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Mammalian brain glycome remains a relatively poorly understood
area compared to other large-scale “omics” studies, such as genomics
and transcriptomics due to the inherent complexity and heterogene-
ity of glycan structure and properties. Here, we first performed spatial
and temporal analysis of glycome expression patterns in the mam-
malian brain using a cutting-edge experimental tool based on liquid
chromatography-mass spectrometry, with the ultimate aim to yield
valuable implications on molecular events regarding brain functions
and development. We observed an apparent diversity in the glycome
expression patterns, which is spatially well-preserved among nine
different brain regions in mouse. Next, we explored whether the
glycome expression pattern changes temporally during postnatal
brain development by examining the prefrontal cortex (PFC) at differ-
ent time point across six postnatal stages in mouse. We found that
glycan expression profiles were dynamically regulated during postna-
tal developments. A similar result was obtained in PFC samples from
humans ranging in age from 39 d to 49 y. Novel glycans unique to the
brain were also identified. Interestingly, changes primarily attributed
to sialylated and fucosylated glycans were extensively observed dur-
ing PFC development. Finally, based on the vast heterogeneity of
glycans, we constructed a core glyco-synthesis map to delineate the
glycosylation pathway responsible for the glycan diversity during the
PFC development. Our findings reveal high levels of diversity in a
glycosylation program underlying brain region specificity and age de-
pendency, and may lead to new studies exploring the role of glycans
in spatiotemporally diverse brain functions.
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he complexity of molecular mechanisms involved in mam-

malian brain region specificity and development has begun to
emerge thanks to recent advances in “omics” technologies. Si-
multaneous monitoring of vast numbers of molecules in the
distinct subregions (1-4) and developmental stages of brain
(5-8) have facilitated the mapping of the genome, transcriptome,
proteome, and metabolome in animals as well as human. Gly-
cosylation, one of the most common posttranslational modifi-
cations of proteins (9), has long attracted considerable attention
because of its tremendous level of complexity, and therefore
potentially important roles in the central nervous system (10),
especially in region-specific regulation (11), development (12),
and differentiation (13, 14). Recent studies indicated that pro-
files of the neuronal genome, transcriptome, and proteome were
tightly linked to the glycome (15). However, to our knowledge,
comprehensive glycome studies for investigating the spatiotem-
poral diversities of glycan in the brains of human and animals
have not been reported due to the limited availability of samples
and the lack of appropriate analytical tools for probing structures

WWww.pnas.org/cgi/doi/10.,1073/pnas.2014207 117

and properties of the glycome (16). For the same reason, most
brain glycosylation studies have focused on the cellular level and
target proteins in specific cell-types, not in subregions of the brain.

Every eukaryotic cell in nature is surrounded by a rich surface
coat composed of glycolipids and glycoproteins, termed the glyco-
calyx, which forms the interface between the cell and its outside
world and acts as a mediator and transducer of environmental in-
formation to the cell (9). In particular, glycans play a pivotal role in
various functions depending on neural cell interactions such as
neurite outgrowth and fasciculation, synapse formation and matu-
ration, and modulation of synaptic transmission and plasticity (12).
Recently, it has been reported that glycosylation presents an in-
credible level of structural diversity according to different biosystems,
ranging from species-specificity (17) to organ-specificity (11), that is
further extended by micro- and macroheterogeneity. In particular,
anatomical and cell differentiation studies have shown that glyco-
sylation in brain function may be spatially and temporally relevant in
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mammalian, but do not provide sufficient information on the di-
versity and complexity of glycosylation. The challenge arises from
the structural and quantitative profile of glycosylation from brain
matrices. Glycans are inherently unpredictable because they are
synthesized stepwise in a nontemplate-driven manner by numer-
ous glycosyltransferases that are in competition with each other,
unlike nucleic acids or proteins that are synthesized in a template-
driven manner (18). In addition, only a small fraction of the
protein glycosylation repertoire can be decoded depending on
genomic DNA sequences since glycosylation is highly influenced
by the physiological status of cells (19). Particularly, determining
brain glycosylation is analytically challenging because the amount
of carbohydrates in the brain is very small compared with other
major components, such as fat. Highly sensitive analytical tools
spanning the range from glycan extraction to glycan detection are
required to comprehensively probe heterogeneous glycans bound to
proteins in the brain. Liquid chromatography coupled with mass
spectrometry (LC-MS) providing a systems-level view has recently
emerged as a powerful technique for examining the glycome in
mammalian tissues (20, 21). However, this approach has not yet
been extensively applied to the study of brain glycosylation. Com-
prehensive profile and comparative characterization of the mam-
malian brain glycome have remained missing pieces of the
molecular-components puzzle in neuroscience. Thus, there is no
doubt that elucidating complex brain glycan structures would be an
important first step toward understanding the relationship be-
tween spatiotemporal dynamics in glycan phenotype and biological
functions.

