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Abstract

Glycosylation, the enzymatic attachment of carbohydrates to proteins and lipids, regulates nearly
all cellular processes and is critical in the development and function of the nervous system. Axon
pathfinding, neurite outgrowth, synaptogenesis, neurotransmission, and many other neuronal
processes are regulated by glycans. Over the past 25 years, studies analyzing post-mortem brain
samples have found evidence of aberrant glycosylation in individuals with schizophrenia. Proteins
involved in both excitatory and inhibitory neurotransmission display altered glycans in the disease
state, including AMPA and kainate receptor subunits, glutamate transporters EAAT1 and EAAT?2,
and the GABA receptor. Polysialylated NCAM (PSA-NCAM) and perineuronal nets (PNNs),
highly glycosylated molecules critical for axonal migration and synaptic stabilization, are both
downregulated in multiple brain regions of individuals with schizophrenia. Additionally, enzymes
spanning several pathways of glycan synthesis show differential expression in brains of individuals
with schizophrenia. These changes may be due to genetic predisposition, environmental
perturbations, medication use, or a combination of these factors. However, the recent association
of several enzymes of glycosylation with schizophrenia by genome-wide association studies
underscores the importance of glycosylation in this disease. Understanding how glycosylation is
dysregulated in the brain will further our understanding of how this pathway contributes to the
development and pathophysiology of schizophrenia.
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Introduction

Glycosylation, the enzymatic attachment of sugars to proteins and lipids, is a major regulator
of health and disease [1]. Mutations in glycosylation enzymes and associated genes cause
over 130 known unique Mendelian conditions termed congenital disorders of glycosylation
or CDGs, resulting in a broad set of symptoms affecting numerous organs [2, 3]. Despite
their clinical heterogeneity, nearly 80% of patients with CDGs have neurologic symptoms
including seizures and intellectual disability, highlighting the importance of glycosylation in
the nervous system [4]. Neuronal glycosylation has been studied extensively, and plays
important roles in cell-cell recognition, adhesion, migration, neurite outgrowth, axon
pathfinding, synaptogenesis, and the regulation of neurotransmission [5]. For example,
mutating N-glycosylation sites in neurotransmitter receptors and transporters can impair
subunit assembly, intracellular trafficking, cell surface expression, protein stability, and
ligand binding [6-11]. Glycan structures are differentially expressed during development of
the brain, and changes in glycan abundance have been observed in several neuropsychiatric
conditions [12].

Genome-wide association studies (GWAS) have identified over one hundred genes
associated with schizophrenia, enabling researchers to study the molecular underpinnings
that contribute to this complex polygenic disorder [13]. In addition to genes involved in
synaptic transmission and the immune system, several glycosylation enzymes are directly
implicated in the pathogenesis of the disorder (reviewed in linked publication, Mealer et al,
2020, submitted for publication). Though it has received less attention than other possible
pathogenic mechanisms, a substantial literature exists documenting dysregulated
glycosylation in schizophrenia, primarily in post-mortem studies. These studies suggest that
changes in glycosylation may, at least in part, contribute to abnormal neuronal signaling and
connectivity observed in schizophrenia. However, such changes may also result from
exposures associated with the disease. Given the known importance of glycosylation in brain
development and the neurodevelopmental origins of schizophrenia, targeting the
glycosylation pathway represents a novel area of research for schizophrenia therapeutics.
Understanding both the proximal genetic vulnerabilities and subsequent functional changes
in individuals with schizophrenia will be necessary to inform such studies. Here, following a
brief discussion on the synthesis of glycans as well as the tools used to study them, we
review prior studies of glycosylation changes in individuals with schizophrenia.

