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The Role of O-GlcNAc in Adult Hippocampal Neurogenesis 

Charles White 

ABSTRACT 

The post-translational modification, O-linked N-Acetylglucosamine (O-GlcNAc) is a major 

regulator of aging, neurodegenerative disease, and stem cell function. Addition and removal of 

O-GlcNAc is tightly controlled by O-GlcNAc transferase (Ogt) and O-GlcNAcase (OGA), 

respectively. Reducing the expression of either of these enzymes has previously been shown to 

alter neurogenesis in the developing brain. Moreover, our lab has previously identified an age-

related decrease in hippocampal O-GlcNAc levels underlying age-related impairments in 

cognitive function. Notwithstanding, whether O-GlcNAc plays a role in adult hippocampal 

neurogenesis has yet to be explored. Here we investigate the role of O-GlcNAc in regulating the 

decline of adult hippocampal neurogenesis. First, we identify an age-related loss of neural stem 

cell (NSC) O-GlcNAcylation concurrent with an increase in gliogenesis. Mechanistically, we 

demonstrate that loss of STAT3 O-GlcNAcylation in NSCs promotes gliogenesis at the expense 

of neurogenesis and NSC self-renewal. Next, we examine the role of the mitochondrial isoform of 

Ogt (mOGT). We identify an age-related increase in mOGT levels capable of driving NSC 

depletion by promoting aberrant neuronal differentiation. Finally, we explore the role of OGA in 

regulating age-related regenerative decline in the brain. While impairing OGA does not appear to 

alter neuronal differentiation, we identify a change in non-neuronal differentiation in vivo. Taken 

together, these data implicate O-GlcNAc as a major regulator of adult hippocampal neurogenesis 

and posit O-GlcNAc as a therapeutic target for combatting age-related regenerative decline in the 

brain. 
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ABSTRACT 

Increased neural stem cell (NSC) quiescence is a major determinant of age-related regenerative 

decline in the adult hippocampus. However, a coextensive model has been proposed in which 

division-coupled conversion of NSCs into differentiated astrocytes restrict the stem cell pool with 

age. Here we report that age-related loss of the post-translational modification, O-linked N-

Acetylglucosamine (O-GlcNAc), in NSCs promotes a glial fate switch. We detect an age-

dependent decrease in NSC O-GlcNAc levels coincident with decreased neurogenesis and 

increased gliogenesis in the mature hippocampus. Mimicking an age-related loss of NSC O-

GlcNAcylation in young mice reduces neurogenesis, increases astrocyte differentiation and 

impairs associated cognitive function. Using RNA-sequencing of primary NSCs following 

decreased O-GlcNAcylation, we detect changes in the STAT3 signaling pathway indicative of glial 

differentiation. Moreover, using O-GlcNAc-specific mass spectrometry analysis of the aging 

hippocampus, together with an in vitro site directed mutagenesis approach, we identify loss of 

STAT3 O-GlcNAc at Threonine 717 as a driver of astrocyte differentiation. Our data identify the 

post-translational modification, O-GlcNAc, as a key molecular regulator of regenerative decline 

underlying an age-related NSC fate switch.  
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INTRODUCTION 

Within the dentate gyrus (DG) region of the adult mammalian hippocampus, NSCs undergo 

rounds of division and maturation, in a process termed adult neurogenesis, ultimately giving rise 

to functional neurons that integrate into existing hippocampal circuitry and regulate cognition (1, 

2). While much less understood, adult NSCs can alternatively undertake a gliogenic program in 

which they terminally differentiate into astrocytes (3–6). During aging, neurogenesis precipitously 

declines in the adult hippocampus (7–11). While adult NSCs in the aging hippocampus remain 

somewhat controversial in humans (12), the most recent studies report adult hippocampal 

neurogenesis through the ninth decade of life, with age-related decline exacerbated in 

Alzheimer’s disease patients (13) and correlating with cognitive dysfunction (14). It is therefore 

becoming evident that adult NSCs provide a significant source of cellular and cognitive plasticity 

in the adult brain. However, mechanisms governing age-related neurogenic decline remain to be 

fully elucidated.  

The post-translational modification O-GlcNAc - a dynamic form of intracellular protein 

glycosylation - is quickly emerging as a potent regulator of brain aging (15–17). Recently, we 

identified age-related changes in O-GlcNAcylation associated with neuronal dysfunction in old 

mice (17). Moreover, the catalytic enzymes responsible for the addition and removal of O-GlcNAc, 

O-GlcNAc transferase (Ogt) and O-GlcNAcase (Oga), have been implicated in Alzheimer’s 

disease (15, 18, 19), Parkinson’s disease (20) and even lifespan regulation (21, 22). In the context 

of stem cell biology, previous studies have identified a critical role for O-GlcNAc in embryonic 

stem cell pluripotency (23) and proper organismal development (24). Additionally, aberrant neural 

development has been observed following abrogation of either Ogt or Oga (25, 26). Despite 

involvement in both aging and development, a role for O-GlcNAcylation in regulating age-related 

regenerative decline in any tissue, including the brain has yet to be explored.  

In this study, we used pharmacological and RNAi in vitro approaches, in conjunction with 

RNA-sequencing, to demonstrate that decreasing NSC O-GlcNAcylation promotes a neuron to 
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glia fate switch. Functionally, we utilize genetic knock out models to demonstrate that decreasing 

NSC O-GlcNAcylation in young animals mirrors age-related changes in adult neurogenesis, 

cognitive function and gliogenesis. Mechanistically, we employ mass spectrometry to identify an 

age-related loss of STAT3 O-GlcNAcylation at Threonine 717 in the hippocampus that drives a 

gliogenic fate switch in NSCs. 

 

RESULTS 

NSC O-GlcNAC levels decline with age and are coincident with decreased neurogenesis 

and increased gliogenesis in the mature hippocampus.  

