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Chapter 9
Brain O-GlcNAcylation: From Molecular 
Mechanisms to Clinical Phenotype

Batuhan Uygar and Olof Lagerlöf

Abstract  O-GlcNAc is the attachment of β-N-acetylglucosamine to the hydroxyl 
group of serine and threonine in nuclear and cytoplasmic proteins. It is generally not 
further elongated but exists as a monosaccharide that can be rapidly added or 
removed. Thousands of proteins involved in gene transcription, protein translation 
and degradation as well as the regulation of signal transduction contain O-GlcNAc. 
Brain is one of the tissues where O-GlcNAc is the most highly expressed and dele-
tion of neuronal O-GlcNAc leads to death early in development. O-GlcNAc is also 
important for normal adult brain function, where dynamic processes like learning 
and memory at least in part depend on the modification of specific proteins by 
O-GlcNAc. Conversely, too much or too little O-GlcNAc in the brain contributes to 
several disorders including obesity, intellectual disability and Alzheimer’s disease. 
In this chapter, we describe the expression and regulation of O-GlcNAc in the ner-
vous system.

Keywords  O-linked N-acetylglucosamine · O-GlcNAc · Learning and memory · 
Neurodegeneration · Obesity · Food intake · Alzheimer’s disease · Signaling · 
Nutrient sensing · Post-translational modifications
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aCamKII	 Alpha calcium/calmodulin-dependent protein kinase II
Agrp	 Agouti-related peptide
AMPA	 α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
APP	 Amyloid precursor protein
AP-2	 Adaptor protein complex 2
CNS	 Central nervous system
CREB	 Cyclic AMP-response element binding protein
CTD	 Carboxyl terminal domain
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CTRC	 CREB-regulated transcription coactivator
Gtfs	 Glycosyltransferases
HBP	 Hexosamine biosynthesis pathway
ECD	 Electron capture dissociation
eIF2	 Eukaryotic initiation factor 2
ER	 Endoplasmatic reticulum
ETD	 Electron transfer dissociation
MAPK	 Mitogen-activated kinase
MeCP2	 Methyl CpG binding protein 2
mTOR	 Mammalian target of rapamycin
NSF	 N-ethylmaleimide-sensitive fusion protein
LTD	 Long-term depression
LTP	 Long-term potentiation
OGA	 O-GlcNAcase
O-GlcNAc	 O-linked N-acetylglucosamine
OGT	 O-GlcNAc transferase
P	 Phosphate
PET	 Positron emission tomography
PIP3	 Phosphatylinositol (3,4,5)-triphosphate
PPF	 Paired-pulse facilitation
PTM	 Post-translational modification
PVN	 Paraventricular nucleus of the hypothalamus
TPR	 Tetratricopeptide
UDP	 Uridine diphosphate

1 � Introduction

O-GlcNAc is the attachment of β-N-acetylglucosamine to the hydroxyl group of 
serine and threonine in nuclear and cytoplasmic proteins (Torres and Hart 1984). It 
is generally not further elongated but exists as a monosaccharide that can be rapidly 
added or removed (Hart et al. 2011). Thousands of proteins involved in gene tran-
scription, protein translation and degradation as well as the regulation of signal 
transduction contain O-GlcNAc (Trinidad et al. 2012; Alfaro et al. 2012). Brain is 
one of the tissues where O-GlcNAc is most highly expressed and deletion of neuro-
nal O-GlcNAc leads to death early in development (Kreppel et al. 1997; O'Donnell 
et al. 2004). O-GlcNAc is also important for normal adult brain function, where 
dynamic processes like learning and memory at least in part depend on the modifi-
cation of specific proteins by O-GlcNAc (Tallent et al. 2009; Rexach et al. 2012). 
Conversely, too much or too little O-GlcNAc on other proteins participates in neu-
rodegenerative processes underlying diseases such as Alzheimer‘s and Parkinson‘s 
(Arnold et al. 1996; Liu et al. 2004; Yuzwa et al. 2012; Wang et al. 2010a, b; Marotta 
et al. 2012). Conversely, too much or too little O-GlcNAc in the brain contributes to 
several disorders including obesity, intellectual disability and Alzheimer‘s disease 
(Lagerlöf et al. 2016; Lagerlöf 2018; Pravata et al. 2020). In this chapter, we describe 
the expression and regulation of O-GlcNAc in the nervous system.
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2 � O-GlcNAc Is a Ubiquitous Monosaccharide That Cycles 
Onto and Off Serine and Threonine

2.1 � O-GlcNAc Is Not Elongated to Yield 
Complex Oligosaccharides

O-GlcNAc is the covalent modification of nuclear and cytoplasmic proteins by β-N-
acetylglucosamine (Torres and Hart 1984). O-GlcNAc is formed as a derivative of 
glucose through the hexosamine biosynthesis pathway (HBP). In the HBP, the oxy-
gen on the second carbon of fructose-6-phosphate is exchanged for nitrogen form-
ing GlcN-6-P, prior to acetylation of the nitrogen to yield GlcNAc-6-P. This is then 
coupled to the high-energy molecule uridine diphosphate (UDP), UDP-GlcNAc 
(Fig. 9.1; Figs. 9.1, 9.2, and 9.3 were created with BioRender.com and the Allen 
Brain Explorer from the Allen Institute for Brain Science). Upon modification of 
proteins by O-GlcNAc, the GlcNAc is cleaved from the UDP and attached in 
β-position to the hydroxyl group of serine or threonine (O-β-GlcNAc, O-GlcNAc). 

Fig. 9.1  O-GlcNAc cycling depends on several metabolic pathways and is important for many 
brain functions. The donor substrate for O-GlcNAc, UDP-GlcNAc, is produced by the hexosamine 
biosynthesis pathway (HBP). Many metabolites feed into the HBP and thereby affect UDP-
GlcNAc production. O-GlcNAc transferase (OGT) cleaves the UDP-GlcNAc and adds the GlcNAc 
to serine or threonine on proteins. The GlcNAc can then be removed from the protein by another 
enzyme, the O-GlcNAc hydrolase, OGA. The cycling on and off proteins has been shown to be 
important for many brain functions in diverse brain areas including the hippocampus, amygdala 
and hypothalamus
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Fig. 9.2  The regulation of the O-GlcNAc transferase, OGT, is complex. In cells, alternative splic-
ing produces several isoforms of OGT. At least the full-length form of OGT, ncOGT, forms an 
oligomer that interacts with many other proteins. The interacting proteins direct OGT to its sub-
strates at specific points in time and space. OGT can modify a large range of different proteins 
while showing some sequence specificity as to what amino acid becomes modified by O-GlcNAc. 
OGT activity can also be regulated by posttranslational modifications such as O-GlcNAc, 
O-phosphate and UDP-GlcNAc abundance

