Changes in Lipidome Composition during Brain Development
in Humans, Chimpanzees, and Macaque Monkeys
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Abstract

Lipids are essential components of the brain. Here, we conducted a comprehensive mass spectrometry-based analysis of
lipidome composition in the prefrontal cortex of 40 humans, 40 chimpanzees, and 40 rhesus monkeys over postnatal
development and adulthood. Of the 11,772 quantified lipid peaks, 7,589 change significantly along the lifespan. More
than 60% of these changes occur prior to adulthood, with less than a quarter associated with myelination progression.
Evolutionarily, 36% of the age-dependent lipids exhibit concentration profiles distinct to one of the three species; 488
(18%) of them were unique to humans. In both humans and chimpanzees, the greatest extent of species-specific differ-
ences occurs in early development. Human-specific lipidome differences, however, persist over most of the lifespan and
reach their peak from 20 to 35 years of age, when compared with chimpanzee-specific ones.
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Introduction Evolutionarily, small changes in developmental regulation
can result in large phenotypic adaptations (Carroll 2000). The
human brain might fit this expectation, as human cognitive
abilities form and mature during ontogeny. Supporting this
notion, previous investigations of synaptic gene expression
changes in the human, chimpanzee, and macaque pre-frontal
cortex (PFC) during postnatal development reveled an exten-
sion of the maturation period in humans (Liu et al. 2012).
Similarly, neocortical myelination is prolonged in humans
(Miller et al. 2012), suggesting possible mechanisms under-
lying the development of human cognitive uniqueness.

One of the levels of the human brain phenotype that is yet
to be fully investigated is the lipidome. Lipids constitute the
majority of the brain’s dry weight and are known to be im-
portant for neural function as structural and signaling mol-

Human cognitive abilities are unique, suggesting the evolu-
tion of novel molecular features in brain organization and
function. Presence of such uniquely human features has
been investigated at different levels of phenotype, from single
cell genomics and epigenetic DNA and chromatin modifica-
tions to construction of cerebral connectome maps (Zeng
et al. 2012; Li et al. 2013; Darmanis et al. 2015; Vermunt et al.
2016). At present, however, we still lack a comprehensive
picture of the molecular mechanisms underlying human cog-
nition. Distinctive cognitive abilities have emerged on the
human evolutionary lineage within the past 6-8 million years,
after the separation of the human and the chimpanzee/bo-
nobo ancestors. Given the long generation time of humans
and human ancestors, however, only a limited number of

adaptive changes might be expected to have occurred during ecules (Wenk 2005; Piomelli et al. 2007). Disruptions of the
this short time interval, leading to striking cerebral enlarge- brain lipid metabolism have been linked to disorders includ-
ment, modifications of connectivity and changes in neuro- ing Alzheimer’s disease, Parkinson’s disease, depression and
development (Somel et al. 2013). anxiety (Wenk 2005; Abbott et al. 2015; Muller et al. 2015).
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Fic. 1. Lipidome variation. (A) Samples used for LC—-MS measurements. Each point represents an individual (red—humans, blue—chimpanzees,
green—macaques). Points filled with lighter shades of colors indicate younger ages. (B) Number of lipid peaks detected by LC-MS procedure in
positive ([+]) or negative ([-]) ionization modes. Shaded bars indicate number of detected lipid peaks that were annotated based on probabilistic
matching to the LIPID MAPS database and HMDB. (C) Multidimensional scaling (MDS) based on concentrations of all 11,772 quantified lipid
peaks. Each point represents an individual (red—humans, blue—chimpanzees, green—macaques). Points filled with lighter shades of colors
indicate younger ages. (D) Venn diagram showing the number of age-dependent lipid peaks detected in each species (red—humans, blue—
chimpanzees, green—macaques). (E) The distributions of Pearson correlation coefficients between concentration profiles of the 7,589 age-
dependent lipid peaks calculated in pairwise comparisons between species. Gray curves indicate distributions of Pearson correlation coefficients
expected by chance, obtained by randomly matching the lipids between species 100 times. (F) Proportion of total variance explained by age for
quantified lipids, mRNAs and IncRNAs in each species (red—humans, blue—chimpanzees, green—macaques). (G) Pearson correlation coeffi-
cients calculated for 12 lipid classes based on concentration measurements in human samples and concentrations reported for human (black) and
rat (purple) brains in previous studies. Red points indicate positive correlation.

Furthermore, lipid concentration analysis conducted in three
brain regions of adult humans, chimpanzees, and macaques
revealed an acceleration of the brain lipidome composition
changes on the human evolutionary lineage, especially in the
neocortex (Bozek et al. 2015). At the same time, as indicated
by biochemical analysis of the lipid classes’ abundance, it has
been shown that the human brain lipidome composition is
not static, but changes during development and aging
(Rouser and Yamamoto 1968).

We conducted a systematic investigation of lipid concen-
tration changes during postnatal PFC development and iden-
tified lipidome features unique to humans by measuring
concentrations of >11,000 hydrophobic compounds in sam-
ples from humans, chimpanzees, and rhesus monkeys.