Until now, investigations of protein-bound N-glycans, the “true
glycome” constituting the largest portion of glycosylation, have not
received attention as brain glycome studies focused instead on
oligomeric glycosylation (e.g., neural cell adhesion molecules). In
a previous study, we established a powerful, highly sensitive, and
reproducible analytical platform for qualitative and quantitative
exploration of the brain glycome, which is comprehensive tissue
glyco-capture with porous graphitized carbon (PGC) nano-LC/MS
(22). In this study, in order to understand relationship between
spatiotemporal alteration of the brain and glycosylation, we per-
formed a systematic, in-depth N-glycan analysis of the human and
mouse brain using PGC nano-LC/MS/MS. Regional distribution
of glycans was examined for nine mouse brain regions (cerebral
cortex, prefrontal cortex, striatum, hippocampus, olfactory bulb,
diencephalon, midbrain, pons-medulla, cerebellum). We next
targeted the prefrontal cortex (PFC) region, which is particularly
vulnerable to lesions because of its protracted developmental
process for examining temporal variation in glycomic signatures
and their relationships to mammalian PFC development. In hu-
man, altered structure and gross morphology in the PFC have
been observed during brain development (23). Furthermore, di-
verse functions of the brain (e.g., cognition, emotion, sociability,
and so forth) are dependent on this brain area.

For these reasons, the PFC region in the brain has been con-
sidered as a critical area for brain development (23). In particular,
unique characteristics in phylogeny, as well as ontogeny, were
detected in the human PFC (24). The size of the PFC relative to
the whole brain has increased with mammalian evolutionary
progression, reaching its maximum relative size in humans (24).
According to most indices of development, the PFC is also one of
the last cortical regions to keep on maturing during the course of
individual development. However, despite the important roles of
the PFC in the brain, the molecular mechanisms in the PFC un-
derlying development, particularly in relation to glycosylation,
remain largely unknown. Here, we obtained age-related glycan
profiles from 30 mouse PFC samples covering 6 comparable de-
velopmental time periods (1, 2, 3, 6, 10, and 43 wk) and 68 human
PFC samples covering 7 developmental time frames (neonate,
infant, toddler, school age, teenager, young adult, and adult).
We successfully identified and quantified 142 and 136 N-glycans
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containing brain-unique moieties, such as sialylated N,N-diacetyl
lactosediamines (sialylated GalNAc-GIcNAc, sialylated Lacdi-
NAc) LacdiNAc in extracts of human and mouse brain samples,
respectively. Glycans containing similar structural traits, including
sialylated LacdiNAc and Lewis Y(B) epitope, readily showed
region-specificity. In addition, we observed that several glycan
groups with mainly sialic acid and fucose residues were signifi-
cantly altered during PFC development in mouse and human.
Finally, we constructed a PFC N-glycome synthetic map to pin-
point developmental stage-specific pathways and provide an
overall picture of the diversity of glycan expression. Our study
demonstrates spatiotemporal divergence of glycome patterns in
the brain across the entire cellular milieu that transcend cellular-
or target protein-level resolution.

Results

To examine neuronal glycome diversity according to brain re-
gions and ages, we prepared 9 mice brain region samples from 5
adult male mice (Fig. 14), 68 human PFC samples covering 7
developmental time frames, and mouse PFC samples covering 6
comparable developmental time periods from 5 mice per age
group (Fig. 1B). A streamlined workflow for the study of brain
glycosylation is illustrated in Fig. 1C. See SI Appendix, Supple-
mentary Methods for detailed information.

Spatial Diversity of Glycan Expression in Mouse Brain. A total of 130
glycans were found in mouse brain samples across all brain re-
gions (refer to SI Appendix, Table S1 for the full list of glycans
and their abundances). To obtain a comprehensive overview of
glycan profiles, we plotted each glycan composition against its
frequency (occurrence) of detection (Fig. 24). Forty-four gly-
cans, accounting for 90% (normalized absolute peak intensity,
NAPI) of total glycans, were detected in all mouse brain region
samples. These glycans were mainly high-mannose (HM) and
complex-hybrid types consisting of Hexose (Hex) and N-acetyl
hexosamine (HexNAc) in combination with fucose (Fuc), and
sialic acid residues such as N-acetylneuraminic acid (NeuAc) and
Hexuronic acid (HexA). The presence of highly abundant fuco-
sylated glycans has been recognized as one of the unique gly-
comic characteristics of the brain compared with other tissues
and body fluids (20, 22). Indeed, we observed highly fucosylated
glycans containing [Fuc],_s in all mouse brain regions.
Univariate analysis performed by one-way ANOVA yielded 87
altered glycan species when comparing all brain region groups
(81 Appendix, Fig. S1). With these altered glycans, multivariate
analysis was performed by sparse partial least-squares discrimi-
nant analysis (SPLS-DA) (Fig. 2B). Generally, the score plot of
the sPLS-DA showed a relatively clear segregation of experi-
mental groups according to regions (component 1 = 24.6% and
component 2 = 13.3%), even though the cerebellum group
showed considerable overlap with hippocampus, olfactory bulb,
pons-medulla. In addition, we validated the clusters from the
sPLS-DA using area under the receiver operating characteristic
curve (AUC-ROC) (SI Appendix, Fig. S2). As shown in Fig. 2B,
the cerebellum group showed considerable overlap with the
hippocampus, olfactory bulb, pons-medulla in the component 1
and 2 from sPLS-DA. From the AUC-ROC curve tested with a
specific region vs. others, we found low AUC values (<0.90)
from the cerebellum, hippocampus, olfactory bulb, and pons-
medulla. In contrast, very high AUC values (>0.95) were ob-
served in the cerebral cortex, PFC, diencephalon, and striatum,
where they are relatively well-clustered in each region. Then we
selected the specific glycans which are most strongly associated
with regional distribution in order to assess variation of glycans
according to brain regions (variable importance in the projection
score of glycan profile was shown in SI Appendix, Table S2). The
segregation trend was associated with high levels of HexsHex-
NAc,, Hex,HexNAc,, HexsHexNAcgFuc; observed in the PFC,
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Fig. 1. Experimental outline of glycomic profiling of the human and mouse

