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In Brief
We have characterized the cell-
membrane N-glycome of two
major developmental divisions of
the brain, the forebrain and
hindbrain, and three functional
derivatives from them, including
the cerebral cortex,
hippocampus, and cerebellum,
revealing an extraordinary
diversity of N-glycans expressed
in a global and functional region-
specific manner in the adult
mouse. Furthermore, we
identified +25 N-glycans able to
differentiate the forebrain and
hindbrain N-glycome.
Additionally, over 35 N-glycans
distinguished the cortex,
hippocampus, and cerebellum N-
glycomes and may serve as
region-specific glycan
biomarkers.
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• Cell membrane N-glycome maps of functional mouse brain areas were obtained.

• Highly diverse N-glycome varies in a region-specific manner.

• 75+ glycan motives discriminate region-specific cell membrane N-glycome.
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RESEARCH
Region-Specific Cell Membrane N-Glycome of
Functional Mouse Brain Areas Revealed by
nanoLC-MS Analysis
Mariana Barboza1,2,* , Kemal Solakyildirim2,3 , Trina A. Knotts4, Jonathan Luke1,
Melanie G. Gareau1, Helen E. Raybould1, and Carlito B. Lebrilla2,5
N-glycosylation is a ubiquitous posttranslational modifi-
cation that affects protein structure and function,
including those of the central nervous system. N-glycans
attached to cell membrane proteins play crucial roles in all
aspects of biology, including embryogenesis, develop-
ment, cell–cell recognition and adhesion, and cell
signaling and communication. Although brain function and
behavior are known to be regulated by the N-glycosylation
state of numerous cell surface glycoproteins, our current
understanding of brain glycosylation is limited, and glycan
variations associated with functional brain regions remain
largely unknown. In this work, we used a well-established
cell surface glycomic nanoLC-Chip-Q-TOF platform
developed in our laboratory to characterize the N-glycome
of membrane fractions enriched in cell surface glycopro-
teins obtained from specific functional brain areas. We
report the cell membrane N-glycome of two major devel-
opmental divisions of mice brain with specific and
distinctive functions, namely the forebrain and hindbrain.
Region-specific glycan maps were obtained with ~120 N-
glycan compositions in each region, revealing significant
differences in “brain-type” glycans involving high
mannose, bisecting, and core and antenna fucosylated
species. Additionally, the cell membrane N-glycome of
three functional regions of the forebrain and hindbrain, the
cerebral cortex, hippocampus, and cerebellum, was
characterized. In total, 125 N-glycan compositions were
identified, and their region-specific expression profiles
were characterized. Over 70 N-glycans contributed to the
differentiation of the cerebral cortex, hippocampus, and
cerebellum N-glycome, including bisecting and branched
glycans with varying degrees of core and antenna fuco-
sylation and sialylation. This study presents a compre-
hensive spatial distribution of the cell-membrane enriched
N-glycomes associated with five discrete anatomical and
functional brain areas, providing evidence for the pres-
ence of a previously unknown brain glyco-architecture.
From the 1Department of Anatomy, Physiology and Cell Biology, Schoo
California Davis, Davis, California, USA; 3Department of Chemistry, Er
Molecular Biosciences, School of Veterinary Medicine and 5Departm
Davis, Davis, California, USA

*For correspondence: Mariana Barboza, mbarboza@ucdavis.edu.

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Bio
This is an open access article under the CC BY-NC-ND license (http://creativecommons
The region-specific molecular glyco fingerprints identi-
fied here will enable a better understanding of the critical
biological roles that N-glycans play in the specialized
functional brain areas in health and disease.

The mammalian brain harbors an enormous number of cells,
predominately neurons and glial, that are intricately organized
to perform diverse and complex functions at regional levels.
Protein N-glycosylation is a posttranslational modification that
occurs in more than 70% of mammalian proteins, directly
affecting protein structure, stability, and function, including
those of the central nervous system. N-glycans attached to
cell membrane proteins play a pivotal role in nearly all aspects
of biology, including cell signaling and communication, cell–
cell recognition, adhesion, and migration, embryogenesis,
differentiation, and development (1, 2).
Brain function and behavior are regulated by the N-glyco-

sylation state of numerous cell surface glycoproteins involved
in developing the nervous system and neurophysiology (3–5).
N-glycosylation regulates the plasma membrane expression
and function of voltage-gated ion channels and ligand-gated
ion channels, thus influencing neuronal excitability, learning,
memory, and behavior (6–12). N-glycans can also affect syn-
aptic function and plasticity by altering the expression, as-
sembly, and conductance of neurotransmitters receptors,
such as serotonin and nicotinic acetylcholine receptors,
γ-aminobutyric acid (GABA) and ionotropic glutamate re-
ceptors, including AMPA, kainate, and NMDA (13–20).
Abnormal glycosylation is also linked to human brain can-

cers, including neuroblastoma, gliomas, and the most
aggressive form, glioblastoma multiforme (GBM) (21–23). The
critical role of N-glycosylation in brain health is revealed in
over 70 human genetic disorders known as Congenital Dis-
orders of Glycosylation (CDG). Individuals with these diseases
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Region-Specific Brain N-Glycome
present genetic deficiencies in the N-Glycosylation pathway,
and typical manifestations include developmental delay, in-
tellectual disability, seizures, neuropathy, and metabolic ab-
normalities in multiple organ systems (2).
However, despite the recognition that N-glycosylation is a

critical determinant of the function of several types of cell
membrane proteins expressed by neurons and glial cells, our
current understanding of brain N-glycans remains limited.
Early research work used inhibitors of N-glycosylation, such
as tunicamycin or site-specific mutagenesis, to prevent the
addition of N-glycans to the proteins. However, the glycans
structures attached to the glycoproteins have not been thor-
oughly characterized. Mass-spectrometry-based glycomic
analysis has rapidly advanced our understanding of glycans
modifying glycoproteins and lipids in cells and tissues (24).
Glycomics contributes to developing glycan-based bio-
markers for the early diagnosis, prognosis, and therapeutic
interventions of human diseases such as cancer and brain
cancer (23–25). Brain glycomic studies have been reported
among vertebrates and animal models, including fish (zebra-
fish) and mammalians (26–30). Human brain glycomic studies
have mainly reported the characterization of brain glycosyla-
tion from patient biopsy samples, including cancerous tumor
tissue and surrounding normal tissue (23). Recently, analysis
of glycosaminoglycans from coronal sections of human brain
tissues with Parkinson's disease has been reported (31).
Several brain N-glycomic studies in rodent animal models
have been carried out earlier using whole-brain tissues (32–34)
and coronal sections from rodent brains (27, 29, 35). Glyco-
proteomic studies have also been performed on glycoproteins
derived from synaptic membranes from the whole mouse
brain (36, 37). Glycoproteomic analysis of the striatum and
substantia nigra tissues in aging-mouse studies uncovered
age-specific and region-specific changes in protein expres-
sion and N-glycans (29). Nonetheless, spatial variations in the
expression of cell surface brain N-glycans and region-specific
N-glycomic maps of additional functional divisions of the brain
remain largely unexplored.
Here we describe the cell-membrane-enriched N-glycome

of select functional mouse brain areas obtained using a well-
established nano-LC-MS/MS N-glycomic platform devel-
oped in our laboratory (38). We have characterized the cell
membrane fraction N-glycome of two major developmental
divisions of the brain, the forebrain, and hindbrain, which
revealed a high diversity of N-glycans expressed in a region-
specific manner in the adult mouse. Importantly, we identi-
fied +25 N-glycans able to differentiate the forebrain and
hindbrain N-glycome. Additionally, we report the cell-
membrane-enriched N-glycome of three functional de-
rivatives from the forebrain and hindbrain, the cerebral cortex,
hippocampus, and cerebellum, uncovering additional unique
region-specific glycan arrays. Among them, we found that 75
N-glycans can distinguish the cortex, hippocampus, and
2 Mol Cell Proteomics (2021) 20 100130
cerebellum N-glycome, which may be potential region-
specific glycan-based biomarkers.
These studies show the detailed spatial distribution of cell

membrane N-glycomes associated with broad regions and
discrete functional brain areas, providing evidence of the
presence of functional brain glyco-architectures not previously
described. The application of the method will enable further
research to advance our understanding of brain function and
how region-specific brain N-glycomes are established,
controlled, and modulated in health and disease.
EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale

Mouse brain N-glycomic studies were performed on nine young
adults (~2 months old) male C57B6/J mice. Three mouse brains were
used for studying the forebrain and hindbrain N-glycome as biological
replicates (FB-M1-3 and HB-M1-3, respectively). Additionally, six
mouse brains were used as biological replicates to characterize the
cerebral cortex, hippocampus, and cerebrum N-glycomes (Ctx 1–6,
Hippo1–6, and Cer1–6, respectively). All brain tissues isolated by
surgical dissection were processed using the workflow described
below. LC-MS/MS instrument performance was assessed with a
quality control mixture of N-glycan obtained from human serum and
RNAseB. LC-MS data acquisition was randomized. Statistical evalu-
ation of significant glycan abundance differences was performed
using one-way ANOVA and the TUKEY post-hoc test, and Student
T-tests with Benjamini–Hochberg multicomparison correction. Differ-
ences were considered significant if p < 0.05. Multivariate Analysis of
N-glycomes was performed using partial least squares discriminant
analysis (PLS-DA) using packages pls and plsVarSel in R (3.5.1).
Variable Importance in Projection (VIP) and loading scores were
calculated to determine the contribution of each N-glycan to the
PLS-DA model.

Chemicals and Materials

Sucrose and HEPES were acquired from Sigma-Aldrich, and pro-
tease inhibitor cocktail V was purchased from Millipore-Sigma. Glyc-
erol-free Peptide N-glycosidase F (PNGase F) was obtained from New
England Biolabs. Acetonitrile was purchased from Honeywell, and
formic acid was purchased from Fisher Scientific. Porous graphitized
carbon (PGC) 96-well plates were obtained from Glygen Corp. MilliQ
water was used throughout the study.

Mice

C57BL/6J adult male and female mice were purchased from
Jackson Lab and bred in-house at UC Davis. For the study, nine in-
house bred C57BL/6J adult (8–9 weeks) mice were used. Upon
euthanasia with CO2 and cervical dislocation, brains were manually
collected, snap-frozen in liquid N2, and then stored at −80 ◦C until
further analysis. Three brains were thawed and dissected into the
forebrain and hindbrain regions, and from another six brains, the ce-
rebral cortex, hippocampus, and cerebellum were surgically isolated.
All brain regions were processed to obtain the cell-membrane frac-
tions enriched in cell surface glycoproteins as described below. All
procedures and protocols were reviewed and approved by the Insti-
tutional Animal Care and Use Committee at the University of Califor-
nia, Davis (IACUC protocol #20072).



Region-Specific Brain N-Glycome
Cell Surface Membrane Enrichment and Isolation

The extraction of region-specific brain cell membrane fractions
was performed by a procedure previously described by our lab (38).
Briefly, dissected brains tissues (forebrain, hindbrain, cortex, hip-
pocampus, and cerebellum) were transferred into tubes containing
homogenization buffer (0.25 M sucrose, 20 mM HEPES-KOH pH 7.4,
and 1:100 protease inhibitor), and tissue lysis was performed at 4 ◦C
using a chilled cooling rack and a probe sonicator (Qsonica) with five
pulses of 5 s on, alternating with intervals of 10 s off, respectively.
Brain tissue lysates were centrifuged at 9000g for 10 min to remove
the nucleus, mitochondria, and cellular debris. The supernatants
were transferred to 1.5 ml ultracentrifuge tubes (Beckman Coulter)
for ultracentrifugation at 200,000g for 45 min at 4 ◦C. Pellets ob-
tained were resuspended in 1 ml 0.2 M Na2CO3 pH 11 and pelleted
again by ultracentrifugation (at 200,000g for 45 min at 4 ◦C), fol-
lowed by a wash with 1 ml of chilled water and ultracentrifugation as
described above. The resulting brain region-specific membrane
fractions enriched in cell surface glycoproteins were stored at −80
◦C until further processing.

N-Glycan Release and Purification

Three membrane fractions from the forebrain (FB-M1-3) and
hindbrain (HB-M1-3) regions and six membrane fractions from the
cortex (Ctx1–6), hippocampus (Hippo1–6), and cerebellum (Cer1–6)
regions were enzymatically de-N-glycosylated. N-glycans were
also prepared from a mixture of human serum and RNAseB and
use as reference material (QC). Samples were resuspended with
100 to 200 μl of 100 mM ammonium bicarbonate in 5 mM dithio-
threitol and heated for 5 min at 100 ◦C to thermally denature the
proteins. To cleave N-glycans from membrane proteins, 4 μl of
PNGase F was added to the samples and incubated at 37 ◦C in a
microwave reactor (CEM Corporation) for 10 min at 20 W, followed
by overnight incubation at 37 ◦C in a water bath. After deglyco-
sylation, samples were ultracentrifuged to pellet residual mem-
brane fraction and deglycosylated proteins. The supernatant
containing the released N-glycans was collected, and N-glycans
were purified by solid-phase extraction using a 96-well plate
containing a porous graphitized carbon (PGC) matrix. The plate
was conditioned with 80% Acetonitrile in water (200 μl × three
times), followed by water (200 μl × three times). N-glycan samples
were loaded, and the flow-through was reapplied twice, before
washing with water (200 μl × 4–5 times). Elution was performed
with 40% Acetonitrile in water (200 μl × two times), and eluted
fractions were dried in vacuo.

Glycomic Nano-LC Mass Spectrometry Analysis

N-glycan samples were reconstituted in nanopure water for anal-
ysis, randomized, and analyzed using an Agilent nanoLC/ESI-Q-TOF-
MS system (Agilent Technologies). Samples were introduced into the
MS with a microfluidic chip, consisting of enrichment and analytical
columns packed with PGC and a nanoelectrospray tip. A binary
gradient was applied to separate and elute glycans at a flow rate of
0.3 μl/min: (A) 3% (v/v) acetonitrile and 0.1% (v/v) formic acid in water
and (B) 90% (v/v) acetonitrile in 1% (v/v) formic acid in water. MS
spectra were acquired at 1.5 s per spectrum over a mass range of m/z
600 to 2000 in positive ionization mode. Mass inaccuracies were
corrected with reference mass m/z 1221.991. Collision-induced
dissociation (CID) was performed with nitrogen gas using a series of
collision energies (Vcollision) dependent on the m/z values of the N-
glycans, based on the equation: Vcollision= slope (m/z) + offset; where
the slope and offset were set at (1.8/100 Da) V and −2.4 V,
respectively.
Data Analysis

N-glycan compounds were identified and quantified using Agilent
MassHunter Qualitative Analysis B.07.01 (Agilent Technologies) in
combination with an in-house retrosynthetic library of all possible
glycan compositions according to accurate mass (39). Glycan signals
above a signal-to-noise ratio of 5 were filtered, and data were
deconvoluted using the Molecular Feature Extractor algorithm
included in the MassHunter software and a 10 ppm mass error.
Tandem MS analysis was performed manually to confirm glycan
compositions with library matches and select structural motives.
Fragment ions were assigned with ≤25 ppm mass error. All glycan
structures are proposed as MS/MS data of native glycans alone are
insufficient to determine complete glycan structures. Glycan relative
abundances were determined by integrating ion counts for observed
glycan masses and normalizing to the summed ion counts of all gly-
cans detected. Glycan subtypes, including high mannose, complex,
and hybrid, were grouped accordingly by knowledge of the mamma-
lian N-glycan biosynthetic pathway. Statistical evaluation of significant
glycan abundance changes was performed using one-way ANOVA
and the TUKEY post-hoc test, and Student T-tests with Benjamini–
Hochberg multicomparison correction; differences were considered
significant if p < 0.05. Multivariate Analysis of N-glycomes was per-
formed using partial least squares discriminant analysis (PLS-DA)
using packages pls and plsVarSel in R (3.5.1). Variable Importance in
Projection (VIP) and loading scores were calculated to determine the
contribution of each N-glycan to the PLS-DA model.