Fig. 9.3  O-GlcNAc underlies normal brain development and function and contributes to the 
development of neurocognitive disease by regulating diverse cellular processes. (a) O-GlcNAc is 
expressed in the brain from early development until late in life. O-GlcNAc is essential for brain 
development and modulates many normal functions in the adult, e.g. learning and memory. 
Disturbed O-GlcNAc cycling may contribute to the pathology behind many neurodegenerative 
diseases. How O-GlcNAc impacts neuron function is exemplified in (b). (a) When the transcription 
factor CREB is modified by O-GlcNAc, it cannot bind the co-activator CRTC. This leads to the 
repression of many genes that are involved in synaptic plasticity. (b) Tau is normally modified by 
O-GlcNAc. In Alzheimer‘s disease, tau loses its O-GlcNAc and precipitates into cytotoxic aggre-
gates. (c) It is believed that dynamic changes in synaptic function underlie learning and memory. 
At presynaptic terminals, O-GlcNAc may regulate synaptic plasticity by affecting the recycling of 
neurotransmitter-containing vesicles, possibly through affecting the function of the vesicle-binding 
protein synapsin I.  In the postsynapse, the O-GlcNAc effect on learning and memory may be 
related to modulation of neurotransmitter receptor trafficking. (d) One mechanism by which 
O-GlcNAc impacts normal development is its regulation of axonal growth and branching
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The reaction is catalyzed by the O-GlcNAc transferase, OGT.  The removal of 
GlcNAc is catalyzed by the O-GlcNAc hydrolase, O-GlcNAcase (OGA).

Unlike ‘classical’ O- and N-linked protein glycosylation the GlcNAc is generally 
not elongated but exists as a monosaccharide. In fact, when O-GlcNAc is artificially 
capped by galactose, its biological function is lost (Fang and Miller 2001). Although, 
O-GlcNAc is smaller than complex oligosaccharides, it is still much larger than 
many other protein modifications, such as protein methylation or protein phosphor-
ylation (Hart et al. 2011).

2.2 � O-GlcNAc Is Mostly Expressed on the Inside of Cells 
in Multicellular Organisms

O-GlcNAc is a highly conserved posttranslational modification. It has been found in 
evolutionary distinct clades like plantae, fungi and animalia (Kreppel et al. 1997; 
Webster et al. 2009). In multicellular organisms, all types of cells investigated so far 
contain O-GlcNAc (Hart et al. 2011). O-GlcNAc has also been identified in some 
unicellular organisms, e.g. giardia - the oldest eukaryote, and inside several types of 
virus (Banerjee et  al. 2009; Benko et  al. 1988; Caillet-Boudin et  al. 1989). 
Nonetheless, most studies on unicellular organisms fail to report the presence of 
β-O-GlcNAc. Protozoans modify proteins by O-linked GlcNAc but primarily on 
extracellular proteins and in α-linkage rather than in β-linkage. Yeasts appear to lack 

Fig. 9.3  (b)
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O-GlcNAc entirely. Bacteria are also largely devoid of cytoplasmic O-GlcNAc even 
though some bacterial proteins have been shown to carry O-linked GlcNAc (Schirm 
et al. 2004; Fredriksen et al. 2012). Interestingly, the bacterium Clostridium novyi 
exploits O-GlcNAc by encoding an O-GlcNAc transferase that modifies small 
G-proteins in the infected cell (Selzer et al. 1996; Hart et al. 2011; Hart et al. 2007).

O-GlcNAc is expressed almost exclusively on the inside of cells (Torres and Hart 
1984). Until the discovery of O-GlcNAc protein glycosylation was known to occur 
only on proteins exposed to the extracellular matrix, or in cellular organelles topo-
graphically similar to the outside of the cell such as the endoplasmatic reticulum 
(ER) and the Golgi apparatus. In contrast, nearly all proteins that contain O-GlcNAc 
are expressed in the cytosolic or nuclear fraction of the cell. Proteins anchored to the 
cell membrane are modified with O-GlcNAc but usually only on parts stretching 
into the cytosol. This comes as no surprise as the O-GlcNAc transferase, OGT, is 
mainly nucleocytoplasmic rather than present in the Golgi or ER as other glycosyl-
transferases (there are at least two O-GlcNAc transferases with their active sites in 
the lumen of the ER, called, eOGTs, but these enzymes are distinct from the enzyme 
regulating nucleocytoplasmic O-GlcNAc. O-GlcNac has been detected on extracel-
lular domains of a handfull of proteins, e.g. notch (see Sect. 3.2; Alfaro et al. 2012). 
Also the hexosaminidase removing O-GlcNAc, OGA, is cytosolic and active at neu-
tral pH (see Sect. 3.3). By comparison, cellular glycosidases breaking down glyco-
conjugates retrieved from the cell surface are primarily found in the lysosome and 
prefer an acidic milieu.

Importantly, the concentration of O-GlcNAc is not uniform across the cell. Some 
parts, like the nuclear membrane, are heavily modified whereas other parts, like the 
mitochondria, contain O-GlcNAc but to a lesser degree. All major organelles and 
other cytosolic substructures, e.g. the proteasome and ribosome, express O-GlcNAc 
(Holt and Hart 1986; Zhang et al. 2003; Zeidan et al. 2010). The precise level varies 
over time and is finely tuned to meet the conditions of the cell (see Sects. 2.3, 
4 and 5).

2.3 � O-GlcNAc Can Be Dynamically Attached and Removed

Whether or not a protein is modified by O-GlcNAc varies substantially over time. 
On many proteins, including the heat-shock protein αB-crystallin, the O-GlcNAc 
half-life is much shorter than the half-life of the peptide backbone (Roquemore 
et al. 1996). In fact, studies using selective inhibitors of the enzyme that removes 
O-GlcNAc from proteins, OGA, show that cycling rates are often on the order of 
minutes, making O-GlcNAc more akin to protein phosphorylation than ‘classical’ 
protein glycosylation. ‘Classical’ N- and O-linked glycosylation of proteins, glyco-
sylation of proteins exposed to the extracellular matrix or within the secretory path-
way, is, largely, stable once the mature glycan has been attached. There are examples 
of proteins, e.g. the nucleoporins that form pores through the nuclear membrane, 
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where the O-GlcNAc does not appear to turnover faster than the protein itself (Holt 
et al. 1987; Miller et al. 1999).

