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Abstract

N-linked glycosylation is a complex, co- and post-translational series of events that connects 

metabolism to signaling in virtually all cells. Metabolic assembly of N-linked glycans spans 

multiple cellular compartments, and early N-linked glycan biosynthesis is a central mediator of 

protein folding and the unfolded protein response. In the brain, N-linked glycosylated proteins 

participate in a myriad of processes from electrical gradients to neurotransmission. However, it is 

less clear how perturbations in N-linked glycosylation impact and even potentially drive aspects 

of neurological disorders. In this review, we discuss our current understanding of the metabolic 

origins of N-linked glycans in the brain, their role in modulating neuronal function, and how 

aberrant N-linked glycosylation can drive neurological disorders.
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The ever-expanding carbohydrate code

Simple sugars, also known as monosaccharides, are one of the foundational groups of 

biomolecules that comprise a cell. The most well-studied monosaccharide is glucose, 
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an essential substrate for bioenergetics and a carbon source for anabolic synthesis of 

macromolecules. More than ten unique monosaccharides have been identified thus far 

that are important for mammalian cellular and organismal physiology [1]. Unlike glucose, 

the primary role of most monosaccharides is to serve as building blocks for complex 

carbohydrate molecules such N-linked glycans, O-linked glycans, and proteoglycans that 

regulate protein structure and cellular functions. Similar to the DNA-centric genetic code 

where four deoxynucleotides give rise to life’s biodiversity, the carbohydrate code, 

comprised of unique monosaccharides, is a fundamental element of the protein interactome 

that leads to organismal complexity (Figure 1). With at least ten identified monosaccharides 

within a cell and over 1012 possible combinations [2], we are just beginning to unravel the 

carbohydrate code complexity that impacts organismal physiology and disease pathology.

Among the major classes of complex carbohydrates, N-linked glycans are the most diverse 

both in terms of their structure and functional roles in mammalian cells [3]. N-linked 

glycosylation is a highly regulated co- and post-translational series of events that modifies 

cell surface, secreted, and circulating proteins [4]. Synthesis of N-linked glycans is a 

multi-compartmental process that requires over 700 glycosyltransferases and glycosidases 

acting in a tightly regulated manner that ultimately determines the glycan profile of a 

cell. N-glycan synthesis is intimately linked to protein folding and the unfolded protein 

response (UPR) and many salvage pathways in the lysosome [5] and autophagosome 

[6]. Further, N-linked glycans participate in a diverse repertoire of cellular processes 

related to protein structure and function including protein maturation, stability, subcellular 

localization, enzymatic activity, and protein-protein interaction [7]. Genetic knockout of 

enzymes in the glycosylation pathway in immortalized cell lines typically only mildly 

impacts cellular proliferation [8]; however, whole-body knockout of the same enzymes in 

mice is often embryonic lethal [9]. These parallel experiments highlight the importance 

of N-linked glycans in cell-cell communication and signaling that are essential during 

differentiation and embryonic development of multi-cellular organisms. This review focuses 

on the emerging roles of N-linked glycans in brain physiology and neurological disorders.

Monosaccharides are metabolically channeled in the central nervous 

system

Glucose, glucosamine, fucose, mannose, galactose, and sialic acid are the basic 

monosaccharide building blocks for N-linked glycosylation. Within a cell, monosaccharides 

are biochemically conjugated to a nucleotide to generate sugar-nucleotides that act as carrier 

molecules (i.e., UDP-N-acetyl glucosamine (UDP-GlcNAc), GDP-fucose, GDP-mannose, 

UDP-galactose, and CMP-sialic acid) for transport across the endoplasmic reticulum 

(ER) and/or Golgi membranes (Figure 2). In the central nervous system (CNS), all 

sugar-nucleotides can be synthesized from glucose, although sugar-nucleotides can also be 

synthesized from other free monosaccharides that are present in the brain. For example, 

UDP-GlcNAc can be de novo synthesized from glucose, glucosamine, and fructose. Further, 

GDP-fucose, GDP-mannose, UDP-galactose can be synthesized from free fucose, mannose, 

and galactose, respectively. Ultimately, the final glycosylation profile and overall glycan 

complexity in the brain is greatly impacted by availability of monosaccharide precursors. 

Conroy et al. Page 2

Trends Endocrinol Metab. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although glucose is thought to be the preferred carbon source for their synthesis, cells are 

able to adapt during glucose deprivation and cellular stress to directly uptake other N-glycan 

monosaccharides to maintain proper N-linked glycosylation [10]. N-glycan biosynthesis is 

initiated in the ER where the core glycan structure is assembled through sequential addition 

of GlcNAc and mannose monomers and transported to the Golgi for maturation [11]. In the 

Golgi, the glycan core is further modified for complexity. Additional branching is initiated 

in the cis Golgi, the addition of galactose occurs at medial Golgi, and sialic acid and fucose 

modifications follow in the trans Golgi and transport vesicles. Together these enzymatic 

events generate structurally diverse N-linked glycans that are critical for brain function 

(Figure 2).