RESULTS

Regional Expression of Cell Membrane N-Glycomes in the
Mouse Brain

Figure 1 shows the scheme of the N-glycomic workflow
used for the characterization of region-specific cell membrane
enriched N-glycomes in the 8-week-old adult mouse brain.
First, we interrogated the forebrain and hindbrain N-glycomes
(Fig. 1A). Secondly, we characterized the cerebral cortex,
hippocampus, and cerebellum N-glycomes, as functional
derivates from the forebrain and hindbrain (Fig. 1B).

Forebrain and Hindbrain N-Glycomes

We first characterized the neuro-N-glycome of two major
developmental divisions of the brain with specific and distinct
functions, the forebrain and the hindbrain. Over 120 N-glycan
compositions were identified in the forebrain and hindbrain N-
glycomes with relative abundances values >0.05%, repre-
senting ~99% of the total N-glycans identified. Supplemental
Table S1 compares the relative abundance of all glycans
identified in the forebrain and hindbrain regions obtained from
a randomized sample set of biological triplicates (n = 3/region).
To determine the degree of N-glycan processing in each brain
area, and the type of decorations present on each N-glycome,
individual glycan species were grouped into five categories
based on their monosaccharide compositions, and the pres-
ence of fucose and/or sialic acids as decorations and their
relative abundance summed. Oligo-mannose glycans were
grouped under the high mannose category. Complex and
hybrid glycans without fucose or sialic acids were grouped
and categorized as undecorated glycans. Neutral glycans
Mol Cell Proteomics (2021) 20 100130 3



FIG. 1. Scheme of the cell membrane N-glycomic workflow used for the characterization of region-specific cell surface mouse brain
N-glycomes. After extraction, brains were surgically dissected either into forebrain and hindbrain (A) or the functional substructures derived
from both regions, including the cortex and hippocampus (from forebrain) and cerebellum (from hindbrain) (B). Tissues dissected were ho-
mogenized, cell debris, nucleus, and mitochondria were removed by centrifugation from region-specific brain lysates. Cell membrane fractions
enriched in cell surface glycoproteins were obtained by ultracentrifugation as previously described (38). Cell membrane glycans were enzy-
matically released, purified, and analyzed by nano-LC-Chip-Q-TOF mass spectrometry.

Region-Specific Brain N-Glycome
containing fucose were categorized as fucosylated glycans.
Acidic glycans containing sialic acid were categorized as
sialylated glycans, and glycans containing fucose and sialic
acid residues were categorized as sialofucosylated glycans.
Supplemental Fig. S1A and B shows the overlays of annotated
extracted compound chromatograms (ECCs) obtained from
three randomized biological replicates of the forebrain and
hindbrain (supplemental Table S4). The comparative relative
abundances of N-glycans in each category are described
below. Method reproducibility was assessed from N-glycans
profiles of reference material (supplemental Fig. S2). Co-
efficients of variance (CV) values determined for each glycan
group were below 10% for glycan groups with relative abun-
dance >5%, deeming our method highly reproducible.
The forebrain neuroglycome was dominated by fucosylated

glycan species accounting for ~45% of total N-glycans
identified (supplemental Fig. S1C), containing from 1 to 5
fucose residues. High mannose and sialofucosylated glycans
were also abundant, representing ~26% and ~19%, of the
total glycans identified, respectively. Undecorated glycans
represented ~11% of the total glycans species identified, and
sialylated only glycans around 1%. In contrast, the hindbrain
showed lower levels of neutral fucosylated glycans (~35%) but
similar levels of high mannose glycan species (~30%). Sialo-
fucosylated glycans were the third most abundant group of
glycans in the forebrain, with an abundance of ~20%
(supplemental Fig. S1D). Undecorated glycans were also more
abundant (14%) in the forebrain, but sialylated glycan species
4 Mol Cell Proteomics (2021) 20 100130
only represented 1%. Overall, the degree of total fucosylation
was higher in the forebrain (~62%) than in the hindbrain
(~54%) (supplemental Fig. S1, C and D).
Comparing the expression of individual glycans between

the forebrain and hindbrain regions showed that ~43% of
glycans among all glycan groups were differentially expressed
(p < 0.05) (supplemental Table S1). Figure 2A shows a heat-
map with 51 N-glycan species differentially expressed in the
forebrain and hindbrain. Glycans compositions were ordered
from high mannose to complex and hybrid glycans according
to the biosynthetic pathway and increasing glycan mass.
Major differences observed corresponded to different levels of
expression of any given glycan in the forebrain or hindbrain
and not the presence or absence. Among high mannose
species, glycans with compositions Man3 (core), Man6, Man
8, and Man9 were significantly more abundant in the hind-
brain. However, hybrid glycans with compositions 5320, 6310,
and 6411 given as (HexHexNAcFucNeuAc) were more abun-
dant in the forebrain. Similarly, 12 agalacto (truncated) and
galactosylated mono- and biantennary complex species were
also significantly more abundant in the forebrain. These
included: a) truncated monoantennary glycans with compo-
sitions 3310 and 3410; b) monogalactosylated mono-
antennary glycans with compositions 4300, 4310, and 4320; c)
truncated or agalacto-biantennary glycans with composition
3400, 3420; d) monogalactosylated biantennary glycans with
composition 4410, 4420, and 4510; and e) digalactosylated
biantennary glycans with compositions 5420 and 5430. A few



FIG. 2. Comparison of cell membrane N-glycome obtained from the forebrain and hindbrain. Heatmap of N-glycans differentially
expressed in the Forebrain (FB) and Hindbrain (HB), ordered from high mannose to complex glycans approximately according to N-glycan
biosynthesis (p < 0.05%, as analyzed by two-way ANOVA and the TUKEY post-hoc test) (A). Glycan mass of hybrid and complex glycans
increases from top to bottom. Glycan composition is abbreviated as HexHexNAcFucNeuAc where Hex = Hexose, HexNAc = N-Acetylhexos-
amine, Fuc = Fucose, NeuAc = N-Acetylneuraminic Acid; and numbers indicate the number of each monosaccharide residue. The abundance for
each glycan composition was normalized to the abundance of total glycans identified. Data from biological replicates (n = 3) were used (FBM1–3
and HBM1–M3). Partial least squares–discriminant analysis (PLS-DA) score plot of cell surface N-glycan profiles from FB and HB (B). Each
symbol represents a mouse (n = 3). Loadings plots from the PLS-DA model showing the N-glycan species (compositions) contributing to the
separation in the first dimension (x-axis of the scores plot) for the FB and HB N-glycomes (C).