(4) LC-MS/MS analysis (5) Bioinformatics
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brains. (A) Information on mouse brain regions. CB, cerebellum; CC, cerebral

cortex; DC, diencephalon; Hip, hippocampus; MB, midbrain; OB, olfactory bulb; PFC, prefrontal cortex; P-M, pons-medulla; ST, striatum. (B) Information on

human dorsolateral PFC and mouse medial PFC samples, respectively. ®y and
Illustration of the experimental workflow.

olfactory bulb, and cerebellum, and low levels of HexsHex-
NAcsFuc;,  HexgHexNAcsFucsNeuAc;,  HexsHexNAcyFucs,
Hex,HexNAcsFuc, HexsHexNAc;Fuc, HexsHexNAcsFuc, and
HexcHexNAc,Fucs observed in the PFC, hippocampus, olfactory
bulb, and cerebellum as revealed by the top 10 loading 1 values
(Fig. 2C).

On the other hand, high levels of several glycans observed in
the cerebral cortex compared to other regions were related to
separating groups from other regional groups, as indicated by the
top 10 loading 2 values (Fig. 2D). A cluster of the cerebral cortex
was successfully distinguished from other groups such as mid-
brain, diencephalon, and striatum by variance of the second
component. Most of glycans of loading 2 showed relatively high
intensity in the cerebral cortex, which ensured clustering between
the areas.

Furthermore, 87 altered glycans were plotted as clusters in the
heat map plot (Fig. 2F) in order to gain broad understanding of
the glycomic variation and similarity level between individual
samples. Note that most of the samples from each region were
clustered together, except for one striatum sample. Interestingly,
biosynthetically relevant glycan compositions were divided into
seven cluster groups. In particular, several glycan groups with
similar structural properties, such as fucosylated glycans with
sialylated HexNAc, hybrid type with bisection, sialylated hybrid
type, sialylated LacdiNAc, sialylated HexNAc, highly branched
and highly fucosylated, and Lewis Y(B) are found in each cluster.
Representative putative glycan structures of each cluster are
shown in SI Appendix, Fig. S3. For example, cluster 5 contains
sialylated LacdiNAc, while the sialylated hybrid type appear in
cluster 3. Other glycans with high structural similarity in each
cluster are highlighted in the sugar code in Fig. 2E.

Temporal Diversity of Glycan Expression in Mammalian PFC. We next
analyzed the PFC, which undergoes a prolonged course of matu-
ration with variations in its fine structure and gross morphology as a
function of age for examination of temporal diversity of glycome
profiling. A total of 142 and 136 glycans were found in human and
mouse PFC samples, respectively, across all age groups (refer to S7
Appendix, Table S3 for the full list of glycans and their abundances).
SI Appendix, Fig. S4 shows identified glycan compositions and their
frequency (occurrence) of detection in all human PFC samples and
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d represent years and days, respectively; Pmale mouse samples collected. (C)

mouse PFC samples, respectively. All 136 glycans observed in
mouse PFCs were detected in human PFCs. Five minor glycans
accounting for 0.13% (average sum of NAPI), including highly
branched and fucosylated glycans and fucosylated glycans contain-
ing HNK-1 [HSO;-GlcA-Gal-GlcNAc], were observed only in
human (SI Appendix, Table S3, see glycan compositions marked by
underlining). Fifty-two glycans accounting for 77% (NAPI) of total
glycans were detected in all human PFC samples regardless of age
status or individual variation (SI Appendix, Fig. S44). In the mouse
PFC, 59 glycans accounting for 73% (NAPI) of total glycans were
found in all samples (SI Appendix, Fig. S4B). Of these glycans, 44
were observed in both species, strongly suggesting that major (basic)
N-glycosylation is highly conserved between two species. Interest-
ingly, glycosylation was highly conserved between humans and mice,
but the proportion of glycans with a frequency less than 50% of
total glycans was 1.4-fold higher in humans than in mice, indicating
that human PFC glycans exhibit slightly higher individual variation
than mouse PFC glycans.