Results

Data Description

We measured concentrations of hydrophobic compounds in
samples of the superior frontal gyrus of the dorsolateral PFC
from 40 humans, 40 chimpanzees, and 40 rhesus monkeys of
different ages (supplementary table S1, Supplementary
Material online). The ages of individuals ranged from 2 days
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to 61 years in humans, from newborns to 42 years in
chimpanzees, and from 14 weeks post-conception to 21 years
in macaques, with a higher number of samples representing
early development ( fig. 1A). The lipidome composition of all
samples was measured using liquid chromatography
coupled with mass spectrometry at positive ([+] LC-MS)
and negative ([-] LC-MS) ionization modes. This resulted in
6,596 and 5,231 distinct MS features representing hydropho-
bic compounds (lipids) with molecular weights below
2,000 Da detected in at least 95% of all samples in positive
and negative modes, respectively. Among them, 3,672 and
2,154 compounds were computationally annotated using
probabilistic matching to the lipid compound database
(fig. 1B; supplementary data S1, Supplementary Material
online).

The PFC lipidome measurements were accompanied by
transcriptome measurements conducted in a subset of PFC
samples from 38 humans, 39 chimpanzees, and 40 rhesus
monkeys using RNA sequencing (RNA-seq) on the lllumina
platform (He et al. 2014) (supplementary table S1,
Supplementary Material online). We quantified expression
levels of 13,777 mRNAs and 420 long non-coding RNAs
(IncRNA) detected in at least 95% of all samples.
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Fic. 2. Lipids as accurate age markers. (A) Real ages and predicted ages of samples in each species (red—humans, blue—chimpanzees, green—
macaques). The predicted ages were obtained by 10-fold cross-validation based on the age predictors selected using SVR in each species. The
numbers above each panel indicate the number of age predictors and the prediction error range calculated as two times the average of the absolute
differences between real ages and predicted ages across all the age points. Points filled with lighter shades indicate younger ages. (B) The
distributions of Pearson correlation coefficients between concentration profiles of the 65 age predictor lipid peaks calculated in pairwise com-
parisons between species. Gray curves indicate distributions of Pearson correlation coefficients expected by chance, obtained by randomly
matching the lipids between species 100 times. The insert shows the lipid class enriched in the 65 age predictor lipids.

In addition to the developmental data, we identified lip-
idome markers of myelination by measuring lipid concentra-
tions in white matter samples dissected from corpus callosum
and gray matter samples from the PFC of five adult humans
(supplementary table S1, Supplementary Material online).
Furthermore, we identified lipidome changes induced by
postmortem delay (PMD) by examining lipidome measure-
ments conducted in additional PFC samples of three rhesus
monkeys (supplementary table S1, Supplementary Material
online).

The analysis of lipidome composition in macaque PFC
samples collected immediately and with PMD of 4-6h re-
vealed substantial concentration changes for 55 (0.5%) of the
11,827 lipids detected in the developmental dataset, which is
similar to the proportion (1.5%) reported previously (Bozek
et al. 2015). These compounds were excluded from further
analyses.

The PFC Lipidome Undergoes Substantial
Age-Dependent Change

Multidimensional scaling (MDS) based on concentrations of
all 11,772 quantified MS features revealed clear effect of age in
all three species (supplementary data S2, Supplementary
Material online; fig. 1C). Consistent with this observation,
7,589 lipid peaks (64%) showed significant age-dependent
concentration change in humans, chimpanzees, or macaques
(F-test, permutations P < 0.001) (fig. 1D). The majority of
these changes correlated positively and strongly among spe-
cies (fig. 1E). Notably, in all three species, age-dependent
lipidome changes exceeded changes in mRNA and IncRNA
expression, in both the proportion of total variance explained
by age and the percentage of significant age-dependent
changes (fig. 1F supplementary fig. S1, Supplementary
Material online).

Lipid concentration changes identified in our data were
compared with results of previous studies at the lipid class
level: nine lipid classes were reported to change concentration
over the lifespan in the human brain and three in the rat brain

(Rouser and Yamamoto 1968; Zhang et al. 1996). Lipid con-
centration changes observed in our data positively correlated
with previous observations for 9 of these 12 lipid classes, an
agreement that exceeded by chance expectations (permuta-
tions, P = 0.04) (fig. 1G). Similarly, in comparison to GC-MS
measurements conducted in human PFC across lifespan (Fu
et al. 2011), 7 out of 8 lipids detected in both datasets corre-
lated positively and significantly (supplementary table S2,
Supplementary Material online).

Furthermore, age-dependent lipid concentration changes
could be linked to the expression changes of corresponding
enzymes. Of the 13,777 mRNAs expressed in human PFC over
development, 667 were associated with 2,064 age-dependent
lipids based on the human metabolome database (HMDB)
annotation. The expression of these transcripts over the life-
span showed a stronger positive correlation with concentra-
tions of their associated compounds than expected by chance
(supplementary fig. S2, Supplementary Material online).

Accurate Lipid Age Markers

We next tested whether lipid concentrations could be used as
predictors of individuals’ age in any of the three species. We
identified 27 age predictor lipids in humans, 24 in chimpan-
zees, and 19 in rhesus monkeys using support vector regres-
sion (SVR) (supplementary table S3, Supplementary Material
online). Strikingly, the error range of these predictions was
under three and a half years for humans, under two and a half
years for chimpanzees and under one and a half years for
macaques (fig. 2A). To the best of our knowledge, this is one
of the most accurate age predictions based on molecular or
phenotypic markers obtained for humans (Horvath 2013;
Chen et al. 2015).

Despite only partial overlap of age predictors among spe-
cies (supplementary fig. S3, Supplementary Material online),
their concentration changes with age were well correlated.
Taken together, these age predictors were enriched in the
lipid class polyprenols (PR03) containing the known age
markers dolichols (hypergeometric test, Bonferroni corrected
P < 0.05) (fig. 2B).
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Analysis of Lipidome Differences between Infant and
Adult PFC

Changes in brain lipidome composition were not distributed
uniformly over the lifespan. In human PFC, the yearly ampli-
tude of lipidome changes of the 7,589 age-dependent lipids
was ~5 times greater during the first year of life compared
with any year between 20 and 60 years of age (fig. 3A).
Consequently, in the human PFC, >61% of all lipid concen-
tration changes took place during the first 20 years of life.
The same trend was observed for chimpanzees and ma-
caques, when corrected for difference in the maximal lifespan
of the species (supplementary fig. S4, Supplementary Material
online).