Overview of glycan assembly

Glycosylation requires the concerted effort of more than 300 enzymes to generate the rich
diversity of glycans necessary for proper protein folding, protein trafficking, cell-cell
recognition, cell migration, and countless other cellular processes [14, 15]. Glycosylation
enzymes often function in a single pathway with only one or occasionally a few enzymes
capable of completing each step. For glycoproteins, the majority of glycans are attached to
asparagine (N-linked) or serine/threonine (O-linked) residues [16]. N-linked glycosylation of
proteins occurs post-translationally in the endoplasmic reticulum (ER) with the “en bloc”
transfer of a high-mannose “precursor” to target proteins [17, 18]. N-glycans are then further
processed in the ER and Golgi apparatus by glycosidases that trim sugars from the structure
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and glycosyltransferases that add additional monosaccharides, resulting in a diverse array of
hybrid- and complex-type N-glycans. Initiation of O-glycosylation is more variable and can
occur in the ER or Golgi depending on the primary monosaccharide being attached, which
can then be similarly extended by various glycosyltransferases [19-21]. Synthesis of
glycolipids, including galactosylceramide, the most common in the brain, and
glucosylceramide, a common precursor to more complex glycolipid structures, also occurs
in a stepwise fashion through the ER and Golgi [22, 23]. Galactosylceramide can be sulfated
to generate a 3-O-sulfated derivative termed sulfatide, which is a major component of
myelin [24]. Additional glycosylated structures commonly found in the brain are
proteoglycans, which consist of a protein core modified by linear polysaccharide chains
termed glycosaminoglycans (GAGS) [25]. GAGs can attach to asparagine, serine or
threonine resides on the core protein and vary in length, monosaccharide composition, and
sulfate modifications, giving rise to potentially hundreds of polysaccharide structures [26].
Because the final product in each pathway is a culmination of sequential enzymatic reactions
akin to an assembly line, improper function or expression of a single glycosylation enzyme
at any point can result in altered glycans and a range of downstream effects such as a CDG
or subtle changes in the risk of common phenotypes [27, 28].

Biological tools for assessing glycosylation

Before reviewing the evidence of altered glycobiology in schizophrenia, it will be useful to
understand how such alterations are assayed. Glycobiologists employ a variety of techniques
to analyze glycoproteins and glycoenzymes from post-mortem brain tissue and other human
samples [29]. Deglycosylation assays typically utilize two glycosidases that release either all
N-linked glycans (PNGase F or N-glycanase), or preferentially high-mannose “precursor”
and hybrid N-glycans (Endo H or Endoglycosidase H) from glycoproteins of interest,
resulting in a molecular mass shift when the digested proteins are run on a gel, thus
indicating the presence of N-glycans. Indirect assays use carbohydrate-binding proteins
(lectins) with specific glycan affinities to quantify the abundance of such motifs within a
sample based on the amount of bound lectin. Antibodies specific to glycan epitopes or the
glycosylated form of a protein are also used in both immunohistochemistry and western blot
analysis. Further, expression of glycosylation enzymes is measured at both the protein level
by western blot and RNA level using microarrays. Finally, glycomic analysis using mass
spectrometry (MS) and/or high-performance liquid chromatography (HPLC) has also been
employed in patient samples to detect glycans within blood and cerebrospinal fluid (CSF)
cleaved by PNGase F. Together, these techniques have identified altered N-glycans on
neurotransmitter receptors and transporters [30-33], reduced expression of polysialylated
NCAM [34, 35] and perineuronal nets [36—41], and differential expression of several
glycosylation enzymes in the brains of individuals with schizophrenia [42—44], as well as
changes in the relative abundance of glycan classes in the CSF [45] (Table 1 and Figure 1).

Differential N-glycosylation of glutamate- and GABA-associated proteins

The balance between excitatory and inhibitory signaling has long been the focus of extensive
research in schizophrenia, with dysfunction thought to underlie changes in network activity
across the brain [46-50]. Analysis of post-mortem brains from individuals with
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schizophrenia has revealed differences in the N-glycosylation of proteins involved in
excitatory glutamate and inhibitory gamma aminobutyric acid (GABA) transmission.
However, the reported changes vary across pathways, proteins, and subunits, limiting a clear
explanation for how such changes contribute to schizophrenia.