It has been proposed that O-GlcNAc cycling works like a light switch with only 
two modes of operation - either ‘on’ or ‘off’. One argument in favor of this idea is 
the fact that there are only two enzymes that add and remove O-GlcNAc from pro-
teins, OGT and OGA, respectively (see Sect. 3). Indeed, in some situations cells 
react by either elevating or suppressing global O-GlcNAc levels. For example, 
abundant nutrient supply can lead to a general increase in O-GlcNAc and scant sup-
ply to a general decrease (see Sects. 3.2 and 5.3). Likewise, cellular stress is associ-
ated with raised O-GlcNAc throughout the cell (Zachara et al. 2004). All the same, 
early studies showed that activation of lymphocytes causes O-GlcNAc levels in the 
cytosol to go up while they go down in the nucleus (Kearse and Hart 1991). A 
recently developed FRET (fluorescence resonance energy transfer) reporter that 
measures OGT activity in real-time demonstrated further that during serum stimula-
tion of transformed cell lines, OGT was activated manifold in some parts of the 
cytosol whereas in nearby areas OGT activity remained at baseline (Carillo et al. 
2011). Work on the regulation of signal transduction by O-GlcNAc describes the 
same picture; upon stimulation, in a single pathway there can be proteins that 
become better substrates for OGT but also proteins that become worse substrates for 
OGT (Whelan et al. 2010). Thus, despite there being only two enzymes that add and 
remove O-GlcNAc, changes in O-GlcNAc can occur ‘locally’ within the cell. For 
example, by forming dynamic multi-partner complexes OGT and OGA can be 
directed towards select targets among a broader range of available substrates (see 
Sects. 3.2, 3.3, and 4; Whelan et  al. 2008; Cheung and Hart 2008; Housley 
et al. 2009).

The spatiotemporal regulation of O-GlcNAc cycling is complex and occurs on 
many levels. While nutrients and stress can cause global changes in O-GlcNAc, 
binding partners to OGT and OGA tune O-GlcNAc occupancy locally. Below we 
will discuss in detail how O-GlcNAc cycling is controlled in the nervous system and 
how the dynamic modification of proteins by O-GlcNAc helps the brain to develop 
and respond to challenges in the environment.

3 � O-GlcNAc Is Added to Proteins by OGT 
and Removed by OGA

3.1 � Only Two Enzymes Regulate the Cycling of O-GlcNAc

O-GlcNAc exists as a monosaccharide on nuclear and cytoplasmic proteins and can 
cycle rapidly and repeatedly over the lifetime of the polypeptide chain (see Sect. 2). 
In a single cell, including neurons, thousands of proteins carry O-GlcNAc (Trinidad 
et al. 2012; see Sect. 4.2). Change in O-GlcNAc can happen globally throughout the 
cell but also locally on individual proteins or sites within a protein (see Sect. 2.3). 
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In mammals, there are only two enzymes that add and remove O-GlcNAc. The 
O-GlcNAc transferase (OGT) adds O-GlcNAc to proteins (Haltiwanger et al. 1990; 
Kreppel et al. 1997). The O-GlcNAc glycosidase, O-GlcNAcase (OGA), removes 
O-GlcNAc from proteins (Dong and Hart 1994; Gao et al. 2001). As we will see in 
Sects. 4 and 5, loss or deregulation of O-GlcNAc cycling leads to severe develop-
mental brain defects, impaired brain function in the adult and risk for many brain-
related disorders, e.g. Alzheimer‘s disease. In this section we will discuss how OGT 
and OGA are both promiscuous in order to accept a broad range of targets while at 
the same time being specific enough to ensure that O-GlcNAc cycles on the correct 
site at the correct time and place.

3.2 � O-GlcNAc Transferase; a Highly Conserved 
Glycosyltransferase Present in the Nucleus & Cytosol

In mammals, O-GlcNAc transferase (OGT) is encoded by a single gene. The gene 
is highly conserved and lies close to the centromeric region of the X chromosome 
(Xq13) (Shafi et al. 2000; Nolte and Muller 2002; Kreppel et al. 1997). It spans 
about 45 kb and its locus is linked to Parkinsonian dystonia, a neurodegenerative 
movement disorder (Nolte and Muller 2002; Muller et al. 1998). In most organs 
there are five major OGT transcripts ranging from 4.2 kilobase pairs (kb) to 9.5 kb. 
The transcripts undergo alternative splicing and two 4 kb transcripts may arise from 
an internal promoter. In brain the larger 9.5 kb and 6.4 kb transcripts, which include 
exons located 5′ of the internal promoter, dominate (Hanover et al. 2003; Nolte and 
Muller 2002). Most studies so far argue that the total expression of OGT is stable 
during most conditions. However, little is known about the regulation of the OGT 
gene and at least in neuroblastoma cells OGT mRNA increases after depriving the 
cells of glucose (Cheung and Hart 2008). OGT transcription may also be stimulated 
by the metabolic hormone ghrelin (Ruan et al. 2014).

The protein encoded by OGT contains two major domains. The N-terminal half 
is comprised of several tetratricopeptide (TPR) repeats and the C-terminal half 
binds UDP-GlcNAc and harbors the glycosyltransferase activity. The TPR repeats 
form a flexible superhelix that can accommodate many protein-protein interactions 
(Lyer et al. 2003; Kreppel et al. 1997; Kreppel and Hart 1999; Jinek et al. 2004). In 
vitro experiments have shown that if the TPR domain is removed from OGT, the 
C-terminus alone can modify peptides with O-GlcNAc. In contrast, for protein sub-
strates to be modified, the TPR domain is required (Kreppel and Hart 1999; Lyer 
and Hart 2003). It has been hypothesized based on computer simulations that the 
TPRs induce a conformational change in the substrate that enables the O-GlcNAc 
site to dock at the catalytic groove. (Trinidad et al. 2012; Lazarus et al. 2011). The 
C-terminus exhibits a more compact structure and resembles members of the GT-B 
superfamily of glycosyltransferases (Gtfs) but adopts some unique folds as well 
(Lazarus et al. 2011. While most OGT-interacting proteins are believed to bind the 
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TPR repeats the C-terminus includes regions that are necessary and sufficient for 
some interactions, e.g. to the mitogen-activated kinase (MAPK) p38  in neurons 
(Cheung and Hart 2008). The C-terminus also mediates translocation to the cell 
membrane upon insulin stimulation, probably via a cluster of lysines that pairs elec-
trostatically with negatively charged phosphatylinositol (3,4,5)-triphosphate (PIP3) 
(Yang et al. 2008).

Three major isoforms of OGT have been described (Hanover et al. 2003). All 
share the same catalytic domain but differ in their N-terminus. Nucleocytoplasmic 
OGT (ncOGT) is the full-length variant and includes 11–12 TPRs, depending on the 
species. Mitochondrial OGT (mOGT) starts with a mitochondrial targeting 
sequence, followed by a membrane-spanning region and continues with the last 9 
TPRs found in ncOGT. The third, and shortest, isoform is soluble OGT (sOGT). It 
contains only 3 TPRs. According to most studies, only ncOGT is present in total 
brain lysate (Kreppel et al. 1997; Marz et al. 2006). However, sOGT may become 
upregulated in older animals and little is known about whether mOGT or sOGT is 
present in specific regions of the brain or in specific subcellular compartments (Liu 
et al. 2012). Apart from mOGT, which is anchored to the inner membrane of the 
mitochondria, almost all OGT activity is found in the nucleocytoplasm or as a non-
integral membrane protein associated with the cytosolic face of cell membranes 
(Hanover et al. 2003; Haltiwanger et al. 1990).