Glycogen is another critical complex carbohydrate in the brain (Box 1) [12], and decades 

of research have highlighted the relationship between glycogen and N-linked glycan 

biosynthesis [13]. Glycogen can be catabolized into glucose 1-phosphate by glycogen 

phosphorylase or glucose monomers by acid glucosidase (GAA). Both glucose 1-phosphate 

and glucose are preferred substrates for the de novo synthesis of sugar-nucleotides. Early 

reports suggested the possibility that glycogen may contain monosaccharides other than 

glucose [14,15]. Indeed, a recent study reported that nearly 25% of brain glycogen consists 

of glucosamine, and glycogen-associated glucosamine represents a substantial substrate 

pool for the production of UDP-GlcNAc, and subsequently the biosynthesis of N-linked 

glycans and other complex carbohydrates and glycolipids [16]. Strikingly, glycogen granules 

are frequently observed localized to the cytosolic side of the ER membrane [17] and a 

recent study elegantly detailed that the carbohydrate binding enzyme STBD1 is required 

to anchor glycogen to the ER membrane [18]. During ER stress, glycogen clusters at the 

ER membrane [18] and is proposed to serve as a rapid supply of substrates to support 

ER function. Further, genetic approaches that prevent substrate release from glycogen 

drive a hypoglycosylation phenotype in the brain through simultaneous constriction of 

glucosamine availability and altered carbon flux through the hexosamine pathway for 

the de novo synthesis of sugar-nucleotides [16]. Thus, glycogen and N-linked glycans 

are metabolically channeled both through common substrates and spatial approximation. 

These studies highlight that glycogen accessibility plays a critical role in maintaining N­

glycan metabolic homeostasis in the brain. However, a deeper understanding of substrate 

availability and cellular compartmentalization is needed to elucidate the complex regulatory 

pathways that control carbohydrate metabolism during normal brain physiology.

N-linked glycans in brain physiology

N-linked glycans are essential to brain function and neuronal development, highlighted 

by the fact that nearly all congenital disorders of glycosylation (CDGs) manifest with 

neurological symptoms such as brain hypotrophy, seizures, cognitive impairment, and 

delayed intellectual development [19–21]. It is worth noting that CDG patients also suffer 

from developmental delays and noticeable pathologies in the muscle, liver, and the lung 

due to peripheral roles of N-linked glycosylation and glycoproteins. Studying the detailed 

mechanisms of pathogenesis in CDGs is challenging due to the fact that many whole body 

knockouts of glycosylation genes in mice result in either embryonic lethality or neonatal 

death [22]. Neurological symptoms in CDGs are not surprising given the pivotal roles 
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of N-linked glycans in modulating neuronal morphology and growth, synaptic plasticity, 

and basal glia cell homeostasis [23]. There is clearly an increasing appreciation regarding 

complexity that exists within CNS cell populations. This review focuses on the signaling 

roles of N-linked glycans in neurons, astrocytes, and microglia, the three major CNS cell 

types that are implicated in brain function and neurological disorders.

N-linked glycans mediate neuronal signaling

CNS controlled processes, such as memory consolidation and formation, social behavior, 

and decision making, are physiological outputs of neuronal homeostasis and signaling. 

While other CNS cell types influence these processes, ultimately, neuronal signaling and 

metabolism dictate brain function. Neuronal signaling is a complex set of molecular 

processes that involves maintaining resting membrane potential through Na+/K+ ATPase, 

axon firing through voltage gated ion channels (VGICs), synaptic vesicle loading and 

trafficking, neurotransmitter binding, and subsequent signaling cascades at the synaptic 
cleft. N-linked glycans are observed on virtually all proteins involved in modulating or 

refining the molecular processes that comprises neuronal signaling (Figure 3). As expected, 

not all N-linked glycan modifications are critical for proper neuronal signaling and some 

are dispensable [24]. Yet some dramatically impact neuronal activity. Indeed, sialylated 

N-glycan species on VGICs are one of the most potent modulators of VGIC activity [25], 

and the addition of charged sialylated N-linked glycans drastically increases the rate of axon 

firing compared to other N-glycan species [26]. Several proton pump and neurotransmitter 

antiporters located in the synaptic vesicles are also sialylated glycoproteins [27,28]. N­

linked glycan modification at multiple asparagine residues is required for trafficking of 

synaptic vesicle protein isoform 2 (SV2) for the formation of synaptic vesicles at the 

synaptic clef [23,29]. Additionally, N-linked glycosylation is essential for stable surface 

expression of metabotropic glutamate receptor 7 (mGlu7), a key receptor modulating 

excitatory synaptic transmission in neurons [30]. Importantly, glucose metabolism supports 

bioenergetics but also provides substrates for N-linked glycosylation, and dysregulation 

in glucose metabolism directly impacts both N-glycan structural diversity and the extent 

to which neuronal proteins are N-glycosylated [31,32]. Thus, N-linked glycans couple 

metabolism to signaling within a neuron, and proper control of N-linked glycosylation is 

critical for neuronal function.