We first compared age-related temporal kinetics of O-GlcNAc expression in adult NSCs with 

changes in adult neurogenesis and gliogenesis in the hippocampus of mice at young (2 months) 

and mature (6 months) ages by immunohistochemical analysis. We detected a sharp decrease in 

O-GlcNAc levels in Sox2/GFAP-positive NSCs in mature compared to young mice (Figure 

1.1A,B). Concurrently, this decline was paralleled by a decrease in the number of Nestin-positive 

NSCs, Doublecortin (Dcx)/MCM2-positive neuroblasts and Dcx-positive/MCM2-negative newly 

born neurons in the mature hippocampus (Figure 1.1C,D), consistent with previous reports (7, 

10). While glial differentiation has been reported at old age (3, 27), whether the decline in adult 

neurogenesis in the mature hippocampus is concurrent with an increase in gliogenesis is 

unknown. Therefore, we assessed astrocyte differentiation using a long-term 5-bromo-2'-

deoxyuridine (BrdU) incorporation paradigm, in which differentiated astrocytes express both BrdU 

and the glial markers GFAP or S100ß. We observed an age-dependent increase in the number 

of long-term retaining BrdU/GFAP-positive and BrdU/S100ß-positive astrocytes in the mature 

compared to the young hippocampus (Figure 1.1E,F), in a timeframe consistent with decreased 

neurogenesis. These data raise the possibility that decreased NSC O-GlcNAcylation in the mature 

hippocampus is associated with age-related regenerative decline. 
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Decreased NSC O-GlcNAc levels impairs proliferation and promotes astrocyte 

differentiation in vitro.  

To gain insight into the functional consequence of reduced NSC O-GlcNAcylation we made use 

of a primary hippocampal NSC in vitro model. Using RNA-sequencing, we profiled gene 

expression in primary NSCs following either pharmacological inhibition of Ogt with OSMI-1 

treatment (Figure 1.2A) or viral-mediated abrogation of Ogt by RNA interference (RNAi) (Figure 

1.3A). We found 845 differentially expressed genes following Ogt inhibition (Figure 1.3A) and 

741 differentially expressed genes after Ogt abrogation (Figure 1.4A). Gene ontology (GO) 

analysis of the most differentially downregulated genes identified biological processes including 

cell cycle, mitotic nuclear division, and cell division (Figure 1.5B; Figure 1.4B). Functionally, we 

assessed NSC proliferation in vitro following inhibition or abrogation of Ogt, and observed a 

significant decrease in the percentage of 5-Ethynyl-2´-deoxyuridine (EdU)-positive and Ki67-

positive proliferating cells compared to control conditions (Figure 1.5C; Figure 1.4C). No 

differences in cell death were detected by immunocytochemical analysis for cleaved caspase-3 

(Figure 1.6A). These in vitro data indicate that reducing NSC O-GlcNAcylation negatively 

regulates NSC proliferation. 

Given the relative low number of significantly upregulated genes following Ogt inhibition 

(Figure 1.5A), we performed gene list enrichment analysis using Enrichr for ChIP Enricher 

Analysis (ChEA) and ENCODE transcription factor targets datasets. We identified transcription 

factors previously associated with NSC function, including STAT3 (Figure 1.5D; Figure 1.4D) - 

a major initiator of astrocyte differentiation (28, 29). Correspondingly, we surveyed expression of 

known astrocyte genes in NSCs following Ogt inhibition using our RNA-sequencing dataset, and 

observed an upregulation of several astrocyte genes, including S100ß, Aldh1l1 and Sox9 (Figure 

1.5E). Next, we examined whether reducing NSC O-GlcNAc levels impacted NSC differentiation 

in vitro. Primary hippocampal NSCs isolated from either postnatal or adult (2 month) mice were 

treated with the Ogt inhibitor OSMI-1 or vehicle control and cultured under differentiation 
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conditions. Ogt inhibition resulted in a concomitant decrease in neuronal (Figure 1.5F) and 

increase in astrocyte (Figure 1.5G) differentiation compared to vehicle control conditions. To 

ensure these changes in cell fate were not due to increased cell death during differentiation, we 

analyzed cytotoxicity (Figure 1.6B) and cell viability (Figure 1.6C) throughout the paradigm and 

observed no difference between Ogt inhibitor treated and control NSCs. These data suggest that 

the observed loss of proliferative capacity and neuronal differentiation following decreased NSC 

O-GlcNAcylation (Figure 1.1) may be the result of an altered neuron to glia fate switch. 

 

Mimicking an age-related decline in NSC O-GlcNAcylation impairs adult neurogenesis and 

cognitive function and increases gliogenesis in the young hippocampus.  

To understand the relationship between O-GlcNAc expression and adult neurogenesis in vivo, we 

asked whether mimicking an age-related decline in NSC O-GlcNAcylation within the adult 

hippocampus would impair neurogenesis. To resolve the role of O-GlcNAc in a temporally defined 

and cell type-specific manner in the adult brain, we generated male Ogtflox/y mice carrying an 

inducible NestinCre-ERT2 gene, in which the X-linked Ogt gene is excised specifically in adult 

NSCs (Ogt cKO) upon tamoxifen administration (Figure 1.7A). Young (2 months) mice were 

administered tamoxifen and changes in neurogenesis were assessed in young adult (3 months) 

Ogt cKO and littermate control (Ogtflox/y) mice by immunohistochemical analysis. Loss of Ogt 

expression in adult NSCs resulted in a decrease in the number of Nestin-positive NSCs and 

Dcx/MCM2-positive neuroblasts in the hippocampus of Ogt cKO compared to littermate control 

animals (Figure 1.7B,C). We assessed neuronal differentiation and survival using a long-term 

BrdU incorporation paradigm, in which mature differentiated neurons express both BrdU and the 

neuronal marker NeuN. We observed a decrease in the number of long-term retaining 

BrdU/NeuN-positive mature differentiated neurons Ogt cKO compared to control animals (Figure 

1.7B,C). To ensure these differences in neurogenesis were not due to increased cell death, we 

compared the number of cleaved caspase-3 positive cells and observed no difference in cell death 
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between Ogt cKO and littermate control mice (Figure 1.8). To corroborate our genetic studies, 

we abrogated hippocampal Ogt expression in wild type animals utilizing an in vivo viral-mediated 

RNAi approach. Young adult (3 months) animals were stereotaxically injected with high-titer 

lentivirus encoding Ogt or control shRNA sequences into the DG of contralateral hippocampi 

(Figure 1.9A). Decreased Ogt in the DG resulted in a significant decrease in the number of Dcx-

positive/Edu-positive neuroblasts and long-term retaining BrdU/NeuN-positive neurons compared 

with the control contralateral DG (Figure 1.9B). Collectively, our genetic and in vivo RNAi data 

indicate that loss of NSC O-GlcNAcylation mirror an aging condition by negatively regulating 

neurogenesis in the adult hippocampus. 

