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Key to the human brain’s unique capacities are a myriad of neural cell types, specialized
molecular expression signatures, and complex patterns of neuronal connectivity.
Neurons in the human brain communicate via well over a quadrillion synapses. Their
specific contribution might be key to the dynamic activity patterns that underlie
primate-specific cognitive function. Recently, functional differences were described
in transmission capabilities of human and rat synapses. To test whether unique
expression signatures of synaptic proteins are at the basis of this, we performed a
quantitative analysis of the hippocampal synaptic proteome of four mammalian species,
two primates, human and marmoset, and two rodents, rat and mouse. Abundance
differences down to 1.15-fold at an FDR-corrected p-value of 0.005 were reliably
detected using SWATH mass spectrometry. The high measurement accuracy of SWATH
allowed the detection of a large group of differentially expressed proteins between
individual species and rodent vs. primate. Differentially expressed proteins between
rodent and primate were found highly enriched for plasticity-related proteins.

Keywords: synapse, hippocampus, species, neuroplasticity, proteomics, SWATH-MS

INTRODUCTION

The human brain’s unique cognitive capacity is probably not only derived from its absolute or
relative size, or even its number of neurons and glia, but also involves increased diversity of
molecular expression signatures, neural cell types, and typical spatial and temporal development
leading to expanded and/or more complex patterns of neuronal connectivity. Humans have
specialized neuronal connections and a myriad of neuronal cell types which communicate via an
estimated well over quadrillion synapses in the human central nervous system (Silbereis et al.,
2016). Specific synaptic connections form the core components of neural circuits and networks,
collectively referred to as the connectome (van den Heuvel et al., 2016), and their contribution
might be key to the dynamic activity patterns that underlie species-specific cognitive function
(Mesulam, 2000; Markov et al., 2013; van den Heuvel et al., 2016).

The mammalian brain is capable of processing information in parallel, at high speed and in a
highly adaptive manner. These features are largely governed by fast transmission in highly plastic
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excitatory glutamatergic synapses. Over the years, many proteins
of the synapse, their subcellular enrichment, and molecular
organization into functional entities has become apparent (Chua,
2014; Pandya et al., 2017). Examples of these functional entities
are the resident proteins of the presynaptic vesicle, proteins
of the fusion, and release machinery (Jahn and Fasshauer,
2012) or smaller functional units, such as those associated to
synaptic calcium channels (Muller et al., 2010) or glutamate
receptors (Schwenk et al., 2012; Chen et al, 2014). Basic
synaptic features, such as vesicle release and receptor-mediated
signal transduction, are largely carried by evolutionary strongly
sequence-conserved proteins (Bayes et al., 2017). Previous studies
have indicated changes in the components of the glutamatergic
signaling pathway during primate brain evolution in terms of
gene expression, protein expression, and promoter sequence
changes (Muntane et al., 2015). An outstanding question however
is whether the levels of synaptic proteins that underlie the
stoichiometries of protein-protein interactions and govern their
function in molecular assemblies, have remained conserved.

Intriguingly, recent findings show that human and mouse
synapses do not differ in aspects of basic transmission, but
drastically differ functionally in the capability to confer high
frequency signals (Testa-Silva et al., 2014). Features of synaptic
plasticity may also be differently organized, such as observed
in spike time dependent plasticity comparing human and rat
synapses (Testa-Silva et al., 2010).

Therefore, in this study we investigated the expression
signature of the mammalian hippocampal synaptic proteome
of rodents; mouse and rat, and primates; marmoset and
human. First, we investigated how the expression of synaptic
proteins has evolved between these species. This is relevant as
alterations in synaptic function are carried by the synaptic protein
interaction network and are likely caused by the underlying
changes in expression of proteins. Secondly, we investigated
whether evolutionary dictated expression differences might
relate to plasticity features of synapses. The hippocampus was
selected for its well-known role in learning and memory, and
the well-described occurrence of correlated synaptic plasticity
features, apparent in long-term potentiation (LTP) or long-term
depression (LTD) (Cooper, 2003). Of technical importance, the
hippocampus is a neuro-anatomically distinct structure that can
be dissected in a reproducible way from the brain of different
mammalian species, giving credence to the comparative analysis
of this study (Spijker, 2011).

Proteomics analysis was performed using SWATH mass
spectrometry (a type of Data Independent Acquisition, DIA),
which has been developed to allow for a complete recording
of all fragment ions of all (detectable) peptides in a given
sample (Gillet et al., 2012). Key advantages of SWATH are
a strong reduction in missing values and lowered Coefficient
of Variation between (replicate) measurements compared
to traditional shotgun proteomics (Bruderer et al, 2015;
Koopmans et al., 2018). SWATH analysis enabled a sensitive
comparative analysis of the hippocampal synaptic proteome of
four species. We first delineated bona fide pre- and postsynaptic
proteins and determined their abundance in known protein
complexes. In these, we discriminated synaptic substructures and

functionalities, such as elements of the postsynapse, e.g., the
postsynaptic density, and the presynaptic release machinery. This
analysis revealed that within the inter-species conserved synaptic
proteome distinct ratiometric differences are apparent, which
are species and/or order specific. Proteins involved in this are
enriched for synaptic plasticity function suggesting that selective
expression differences subserve plasticity and cognitive function.

MATERIALS AND METHODS

Animal and Human Tissue Use

The use of rodent brain material was approved by the animal
ethics committee of the Vrije Universiteit Amsterdam. The use
of marmoset brain material was approved by the Biomedical
Primate Research Centre (BPRC) ethics committee before
the start of experiments, according to Dutch law. Human
hippocampus brain samples with donor consent were obtained
from, and used according to the guidelines of, the Dutch Brain
Bank.

Dissection of Hippocampal Tissue

Whole hippocampus was dissected from male mouse brain
(C57B6/J; Charles River, France) and from male rats (Wistar;
Harlan, Netherlands) (Table 1). Hippocampus of the common
marmoset (Callithrix jacchus; Biomedical Primate Research
Centre, Rijswijk, The Netherlands) was taken between Bregma
—2.00 and +1.50. Human postmortem brain tissue from
individuals without neurological disorders was obtained from
the Netherlands Brain Bank (NBB), Netherlands Institute for

TABLE 1 | Overview of all samples used in this study.