Glycosylation studies of the glutamate system have analyzed three different types of
receptors — AMPA, NMDA, and kainate [30, 31] — as well as the excitatory amino acid
transporters EAAT1, 2, and 3 [32] for differences in N-glycosylation. Of the four AMPA
receptor subunits (GluA1-4) isolated from dorsolateral prefrontal cortex, GIUA2 and GluA4
were sensitive to Endo H and PNGase F digestions, indicating the presence of both high-
mannose/hybrid and complex-type N-glycans on these subunits [30]. It is important to note
that all four subunits have putative N-glycosylation sites based on sequence analysis [51],
suggesting that all four subunits are glycosylated though likely at levels lower than the
detection limit of this assay. Compared to controls, GluA2 subunits isolated from individuals
with schizophrenia showed significantly lower levels of high-mannose/hybrid glycans
revealed by EndoH treatment as well as decreased binding to ConA, a lectin that binds high
mannose and complex N-glycans [52]. The functional implications aberrant GIuA2
glycosylation were not tested, but the authors hypothesized that the change could impair
protein trafficking of the subunit and disrupt the formation of AMPA receptor complexes,
therefore impacting overall glutamate signaling [30].

NMDA and kainate receptors have also been examined, with five out of six subunits shown
to be N-glycosylated; GIuN1, GIuUN2A, GIuN2b, GluK2 and GIluKS5 are all sensitive to both
PNGase F and EndoH [31]. Of the glycosylated proteins, the GIuK2 kainate receptor subunit
from individuals with schizophrenia displayed increased sensitivity to EndoH, suggesting
greater abundance of high-mannose/hybrid-type N-glycans in the disease state. While this
result is in contrast to the analysis of AMPA receptors, taken together the data suggests an
overall dysregulation of N-glycosylation on glutamate receptors in schizophrenia.

The glutamate transporters EAAT1, EAAT2, and EAAT3 remove this excitatory amino acid
from the synaptic cleft, halting signaling and recycling the neurotransmitter. Analysis of
these transporters isolated from the dorsolateral prefrontal and cingulate cortices revealed no
change after treatment with EndoH, suggesting a lack of high-mannose/hybrid N-glycans on
all three transporters [32]. However, EAAT1 and EAAT2, which are primarily expressed in
astrocytes, were sensitive to PNGase F, consistent with the presence of complex N-glycans.
These transporters from individuals with schizophrenia were less sensitive to PNGase F
treatment, indicating a decrease in complex N-glycans on EAAT1 and EAAT2 compared to
controls.

Differential glycosylation of GABA-associated proteins has also been observed in post-
mortem samples from individuals with schizophrenia. Enzymatic deglycosylation and lectin-
affinity analysis of GABA receptor subunits isolated from the superior temporal gyrus
revealed the presence of N-glycans on the a1, a4, 1, B2, and g3 subunits [33].
Interestingly, each subunit displayed a different glycosylation change in individuals with
schizophrenia compared to controls, with the a1 subunit showing decreased high-mannose
N-glycans, the B1 subunit showing increased high-mannose N-glycans, and the $2 subunit
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showing an increase in total N-glycosylation. A follow up study investigating the trafficking
and assembly of these subunits demonstrated abnormal localization of the f1 and p2
subunits isoforms in schizophrenia [53]. These authors attributed abnormalities in GABAp
subunit trafficking to altered glycosylation and proposed that this phenomenon could be
contributing to inhibitory signaling deficits observed in schizophrenia.

Decreased polysialylation of NCAM

Neural cell adhesion molecule (NCAM) is a glycoprotein critical for many processes in
brain development including cell-cell adhesion, axonal migration, cellular differentiation,
and synapse formation [54]. This protein is expressed in multiple isoforms including the
“embryonic” polysialylated isoform (PSA-NCAM) and three “adult” isoforms which lack
polysialic acid (NCAM-180, NCAM-140, and NCAM-120), though small amounts of PSA-
NCAM is found in the adult brain as well [38, 55, 56]. PSA-NCAM is used as a marker for
developing and migrating neurons and can be modified with linear chains of up to 400
negatively charged sialic acid carbohydrate monomers, which are thought to regulate
adhesion properties of the protein [57, 58].