To investigate whether mimicking an age-related decline in NSC O-GlcNAcylation also 

impaired cognitive processes associated with adult neurogenesis, we assessed hippocampal-

dependent object recognition and associative fear memory using novel object recognition (NOR) 

and contextual fear conditioning paradigms, respectively (Figure 1.7A). In the testing portion of 

the NOR task, control animals exhibited a significant preference for the novel object over the 

familiar object; however, this preference was lost in Ogt cKO mice (Figure 1.7D). During 

contextual fear conditioning testing, we observed decreased freezing in Ogt cKO mice compared 

to controls animals (Figure 1.7E). No differences were observed in baseline freezing during fear 

conditioning training (Figure 1.10A) or in cued fear conditioning testing between genotypes 

(Figure 1.7E). As a control, we profiled general health using an open field paradigm (Figure 

1.10B) and observed no differences in overall activity, total distance traveled, or time spent in the 

periphery or center of the open field, indicative of normal motor and anxiety functions (Figure 

1.10C-E). These behavioral data demonstrate that decreased adult NSC O-GlcNAcylation impairs 

hippocampal-dependent learning and memory.  

Next, to examine the relationship between O-GlcNAcylation and gliogenesis, we asked 

whether mimicking an age-related decline in NSC O-GlcNAc levels would promote astrocyte 

differentiation using a genetic lineage tracing approach. We generated male Ogt cKO and control 
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mice carrying a loxP-flanked STOP cassette preventing transcription of a CAG-promoter driven 

tdTomato (tdT) reporter inserted into the Gt(Rosa)26Sor locus, in which tdT is expressed in adult 

NSCs upon tamoxifen administration. Young (2 months) mice were administered tamoxifen and 

changes in gliogenesis were assessed in young adult (3 months) Ogt cKO and littermate control 

mice by immunohistochemical analysis. Efficacy of our knockout model was confirmed by 

immunohistochemistry (Figure 1.11).  Loss of Ogt expression in adult NSCs resulted in an 

increase in the number of tdT/GFAP-positive and tdT/S100ß-positive astrocytes in the 

hippocampus of Ogt cKO compared to control animals (Figure 1.7F,G). Our in vivo lineage tracing 

analysis identify an increase in adult gliogenesis in young mice following decreased NSC O-

GlcNAcylation that reflect age-related changes in the mature hippocampus (Figure 1.1E,F). 

 

 

O-GlcNAcylation of STAT3 at T717 is reduced in the aging hippocampus and promotes a 

glial fate switch in NSCs.  

To gain mechanistic insight into site-specific changes in O-GlcNAcylation potentially regulating 

impaired NSC function during aging, we performed comparative O-GlcNAc-specific proteomics 

analysis of the hippocampus at ages before and after changes in adult neurogenesis and 

gliogenesis (Figure 1.12A). Due to technical limitations in the number of aged animals necessary 

to obtain sufficient amounts of primary NSCs to enrich for dynamic post-translational modifications, 

we opted to sub-dissect and pool hippocampi from young adult (3 months), middle aged (12 

months) and old (24 months) mice. We isolated total hippocampal protein, trypsin digested, and 

labeled the resulting peptides with isobaric tandem mass tags (TMT) before enriching for O-

GlcNAcylated peptides using lectin weak affinity chromatography (LWAC). Glycopeptides were 

analyzed by electron-transfer/higher-energy collision dissociation (EThcD) mass spectrometry. We 

detected 1344 O-GlcNAcylation sites across 474 unique proteins. We next examined mechanistic 

synergies between decreased sites of protein O-GlcNAcylation in the aging hippocampus (Table 
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1.1) and cell-type-specific molecular changes elicited in NSCs by decreased O-GlcNAc levels 

(Figure 1.5; Figure 1.4), and selectively identified STAT3. A representative EThcD spectrum used 

to resolve an unambiguous O-GlcNAcylation site on a peptide from the STAT3 protein (Figure 

1.12B), as well as a schematic depicting an age-related decrease in STAT3 O-GlcNAcylation at 

Threonine 717 (T717) and Serine 719 (S719) (Figure 1.12C) are provided. Collectively, our 

proteomic analysis of the aging hippocampus, together with RNA-sequencing of primary NSCs, 

indicate changes in STAT3 signaling downstream of age-related decreased O-GlcNAcylation. 

Currently, the functional consequences of STAT3 O-GlcNAcylation at S719 is unknown, 

however, increased STAT3 O-GlcNAcylation at T717 has been previously shown to inhibit STAT3 

activation in immune cells by preventing STAT3 phosphorylation at Tyrosine 705 (Y705) (30). We 

therefore investigated whether decreasing O-GlcNAcylation in primary NSCs could conversely 

increase STAT3 activation. We assessed NSC STAT3 phosphorylation at Y705 following Ogt 

inhibition with OSMI-1 treatment in vitro by Western blot (Figure 1.12D). While STAT3 expression 

was not altered, pharmacological inhibition of Ogt significantly increased phosphorylation levels 

of STAT3 in NSCs (Figure 1.12D). Additionally, we made use of our RNA-sequencing dataset to 

survey expression of known STAT3 target genes in NSCs following Ogt inhibition, and likewise 

observed an upregulation of several genes associated with STAT3 activation (31), including p21, 

Zeb1 and Ccnd1 (Figure 1.12E).  

To investigate whether blocking STAT3 activation would mitigate the effects of decreasing 

O-GlcNAcylation on differentiation in postnatal and adult NSCs, we generated viral expression 

constructs encoding a non-phosphorylatable STAT3 by converting Tyrosine into Phenylalanine at 

position 705 (Y705F STAT3). As a control, primary NSCs were infected with a virus encoding a 

wildtype STAT3. When treated with OSMI-1, control NSCs exhibited decreased neuronal (Figure 

1.12F) and increased astrocyte (Figure 1.12G) differentiation, corroborating our previous findings 

(Figure 1.5F,G). Expression of Y705F STAT3 increased neuronal (Figure 1.12F) and decreased 

astrocyte differentiation (Figure 1.12G), consistent with previous reports (28, 29). Moreover, the 
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effects of decreasing NSC O-GlcNAcylation on STAT3 activation (Figure 1.13A) and neuronal 

differentiation (Figure 1.12F) were mitigated by expression of the Y705F STAT3 mutant. Next, 

we investigated whether mimicking an age-related decline in STAT3 O-GlcNAcylation at T717 

altered NSC differentiation. It should be noted that the T717 site is only present on the 

predominant, full length STAT3 � isoform, and not on the shorter � isoform. We generated viral 

expression constructs encoding STAT3 with site-directed mutations converting Threonine to 

Alanine at position 717 (T717A STAT3). Expression of O-GlcNAcylation-deficient T717A STAT3 

in NSCs resulted in increased activation of the STAT3 � isoform (Figure 1.13B), along with 

decreased neuronal (Figure 1.12H) and increased astrocyte (Figure 1.12I) differentiation 

compared to wildtype STAT3 control conditions. These in vitro data indicate that increased STAT3 

activity, stemming from reduced NSC O-GlcNAcylation, promotes an astrocyte differentiation 

program in NSCs.  