A heat map hierarchical cluster presentation of the abundances
of mouse PFC N-glycans was generated to visualize changes in
glycosylation during PFC development and to determine the re-
lationship between the age groups (Fig. 34). The heat map cluster
dendrograms showed a clear division into a younger cluster (1-, 2-,
and 3-wk-old) and an older cluster (6-, 10-, and 43-wk-old). The
greatest change in glycosylation was observed between 3-wk-old
(corresponding to the human toddler period) and 6-wk-old (cor-
responding to the human teenager period), which eventually led to
their separation into two different clusters. Interestingly, human
PFC tissues also showed changes in glycosylation during devel-
opment. (Fig. 3B). As in the case of mouse PFCs, the resulting
dendrograms revealed that the seven age groups could be clearly
divided into two clusters: A younger cluster (neonate, infant,
toddler, and school age) and an older cluster (teenager, young
adult, and adult). In general, adjacent developmental stages were
closely connected to each other. Interestingly, the greatest change
in glycosylation was observed between school-age and teenager
groups, which were separated into different clusters. Note that the
greatest heterogeneity in mouse PFC glycosylation occurred be-
tween 3- and 6-wk-old mouse ages, equivalent to those in human
based on previously reported developmental milestones (25). The
neonate group, the youngest age group, is clustered with the
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Fig. 3. Relationship between mouse and human PFC samples at different
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younger group (infant, toddler, and school age), but has more
heterogeneous glycosylation than other young groups.

Furthermore, 24 and 36 glycans were found to be significantly
changed between younger and older clusters in human and
mouse, respectively, by volcano plot (SI Appendix, Fig. S5 A and
B). The glycans consist of various glycan species, including mono-,
bi-, tri-, and tetra-antennary glycans with [Fuc],_4 and [NeuAc]y_».
Among them, five glycans shown in SI Appendix, Fig. SSC had
positive or negative correlations with aging in both human and
mouse. In particular, the glycans HNK-1-containing motif seems
to be closely associated with entire age range of humans and the
younger age in mice (see the glycans marked with asterisks in S7
Appendix, Fig. S5 A and B). In addition, we found several inter-
esting structural characters in each younger and older cluster of
human and mouse, respectively. Specifically, fucosylated glycans
containing sialyled LacdiNAc were found in a younger cluster
(HexsHexNAcgFuciNeuAc, and HexyHexNAcsFuc,NeuAc,),
while phosphorylated HexsHexINAc, was found in an older cluster
in human PFC. On the other hand, sulfated and fucosylated glycan
was identified in younger cluster (HSOs-HexsHexNAcsFuc,),
while sialylated HexNAc (HexsHexNAcsFucsNeuAc, and Hex;.
HexNAcgFuc,NeuAc,), fucosylated glycans containing sialyled
LacdiNAc (HexyHexNAcsFuc;NeuAc,), and sulfated and fuco-
sylated glycan (HSO;-HexsHexNAcsFucs) were detected in an
older cluster in mouse PFC. We also performed a sPLS analysis to
examine whether other biological parameters, namely pH, post-
mortem interval, sex, race, or cause of death, were associated with
human PFC glycans in our sample set (SI Appendix, Fig. S6 and
Table S4). We found that PFC glycans were most closely related
to age among numerical variables (age, pH, postmortem interval,
and sex) through relevance networks using sPLS (S Appendix, Fig.
S64). Additionally, sSPLS-DA showed that there were no clusters
that showed significant discriminations according to categorical
variables (sex, race, and cause of death) (S Appendix, Fig. S6 B, C,
and D, respectively). Collectively, these observations represent
that the changes in human PFC glycans in a given dataset are
largely attributable to biological factors related to age.

Quantitative Changes in Glycosylation during Human PFC Development.
For an in-depth characterization of the biological relevance of
development-specific glycans, 48 statistically significant human PFC
glycans (P < 0.01, ANOVA) (SI Appendix, Fig. STA) were further
investigated using Pearson’s correlation. As shown in Fig. 4, human
PEC glycans were separated into two main clusters depending on
their relevance to age status. Cluster I contained glycans negatively
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associated with aging, whereas glycans in cluster II had a positive
correlation with aging. In addition, the two main clusters (cluster I
and IT) had distinct subclusters that were closely linked to the glyco-
synthetic context, reflecting the addition or deletion of monosac-
charides (Fig. 4, see asterisk on y axis). Highly branched (tri- and
tetra-antennary) glycans with high levels of fucose and sialic acid,
and glycans containing sialylated LacdiNAc, sialylated HexNAc,
and HNK-1 motifs, were found only in cluster I, while bisecting with
core fucosylation and phosphorylated HM-type glycans were found
only in cluster II. On the other hand, hybrid and Lewis-type glycans,
such as LeX(a), sLeX(a), and LeY(b), were found in both clusters.