Sample Sex Age at Dissection Tissue wet
weight (mg)

Mouse-1 M 50 Weeks 47
Mouse-2 M 50 Weeks 43
Mouse-3 M 50 Weeks 35
Mouse-4 M 50 Weeks 46
Mouse-5 M 50 Weeks 45
Rat-1 M 50 Weeks 160
Rat-2 M 50 Weeks 159
Rat-3 M 50 Weeks 148
Rat-4 M 50 Weeks 174
Rat-5 M 50 Weeks 175
Marmoset-1 F 5,6 years 58
Marmoset-2 M 3,2 years 88
Marmoset-3 M 7 years 44
Marmoset-4 M 3,1 years 58
Marmoset-5 F 3,2 years 45
Marmoset-6 F 2,7 years 65
Human-1 F 50-55 years 62
Human-2 M 56-60 years 45
Human-3 M 50-55 years 42
Human-4 M 46-50 years 52
Human-5 M 50-55 years 48
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Neuroscience, Amsterdam (Table 1). All brain tissue has been
collected from donors with written informed consent for brain
autopsy, and approval to use this tissue for research purposes
has been obtained by the NBB. Approximately 50 mg of tissue
was isolated from fresh frozen human hippocampal brain tissue
by making slices of 20 pm using a cryostat. Brain slices
include all hippocampal subregions and a small part of the
temporal lobe. The tissue was collected in pre-weighed and
cooled Eppendorf tubes. All tissues dissected were stored at
—80°C until later use. Postmortem delay times of human tissue
4-7 h, marmoset < 20 min., rodents < 10 min.

Synaptosome Isolation

Synaptosomes were isolated as described previously (Pandya
et al, 2017). To correct for differences in amount of
input material between different species, we used 50 pl of
homogenization buffer per mg of tissue to ensure that the
homogenization conditions were identical between species. Post-
homogenization, the samples were spun at 1000 x g for 10 min.
and the supernatant was loaded on a sucrose gradient of
1.2/0.85M followed by ultracentrifugation at 100,000 x g for 2 h.
Synaptosomes were collected at the interface of 1.2/0.85M, mixed
with 5 ml homogenization buffer and centrifuged at 20,000 x g
for 30 min to obtain the synaptosomal pellets, which were stored
at —80°C prior to the FASP procedure.

FASP In-Solution Digestion of Proteins
Samples were digested using the FASP in-solution digestion
protocol (Wisniewski et al., 2009) with some modifications
according to (Pandya et al., 2017). 10 pg of synaptosomes from
each sample was incubated with 75 pul 2% SDS 1 uL 50 mM
Tris (2-carboxyethyl)phosphine (TCEP) reducing agent at 55°C
for 1 h at 900 rpm. Next, the sample was incubated with 0.5 uL
200 mM methyl methanethiosulfonate (MMTS) for 15 min at
RT with shaking, after which samples were transferred to YM-30
filters (Microcon®, Millipore) after addition of 200 |1 8 M Urea in
Tris buffer (pH 8.8). Samples were washed with 8M Urea in Tris
buffer 5 times by spinning at 14,000 x g for 10 min each followed
by 4 washes with 50 mM NH4HCO3. Finally, the samples were
incubated with 100 pl of Trypsin overnight in a humidified
chamber at 37°C for 12 h. Digested peptides were eluted from the
filter with 0.1% acetic acid. The peptides in solution were dried
using a speedvac and stored at —20°C prior to LC-MS analysis.

SCX Fractionation

Peptides obtained from 100 pg of synaptosomes following the
FASP procedure were fractionated using strong cation-exchange
chromatography as described previously (Gonzalez-Lozano et al.,
2016). Peptide samples were loaded onto a 4.6 x 100 mm
polysulfoethyl A column (PolyLC) and separated using a non-
linear gradient of 60 min at 200 pl/min solvent A (10 mM
KH,POy4, 20% acetonitrile, pH 2.9) and solvent B (solvent
A+500 mM KCl). From 0-10 min, flow of 100% solvent A, from
10-35 min solvent B was increased to 65%. In the next 5 min,
solvent B was increased to 100% followed by 8 min of wash
with 100% solvent A. In total 40 fractions of 200 pl each were

collected. Fractions were pooled in the following manner: 16-
20 min (Fraction 1), 21-22 min (Fraction 2), 23-24 min (Fraction
3), 25-26 min (Fraction 4), 27-28 min (Fraction 5), 28-38 min
(Fraction 6). Fraction 6 was desalted using Oasis column prior to
LC-MS/MS DDA analysis.

Micro-LC and Data-dependent Data
Acquisition Mass Spectrometry of SCX

Fractions

Peptides were analyzed by micro LC MS/MS using an Ultimate
3000 LC system (Dionex, Thermo Scientific) coupled to the
TripleTOF 5,600 mass spectrometer (Sciex). Peptides were
trapped on a 5 mm Pepmap 100 C18 column (300 pm i.d., 5 pm
particle size, Dionex) and fractionated on a 200 mm Alltima
C18 column (300 pm i.d., 3 pm particle size). The acetonitrile
concentration in the mobile phase was increased from 5 to 18%
in 88 min, to 25% at 98 min, 40% at 108 min and to 90% in
2 min, at a flow rate of 5 pL/min. The eluted peptides were
electro-sprayed into the TripleTOF MS. The micro-spray needle
voltage was set to 5,500V. The mass spectrometer was operated
in a data-dependent mode with a single MS full scan (m/z 350-
1250, 150 msec) followed by a top 25 MS/MS (m/z 200-1800,
150 msec) at high sensitivity mode in UNIT resolution, precursor
ion > 150 counts/s, charge state from +2 to +5) with an exclusion
time of 16 sec once the peptide was fragmented. Ions were
fragmented in the collision cell using rolling collision energy, and
a spread energy of 5 eV.