N-linked glycans in resting glial cell homeostasis

Astrocytes and microglia are also important cell populations within the CNS, and recent 

advances in our knowledge of astrocyte biology have elevated our understanding of 

astrocytes from supportive cells to a central modulator of neuronal signaling and brain 

physiology [33]. Unlike neurons, astrocytes arise from the glial progenitors and adapt to 

different morphology according to the brain regions where they are located [34]. The 

emerging roles of astrocytes in brain function have expanded to include maintaining 

neuronal survival, synaptogenesis, neurotransmitter uptake and recycling, calcium signaling, 

and blood-brain barrier (BBB) integrity [35]. N-linked glycosylation plays critical roles 

in each of these processes. For example, astrocytes are crucial for glutamate homeostasis 

by maintain cellular uptake and recycling. The excitatory amino acid transporter (EAAT) 

family of excitatory glutamate transporters are responsible for transporting internalized 
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glutamate in astrocytes and regulating glutamatergic signaling. EAAT1 and EAAT2 are both 

N-glycosylated and decreased N-glycosylation is associated with retention of EAAT1/2 in 

the ER and decreased trafficking to the plasma membrane, which is required for glutamate 

transport [36]. These data suggest a potential critical role for glycosylation in glial-specific 

glutamate cycling that remains to be elucidated. Further, astrocytes are a vital component 

of the BBB, which is a specialized and selective boundary comprised of endothelial cells 

and pericytes that protects the CNS. In mice, glycosylation of Dentin matrix protein 1 

(Dmp1) is critical for astrocyte maturation and BBB formation both in vitro and in vivo [37]. 

Astrocytes and microglia express a multitude of cell surface lectins, including galectins, 

sialic acid-binding immunoglobulin-type lectins (Siglecs), mannose-binding lectins (MBLs), 

and other glycan binding proteins. These lectin receptors are critical for modulating pro- 

and anti-inflammatory signaling in astrocytes and microglia. Siglecs are a class of lectins 

containing membrane receptors responsible for anti-inflammatory responses in resting 

microglia by recognizing terminal sialic acid N-glycan residues [38]. Moreover, Siglecs 

themselves rely on N-linked glycosylation for trafficking to the membrane [39]. Despite 

these observations, the regulatory roles of N-linked glycans in resting microglia is less clear. 

However, given the increasing evidence demonstrating the crucial roles microglia play in 

brain function, this area warrants further investigation.

N-linked glycans and neurological disorders

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are devastating age-related 

neurodegenerative disorders that are characterized by substantial neuronal loss, 

neuroinflammation, and aggregate pathologies. Recent proteomic and glycoproteomic 

analyses of CSF from AD patients revealed global changes in complex carbohydrate 

metabolism [40] and N-linked glycosylation [41], alluding to aberrant N-glycan metabolism 

as a potential biomarker in AD progression. Both AD and PD share similar key 

pathologies such as accumulation of extracellular amyloid plaques containing amyloid 
beta (Aβ) aggregates, hyperphosphorylated tau aggregates called neurofibrillary tangles 

(NFT), and α-synuclein aggregates [42,43]. Recent reports reveal that AD and PD protein 

aggregates are in fact glycoprotein aggregates, highlighting defects in glycosylation during 

neurodegeneration [43,44].

Perturbed N-linked glycosylation of amyloid precursor protein (APP), the precursor 

to Aβ peptide, results in decreased secretion and microsomal localization of APP 

[45], and disruption of neuronal iron homeostasis [46]. Specifically, APP exhibits 

altered glycosylation in AD patient brain samples, and, importantly, APP sialylation 

increases its secretion and Aβ plaque development [44]. Likewise, aggregation of tau, a 

microtubule-assembly protein that functions to stabilize microtubules, also exhibits aberrant 

glycosylation in both AD and PD [43]. Additionally, α-synuclein, a neuronal protein 

involved in synaptic vesicle trafficking, is a major component of Lewy body aggregates 

in PD and is found in plaques of AD brains [43]. Extracellular N-linked glycans are key 

regulators of α-synuclein neuronal uptake [47], and they promote clearance of pathogenic 

α-synuclein aggregates [48]. Collectively, these findings suggest a fundamental shift in 

N-glycan metabolism defects during AD and PD that warrant further investigation. For 

example, how does glucose hypometabolism, a key clinical hallmark of AD, impact 
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N-linked glycan biosynthesis. Additionally, studies have shown autophagic/lysosomal 

pathways that are required for salvage and recycling of surface N-linked glycans are 

dysfunctional in AD [49,50]. How do perturbations in these processes impact the overall N­

linked glycosylation landscape in neurological disorders? Dissecting these molecular events 

will aid in the understanding of the precise contributions of aberrant N-linked glycosylation 

to neurodegeneration. Further basic and preclinical investigations are needed to elucidate 

these answers.

Epilepsy is a major neurological disorder that manifests as myoclonic jerks and/or seizures 

that are the result of neuronal hyperactivity [51]. Nearly 30% of epilepsy patients do 

not respond to anti-epileptic drugs and suffer from refractory epilepsy. For more than 

70% of refractory patients, the ketogenic diet is an effective treatment option, suggesting 

that there is a bioenergetic component of the disease [52]. Interestingly, the N-linked 

glycan profiles of epilepsy patients change during ketogenic diet, highlighting N-linked 

glycosylation as one of the many processes altered during ketosis [53]. The link between 

N-linked glycosylation and epilepsy is further supported by SLC35A2-CDG that presents 

predominantly with neurological features and has been described as an early onset epileptic 

encephalopathy [54,55]. SLC35A2 encodes the X-linked UDP-galactose transporter that 

shuttles UDP-galactose from the cytosol into the Golgi. Using deep sequencing, mutations 

in SLC35A2 were identified in 13 patients with non-lesional focal epilepsy. Further, patient 

samples had reduced galactose and increased GlcNAc glycan structures [56]. Importantly, 

investigation of oral supplementation with D-galactose for 18 weeks in a small cohort of 

pediatric SLC35A2 patients demonstrated decreased epileptic events, as well as general 

growth and development improvements [55]. These data suggest N-glycosylation defects 

alone are major contributors to seizures, and supplementation of restricted glycan monomers 

can rescue aspects of the disease.