NCAM isoforms have been studied in the hippocampi of post-mortem brains from
individuals with schizophrenia and controls using immunohistochemistry with antibodies
recognizing either all isoforms of NCAM or PSA-NCAM specifically [34]. The overall
expression of NCAM was not different between the two groups, but hippocampi from
individuals with schizophrenia displayed lower levels of PSA-NCAM in the dentate gyrus
and hilar regions. A separate analysis of NCAM in the dorsolateral prefrontal cortex of post-
mortem samples also showed significantly reduced levels of PSA-NCAM in individuals with
schizophrenia, and this change was not observed in cases of bipolar disorder or major
depressive disorder [35].

The two enzymes responsible for polysialylation of NCAM — ST8SIA2 and ST8SIA4 — have
been investigated in candidate gene analyses of schizophrenia, though they have not shown
statistically significant association in large-scale GWAS results. A small candidate gene
study in a Japanese sample reported nominal association between schizophrenia and two
SNPs in the ST8S/AZ2 promoter region [59]. A subsequent candidate gene study in a Han
Chinese sample also reported association between schizophrenia and S7T85/A2 coding
variants, as well as haplotype comprising SNPs reported in the Japanese study [60]. In a
follow-up study, the two missense mutations in S785/A2were generated and assayed for
polysialylation activity and binding using a heterologous cell model [61]. Both mutations
resulted in less polysialic acid on NCAM, which in turn affected the protein function and
binding to BDNF and dopamine. Mouse models with combinations of variants in St8siaZ,
St8sia4 and Ncam1 demonstrated disrupted brain connectivity measured by morphometric
histology in the anterior commissure, corpus callosum, and internal capsule, which was
shown to depend on the extent of NCAM polysialylation rather than the expression level of
the protein [62]. However, as noted, variants in these genes have not been convincingly
associated with schizophrenia. While candidate gene studies have well-known limitations,
these results are at least consistent with the hypothesis that variation in polysialylation may
affect neuronal function.

Mol Psychiatry. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williams et al. Page 6

Alterations in perineuronal nets and extracellular matrix components

Perineuronal nets (PNNs) are heterogeneous glycoprotein aggregates in the neural
extracellular matrix (ECM) that regulate synaptic plasticity and have been the subject of
extensive investigation in relation to schizophrenia [63, 64]. Multiple studies have
demonstrated decreased levels of PNNs in the amygdala, entorhinal cortex, olfactory
epithelium, and layers Il and V of the prefrontal cortex in post-mortem samples of
individuals with schizophrenia [36-41]. The markers used in these studies bind complex
carbohydrates known as glycosaminoglycans (GAGs) on chondroitin sulfate proteoglycans
(CSPGs), which include aggrecan, brevican, phosphacan, neurocan, and versican [65].
CSPGs are key components of PNNs, and their GAG chains have been shown to regulate
neurite outgrowth and activity [66, 67]. Local enzymatic degradation of the carbohydrate
chains of CSPGs in the ventral hippocampus of mice resulted in increased locomotor
activity and dopamine system functioning, drawing parallels with some animal models and
clinical symptoms of schizophrenia [68].

Transcripts for a number of ECM molecules showed decreased expression in pyramidal
neurons of the superior temporal gyrus in schizophrenia cases, including aggrecan and
versican [69]. Proteomic analysis of the anterior temporal lobe from individuals with
schizophrenia revealed a reduction of the aggrecan protein core (AGC) as well as HALPNZ2,
a protein that links and stabilizes CPSGs to other components of the ECM [70, 71]. An
increase in phosphacan mRNA levels, also known as PTPRZ1, have been reported in
dorsolateral prefrontal cortex of schizophrenia cases, and transgenic mice overexpressing
this gene displayed altered glutamatergic, GABAergic, and dopaminergic signaling as well
as behavioral abnormalities as well as behavioral phenotypes [72]. A common variant in the
gene encoding neurocan (NCAN) has been investigated as a genetic risk factor for both
schizophrenia and bipolar disorder and showed correlation with cortical folding and
cognitive function [73-76]. The most recent and best powered GWAS confirm the
association of this locus with both schizophrenia and bipolar disorder, though it is important
to note this complex region contains ~20 genes, making it difficult to determine whether
NCAN is the causal gene in this locus [13, 77].