Region-Specific Brain N-Glycome
mono and biantennary glycans with compositions 3510, 4400,
4511, and 5400 were more abundant in the hindbrain.
Importantly, in agreement with previous reports, several of
these glycans species in the forebrain and hindbrain corre-
sponded to bisecting glycans and are further discussed later
(32). Tri-antennary and tetra-antennary fucosylated and sia-
lofucosylted glycans with compositions 5510, 5520, 5530,
6512, 6531, 6540, 6630, and 7650 were more abundant in the
forebrain. Interestingly, a single tri-antennary glycan with
composition 6513 was more abundant in the hindbrain.
However, several undecorated, fucosylated and sialofucosy-
lated tri- and tetra-antennary glycans were higher in the
hindbrain. These corresponded to truncated glycans with
compositions 3600 and 3610; agalacto and galactosylated tri
and tetra-antennary glycans with compositions 4601, 4611,
4620, 5611, 5712, 6712, 6722, 6731, 7623, and 7641. Notably,
among these highly abundant multifucosylated and sialylated
glycans, species carrying Lewis-fucosylation and sialyl-Lewis
Mol Cell Proteomics (2021) 20 100130 5



Region-Specific Brain N-Glycome
motives were identified by tandem MS, also in agreement with
previous reports (32, 40). Additionally, a few glycans
expressed in a region-specific manner were also identified
among less abundant glycans accounting for 0.7% to 0.3% of
the total glycans identified in the forebrain and hindbrain,
respectively. Di and tri-fucosylated glycans with compositions
5522, 6520, 6530, 7630 were detected almost exclusively in
the forebrain, and glycans with compositions 6713 and 7624
in the hindbrain. These results show the complexity of the
forebrain and hindbrain N-glycomes and reveal that these
specific functional brain areas have specific N-glycomes.
Multivariant analysis using Partial Least Squares–

Discriminant Analysis (PLS-DA) was performed to determine
further the significance of differences observed between the
forebrain and hindbrain cell membrane N-glycome. The PLS-
DA scores plots show a clear separation of the forebrain-
hindbrain N-glycomes (Fig. 2B). One-way ANOVA showed
that 27 glycans out of the 51 described above made a sig-
nificant contribution to the differentiation of the FB and HB
N-glycomes (supplemental Table S1, FDR p value column).
Remarkably, the top glycans contributing to the separation in
the first dimension (x-axis of the scores plot) of the model are
shown in the loadings plot (Fig. 2B). Neutral mono and tri-
antennary fucosylated glycans containing from 1 to 4 fucose
residues were the main discriminators identified between the
FB and HB N-glycomes. Additionally, glycans carrying
bisecting GlcNAc residues as well as sialofucosylated glycans
were also significant.
Therefore, we further investigated the distribution of fucose

and sialic residues in complex and hybrid glycans in the
forebrain and hindbrain (Fig. 3). All complex and hybrid gly-
cans containing fucose, sialic acid, or both residues were
separated according to the number of fucose or sialic acid
residues present in mono, di, tri, tetra, and penta-fucosylated
(F1–F5) or sialylated species (S1–S4) (Fig. 3, A and D). Mon-
ofucosylated species were the most abundant in the forebrain
and hindbrain (~30%). In contrast, di, tri, tetra, and pentafu-
cosylated glycans, which indicate core and outer arm fuco-
sylation, were significantly more abundant in the forebrain
(Fig. 3A), showing a distinct distribution between the two re-
gions, and represent an increase of fucosylation in the fore-
brain. This is consistent with a recent report of differential
fucosylation observed in the rat brain's striatum and sub-
stantia nigra regions (30). Similarly, monosialylated species
were highly expressed in both the forebrain and hindbrain,
with abundances ~12 to 14% (Fig. 3D). When neutral fuco-
sylated glycans were evaluated, monofucosylated species
were high in both regions, although species containing 2 to 5
fucose residues were significantly higher in the forebrain
(Fig. 3B). Among sialofucosylated glycans, there were no
significant differences between the two regions in species
containing from 1 to 4 fucose residues (Fig. 3C). However,
among sialylated only glycans, monosialylated species were
more abundant in the hindbrain, and trisialylated species were
6 Mol Cell Proteomics (2021) 20 100130
more abundant in the forebrain (Fig. 3E). The distribution of
sialic acid residues in sialofucosylated species showed an
equal abundance of mono and disisalylated species in both
regions, but the expression levels of tri and tetrasialylated
species were significantly higher in the hindbrain (Fig. 3F). To
better understand the combined distribution of fucose and
sialic residues in sialofucosylated glycans in each region,
glycans were grouped based on the presence and number of
sialic acids and fucose residues and plotted in Figure 3, G and
H. Nonsialylated mono and difucosylated species F1S0 and
F2S0 were the predominant glycans in both regions (with rela-
tive abundances ~25% and 8–14%, respectively). However,
F2S0 was significantly higher in the forebrain, followed by
F2S1 (~5%). Similarly, neutral or monosialylated tri- and tet-
rafucosylated species (F3S0, F4S0, F3S1, and F4S1) were
significantly more abundant in the forebrain (~3%), while
difucosylated, tri-, and tetrasialylated species (F2S3 and
F2S4), and tetrafucosylated monosialylated glycans (F4S1)
were significantly higher in the hindbrain (~1–2%). Among
sialylated species, the forebrain showed higher content of
monosialylated di- and trifucosylated glycan species (S1F2
and S1F3), in contrast to the most abundant monosialylated
mono and tetrafucosylated glycans (S1F1 and S1F4) in the
hindbrain. Among disialylated species (S2F1–F4), no signifi-
cant differences were observed between the two regions,
although trisialylated species mono and difucosylated (S3F1
and S3F2) were significantly higher in the hindbrain. These
results clearly show the region-specific distribution of terminal
decorations patterns in brain N-glycans, including fucosyla-
tion and sialylation.
Although the current method does not provide a resolution

regarding the linkage types between sugar residues that
would allow the identification of terminal N-glycan epitopes,
tandem MS analysis was performed to support the identifi-
cation of relevant structural motives and their regional distri-
bution in the brain. We used tandem MS to characterize
neutral multifucosylated glycans in the forebrain. The pres-
ence of two or more fucose residues is indicative of core and
outer arm fucosylation, the latter likely forming LewisX de-
terminants that have been reported to be highly expressed
among neutral glycans from whole rodent brains (32). Using
CID, antenna fucosylation was identified based on charac-
teristic and abundant trisaccharide oxonium fragment ion with
m/z 512.3 (Hex1HexNAc1Fuc1) (supplemental Fig. S3). The
presence of core and antenna fucosylation, likely forming Lex

determinant, was confirmed in select representative tri-
antennary glycans with compositions 6530 and 6540. These
glycans showed a region-specific expression profile and were
among the most significant glycans species able to differen-
tiate the forebrain and hindbrain N-glycomes (supplemental
Table S1). Notably, some of these tri-antennary glycans
have also been shown to present a region-specific expression
in the striatum and substantia nigra in rat brains and decrease
with age (29).



FIG. 3. Fucosylation and sialylation in the forebrain and hindbrain N-glycome. Comparative distribution of mono (F1), di (F2), tri (F3), tetra
(F4), and penta (F5) fucosylated glycans in all fucosylated glycans (A); neutral fucosylated only glycans (B); and sialofucosylated glycans (C).
Comparative distribution of mono (S1), di (S2), tri (S3), and tetra-sialylated (S4) species in: all sialylated glycans (D); sialylated only glycans (E),
and sialofucosylated species (F). Combined distribution of fucose and sialic acid residues (FxSy) sorted by the number of fucose residues (x) in
(G) or sialic acid residues (y) in (H). Asterisks indicate the statistical significance between groups compared (*p < 0.05%; **p < 0.01%; ***p <
0.001%).