On the basis of concentrations of 4,284 putatively anno-
tated lipid peaks quantified in human PFC, the top 10 most
abundant lipid classes cumulatively constitute 70% of the
brain lipidome (fig. 3B). Between infant (0-1 years of human
age) and adult (25-50 years of human age) brains, concen-
trations of lipids within these classes change by 7-14%
(fig. 3B). Taking together the concentrations of all 7,589
age-dependent lipids in human PFC, the lipidome changes
by 15% between infants and adults, with the largest change
(20%) observed for the polyprenols (PRO3) containing
known age markers, dolichols. Similar proportions were
observed for chimpanzee and macaque brains after correc-
tion for differences in the species’ maximal lifespan (sup
plementary fig. S5, Supplementary Material online).
Overall, we detect 377 lipid peaks with large concentra-
tion changes between infant and adult brains (fold-
change > 2, t-test, Benjamini—Hochberg (BH) corrected
P < 0.05) in at least one of the three species. More than
84% of these changes correlated well between species
(Pearson correlation, r > 0.6, P < 0.05), with 104 lipids
showing high concentration in infant brains and 210—
in adults of all three species (supplementary fig. S6 and
table S4, Supplementary Material online).

Association between PFC Lipidome Composition and
Myelination

Myelination is one of the major age-dependent processes
potentially affecting brain lipidome composition. To assess
the association between the age-dependent lipidome changes
and myelination progression, we defined lipid myelination
markers by comparing lipidome composition of cortical
gray matter and white matter dissected from corpus callosum
in five adult humans (supplementary table S1, Supplementary
Material online). Among 1,900 lipid peaks detected in both
developmental and white/gray matter datasets (supplemen
tary data S3, Supplementary Material online), 15 had signifi-
cantly and substantially higher concentrations in white mat-
ter (t-test, BH corrected P <005 fold-change>2;
supplementary fig. S7, Supplementary Material online).
Consistent with myelination progress with age, these myelin-
ation markers were enriched among lipids showing higher
concentration in adult PFC of all three species (hypergeomet-
ric test, P=0.06; supplementary fig. S8, Supplementary
Material online). Notably, cerebrosides, which are known
myelin markers (Jurevics et al. 2001), were similarly enriched
in the adult brain (hypergeometric test, P=0.0001; supple
mentary fig. S8, Supplementary Material online).

To determine the extent of age-dependent lipid concen-
tration changes associated with myelination, we estimated
the proportion of white matter in the developmental sam-
ples based on the relative concentrations of lipids in gray
and white matter. The white matter proportion showed
increased trend in all three species, mainly remaining under
20% (fig. 3G supplementary fig. S9, Supplementary Material
online), consistent with the sample dissection procedure
preferentially targeting cortical gray matter. The white
matter increase with age correlated either positively or
negatively with concentration changes of ~15% of 7,589
age-dependent lipids (Pearson correlation, |r| > 0.6,
P < 0.05), suggesting that only a minority of the detected

A B C

. Glycerophosphocholines (GP01) 15.2% 8- ;

& Glycerophosphoethanolamines (GP02) m 10% &= ;?5’5@2;204_6‘22

©©- 61.7 33.7 Triradylglycerols (GLO3) 9.7% s 4

2 Glycerophosphoglycerols (GP04) 71% £

E Glycerophosphoserines (GP03) 7% [

G < Glycerophosphoinositols (GP06) F™5.6% Qo©

S Y Glycerophosphates (GP10) === 4.6% o ®

k= ] Fatty Acids and Conjugates (FAO1) T 3.8% L2 e ® ®

£ o Sterols (STO1) 38% € 0 o

9 U] Diradylglycerols (GL02) 3.2% o8] :

5 “ T Others T = ®

© e T T T T T T T ; e T T T T |© T T
0 10 20 30 40 50 60 0 4 8 12 0 10 30 50 60

age (years)

change proportion (%) age (years)

Fic. 3. Characteristics of age-dependent lipidome changes. (A) Yearly amplitude of lipidome changes calculated as the ratio of concentration
changes occurring within a one-year interval to the concentration changes occurring across the lifespan in human brains based on concentrations
of the 7,589 age-dependent lipids. The points represent the mean change amplitude. The area shows the variance of the change amplitude
estimate (£1 SD). The lighter shades of colors indicate younger ages. The dark red numbers show the percentage of concentration changes
occurring during the first 20 years of life and during 20-60 years interval. (B) Amplitude of cumulative concentration changes in adult brains
relative to infant brains based on lipids of the corresponding lipid class in humans. The data are shown for the top 10 most abundant lipid classes
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age-dependent lipidome changes is associated with profiles compared with those showing chimpanzee-specific
myelination. concentration profiles (fig. 5A).
Notably, the human-specific and chimpanzee-specific lip-
Evolution of the PFC Lipidome Composition idome differences, defined as the difference between humans
Among the three species, lipid abundance profiles show ap- and chimpanzees based on lipids showing human-specific
proximately 2-fold greater conservation compared with concentration profiles or chimpanzee-specific ones, were
mRNA, and approximately 4-fold greater conservation com- not distributed uniformly across the lifespan: on each lineage
pared with INcRNA (F-test, P < 0.01, FDR < 5%; fig. 4A). the greatest extent of species-specific concentration differ-
Still, there are significant and apparent differences in the ences took place during early postnatal development (supple