Micro-LC and SWATH Mass

Spectrometry

The conditions used for LC in SWATH MS-based experiments
were the same as those of the DDA experiments. SWATH
experiments consisted of a parent ion scan of 150 msec followed
by SWATH window of 8 Da with scan time of 80 msec, and
stepped through the mass range between 450-770 m/z. The
total cycle time was about 3.2 sec, which yielded in general 9-
10 measurement points across a typical peptide with an elution
time of 30 sec. The collision energy for each window was
determined based on the appropriate collision energy for a 2+
ion, centered upon the window with a spread of 15 eV. The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Vizcaino et al.,
2016) partner repository with the dataset identifier PXD009251.

Analysis of Data-dependent Acquisition

Mass Spectrometry

LC-MS data measured in DDA mode was analyzed using
MaxQuant 1.5.2.8 (Cox and Mann, 2008). An initial search using
a 0.07 Da peptide mass tolerance was followed by a correction of
systematic mass errors. The calibrated data was then subjected
to the main search with a 0.006 Da peptide mass tolerance.
The minimum peptide length was set to 6, with at most two
miss-cleavages allowed. Methionine oxidation and N-terminal
acetylation were set as variable modifications with cysteine beta-
methylthiolation set as fixed modification.
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MS/MS spectra were searched against the human proteome
using the UniProt (release February 2016) FASTA database
that includes both reviewed (Swiss-Prot) and unreviewed
(TrEMBL) records and both canonical and isoform sequences.
The Biognosys iRT FASTA database was also included in
order to ensure that iRT peptides were included in the search
results, as these were used to normalize retention times in
downstream analysis. For both peptide and protein identification
a false discovery rate of 0.01 was set. The computation of
iBAQ (Schwanhausser et al., 2011) in-silico estimated absolute
protein abundances (by dividing the protein intensity by
the number of theoretically observable tryptic peptides) was
enabled.

SWATH Data Extraction and Analysis

A spectral library was made from the MaxQuant
analysis of DDA data using Spectronaut 6.0.6880.14
(Bruderer et al, 2015). The Q-value threshold for

peptides imported from the MaxQuant msms.txt output
table was set to 0.01, all other settings were left to
default.

Next, Spectronaut was used to extract peptide abundances
from the raw SWATH data. The retention time prediction type
was set to dynamic iRT and profiling peak refinement was
enabled. Finally, across-run normalization based on total peak
areas was performed by Spectronaut.

Peptide abundances were exported as a Spectronaut report and
further processed using the R language for statistical computation
(R Core Team, 2014), in which we considered each unique
precursor as a peptide (e.g., the same peptide sequence observed
with distinct modifications or charge was considered a distinct
peptide).

Spectronauts fragment group Q-values were used to
discriminate high confidence peptides. For the validation of
SWATH capabilities using three technical replicates, all peptides
with a Q-value higher than 1073 in any sample were removed.

For the pairwise comparison between (groups of) species, we
used the subset of peptides that are present in all species and
quantified with high confidence in either group. The former
condition was reached by comparing the in-silico digestion of the
respective FASTA database of all species. The latter is formalized
as having a Q-value smaller than, or equal to, 10~* over all
samples (while allowing for one outlier within each species) in
either group.

Protein abundances were computed by summation of
the normalized peak area of their respective peptides.
Peptides that map ambiguously to multiple genes in
the spectral library were discarded. Finally, the protein
abundance matrix was Loess normalized using the
normalizeCyclicLoess function from the limma R package
(Smyth et al., 2005), which was set to ‘fast’ and iterations were
set to 10.

Synaptic plasticity proteins listed in Supplementary Table S2
of (Rao-Ruiz et al., 2015) were used for the statistical analysis of
synaptic plasticity within our SWATH data. Overlap between this
set and SWATH quantified proteins from this study can be found
in the last column of Supplementary Tables S2-S4.

Differential Abundance Analysis

Differential abundance analysis between (groups of) species was
performed on log transformed protein abundances. Empirical
Bayes moderated t-statistics with multiple testing correction by
False Discovery Rate (FDR), as implemented by the eBayes and
topTable functions from the limma R package, was used. An
FDR adjusted p-value threshold of 0.005 was used to discriminate
proteins of interest after differential abundance analysis. Gene
Ontology enrichment tests were performed using the PANTHER
Overrepresentation Test (version 13.1) with the total set of
SWATH quantified proteins as the background set (Mi et al.,
2017).

RESULTS

Brain tissue was obtained taking age and gender matching into
account. Human subjects were on average 53.1 £ 3.7 years
of age and animal groups were chosen in line with this, e.g.,
with mouse and rat 50 weeks of age and marmoset on average
4 years of age (Table 1). Whole hippocampus from mouse,
rat and marmoset was dissected. To enable direct comparison
of the rodent and marmoset hippocampus samples with the
much larger human hippocampus, we made 20 pm cross
section slices of human hippocampus that included all sub-
regions. Synaptosome fractions were prepared from independent
biological replicates (n = 6 for marmoset and n = 5 for the other
species), as described previously (Pandya et al., 2017).

Spectral Library for SWATH Analysis

For SWATH analysis, a spectral library that contains a fingerprint
(e.g, m/z and retention time) of each peptide is used for
targeted data extraction to obtain peptide abundancy values.
A key challenge in building the spectral library is the inclusion
of low abundant proteins as the probability of protein detection
in discovery proteomics is correlated with their abundance.
Therefore, an extensive spectral library was prepared from the
synaptosome fraction of each species using Data Dependent
Analysis (DDA) proteomics and extensive SCX fractionation to
optimize coverage of low abundant proteins.

