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Abstract

We performed high-throughput mass spectrometry at high spatial resolution from individual
regions (anterior cingulate and primary motor, somatosensory, and visual cortices) and layers of
the neocortex (layers 111, IV, and V) and cerebellum (granule cell layer), as well as the caudate
nucleus in humans and chimpanzees. A total of 39 mass spectrometry peaks were matched with
probable protein identifications in both species, allowing for direct comparison in expression. We
explored how the pattern of protein expression varies across regions and cortical layers to provide
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insights into the differences in molecular phenotype of these neural structures between species.
The expression of proteins differed principally in a region- and layer-specific pattern, with more
subtle differences between species. Specifically, human and chimpanzee brains were similar in
their distribution of proteins related to the regulation of transcription and enzyme activity but
differed in their expression of proteins supporting aerobic metabolism. While most work assessing
molecular expression differences in the brains of primates has been performed on gene transcripts,
this dataset extends current understanding of differential molecular expression that may underlie
human cognitive specializations.

Graphical Abstract

Using region-specific mass spectrometry, the authors show that proteins supporting aerobic
metabolism are more highly expressed in the human anterior cingulate cortex and caudate nucleus
compared to the same regions in the chimpanzee.
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Introduction

Despite being separated by only 6-8 million years of independent evolution (Chimpanzee
Sequencing and Analysis Consortium, 2005; Langergraber et al., 2012; Priifer et al., 2012),
humans differ from chimpanzees, one of their closest living relatives, by an array of
cognitive specializations, including the use of language, abstracting thinking, and the ability
to understand the mental states of others (Sherwood et al., 2008). The human brain is
distinguished from that of chimpanzees and other great apes by more than three-fold
increase in neocortical size (Holloway, 1996) among other neuroanatomical features
(Raghanti et al., 2008; Rilling et al., 2008; Schenker et al., 2010; Semendeferi et al., 2011;
Bianchi et al., 2012; Spocter et al., 2012; Bauernfeind et al., 2013). New genomic
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sequencing technologies have revealed additional evolutionarily distinctive aspects of the
human brain at the molecular level (Berezikov et al., 2006; Babbitt et al., 2010; Xu et al.,

2010; Konopka et al., 2012). However, relatively little is known about how the abundance
and distribution of specific proteins compare between human and chimpanzee brains.

Because the mammalian brain contains a vast diversity of cell types (Masland, 2004),
studies investigating its molecular composition that employ homogenate samples dissected
from relatively large anatomical regions are unable to detect biological signals that may be
less abundant or spatially limited in expression (Geschwind, 2000; Kamme et al., 2003;
Sugino et al., 2005). The human neocortex, for example, contains approximately 90 billion
neurons (Herculano-Houzel, 2012) that vary in their size, density, connectivity patterns, and
neurotransmitters according to laminar and regional distribution (DeFelipe, 1993; Zilles and
Amunts, 2010; DeFelipe et al., 2013). To overcome this challenge, several studies have
examined gene expression levels across cortical layers using high-throughput methods in
mice (Lein et al., 2007; Belgard et al., 2011) and rhesus monkeys (Bernard et al., 2012).
Currently, global regional gene expression levels is available for human brain but not at the
level of individual layers (Kang et al., 2011; Hawrylycz et al., 2012). While these studies
affirm the value of enhanced spatial resolution in molecular research, the expression levels
of gene transcripts have proven to be relatively poor predictors of protein abundance with an
average correlation of about 30% between the two molecules (Ramakrishnan et al., 2009;
Schwanhdusser et al., 2011; Khan et al., 2013; Wu et al., 2013; Wilhelm et al., 2014).
However, in addition to gene expression level, protein abundance is largely influenced by
the gene-specific translation rate (Schwanhdusser et al., 2011; Low et al., 2013), which
appears to be somewhat similar across tissue types (Wilhelm et al., 2014). Although very
little is known about the concordance of gene and protein expression levels within discrete
populations of cells, the variability of gene expression in individual neurons has been shown
to be surprisingly diverse (McConnell et al., 2013), and the effect on protein expression is
unknown.

Here, we present a comparative analysis of human and chimpanzee brains using a high
spatial resolution and high-throughput proteomic technique. Mass spectrometry (MS) has
been a useful tool for biologists to sample the relative quantities of many proteins
simultaneously with a high degree of precision in measurement of the molecular weight
(MW) of individual molecules (Walther and Mann, 2010). Furthermore, matrix-assisted
laser desorption/ionization (MALDI) MS is able to achieve levels of spatial resolution not
previously obtained by other proteomic methods (Stoeckli et al., 2001; Chaurand et al.,
2006; Cornett et al., 2007). Using MALDI MS, we profiled brain tissue of adult humans and
chimpanzees with a spatial resolution of 200 pm, such that individual layers of neocortex
and cerebellum (CB) were sampled, representing the diversity of underlying cytoarchitecture
and neuronal function. We analyzed protein expression profiles from neocortical regions,
including anterior cingulate cortex (ACC), primary motor cortex (M1), somatosensory
cortex (S1), and primary visual cortex (V1), as well as the caudate nucleus (CN) and CB.
Our objective was to describe protein expression differences in humans and chimpanzees
with a regional specificity not previously obtainable in order to characterize human-specific
patterns.
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Materials and Methods