 

Increased NSC O-GlcNAc levels promote neuronal and inhibit astrocyte differentiation in 

vitro.  

Given the pro-gliogenic effects of reducing NSC O-GlcNAc levels, we next investigated whether 

increasing NSC O-GlcNAc levels would conversely promote neuronal differentiation. We 

generated a viral expression construct encoding Ogt under the control of the Nestin promoter and 

primary postnatal and adult NSCs were infected with this virus or a control encoding GFP. Ogt 

overexpression in NSCs resulted in a significant increase in Ogt and O-GlcNAc levels (Figure 

1.14). Additionally, we observed an increase in neuronal differentiation (Figure 1.12J) and a 

corresponding decrease in astrocyte differentiation (Figure 1.12K) in NSCs overexpressing Ogt 

compared to a GFP control. These data indicate that increased O-GlcNAcylation is sufficient to 

promote a neuronal differentiation program and inhibit astrocyte differentiation in NSCs. 
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DISCUSSION 

Cumulatively, our data indicate that age-related loss of NSC protein O-GlcNAcylation regulates a 

STAT3-mediated neuron to glia fate switch that contributes to a decline in adult hippocampal 

neurogenesis. While increased NSC quiescence has been highlighted as a major determinant of 

age-related neurogenic decline in the hippocampus (7, 32), a complementary model has been 

proposed in which division-coupled conversion of NSCs into mature astrocytes restrict the stem 

cell pool with age (3). Our data identifying an O-GlcNAc-mediated glial fate switch in the mature 

hippocampus provide evidence for this coextensive cellular mechanism, in which age-related 

increased gliogenesis contributes to regenerative decline and associated cognitive impairments. 

Previous reports have observed that the absolute number of newly generated astrocytes 

in the adult brain remains relatively constant with age (3, 33, 34). Given the well documented age-

related decline of total NSC number, it has been suggested that maintaining this constant level of 

gliogenesis from a shrinking adult NSC pool requires that an increasing proportion of NSCs adopt 

a gliogenic fate (3, 33), a phenomenon that we demonstrate in the mature hippocampus. While 

adult neurogenesis has been shown to be a division-coupled process capable of maintaining the 

NSC pool (3, 5), gliogenesis is indicative of a terminal cell cycle exit and leads to a reduction in 

total NSC number (3). This shift towards terminal astrocyte differentiation with age further 

exacerbates the age-related decline of the NSC pool. In fact, mathematical modeling of NSC 

differentiation estimates that maintaining constant levels of gliogenesis accounts for nearly half of 

the NSCs lost during aging (34).  In our study, we demonstrate that this shift in NSC cell fate 

occurs alongside a decrease in NSC O-GlcNAc. Moreover, we find that O-GlcNAcylation of 

STAT3 T717 declines in the hippocampus with age, and that loss of this posttranslational 

modification is sufficient to promote astrocyte differentiation in NSCs. Ultimately the shrinking of 

the adult NSC pool - which stems in part from terminal astrocyte differentiation - results in 



 13 

decreased neurogenesis during aging, with major functional implications for age-related 

decreased regenerative capacity and neurodegenerative disease. Indeed, in elderly humans, 

maintaining higher levels of hippocampal neurogenesis is thought to be neuroprotective, as they 

are associated with increased cognitive scores and slower disease progression in the context of 

Alzheimer’s disease (13, 14). 

The ability to utilize the neurogenic capacity of adult NSCs is predicated on understanding 

underlying molecular mechanisms that can be targeted to reverse the effects of aging in the brain. 

Although post-translational modification of proteins represents a fundamental mechanism by 

which information is transmitted, its role in regulating adult NSC function with age has been largely 

overlooked. Previous work has suggested a role for O-GlcNAc in mediating proper brain 

development. Specifically, genetic ablation of the O-GlcNAc cleaving enzyme, Oga, in NSCs 

during development has been shown to increase NSC proliferation and lead to an accumulation 

of progenitors and immature neurons in the olfactory bulb (26). In our study, we identify O-GlcNAc 

as a novel post-translational regulator of regenerative decline in the adult brain and posit site-

specific changes in O-GlcNAcylation as potential targets to counter age-related regenerative 

dysfunction. In particular, age-related loss of STAT3 O-GlcNAcylation at T717 provides a 

mechanistic link between increased NSC STAT3 signaling and an aberrant astrocyte 

differentiation program - pointing to STAT3 activation as a driver of age-related neurogenic 

decline. Interestingly, inhibition of STAT3 signaling in aged muscle stem cells restores 

regeneration at old age (35). Moreover, we demonstrate that increasing O-GlcNAcylation in NSCs 

by overexpressing Ogt is sufficient to promote neuronal differentiation. These data raise the 

exciting possibility of rejuvenating regenerative capacity in the aging brain by inhibiting STAT3 

signaling through an increase in NSC O-GlcNAcylation. Ultimately, our data frame O-GlcNAc as 

a pro-neurogenic post-translational modification, with functional implications for cognitive 

processes. 
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From a therapeutic perspective, while decreased O-GlcNAcylation has been implicated in 

Alzheimer’s disease pathology and neurodegeneration (18, 19), we recently demonstrated that 

increasing neuronal O-GlcNAcylation ameliorates age-related cognitive decline (17). Similarly, 

others have shown that inhibiting STAT3 signaling ameliorates cognitive deficits in mouse models 

of Alzheimer’s disease, in part by preventing astrogliosis (36). This growing body of work positions 

O-GlcNAcylation, STAT3 signaling and the balance between newly generated neurons and 

astrocytes as a focal point in combating age-related functional decline in the aging and diseased 

brain. Of note, the benefits of interventions that ameliorate cognitive-decline during aging and 

Alzheimer’s disease, such as exercise, have been shown to involve increased adult neurogenesis 

(37, 38). Given recent observations of the persistence of adult neurogenesis in the aged human 

brain (13, 14), the promise of restoring cellular and cognitive plasticity in the elderly by targeting 

adult NSCs is increasingly evident. Here we identify both an age-related NSC fate switch, and the 

post-translational modification governing it, as potential cellular and molecular targets by which 

to maintain regenerative capacity at old age, restore adult neurogenesis and ameliorate cognitive 

decline.  