N-linked glycosylation impacts neuronal cell fate through the unfolded 

protein response

Healthy brain function is the organismal manifestation of neuronal homeostasis and 

signaling. Similarly, the development of neurological disorders is a direct result of neuronal 

dysfunction. Recent advances in our knowledge of neuronal function place N-linked 

glycosylation and the unfolded protein response (UPR) at the center of neuronal cell fate 

[57–59]. Early N-linked glycosylation is a central mediator of the UPR, a complex set of 

signaling events that control diverse cellular processes. The UPR is a physiological process 

that is initiated in the ER and is linked to nuclear, lysosomal, and mitochondrial salvage 

pathways to recycle misfolded proteins, and it is crucial for neuronal survival (Figure 4). 

The UPR can be activated by internal and external stimuli including ischemia, oxidative 

stress, starvation, and calcium imbalance [60]. During protein synthesis, polypeptide chains 

are first glycosylated and then disulfide bonds form within the polypeptide as the protein 

folds into its tertiary structure [61]. If misfolding occurs, glucose regulated protein 78 

(GRP78) binds to misfolded glycopeptides and triggers a sequence of events the results 

in the UPR. Binding of GRP78 to misfolded glycoproteins initiates either the refolding 

process or endoplasmic-reticulum-associated degradation (ERAD) that shunts glycoproteins 
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to the proteasome, lysosome or autophagosome for recycling of misfolded proteins to their 

metabolic constituents [62].

Under physiological conditions GRP78 also binds to and inactivates three well-characterized 

ER membrane proteins and UPR sensors: protein kinase RNA-like endoplasmic reticulum 

kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 

(IRE1). Binding of misfolded glycopeptides sequesters GRP78 away from all three ER 

membrane proteins and initiates signaling cascades that lead to epigenetic changes and 

alter cellular metabolism, bioenergetics, and salvage pathways to adapt to extracellular 

pressure. Thus, all three signaling cascades protect neurons from cell death. For example, 

ectopic expression of ATF6 in forebrain neurons activates pro-survival pathways such as 

increased autophagy, increased apoptosis inhibition through B cell lymphoma 2 (BCL2), 

improved neuronal survival, and improved behavior functions [63]. Interestingly, ATF6 itself 

is glycosylated, and its glycosylation status modulates its activity as a transcription factor 

[64]. Further, activation of X-Box binding protein 1 (XBP1) during the UPR also leads to 

global changes in expression of genes involved in N-linked glycosylation [65]. Together, 

these events suggest a feed forward loop that remodels the cellular N-linked glycome as an 

adaptive process against cellular stress.

The goal of UPR activation is to reduce cellular stress and restore homeostasis. However, 

if the UPR fails to re-establish cellular homeostasis, it can lead to ER stress that amplifies 

cellular dysfunction and death through redox and calcium toxicity [66]. When protein 

misfolding occurs, the ER initiates refolding mechanisms of glycopeptides through the 

calnexin-calreticulin cycle and ER oxidoreductin 1 (ERO1)/protein disulfide isomerase 

(PDI) to direct disulfide bond formation (Box 2). The first gatekeeping enzyme of this 

process is calnexin, which only recognizes glycosylated peptides. Specifically, the addition 

of a single carbohydrate monomer on N-linked glycans is required for both calnexin activity 

and to initiate protein refolding [67,68]. Both calnexin and ERO1 are ER glycoproteins, and 

N-linked glycosylation is critical for their trafficking to the ER lumen and their enzymatic 

activities [69].

Attempts to correct misfolded glycoproteins generates increased oxidative stress by one of 

two mechanisms. First, the formation of disulfide bonds utilizes the reduced antioxidant 

glutathione (GSH) as the electron acceptor and produces oxidized glutathione (GSSG) [70]. 

Second, the biochemical reactions of ERO1 and PDI require oxygen as electron acceptors 

and they produce hydrogen peroxide, a form of reactive oxygen species [71]. When the 

number of misfolded glycopeptides overwhelms the refolding capacity and distorts the redox 

balance within the ER, hydrogen peroxide can enter the cytoplasm. The ER represents 

the largest storage of intracellular calcium and acts as a cytoplasmic calcium buffer in 

physiological and adverse conditions [72]. Increased hydrogen peroxide can trigger aberrant 

calcium release from the ER [73,74]. Ectopic levels of both cytoplasmic hydrogen peroxide 

and calcium lead to neuronal cell death by initiating mitochondrial-driven apoptotic 

pathways that include c/enhancer-binding protein homologous protein (CHOP) inhibition 

of BCL2, cytochrome C release, and caspase 3/7 activation [75,76]. Collectively, early 

N-linked glycosylation events in the ER are critical for modulating the UPR and sufficiently 

clearing misfolded glycoproteins. While detailed N-glycan changes in neurological disorders 
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remain to be elucidated, ER stress has been highlighted as a key molecular process involved 

in AD disease progression (Box 3). Thus, N-linked glycosylation could sit at the crossroads 

of neuronal survival and neuronal cell death (Figure 4).