lipidome composition among species. Between humans and
chimpanzees, 1,824 lipids showed significant concentration
profile differences. These 1,824 lipids were enriched in specific
lipid classes and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways (hypergeometric test, Bonferroni corrected
P < 0.05, supplementary table S5, Supplementary Material
online). Furthermore, enzymes associated with these 1,824
lipids based on HMDB annotation tended to have more
gene expression differences between humans and chimpan-
zees than the enzymes associated with the other detected
age-dependent lipids (one-sided Wilcoxon test, P = 0.07, sup
plementary fig. S10, Supplementary Material online).

Consequently, each of the species’ identity can be identi-
fied with 100% accuracy based on the concentration levels of
relatively small lipid groups using logistic regression with elas-
tic net penalty and 10 X 10 cross-validation: 54 lipid peaks
distinguish humans from the other two species, 94 lipid peaks
distinguish chimpanzees, and 41 distinguish rhesus monkeys
(fig. 4B; supplementary table S6, Supplementary Material
online).

Previous work conducted in adult individuals indicated
greater lipidome divergence on the human evolutionary lin-

mentary data S4, Supplementary Material online; fig. 5B).
Unexpectedly, the greatest excess of the human-specific con-
centration differences over chimpanzee-specific ones did not
occur early childhood, but fell within the early adulthood
period: from 20 to 35 years of human age (fig. 5C).

Lipids showing human-specific concentration profiles clus-
ter in specific KEGG pathways: regulation of lipolysis in adi-
pocytes, vitamin digestion and absorption, fat digestion and
absorption, glycerolipid metabolism, and insulin resistance
(hypergeometric test, Bonferroni corrected P < 0.05; supple
mentary table S8, Supplementary Material online). All these
pathways show the largest excess of human-specific lipid con-
centration differences during early adulthood (fig. 5D).
Notably, even though pathways identified using all 1,824 lip-
ids showing significant concentration differences between
humans and chimpanzees did not overlap with pathways
identified using lipids showing human-specific concentration
profiles only, they also showed greater changes on the human
evolutionary lineage (human-specificity ratio > 1, supplemen
tary table S5, Supplementary Material online).

eage compared with the chimpanzee lineage (Bozek et al. Discussion
2015). Of the 251 lipid peaks showing significant concentra- Previous biochemical studies demonstrating age-dependent
tion differences between adult humans and chimpanzees in concentration changes for several major lipid classes in brains
developmental data (t-test, BH corrected P < 0.05), 85 could of humans and rats showed that the lipidome is developmen-
match lipid peaks quantified in the previous study (supple tally dynamic (Rouser and Yamamoto 1968; Zhang et al.
mentary table S7, Supplementary Material online). The ma- 1996). Our study, employing LC-MS-based methods to
jority of these lipid peaks showed consistent concentration examine concentrations of 11,772 hydrophobic compounds
difference between species, as well as an approximate 2-fold in PFC of humans, chimpanzees and macaques over postnatal
excess of lipids showing human-specific concentration lifespan, confirms and extends previous observations. It
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Fic. 5. Human-specific lipidome features. (A) Numbers of lipids show-
ing humans-specific (red) and chimpanzee-specific (blue) concentra-
tion profiles among the lipids showing significant difference between
adult humans and chimpanzees in the current data and detected in
the published dataset (Bozek et al. 2015). (B) The colored curves show
the average human-specific difference and chimpanzee-specific dif-
ference along the lifespan calculated based on lipids showing human-
specific (top, red) or chimpanzee-specific (bottom, blue) concentration
profiles. The colored areas show the variation of the species-specific
difference estimates calculated by bootstrapping the lipids showing
human-specific or chimpanzee-specific concentration profiles 1,000
times. The black areas show the average species-specific difference ex-
pected by chance calculated based on 1,000 permutations of the species
labels. (C) The dark purple curve shows difference between human-
specific and chimpanzee-specific difference curves shown in panel B.
The purple area shows the variation of the difference estimates calcu-
lated by bootstrapping the lipids showing human-specific and chim-
panzee-specific concentration profiles 1,000 times. The shaded area
shows the age interval with the greatest excess of human-specific dif-
ference. (D) The difference between human-specific and chimpanzee-
specific difference curves calculated as in panel B based on lipids located
within the pathways enriched in lipids showing human-specific profiles.
The shaded area shows the 20-35 years age interval, as in panel C.

provides a more comprehensive view of lipidome changes
with age and identifies its uniquely human features.