 

METHOD DETAILS  

Animal Models. All mouse handling and use was in accordance with institutional and ethical 

guidelines approved by the University of California San Francisco IACUC. The following mouse 

lines were used: C57BL/6J young mice (Jackson Laboratory), B6.129-Ogttm1Gwh/J (The Jackson 

Laboratory line 004860), C57BL/6-Tg(Nes-cre/ERT2)KEisc/J (Jackson Laboratory line 016261), 

and B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J mice (Jackson Laboratory line 007914). All studies 

were done in male mice. The numbers of mice used to result in statistically significant differences 

were calculated using standard power calculations with α = 0.05 and a power of 0.8. We used an 

online tool (http://www.stat.uiowa.edu/~rlenth/Power/index.html) to calculate power and samples 

size based on experience with the respective tests, variability of the assays and inter-individual 
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differences within groups. Mice were housed under specific pathogen-free conditions under a 12h 

light-dark cycle. All experiments were randomized and blinded by an independent researcher. 

Researchers remained blinded throughout histological, molecular, and behavioral assessments. 

Groups were un-blinded at the end of each experiment upon statistical analysis. 

 

Immunohistochemistry. Tissue processing and immunohistochemistry was performed on free-

floating sections following standard published techniques (39). Briefly, mice were anesthetized 

with a ketamine (100mg/kg)-xylazine (10mg/kg) cocktail (Patterson Veterinary, Henry Schein) and 

transcardially perfused with cold PBS. Brains were removed, fixed in phosphate-buffered 4% 

paraformaldehyde, pH 7.4, at 4°C for 48h followed by cryoprotection in 30% sucrose, and 

coronally sectioned at 40µm with a cryomicrotome (Leica SM2010 R). Sections were washed 

three times in tris-buffered saline with 0.1% Tween 20 (TBST) and incubated in 3% normal donkey 

serum (Thermo Fisher Scientific) for 1h. After overnight incubation in primary antibody (Mouse 

anti-O-GlcNAc (RL2) [1:500], Mouse anti-Nestin (clone rat-401)[1:200], Goat anti-Doublecortin 

(C-18) [1:7500], Mouse anti-BM28 (MCM2) [1:250], Goat anti-Sox2 (Y-17) [1:200], Rabbit anti-

GFAP[1:1000], Mouse anti-NeuN (clone A60) [1:1000], Rat anti-BrdU [BU1/75 (ICR1)] [1:1000], 

Mouse anti-Ki67 (clone B56) [1:500], Mouse anti-MAP2[1:500], Rabbit anti-s100ß[1:500]) at 4°C, 

staining was revealed using fluorescence conjugated secondary Alexa antibodies (Donkey anti-

Rabbit: Alexa-488 conjugated secondary antibody, Donkey anti-Rabbit: Alexa-555 conjugated 

secondary antibody, Donkey anti-Rat: Alexa-488 conjugated secondary antibody, Donkey anti-

Goat: Alexa-555 conjugated secondary antibody, Donkey anti-Mouse: Alexa-488 conjugated 

secondary antibody, Donkey anti-Mouse: Alexa-555 conjugated secondary antibody, Donkey 

anti-Mouse: Alexa-647 conjugated secondary antibody [1:500]). Antigen retrieval for BrdU 

labeling required incubation in 3M HCl at 37°C for 30min before incubation with primary antibody; 

Nestin labeling required incubation in Citrate Buffer (Sigma-Aldrich) at 95°C (3 times 5 minutes) 

prior to incubation with primary antibody. To estimate the total number of immunopositive cells 
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per DG, confocal stacks of coronal sections of the DG (3-6 sections per mouse, 40μm thick, 

360μm apart) were acquired on a Zeiss LSM 800.  

 

In vivo O-GlcNAc Quantification in Neural Stem Cells. Immunohistochemistry and imaging 

were performed as previously described. To quantify O-GlcNAc levels, neural stem cells were 

identified based on GFAP/Sox2-positive staining, localization within the SGZ, and radial 

morphology. As O-GlcNAc staining is nuclear, DAPI was used to identify the nucleus of the 

analyzed cells. To quantify O-GlcNAc levels in a single cell, intensity in the O-GlcNAc channel 

was measured within the region defined by DAPI, and normalized to the area of that region in a 

single z-plane. This measurement was repeated over every plane in which that nucleus appeared 

in order to quantify the entirety of the cell. These values were then summed and normalized to 

the number of planes quantified for that cell. This process was repeated for every neural stem cell 

which was fully included within the section (i.e. not within terminal z-plane). For each animal, 

neural stem cells were analyzed in all sections and averaged to determine a value per animal. 4 

animals were quantified per group. Fiji was used for quantification. 

 

Isolation of Primary Neural Stem Cells from the Mouse Hippocampus. Primary neural stem 

cell isolation and culture were preformed following previously published techniques (40). 

Hippocampi were dissected from male postnatal day 1 (P1) or adult (2 month old) Wildtype 

C57/BL6 mice and pooled by age for NSC isolation. After removing superficial blood vessels, 

hippocampi were mechanically dissociated by fine mincing and enzymatically digested for 30 

minutes at 37ºC in DMEM media containing 2.5U/ml Papain (Worthington Biochemicals), 1U/ml 

Dispase II (Boeringher Mannheim), and 250U/ml DNase I (Worthington Biochemicals). NSCs 

were purified using a 65% Percoll gradient and cultured (Neurobasal A medium supplemented 

with 2% B27 without Vitamin A, 1% Glutamax, 1% Penicillin Streptomycin, 10ng/ml EGF, 10ng/ml 

bFGF) as a monolayer on poly-D-lysine and laminin-coated plates at a density of 105 cells/cm2.  
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Viral Plasmids and Viruses. We generated lentiviruses (LVs) encoding shRNAs targeting Ogt 

or luciferase using a lentiviral shRNA expression system (pGreenPuro shRNA, System 

Biosciences) according to the manufacturer's instructions. The targeted sequences were cloned 

into the pGreenPuro vector (Ogt, 5′-AGGGAACTAGATAACATGCTT-3′; Luciferase, 5’- 

GCCATTCTATCCTCTAGAGGA -3’). Ovreexpression sequences were generated as follows. The 

Ogt coding sequence (CDS) and partial 3’ and 5’ untranslated regions (UTRs) were PCR amplified 

form mouse hippocampal cDNA (Ogt forward primer: CACCGTTCAGTATTCTGTGCCGCC; Ogt 

reverse primer: TAGGGCAATTCTCCTGTGCG) and cloned into the pENTR D-TOPO vector 

(Thermo Fisher Scientific). The coding sequence was further amplified and cloned into a lentiviral 

expression plasmid containing a mouse Nestin promoter using the restriction sites NheI and 