Region-Specific Brain N-Glycome
Glycans potentially carrying bisecting GlcNAc were highly
expressed in the mouse forebrain and hindbrain and were
among the glycans that discriminated between the forebrain
and hindbrain N-glycomes. Figure 4A shows the differential
spatial expression of the most abundant bisecting N-glycans
confirmed by tandem MS in the forebrain and hindbrain
N-glycomes, corresponding to mono and biantennary
bisecting species. While monoantennary bisecting species
with compositions 3410 and 4420 were significantly more
abundant in the forebrain N-glycome, biantennary bisecting
species with compositions 3510 and 4511 were more abun-
dant in the hindbrain. Biantennary bisecting glycan with
composition 4510 was also significantly higher in the fore-
brain. Additional abundant bisecting species identified with
compositions 3500, 4520, and 5410 did not show significant
region-specific differences. Figure 4B shows tandem MS
spectra for select glycans where bisecting GlcNAc residues
were confirmed using the tetra-saccharide oxonium fragment
ion with m/z 790.3 (Hex1HexNAc3 + H20, C fragment type
according to Domon and Costello, 1998) (41).
Tandem MS was also used to characterize the sialofuco-

sylated glycans that showed a region-specific distribution in
the forebrain and hindbrain. Antenna fucosylation and sialyl-
Lewis epitopes were identified based on characteristics
oxonium fragment ions with m/z 512.3 and m/z 803.3, corre-
sponding to B fragment ions of the trisaccharide Hex1Hex-
NAc1Fuc1 and tetrasaccharide Hex1HexNAc1Fuc1NeuAc1,
respectively. Tandem MS will identify sialyl Lewis epitopes but
cannot discriminate between Lex and Lea. Tandem MS anal-
ysis of sialofucosylated tri- and tetra-antennary glycans with
compositions 6531, 6722, and 7623 is shown in supplemental
Fig. S4. All sialylated glycans with or without fucose sub-
stitutions (sialofucosylated and sialylated only glycans) iden-
tified contained N-Acetyl neuraminic acid (NeuAc) residues.
Glycans containing N-glycolyl neuraminic acid (NeuGc) that
have been described to be present in trace amounts (<3%) in
the rat brain were not found in this set of samples analyzed in
agreement with a previous report in mouse brain (35).
Altogether, our results show for the first time the cell

membrane N-glycan maps of the forebrain and hindbrain.
The ability to assess the mouse brain's N-glycome in a
region-specific manner with high-resolution and high-
sensitivity allowed us to reveal region-specific expression
of N-glycans with discriminant values in distinguishing
Mol Cell Proteomics (2021) 20 100130 7



FIG. 4. Region-specific expression of bisecting N-glycans in forebrain and hindbrain. Comparison of most abundant and differentially
expressed glycans containing bisecting GlcNAc in forebrain and hindbrain N-glycomes (A). Glycan composition is abbreviated as HexHex-
NAcFucNeuAc where Hex = Hexose, HexNAc = N-Acetylhexosamine, Fuc = Fucose, NeuAc = N-Acetylneuraminic Acid; and numbers indicate
the number of each monosaccharide residue. The abundance for each glycan composition was normalized to the abundance of total glycans

Region-Specific Brain N-Glycome
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these N-glycomes. Additionally, we provide evidence of a
region-specific distribution of terminal N-glycans decora-
tions in the brain, including fucosylation and sialylation, and
showed a significantly increased fucosylation level in the
forebrain.

Cerebral Cortex, Hippocampus, and Cerebellum
N-Glycomes

To further understand the regionalization of the brain gly-
come, we determined the N-glycome of three well-defined
brain regions derived from the forebrain and hindbrain (ce-
rebral cortex and the hippocampus parts of the forebrain and
the cerebellum part of the hindbrain) (Fig. 1B). Over 600
glycan compound peaks, including isomers, were observed
in the cerebral cortex, hippocampus, and cerebellum
N-glycomes corresponding to a total of 125 N-glycan com-
positions on each region with normalized abundances above
0.05% (supplemental Table S2). Although the number of
glycan compositions identified in the cortex, hippocampus,
and cerebellum N-glycomes was comparable to those ob-
tained for the forebrain and hindbrain, an increase in the
spatial resolution on the glycans differentially expressed in
these three regions was observed. Figure 5A shows the
relative abundances of N-glycans in each glycan category in
the cerebral cortex, hippocampus, and cerebellum. The ce-
rebral cortex N-glycome was dominated by fucosylated N-
glycans (~50%), followed by high-mannose glycans (~22%)
and sialylofucosylated species (~18%). Undecorated and
sialylated species were less abundant, with values around
10% and 1%, respectively. Overall, this distribution pattern
resembled the pattern of the parental forebrain N-glycome,
but with slightly higher levels of fucosylation. The hippo-
campus N-glycome showed relatively lower levels of fuco-
sylated N-glycans (45%) than the cortex but higher levels of
high mannose glycans (27%). However, undecorated gly-
cans, as well as sialofucosylated and sialylated glycans,
were at the same levels in the hippocampus and the cortex.
Notably, the cerebellum N-glycome presented the lowest
levels of fucosylated N-glycans (39%) and similar levels of
high-mannose species when compared with the hippocam-
pus (27%), but the highest levels of undecorated species
(~18%), comparable to the parental hindbrain N-glycome.
Sialofucosylated glycans in the cerebellum were similar to
the levels found in the cortex and hippocampus N-glycomes.
Lower levels of high mannose and undecorated glycans in
the cortex N-glycome, along with higher levels of fucosy-
lated glycans, were statistically higher compared with the
hippocampus and cerebellum N-glycomes. There were also
significantly higher levels of undecorated glycans in the
identified. Glycan structures are presented with symbols recommende
Nomenclature.shtml). Asterisks indicate the statistical significance bet
spectra of select N-glycans containing bisecting GlcNAc in the Forebra
Hex1HexNAc3 + H20) was used to identify bisecting GlcNAc. Putative st
cerebellum and increasing levels of neutral fucosylated gly-
cans from the cerebellum to hippocampus and cortex N-
glycomes (Cer<Hippo<Ctx). Total levels of fucosylation were
significantly different among the three regions (p < 0.001),
whereas total sialylation was significantly different between
the hippocampus and cortex N-glycome (p < 0.05) (Fig. 5B).
Together, these results revealed a distinct region-specific
distribution of all N-glycans types in the three-region
examined. Additionally, Figure 5C shows the heatmap of
82 individual N-glycan compositions from the cerebral cor-
tex, hippocampus, and cerebellum N-glycomes, abun-
dances of which were found to vary significantly in a region-
specific manner (p < 0.05, supplemental Table S1).
Remarkably, approximately ~65% of all glycans identified in
these regions were found to be differentially expressed in a
region-specific manner.
PLS-DA scores plots of cell surface N-glycan profiles of

cortex, hippocampus, and cerebellum (Fig. 5D), and cortex
and hippocampus (Fig. 5F) show they can be differentiated
with a 95% confidence interval. Top glycans expressed in a
region-specific manner contributing to the separation in the
first dimension of these models are shown in the loading
plots (Fig. 5, E and G, respectively). One-way ANOVA
revealed that 39 glycan compositions with relative abun-
dances above 0.5% were the main discriminators among
cortex, hippocampus, and cerebellum N-glycome (p <
0.001). An additional 35 glycans species with relative
abundances below 0.5% were also significant (p < 0.05 and
p < 0.01) (supplemental Table S3). Among highly discrimi-
nating glycan species (with p < 0.001), five different
expression patterns were recognized (I–V):
I- Glycans With a Distinct Region-Specific Level of Expres-

sion in the Cortex, Hippocampus, and Cerebellum N-Gly-
come–Eleven glycans were observed in this group
corresponding to a) high mannose species Man3, Man6, and
Man7, and b) neutral fucosylated species with compositions
3310, 4310, 4320, 5420, 5520, 5630, 6310, and 7650, given as
(HexHexNacFucNeuAc) (Fig. 6, A and B and supplemental
Table S3, bolded letters).
II- Glycans With Higher Expression in the Cortex and Hip-

pocampus N-Glycome–Ten glycans were identified in this
group corresponding to a) eight fucosylated glycans with
compositions 3410, 4420, 5310, 5320, 5430, 5530, 6530, and
6540, and b) two sialofucosylated species with compositions
5421 and 6531 (Fig. 6, B and C and supplemental Table S3).
III- Glycans With Higher Expression in the Cerebellum N-