We show that lipid concentrations change substantially
across lifespan in all three species, exceeding changes in
mRNA and even IncRNA abundance. At the same time, lipid
concentration profiles are twice as conserved among species
compared with mRNA profiles and four times as conserved
compared with IncRNA profiles. This indicates that extensive
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age-dependent lipidome changes taking place during post-
natal development are not caused by lack of constraint, but
are dictated by their functional roles in the three species.
Similar to mRNA and IncRNA (supplementary fig. S11,
Supplementary Material online), the greatest extent of lipid
concentration changes takes place during the first several
years of life, potentially accompanying changes in the
connectivity of the developing neocortex. Between 20
and 60 years of life, the rate of the lipidome changes in humans
remains nearly constant and approximately six-times lower
than the rate of change during the first year of life.
Approximately 15% of the age-dependent lipidome changes
could be related to the progression of axonal myelination,
however, leaving the majority of the changes unexplained.
The substantial lipidome changes over lifespan allow for
high accuracy of age predictions (*1.6 years for humans)
based on concentrations of 27 lipids. This accuracy exceeds
age prediction based on facial morphology, and is comparable
to results obtained using DNA methylation levels (Horvath
2013; Chen et al. 2015). This suggests that lipids in other
tissues, such as blood, might also be accurate indicators of age.
Cumulatively, the lipid concentrations change by ~15%
between the infant and adult human PFC. Lipids showing
higher concentrations in the adult brains cluster in specific
lipid classes, including: neutral glycosphingolipids (SP05), trir-
adylglycerols (GL03) and acidic glycosphingolipids (SP06)
(fig. 6). Glycosphingolipids together with other membrane
components are involved in glycosynapse formation
(Hakomori Si 2002). Glycosynapses are involved in cell adhesion
and signaling and may form during axonal myelination (Boggs
et al. 2004; Boggs 2014) reported to proceed in the human PFC
up until the end of third decade (Miller et al. 2012). Lipids
showing higher concentrations in the infant brains cluster in
lipid classes including ceramides (SP02) (fig. 6), which are
involved in cellular signaling including regulation of differenti-
ation and apoptosis (Hannun and Obeid 2008).
Evolutionarily, 1,824 lipids show significant concentration
profile differences between humans and chimpanzees and
3,324 between humans and macaques. The greatest
species-specific concentration differences occur within the
first 10 years of human age. Thus, the lipidome of humans
and chimpanzees at one year of human age are approxi-
mately two-times more distinct from one another than at
40 years of human age (after correction of chimpanzee age to
the difference in gestation time and maximal lifespan). The
ratio of human-specific differences over the chimpanzee-
specific ones, however, reaches the maximum not during
early age, but in the early adulthood period: between
20 and 35 years of human age. Notably, all five functional
pathways enriched in lipids showing human-specific concen-
tration profiles exhibit greater human-specific difference over
chimpanzee-specific one during the same period. This implies
that these lipid concentration changes may reflect functional
rearrangements of the PFC lipidome unique to humans.
Taken together, we show that the PFC lipidome compos-
ition changes substantially during human, chimpanzee, and
macaque postnatal development. We also describe a number
of uniquely human lipidome features. Although these
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observations might imply important roles of lipids in human
brain development and evolution, they also highlight the
need for further in-depth studies that include a greater range
of brain structures to examine brain lipidome functionality.

Materials and Methods

Samples

Human samples were obtained from the NICHD Brain and
Tissue Bank for Developmental Disorders and Maryland
Population Research Center at the University of Maryland,
USA and the Chinese Brain Bank Center (CBBC), Wuhan,
China. Written consent for the use of human tissues for re-
search was obtained from all donors or their next of kin. All
subjects were defined as healthy controls by pathologists or
neuropathologists at the corresponding brain bank. All sub-
jects suffered sudden death with no prolonged agonal state.
According to the protocol of the CBBC, use of human aut-
opsy tissue is considered non-human subject research and is
IRB exempt under NIH guidelines. Chimpanzee samples were
obtained from the Alamogordo Primate Facility, NM, USA,
Max Planck Institute for Evolutionary Anthropology in
Leipzigg Germany, and Southwest National Primate
Research Center in the Texas Biomedical Research Institute,
USA. Rhesus monkey samples were obtained from the
Suzhou Experimental Animal Center, China. All non-human
primates used in this study suffered sudden deaths for reasons
other than their participation in this study and without any
relation to the tissue used. PFC dissections were made from
the frontal part of the superior frontal gyrus. Special care was
taken to preferentially dissect gray matter for all samples.

White/Gray Matter Samples

To identify lipidome markers of myelination, we collected five
adult human samples, dissecting the corpus callosum and the
pure subcortical gray matter from PFC.

Postmortem Samples

To identify lipids affected by PMD in primates, we collected
three rhesus monkey samples dissected 4-6h after death.
Other macaque samples used in this study had PMDs lower
than 20 min.

MS Sample Preparation and Measurements

Lipids were extracted from the frozen brain tissue powder by
methyl-tert-butyl-ether (MTBE): methanol (3:1, v/v)
(Khrameeva et al. 2014). In brief, ~25 mg of frozen powdered
tissue was re-suspended in Tml MTBE:MeOH (3:1) solution
containing the internal standard (1 pg/mL of 1,2-diheptade-
canoyl-sn-glycero-3-phosphocholine (PC 34:0)). The samples
were incubated for 10 min at 4 °C on an orbital shaker, before
subjecting them to ultrasonication for 10 min in an ice-cooled
bath-type sonicator. The insoluble tissue material (including
proteins) was pelleted by a centrifugation step (5min;
14,000 X g) and the supernatant was transferred to a fresh
2 ml Eppendorf tube. To separate the organic from the aque-
ous phase, 650 ml of a H,O:methanol mixture (3:1, v/v) was
added to the supernatant, mixed by vortexing and centri-
fuged (5min; 14,000 x g). Five hundred microliters of the
upper-lipid-phase (MTBE) was transferred to a fresh 1.5-ml
Eppendorf tube, concentrated in a speed vacuum and the
pellet was re-suspended in 100 pl of an acetonitrilesisopropa-
nol mixture (7:3, v/v) before liquid chromatography—mass
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spectrometry analysis. For the LC-MS analysis two times 3 pl
of the re-suspended lipid extract were injected onto the ultra
performance liquid chromatography Cg-reversed phase col-
umn (BEH C8, Waters), connected to an Orbitrap Exactive
mass spectrometer and analyzed once in positive and once in
negative ion mode (Hummel et al. 2011). Data alignment and
pre-processing was performed using the QI software (Version
2.2, www.nonlinear.com).