In vivo, OGT oligomerizes into a dimer or trimer (Kreppel et al. 1997; Marz et al. 
2006). OGT was first purified from rat liver and described as a heterotrimer consist-
ing of two ncOGT and one 78 kDa unit. The 78 kDa unit is enriched in certain tis-
sues and may correspond to sOGT, but may also be a proteolytic fragment of ncOGT 
(Haltiwanger et al. 1992; Kreppel et al. 1997). The major form of OGT expressed in 
brain is more likely a homodimer of ncOGT (Marz et al. 2006; Lagerlöf et al. 2017). 
Dimerization occurs over an evolutionary conserved hydrophobic region in the TPR 
domain (TPR 6). Dimerization is stable even in very high salt concentrations and 
probably not subject to posttranslational regulation (Kreppel and Hart 1999; Jinek 
et al. 2004).

OGT is exquisitely regulated adding O-GlcNAc only to particular sites at any 
given time and place. In vitro, OGT exhibits sequence specificity. If purified OGT is 
mixed with UDP-GlcNAc and a peptide that contains several possible O-GlcNAc 
sites, often only one or a few sites become significantly modified. Likewise, sub-
strate peptides derived from different proteins are often modified with different effi-
ciency (Kreppel and Hart 1999). Also UDP-GlcNAc levels influence peptide 
substrate specificity (Kreppel and Hart 1999; Shen et al. 2012). Nevertheless, there 
is no absolute substrate consensus sequence for OGT. Indeed, the catalytic site of 
OGT interacts primarily with the peptide backbone of the substrate and not particu-
lar side chains (Lazarus et al. 2011). In vivo, O-GlcNAc sites concentrate on disor-
dered regions of proteins and close to proline and valine, so called PVS motifs 
(Alfaro et al. 2012; Trinidad et al. 2012; Hart et al. 2011). Presumably, the reason is 
that such regions can be made to fit OGT’s catalytic groove more easily.

Primary sequence plays a role in determining the major O-GlcNAc sites on a 
given protein. However, in cells, whether a particular protein will be modified 
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depends also on OGT-binding proteins. OGT operates as a holoenzyme, where its 
interacting proteins direct OGT to its substrates (Whelan et al. 2008; Cheung and 
Hart 2008; Cheung et al. 2008; Housley et al. 2009; Marz et al. 2006; Yang et al. 
2002). For example, in neurons, neurofilaments become O-GlcNAcylated only after 
activated p38 binds OGT (Cheung et  al. 2008). OGT-interacting proteins can 
enhance OGT activity towards peptide substrates as well (Marz et  al. 2006). 
Moreover, OGT is multiply phosphorylated and it modifies itself with O-GlcNAc 
(Kreppel et al. 1997; Song et al. 2008; Whelan et al. 2008). Phosphorylation of OGT 
can both activate OGT, e.g. CaMKIV during neuronal depolarization, and alter 
OGT’s substrate specificity (Whelan et  al. 2008; Song et  al. 2008; Bullen et  al. 
2014). OGT is strongly inhibited by free UDP but, unlike most other glycosyltrans-
ferases that utilize a UDP-bound sugar as donor, OGT does not require divalent 
cations (Haltiwanger et al. 1990). Surprisingly, in addition to its glycotransferase 
activity OGT can also function as a protease (Capotosti et al. 2011). For a summary 
of the regulation of OGT, see Fig. 9.2.

OGT has emerged as a key cellular nutrient sensor. The donor for O-GlcNAc, 
UDP-GlcNAc, is produced by the hexosamine biosynthesis pathway, the HBP (see 
Sect. 2.1). UDP-GlcNAc is an abundant high-energy small molecule and ranges in 
concentrations within cells from 0.1 to 1 mM. Almost all metabolic pathways feed 
into the HBP and contribute to the production of UDP-GlcNAc, including fatty 
acids, nitrogen and 2–5% of all cellular glucose. A rich energy supply elevates 
UDP-GlcNAc, and, subsequently, protein O-GlcNAcylation whereas a scarce sup-
ply is associated with reduced levels of both UDP-GlcNAc and O-GlcNAc (Hart 
et al. 2011; Hart et al. 2007). Also in the brain fasting has been shown to decrease 
O-GlcNAc generally, a change reversed upon re-feeding (Liu et al. 2004; Li et al. 
2006; Banerjee et al. 2016). Interestingly, depending on the substrate, the Km for 
UDP-GlcNAc can vary more than 20-fold but most become better substrates in the 
presence of higher concentrations of UDP-GlcNAc (Shen et al. 2012; Kreppel and 
Hart 1999). Therefore, although metabolic flux is associated with global changes in 
O-GlcNAc, some proteins are more sensitive to nutrient supply than others. In Sect. 
5.3 we will discuss how OGT as a nutrient sensor is involved in the pathology 
behind neurodegenerative disease.

3.3 � O-GlcNAcase; a Cytosolic O-β-GlcNAc Hydrolase 
with Neutral pH Optima

In accord with the O-GlcNAc transferase, the enzyme that removes O-GlcNAc from 
proteins, the O-GlcNAcase (OGA), is expressed from a single gene. The gene was 
first cloned as an antigen associated with meningioma and it is localized to the long 
arm of chromosome 10 (10q24), a locus tightly linked to late-onset Alzheimer‘s 
disease (Heckel et al. 1998; Bertram et al. 2000). In addition, alternatively spliced 
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OGA transcripts have been associated with sporadic cases of Alzheimer‘s disease 
(Twine et al. 2011).

OGA hydrolysis results in the displacement of GlcNAc from the protein (Dennis 
et al. 2006). Contrary to hexosaminidases, OGA has a neutral pH optima and is not 
inhibited by GalNAc. Nor does it remove GalNAc from proteins but is specific for 
β-linked O-GlcNAc (Dong and Hart 1994). OGA is also genetically and immuno-
genically distinct from other glycosidases (Gao et al. 2001).

OGA has been identified in all tissues so far investigated. It is expressed in the 
nucleus and cytoplasm of cells and the highest expression is found in brain (Gao 
et al. 2001). OGA is highly conserved but contains a middle, intrinsically unfolded 
region that exhibits more variability (Gao et al. 2001; Heckel et al. 1998; Butkinaree 
et  al. 2008). Like OGT, OGA consists of two major domains. The glycosidase 
domain is C-terminal. The N-terminus contains a histone acetyl transferase (HAT) 
domain. While the HAT domain was reported to be functionally active (Toleman 
et al. 2004; Toleman et al. 2006), not all groups have been able to repeat this finding 
(Butkinaree et al. 2008). Caspase 3 cleaves OGA between the glycosidase domain 
and the HAT domain during apoptosis without any loss of O-GlcNAcase activity 
(Butkinaree et al. 2008).

Very little is known about the regulation of OGA. It is believed that OGA forms 
multi-partner complexes that direct OGA to its substrates, much like how OGT is 
regulated (Hart et al. 2011; Groves et al. 2017; see above). Recently, highly specific 
pharmacological inhibitors of OGA have been developed (Yuzwa et al. 2008; Yuzwa 
et al. 2012). In Sect. 5 we will learn more about the way in which OGA is important 
for the brain’s ability to learn and form memories and serves as a drug target for 
neurodegenerative disorders.