Interestingly, several glycan types containing unique structural
moieties were found to be positively or negatively associated with
human PFC development. For example, we found that three
sialylated LacdiNAc N-glycans bearing a [NeuAc-HexNAc-
HexNAc] residue at the terminal were significantly decreased
during development (SI Appendix, Table S3, see glycans marked
by two asterisks). Genetically, the biosynthesis of LacdiNAc can
be mediated by f4GalNAc-T4, one of the p1-4-N-acetylgalactosaminyl-
transferases in the human brain (26), although an association of
LacdiNAc-related glycans with the developing human brain has
not yet been demonstrated. However, recent studies have indi-
cated that glycans containing LacdiNAc-related epitopes are as-
sociated with several biological functions, including malignancy in
several types of tumors (27, 28), half-life of circulating pituitary
glycohormone (29), self-renewal of mouse embryonic stem cells
(30), and differentiation of bovine mammary epithelial cells (31).
We also identified nine N-glycans containing the sialylated Hex-
NAc moiety [NeuAc-HexNAc] with at least one fucose residue in
the human PFC (SI Appendix, Table S3, marked by an asterisk).
Interestingly, Torii et al. (32), reported significant variation in 6-sialyl
Lewis C, a sialylated HexNACc structure, in developing mouse cerebral
cortices. Finally, sulfated complex/hybrid-type glycans corresponding
to [HSOs;-HexyHexNAcsFuc,], [HSOs-HexsHexNAcsFuc,], and
[HSO3s-HexsHexNAcsFuc,HexA,| showed a pattern of decreasing
abundance during PFC development.

In addition to glycan groups that are closely related to each
other in a biosynthetic context, we observed interesting glycan
compounds that were closely associated with PFC development.
The first of these was the glycan [HSO;-HexsHexNAcsFu-
c,HexA ] containing an HNK-1 epitope, which decreased during
PFC development. Several studies have previously reported that
the HNK-1 epitope is distinctively expressed on several cell ad-
hesion and extracellular matrix proteins (33) and is correlated
with neural development (34), as well as learning and neural
plasticity (35) (three in mice). We also found that the phos-
phorylated HM glycan [HPO;-HexcHexNAc;] associated with a
specialized trafficking pathway of lysosomes (18) sharply in-
creased during development. Although several research groups
have emphasized the association of glycan epitopes with various
biological processes, the function of individual glycans in relation
to brain development is currently not fully understood. Inter-
estingly, glycans containing unique epitopes as well as known
epitopes with increased or decreased expression during human
PFC development have been found. These findings provide a
valuable resource to guide future follow-up studies targeting
development-specific glycans.

Conserved Brain-Specific Glycosylation Patterns in Human and Mouse
PFCs. Most studies of brain development have employed rodent
models, but the comparability of human and rodent brain devel-
opment is still unclear (36). To examine similarities and differences
in glycosylation between humans and mice, we comprehensively
profiled N-glycans extracted from the human brain (PFC), mouse
brain (PFC), human serum, and mouse serum using a single an-
alytical platform. Fig. 5 4 and B show the representative total
compound chromatograms of serum and brain glycans, respec-
tively. In chromatographic separations on a PGC column, smaller
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Fig. 4. Characterization of differentially expressed glycans across human PFC development. Heat map showing pairwise correlations of 48 human PFC
N-glycans (P < 0.01). Glycans with positive and negative associations with aging are indicated with red and blue, respectively. Asterisks show the glycans that
were closely linked to the glyco-synthetic context. Bars on the right sides of the heat map show the calculated values of log, (fold-change [average of NAPI in

adult group/average of NAPI in neonate group]).

(simpler) and neutral glycans elute earlier, whereas larger (more
complex) and acidic glycans elute later. Elution behavior in
chromatograms of brain samples from mice and humans was very
similar, but was highly different between species in serum. We
found that the striking difference in glycosylation between serum
and brain was predominantly driven by the abundance of acidic
glycans, including NeuAc and N-glycolylneuraminic acid (NeuGc),
which eluted late. This observation was consistent with previous
reports on analysis of mouse serum and brain glycome (22, 37). A
statistical analysis of glycans clearly revealed a high correlation
between human and mouse brains, but showed little correlation
among other samples, indicating that interspecies variation in
brain glycosylation was much smaller than intraspecies variation
between brain and serum glycosylation (Fig. 5C). The weak cor-
relation between species of serum glycans was largely attributable
to the presence of the nonhuman sialic acid, NeuGec, only in
mouse serum, reflecting the absence of CMP-Neu5Ac hydroxy-
not find NeuGe-
m. Interestingly,

NeuGc-related compounds were not observed in mouse PFCs
(Fig. 5B). This observation is consistent with a previous report
that suppression of NeuGc expression in the brain is universal
among all vertebrates tested to date; this contrasts with variable
expression of NeuGc in other organs, reflecting differential reg-
ulation of CMAH, as exemplified by major expression of NeuGce
in mouse liver (38).