Glycome– In this group, seven glycans were found corre-
sponding to a) high mannose Man4, b) undecorated glycans
with compositions 4400, 5400, and 6300, c) fucosylated
d by the CFG (http://www.functionalglycomics.org/static/consortium/
ween groups compared (*p < 0.05%; **p < 0.01). Tandem MS/MS
in and Hindbrain (B). The fragment ion with m/z 790.3 (C fragment of
ructures are shown with the corresponding accurate masses.
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FIG. 5. Comparison of cell membrane N-glycome obtained from the cortex, hippocampus, and cerebellum. Relative abundances of N-
glycan groups in the cerebral cortex, hippocampus, and cerebellum (A), and total levels of fucosylation and sialylation (B). Asterisks indicate the
statistical significance between groups compared (*p < 0.05%; **p < 0.01%; ***p < 0.001, ****p < 0.0001). Heatmap of N-glycans differentially
expressed in the cortex, hippocampus and cerebellum, ordered from high mannose to complex glycans approximately according to N-glycan
biosynthesis (p < 0.05%, as analyzed by two-way ANOVA and the TUKEY post-hoc test) (C). Glycan mass of hybrid and complex glycans
increases from top to bottom. Glycan composition is abbreviated as Hex_HexNAc_Fuc_NeuAc where Hex = Hexose, HexNAc = N-Ace-
tylhexosamine, Fuc = Fucose, NeuAc = N-Acetylneuraminic Acid; and numbers indicate the number of each monosaccharide residue. Abun-
dance for each glycan composition was normalized to the abundance of total glycans identified. Data from six biological replicates were used.
Partial least squares–discriminant analysis (PLS-DA) scores plots for cell membrane N-glycan profiles of the cortex, hippocampus, and cere-
bellum (D), and cortex and hippocampus (F). The 95% confidence interval is indicated as an ellipse, and each symbol represents a mouse (n = 6).
The loadings plots (E and G) from the PLS-DA model show glycans contributing to the separation in the first dimension (x-axis of the scores plot)
for cortex, hippocampus, and cerebellum (E), and cortex and hippocampus (G). C, complex; H, hybrid.

Region-Specific Brain N-Glycome
species with compositions 3610 and 4620, and d) sialylated
glycan with composition 6301.
IV- Glycans With Higher Expression in the Hippocampus N-

Glycome– In this group, five glycans were observed corre-
sponding to a) high mannose Man8 and b) sialofucosylated
10 Mol Cell Proteomics (2021) 20 100130
species with compositions 5311, 5412, 5422, and 6311 (Fig. 6,
B and C and supplemental Table S3).
Also, among less abundant discriminating species (with p >

0.001, supplemental Table S3), similar expression profiles
were observed (I–V). A majority of these species corresponded



FIG. 6. Region-specific distribution of most abundant glycans in the cortex, hippocampus, and cerebellum N-Glycomes. Comparative
distribution of high mannose glycans (A), neutral fucosylated glycans (B), and sialofucosylated glycans (C) in the cerebral cortex, hippocampus,
and cerebellum N-Glycomes. Glycan composition is abbreviated as follow HexHexNAcFucNeuAc where Hex = Hexose, HexNAc = N-Ace-
tylhexosamine, Fuc = Fucose, NeuAc = N-Acetylneuraminic Acid; and numbers indicate the number of each monosaccharide residue. Values are
reported as the average relative abundance of six biological replicates (n = 6). Asterisks indicate the statistical significance between groups
compared (*p < 0.05%; **p < 0.01%; ***p < 0.001).

Region-Specific Brain N-Glycome
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to sialofucosylated glycans. Figure 6C shows sialofucosylated
glycans with abundances above 0.15% and compositions
5511, 5611, 5612, 6513, 6522, 6531, 7621, 7632, and 7640.
Additionally, glycan species able to distinguish between the

cerebral cortex and hippocampus were neutral fucosylated
species, with compositions 3210, 4410, 4610, 5420, 5520,
and 6310 (with p < 0.001), and glycans with compositions
6630, 6730 (p < 0.05) (Fig. 6B).
Tandem MS analysis was also performed to support the

presence of structural motives that show a differential spatial
distribution among the cortex, hippocampus, and cerebellum
N-glycomes. Comparably, to our discoveries in the parental
N-glycomes, numerous glycans carrying bisecting GlcNAc
were identified among highly significant glycans also able to
discriminate the cerebral cortex, hippocampus, and cere-
bellum N-glycomes. Supplemental Fig. S5 shows the differ-
ential spatial expression of the most abundant bisecting
N-glycans in the cortex, hippocampus, and cerebellum
N-glycome. Monoantennary bisecting species with composi-
tions 3410 and 4420 were significantly higher in both the
cerebral cortex and hippocampus N-glycome. This was similar
to the pattern displayed in the parental forebrain N-glycome
shown in Figure 4. Likewise, biantennary bisecting species
with composition 3510 showed higher levels in the cerebellum
and comparable to levels observed in the parental hindbrain
N-glycome. However, the hippocampus also showed equally
high levels of this glycan but was significantly lower in the
cortex N-glycome, the latter resembling the parental forebrain
N-glycome. Bisecting monogalactosylated biantennary glycan
with composition 4520 also showed a higher level in the hip-
pocampus and cerebellum N-glycomes. However, no spatial
differences were observed between the parental forebrain and
hindbrain N-glycomes. Interestingly, bisecting glycan with
composition 4511 did not show significant differences among
the cortex, hippocampus, and cerebellum N-Glycomes,
though it was significantly higher in the hindbrain N-glycome.
Additional abundant bisecting species with composition 3500
and 5410 showed no significant spatial differences neither in
the parental N-glycomes nor in the cortex, hippocampus, and
cerebellum N-glycomes. Confirmatory tandem MS analysis of
select mono and biantennary bisecting glycans with and
without fucose expressed in the cortex, hippocampus, and
cerebellum N-glycomes are shown in supplemental Fig. S6
(Bisecting species with composition 4510 (in cortex), 3510
and 4420 (in hippocampus), and 4520 (in cerebellum).
Additionally, tandem MS analysis of core and Le-

fucosylated glycans expressed in a region-specific in cortex,
hippocampus, and cerebellum N-glycomes is shown in
supplemental Fig. S7 (glycans with compositions 4420 and
4520 (in cortex), and 7650 (in hippocampus). Additional MS
spectra of Le-fucosylated glycans also containing bisecting
GlcNAc are shown in supplemental Fig. S6 (glycan 4420 (in
hippocampus) and 4520 (in cerebellum). Lastly, Tandem MS
analysis of tri- and tetra-antennary sialofucosylated glycans
12 Mol Cell Proteomics (2021) 20 100130
with compositions 7641 (in cortex), 6531 and 7623 (in hippo-
campus), and 5621 (in cerebellum) is shown in supplemental
Fig. S8. All sialylated glycans with or without fucose sub-
stitutions (sialofucosylated and sialylated only glycans) iden-
tified in the cortex, hippocampus, and cerebellum contained
N-Acetyl neuraminic acid (NeuAc) residues. Glycans contain-
ing N-glycolyl neuraminic acid (NeuGc) were not found in this
set of samples analyzed in agreement with our results in the
parental forebrain and hindbrain N-glycomes.
In summary, we show the cell membrane N-glycan maps of

the cortex, hippocampus, and cerebellum regions and reveal
an increased resolution of region-specific expression of
N-glycans. We also identified more than 70 glycan composi-
tions with statistically significant discriminant values in dis-
tinguishing these N-glycomes and categorized them into five
different expression patterns. We confirmed by tandem MS
important structural motives, including bisecting, core and
outer-arm fucosylation (Le-fucosylation), and sialyl-Le species
that show region-specific expression profiles.
Altogether, our results reveal that the cerebral cortex,

hippocampus, and cerebellum also present a unique region-
specific cell surface N-glycome (glyco-phenotype), sug-
gesting that the expression of glyco-related genes in the
brain may be tightly regulated.
DISCUSSION