Normalization

The concentration values of all identified peaks were log,-
transformed and quantile normalized across all developmen-
tal samples. Before log, transformation, the concentration
values were increased by one in order to avoid infinite values.

Identification of Lipids Affected by PMD

We identified lipids affected by PMD by comparing the con-
centrations from three rhesus monkey samples collected with
substantial PMD with those from the other macaque samples
without substantial PMD. For each lipid, we defined the dif-
ference between the actual concentration value and the cor-
responding interpolated value from the spline curve fitted to
the concentrations from the short PMD macaques with four
degrees of freedom as residual. Lipids with the difference be-
tween the actual value and the interpolated value falling out-
side of the 1.96 SD of the residuals for all the three macaque
samples with substantial PMD, were considered to be affected
by PMD and excluded from further analysis.

RNA-Seq Read Alignment and Quantification

Reads sequenced in each sample were aligned to a consensus
reference genome constructed by whole-genome alignment
of humans (hg19), chimpanzees (panTro4) and rhesus mon-
keys (rheMac3) as described in He et al. (2014), using “STAR”
mapper with default parameter settings. On the basis of reads
aligned to a unique genomic location and GENCODE v19
annotation, expression level of each gene was quantified as
reads per kilobase per million mapped reads (RPKM).
mMRNAs/IncRNAs with expression level detected in at least
95% of all samples and with maximal expression level across
samples >1 were kept for further analysis.

Age Scale

For ages of all samples, we took gestation time into account
by adding 280 days, 220 days and 165 days to the ages of
humans, chimpanzees and rhesus monkeys, respectively. We
then normalized individuals’ age according to the maximal
lifespan differences among species by multiplying chimpan-
zee ages by 1.5 and macaque ages by 3, based on the following
maximal lifespan estimates: 105 years for humans, 70 years for
chimpanzees, and 35 years for macaques.

Age-Dependent Change Detection

In order to detect age-dependent lipid concentration or gene
expression changes across the lifespan, we conducted age-
test, constructing polynomial models with age as a regressor
and concentration or expression levels as the regressand,
described in (Somel et al. 2009). For each lipid/gene, the
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best polynomial regression model was chosen based on fam-
ilies of polynomial regression models and “adjusted r*” criteria
and the significance of the chosen model was estimated using
F-test. Each species was tested independently. The permuta-
tion for the age-test was performed by permuting ages across
samples 1,000 times. The P-value for the permutation was
estimated as the frequency of cases when the number of
lipids/genes passing a given age-test P-value in a permutation
was equal or greater than the one obtained in the actual age-
test. The age-dependent lipids or genes were defined as
those with age-test P-value <0.01, corresponding to per-
mutation P-value <0.001.

Missing Concentration Value Imputation

For age-dependent lipids, the missing concentrations at given
age points were estimated as the interpolated values from the
spline curve fitted to the concentrations from remaining age
points with four degrees of freedom. For lipids showing no
significant age-dependent concentration changes, the missing
concentrations at given age points were estimated as the
average concentration from remaining age points.

Lipid Concentration Profile Correlation among
Species

To estimate the correlation of age-dependent lipid concen-
tration changes between each pair of the three species
(humans, chimpanzees and rhesus monkeys) for a given lipid
group, Pearson correlation coefficient was calculated between
two vectors of 40 values uniformly interpolated from spline
curves fitted to concentration data points of each species
with four degrees of freedom for each lipid within the lipid
group (He et al. 2014). The distribution of correlation coeffi-
cients expected by chance was estimated by matching lipids
randomly between species 100 times.

Proportion of Concentration/Expression Variance
Explained by Age Factor

To estimate the proportion of concentration/expression vari-
ance explained by age factor for lipids/genes, we used the best
polynomial regression model applied to ages and concentra-
tions/expressions obtained by the abovementioned age-test.
The proportion was then defined as one minus the ratio of
residual sum of squares from the regression model and
residual sum of squares from the null model (variance multi-
plied by n - 1, where n is the sample size). The mean propor-
tion across all detected lipids/genes was then determined.

Peak Annotation

The mass spectrometry peaks were annotated to known
compounds based on the LIPID MAPS database and HMDB
(Fahy et al. 2009; Wishart et al. 2013). For each lipid class we
defined a list of possible adducts in positive and negative
ionization modes (supplementary table S9, Supplementary
Material online). The m/z values obtained by allowing ad-
ducts were then searched against the LC-MS measured m/z
values with a mass tolerance of 10 ppm for the annotation of
lipid [+] and lipid [-] datasets. For each annotated compound,
lipid class and pathway were assigned to it based on LIPID
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MAPS database and KEGG. The enrichment of lipid classes
and KEGG pathways in a given compound group was tested
based on hypergeometric test followed by Bonferroni correc-
tion for multiple testing.

Comparison of Lipid Concentration Changes with
Previous Studies

To compare the lipid concentration changes observed in our
data with that previously reported, we searched the literature
for lipid classes described to change concentration over the
lifespan, which resulted in nine such lipid classes in human
brains and three in rat brains. For each lipid class, the Pearson
correlation coefficient was then calculated between the mean
concentration profile based on our human data and that
from previous studies, leading to 9 of the 12 lipid classes
showing a positive correlation. To estimate the significance
of this observation, we randomly sub-sampled the same num-
ber of compounds as in a given lipid class and calculated the
correlation between the mean concentration profile of the
sampled compounds and previously described profile for this
lipid class, 1,000 times. P-value was then defined as the fre-
quency of cases when the number of lipid classes showing a
positive correlation in the sub-sampling was = or >9.