In addition to CSPGs, glycoproteins found in PNNs have exhibited altered mRNA or protein
expression in the brains of individuals with schizophrenia, including reelin, semaphorins,
and integrins, though the specific glycans on these proteins were not analyzed [78-82]. Two
families of metalloproteinases that regulate PNNs have also been studied in the context of
schizophrenia, including matrix metalloproteinases (MMPs) and “a disintegrin and
metalloproteases with a thrombospondin motif” (ADAMs/ADAMTS) [83, 84]. Several of
these enzymes showed altered mRNA expression in pyramidal neurons of the superior
temporal gyrus in disease samples including ADAMTS1, ADAMTS6, MMP16, MMP24,
and MMP25, and protein levels of an additional matrix metalloproteinase, MMP9, were
detected at elevated levels in blood samples from schizophrenia cases [69, 85, 86]. A
common variant in MMPI16 has been associated with schizophrenia through GWAS, and one
member of the ADAMs family of enzymes ADAMTSL 3 localizes to asignificant but again
complex and ambiguous locus; however, we are unaware of any association between genetic
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variants in the subset of specific glycosyltransferases that synthesize GAGs on CSPGs and
schizophrenia [13].

Differential expression of glycosylation enzymes

Gene expression studies of glycosylation enzymes in individuals with schizophrenia have
identified differences across several pathways of glycan synthesis, suggesting that
glycosylation as a whole may be dysregulated in the disease rather than just one or two
specific synthetic pathways.

Studies of enzymes that add fucose residues to glycoconjugates in the superior temporal
gyrus of schizophrenia cases revealed increased protein expression of POFUT2, an O-
fucosyltransferase that attaches fucose directly to serine and threonine residues, and
decreased expression of FUTS8, the only a—1,6-fucosyltransferase which generates core-
fucosylated N-glycans [42]. Measurement of core-fucosylated N-glycans using the
carbohydrate-binding lectin AAL, which is specific for fucose, revealed reduced binding in
disease samples, consistent with decreased FUT8 expression. Fut8knockout mice exhibit
decreased core-fucosylated N-glycans across various brain regions, including the
hippocampus, and display hyperactivity, reduced social interaction, decreased working
memory, and impaired pre-pulse inhibition — behavioral correlates observed in some cases of
schizophrenia [87]. Common targets of POFUT2 include the ADAMTS family of
metalloproteinases which rely on O-fucosylation for secretion into the extracellular matrix
where they can remodel proteoglycans of perineuronal nets (PNNs) [84, 88, 89].

Protein levels of two N-acetylglucosaminyltransferases, MGAT4A and B3GNTS, differed in
the dorsolateral prefrontal cortex of elderly individuals with schizophrenia compared to
controls [43]. MGAT4A, one of two enzymes responsible for adding a fourth branch onto
complex N-glycans, also showed changes in mMRNA expression in parvalbumin-type
interneurons isolated from layer 3 of the dorsolateral prefrontal cortex [90]. Protein levels of
B3GNT8, which adds polylactosamine units to N-glycans, is upregulated in gliomas relative
to normal brain tissue, but its role in neurologic and psychiatric disorders is unknown [91].

Finally, analysis of glycosylation gene expression using a custom RNA microarray in
samples of prefrontal cortex identified differential expression of several enzymes, spanning
multiple glycosylation pathways including N-linked, O-linked, and glycolipid metabolism
[44].

Alterations of CSF N-glycans

In contrast to studying a particular glycoprotein, glycoenzyme, or glycan structure,
glycomics analyses can be utilized to determine the relative abundance of individual or
classes of N-glycans removed from host proteins using PNGase F. One such study analyzed
the N-glycans from glycoproteins within CSF and serum of antipsychotic-naive individuals
with schizophrenia and controls using high performance liquid chromatography [45]. The
results revealed a general downregulation of certain classes of N-glycans in the CSF of
cases, including bisected and sialylated structures, as well as gender-specific changes in
serum protein N-glycans such as a two-fold increase in two complex N-glycans (A4G4S4
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and A3FG3S3) in males with the disorder. Additional experiments to place these glycan
changes in a biological and functional context are required, but the systematic analysis
provides evidence that glycosylation is altered in the disease state and not strictly limited to
substrates in the brain.