To examine similarities and differences in glycosylation in the
human brain, mouse brain, human serum, and mouse serum, we
performed quantitative comparisons by classifying glycans into
five typical classes: High-mannose (HM), complex or hybrid (C/
H), complex/hybrid-fucosylated (C/H-F), complex/hybrid-sialy-
lated (C/H-S), and complex/hybrid-fucosylated and sialylated (C/
H-FS) (Fig. 5D). In both species, C/H-F was the most abundant
glycan class in the brain, whereas C/H-S was the most abundant
glycan class in serum. Interestingly, the highest abundance of
fucosylated glycans was observed in every nine mouse brain re-
gions, as we reported on the hippocampus and the coronal sec-
tions of mouse brain in a previous study based on the identical
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method employed in this study (22). Quantification of patterns
based on glycan classes revealed a high similarity between human
and mouse brain, while showing substantial differences between
human and mouse serum. Nonetheless, brain glycosylation was
still clearly distinct from that in serum regardless of species-
specific differences, with three glycan classes—C/H-F, C/H-S,
and HM—distinguishing brain glycosylation from serum glyco-
sylation. Higher levels of fucosylation, especially trifucosylation,
and lower levels of sialylation were observed in brain compared
with serum, an observation consistent with a previous report (39).
Specifically, incompletely processed asialo- or asialo-agalacto
structures were observed in biantennary glycans, which are a
major branching type of brain glycosylation, whereas sialylated
structures were preferentially observed in higher branched
N-glycans (>triantennary), which are a minor branching type of
brain glycosylation. Interestingly, another feature of brain gly-
cosylation observed in both species is a high content of HM
glycans, which are involved in the early biosynthesis process,
compared with serum. Brain tissue is known to carry HM-type
glycans in cell surface-recognition molecules, such as L1, neural
cell adhesion molecule, and adhesion molecule on glia, whereas
most tissues do not carry oligomannosides at the cell surface
because of elimination during the biosynthetic process, which
yields mature N-glycans (12).
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Comparison of PFC Glycosylation between Humans and Mice during
Development. Monitoring changes in glycans during brain devel-
opment in both humans and mice may provide valuable insights
into the characteristics of glycans that are tightly linked with
brain development, regardless of species. Thus, we selected 30
glycans that were overlapped between statistically important 48
glycans and 90 glycans in the human PFC and mouse PFC, re-
spectively (P < 0.01) (SI Appendix, Fig. S7 A and B, respectively)
to examine species-specificity as well as development-specificity.
Then we generated a heat map hierarchical cluster of the 30
glycans that showed significant developmental changes in both
seven human age groups and six mouse age groups (SI Appendix,
Fig. S84). The 13 age groups were divided into roughly four
groups in dendrograms; a human younger group excluding ne-
onates (infant, toddler, and school age), a human older group
(teenager, young adult, and adult), and a mouse older group (6,
10, and 43 wk) were completely separated as three superior
clusters, whereas human neonates were coclustered with a mouse
younger group (1, 2, and 3 wk). Notably, these results clearly in-
dicated that the glycosylation pattern at an early developmental
stage is highly conserved between two species. In other words,
development-specific traits were strongly evident in the early devel-
opmental stage regardless of species, whereas species-specific traits
seemed to become more pronounced during the development
process. Interestingly, we screened the developmental patterns of
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glycans and found that most of the glycans that were highly
expressed in an older group of both human and mouse tend to
present a positive correlation with aging (highlighted with red box
in SI Appendix, Fig. S84). On the other hand, the glycans that are
abundant in younger group of both human and mouse had a
tendency to have a negative correlation with aging (highlighted
with blue box in ST Appendix, Fig. S84).

Quantitative changes in 30 glycans that were closely associated
with PFC development in both humans and mice were assessed
using box plots, as shown in ST Appendix, Fig. S9. Representative
N-glycans showing changes during development in both the hu-
man and mouse PFC are plotted in SI Appendix, Fig. S8B. Two
sialylated LacdiNAc N-glycans (Hex;HexNAcsFuc;NeuAc, and
Hex HexNAcsFuc,NeuAc;) and a single N-glycan containing an
HNK-1 moiety (HSO;-HexsHexNAcsFuc,HexA;) were sub-
stantially decreased. In contrast, a glycan bearing a bisecting
GlcNAc (HexNAc) containing a core fucose corresponding to
Hex;HexNAc,Fuc; showed a constant increase during develop-
ment in both species. Interestingly, these results are in agreement
with previous studies showing that a compound containing bisecting
GlcNAc (HexNAc) with a core fucose in rodents was increased in
the developing mouse cerebral cortex (40, 41). Furthermore, gly-
cans that differ by addition or deletion of monosaccharide residues
in the compositions exhibited similar decreasing or increasing
trends as follows; HexsHexNAcsFuciNeuAc; and HexcHexNAc;.
Fuc;NeuAc,; Hex;HexNAcsFuc, and Hex,;HexNAcsFuc,NeuAcy;
Hex HexNAcgFuc,, HexjsHexNAcsFuciNeuAc;, HexsHexNAc,.
Fuc;NeuAc;, and HexsHexNAc,;Fuc;NeuAc,; These results clearly
indicate that glycosylation is the consequence of a stepwise enzy-
matic process, not an independent synthetic event.