Sample

Frozen brain samples from adult humans (n = 8; aged 27 to 50 years), who were free from
neurological disorders, were obtained from the National Institute of Child Health and
Human Development Brain and Tissue Bank for Developmental Disorders at the University
of Maryland (Baltimore, MD). Frozen brain samples from adult common chimpanzees, Pan
troglodytes (n = 5; aged 18 to 45 years), were obtained from the Alamogordo Primate
Facility (Holloman Air Force Base, Alamogordo, NM). The chimpanzees had been cared for
according to Federal and Institutional Animal Care and Use guidelines and died of natural
causes. All tissue was collected and stored at —80°C with postmortem intervals of less than 8
hours to diminish degradation of proteins. A detailed summary of the primate sample,
including ages of individuals and regions sampled, is provided in Table 1. Additionally, 8
fresh frozen brains from Swiss Webster mice (8-10 wk old, mixed gender, meninges intact)
were acquired from Pel-Freez (Rogers, AR). The CBs of these samples were used as a
standard to monitor variation across runs.

Regions of interest at least 1 cm?3 in volume were dissected from the left hemisphere of the
brain without thawing. Cortical region assignments were confirmed on 10 um-thick sections
stained for Nissl substance with cresyl violet. The ACC was dissected near the genu of the
corpus callosum, corresponding to Brodmann’s area 24. M1 was dissected from the
precentral gyrus (Brodmann’s area 4) and was confirmed by the presence of Betz cells in
layer V under microscopic examination. S1 was dissected from the postcentral gyrus
(Brodmann’s area 3, 1, and 2) and was confirmed by the presence of a densely granular
cortical layer 1V. V1 (Brodmann’s area 17) was dissected from cortex surrounding the
calcarine sulcus and was confirmed by the presence of its typical sublamination of layer V.
The CN was dissected from the head of the caudate nucleus. The CB was sampled from the
lateral portion of the posterior cerebellar lobe.

Application of matrix and MS data acquisition

Tissue preparation and MS acquisition occurred at the Vanderbilt Mass Spectrometry
Research Center Proteomics Laboratory (RRID:nlx 156669). Each frozen tissue block was
sectioned into consecutive 10 pm-thick sections using a cryostat (Leica Biosystems, Buffalo
Grove, IL). Every fifth section was mounted on a MS target plate immediately after
sectioning and thawed. A section adjacent to the one prepared for MS was histologically
stained using 0.05% cresyl violet (Sigma-Aldrich, St. Louis, MO). Human and chimpanzee
tissue was plated on the same target plate so that possible drift in the signal of the instrument
would affect both species equally.

A 25 mg/ml sinapinic acid (Sigma-Aldrich) matrix was made in 50:50 acetonitrile:H,O
0.1% trifluoroacetic acid solution. After coregistering a digital image of the adjacent
histological section to a digital image of the section prepared for MS, discrete locations were
selected within each region of interest prepared for MS. Using spatial coordinates to guide
placement, the sinapinic acid matrix was deposited on the plated tissue within each
identified region of interest with an acoustic robotic spotter (Labcyte, Sunnyvale, CA),
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which deposits the matrix on the tissue in uniform spots 200 um in diameter (Aerni et al.,
2006). Droplets were ejected at 10 Hz in a pattern of 13 drops/spot, which was repeated 6
times for a total of 78 drops/spot. Droplet volume was ~120 pl/drop, making the total
volume deposited per spot ~9.4 nl. Once the matrix was applied to tissue, the proteins
contained within that spot are considered to be mobile; thus, MS signals obtained from each
spot are an average of the proteins within that anatomical location. Mass spectra were
acquired using an Autoflex Speed time-of-flight mass spectrometer (Bruker Daltonics,
Billerica, MA) equipped with a SmartBeam laser (Nd:YAG, 355 nm) and run using a
positive ion linear mode acquisition method optimized for mass to charge (nvz) scores
between 2 and 40 kDa. Data was acquired in an automated fashion from each discrete matrix
spot, with a total of 400 laser shots acquired via random walk over the entire spot for each
mass spectrum.

Analysis of mass spectra

Following MS, the plated tissue was stained with 0.05% cresyl violet (Sigma-Aldrich). In
samples from both species, the locations of sinapinic acid spots were confirmed visually
under microscopy. A matrix spot needed to be fully positioned within the region of interest
in order for the mass spectrum it yielded to be included in further analysis. For neocortex
and CB, the locations of sinapinic acid spots were only included if the spot was wholly
within a single layer of neocortex or the granule cell layer (gcl) of the CB. From the spots
with confirmed locations, at least 10 spectra from each individual were averaged
arithmetically in ClinProTools software (version 2.2, Bruker Daltonics), for MS data
analysis.

For humans and chimpanzees separately, the individual spectra for each region were
arithmetically averaged to create a species mean expression spectrum. Because peak width
changes with greater m/z scores, top hat baseline subtraction was performed using 10%
baseline width to minimize baseline distortions. Spectra were normalized based on their total
ion current. Recalibration was performed with a maximal peak shift of 100 parts per million
(ppm) and a 30% match to calibrant peaks. Spectra that could not be recalibrated with a
signal to noise threshold of 5 were excluded from analysis. Further information regarding
these preprocessing procedures can be found elsewhere (Norris et al., 2007).

From the mean species expression spectrum for each region (different layers analyzed
separately), peaks within the 2,000-30,000 vz score range were considered for analysis.
Initially, peaks were selected through the automated algorithm of ClinProTools using a
resolution of 600 (a parameter corresponding to the peak mass/peak width). Peaks were
manually defined if they had not been selected by the algorithm yet appeared to be distinct
from noise. Because the peaks were selected from mean species spectra that were created
from mean individual spectra, the contribution of noise to the signal was likely minimal.