N-glycosylation regulates brain development, function, and
behavior (3–5, 42–44). Numerous brain glycomic studies have
been reported in vertebrate animal models, from fish to ro-
dents, and in human brain tissues (26, 27, 29–33). Despite
significant advances, the cell surface brain N-glycome and the
extent to which the N-glycan array and N-glycosylation
pattern correspond to functional neuroanatomic areas in the
mammalian brain remain largely unknown. In this work, we
used a well-established methodology developed in our labo-
ratory (38) to comprehensively map the cell surface membrane
N-glycome of global and discrete functional areas in the 8-
week-old mouse brain (Fig. 1). Here, we report for the first
time the cell surface N-glycomes of the forebrain and hind-
brain, revealing an impressive diversity of N-glycan arrays
expressed in a region-specific manner. Furthermore, we also
report the N-glycomes of three distinctive functional de-
rivatives from the forebrain and hindbrain, specifically the
cerebral cortex, hippocampus, and cerebellum, revealing
additional unique region-specific glycan arrays. Our results
show in detail the spatial distribution of cell surface N-gly-
come associated with highly specialized functional brain
areas, demonstrating the presence of a previously unknown
functional brain glyco-architecture.
Over 120 individual glycan compositions are identified in the

forebrain and hindbrain N-glycomes with high sensitivity and
reproducibility (supplemental Table S1). In agreement with
earlier glycomic studies (32–34, 40, 45), our results show the
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presence of “brain-type” glycans represented by high levels of
high mannose glycans, neutral species containing bisecting
GlcNAc and branched di-, tri-, and tetra-antennary glycans
with varying levels of galactosylation, fucosylation, and sialy-
lation. However, we observed an increased level of fucosy-
lated glycans, containing up to five fucose residues,
sialofucosylated glycans containing up to four sialic acid
residues, and overall a higher degree of fucosylation and
sialofucosylation in the forebrain. These quantitative differ-
ences in the abundance of glycans subgroups are likely due to
differences in methodological aspects in sample preparation,
as we report the cell surface membrane N-glycomes derived
from plasma-membrane-enriched proteins derived from
region-specific brain tissues, and earlier reports profiled gly-
cans from total protein extracts derived from whole or coronal
section brain homogenates (32, 33, 40, 45). Interestingly, in a
recent spatiotemporal comparative glycomic study of human
and mouse brains, the N-glycome of the forebrain and hind-
brain regions were not addressed (46). We observed that
nearly 43% of N-glycans identified in the forebrain and hind-
brain were differentially expressed (Fig. 2) and 27 of these N-
glycans expressed in region-specific-manner can serve as
discriminants of the forebrain and hindbrain N-glycomes
(Figs. 2 and 3). Mono- and tri-antennary fucosylated glycans
containing 1 to 4 fucose residues were the main discriminators
between the forebrain and hindbrain N-glycomes. Similarly,
high mannose and sialylated species were also differentially
expressed. These results are consistent with recent reports of
differential content in oligomannose, fucosylation, and sialy-
lation determined in the striatum and substantia nigra regions
in the rat brain (29, 30). Notably, several sialofucosylated
glycans species observed in the FB and HB N-glycome were
shown to decrease in a region-specific manner during aging in
the nigrostriatal pathway in rat brains (29). This study also
reports the differential expression of bisecting glycans in the
forebrain and hindbrain (Fig. 4). We present tandem MS
analysis confirming the presence of bisecting, core and an-
tenna fucosylation (Le-fucosylation), and sialyl-Le-
fucosylation motives in glycans expressed in a region-
specific manner and that are in agreement with previous re-
ports in rodent brains (32, 40, 45). Bisecting glycans are
important in normal and pathological neural physiology, as
they regulate the biosynthesis of other terminal modifications
in N-glycans and are upregulated in the brain with Alzheimer's
disease (AD) (44). A recent report shows that post-
transcriptional regulations may play a role in modulating ter-
minal N-glycans fucosylation and sialylation levels (45).
Additionally, earlier reports correlated the relative abundance
of bisecting glycans and fucosylated species carrying core
and antennary fucose residues (forming LewisX (LeX) epitopes)
in the brain tissues with high levels of transcripts encoding the
respective enzymes responsible for the addition of those
residues in N-glycans structures (Mgat3, Fut8, and Fut9) (33).
Thus, the distinct region-specific abundance of bisecting and
fucosylated species here identified may reflect in part a
complex and dynamic interplay of transcriptional and post-
transcriptional regulations of glycosyltransferases that de-
serves further studies.
To further understand the glyco-regionalization of the brain

architecture, we characterized the cell-membrane N-glycome
of the cerebral cortex and the hippocampus derived from the
forebrain and the cerebellum derived from the hindbrain. We
report a highly diverse array of 125 glycans compositions in
the cortex, hippocampus, and cerebellum N-glycomes
(supplemental Table S2), demonstrating a suborgan specific
expression of N-glycans in the brain. This spatial location and
distribution of N-glycan agree with previous brain glycomic
studies using MALDI–imaging mass spectrometry (MALDI-
IMS) on-tissue of coronal sections of mouse brains (27).
However, we achieve a full region-specific N-glycome as we
performed the analysis of entire subregions surgically isolated
from the mouse brain. Our results obtained from 8-week-old
adult mice are also in good agreement with Lee and col-
league's work reporting the spatiotemporal variations in the
brain of 6-week-old and 10-week-old mice (46). We achieved
similar numbers of glycan species identified (~120–130) on the
cortex, hippocampus, and cerebellum N-glycome, although
we report a higher number of glycans with a relative abun-
dance ≥ of 0.05%. Furthermore, we also agree on numerous
glycans species identified by PLS-DA analysis with discrimi-
natory power to distinguish N-glycomes from different brain
regions, including neutral multifucosylated glycans with core
and antenna fucosylation, and a sialofucosylated glycan with
compositions 4320, 4420, 5430, 5520, and 6531, respectively.
The region-specific resolution of the cell surface membrane