To compare the age-dependent concentration changes
between our LC-MS measurements and published GC-MS
measurements at the individual compound level, we identi-
fied common lipid compounds in both datasets based on the
annotations, yielding eight lipids. For each of the eight lipids,
Pearson correlation coefficients were calculated using the
splined concentration profiles fit to LC-MS and the GC-
MS measurements with four degrees of freedom.

Enzyme Expression
To test the connection between the age-dependent lipid con-
centration changes and the expression changes of correspond-
ing enzymes, the enzymes corresponding to a lipid compound
were determined based on HMDB annotation. For each lipid—
enzyme pair, Pearson correlation coefficient was then calcu-
lated between the concentration profile of the lipid and the
expression profile of the enzyme. The significance of the rela-
tionship was estimated by conducting 1,000 permutations of
the enzyme-compound assignments. P-value was then
defined as the frequency of cases when the median correlation
coefficient across all lipid—enzyme pairs in a permutation was
equal or greater than the actual median correlation coefficient.
To calculate the expression differences between humans
and chimpanzees for enzymes associated with lipids, the asso-
ciated enzyme was defined as the one showing the best cor-
relation with the lipid concentration profile among all
enzymes linked to the lipid using HMDB annotation. The
gene expression differences between humans and chimpan-
zees were calculated by averaging the absolute expression
differences between the two species calculated at 40 age
points uniformly interpolated from the spline curves fitted
to the actual expression data across matched age range.

Age Marker ldentification

To identify lipids that could be used as predictors of individ-
uals’ ages in each species, we trained regression models based
on ages of samples and lipid concentrations at each age point
using SVR combined with recursive feature elimination (RFE)
(Guyon et al. 2002). Briefly, iteratively, the ranking for features
(lipids) was based on the weight magnitude in the linear SVR
and the feature with the smallest ranking was removed. The
model was then retrained based on the remaining features
and the model accuracy was estimated based on 10-fold
cross-validation. The process stopped when one feature was
left. Then, among all iterations we identified the one resulting
in the subset of lipids with the best prediction accuracy. The
identified set of age predictor lipids was stable based on
100 repetitions of the feature identification procedure.

Yearly Amplitude of Lipid Concentration/Gene
Expression Change Calculation

To calculate the yearly amplitude of lipid concentration/gene
expression change in each species, we uniformly interpolated
15 values for each one-year interval from spline curves fitted to
lipid concentration/gene expression data points along the life-
span with four degrees of freedom. The sum of the absolute
successive differences of the 15 interpolated values was then
defined as the difference within a one-year interval. The ratio
of the difference within a one-year interval to sum of differ-
ences across lifespan was defined as the yearly amplitude of
change.

Lipidome Differences between Infant and Adult Brains
To search for large concentration changes between infant
(0-1 years of human age) and adult (25-50 years of human
age) brains in each species, t-test was conducted between
concentrations in infant samples and concentrations in adult
samples for the 7,589 age-dependent lipids. Lipids with two-
sided t-test P-value after Benjamini Hochberg (BH) correc-
tion <0.05 and with fold-change >2 were defined to show
large concentration changes between infant and adult brains.

Concentration Abundance of Lipid Class in Human
PFC Lipidome

For each lipid class, the ratio of the total concentration of
lipids within this lipid class to the total concentration of all
annotated lipids based on LIPID MAPS database was calcu-
lated for each human sample to represent the abundance
contribution of this lipid class in the human PFC lipidome.
Concentrations of lipids annotated with multiple lipid classes
were evenly proportioned among these lipid classes. The top
10 lipid classes were defined as those with the highest average
abundance across all human samples.

Extent of Lipid Concentration Changes between
Infant and Adult PFC

To estimate the extent of concentration changes between
infant and adult brains for a given lipid class or lipid group,
we calculated the absolute difference between the mean con-
centration within infant brains (01 years of human age) and
the mean concentration within adult brains (25-50 years of
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human age) for each lipid. The sum of the calculated differ-
ence across the lipid class or lipid group was defined as d. The
sum of the mean concentration within infant brains across
the lipid class or lipid group was defined as t. The ratio of d to t
was considered as the extent of concentration changes be-
tween infant and adult brains.

Myelination Marker ldentification

We identified myelination markers based on lipid concentra-
tions measured in white matter dissected from corpus cal-
losum and cortical gray matter in five adult humans.
Concentration values of all lipid peaks were log,-transformed.
Before log, transformation, the concentration values were
increased by one to avoid infinite values. Lipid peaks with
concentrations from the five white matter samples or the
five gray matter samples larger than the fifth percentile of
all peak concentrations were kept for following analysis. In
order to link this dataset to the developmental dataset, lipid
peaks with unique correspondence to each other between
the two datasets under a mass tolerance of 5ppm and RT
difference of 0.3 min were matched, resulting in 1,900 lipid
peaks detected in both datasets. We used t-tests to compare
concentrations from white matter samples with those from
gray matter samples for the 1,900 lipids. Lipids with two-sided
t-test P-value after BH correction <0.05 and with fold-change
calculated between white matter and gray matter >2 were
defined as myelination markers. For known myelination
marker cerebrosides, we collected lipid peaks corresponding
to them based on LIPID MAPS database and HMDB. The
enrichment of myelination markers in a given lipid group
was conducted using hypergeometric test.