MS data was collected over a period of 20 months. Sections of mouse CB (10 ym in
thickness) were mounted on each target plate and used as a standard to compare variation
across runs. MS spectra from the gcl of mouse CB were compared at 9 different times
throughout the course of data collection. Mean nvz scores and intensities from each run (1 to
6 spots per run) were used to analyze signal drift over the course of data collection. Principal
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components analyses (PCAS) were run on the m/z scores and intensities of thel5 largest
peaks represented in each spectrum.

Assignment of protein identifications

We produced a list of proteins found in the human brain from two sources. First, we
searched the UniProt database (http://www.uniprot.org; RRID:nif-0000-00377) on June 11,
2013 for the qualifying terms “human and brain”. The search produced 15,361 unique
proteins and isoforms, of which 9,473 had reviewed entries with sufficient functional
information to be included in this study. Next, we performed a literature search for studies
that had identified and quantified proteins in the human brain using tryptic digestions of
proteins followed by multidimensional separations by liquid chromatography or gel
electrophoresis and subsequent MS analyses (Dumont et al., 2006; Pan et al., 2007; Ishii et
al., 2009; Martins-de-Souza et al., 2009; Burkard et al., 2011). We used the EXPASy
Bioinformatics Resource Portal (http://web.expasy.org/compute_pi/; RRID:nif-0000-30108)
to find mean isotopic MWs for the list of proteins generated from the UniProt database and
literature review. The MWs accounted for cleavages (including initiator methionines, transit
peptides, and signal peptides), reflecting the weight of the mature protein. We compared
these MWs to the nvVz scores of the peaks found from our human spectra. We considered
identification of a protein to be sufficient if it passed the following criteria:

1. MW: The identification of a particular protein was considered possible if the mean
isotopic MW of the mature protein was within 0.05% of the MS peak. This
criterion is equivalent to a mass change equivalent of one C12 atom per 2 kDa.

2. Prevalence in the brain: High-throughput proteomic techniques are biased toward
detection of the most abundant proteins within a sample. As such, the detection of a
protein by one or more other studies (Dumont et al., 2006; Pan et al., 2007; Ishii et
al., 2009; Martins-de-Souza et al., 2009; Burkard et al., 2011) was considered to be
evidence of a relatively high concentration of that protein in the brain and
therefore, more likely to be detected in this study. The presence of a particular
protein was further confirmed if the prevalence of its parent gene was shown to be
abundantly expressed in GeneCards (http://www.genecards.org;
RRID:nif-0000-02879).

3. z-charge: Although proteins detected by MALDI MS typically carry an electric
charge of +1, we could not assume this was true for each peak. To ensure that an
ion with a +2 or +3 charge had not created the peak, we divided the MW of each
protein in our list by 2 and 3 in order to obtain MW for possible charged ions. If an
mvz score from our spectra matched the criterion outlined in step 1 with any of the
MWs of possible charged ions, we concluded that we did not have enough
confidence for identification.

The chimpanzee peak list was compared to the human list to identify peaks that might
represent homologous proteins. Using human proteins as a guide to identifying chimpanzee
proteins was possible because 29% of coding sequences within the human and chimpanzee
genomes are identical in sequence and most proteins differ by only 1 or 2 amino acids
(Chimpanzee Sequencing and Analysis Consortium, 2005). Furthermore, the proteins
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detected are relatively small (~3.5 kDa—30 kDa), suggesting that changes in amino acid
sequence affecting protein weight may be less likely than in larger proteins. The parent gene
of each protein match was searched in the National Center for Biotechnology Information
database (http://www.ncbhi.nlm.nih.gov/gene/) to confirm conservation of gene sequences
between humans and chimpanzees. If the sequences were not conserved, the Uniprot
database was searched to see if the protein sequences were equivalent in their MW. For the
peaks in the spectra to reflect probable homologues, we determined that the human and
chimpanzee peaks should differ by no more than 0.12 % of their myz score. This criterion is
equivalent to a change in mass equivalent to one C12 atom per 833.3 Da. Considering that
amino acids range in weight from 57 to 186 Da (glycine to tryptophan, respectively), this
threshold allowed for no more than one change in amino acid sequence between humans and
chimpanzees in the largest proteins represented in our spectra. The resulting homologous
peaks were detectable in some or all of the regions under investigation in this study,
including discreet cortical layers. Because MS peaks can be occluded from detection for a
number of different reasons, it is impossible to say that a protein is absent from a sample.
For example, proteins whose abundance measurements are absent from the chimpanzee
sample (e.g., the homologues of UCR1 and COX7B2) were undetectable in our MS spectra
but should not be interpreted as absent from the sample altogether. Validations of probable
protein identifications using quantitative proteomic methods at a similar spatial resolution
are not currently possible.

Data analysis

We opted to use peak intensity (peak height) as a proxy for protein abundance instead of
peak area. When peak area is used to quantify abundance, adjacent peaks may influence the
calculation due to the broader range of m/z scores considered (Zhang et al., 2010). Because a
peak that is present in the spectra for one species may be absent in the spectra for the other,
the possibility of nearby peaks biasing the interspecific protein comparisons seemed likely.
Across each region of interest, interindividual means, standard deviations (SD), and
coefficient of variations were found for the protein abundances. Anderson-Darling tests
were performed to test for normality of the distribution of abundances across members of a
species. Because the majority of these distributions were not normally distributed,
nonparametric statistical tests were performed in all analyses. Kruskal-Wallis tests were
used for the analysis of interindividual variation of abundances across members of a species.
All further data analysis was performed on the mean expression levels for each species.
Spearman rank correlation coefficients were computed on the expression levels of proteins
that we were able to identify in at least half of the regions of interest in humans and
chimpanzees together. Data analysis was performed in R (version 3; R Core Team, 2012).