Discussion

Glycosylation encompasses a range of processes that are critical to normal brain
development and neuronal function. In this review, we synthesize evidence suggesting broad
dysregulation of glycobiology in schizophrenia. As the diagnostic criteria for schizophrenia
are based on clinical phenomenology without consideration of biologically-defined markers
of disease, our field is in dire need of validated and approachable disease mechanisms for
the development of diagnostics and treatments [92, 93]. The profound clinical heterogeneity
encompassed by the diagnosis of schizophrenia contributes to our difficultly in identifying
such targets, and also likely accounts for some of the diverse glycosylation changes observed
in the disease state.

Glycosylation changes observed in schizophrenia span several brain regions, cellular
pathways, classes of proteins, and steps of the synthetic pathway. This suggests a general
dysregulation of glycosylation as a feature of the disease state and does not implicate a
specific synthetic step or cell type as being uniquely vulnerable. For example, glutamate
receptor subunits displayed bidirectional changes of glycosylation in individuals with
schizophrenia, with GluK2 having more high-mannose N-glycans and GluA2 having fewer.
The excitatory amino acid transporters EAAT1 and EAAT?2 exhibited no difference in high-
mannose N-glycans, but their complex N-glycans were different in brain samples from cases
of schizophrenia in post-mortem studies. Glycoproteins from multiple cell types showed
differences of glycosylation in the disease state, again illustrated by the neuronal proteins
GIuA2 and GluK2 and the glia proteins EAAT1 and EAAT2. Glycosylation differences are
not limited to N-glycosylation and are found in polysialylation, O-glycosylation,
glycosphingolipid metabolism, and proteoglycans as well. Studies of glycosylation changes
in schizophrenia stop short of determining the functional consequences of the observed
differences, highlighting our relatively limited understanding of glycosylation in the nervous
system despite the clear functional importance of this pathway in brain development [4].
Future studies of glycosylation enzymes dysregulated in schizophrenia, such as POFUT2,
FUT8, MGAT4A, and B3GNTS8, should include analyses of which glycoproteins are
modified by these enzymes in the brain and how they change in the disease state, facilitating
a better understanding of how these changes contribute to the disorder.

Aberrant glycosylation in schizophrenia may be attributed to several factors, including
medications and environmental stressors associated with a lifetime of living with severe
mental illness, as well as an individual’s genetic risk. To determine if glycosylation changes
play a causal role in the development of the disorder or instead result from exposures in the
disease state, such variables must be considered. One study of first-break, antipsychotic-
naive individuals with schizophrenia found differences in individual CSF N-glycans between
cases and controls, illustrating that medications alone are probably not sufficient to explain
the altered glycan patterns observed. However, in post-mortem samples, prior antipsychotic
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medication use can have a profound effect on proteins and metabolites in schizophrenia [94].
Antipsychotic treatment alone can alter glycosylation in individuals with schizophrenia, as
demonstrated by changes in N-glycans on serum glycoproteins detected after 6 weeks of
olanzapine treatment [95]. Olanzapine or chlorpromazine has also been shown to increase
levels of PSA-NCAM in the prefrontal cortex of healthy adult rodents, and chlorpromazine
increased the surface expression of PSA-NCAM in human neuroblastoma cells, suggesting
that these medications may impact localization or recycling of the polysialylated protein [96,
97]. Individuals with schizophrenia show decreased levels of PSA-NCAM in the brain
compared to controls, raising the question of whether treatment may mitigate this reduction.