4 � O-GlcNAc Is Highly Expressed in the Nervous System

4.1 � O-GlcNAc Is Found Throughout the Brain

Brain is one of the organs where O-GlcNAc is the most abundant. OGT and OGA 
are expressed in comparatively high levels in the brain (Kreppel et al. 1997; Lubas 
et al. 1997; Gao et al. 2001). Both enzymes are present across brain regions, includ-
ing cortex, the cerebellum and subcortical nuclei such as the amygdala (Liu et al. 
2012; Rexach et  al. 2012). Within neurons, O-GlcNAc has been identified in all 
subcellular structures investigated, albeit to differing degrees. Biochemical fraction-
ation was used to show that O-GlcNAc transferase activity was present in synapses 
(Cole and Hart 2001). Immunoelectron microscopy indicated that OGT and 
O-GlcNAc were present in both the post- and pre-synapse. In the presynapse, OGT 
is concentrated on synaptic vesicles storing neurotransmitter (Akimoto et al. 2003). 
Most research on O-GlcNAc in the brain has focused on O-GlcNAc‘s role in 
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neurons of the central nervous system. Less is known about its expression in neu-
rons of the peripheral nervous system or in glia.

4.2 � Thousands of Neuronal Proteins Are Modified by 
O-GlcNAc

One difficulty in studying the role of O-GlcNAc for brain function is its vast abun-
dance. Technical breakthroughs have allowed identification of O-GlcNAc sites en 
masse by coupling selective enrichment of O-GlcNAc modified proteins with elec-
tron capture dissociation (ECD) or electron transfer dissociation (ETD) mass spec-
trometry (types of mass spectrometry that can fragment peptides without losing the 
GlcNAc) (Wang et al. 2010a, b; Trinidad et al. 2012). According to some estimates, 
about 40% of all neuronal proteins are modified by O-GlcNAc (Trinidad et  al. 
2012). Some proteins, like bassoon, which is important for neurotransmitter release, 
have more than a dozen O-GlcNAc sites. On other proteins, e.g. CaMKII, only a 
single site or a very few sites have been detected (Trinidad et al. 2012). As discussed 
in Sect. 3.2 O-GlcNAc sites concentrate on structurally disordered regions of pro-
teins and there is some preference for a sequence context rich in proline and valine. 
For any particular site, O-GlcNAc is usually present in substochiometric levels 
(Hart et al. 2007). The absolute occupancy is dynamic and depends on the activity 
of the neuron, possibly due to CaMK-dependent stimulation of OGT (Khidekel 
et al. 2007; Rexach et al. 2010; Song et al. 2008).

Proteins modified by O-GlcNAc belong to all functional classes. Many O-GlcNAc 
proteins are shared across cell types and underlie constitutive cellular functions 
such as transcription, translation and protein degradation. Nevertheless, the role 
played by O-GlcNAc on these factors is often neuron-specific. For example, in neu-
rons, the common transcription factor cyclic AMP-response element binding pro-
tein (CREB) is modified by O-GlcNAc on serine 40 upon cell depolarization. Once 
modified, CREB is prevented from binding to its co-activator CRTC (CREB-
regulated transcription coactivator). This inhibits CREB and leads to an inactivation 
of several transcription pathways involved in synaptic plasticity (see Sect. 5.2; 
Rexach et al. 2012). Other O-GlcNAc proteins are particular to neurons, including 
certain scaffolding proteins, signaling proteins and cytoskeletal proteins. Many of 
these are proteins found in the synapse. One interesting case is CaMKII-α. 
CaMKII-α is modified by O-GlcNAc in a small region known to contain one phos-
phorylation site that can activate the enzyme and another phosphorylation site that 
deactivates it (Trinidad et al. 2012). The regulation of CaMKII-α activity is crucial 
for synaptic events that underlie learning and memory (Lisman et  al. 2002). 
Therefore, elucidation of how O-GlcNAc may fine tune CaMKII-α activity is 
important not only to our understanding of synapse biology but also higher-order 
brain function. Moreover, in the synapse, there is a significant overrepresentation of 
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kinases, enzymes that add O-phosphate to proteins, among the proteins that are 
modified by O-GlcNAc (Trinidad et al. 2012).

Several proteins that contribute to the development of neurocognitive disease 
carry O-GlcNAc. The transcription factor methyl CpG binding protein 2 (MeCP2) 
coordinates activity-dependent gene transcription and is modified by O-GlcNAc. 
Loss of MeCP2 causes Rett syndrome, a developmental disorder classically associ-
ated with repetitive and stereotypical hand movements and mental retardation. It has 
been shown that only the MeCP2 molecules that do not carry O-GlcNAc were acti-
vated in response to neuronal depolarization (Wang et al. 2010a, b; Rexach et al. 
2012). Seemingly on MeCP2, O-GlcNAc serves as a checkpoint for turning on or 
off activity-dependent gene transcription. Other O-GlcNAc proteins that are inti-
mately involved in neurocognitive disease include tau (Alzheimer‘s disease) and 
α-synuclein (Parkinson‘s disease) (Arnold et al. 1996; Wang et al. 2010a, b).

4.3 � O-GlcNAc Regulates Diverse Cellular Processes

Proteins modified by O-GlcNAc regulate diverse cellular processes such as gene 
transcription, protein translation and degradation and signal transduction. The func-
tion of the O-GlcNAc modification depends on the specific protein that is modified 
as well as the site on that protein that is modified (Hart et al. 2007; Hart et al. 2011). 
Here we will briefly discuss different mechanisms by which O-GlcNAc underlies 
normal cell function.

Gene Transcription
RNA polymerase II. O-GlcNAc may directly affect basal transcription by inactivat-

ing RNA polymerase II. RNA polymerase II in the so-called pre-initiation com-
plex is heavily modified by O-GlcNAc in its carboxyl terminal domain (CTD). 
However, the RNA polymerase II in the so-called elongation complex is devoid 
of O-GlcNAc. Instead, upon transcription initiation the CTD of RNA polymerase 
II becomes phosphorylated. It has been suggested that the loss of O-GlcNAc is 
required before it can be phosphorylated and thereby activated (Kelly et al. 1993; 
Comer and Hart 1999; Ranuncolo et al. 2012).

Histones. Histones are modified by multiple posttranslational modifications, includ-
ing O-GlcNAc (Sakabe et al. 2010). The combination of these modifications is 
hypothesized to form a ‘code’ that either facilitates or prevents the access of 
transcription factors to DNA. The O-GlcNAc on serine 112 enhances the (mono-) 
ubiquitination of histone 2B thereby activating gene transcription (Fujiki 
et al. 2011).