BamHI. The STAT3 CDS was obtained from the ORFeome 5.1 collection and sequence verified 

using Sanger sequencing. STAT3 mutant constructs were generated using the QuikChange 

Lightning Site-directed Mutagenesis kit (Agilent) in combination with the following primers:  

GTAGCGCTGCCCCATTCCTGAAGACCAAG (Y705F Forward), 

CTTGGTCTTCAGGAATGGGGCAGCGCTAC (Y705F Reverse), 

CTGTGTGACACCAACGGCCTGCAGCAATACCAT (T717A Forward), 

ATGGTATTGCTGCAGGCCGTTGGTGTCACACAG (T717A Reverse). The lentiviral Nestin-

promoter plasmid was linearized using the restriction enzymes NheI and SalI and the wildtype 

and mutant STAT3 expression constructs were generated using Gibson assembly (NEB). All 

coding plasmid sequences were verified using Sanger sequencing. Endotoxin free plasmid 

maxiprep kits were used for viral plasmid preparation. Lentivirus was generated according to 

UCSF viracore protocols. Briefly Lenti-X 293T cells were transfected with the lentiviral expression 

plasmid along with Pax2 and VSV-G packaging and envelope plasmids respectively. 24 hours 

later, media was supplemented with ViralBoost (Alstem) according to manufacturer’s instructions. 

24 hours later, media was removed and filtered through a 0.45μm filter. The filtered virus-



 18 

containing media was then concentrated via ultracentrifugation at 24,000 x g. The resulting pellet 

was resuspended in 100μL PBS. Viral titer was determined using Lenti-X Go Stix Plus (Takara) 

according to manufacturer’s instructions.  

 

NSC Proliferation Assay. NSCs were seeded in 500 μL growth medium (Neurobasal A medium 

supplemented with 2% B27 without Vitamin A, 1% Glutamax, 1% Penicillin Streptomycin, 10ng/ml 

EGF, 10ng/ml bFGF) at a density of 10,000 cells/well on PDL/laminin-coated glass coverslips in 

a 24-well tissue culture plate. 24h later, cells were treated with either DMSO or 12.5μM OSMI-1 

(Sigma-Aldrich). 16h later, cells were treated with 20μM EdU for 8h prior to fixing with 4% PFA. 

Acute knockdown of Ogt was induced by treating plated NSCs with shRNA -encoding lentiviruses 

(10 viral particles per cell) for three days prior to EdU treatment as described. Cells were washed 

3 times with PBS after fixation, blocked in 3% donkey serum, and incubated in primary antibody 

at 4ºC for 16h. After 3 washes with PBS, EdU incorporation was revealed using a Click-iT EdU 

Alexa Fluor Imaging Kit (Thermo Fisher Scientific) and nuclei were counterstained with Hoechst 

33342 (1:10000; Thermo Fisher Scientific). EdU-positive cells were counted per field of view at 

three randomly determined locations per coverslip. In vitro experiments were conducted in 

triplicates for each condition and repeated to ensure reproducibility. 

 

NSC Differentiation Assay. NSCs were seeded in 500μL growth medium and treated with 

OMSI-1 or infected with lentivirus at a ratio of 10 viral particles per cell. 24h (OSMI-1) or 72h 

(knockdown and overexpression) after treatment, media was replaced with differentiation medium 

(Neurobasal A medium supplemented with 2% B27 without Vitamin A, 1% Glutamax, 1% Penicillin 

Streptomycin). Cells were maintained in differentiation medium for 7 days, with half the media 

replaced every other day. Cells were fixed with 4% PFA as previously described. Cells were 

washed 3 times with PBS after fixation, blocked in 3% donkey serum, and incubated in primary 

antibody at 4ºC for 16h. staining was revealed using fluorescence conjugated secondary Alexa 
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antibodies (1:500). MAP2- or GFAP-positive cells were counted per field of view at three randomly 

determined locations per coverslip. In vitro experiments were conducted in 3-6 replicates for each 

condition and repeated to ensure reproducibility. 

 

Lactate Dehydrogenase Assay. Primary NSCs were seeded at 3000 cells per well in a 96-well 

plate and were treated with OSMI-1 or a vehicle control and differentiated as previously described. 

At 0, 1, 3, 5, and 7 days after removal of growth factors, cytotoxicity was assessed using the 

Pierce LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. Measurements were performed on 6 individual replicates to ensure reproducibility. 

 

Trypan Blue Assay. Primary NSCs were treated with OSMI-1 or a vehicle control and 

differentiated as previously described. At 1, 3, 5, and 7 days after removal of growth factors, cell 

viability was assessed using trypan blue. All cells and media were removed from the plate and 

centrifuged at 400 x g for 5 minutes. The pellet was resuspended in fresh media and diluted with 

an equal volume of trypan blue. Total cells, live cells (trypan blue excluding), and dead cells 

(trypan blue including) were counted using a hemocytometer. Cell viability was determined by 

dividing the number of lives cells by the total number of cells. Counts were performed on 6 

replicates to ensure reproducibility. 

 

Western Blot Analysis. Primary NSCs were lysed in RIPA lysis buffer (500 mM Tris, pH 7.4, 150 

mM NaCl, 0.5% Na deoxycholate, 1% NP40, 0.1% SDS, complete protease inhibitors; Roche, 

Halt Phosphatase Inhibitor Cocktail; Thermo Fisher, and PUGNAc; Sigma-Aldrich). Protein 

lysates were mixed with 4x NuPage LDS loading buffer (Invitrogen) and loaded on a 4-12% SDS 

polyacrylamide gradient gel (Invitrogen) and subsequently transferred onto a nitrocellulose 

membrane. The blots were blocked in 5% milk in Tris-Buffered Saline with Tween (TBST) and 

incubated with primary antibody (Mouse anti-O-GlcNAc (RL2) [1:500] (Abcam, ab2739), Rabbit 
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anti-Ogt [1:500] (Novus, NBP1-32791), Rabbit anti-Histone H3 [1:1000] (Thermo Fisher Scientific, 

PA5-16183), Rabbit anti-STAT3 [1:1000] (Cell Signaling 12640), Rabbit anti-pSTAT3 (Y705) 

[1:1000] (Cell Signaling, 9131) at 4°C for 16h. Horseradish peroxidase-conjugated secondary 

antibodies and an ECL kit (GE Healthcare/BioRad) were used to detect protein signals. Blots 

were imaged with a ChemiDoc (BioRad) and quantified using ImageJ software (Version 

1.8.0_91). Actin or HH3 bands were used for normalization. 