With regard to whether glycosylation changes might be secondary to exposures associated
with a lifetime of severe mental illness, one post-mortem study compared levels of PSA-
NCAM in the dorsolateral prefrontal cortex (PFC) in individuals with schizophrenia to
individuals with bipolar disorder, major depressive disorder (MDD), and controls, finding a
reduction only in cases of schizophrenia [35]. However, a more recent study of PNN levels
in the dorsolateral prefrontal cortex found reductions in both bipolar disorder and
schizophrenia samples compared to controls [41]. We are not aware of additional
experiments analyzing glycosylation in the brains of individuals with MDD, but some
studies have reported changes in the plasma or serum protein N-glycome in depression [98—
100]. These results highlight the complexity and challenge of determining whether
glycosylation changes are related to a particular disease, symptom, or exposure.

Recent GWAS of schizophrenia have identified risk variants near five genes encoding
glycosylation enzymes, as well as several proteins critically regulated by glycosylation
(Reviewed in related publication, Mealer et a/, 2020, submitted for publication). The
functional implications of these variants have yet to be studied, but the genetic association of
glycosylation enzymes with schizophrenia supports the view that this pathway is involved in
pathogenesis of the disorder. Further, work from our group and others has shown that the
strongest coding variant from schizophrenia GWAS, a missense mutation in SLC39A8,
lowers concentrations of a manganese, a critical co-factor for glycosyltransferases, and leads
to altered glycosylation [101, 102].

In sum, there is a compelling argument from observational analyses of plasma, CSF and
post-mortem brain samples that aberrant glycosylation is involved in the pathophysiology of
schizophrenia, but many questions remain to be answered including the temporal
relationship and connection to heritable variation. A recent review by Mueller and Meador-
Woodruff describes schizophrenia-associated changes in glycosylation as well as an array of
additional post-translational modifications, highlighting the importance and complexity of
molecular alterations in disease [103]. Studies of glycosylation and schizophrenia have
primarily focused on N-glycosylation due to the existence of well-developed and validated
tools (namely enzymes that specifically remove N-glycans from proteins), leaving
comprehensive assessment of protein O-glycosylation, glycolipids, and proteoglycans
relatively unexplored in the disease state. Genetic associations with schizophrenia include
enzymes which can act on N-glycans, O-glycans, glycolipids, and proteoglycans,
demonstrating the need to include analyses of each modification in future research. Moving
forward, experiments should consider the genetic variation related to schizophrenia, the
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diversity of glycosylation modifications, the contribution of environmental factors, and

cli

nical heterogeneity in order to develop a more comprehensive understanding of how

glycosylation is dysregulated in this disease.
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Figure 1. Glycoproteins and glycoenzymes altered in schizophrenia through gene expression and
post-mortem studies.

Numerous studies primarily in post-mortem brain samples have identified altered
glycosylation of multiple neuronal proteins, as well as changes in the expression of
glycosyltransferase enzymes. Presynaptic neuron is shown in green, postsynaptic neuron in
blue, astrocyte in red. Glycans included for illustrative purposes, with monosaccharides
coded according to SNFG guidelines (https://www.ncbi.nIm.nih.gov/glycans/snfg.html).
Perineuronal Nets - PNN; Polysialylated Neuronal Cell Adhesion Molecule - PSA-NCAM.
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Glycoproteins altered in post-mortem studies of schizophrenia
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olfactory epithelium, entorhinal cortex, and prefrontal cortex

Substrate Glycosylation Change in Schizophrenia Methodology Reference
AMPA Receptors | Decreased high mannose N-glycans on GluA2 subunit an(faigr:iyglosylatlon Lectin- [30]
NMDA Receptors | Increased high mannose N-glycans on kainate GluK2 subunit an%gnI%;osylatlon Lectin- [31]

EAATs Decreased complex N-glycans on EAAT1 and EAAT2 Deglycosylation [32]
Decreased high mannose structures on a1 subunit; Increased high mannose .
GABA Receptor N-glycans on B1 subunit; Altered total N-glycans on B2 subunit Deglycosylation 33]
PSA-NCAM Reduction of PSA-NCAM in hippocampus and DLPFC Immunostaining [34, 35]
PNN Reduction of glycosaminoglycans (GAGs) detected in the amygdala, Immuno- and lectin [36-41]

staining
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