Since the SWATH approach compares abundance levels of
the exact same peptide between samples, we used the DDA
data to create a spectral library of detectable peptides in the
human synaptic proteome. This was later used to compare
abundance values of human synaptic proteins among species.
The rationale for using DDA of all species to identify the human
synaptic proteome, and not only human samples, lies in the
assumption that protein levels may vary among species (for
instance, proteins more abundant in mouse have better detection
probability in mouse). Using MaxQuant, 681626 MS/MS spectra
were searched against the UniProt human proteome, resulting
in the identification of 29710 unique peptide sequences and
3937 protein groups. 166 protein groups that contained proteins
from different genes were considered ambiguous and removed
from the dataset. The dynamic range of synaptic protein levels
was investigated using iBAQ abundances (an in-silico estimation
of absolute protein abundance using peptide intensity values)
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FIGURE 1 | Model of the synaptic proteome featuring 336 proteins selected from literature. Protein colors reflect their estimated abundances in the synaptosome
fraction of human hippocampus. The iBAQ values (which were approximately log-normal distributed) were log10 transformed to improve visualization of differences.
The color legend for depicted log10 iBAQ values is shown in the bottom-right; low abundant proteins are depicted in green, medium in yellow and high abundant
proteins are shown in red.

obtained from the DDA data. Protein groups that mapped to the
same gene were merged by summation of their iBAQ abundances,
yielding a final dataset containing absolute abundance levels for
in total 3630 proteins (Supplementary Table S1).

From the thousands of identified proteins we confidently
assigned 336 proteins to the pre- or postsynapse, or are
synaptic without a definite pre- or postsynaptic localization
(Figure 1). These core synaptic proteins were derived from
data from previous analyses (Chua et al, 2010; Weingarten
et al, 2014; Wilhelm et al, 2014). These 336 proteins
span close to 6 orders of magnitude difference in iBAQ
abundance (Supplementary Table S1). In particular, presynaptic
proteins belonging to the synaptic vesicle and those serving
the actual vesicle to membrane fusion event were highly
abundant. Much lower abundant were proteins typical of the
postsynapse, such as postsynaptic receptors and their auxiliary
subunits.

SWATH Workflow and Quality Control

The SWATH mass spectrometry data were processed in
Spectronaut using our synapse spectral library and the resulting

qualitative and quantitative peptide data were processed using the
R language for statistical computation.

We first assessed the performance of the SWATH
proteomics pipeline by determining the technical variation
observed in a triplicate measurement of a single mouse
synaptosome preparation. Using only peptides identified in
the mouse synaptosome samples from the spectral library
that were quantified confidently in all three SWATH technical
replicates, we calculated protein abundances and applied Loess
normalization. The median Coefficient of Variation (CoV) for
5144 peptides was 4% (Supplementary Figure S1A) and the
median CoV of 1831 quantified proteins was 3%, while 75%
and 99.65% of these were quantified with <5% and <11% CoV,
respectively (Supplementary Figure S1B). The reproducibility
of this workflow was further verified by calculating the
correlation of abundance values between sample pairs, yielding
an R? of 0.997, illustrating excellent technical reproducibility
(Supplementary Figure S1C).

Pairwise comparison between (sets of) species was performed
on the subset of peptides detected with high confidence in either
group of samples. For instance, when comparing rodent and
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primate synaptosome fractions, we used the set of high quality
peptides that were found in all rodent and/or all primate samples.
Furthermore, we disregarded peptides that mapped ambiguously
to multiple genes and peptides that were not conserved in all
species of the pairwise comparison.

Protein abundances were computed by the summation of their
respective peptide peak areas and Loess normalized. As a result,
we confidently quantified 6021 peptides covering 1642 proteins
over all samples when comparing rodents with primates, and
8243 peptides covering 2109 proteins when comparing mouse
with human.

Finally, the SWATH data for biological replicates in each
pairwise comparison of species was subjected to quality control in
order to validate reproducibility. The coefficient of determination
between pairs of biological replicates was at least 0.97 for
all species in all the pairwise comparisons (Supplementary
Figure S2). Unsupervised hierarchical clustering of the log-
transformed protein abundances showed grouping of samples
from the same species (Supplementary Figure S3A). When
comparing rodents with primates, the 1642 proteins compared
over all species, show a median CoV 8%, 8%, 12% and 9% for
mouse, rat, marmoset and human, respectively (Supplementary
Figure S3B). The mouse vs. human comparison yielded
more proteins, ie., 2109, because within each group the
stringent quality criteria for peptides were applied to fewer
samples/species. The median protein CoV in this comparison was
found to be 10% for both species (Supplementary Figure S3C).

As an internal control for accurate measurements, we first
analyzed the ratios of proteins within well-established ribosome
protein complexes. Proteins residing in these functional
complexes are likely evolutionary well conserved and are
predicted to have fixed ratios, which should result in similar

stoichiometries when comparing species. Supplementary
Figures S5A,B shows the relative protein abundances in each
sample, in which we see differences between species for ribosomal
proteins. However, the vast majority of values seem to move
in a similar pattern among species. And indeed, visualizing
the protein-protein correlations among ribosomal proteins
(Supplementary Figures S5C,D) indicates that the relative
abundance values of proteins in the ribosomal complex are
tightly coupled for the vast majority of all 48 quantified proteins
from the small and large subunits of the ribosome, internally
validating our quantitative approach. While the relative
abundance values obtained from label-free proteomics are not
accurate estimates of true copy numbers (absolute abundances),
we can infer that their stoichiometry (ratios of abundances
across species) is fixed if up/down shift between species is tightly
correlated. The only exceptions were RPS17 (enriched in rat,
unlike other subunits) and RPL14 (anti-correlated with most
large subunits of the ribosome).