 

PCR Genotyping . Ogt floxed, Nestin-CreERT2, and TdTomato alleles were genotyped from skin 

biopsies using PCR. Primers specific for the beta-globin gene were included in the reaction as a 

control. Ogt floxed forward primer: CATCTCTCCAGCCCCACAAACTG. Ogt floxed reverse 

primer: GACGAAGCAGGAGGGGAGAGCAC. Primer Cre forward: 

CACCCTGTTACGTATAGCCG. Primer Cre reverse: GAGTCATCCTTAGCGCCGTA. TdTomato 

mutant forward primer: CTGTTCCTGTACGGCATGG. TdTomato mutant reverse primer: 

GGCATTAAAGCAGCGTATCC. TdTomato wildtype forward primer: 

AAGGGAGCTGCAGTGGAGTA. TdTomato wildtype reverse primer: 

CCGAAAATCTGTGGGAAGTC. Beta-globin forward primer: 

CCAATCTGCTCACACAGGATAGAGAGGGCAGG. Beta-globin reverse primer: 

CCTTGAGGCTGTCCAAGTGATTCAGGCCATCG. 

 

Tamoxifen injections. Animals were injected via intraperitoneal injection with 75mg/kg of 

tamoxifen or vehicle once every 24 hours for a total of 5 injections per animal. Animals were 

monitored after recovery and four weeks allowed to pass after the final injection before any 

analyses were performed.  

 

BrdU administration and Quantification. For short-term proliferation studies, mice were 

intraperitoneally injected with EdU (50mg/kg body weight, Sigma-Aldrich) daily for six days prior 
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to euthanasia. For study of newborn neuron survival and astrocyte formation, mice were injected 

with BrdU (50mg/kg) for six days and animals were euthanized 28 days after administration. To 

estimate the total number of BrdU-positive cells in the brain, we performed fluorescence staining 

for BrdU on 3-6 hemibrain sections per mouse (40μm thick, 360μm apart). To quantify neuronal 

fate and maturation of dividing cells, BrdU-positive cells across 3-6 sections per mouse were 

analyzed by confocal microscopy for co-expression with NeuN. To quantify astrocyte formation, 

BrdU-positive cells across 3-6 sections per mouse were analyzed by confocal microscopy for co-

expression with either GFAP or s100ß. 

 

Contextual Fear Conditioning. Paradigm follows previously published techniques (10). Mice 

learned to associate the environmental context (fear conditioning chamber) with an aversive 

stimulus (mild foot shock; unconditioned stimulus, US) enabling testing for hippocampal-

dependent contextual fear conditioning. The mild foot shock was paired with a light and tone cue 

(conditioned stimulus, CS) in order to also assess amygdala- dependent cued fear conditioning. 

Conditioned fear was displayed as freezing behavior. Specific training parameters are as follows: 

tone duration is 30 seconds; level is 70dB, 2kHz; shock duration is 2 seconds; intensity is 0.6mA. 

On day 1 each mouse was placed in a fear-conditioning chamber and allowed to explore for 2 

minutes before delivery of a 30-second tone (70dB) ending with a 2-second foot shock (0.6mA). 

Two minutes later, a second CS-US pair was delivered. On day 2 each mouse was first place in 

the fear- conditioning chamber containing the same exact context, but with no administration of a 

CS or foot shock. Freezing was analyzed for 1-3 minutes. One hour later, the mice were placed 

in a new context containing a different odor, cleaning solution, floor texture, chamber walls and 

shape. Animals were allowed to explore for 2 minutes before being re-exposed to the CS. 

Freezing was analyzed for 1-3 minutes. Freezing was measured using a FreezeScan video 

tracking system and software (Clever Sys, Inc). All behavior is performed double blinded.  
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Novel Object Recognition. The novel object recognition task was adapted from a previously 

described protocol (41). During the habituation phase (day 1), mice could freely explore an empty 

arena for 10 minutes. During the training phase (day 2), two identical objects were placed in the 

habituated arena, and mice could explore the objects for 5 minutes. For the testing phase (day 

3), one object was replaced with a novel object, and mice could explore the objects for 5 minutes. 

Time spent exploring each object was quantified using the Smart Video Tracking Software 

(Panlab; Harvard Apparatus). Two different sets of objects are used. To control for any inherent 

object preference, half of the mice are exposed to object A as their novel object and half to object 

B. To control for any potential object-independent location preference, the location of the novel 

object relative to the trained object is also varied. The objects were chosen based on their ability 

to capture the animal’s interest, independent of genetic background or age. To determine percent 

time with novel object, we calculate (Time with novel object)/(Time with Trained Object + Time 

with Novel Object) * 100. In this preference index, 100% indicates full preference for the novel 

object, and 0% indicates full preference for the trained object. A mouse with a value of 50% would 

have spent equal time exploring both objects. Mice that did not explore both objects during the 

training phase were excluded from analysis. 

 

Open Field. Mice were placed in the center of an open 40cm x 40cm square chamber (Kinder 

Scientific) with no cues or stimuli and allowed to move freely for 10 minutes. Infrared photobeam 

breaks were recorded and movement metrics analyzed by MotorMonitor software (Kinder 

Scientific).  

 

Stereotaxic injections. Animals were placed in a stereotaxic frame and anesthetized with 2% 

isoflurane (2 liters/min oxygen flow rate) delivered through an anesthesia nose cone. Ophthalmic 

eye ointment was applied to the cornea to prevent desiccation during surgery. The area around 

the incision was trimmed. Solutions were injected bilaterally into the DG of the dorsal hippocampi 
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using the following coordinates: (from bregma) anterior = −2 mm, lateral = 1.5 mm, (from skull 

surface) height = −2.1 mm. A 2-μl volume was injected stereotaxically over 10 min (injection 

speed: 0.20 μl/min) using a 5-μl 26s-gauge Hamilton syringe. To limit reflux along the injection 

track, the needle was maintained in situ for 10 min, slowly pulled out halfway and kept in position 

for an additional 5 min. The skin was closed using silk suture. Each mouse was injected 

subcutaneously with analgesics. Mice were singly housed and monitored during recovery.  