Structure and Bio-Synthetic Implications of the PFC N-Glycome. To
understand glyco-synthesis processes in the human PFC, we fur-
ther selected 23 backbone (main) glycans representing branching
types consisting of only hexose and HexNAc (not in including
modification and capping) of 52 glycan compositions with 100%
detection frequency (occurrence) in human PFCs, regardless of
age status. To construct a structure- and isomer-specific map,
37 isomer-specific glycans corresponding to 23 glycan composi-
tions were extensively elucidated by retention time, MS/MS, and
well-known glycans released from a standard glycoprotein (IgG) as
described in SI Appendix, Supplementary Methods. Finally, the
backbone glycan map was reconstituted by applying glyco-synthetic
rules (18) to the 37 glycans, establishing the major branching
pathway of human PFC N-glycosylation (Fig. 64, structure-specific
map using 23 glycans; SI Appendix, Fig. S10, compositional map of
the 52 glycans). Indeed, 34 glycans depicted in the map were or-
ganically connected to each other, implying that highly heteroge-
neous PFC glycans follow the rules of glyco-synthesis. As depicted
in the map, after formation of an HM type from a precursor, hybrid-
and complex-type pathways are initiated by addition of a GIcNAc
residue to MansGIcNAc,. Then, the hybrid-type pathway proceeds
through elongation (the addition of monosaccharides), whereas the
complex-type pathway extends from Man;GIcNAc;. Importantly,
determining the different pathways for synthesizing each glycan
isoform could provide valuable insight into the molecular mecha-
nism underlying human PFC glycome dynamics during develop-
ment. Note that the map suggests specifically weighted pathways
that produce hybrid and bisecting types and LacdiNAc in the brain
(Fig. 64, purple line), because hybrid and bisecting complex-type
glycans containing four HexNAc (i.c., Hex;HexNAc,;, Hex,Hex-
NAc,, and HexsHexNAc,) are uniquely observed in brain tissue,
whereas biantennary complex types are predominantly presented in
human blood glycans (42). Using the same process described above,
we constructed mouse PFC N-glycosylation pathways. Interestingly,
mouse PFC N-glycans appear to have an identical mainstream
pathway of branching linking the 34 glycans shown in Fig. 64,
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suggesting that the mouse could be a viable model for research on
human brain development.

In addition to mapping branching pathways, we also separately
considered unusual terminal glycan structures identified in our
dataset, including sulfated HexHexNAc, sialylated HexNAc,
(sialylated) LacdiNAc, nonsulfated HNK-1, HNK-1, and phos-
phorylated mannose, to further characterize PFC glycosylation
synthetic processes (Fig. 6B). These glycans were highly expressed
in the brain compared with human and mouse blood. We also
observed several well-known potential epitopes, such as Lewis X
(or Lewis A), sialyl Lewis X (or sialyl Lewis A), and Lewis Y (or
Lewis b). Finally, we suggested a putative structure map of total
142 human PFC glycan compositions (SI Appendix, Fig. S11).
Based on MS/MS analysis and known glycobiology, hypothetically
possible structures for each composition were presented. We
found that among the total glycans presented in the PFC glyco-map
(SI Appendix, Fig. S11), modified and capped forms (i.e., sulfation,
phosphorylation, fucosylation, and sialylation) of 34 glycans shown
in Fig. 64 account for most PFC glycans, specifically corresponding
to 98% and 96% of total NAPIs of entire human and mouse PFC
glycans, respectively. In order to pinpoint a development-specific
pathway of glyco-synthesis, 30 glycans that were significantly
changed in both human and mouse are indicated by red boxes in S/
Appendix, Fig. S11 (P < 0.01, ANOVA). Importantly, the glycans
were sialylated and fucosylated species derived from almost all
branching types, suggesting that final decorations are the key factor
in PFC development rather than branching process.