Comparing Synaptic Proteomes Among
Species

Differential abundance analysis by empirical Bayes moderated
t-statistics was used to compare (sets of) species. Comparing
rodents with primates resulted in 381 proteins with higher
abundance in primates and 398 proteins with higher abundance
in rodents, whereas 862 proteins were not significantly different
atan FDR adjusted p-value 0.005 (Figure 2A and Supplementary
Table S2). Amongst the highest differentially expressed proteins
between rodents and primates belong, for instance, the cell
adhesion molecules NCAMI1 and -2, the sodium channel
subunit SCN3B, the Annexins ANXA1 and -2 and the isocitrate
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FIGURE 3 | Quantified proteins in various functional groups of interest. Abundance values were scaled by their total over all samples to reveal their relative
enrichment, if any, between species. The color legend on the top-right shows the protein color gradient from relatively low abundances in blue to relative enrichment
in red. (A) Synaptic Vesicle. (B) Endocytosis. (C) Sodium channels. (D) Potassium channels. (E) Presynaptic scaffold. (F) Ligand-gated ion channels and associated
proteins. (G) Postsynaptic density. (H) Extracellular matrix. (I) Proteasome. (J) Phosphatases. (K) Kinases. (L) Microtubules. (M) Neurofilaments. (N) Motor proteins.
Respective protein-protein Pearson correlation matrices are shown in Supplementary Figure S6.

dehydrogenases (IDH3A and IHD2), the latter of which
are proteins with lower and higher expression in primates
respectively (Supplementary Table S2).

When comparing mouse with human, we found 644
proteins with higher abundance in human and 663 proteins
with higher abundance in mouse (in total 1307 proteins

were changed), whereas 800 proteins were not differentially
abundant at FDR adjusted p-value 0.005 (Figure 2B and
Supplementary Table S3). The fold-changes for proteins that
were not differentially abundant were similar across all species
comparisons (Supplementary Figure S7 and Supplementary
Tables S$2-S4). Proteins that were statistically significant
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had much higher fold-changes and varied between species
comparisons (eg., differences in mouse vs. human were stronger
than in mouse vs. rat).

Both statistical tests indicated a large number of proteins
that were differentially abundant. In particular, the low
variation between biological replicates (see quality control,
(Supplementary Figures S2, S3 and Supplementary
Tables S2, S3) allowed us to reliably detect fold changes
between species, i.e., the lowest fold change for differentially
abundant proteins between rodents vs. primates and mouse vs.
human was 1.148 and 1.184, respectively. Obviously, it remains
to be seen whether differences that are so small are biologically
meaningful. If additional filtering of statistical results by fold-
change is desired, we would recommend using the data tables
(Supplementary Figure S7 and Supplementary Tables S2-S4)
for further filtering on fold change.

Overrepresentation analysis of differentially abundant
proteins in Figures 2A,B in the Gene Ontology (GO) cellular
components, biological processes, molecular functions and
PANTHER protein classes yielded no results. Similarly, using
subsets of statistically significant hits with large quantitative
differences between species (fold-change of at least 2 or 3) yielded
no results. Thus, functional annotations of synaptic proteins
available in public databases could not explain the many species
differences we detected.

However, visualization of proteins differentially expressed
human using the synapse model that
features 336 proteins (cf. Figure 1) suggested interesting
expression differences for functionally and structurally
related proteins (Supplementary Figure S4). For instance,
a downregulation is apparent for synaptic vesicle endocytosis
and postsynaptic density proteins while upregulated groups
include neurofilaments and extracellular matrix proteins. Given
that synaptic proteins of interest in this study are lacking GO
annotation coverage at this time we focussed on functionally
related groups of proteins that are commonly studied in the
synapse field to interpret species differences. We compared
protein abundance profiles within functional groups of proteins
in the synapse, both in terms of expression levels and correlations
thereof.

in mouse Vs.

The Presynaptic Protein Groups

The Synaptic Vesicle

Synaptic transmitters are pumped into synaptic vesicles using a
proton gradient generated by the vesicular-ATPase. The ATPase
is built of the vesicle external V1 domain and the transmembrane
VO domain each consisting of different subunits (ATP6V1-
and ATP6VO- subunits, respectively). The v-ATPase shows no
differential expression of the proton translocating VO domain
subunits between species. In contrast a higher expression of
the ATPase V1 domain subunits is observed in both rodent
species (Figure 3A). When comparing the expression of ATP6V
subunits in mouse and human, the V0 and V1 subunits each show
tight co-expression (Supplementary Figure S6A). The stator
subunit ¢, involved in assembly of subunits and regulator of the
activity of the v-ATPase, shows a distinct pattern from other
subunits.

When inspecting other proteins of the vesicle, three major
expression-correlated subgroups can be discerned. Next to the
ATP6-ase subgroup, a set of 6 integral synaptic vesicle membrane
proteins, and a group containing synaptophysin (SYP) and its
interacting protein synaptobrevin (VAMP2) together with two
VATP6VO0 subunits (Figure 3A) is identified. Interestingly, SYP
and VAMP2 have been shown previously to interact with the
vATP6VO subunits (Galli et al., 1996). Also, these proteins
correlate with the ATP6V1 group. The set of 6 integral vesicle
membrane proteins are highly correlated amongst each other and
anti-correlated in expression with the ATP6V1 group.

The Endocytosis Machinery

Core proteins of the synaptic endocytosis machinery (McMahon
and Boucrot, 2011) show a differential regulation over species.
Notably many endocytosis proteins were abundantly expressed
in rodents compared to marmoset and were even lower
expressed in human. The dynamins (DNMI1-3) are part
of a subgroup, of which members are highly expressed
in human (Figure 3B). From this group, the intersectinl
(ITSN1) protein has been investigated regarding its role in
membrane fusion and is involved in exocytosis or endocytosis
(Gubar et al, 2013). The correlation matrix indicates an
anti-correlation with the core endocytosis set (Supplementary
Figure S6B). The same holds for the ITSN1-interacting protein
EPS15L1. When inspecting the correlation of ITSNI vs.
exocytosis proteins, ITSN1 correlates highest with STXBP1
(0.72), STX1A (0.63), SYT1 (0.55), which could suggest a role in
exocytosis.

lon Channels

Sodium channels are formed by the major pore forming alpha
subunits (SCN1-4A) and the channel modulating beta subunits
(SCN1-4B). Four out of five detected subunits in hippocampus
have a very strong differential expression profile between rodents
and primates (Figure 3C and Supplementary Figure S6C). Also,
SCN3B and SCN1B, both modulatory subunits of the sodium
channels are differentially expressed in rodents and humans.
Like sodium channels, K+ channels are also involved in shaping
membrane depolarization. Interestingly, like the Na™ channels
also the K* channels show expression differences that relate to
neuronal functional differences between rodents and primates
(Figure 3D and Supplementary Figure S6D).