N-glycome could reflect at least in part the underlying regional
heterogeneities found at cellular and subcellular levels in the
brain. For instance, at a cellular level, neuronal and non-
neuronal components (i.e., glial cells) vary in a region-specific
manner in the cortex, hippocampus, and cerebellum in func-
tion, origin, density, morphology, turnover, and metabolism
(47). At the molecular level, N-glycan biosynthesis occurs in a
protein-specific manner, and transcriptomic studies have
revealed that distinct spatial protein expression patterns are
associated with different classes of neurons and cell density
across the brain (48). Furthermore, transcriptional and protein
regulation of glyco-related genes, including glycosyl-
transferases as discussed before, sugar transporters, and
trafficking proteins, are also accepted mechanisms that give
rise to glycan heterogeneities.
We compared the N-glycosylation profile in each region and

identified ~75 glycan compositions being expressed in a
region-specific manner that can serve as discriminants of the
cerebral cortex, hippocampus, and cerebellum cell membrane
N-glycomes (supplemental Table S3 and Fig. 6). Furthermore,
we grouped these glycans into five expression pattern groups
(I–V) to provide unique glyco-fingerprints that distinguish the
spatial resolution of N-glycans in the cortex, hippocampus,
Mol Cell Proteomics (2021) 20 100130 13
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and cerebellum that are in good agreement with Lee et al.,
2020 (46). We monitored the presence of other acidic glycans
carrying sulfated epitopes (including the HNK-1 epitope).
Signals potentially compatible with these glycans were iden-
tified; however, their low intensity precluded identity confir-
mation by MS/MS. This potential discrepancy with Lee’s work
is likely due to differences in methodological aspects of
sample preparation. However, it is not surprising as this
modification is expressed in trace amounts on specific gly-
coproteins and cell types only in areas of active neurogenesis
in the adult mouse brain (5).
In this study we observed a ubiquitous but distinctive

spatial distribution of high mannose glycans, with higher
abundances in the hindbrain and cerebellum N-glycomes,
and lower abundance in the forebrain and cerebral cortex N-
glycome. Intriguingly, the hippocampus N-glycome showed
high mannose glycans levels as high as those detected in
the cerebellum. High mannose glycans have been reported
to modify essential postsynaptic proteins such as GABA,
AMPA, and NMDA receptors, and cell surface adhesion
molecules such as the neural cell adhesion molecule L1 (3,
5). High mannose glycans in these glycoproteins participate
in fundamental cell–cell adhesion interactions modulating
synaptic transmission (3, 5, 36). Thus, the ubiquitous
expression of high mannose glycans in all areas analyzed
agrees with the abundant expression of cell surface neuro-
transmitter receptors and synaptic proteins expressed
across the brain that controls basic brain electrophysiology
and synaptic transmission. Interestingly, altered levels of
proteins carrying high mannose glycans were recently re-
ported in a mouse model of AD (49). These glycoproteomic
studies were performed using whole-brain protein extracts,
and thus the spatial resolution of this alteration was not
resolved. Since AD progression occurs in a region-specific
manner and affects the hippocampus and prefrontal cortex
preferentially, mapping the glycan alterations in a region-
specific manner would be of great significance to better
understand the pathophysiology of the disease.
In addition to differences in the forebrain and hindbrain N-

glycome, in this study, we also report a region-specific
expression of bisected glycans in the cortex, hippocampus,
and cerebellum N-glycomes. In addition to modulating the
biosynthesis of higher branched N-glycan structures as pre-
viously discussed, bisected glycans also serve as protein
trafficking tags, modulating the expression of crucial brain
glycoproteins at the cell surface level (45, 50). Moreover, site-
specific occupancy of bisecting GlcNAc glycan has also been
reported, indicating that specific glycoproteins at specific
glyco-sites are modified by bisecting GlcNAc residues (45).
The highly regulatory functions of bisecting glycans highlight
the value of the region-specific expression patterns of
bisecting moieties here identified as a potential mechanism
involved in the establishment or modulation of regional-brain-
N-glycomes.
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We also report the complexity and region-specific variations
of fucosylated N-glycans in the cortex, hippocampus, and
cerebellum N-glycomes (Figs. 5 and 6). We show that a ma-
jority of glycans (~50%) able to discriminate the three N-gly-
comes are fucosylated species (supplemental Table S3, p <
0.001). Higher levels of fucosylation and increased core
fucosylated glycans were detected in the cerebral cortex and
hippocampus N-glycomes. Importantly, core fucosylation is a
crucial modification involved in neuronal plasticity and is
required for learning and memory (4). Specifically, loss of core
fucosylation impairs Long-Term-Potentiation (LTP) and the
ability to consolidate memory formation (51). The cerebral
cortex and hippocampus are heavily involved in learning and
memory; thus, our findings may be indicative of a glycan
structure-region function correlation previously unknown. Our
results are also in agreement with a report of differential core
fucosylation levels in the stratum and substantia nigra regions
in the rat brain (30).
We also describe prominent region-specific differences in

the abundances of multifucosylated N-glycans containing
up to five fucose residues (Fig. 6 and supplemental
Table S3) in agreement with early and latest reports (46).
Tandem MS confirmed the presence of core and antenna
fucosylation (Le X) in agreement with several brain glycomic
studies in adult rodents (32, 33, 40, 45). LeX epitopes are
developmentally regulated, and in the adult brain, LeX oc-
curs in neurogenic zones and is expressed at high levels in
different populations of glial cells (i.e., astrocytes and oli-
godendrocytes) (5). This is in support of the significant
heterogeneity and differential distribution of LeX reported
here. Interestingly, numerous proteins carry this modifica-
tion, including neural cell adhesion molecules (NCAM and
L1), synaptic proteins (synapsin I), and myelin proteins
(contactin-1) are involved in axon and neurite outgrowth,
synaptic transition, and myeline sheath stabilization high-
lighting the broad functional relevance of LeX in numerous
key neurophysiological processes.
Likewise, we report the complexity of cell membrane

highly branched sialofucosylated glycans, containing up to
four sialic acids and up to five fucose residues. Our results
are in good agreement with earlier N-glycomic reports ob-
tained using whole mouse brain tissues (33, 45), fixed and
fresh frozen coronal brain sections (34, 35), and cell mem-
brane fractions (46). We provide with high resolution the
region-specific occurrence of sialofucosylated glycans and
their values in differentiating the N-glycome from the cortex,
hippocampus, and cerebellum that is unknown thus far. All
species identified presented NeuAc residues, and the
expression of trace amounts of NeuGc reported in brain
tissue (52) was not detected in these regions, in accordance
with our results from the forebrain and hindbrain. Sialic acids
(NeuAc) are essential functional regulators of brain electro-
physiology by modulating cell surface expression, gating,
and kinetics of numerous ion channels (Na+2, Ca+2, and K+)
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and neurotransmitter transporters (Acetylcholine and GABA
receptors) (3, 10, 12–14, 16). The forebrain as a unit and the
cortex and hippocampus as specialized derived structures
centralize the processing of information related to cognitive
activities and behavior. Dysregulation of brain sialylation
levels has been reported in CDG, psychiatric diseases such
as schizophrenia, during aging, and in neurodegenerative
disorders such as Alzheimer's and Parkinson's diseases
(2, 29, 31, 49, 53). Thus, additional research to unveil the
functional relevance of regional spatial distribution of sialic
acid in the brain will shed light to understand better the
modulatory role of N-glycosylation in brain function and
cognition at a suborgan and region-specific level.
In conclusion, this study reports the cell-membrane

enriched N-glycome maps obtained from global functional
regions of the brain: the forebrain, hindbrain, and three
discrete functional brain areas cerebral cortex, hippocampus,
and cerebellum. These unique cell membrane N-glycome
maps reveal the extraordinary complexity and diversity of N-
glycans distribution in a functional and region-specific manner
in the adult mouse brain. To the best of our knowledge, this is
the first report of the forebrain and hindbrain N-glycome.
Region-specific glycomic profiles identified in this work are
groundbreaking discoveries as they reveal the resolution of
cell surface N-glycosylation in the mammalian brain. The data
provide new insights into specific glycans structures and their
expression patterns in the brain, suggesting tight controls over
the expression of enzymes involved in the biosynthesis of
brain N-glycans. The application of the method, as described
here, will enable further research to advance our under-
standing of brain function and how it can be regionally
modulated by N-glycosylation in normal and pathophysio-
logical conditions.
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