Transcription factors. O-GlcNAc takes advantage of several different mechanisms 
to regulate the activity of transcription factors toward gene transcription (Ozcan 
et  al. 2010). O-GlcNAc activates NeuroD (important for neuronal differentia-
tion) by promoting its shuttling from the cytosol to the nucleus and protects p53 
by saving it from ubiquitin-mediated degradation (Andrali et al. 2007). O-GlcNAc 
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on serine 228 on Oct4 (regulating self-renewal of stem cells) does not affect its 
general activity but influences its promoter specificity (Jang et al. 2012).

Protein Translation
O-GlcNAc plays several distinct roles during the translation of messenger RNA to 
polypeptide chains. OGT and OGA bind very tightly to the ribosome and overex-
pression of OGT was shown to facilitate ribosome assembly. Several ribosomal 
proteins are modified by O-GlcNAc, including the mammalian target of rapamycin 
(mTOR) pathway protein S6 (Zeidan et al. 2010). Also associated translational fac-
tors are modified by O-GlcNAc. The eukaryotic initiation factor 2 (eIF2) initiates 
translation by forming a complex with p67. It has been suggested that the O-GlcNAc 
on p67 is required for p67’s ability to protect eIF2 from phosphorylation and thereby 
inactivation (Datta et al. 1989. Ray et al. 1992).

Protein and Vesicle Trafficking
The subcellular distribution of multiple proteins has been shown to depend on 
O-GlcNAc (Sayat et al. 2008; Geng et al. 2012). For instance, E-cadherin is a cell 
junction protein that, among other things, is important for inhibitory synapse forma-
tion (Fiederling et al. 2011). If the O-GlcNAc on E-cadherin’s cytosolic tail is not 
removed, E-cadherin becomes trapped in the endoplasmatic reticulum (ER) and 
cannot be transported further to the Golgi apparatus (Geng et al. 2012). O-GlcNAc 
may also play a role in the transport of microvesicles within cells, e.g. vesicles that 
mediate the release of neurotransmitter. There is no direct evidence showing that 
O-GlcNAc regulates microvesicle trafficking per se. However, proteins such as 
adaptor protein complex 2 (AP-2) that mediates clathrin-dependent endocytosis and 
N-ethylmaleimide-sensitive fusion protein (NSF), which is an ATPase involved in 
vesicle fusion, are modified by O-GlcNAc (Clark et al. 2008). A recent report indi-
cates that OGT is located in the presynaptic terminal, where synaptic vesicles 
release neurotransmitter, and is critical for GABA neuron function in drosophila. 
However, OGT-dependent glycosylation was dispensible for this effect (Giles 
et al. 2019).

Protein Degradation
O-GlcNAc is intimately involved in the control of protein degradation. O-GlcNAc 
sites often fall in regions with high PEST-scores (the Pro-Glu-Ser-Thr sequence is 
associated with rapid degradation of proteins) and an increase in global O-GlcNAc 
leads to an increased ubiquitination of proteins whereas a decrease in global 
O-GlcNAc decreases protein ubiquitination (Hart et al. 2007; Guinez et al. 2008). 
In addition, O-GlcNAc can directly inhibit the proteasome by modifying the 26S 
and 19S proteasomes (Zhang et al. 2003).

Signaling and the Crosstalk Between O-GlcNAc and O-Phosphate
An emerging theme in the regulation of signal transduction pathways is the cross-
talk between O-GlcNAc and O-phosphate. Many O-phosphorylated proteins are 
also O-GlcNAc proteins (Trinidad et  al. 2012). O-GlcNAc and O-phosphate can 
directly and reciprocally inhibit each other by sharing the same site, as in the case 
of threonine 58  in the trans-activation domain of the transcription factor c-myc 
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(Chou et al. 1995a, b). On other proteins the crosstalk is indirect and can be both 
negative and positive. Removal of O-GlcNAc from threonine 57/serine 58 on 
CaMKIV, for example, prevents the phosphorylation of threonine 200, the main 
activation site on CaMKIV.  At the same time, loss of O-GlcNAc on serine 189 
facilitates threonine 200 phosphorylation (Dias et  al. 2009). In fact, on a global 
level, the occupancy of most dynamic phosphorylation sites is affected by acute 
inhibition of O-GlcNAc cycling (Wang et  al. 2008). As a group, kinases, the 
enzymes that add O-phosphate to proteins, are more often modified by O-GlcNAc 
than other kinds of proteins (Dias et al. 2012; Trinidad et al. 2012). Furthermore, as 
we discussed in Sect. 3.2, phosphorylation of OGT can activate OGT and influence 
its substrate specificity.

5 � O-GlcNAc Is Essential for Brain Function

In Sects. 2, 3, and 4 we learned that O-GlcNAc dynamically modifies a vast array of 
neuronal proteins involved in many cellular processes, such as gene transcription 
and signal transduction. In the following section we will discuss how the regulation 
of neuronal function by O-GlcNAc underlies normal brain function and contributes 
to brain-related disorders (summarized in Fig. 9.3).

5.1 � Early and Late Brain Development Depends Upon 
O-GlcNAc Cycling

In vertebrates, O-GlcNAc is essential for normal development. In many different 
cell types, it has been shown that perturbations of O-GlcNAc cycling interrupt the 
cell cycle by preventing cytokinesis (Slawson et al. 2005; Slawson et al. 2008; Wang 
et al. 2010a, b). In the embryo, this leads to failure of stem cell proliferation and 
subsequent death at the single cell stage (Shafi et al. 2000). Studies taking advan-
tage of partial depression of OGT expression, where cell proliferation is preserved, 
indicated that renewal of stem cell pluripotency and stem cell differentiation depend 
upon O-GlcNAc. In fact, two members of the core pluripotency network in embry-
onic stem cells, Oct4 and Sox2, are modified by O-GlcNAc. Loss of O-GlcNAc on 
threonine 228 of Oct4 alters its promoter specificity disrupting transcription of doz-
ens of genes, including some that are involved in neuronal differentiation (e.g. 
Nanog, NR5A2) (Jang et al. 2012; Wang et al. 2012).

Later in development, O-GlcNAc plays a role in brain morphogenesis and pat-
terning. Loss of OGT decreases brain size, while overexpression of OGT blurs the 
organization and distinction of hind-, mid- and forebrain regions in zebra fish 
(Webster et al. 2009. Likewise, when OGT was deleted from neurons specifically by 
crossing floxed OGT mice with mice expressing Cre recombinase under the 

9  Brain O-GlcNAcylation: From Molecular Mechanisms to Clinical Phenotype



270

synapsin I promoter, viability until term was reduced. The pups that survived failed 
to develop any locomotor activity and died within ten days (O'Donnell et al. 2004). 
In postmitotic neurons, the O-GlcNAc glycosylation of CREB underlies both axo-
nal and dendritic growth and may, at least partly, explain the impaired development 
of brain function (Rexach et al. 2012). O-GlcNAc is also known to affect axonal 
branching (Francisco et al. 2009).