Presynaptic Organization

Organizing proteins of the vesicle release in the presynapse show
differential distribution between species. Some of these such
as CDPS, CPLX2, DOC2A, and STXBP1 show a differential
expression between rodents and primates, e.g., with DOC2A high
and CPLX2 low in primates (Figure 3E). Various presynaptic
proteins show the lowest expression in human. A strong
positively correlated expression cluster exists for the presynaptic
scaffold organizers, Piccolo (PCLO), CASK, Bassoon (BSN), and
RIMSI1, and the RIMS1 binding protein ERC1. The group of
CASKIN1, STXBP1, STXBP5, and DOC2A is anti-correlated with
the expression cluster CDPS, UNC13A, complexin2 and Rab3A
(Supplementary Figure S6E).
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The Postsynaptic Protein Groups
Ligand-Gated lon Channels

When exploring the ligand gated ion channels, in particular
the AMPAR, NMDAR, GABAR, and their associated proteins,
striking differences in expression patterns between 4 species
are observed. In particular, GRIAI, 2, and its auxiliary proteins
(Schwenk et al.,, 2012; Chen et al., 2014) CACNG2, PRRT1,
CNIH2, and SHISA6 have low expression in human (Figure 3F).
This is different for the GABAR subunits for which expression
is lowest in rat. A strong expression cluster exists for GABAR
al/B2/y2, which is considered a typical GABA 5 receptor subunit
composition, and is distinct from GABAR a5/B83 and GABAR
a2/p1. Interestingly, GABAR «5/B3 form a genomic subunit
cluster (Papadimitriou et al., 2001) and have been described
as part of a single functional receptor (Sur et al, 1998)
(Supplementary Figure S6F).

Postsynaptic Density Proteins

A fraction of the postsynaptic density (PSD) proteins show a
low abundance in humans compared to rodents and marmoset
(Figure 3G). There are no PSD proteins that are consistently
differentially expressed between rodent and primates. NSEF,
involved in fusion of AMPARs with the postsynaptic membrane
is highest in human. The strongest co-expression cluster is
formed by NSF and PICK1, which are well-known interactors
and regulators of AMPAR trafficking (Hanley et al., 2002).
Also, SIPAIL1, SHANK3, DLGAP3 show co-expression. In
agreement with this, SHANK3, DLGAP3 have been shown to
interact (Tu et al., 1999), and both proteins bind and recruit
SIPA1LL1 to synapses with a central coiled-coil region that harbors
a leucine zipper motif (Wendholt et al,, 2006). The largest
correlated cluster contains HOMER1, SHANKI1, -2, DLGAPsl,
-2, SYNGAPI, DLG2, -3, most of which are known to interact,
e.g., Shankl-Homerl (Tu et al,, 1999), SHANKI- DLGAP1 (Im
et al., 2003), DLGAP1-DLG4 (Kim et al., 1997). A subgroup is
formed by HPCA, NOS1, KALRN, DLG1, PACSIN1 (Figure 3]
and Supplementary Figure S6G). These proteins are not known
to bind each other.

Pan-Synaptic Protein Groups

The Extracellular Matrix (ECM)

The ECM plays an important role in plasticity processes. Some
of the proteins of the ECM are expressed at high levels in
human, in particular Versican (VCAN), Hyaluronan link protein
HAPLN2 and Tenascin-R, and to some extent Neurocan (NCAN)
(Figure 3H). These 4 proteins and HAPLNI1 form a co-expressed
core of the ECM (Supplementary Figure S6H). HAPLN2 and
HAPLN4 are known to bind Brevican and Neurocan, respectively
(Spicer et al., 2003). Versican was shown to increase expression
in humans during progression of Alzheimer’s disease (Hondius
etal., 2016).

The 26S Proteasome

Comparing human and mouse we found that all 10 PSMA-B
proteins of the 20S core complex were differentially expressed
from the 15 PSMC-D proteins of the 19S regulatory complex
Figure 31, Pearson correlation matrix shown in Supplementary

Figure S6I. Although the proteasome is differentially expressed
between tissues and during development (Claud et al., 2014),
differential expression of 19S and 20S subunits has not been
observed previously.

Phosphatases and Kinases
Overall, phosphatases are less expressed in primates than in
rodents, with the notable exception of PPP2R5d, a phosphatase
2A regulatory subunit B family, which is highly expressed in
human (Figure 3]). Protein phosphatase 2A is one of the four
major Ser/Thr phosphatases, and disruptive mutations in the
regulatory subunit PPP2R5d were found causative in prenatal
overgrowth and intellectual disability (Loveday et al., 2015).
Membrane bound receptor-type tyrosine-protein phosphatases
(PTPRs) form a strongly co-expressed group, most abundantly
expressed in marmoset, which are anti-correlated with the main
group of Ser/Thr phosphatases (Supplementary Figure S6J).
The kinases are found higher expressed in primates than
in rodents (Figure 3K). Interesting individual expression
differences exist for some kinases. PRKAR2A, the regulatory
subunit of PKA, is low expressed in human, whereas its paralog
PRKAR?2B is highly expressed. Remarkable expression differences
exist between mouse and human for CAMK2A/B, and PRKCB.

The Cytoskeleton

In particular, the tubulins TUBA8 and TUBB4A are highly
expressed in human (Figure 3L) and strongly co-expressed
between species (Supplementary Figure S6M). MAPT and
MAP6 both bind to stable microtubules and they form a co-
expressed pair. Both proteins are well known for affecting
cognitive abilities upon changing expression. CLASP1 and 2
are microtubule end-binding proteins (Mimori-Kiyosue et al.,
2005), however, they have also been shown to bind to actin and
were proposed to link actin to microtubules (Tsvetkov et al.,
2007). They show anti-correlated expression suggesting these
modulate opposite function with regards to the cytoskeleton
species (Supplementary Figure S6M). In contrast to the
microtubular network, actin, and adhering proteins are not
strongly differentially regulated between species. Elements of
the filamentous cytoskeleton neurofilaments (NEFL, NEFM) and
vimentin (VIM) are all more abundantly expressed in primates
than in rodents (Figure 3M and Supplementary Figure S6M).