A series of multivariate statistical methods were performed to describe the variation in how
proteins were distributed across species and regions of interest. A PCA was performed on
log-transformed protein expression to explore the amount of variation across the regions of
interest. The analysis was performed using the ‘prcomp’ command in R, and the variables
were zero-centered and scaled to unit variance. To describe the variation underlying the
differences across species, regions of the brain, and layers of neocortex, a series of three
canonical variate analyses (CVAs) were performed. Because proteins that were not observed

J Comp Neurol. Author manuscript; available in PMC 2016 October 01.


http://www.ncbi.nlm.nih.gov/gene/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bauernfeind et al.

Results

Page 8

in all regions of interest can influence the group assignments, these analyses were performed
only on the 19 proteins that were measured in all regions of interest. The analyses were
performed using the ‘lda’ command in R with species, brain area, or cortical layer given as
the explanatory variable. Subsequently, discriminant function analyses were performed to
examine whether the expression levels of the detected proteins were sufficient to reconstruct
species identity or assignment to the sample’s brain region or neocortical layer of origin.
The ‘predict’ function produced posterior probabilities for how appropriate the model was
for the data. Finally, an unsupervised hierarchical cluster analysis of the expression of all
identified proteins was performed using the unweighted pair-group method with the
arithmetic mean of human and chimpanzee data to explore how regions of interest are alike
or dissimilar in their protein expression profiles. The analysis was performed using the
‘hclust’ function in R.

For the standard mouse CB run at 9 times throughout data collection, a PCA performed on
the mean nvz scores found 100% of the variation to be described by PC1. The eigenvector
for PC1 was equally loaded (0.33) across all 9 runs, demonstrating there was no drift in the
measurement of molecular weights over time. A PCA for the mean peak intensities found
92.7% of the variation to be described by PC1. The loadings were similar (0.29-0.34) for
each of the 9 runs in the eigenvector describing PC1. Consequently, we have confidence that
the strength of the MS signal did not change markedly over time and likely did not
contribute significantly to variation in peak intensities across other regions of interest.

MS spectra were collected from ACC (layers 111, V), M1 (layers 111, V), S1 (layers 11, 1V,
V), V1 (layers 111, IVA, IVB, IVC, and V), CN, and CB (gcl). Figure 1 displays examples of
each of these regions from either human or chimpanzee. We identified 39 peaks representing
homologous proteins in humans and chimpanzees that were detectable in at least 50% of the
regions of interest (Fig. 2). Supplementary information on the proteins, the parent genes
from which they are coded, and the gene ontology (GO) categories associated with their
parent genes (Gene Ontology Consortium, 2000) can be found online (Supplementary
Dataset 1). Table 2 includes the MWs of the proteins and information regarding the
matching of homologous MS peaks. For simplicity, we refer to the parent gene name in this
study, except in the case of the c-flanking peptide of neuropeptide Y (NPY), as this peptide
has its own abbreviation, CPON. Because these proteins were not identified directly from
the tissue samples themselves, our identifications remain “probable”. A total of 18 proteins
were detected in all regions of interest in both species.

The proteins identified support many different biological functions, including aerobic
metabolism, cellular signaling, and protein synthesis, that are typically localized in the
cytosol, mitochondrial membrane, or ribosome. The fact that many of the identified proteins
were involved in metabolism is not surprising given that roughly 75% of a cell’s protein
mass typically supports ‘housekeeping’ functions (Kim et al., 2014). In this study, the
proteins with highest abundances tended to be those with mVz scores between 4-10 kDa.
With this caveat in mind, the most abundantly measured protein in humans and chimpanzees
was ubiquitin A-52 (UBA52), except for layer |11 of the chimpanzee ACC, where the most
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abundant proteins are the hemoglobin subunits, hemoglobin a1 (HBAL) and  (HBB).
Because UBAS52 was overwhelmingly the most abundant in all regions except layer 111 of
chimpanzee ACC, this major difference likely had a significant impact on the grouping of
this layer in the chimpanzee with the multivariate statistical analyses that follow. In humans,
the vast majority of the identified proteins across all human regions of interest show
significant differences in the expression levels across individuals (97% of p-values < 0.05 by
Kruskal-Wallis test), and the same was true to a lesser extent in chimpanzees (67% of p-
values < 0.05; Supplementary Dataset 1). Although most of the proteins in this study
displayed similar amounts of variation between species, 20 proteins exhibited significant
differences in the amount of interspecific variation between humans and chimpanzees in at
least one region by the Brown-Forsythe test. This was true for each of the cytochrome ¢
oxidase (COX) subunits, which is surprising given that proteins involved in metabolic
functions are considered ‘housekeeping’ molecules and thought to contribute little to
interindividual variation in both gene (Blekhman et al., 2008) and protein expression (Wu et
al., 2013). Higher levels of interindividual variation in either species may ultimately drive
differences in interspecific protein expression, an observation that has been made in gene
expression studies (Khaitovich et al., 2006; Whitehead and Crawford, 2006; Gallego
Romero et al., 2012).