White Matter Proportion Estimation
We estimated the proportion of white matter in the develop-
mental samples based on concentrations of age-dependent
lipids detected in both the developmental dataset and the
gray/white matter dataset, using quadratic programming
and simulated annealing (SA). The mean concentration across
the five white matter samples and the mean concentration
across the five gray matter samples for each lipid were used for
white matter proportion estimation. Before estimation, the
concentrations were standardized across lipids for both the
gray/white matter dataset and the developmental dataset.

Quadratic programming was conducted based on the fol-
lowing criteria using R package “quadprog”:

n
minf(X) = > (Py X Cy + Py x Cg — Q)

i=1

Pu+Pg=1,
0<P, <1,
0< P <1,

where P, represents the white matter proportion, P; repre-
sents the gray matter proportion, C,, is the lipid concentra-
tion in white matter, C; is the lipid concentration in gray
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matter, and C; is the lipid concentration in the developmental
sample.

For SA, the goal function E= )", (P, X Cy+
Py X Cg — Ct)z, with parameter representation the same as
above. The initial temperature was set to be 100,000 and for
each temperature value the procedures were repeated
10 times. The final state was chosen as the one with the
temperature below 0.001.

To estimate the proportion of age-dependent lipid con-
centration changes associated with myelination progression,
for each age-dependent lipid we calculated the Pearson cor-
relation coefficients between the concentrations of the lipid
and the white matter proportions in developmental samples
from humans, chimpanzees, and macaques, or the three spe-
cies, respectively. The age-dependent lipids with absolute
Pearson correlation coefficient >0.6 and with correlation
test P-value <0.05 were considered to be associated with
myelination progression.

Lipidome/Transcriptome Differences among Species
We used the analysis of covariance (ANCOVA) with linear,
quadratic, and cubic models to identify lipids/genes showing
differential concentration/expression profile between a pair
of species based on all age-dependent lipids/genes. Briefly, as
described in Somel et al. (2009), based on the polynomial
regression model obtained using the above age-test, we tested
if a regression model with species-specific parameters was
significantly better than the model with common parameters
for both species. The null model (with no species-specific
parameters) and alternative models were compared using
F-test. For each pair of species, the differential concentra-
tion/expression profile test was conducted twice with either
species as a reference for obtaining the age-test model. To
preserve the age structure in the data, the permutations were
performed by dividing the age-range into 10 sections and
randomly permuting the species assignments across samples
within each section 1,000 times. Lipids/genes showing signifi-
cant differential concentration/expression profile between
two species were defined as those with F-test P-value <0.01
under both two tests, corresponding to FDR <5%.

Lipids/genes  with  species-specific ~ (human-specific,
chimpanzee-specific, macaque-specific) concentration pro-
files were defined as those showing significant differential
concentration/expression profile between this species and
the other two species, but showing no significant differential
concentration/expression profile between the other two spe-
cies. Lipids/genes with conserved concentration/expression
profile across human, chimpanzee and rhesus monkeys
were defined as those showing no significant differential con-
centration/expression profile between any pair of the three
species.

Identification of Species Predictor Lipids

Binary classifiers, which distinguish one species from the re-
maining species, were constructed based on age-dependent
lipids, using logistic regression with elastic net penalty within
R package “glmnet.” The parameter o was set to 0.5. For each
10-fold cross-validation run, A parameter was set to the one
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that yielded the cross-validated error within one standard
error of the minimum. Species predictor lipids were defined
as the union of selected lipids under each run given param-
eters o and 4. The accuracy of the classifier was estimated as
the average of the area under the receiver operating charac-
teristic curve (AUC) across the 10 X 10 cross-validation run.

Lipidome Difference between Adult Humans and
Chimpanzees

To identify lipids showing significant concentration differ-
ences between adult humans and chimpanzees (25-50 years
of human age) in developmental data, we performed t-tests
between concentrations from adult humans and those from
adult chimpanzees. Lipids with two-sided t-test P-value after
BH correction <0.05 were considered to show significant
difference between adults of the two species. To determine
how many such lipids could match previous study (Bozek
et al. 2015), we connected lipids annotated to the same
known compound in our developmental dataset and the
previously reported dataset. Among the matched lipids, the
number of lipids showing human-specific concentration pro-
files and those showing chimpanzee-specific concentration
profiles (defined above) was determined.

Human-Specific and Chimpanzee-Specific Lipid
Concentration Differences

We calculated the human-specific and chimpanzee-specific
concentration difference as the difference between humans
and chimpanzees along the lifespan for lipids showing
human-specific concentration profiles or those showing
chimpanzee-specific concentration profiles (defined in the
part “lipidome/transcriptome differences across species”).
Before the species-specific difference estimation, the lipid
concentrations were standardized across human and chim-
panzee samples. For each species, we then interpolated con-
centration values at 40 equally distributed points along the
age range. Interpolation was performed using cubic spline
regression with four degrees of freedom. The difference be-
tween humans and chimpanzees at each of the 40 time
points was then defined as the average of the absolute differ-
ence between the concentration value interpolated from
humans and that from chimpanzees at the given time point
across the lipids showing human-specific profiles or those
showing chimpanzee-specific profiles. The permutations
were conducted by dividing the age-range into 10 sections
and randomly permuting the species assignments within
samples in each section to preserve the age-structure in the
data 1,000 times.

The species-specific difference was normalized by sub-
tracting the mean species-specific difference of the 1,000
permutation distribution at each age point. The excess of
human-specific differences over chimpanzee-specific
ones was determined as the difference between the two
measurement vectors.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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