N-linked glycosylation modulates neuroinflammation

Recent reports have highlighted neuroinflammation as a key driver of many 

neurodegenerative disorders including AD, PD, and epilepsy. More specifically, chronic 

exposure to reactive astrocytes and microglial activation leads to neuronal cell death. 

Neuronal cell death is initiated by acute reactive oxygen species (nitric oxide and hydrogen 

peroxide), cathepsin B, calcium, and tumor necrosis factor (TNF) being released from 

reactive astrocytes and activated microglia. These signaling molecules trigger neuronal 

cell death, followed by clearance of presumably dead neurons by complement-directed 

phagocytosis [77,78]. N-glycosylation is intimately involved in all of these processes 

during neuroinflammation (Figure 5). Specifically, lectin receptors are essential for 

proinflammatory microglia activation. For example, MBLs can bind to multiple glycan 

monomers including mannose, fucose, and GlcNAc and play a proinflammatory role 

in microglial activation and phagocytosis [79]. Further, the glycoprotein binding protein 

galectin-3 is required for astrocyte and microglial proliferation through the Janus kinase/

signal transducers and activator of transcription (JAK/STAT) pathway and boosts IL-6 

production [80]. Recent studies have suggested that MBL levels are negatively associated 

with poor prognosis in major neurological disorders [79]. It is also interesting to note 

that while microglia express surface Siglec receptors that recognize sialic acid on other 

CNS cells, microglia themselves also express sialic acid-containing N-liked glycans on the 

surface [81,82]. Intriguingly, the microglia surface sialic acid-containing glycans modulate 

inflammatory and phagocytic activates through the complement receptor or the Toll-like 

receptor signaling pathways [81,82]. N-linked glycosylation and microglia homeostasis are 

very active areas of research due to renewed interest in the roles of activated microglia in 

AD.

During early phases of the neuroinflammatory response, the primary role of reactive 

astrocytes is the production of cytokines and chemokines to recruit additional immune 

cells, including microglia, to the site of action [78]. Many signaling pathways regulate 

production of cytokines and chemokines. Nuclear Factor kappa-light-chain-enhancer of 

activated B cells (NFκB), mitogen-activated protein kinase (MAPK), and JAK/STAT all 

initiate signaling cascades that lead to the epigenetic production of cytokine and chemokine 

transcripts. Interestingly, all three signaling pathways require glycosylation in one or more 

components to fine-tune pathway activity [83]. Cytokines/chemokines are extracellular 

proteins, and their maturation and trafficking are controlled through the ER-Golgi organelle 

compartments. Therefore, it is not surprising that cytokines and chemokines and their 

cell surface receptors are glycosylated, and their glycosylation is important for both 

receptor-ligand interaction as well as protein trafficking and release. For example, both 

interleukin 6 (IL6) and interferon gamma (IFN-y) and their respective microglia cell surface 

receptors contain multiple glycosylation sites [84,85]. N-linked glycan status on both ligand 

and receptor modulate signaling dynamics within activated microglia, contributing to its 

pro-apoptotic responses that could drive nitric oxide production, ectopic calcium release, 
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cathepsin release, and complemental cascades that lead to phagocytosis. Many of these 

pro-apoptotic factors are known inducers of neuronal cell death in neurological disorders. 

Of note, both nitric oxide synthase (iNO2) and C3 complement cascade activities are 

modulated by N-linked glycosylation [86,87]. However, the exact regulatory dynamics 

within these enzymes and signaling cascades by N-linked glycans within the context of 

chronic inflammation during neurological disorders remain to be elucidated.

Concluding Remarks

Decades of research have drastically increased our knowledge in the essential roles of 

N-linked glycans in signaling, enzyme activity, and cellular trafficking. However, significant 

knowledge gaps remain at the system level regarding how N-linked glycosylation modulates 

the protein interactome, both at the cellular level on deciding cellular fate and function, 

and on an organismal level on driving whole-body physiology. These gaps are especially 

true in the case of the human brain, an organ with incredible complexity that gives rise to 

human memory, cognition, and behavior. N-linked glycans are an essential component of 

neuronal function and modulate a myriad of neuronal processes from membrane potential 

to neurotransmitter vesicle release. N-linked glycosylation is also a central mediator of the 

UPR, a critical decision point for neuronal survival or death. These important functions 

highlight why aberrant N-linked glycosylation is implicated in major neurological disorders. 

N-linked glycosylation represents a complex set of pathways that span three cellular 

compartments and involves over 700 enzymes. Therefore, clinical targeting of N-linked 

glycosylation should be carefully considered and designed, as preventing the initiation of 

N-linked glycosylation could have myriad unwanted side effects. Nevertheless, N-linked 

glycosylation pathways represent an exciting therapeutic opportunity in neurological 

disorders that has yet to be explored, and treatments should be carefully tailored to the 

specific N-linked glycan species perturbed in each unique neurological disorder.
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Glossary

α-synuclein
a neuronal protein that controls synaptic vesicle trafficking and neurotransmitter release.

Alzheimer’s disease
a progressive neurodegenerative disorder that causes dementia, memory loss, and loss of 

cognitive function.

Amyloid beta (Aβ)
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the peptide derived from amyloid precursor protein that is the major component of amyloid 

plaques that accumulate in the brains of Alzheimer’s disease patients. Axon firing: the 

traveling of an action potential or nerve impulse down an axon to the synaptic cleft for 

neuronal cell communication.