We expected that proteins with similar functions would have expression levels that would be
highly correlated across samples. The correlation matrix of protein expression suggested that
this was largely true (Fig. 3). HBA1 and HBB were perfectly correlated (r = 1.00). COX
subunits, COX6A1, COX7A2, and COX7C, also displayed strong positive correlations in
expression (r = 0.73-0.94). Interestingly, however, COX5A and COX5B did not show
coordinated expression levels with the other COX proteins (r = —0.39-0.28), but they were
positively correlated with each other (r = 0.95). Although comparative expression of COX5B
has not been explored, upregulation in the expression of COX5A has been found in the
prefrontal cortex of humans compared to chimpanzees (Uddin et al., 2008), which may
change the relationship of COX5A to other COX proteins. Other groups of proteins whose
constituents were highly positively correlated (r = 0.37-0.99) include those that support
MRNA processing (small ubiquitin-related modifier 3 [SUMO3], peptidylprolyl isomerase
A [PPIA]), regulation of transcription (S-phase kinase-associated protein 1 [SKP1], putative
postmeiotic segregation increased 2-like protein 3 [PMS2P3], phosphatidylethanolamine-
binding protein 1 [PEBP1]), and protein folding (small nuclear ribonucleoprotein D3
[SNRPD3], splicing factor 3B subunit 5 [SF3B5]). Performing correlations on humans and
chimpanzees separately produced similar results.

A PCA (Fig. 4) was performed to examine variation in protein expression across all regions
of interest in humans and chimpanzees. Principal component (PC) 1 and PC2 accounted for
42.0 and 19.3% of the variation, respectively. A group of proteins comprising the electron
transport chain, the final phase of aerobic metabolism, loaded heavily on PC1 (NDUFAA4,
UQCRH, COX5B, COX6A1, COX7A2, and COX7C). Several proteins that support
regulatory functions drove differences along PC2. These proteins include PMS2P3, PPIA,
PEBP1, UBA52, and CPON. PC1 and PC2 separate the CB of humans from the rest of the
human regions of interest. The human neocortex and CN contributed a very small amount of
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variation to the analysis along either axis. While proteins supporting aerobic metabolism
were associated with human neocortex and CN, expression of PEBP1 was more highly
expressed in the human CB. The chimpanzee regions of interest displayed a much greater
degree of variation than those of humans. Although many of the chimpanzee regions of
interest clustered with the homologous human regions of interest, layer V of S1, layer V of
ACC, CN, and the CB of the chimpanzee showed protein expression profiles that were more
like that of human CB. Layer Il1 of chimpanzee ACC was an outlier compared to all other
regions of interest. We concluded that the unusual protein expression profile in this region is
driven largely by biological variation, rather than measurement error (see the following
paragraph). PC1 and PC2 separate this region from all others and appear to be primarily
associated with higher expression levels of PPIA, CPON, and myosin light chain 6B
(MYL6B).

Because the protein expression in layer 111 of chimpanzee ACC proved to be an outlier in the
PCA, we further explored the basis of this variation. The 3 chimpanzee ACC samples were
analyzed on different days, but the intensity of the MS peaks from the 3 standard mouse CB
that were analyzed contemporaneously displayed strong correlations across their spectra
(each r > 0.71). Moreover, the same tissue specimen used to sample layer 111 was also used
to sample layer V. Layer V of chimpanzee ACC clusters with the other cortical regions of
both human and chimpanzee. Furthermore, most of the proteins that distinguish layer 111 of
chimpanzee ACC from other regions (PPIA, MYL6B, PMS2P3, PEBP1, FK binding protein
1A [FKBP1A]) do not exhibit significant interindividual variation in protein expression
(Kruskal-Wallis p = 0.19-0.95). However, the expression of CPON, a peptide with a
conserved sequence in humans and chimpanzees, differed significantly across individuals in
layer 111 of chimpanzee ACC (Kruskal-Wallis p < 0.001). Proteolytic processing of the NPY
protein results in three peptide products, one of which is CPON. It is important to note that
while the expression of CPON is measured in this study, the peptide is very strongly
correlated with NPY in the mammalian nervous system (Allen et al., 1985; Gulbenkian et
al., 1985), and therefore, comparisons in the expression of CPON to the expression of NPY
in previous reports are appropriate. As a species, chimpanzee expression of CPON was
significantly lower than that of humans (Mann-Whitney p = 0.015), an interesting finding as
NPY has been implicated in learning and memory (Lewis et al., 2005). Previous research
based on quantification of NPY-immunoreactive axon fibers found that in several cortical
regions including ACC, NPY is not differentially expressed between humans and
chimpanzees (Raghanti et al., 2013; Raghanti et al., 2014), although it is elevated relative to
non-hominoid primates (Raghanti et al., 2014). Our data indicate that CPON exhibits
differential species expression across layers, which may have been undetectable using other
methods.

Because layer 111 of chimpanzee ACC influenced the results of the PCA by introducing a
considerable degree of variation, we performed a second PCA (with the same parameters as
the previous PCA) omitting this region. PC1 and PC2 accounted for 36.2 and 16.7% of the
variation, respectively. As before, proteins supporting aerobic metabolism loaded heavily on
PC1, while proteins involved in cellular structure (MYL6B), the regulation of transcription
(PMS2P3), protein degradation (SKP1), in addition to aerobic metabolism (COX7A2) drove
differences on PC2. Even without the inclusion of layer 111 of chimpanzee ACC, a greater
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degree of variation was exhibited among chimpanzee regions of interest along PC1
compared to those of humans, reflecting variability in the expression of proteins supporting
aerobic metabolism in chimpanzees.