5.2 � O-GlcNAc Underlies Learning and Memory

Learning and memory are fundamental properties of the brain. Over the past decades 
it has been shown that the brain is a highly malleable organ that dynamically 
responds to challenges in the environment. It is believed that memories are encoded 
by neurons through changes in their synaptic communications with other neurons, 
so-called synaptic plasticity. A prevailing model for how such changes occur is 
long-term potentiation (LTP) and depression (LTD), occurring mainly at the post-
synapse (see, e.g., Hanley 2008; Lynch 2004). Multiple disorders involving mental 
retardation such as Fragile X and Rett syndrome have been linked to proteins under-
lying synaptic plasticity (Verpelli and Sala 2012; Grant 2012). OGT is present in the 
synapse and many postsynaptic proteins involved in LTP and LTD carry O-GlcNAc 
(see Sects. 4.1 and 4.2). Using electrophysiology, it was further established that 
O-GlcNAc cycling is necessary for normal expression of LTP; pharmacological 
inhibition of OGT diminished LTP whereas OGA inhibition elevated LTP (Tallent 
et al. 2009). O-GlcNAc cycling also regulates LTD (Taylor et al. 2014). The effects 
on LTP and LTD may relate to relocation of the α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic (AMPA) receptor, the glutamate neurotransmitter receptor 
responsible for most fast synaptic transmission in the central nervous system (CNS). 
O-GlcNAc modifies CaMKII in close proximity to a phosphorylation site that regu-
lates its activity (see Sect. 4.2). CaMKII, in turn, is one of the major pathways that 
can induce the synaptic insertion of the AMPA receptor (Tallent et  al. 2009; 
Shepherd and Huganir 2007). Interestingly, an OGT-dependent increase in AMPA 
receptor conductivity was absent in AMPA receptors where the main CaMKII phos-
phorylation site was mutated to alanine (Kanno et al. 2010). Related to OGT’s effect 
on AMPA receptors, OGT also regulates synapse number (Lagerlöf et al. 2017).

O-GlcNAc cycling is important for dynamic synaptic function at the presynapse. 
Acute OGA inhibition in vivo decreases paired-pulse facilitation (PPF). PPF is a 
measurement of vesicle release of neurotransmitter. O-GlcNAc may regulate PPF 
via synapsin I.  The presynaptic protein synapsin I is extensively modified by 
O-GlcNAc and inhibition of OGA increases the phosphorylation of synapsin I 
(Tallent et  al. 2009). O-GlcNAc’s effect on synapsin is partly mediated by 
O-GlcNAcylation of threonine 87 (Skorobogatko et al. 2014).

The studies investigating the effect of O-GlcNAc on learning and memory have 
so far relied heavily upon pharmacological manipulation of OGT and 
OGA. Unfortunately, some of the drugs used are known to cause off-target effects 
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in cells. This may explain some apparent contradictions in published results (e.g. 
Tallent et al. 2009 argues that O-GlcNAc does not affect basal synaptic transmission 
whereas Kanno et al. 2010 does see a large effect on basal AMPA receptor func-
tion). Genetic deletion of OGT confirmed the critical regulation of AMPA receptors 
and synaptic plasticity by O-GlcNAc signaling (Lagerlöf et al. 2017). While this 
study shines light on the fundamental regulation of AMPA receptors by OGT, 
knocking out OGT takes several days. This makes the results difficult to compare 
with data based on pharmacology. For future research, it will be important to 
develop mouse models of O-GlcNAc function and focus on mechanisms for the way 
in which O-GlcNAc may underlie learning and memory. One good example is a 
study that compared wildtype CREB with an O-GlcNAc loss-of-function mutant of 
CREB.  This study overexpressed these proteins in vivo and showed that the 
O-GlcNAc mutant enhanced CREB-dependent transcription of several synaptic 
plasticity associated genes as well as short-term memory in mice (Rexach 
et al. 2012).

The strong links between O-GlcNAc and learning and memory were put in 
immediate clinical relevance in 2017. Then several groups identified several fami-
lies with members with intellectual disability where mutations in OGT were identi-
fied as cause. These discoveries have paved the way for identification of a whole 
new class of congenital disorders of glycosylation (CDT)  – OGT-CDT (Pravata 
et al. 2020).

5.3 � Impaired O-GlcNAc Cycling Contributes 
to Neurodegenerative Disease

Neurodegenerative disease is a collection of disorders that are characterized by gen-
eral cognitive decline and loss of neurons and neuronal synapses. They become 
more common with age but early-onset variants exist (Koffie et al. 2011; Schulz-
Schaeffer 2010). Impaired O-GlcNAc cycling is implicated in the development of 
several types of neurodegenerative disease, including Alzheimer‘s, Parkinsonism 
and Huntington’s (Arnold et al. 1996; Dias and Hart 2007; Wang et al. 2012; Lee 
et al. 2020; Hart et al. 2011). The loci for the genes encoding OGT and OGA are 
linked to Parkinsonian dystonia and Alzheimer‘s disease, respectively. In addition, 
OGA transcripts are alternatively spliced in the brain in patients with sporadic 
Alzheimer‘s (see Sects. 3.2, 3.3, and 4).

Two pathological hallmarks of Alzheimer‘s disease are neurofibrillary tangles 
and amyloid plaques (Koffie et al. 2011; Dias and Hart 2007). The neurofibrillary 
tangles consist of paired helical filaments of tau, a protein that is important for 
microtubuli stability. Tau is extensively modified by O-GlcNAc, including in the 
region that binds to microtubuli (Arnold et al. 1996; Wang et al. 2010a, b). Results 
from both in vitro and in vivo experimeInts indicated that increasing O-GlcNAc on 
tau protected it from filament precipitation (Yuzwa et  al. 2012). O-GlcNAc may 
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save tau from precipitating either directly or indirectly by protecting it from hyper-
phosphorylation (Yuzwa et al. 2012; Yuzwa et al. 2008). Alzheimer‘s patients pres-
ent with hyperphosphorylated and hypo-O-GlcNAc glycosylated tau. No O-GlcNAc 
can be found on the tau tangles isolated from these patients (Liu et  al. 2004). 
Importantly, in mouse models of neurodegenerative disease resulting from express-
ing mutant forms of tau prone to precipitate, elevating global O-GlcNAc, including 
O-GlcNAc on tau, by selectively inhibiting OGA pharmacologically, slowed symp-
tom progression (Yuzwa et al. 2012). Interestingly, the main constituent of amyloid 
plaques, amyloid precursor protein (APP), is also modified by O-GlcNAc (Griffith 
et al. 1995). The ameliorating effect of increasing O-GlcNAc on Alzheimer’s dis-
ease may result in part from O-GlcNAc-mediated regulation of necroptosis (Park 
et al. 2021).