Carbohydrate code
the diverse range of complex carbohydrates generated by limitless combinations of 

individual monosaccharides.

Congenital disorders of glycosylation (CDGs)
an umbrella term for a group of over 130 rare genetic disorders resulting in defects in 

glycosylation.

Glycoproteins
proteins that contain covalent attachment of glycans to amino acid side chains.

Lectins
highly specific carbohydrate-binding proteins.

N-linked glycans/glycosylation
the attachment of oligosaccharides (N-linked glycans) to asparagine residues on newly 

synthesized proteins.

Neurodegeneration
the progressive loss of function and ultimately cell death of neurons, which is a driver of 

many neurodegenerative diseases.

Neurofibrillary tangles (NFT)
insoluble twisted fibers found in brain cells that consist of aggregates of 

hyperphosphorylated tau protein.

Neuroinflammation
activation of the central nervous system’s innate immune system in response to an 

inflammatory challenge.

Synaptic cleft
the physical boundary or junction between two neurons.

Synaptic transmission
the biological process by which neurons communicate with target neurons across the 

synaptic cleft. Neurotransmitters released from presynaptic neurons bind to and react with 

receptors on postsynaptic neurons to propagate neuronal signaling.

Synaptic vesicle
secretory vesicles formed in the Golgi that transport neurotransmitters to the synaptic cleft to 

be released.

Voltage gated ion channels (VGICs)
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transmembrane proteins that play important roles in electrical signaling of cells. VGICs 

form ion channels that become activated in response to changes in electrical membrane 

potential.
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Box 1.

Glycogen in brain physiology and neurodegeneration.

Glycogen serves as the primary source of carbohydrate storage in most tissues including 

liver, heart, and brain. However, the function of brain glycogen extends beyond a simple 

glucose cache, and includes a central role in maintaining brain homeostasis and higher­

order brain functions including memory formation, speech, sensory perception, and 

cognitive ability [1]. On a cellular level, glycogen is a metabolic substrate for neuronal 

signaling, ATP production, and GABA biosynthesis [2]. Both neuronal and glial cells 

possess the machinery to synthesize glycogen, but glycogen is predominately reported 

in astrocytes in the healthy brain. Recent reports suggest glycogen accumulates within 

neurons in the degenerative brain leading to bioenergetic imbalance and neurotoxicity 

[3,4]; however, detailed mechanisms of action remain to be elucidated.

Glycogen storage diseases (GSDs) are a class of disorders defined by the dysregulation 

of glycogen metabolism [5]. GSDs of the brain share similar neurological defects 

as congenital disorders of glycosylation (CDGs). For example, germline mutations in 

UDP-glucose pyrophosphorylase (UGP2) are classified both as a GSD and CDG. UGP2 

synthesizes UDP-glucose, and loss-of-function in UGP2 results in CNS accumulation 

of glycogen granules and aberrant glycosylation that manifests as intractable epilepsy 

and severe developmental delay in patients [6]. Additionally, CDGs often show acute 

intracellular glycogen accumulation; in fact, there are documented misdiagnoses of 

CGDs as GSDs [7, 8]. These clinical phenotypes lead to the hypothesis that glycogen and 

N-linked glycans are metabolically channeled in the CNS to modulate brain physiology. 

Early reports alluded to the possibility that pathogenic glycogen aggregates in the 

brain contain monosaccharides other than glucose [9, 10]. Recently, it was definitively 

demonstrated that brain glycogen is comprised of 25% glucosamine (GlcN), while liver 

and muscle glycogen contain <1% GlcN. Cells in the CNS leverage glycogen-associated 

GlcN as a substantial substrate pool for the production of UDP-GlcNAc, an essential 

building block for N-glycans [11]. Further, this study demonstrated that modulating 

glycogen metabolism can affect N-linked glycan biosynthesis. For example, inhibiting 

glycogenolysis restricts UDP-GlcNAc pools and total N-linked glycan levels in the brain. 

Conversely, enzymatic release of glycogen monomers through intracerebroventricular 

(ICV) delivery of recombinant amylase stimulated N-linked glycan biosynthesis [11]. 

Given the intimate metabolic connection between glycogen and N-link glycosylation in 

the brain, glycogen represents a potential strategy to mitigate aberrant N-linked glycan 

phenotypes.
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Box 2.

The calnexin/calreticulin cycle in the UPR and neurodegeneration.

During early glycoprotein synthesis, N-glycans participate in protein folding via the 

calnexin/calreticulin (CNX/CRT) cycle [12]. Both CNX and CRT contain lectin binding 

domains that recognize and bind the early N-linked glycan moiety on newly synthesized 

glycoproteins. The collective actions of CNX/CRT allow the trimming of N-linked 

glycans as needed while the protein adopts its native confirmation, and prevents proteins 

from exiting the ER prematurely [13]. CNX/CRT is also a strong buffering system for 

ER luminal Ca2+, and critical for compartmentalized Ca2+ control. Glycoprotein bound­

CNX/CRT acts as a chaperone and recruits oxidoreductases including ER oxidoreductin 

1 (ERO1) and protein disulfide isomerase (PDI) to catalyze disulfide bond formation 