A CVA was performed to determine which proteins were most highly associated with
differences between humans and chimpanzees (Table 3). The proteins that weighed most
heavily in determining species assignment included PMS2P3 (coefficient of CV1 = 12.7),
FKBP1A (-11.0), and COX5B (9.3). Higher expression levels of COX5B (Mann-Whitney
test, p = 0.03) and PMS2P3 (p = 0.09) were associated with the human brain compared to
the chimpanzee. Greater expression of COX5B in human brain regions may be expected due
to the upregulation of proteins associated with aerobic metabolism in humans compared to
chimpanzees, as previously reported (Uddin et al., 2004).

Using a combined sample of humans and chimpanzees, a second CVA was performed to
determine which proteins were most highly associated with different brain regions (Fig. 5a;
Table 3). Four linear CVs described the brain region of origin (CV1-CV4 describe 81.7,
11.1, 4.6, and 2.6% of the vector, respectively; discriminant function analysis posterior
probabilities p < 0.001). In this case, CV1 was mostly responsible for the separation of CN
from the neocortical regions, while CVV2 separated the CB from the other regions of interest.
PEBP1 (coefficient of CV1 = —29.7), PMS2P3 (-27.5), FKBP1A (-14.1), COX5B (14.1),
and NADH dehydrogenase [ubiquinone] iron-sulfur protein 5 (NDUFS5) (12.5) are the
proteins most related to CV1. Higher expression of COX5B and NDUFS5 supports aerobic
metabolism and is associated with neocortical regions, while higher expression levels of
PEBP1, PMS2P3, and FKBP1A were associated with the CN. PMS2P3 (coefficient of CVV2
=25.4), PPIA (18.4), and FKBP1A (-12.2) were the proteins that most strongly load on
CV2. Higher expression of PMS2P3 and PPIA were associated with the CB, while higher
expression levels of FKBP1A were associated with the CN and neocortical areas.

A final CVA was performed omitting CN and CB from the analysis in order to distinguish
the cortical regions of interest from each other (Fig. 5b; Table 3). Two linear CVs separated
each cortical region of interest into cortical layers I11, IV, or V (CV1 and CV2 account for
68.5 and 31.5% of the vector, respectively; discriminant function analysis posterior
probabilities p < 0.001). Cortical layers IV and V were separated by CV1, while layer 111
was differentiated from layers IV and V along CV2. PEBP1 (coefficient of CV1 = 15.8),
FKBP1A (14.3), and MYL6B (12.8) are the proteins that had the most influence on CV1.
Higher expression of PEBP1, FKBP1A, and MYL6B was associated with cortical layer V
compared to layer IV. PMS2P3 (coefficient of CV2 = -30.6), PEBP1 (-12.6), FKBP1A
(8.0), and COX5B (7.0) had the strongest influence on CV2. FKBP1A and COX5B, which
function in protein folding and aerobic metabolism, respectively, were associated with
higher expression levels in cortical layer I1I of all areas of the neocortex, while expression of
PMS2P3 and PEBP1were higher in cortical layers IV and V. Like the CVA that included
CN and CB, this analysis did not distinguish between human and chimpanzee regions of
interest.

An unsupervised hierarchical cluster analysis revealed relationships in the expression of
proteins across regions of interest in humans and chimpanzees (Fig. 6). Remarkably, the
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human and chimpanzee brain regions did not cluster separately according to species, but
instead commonalities were observed in their regional patterns of protein expression. The
gcl of CB in humans and chimpanzees were strongly differentiated from the other brain
regions. Chimpanzee CN and layer IV of S1 were also included in this cluster. The other
regions of the brain separated mostly by motor and sensory areas. Human and chimpanzee
M1 were similar in their protein expression profiles. Sensory areas clustered mostly by
supra- and infragranular layers designations. Human CN and ACC (layers 11l and V)
clustered with the infragranular layers of sensory cortices, likely due to the high degree of
connectivity of these regions to sensory cortices (Alexander et al., 1986; Lehéricy et al.,
2004). While layer V of chimpanzee ACC also clustered with this group, layer Il of
chimpanzee ACC and chimpanzee CN did not.

Discussion

This study provides a proteomic analysis comparable in spatial resolution to recent high-
throughput studies of RNA transcripts (Lein et al., 2007; Belgard et al., 2011; Bernard et al.,
2012; Hawrylycz et al., 2012) by providing relative protein quantifications from specific
layers of the neocortex and CB. Until now, neither the transcriptomic nor the proteomic
composition of the chimpanzee brain has been analyzed at a similar spatial resolution using
a high-throughput technique to enable the study of variation in molecular expression
between humans and their closest living relatives. While evolutionary divergence in protein
expression levels have been hypothesized to be a major underlying cause of cognitive
differences between humans and chimpanzees (King and Wilson, 1975), interspecific
comparisons of protein abundances between these two species is imperative to assess the
specific and unique differences in the human brain’s molecular phenotype.