Furthermore, our map showing the biological connections of
brain glycans not only integrates findings for individual glycans,
but also confers biological plausibility to them in the context of
biosynthesis. For example, incompletely processed asialo- or
asialo-agalacto structures have been reported as brain-specific
structural elements in diverse species, including bovine, mouse,
rat, and human (39). Our results show that many biantennary
glycans were either not galactosylated at all, or were only par-
tially galactosylated, as exemplified by Hex,HexNAcs; and
HexsHexNAc,, which were previously found to be the complex
type in several cell surface proteins (43) and plasma proteins (37,
44). These results suggest that a hybrid-type synthesis trajectory
is favored in the brain. In addition, brain-specific features during
development are corroborated by studies on glyco-enzymes. For
example, Shaper and colleagues (45), suggested that the strikingly
unusual feature of galactosylation could be interpreted to reflect
brain-specific expression of f-1,4-galactosyltransferase (p4Gal-T).
p4Gal-T6 is expressed almost solely in the adult brain. This is in
contrast to housekeeping p4Gal-T1, which is abundant in most
tissue but weakly expressed in fetal and adult brain. Given our
brain N-glycome profile results showing preferential sialylation of
highly branched glycans, it is possible that f4Gal-T6 is specific for
highly branched glycans or that brain-specific galactosidase cleaves
galactose specifically in less branched glycans. In addition, Hase
and colleagues (46) suggested that a unique isomer structure of
Hex;HexNAc,Fuc; bearing bisecting GIcNAc and core fucose
without GIcNAc on the («1-3) mannose branch might be gener-
ated by hexosaminidase B, which hydrolyzes the terminal GIcNAc
residue in HexsHexNAcsFuc, (Fig. 64, yellow line).

Discussion

The importance of glycosylation in the brain has increasingly
become apparent as biological evidence accumulates demon-
strating the link between glycosylation and neuroscience. How-
ever, there has been no comprehensive study of alterations in
glycosylation with mammalian brain regions and development.
Here, we performed large-scale N-glycan profiling of the mam-
malian brain at different brain regions and ages to determine the
spatial and temporal diversity of glycosylation.

Most of our current understanding of brain glycosylation comes
from studies on rodents because of the relative unavailability of
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human samples and inadequacy of analytical methods. There
have been reports of highly conserved “brain-type” glycans in
different mammalian species, but few studies have been done
on the similarities and differences between humans and mice,
particularly in terms of glycosylation in the brain (39). We
elucidated interspecies similarities in brain glycosylation in
humans and mice as well as intraspecies differences in gly-
cosylation between serum and brains. In particular, we found
significantly higher interspecies similarities in glycosylation in
the brain than in the blood because of the suppression of
NeuGc modifications in the mouse brain. In this context,
Varki and colleagues (47) suggested that evolutionary selec-
tion for sustained inhibition of NeuGc expression may reflect
negative effects of NeuGce on neural development or function.
Our results demonstrate the usefulness of the mouse as a
valuable animal model for ultimately understanding human brain
glycosylation.

Interestingly, region-specific and age-specific glycans with
unique structural features, such as LacdiNAc and HNK-1 epi-
topes, as well as brain-specific glycans including well known
bisecting types, were characterized in both the human and mouse
brain using our sensitive analytical techniques. Additional analyses
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are definitely required to identify specific linkages of unusual
glycans. Nonetheless, the changes in N-glycosylation patterns in
our dataset strongly suggest that N-glycans play important roles in
mammalian brain region-specificity and brain development. Our
findings suggest a global biosynthetic picture of glycosylation in
the PFC. Based on the core N-glycans presented in the glyco-
map, the overall diversity of PFC N-glycosylation could be ex-
tended by considering the capping and modifications of glycans.
Indeed, capped and modified versions of core glycans in the
map account for 87% qualitatively and 98% quantitatively
(NAPI) of all human PFC glycans. However, construction of a
comprehensive isomer- and structure-specific map connecting
all individual glycans observed in the brain has been hampered
by current methodological limitations, such as the lack of gly-
can standards, endogenous exo- and endo-glycosidase activities,
and low sample amounts. Nonetheless, our findings suggest a
weighted synthetic trajectory of brain glycans that is distinct
from that of the blood, pointing to the need for an in-depth
structure-specific examination of brain glycosylation to expand
our knowledge of relationships between glycan structures and
brain functions.
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Together, there is no doubt that our comprehensive profile of
glycosylation patterns in human and mouse brains represents a
valuable reference for future mammalian brain glycome studies.
Several postmortem studies in human have previously shown that
glycan biosynthesis or levels of glycan were changed in the specific
protein from PFC areas of patients with a psychiatric disorder,
such as schizophrenia (48-50). On a broader perspective, our cur-
rent findings and methodologies may assist in future studies that
seek to examine the causality of altered glycome in the PFC-related
cognitive or emotional functions as well as the PFC regarding
pathogenesis of psychiatric diseases.

Materials and Methods

Details of the experimental protocols can be found in S/ Appendix,
Supplementary Methods.

Human and Mouse Brain Tissue Collection. Postmortem tissues from the dor-
solateral PFC (Brodmann Area 46) of 68 individuals ranging in age from 6 wk
to 49 y were obtained from the National Child Health and Human Devel-
opment Brain and Tissue Bank for Developmental Disorders at the University
of Maryland, Baltimore, MD. All procedures for preparation of mouse brain
dissections were performed in compliance with the Institute for Basic Science
Institutional Animal Care and Use Committee guidelines.

Sample Preparation for LC-MS. Membranes containing various glycoproteins
were selectively extracted from dissected brain tissues using ultracentrifugation.
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