Motor Proteins

Molecular motors and their adaptors serve transport functions
along the cytoskeleton. KIF3b, for membrane organelle transport,
and Kif21a, involved in axonal transport, and DYNC1H1, dynein,
are all highly expressed in human (Figure 3N). Microtubular
kinesin motors KIF5b, 5¢ and their interactor protein KLCI are
strongly co-expressed (Supplementary Figure S6N). The same
holds for the entire group of Dynactins (DCTN1-4), viewed as
adaptor proteins of Dynein (Urnavicius et al., 2015), a major
motor protein of the tubulin-based transport.

Plasticity-Related proteins
Cognitive differences among species may be underlain by the
differences in the protein composition of the synapses, and
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that the plastic changes of hippocampal synapse physiology are
considered to be at the basis of learning and memory. We
thus tested whether variation in synaptic protein abundance
between species might specifically involve proteins that are prone
to condition-dependent synaptic plasticity. In particular, we
tested the hypothesis whether this set of plasticity proteins is
differentially expressed between mouse and humans; following
the reasoning that synaptic plasticity might relate to a set of
proteins that in recent adapted its expression to improve dynamic
response to changes in synaptic stimulation. We previously
defined a set of 400 synaptic plasticity proteins in mouse
hippocampus, which respond to a learning stimulus with changes
in expression, using a quantitative iTRAQ proteomics analysis
(Rao-Ruiz et al., 2015). Of these synaptic plasticity proteins in the
SWATH interspecies comparison data set, 340 were quantified
in the rodent with primate comparison of which 188 proteins
were differentially expressed at FDR adjusted p-value 0.005,
which is a significant difference (Chi-square p-value 1.3 x 10~%%)
among all differentially abundant proteins. Analogous pairwise
comparison of mouse with human and rat with human also
yielded a significant difference for plasticity proteins (Chi-square
p-values 6.0 x 107% and 1.2 x 1079, respectively). One might
reason that plasticity proteins by nature show more variation
in expression and therefore might have an increased likelihood
of being differentially abundant. Therefore, we analyzed the
same synaptic plasticity proteins in the SWATH interspecies
comparison of mouse with rat and found a much lower
significance level at Chi-square p-value 0.012. Finally, we tested
plasticity proteins in the marmoset with human comparison,
yielding a significant difference (Chi-square p-value 7.0 x 10~%).
When the group of 340 synaptic plasticity genes is assessed in
the group mouse, rat, marmoset vs. human (Supplementary
Table S5), 175 proteins show differential regulation with a
FDR corrected p-value < 0.01. In this group of proteins some
interesting sets of proteins show lower expression in human, e.g.,
proteins involved in endocytosis (SNAP91, SYNJ1, CLTA/B/C,
and Pacsin-1), the ionotropic glutamate receptors (GRIA1 and
-2) and auxiliary subunits (PRRT1, Shisa6 and CACNGS).
Proteins that show higher expression in human include the
extracellular matrix components (TNR, BCAN, and NCAN). In
conclusion, proteins that show stimulus-dependent changes in
expression after fear-learning in the mouse hippocampus are
showing a differential abundance between rodents and primates
and between marmoset and human, whereas comparison within
rodent species does not show this.

DISCUSSION

In this study we used SWATH to quantify levels of hippocampal
synaptic proteins of four species, the rodents; mouse and rat,
and the primates; marmoset and human. We revealed many
protein abundance differences between species with in many
instances small fold changes. The quantification accuracy of
SWATH and low technical variability of the method, allowed
us to very accurately quantify even minor (as low as 1.15-fold)
differences across species. Furthermore, our SWATH proteomics

required building spectral libraries, which serve as catalogs for
synaptic proteins in these four species analyzed. One can use
these catalogs to generate protein maps of synapses to gain insight
in stoichiometries (cf. Figure 1) or visualize differences in levels
between species (cf. Supplementary Figure S4).

In silico approximations of absolute abundances from label-
free data, such as iBAQ (Schwanhausser et al., 2011) or SCAMPI
(Gerster et al., 2014) are currently not sufficiently accurate
to detect small differences in protein abundance expected
between species. As distinct peptide sequences have different
mass spectrometric properties, such as ionization efficiency, their
ion intensity measured by label-free proteomics can differ up
to several orders of magnitude even if the absolute amount
of these peptides in the input sample is the same. Including
peptide standards in the sample to obtain accurate estimates
of absolute abundances (Gerber et al., 2003) is not feasible for
thousands of unique peptides present in the synaptic proteome of
multiple species. However, physical properties may vary amongst
different peptides; identical peptides from different samples
behave the same. Therefore, in this study, we considered the set
of peptide sequences that are identical in all species (within a
given comparison of species) and quantified these confidently in
all samples. This allowed comparison of the relative abundance
of peptides and proteins with the highest accuracy possible.
In the current study we compared synaptic fractions obtained
from different species. This may involve different efficiencies of
isolating the synaptosome fraction, or proteins therein, which
cannot be easily corrected for. We did not observe apparent
species differences in the amount of protein isolated in the
synaptosome fractions. Another aspect of this study is that it
inherently incorporates different postmortem delay times, in
particular between human vs. marmoset and rodent brains. We
cannot rule out that this may have introduced differences in the
synaptic proteins isolated.