To a large extent, proteins with similar biological functions were correlated in their
expression levels across the total sample of human and chimpanzee brain regions. Within
the groups of proteins supporting aerobic metabolism, regulation of transcription, mRNA
processing, and nucleosome assembly, expression levels were especially highly correlated,
which is suggestive of coordinated function of these molecules (Zhang and Horvath, 2005).
However, proteins assigned to other broad biological functions, including cellular signaling
and immune response, had expression profiles that were weakly correlated to the other
proteins within their functional groups. Because coordinated expression levels among
proteins is generally an effective predictor of molecular interactions (Fraser et al., 2004),
this finding reflects the diversity of biological functions served by the proteins represented
in this study.

In some ways, our results are consistent with previous research investigating the regional
transcriptome of the brain. In humans and chimpanzees, we found greater variation in
protein expression between the cerebral cortex and the CB and CN than among regions of
the cerebral cortex itself. This result was anticipated due to the relatively homogenous
transcriptomic expression in the human cerebral cortex compared to subcortical structures,
and to a greater extent CB (Khaitovich et al., 2004; Hawrylycz et al., 2012). The pattern of
protein expression was similar among supra- and infragranular layers of neocortex,
reflecting consistency in the cytoarchitecture of cortical layers independent of region
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(DeFelipe et al., 2003). Comparable results have been reported for patterns of gene
expression (Belgard et al., 2011; Bernard et al., 2012; Hawrylycz et al., 2012), indicating
that layer-specific patterns of expression characterize both gene transcripts and proteins.

However, our results highlight important differences in region-specific expression between
gene transcripts and proteins. First, transcriptional profiling in human brain has found
similar expression levels between neighboring regions of neocortex (Bernard et al., 2012;
Hawrylycz et al., 2012). Our investigation of proteins found no such pattern, suggesting that
regulation of protein expression levels provides an additional level of regional specificity
beyond that seen in gene transcripts. Second, while reports of gene expression have revealed
a particularly unique biological signature in V1 in primates (Bernard et al., 2012; Hawrylycz
etal., 2012), we did not find this to be true in protein expression. Both of these findings,
however, may be the results of the limited number of proteins analyzed, and this effect may
appear with a more comprehensive sampling.

Regions of the human neocortex and CN exhibited higher expression of proteins supporting
aerobic metabolism, which differentiates them from the human and chimpanzee CB and
from other regions of the chimpanzee brain. This finding is noteworthy due to the high
neuronal density of the CB in both species compared to the neocortex (Herculano-Houzel,
2012); it is possible that brain regions with more tightly packed small neurons have lower
mass-specific metabolic requirements based on reduced heat dissipation and reduced
metabolic costs associated with neural transmission (Laughlin and Sejnowski, 2003).
Additionally, human and chimpanzee protein expression profiles revealed by our analyses
generally affirm the similarities in gene expression between cortical layers 111 and V that has
been noted previously in human brain (Hawrylycz et al., 2012; Zeng et al., 2012) but is
generally absent in the mouse (Zeng et al., 2012). Indeed, intracortical connections
originating from neocortical layer 111 appear to have evolved during primate evolution and
result in a more integrative cortical circuitry (Rockland and Pandya, 1979; Barbas, 1986;
Hof et al., 1995). We find that supragranular layers of the neocortex appeared to have
particularly high levels of proteins supporting aerobic metabolism compared to other layers
of cortex. Such a result may be due to an increased density of glutamatergic corticocortical
inputs in layer 11l compared to infragranular layers (DeFelipe et al., 2003), which may drive
a higher metabolic demand locally.

One of our most noteworthy results is the unique protein expression profile in layer 111 of
chimpanzee ACC relative to all other regions. The distinctiveness of this region was driven
largely by relatively lower expression of proteins supporting metabolic function. Although
proteins indicative of structural complexity, including those associated with synapses and
receptors, as well as neurofilament proteins, are undetectable with the methods employed in
this study due to their large size, other studies have found that the elaboration of dendritic
arbors is correlated with increased metabolic demand (Jacobs et al., 2001; Liu et al., 2012).
Therefore, the human ACC, with a higher level of proteins supporting aerobic metabolism
than that of the chimpanzee, may be specialized for neuronal communication (Uddin et al.,
2004), supporting the cognitive processing of arousal of the body state and working memory
(Critchley et al., 2003). Likewise, the human CN also displayed higher levels of metabolic
proteins compared to the chimpanzee CN, an important result considering the role of the CN
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in speech production (Jarvis, 2004; Crinion et al., 2006; Pfenning et al., 2014). Interestingly,
our data revealed commonalities in the expression profiles of the human CN with ACC and
S1, potentially reflecting the interconnectivity of these regions (Lehéricy et al., 2004) as
regions with dense connections are thought to display similar patterns of molecular
expression (Oldham et al., 2008). These results imply that human ACC and CN are
specialized for the integration and interpretation of sensory information, such as that
involved in empathy and language (Nimchinsky et al., 1999; Jarvis, 2004; Singer et al.,
2004; Enard et al., 2009; Gu et al. 2013).

The study of protein expression provides value to comparative molecular biology that
cannot be obtained by studies of gene expression alone. It has been shown that gene
transcript expression levels only explain as little as 4 to as much as 40% of protein
expression (de Sousa Abreu et al., 2009; Ramakrishnan et al., 2009; Schwanhdusser et al.,
2011; Khan et al., 2013; Wu et al., 2013). While measurement noise likely accounts for
some of the low correspondence, other biological factors account for the remaining variation
(Vogel and Marcotte, 2012). For instance, protein stability, as measured by their biological
half-life (the length of time between when a protein is produced and 50% of it is degraded),
varies drastically based on function (Yen et al., 2008). In general, proteins integrated into
the cell membrane or involved in signal transduction have short half-lives, while those
supporting housekeeping functions or the cytoskeleton of the cell have long half-lives (Yen
et al., 2008; Schwanh&usser et al., 2011). Therefore, the stability of mMRNA and protein
dictates their abundance and may cause divergence in the correlation of these molecules
(zhang et al., 2014). This fact suggests that a distinctive set of species-specific biological
signals may be accessible by differential expression of proteins compared to transcripts.
These considerations suggest a complementary relationship between proteomic and
transcriptomic studies in determining molecular phenotype.