Alzheimer‘s disease is intimately associated with dysregulated glucose metabo-
lism and insulin resistance (Biessels et al. 2006; de la Monte and Wands 2008). Due 
to the regulation of O-GlcNAc by nutrient supply and metabolic hormones, OGT 
has emerged as a key nutrient sensor in cells (see Sect. 3.2). Much of the toxicity 
associated with excessive intake of glucose is mediated by the hexosamine biosyn-
thesis pathway, the same pathway that produces the O-GlcNAc donor substrate 
UDP-GlcNAc. Many forms of insulin resistance are also related to OGT (Hart et al. 
2007). Overexpression of OGT can independently lead to insulin resistance (Yang 
et  al. 2008). From this perspective, impaired O-GlcNAc signaling represents a 
model, and pharmacological target, for how metabolic dysfunction may result in 
neurodegenerative disease (Banerjee et al. 2016).

O-GlcNAc may also be involved in neurodegenerative diseases other than 
Alzheimer‘s. For example, in transgenic models where a polyglutamine expansion 
of huntingtin (the protein that causes Huntington’s disease) was overexpressed, 
deletion of OGT attenuated neuron loss while deletion of OGA exacerbated neuron 
loss (Wang et al. 2012). Deleting OGT in specific types of neurons in wildtype mice 
lead to neuron loss in many but not all types (Lagerlöf 2018). In addition, α-synuclein, 
the protein found in lesions overrepresented in Parkinson‘s disease, carries 
O-GlcNAc in the region known to induce self-aggregation (Wang et al. 2010a, b). It 
should also be noted that O-GlcNAc in other cell types becomes elevated from 
many different types of stress and that deletion of OGT makes cells more vulnerable 
to stress (Zachara et al. 2004; Kazemi et al. 2010). Many recent reports implicate 
O-GlcNAc signaling as important for stroke outcome; increasing O-GlcNAc attenu-
ates both cell death and motor impairment upon stopping the blood flow to the 
motor cortex (Lagerlöf 2018).

5.4 � O-GlcNAc Mediates Central Control of Metabolism

The metabolism in any given cell in the body is coordinated with the activity of 
other cells in the same tissue, other tissues and the body as a whole. While the coor-
dination occurs through several pathways, the brain has emerged as a critical master 
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regulator (Schwartz et al. 2000). The brain processes vast amounts of information 
about everything from current blood glucose concentration to emotional state and 
long-term goals of the individual. Integrating different types of information puts the 
brain in a unique position to respond adequately to environmental events that may 
offset metabolism such as eating a meal or going for a walk on a cold winter day 
(Rossi and Stuber 2018). One major mechanism on which the brain relies to opti-
mize body metabolism is O-GlcNAc.

In the brain, O-GlcNAc is particularly sensitive to food intake and glucose in a 
subset of cells called alpha calcium/calmodulin-dependent protein kinase II (aCaM-
KII) neurons of the paraventricular nucleus of the hypothalamus (PVNaCaMKII). The 
PVNaCaMKII become activated upon food intake. Once activated, they turn off further 
eating. This food-induced activation depends on OGT. When OGT was knocked out 
in the PVNaCaMKII in mice, the cells no longer responded to food intake and the ani-
mals ate much more food. It appears that OGT in these cells mediate satiation, the 
feeling at the end of a meal that limits meal size. Meal size was markedly upregu-
lated in the OGT knockout mice (Lagerlöf et al. 2016). The increased food intake 
leads to rapid development of obesity including perturbed glucose and insulin 
homeostasis (Lagerlöf et al. 2016; Dai et al. 2018). Some data suggest that OGT’s 
regulation of meal size shifts the level at which body weight stabilizes rather than 
continuously pushing body weight higher and higher; one group observed that the 
body weight difference between the OGT knockout mice and wildtype mice evened 
out after several months as the normal mice grow heavier as part of their normal 
behavior (Dai et al. 2018). Determining the level at which body weight stabilizes 
over long periods of time makes O-GlcNAc a particularly interesting target for 
weight loss therapy. Most previous attempts at weight loss therapy based on manip-
ulating metabolic signaling pathways have failed because there is no long term 
effect (Stemmer et  al. 2019). O-GlcNAc’s regulation of meal size may present 
unique opportunities to overcome this problem. Surprisingly, the long-term effect of 
O-GlcNAc is likely at least in part due to a memory-based mechanism. Section 5.2 
details the many ways O-GlcNAc cycling mediates learning and memory. Memory 
was introduced many years ago to potentially be involved in long-term body weight 
regulation but until a paper by Andersson et  al. almost no data on its biological 
mechanism had been discovered. It turns out that O-GlcNAc incorporates a caloric 
memory in satiation. This memory affects satiation depending on how many calo-
ries that previously have been consumed (Andersson et al. 2021).

While O-GlcNAc regulates food intake in PVNaCaMKII, O-GlcNAc affects energy 
expenditure in agouti-related peptide (agrp) neurons of the arcuate nucleus in the 
hypothalamus. Fasting increases OGT and O-GlcNAc levels in the agrp neurons, 
probably depending on stimulation by the hunger hormone ghrelin. OGT in these 
neurons appears to be necessary for the hunger-induced suppression of so-called 
browning of retroperitoneal white adipose tissue. In contrast to the effect in 
PVNaCaMKII, deleting OGT in the agrp neurons protects against diet-induced obesity 
(Ruan et al. 2014).

The contrasting effects of O-GlcNAcylation in agrp neurons and PVNaCaMKII 
show that O-GlcNAc signaling plays multiple roles in the way the brain coordinates 
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metabolism. These data also show that O-GlcNAc can be regulated very differently 
in different brain neurons. Genetic data implicate O-GlcNAc in several human met-
abolic disorders including obesity and type 2 diabetes (Lagerlöf 2018). Identifying 
mechanisms by which O-GlcNAc signaling regulates distinct circuits will be para-
mount to harnessing O-GlcNAcylation to treat metabolic disease in humans.

6 � Summary and Outlook

Every time we think, act and feel information is passed between neurons in the 
brain. Neurons are extraordinary cells with complex morphology and a lifespan that 
matches the lifespan of the organism. The posttranslational modification O-GlcNAc, 
the attachment of β-N-acetylglucosamine to serine and threonine, is expressed in all 
compartments of the neuron. By the help of only two enzymes, OGT and OGA, 
O-GlcNAc regulates thousands of proteins underlying diverse cellular processes 
such as gene transcription and signal transduction. Much recent data clearly shows 
the importance of neuronal O-GlcNAcylation for a number of human disorders; e.g. 
intellectual disability, Alzheimer’s disease and obesity. The big challenge for the 
future will be to derive a mechanistic picture for how specific O-GlcNAc sites affect 
protein function and thereby synaptic transmission in specific neuronal circuits. 
Several new techniques have been developed that improve and simplify the detec-
tion of O-GlcNAc. Nevertheless, more tools such as site-specific antibodies for 
O-GlcNAc are needed to make the O-GlcNAc field more accessible to the broader 
neuroscience research community. The newly developed OGA PET (positron emis-
sion tomography) ligand is another tool that will be instrumental for how to bridge 
the gap between O-GlcNAc site and clinical phenotype. Understanding the way 
O-GlcNAc works in the nervous system will not only afford fundamental principles 
of brain function but also provide novel targets for the treatment of neurocognitive 
disease.
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