Key to the human brain’s unique capacities is probably is
not its absolute or relative size, or even its number of neuronal
and glia cells. Instead, this likely involves evolved neural cell
types, and expanded and/or more complex patterns of neuronal
connectivity. However, these specific evolutionary adaptations
likely depend on the increased diversity of molecular expression
signatures, both in terms of levels and of cell type specific
expression. Previous transcriptome analyses have reported that
there are more genes higher expressed in the adult human brain
than in the non-human primate brain, and not in other examined
tissues (Caceres et al., 2003; Gu and Gu, 2003; Khaitovich et al.,
2004). Also it was found that there is little evidence for accelerated
divergence in gene expression in the human brain (Hsich et al,,
2003). Other studies have reported several interesting findings on
human-specific differences in the expression of genes involved
in metabolism (Uddin et al., 2008; Babbitt et al., 2010) and
on genes that are organized into human-specific co-expressed
modules (Oldham et al., 2006; Konopka et al., 2012). Human-
specific differences in gene expression have also been reported
for groups of genes with developmental time-shifts (Somel
et al.,, 2009), miRNA regulation (Somel et al., 2009; Hu et al,
2011), RNA editing (Li et al., 2013), and transcription factor
regulation (Liu et al., 2012). Notwithstanding the usefulness of
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gene expression analysis, a constraint in unambiguous translation
of transcript levels to proteins is the multitude of regulatory steps
in protein synthesis and breakdown. Furthermore, differences
in gene expression are difficult to translate to synaptic protein
expression. Typically, synaptic proteins, as studied here, are well
known to be regulated by condition-dependent trafficking, local
synthesis and target specific breakdown.

One of the outstanding questions regarding species
comparison is whether expression differences of distinct
proteins or protein groups might be related to functional
differences between rodents and primates. We indeed detected
a number of synaptic functional groups that show differential
abundance in rodents and primates. An interesting group of
proteins to consider are the sodium channels, which are formed
by the major pore forming alpha subunits (SCN1-4A) and the
channel modulating beta subunits (SCN1-4B). Four out of five
subunits detected in hippocampus have a very strong differential
expression profile between rodents and primates (cf. Figure 3C).
As such these may qualify for distinct physiology of human
(mammalian) neurons. For instance, we found SCN3B and
SCN1B, both modulatory subunits of the sodium channels highly
differentially expressed in rodents and humans (cf. Figure 3C).
Given the essential role of these channels in the formation and
propagation of action potentials, this might be an important
observation. Co-expression studies of SCN1B, -2B, and -3B
subunits with the SCN2A subunit in HEK293 cells have shown
to shift sodium channel activation and inactivation to more
positive membrane potentials (Qu et al., 2001). However, SCN3b
is unique in causing increased persistent sodium currents.
Because persistent sodium currents are thought to amplify
summation of synaptic inputs, expression of this subunit would
increase the excitability of the expressing neurons to all of their
inputs. This might be specifically the case for human neurons.
Interestingly, SCN2A and SCN3B are highly co-expressed over
the species, suggestive of a co-expressed pair (cf. Supplementary
Figure S6C). If so, the not differentially expressed SCN2A
channel might be modulated by SCN3B thereby providing a
higher offset for neuronal excitation in humans.

Among proteins with differential level we found
neurofilament, which is particularly highly expressed in
human brain tissue. Synaptosome fractions are only enriched in
synaptic proteins and therefore caution is warranted regarding
inferring neurofilament presence at the synapse based on
biochemical means only. Neurofilament has been regarded as
an impurity of the synaptic fraction [e.g., (Matus et al., 1980)],
however, recent immuno-EM data shows its presence at striatal
postsynaptic sites (Yuan et al., 2015). We therefore consider it a
potential component of the hippocampal synapse from which it
can be readily isolated [this study, (Yuan et al., 2015)]. Deletion
of neurofilaments has been shown to affect synaptic long-term
potentiation (Yuan et al.,, 2015) and neurofilament expressing
pyramidal neurons in humans may show higher vulnerability to
neurodegenerative disease (Perrot et al., 2008).

Importantly, we demonstrated that, among the many proteins
with expression differences, a group of plasticity-related proteins
follows a global up-regulation in human hippocampal synapse
proteome. One might argue that an important aspect of species

evolution is the potential to be adaptive, at the molecular
and subcellular level displayed as synaptic plasticity. Plasticity
mechanisms enable the brain with the feature to rapidly change
the efficacy of synapses, allowing these to be used over a wide
dynamic range of signal transmission and act as logical operators.
In line with this, synaptic plasticity might relate to a set of
proteins that evolved rapidly in recent evolution. Changes in
protein abundance might reflect dynamic response to changes in
synaptic stimulation, and/ or change the impact a protein hasin a
larger network. As such this set is expected to be dynamic within
a species and consequently may show abundance differences
between species. To specifically test this we used a plasticity set
of proteins as found regulated by a strong fear learning paradigm
impacting on the hippocampus (Rao-Ruiz et al., 2015). Using this
set of proteins we asked whether its constituents would belong
to the rodent-primate conserved or rather the differentially
expressed part of the synaptic proteome. The latter was true.
This indicates that within the synaptic proteome those proteins of
which expression differences maximally evolved during evolution
are overrepresented in the plasticity response.
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FIGURE S1 | Reproducibility of three technical replicate SWATH measurements of
mouse synaptosomes. (A) Peptide Coefficient of Variation. (B) Protein Coefficient
of Variation. (C) pair-wise scatterplots for log10 protein abundance values, with
abundance distribution of each sample shown on the diagonal.

FIGURE S2 | Reproducibility of biological replicate SWATH measurements for
(A) mouse, (B) rat, (C) marmoset, and (D) human for the set of proteins used in
the rodent vs. primate comparison in Figure 1A. Pair-wise scatterplots for log10
protein abundance values, with abundance distribution of each sample shown on
the diagonal.

FIGURE S3 | (A) Hierarchical clustering of the Euclidean distance between protein
abundances in the rodent vs. primate comparison using Ward’s D2 method. (B)
Protein Coefficient of Variation for all proteins used in the rodent vs. primate
comparison in Figure 1A and textbf(C) for the mouse vs. human comparison in
Figure 1B.

FIGURE S4 | Differentially abundant proteins between mouse and human
synaptosomes highlighted in a model of the synaptic proteome (c.f. Figure 1). In
total 1307 proteins were changed between these species at FDR adjusted p-value
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