaques.
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