[13]. ERO1/PDI enzymatic actions require the antioxidant glutathione (GSH) and 

produce H2O2. Thus, the disulfide bond formation process is a major contributor of 

intracellular reactive oxygen species [14]. It is worth noting that CNX/CRT cycle share 

the common substrate, UDP-glucose, with glycogen metabolism. In response to excess 

unfolded proteins, the CNX/CRT cycle functions as a vital check point to mitigate 

accumulation of misfolded proteins in the ER and initiate the refolding process [15]. In 

addition, misfolded polypeptide chains form transient disulfide bonds with ERp57, a PDI 

family protein to stabilize its interaction with the CNX/CRT complex and prevent protein 

aggregation [16]. Finally, CRT acts as a Ca2+ buffering chaperone in the ER to maintain 

intracellular Ca2+ homeostasis and prevent Ca2+ induced apoptotic events [17]. In the 

event that misfolded proteins exceed the ER refolding machinery capacity, the unfolded 

protein response (UPR) leads to ER stress and initiates apoptosis in one of two ways. 1) 

CNX/CRT loses its Ca2+ buffering activity and results in ectopic Ca2+ release into the 

cytoplasm. 2) The actions of ERO1/PDI to form disulfate bonds in the protein refolding 

process simultaneously deplete GSH while producing H2O2. The combined actions of 

cytoplasmic Ca2+ and excess H2O2 can lead to apoptosis and ultimately neuronal cell 

death.
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Box 3:

ER stress in AD. [18–23]

The unfolded protein response (UPR) is one of the key regulatory processes for protein 

homeostasis (i.e. proteostasis) through activation of ERAD or autophagic/lysosomal 

pathways. Perturbed proteostasis leads to protein aggregation and ER stress. AD is 

clinically classified by loss of cognitive function and accumulation of protein aggregates 

known as Aβ or NFT. Indeed, multiple signaling proteins in the ER stress pathway are 

altered in human AD brain specimens when compared to matched normal controls [24]. 

For example, increased GRP78 has been observed in human brain regions affected by AD 

[25] and IRE1α phosphorylation directly correlates with Braak staging in AD patients 

[26]. Further analysis in AD experimental models raised the interesting hypothesis 

that only a subset of neurons are affected by ER stress [27]. Thus far, analyses of 

human tissue and multiple AD mouse models with different genetic drivers all share 

the common phenotypes of ER stress and neurodegenerations [24]. This correlation 

raises the interesting question whether ER stress is a driver or simply resultant of 

the disease. Recent studies using both genetic and pharmacological interventions have 

revealed causal relationship between ER stress and AD. For example, siRNA against 

ATF4, a transcription factor downstream of PERK activation, provided neuroprotection 

and restored nearly all choline acetyltransferase positive neurons in the PSEN1/APP 

mouse AD mouse model [28]. Further, pharmacological inhibition of PERK restored 

neuronal protein synthesis and prevented further neuronal loss in the rTg4510 tauopathy 

AD mouse model [29]. It is important to note that ER stress does not occur exclusively in 

neurons. ER stress in glial cells directly affects JAK/STAT and NF-κB pathways [30, 31], 

both pathways provide signaling cascades for microglia activation and astrogliosis [31]. 

Collectively, ER stress could act as a double-edged sword that drive neuronal cell death 

and activate neuroinflammation during AD.
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Outstanding questions

• How do brain cells coordinate de novo synthesis of monosaccharides versus 

exogenous uptake for subsequent sugar-nucleotide synthesis?

• How do neurons balance/regulate bioenergetics and N-linked glycan 

biosynthesis, two facets of glucose metabolism?

• What are the unique classes of N-linked glycans over- and under-represented 

in neurological disorders?

• Are aberrant N-linked glycans displayed on neurons or protein aggregates a 

chronic driver of neuroinflammation in neurological disorders?

• Does targeting glycogen accumulation represent a potential therapeutic 

strategy to modulate defective glycosylation in neurodegenerative diseases?
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Highlights:

• At least ten unique monosaccharides are present in cells of the central nervous 

system, and they provide an essential repertoire of oligosaccharides critical 

for brain function.

• Monosaccharide and sugar-nucleotide biosynthesis exhibit metabolic 

plasticity and are channeled through multiple substrates.

• N-linked glycans impact nearly all neuronal functions, including maintenance 

of resting membrane potential, axon firing, and synaptic vesicle release.

• N-linked glycosylation is a central mediator of the unfolded protein response 

that determines neuronal cell fate.

• Cytokines, nitric oxide synthase, and other protein/enzymes involved in the 

innate immune response are N-linked glycosylated, suggesting a central role 

for N-linked glycans in neuroinflammation.
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Figure 1. The carbohydrate code is a critical component of organismal complexity.
The carbohydrate code operates in parallel and synergistically with the genetic code 

to boost organismal complexity through the protein interactome. The genetic code is 

built on four deoxynucleotides that translate to exponential combinations of amino 

sequences, giving rise to the cellular and organismal proteome. Similarly, unique 

combinations of monosaccharides, or simple sugars, generate an ever-expanding repertoire 

of diverse N-linked glycans. This protein modification is both a co- and post-translational 

event modulating protein activity, trafficking, turnover, and oligomerization. N-linked 

glycosylation is a foundational event and vital component of the protein interactome that 

gives rise to organ function and organismal complexity, this holds especially true for 
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the mammalian brain. Thus, N-glycans represent an essential, yet understudied, aspect of 

biodiversity that impacts disease progression on a systemic and organismal level.
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Figure 2. Monosaccharide metabolism is metabolically channeled within a cell.
The most common extracellular monosaccharides of the brain are glucose, glucosamine, 

fructose, mannose, fucose, and galactose, and they can directly enter cells through the 