While the number of proteins detected in our study is small compared to studies of gene
expression, our data support the idea that the regional phenotype of neurons in human and
chimpanzee brains are the result of localized specificity in molecular expression (Caceres et
al., 2003; Johnson et al., 2009; Pontén et al., 2009; Hawrylycz et al., 2012). Currently,
13,000 proteins have been identified in the human brain (Lane et al., 2014), each engaging
in remarkably complex protein-protein interactions (Choudhary and Mann, 2010).
Quantification of a greater proportion of the brain’s proteins at a similar spatial resolution as
produced here would enable systems biology approaches to explore the interacting networks
of the constituent molecules, which has already produced significant insight into the
biological function of the human brain (Oldham et al., 2006, 2008; Johnson et al., 2009;
Winden et al., 2009). Because proteins provide a closer approximation of the functional
phenotype than the transcriptome, comparative studies of localized proteins are critical to
our understanding of species-specific molecular distinctiveness.
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Figure 1.
Nissl-stained sections of tissue with sinapinic acid matrix spots. A: caudate nucleus;

Chimpanzee 2. B: somatosensory cortex; Chimpanzee 3. C: cerebellum; Human 7. D:
anterior cingulate cortex; Human 1. E: primary motor cortex; Human 7. F: primary visual
cortex; Chimpanzee 2. The sections are 10 um-thick and mounted on a metal plate. Because
Nissl stain is applied after the application of the matrix and mass spectrometry (MS) is
performed, some matrix crystals move from their original locations. Circles are
superimposed on the original positions of the matrix spots on the sections from V1 and CB.
Neocortical layers and white matter (wm) are labeled in ACC, M1, S1, and V1. The gray
matter (gm) of the CN is labeled as well as the surrounding wm. The granule cell layer (gcl),
molecular layer (ml), and wm are identified in the CB. Each scale bar is 500 um in length.
The brightness and contrast of the panels were adjusted.
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Figure 2.

Spectra from layer 111 of ACC. Mean spectra from layer 111 of ACC for human (top) and
chimpanzee (bottom). The overlaid green bars highlight the integration areas of the peaks
representing the 31 homologous proteins that are observed between the two species in this
region.
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Figure3.
Spearman correlation matrix for the protein expression across all regions of humans and

chimpanzees. The inset serves as a guide for the value of the correlation coefficients
representing strongly positive correlations (red), no correlations (yellow), and strongly
negative correlations (blue).
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Principal component analysis of protein expression data. Human regions of interest are
shown in red and those of the chimpanzee are in blue. The ellipses represent 68%
probability for humans (red) and chimpanzees (blue). The text and arrows to the right of the
graph display the loadings for each of the 18 proteins.

J Comp Neurol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bauernfeind et al.

A

o CB
CB
e
N
>
@)
L4
o- Eart
|
3
o5l
| | | | | |
=20 =15 =10 =5 0 10
CV1
Figureb5.

Page 26
L V1-L3
ACC-L3
18
1-L3
O V1-L3 ACC-L3 S1-L3
r'|'11'|. E'
. V1-L4A
W1-L4A
21" 8114 i ACC-L5
V1-!_fCL4 S1-L4  ACC-L5Mi-LS
> S1-L5 V1-L5
c?‘— M1-L5S1-L5
V1-L4C )
V1-L4B V1-L5
1 1 1 1
-4 -2 0 2 4
CV1

Canonical variate analyses (CVAs) of protein expression data. A: CVA of all regions of
interest. Axis 1 separates CN from all other regions of interest, while axis 2 distinguished
CB from the CN and cortical regions (shown here by neocortical layer). B: CVA of all
regions with CN and CB removed. Axis 1 separates cortical layer IV (shown here as L4)
from layer V (L5), while axis 2 separates cortical layer 111 (L3) from layer IV and layer V.
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Figure6.
Cluster analysis of human and chimpanzee brain regions based on protein expression.

Human (red) and chimpanzee brain (blue) regions are largely interrelated. Although layers
Il and V of human and chimpanzee M1 are very similar, other regions cluster largely
according to supra- or infragranular layers of neocortex. The subdivisions of layer IV of V1
are divided among the supra- and infragranular clusters. Notably, the human CN and both
layers 111 and V of ACC are found in the infragranular sensory cluster.
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Table 1

Demographic Data for the Individuals in the Sample.

Species

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Pan troglodytes
Pan troglodytes
Pan troglodytes
Pan troglodytes
Pan troglodytes

Individual  Age

1

o A W N P 00 N OO O B owN

35.2
50.4
26.8
343
455
494
484
46.4
28.9
25.4
30.8
225
345

g

=< s e s T & T & B » < » B s N R

Regions

All regions

All regions

CN

All regions

CN

ACC, M1, 81, V1, CB
All regions

All regions

ACC, V1,CN, CB
ACC, M1, S1, V1, CN
M1, S1,CB

All regions

All regions
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