GLUT family of membrane transporters. Additionally, monosaccharides can be utilized 

for the biosynthesis of N-linked glycan substrates also known as sugar-nucleotides that 

include: UDP-GlcNAc, CMP-Sialic acid, GDP-mannose, UDP-glucose, GDP-fucose, and 

UDP-galactose. For example, UDP-GlcNAc can be synthesized from glucose, glucosamine, 

fructose, and mannose based on monosaccharides availability. Brain glycogen provides 

an additional intracellular pool of glucose and glucosamine. UDP-glucose is the substrate 

for glycogen but also the substrate for UDP-galactose, further adding to the complexity 

of sugar-nucleotide metabolism. Sugar-nucleotides are synthesized in the cytoplasm, yet 

N-linked glycan assembly occurs in the ER and Golgi. Early N-linked glycan biosynthesis 

occurs in the ER and primarily utilizes GlcNAc and mannose as the basic building blocks. 

N-linked glycan maturation occurs in the Golgi, additional branching occurs in the cis Golgi, 

galactose additions occur in the medial Golgi, and fucose and sialic acid are linked in the 

trans Golgi. Collectively, monosaccharide metabolism and N-linked glycan biosynthesis are 

complex processes traversing multiple cellular compartments.
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Figure 3. N-linked glycans modulate neuronal activity.
Neuronal processes translate into brain function through synaptic transmission. These 

processes include maintaining resting membrane potential, axon firing through action 

potentials, neurotransmitter loading in vesicles and their release, and ultimately 

neurotransmitter and receptor binding leading to signal transduction. All of these processes 

are regulated or fine-tuned by N-linked glycosylation. Thus far, Na+/K+ ATPases, voltage 

gated ion channels (VGICs), and antiporters on synaptic vesicles and neurotransmitter 

receptors are all reported glycoproteins, and N-linked glycosylation assists in their folding 

and trafficking, but also modulate their activity. Therefore, proper control of N-linked 

glycosylation is critical for neuronal function.
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Figure 4. The unfolded protein response (UPR) and ER stress are at the crossroads of neuronal 
cell survival and cell death.
Early N-linked glycan biosynthesis is a central mediator of the UPR pathway. The UPR 

leads to protein refolding or salvage and activation of pro-survival pathways in neurons. 

However, if accumulation of unfolded proteins or prolonged stress exceeds capacity, 

the UPR leads to ER stress that triggers mitochondrial apoptotic signaling cascades 

and neuronal cell death. The UPR and pro-survival pathways (Left): Accumulation 

of misfolded proteins recruits available GRP78 and sequesters GRP78 away from ER 

membrane signaling transducers: ATF6, PERK, and IRE1. Binding of GRP78 to misfolded 

glycoproteins leads to protein refolding or salvage through lysosomal and proteasomal 

degradation. Dissociation of GRP78 with ATF6, PERK, and IRE1 also leads to their 

activation and subsequent signaling cascades for epigenetic remodeling of neurons. This 
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process promotes neuronal cell survival by upregulating genes involved in the autophagy, 

lysosomal processing, metabolism, and N-linked glycosylation as a protective process 

against cellular stress. ER stress occurs when misfolded proteins or stress exceeds 
the UPR capacity (Right): If the UPR fails to re-establish cellular homeostasis, excess 

utilization and depletion of GSH and production of H2O2 during the refolding process leads 

to the ectopic release of Ca2+ and H2O2 from the ER into the cytosol. Excess of either 

cytosolic Ca2+ and H2O2 initiates mitochondrial-driven pro-apoptotic pathways including 

release of Cytochrome C and Caspase 3/7 activation and signaling cascade, ultimately 

inducing neuronal cell death.
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Figure 5. N-linked glycans are essential mediators of neuroinflammation.
Neuroinflammation is one of the major drivers of neurogenerative diseases. Glial cells 

such as astrocytes and microglia contribute to this process by producing pro-inflammatory 

cytokines/chemokines to recruit and mount an immune response. They also generate reactive 

oxygen species and activate phagocytosis to clear cellular debris. Pro-inflammatory triggers 

activate signaling cascades such as NFκB, MAPK, and JAK/STAT pathways that initiate 

cytokine, chemokine, and nitric oxide synthase (iNOS) production in astrocytes. N-linked 

glycosylation is a modifier of NFκB, MAPK, JAK/STAT pathway components as well as 

participates in the production, trafficking, and interaction of cytokines/chemokines/iNOS. 

Released cytokines and chemokines can recruit and activate microglia by binding to 

their corresponding cell surface receptors. Cytokine ligand and receptor binding (such as 

IL-6 and IFN-γ) require N-linked glycosylation for the signaling transduction events that 

lead to expression of iNOS, intracellular release of Ca2+, NO, H2O2, cathepsin, and the 

action of phagocytosis. Collectively, N-linked glycans are an integral component of these 

neuroinflammatory pathways, especially in driving the release of pro-apoptotic factors that 

lead to neuronal cell death.
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