 

Protein Isolation. Mouse hippocampi were isolated from fresh mouse brain tissue of either 3, 12, 

or 24 month old mice after transcardial perfusion with cold PBS (n=3 replicates per group; n=3 

mice per replicate). Protein was isolated from the hippocampus with TRIzol Reagent (Thermo 

Fisher Scientific), according to manufacturer’s instructions. Frozen protein pellets were 

resuspended in 50mM ammonium bicarbonate containing 6M guanidine hydrochloride, 6X 

Phosphatase Inhibitor Cocktails II and III (Sigma-Aldrich), and 80mM PUGNAc (Tocris 

Bioscience, Avonmouth, UK). Protein concentrations were estimated with bicinchoninic acid 

(BCA) protein assay (ThermoFisher Scientific, Rockford, IL). The protein lysate (1 mg from each 

sample) was reduced for 1 hour at 56ºC with 2.5 mM Tris(2-carboxyethyl)phosphine 

hydrochloride and subsequently carbamidomethylated using 5 mM iodoacetamide for 45 min at 

room temperature in the dark. Lysates were diluted to 1M guanidine hydrochloride with 50 mM 

ammonium bicarbonate, pH 8.0, and equal amounts of each sample were digested overnight at 

37°C with sequencing grade trypsin (ThermoFisher Scientific) at an enzyme to substrate ratio of 

1:50 (w/w). Following digestion, samples were acidified with formic acid (FA) (Sigma-Aldrich), 

desalted using a 360-mg C18 Sep-Pak SPE cartridge (Waters), and dried to completeness using 

a SpeedVac concentrator (Thermo Electron). 

 

TMT labeling. Tryptic peptides were labeled with TMT-10plex according to the manufacturer’s 

protocol. The TMT labeling was as follows: 3month-1:TMT127C, 3month-2:TMT127N, 3month-
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3:TMT128C, 12month-1:TMT128N, 12month-2:TMT129C, 12month-3:TMT129N, 24month-

1:TMT130C, 24month-2:TMT130N, 24month-3: TMT-131C. Labeling efficiency was checked on 

Thermo Scientific Q Exactive Plus Orbitrap. TMT labeled peptides were mixed together, desalted 

using a 360-mg C18 Sep-Pak SPE cartridge, and dried to completeness using a SpeedVac 

concentrator before glycopeptide enrichment. 

 

Lectin Weak Affinity Chromatography. Glycopeptides were enriched as described previously  

(42, 43). Briefly, desalted-TMT-labeled peptides were resuspended in 500 μL LWAC buffer (100 

mM Tris pH 7.5, 150 mM NaCl, 10 mM MgCl2, 10 mM CaCl2, 5% acetonitrile) and 100 μL were 

run over a 2.0 x 250mm POROS-WGA column at 100 μL/min under isocratic conditions with 

LWAC buffer and eluted with a 100 μL injection of 40mM GlcNAc. Glycopeptides were collected 

inline on a C18 column (Phenomenex, Torrance, CA). Enriched glycopeptides from 5 initial rounds 

of LWAC were eluted with 50% acetonitrile, 0.1% FA in a single 500 μL fraction, dried, and LWAC 

enrichment was repeated for a total of 3 enrichment steps.  

 

Glycopeptides were separated on a 1.0 × 100 mm Gemini 3μ C18 column (Phenomenex, 

Torrance, CA). Peptides were loaded onto the column in 20 mM NH4OCH3, pH 10 and subjected 

to a gradient from 1% to 21% 20mM NH4OCH3, pH10 in 50% acetonitrile over 1.1 mL, up to 62% 

20mM NH4OCH3, pH10 in 50% acetonitrile over 5.4 mL with a flow rate of 80 μL/min while 

collecting 31 fractions.  

 

Mass Spectrometry Analysis. Glycopeptides were analyzed on an Orbitrap Fusion Lumos 

(Thermo Scientific, San Jose, CA) equipped with a NanoAcquity UPLC (Waters, Milford, MA). 

Peptides were fractionated on a 50cm x 75 μm ID 2μm C18 EASY-Spray column using a linear 

gradient from 3.5-30% solvent B over 185 min. Precursor ions were measured from 375 to 1500 

m/z in the Orbitrap analyzer (resolution: 120,000; AGC: 4.0e5). Each precursor ion (charged 2-
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7+) was isolated in the quadrupole (selection window: 1.6 m/z for EThcD, 0.7 m/z for HCD; 

dynamic exclusion window: 30 s; MIPS Peptide filter enabled) and underwent two ms2 

fragmentation methods. Ions were fragmented by EThcD (Maximum Injection Time: 250 ms, 

Supplemental Activation Collision Energy: 25%) and measured in the Orbitrap (resolution: 30,000; 

AGC; 5.0e4) for peptide identification. The same selected precursor was also fragmented by HCD 

(Maximum Injection Time: 86 ms; HCD Collision Energy: 50%) and measured in the Orbitrap 

(resolution: 50,000; AGC; 5.0e4; Scan Range: 100-400 m/z) for TMT reporter ion intensity 

measurement. The scan cycle was 18 scans.  

 

Peaklists for EThcD were extracted using Proteome Discoverer 2.2. EThcD peaklists were filtered 

with MS-Filter and only spectra containing a 204.0867 m/z peak corresponding to the HexNAc 

oxonium ion were used for database searching. EThcD data was searched against the SwissProt 

Mus musculus database (downloaded September 6, 2016) (and concatenated with a randomized 

sequence for each entry) using Protein Prospector (v5.23.0). Cleavage specificity was set as 

tryptic, allowing for 2 missed cleavages. Carbamidomethylation of Cys and TMT10plex on lysine 

and the peptide N-terminus were set as constant modifications. The required mass accuracy was 

10 ppm for precursor ions and 30 ppm for fragment ions. Two modifications per peptide were 

permitted. Unambiguous PTMs were determined using a minimum SLIP score of six, which 

corresponds to a 5% local false localization rate. Modified peptides were identified with a protein 

and peptide false discovery rate of 1%. O-GlcNAc and O-GalNAc modifications were 

differentiated based on known protein subcellular localization and HexNAc oxonium ion fragment 

ratios (44). 

 

TMT Mass Spectrometry Data Analysis. Data was filtered to only include O-GlcNAcylated 

peptides unique to a single protein. Quantitation of TMT data was performed by calculating ratios 

of reporter ion peak intensities between conditions along with variance for each ratio, and median 
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normalized. Reporter ion peak intensities were obtained from HCD spectra corresponding to 

peptides identified from EThcD spectra. Peptide abundances were normalized by the median of 

ratio distributions. The age-dependent changes in O-GlcNAcylation were determined using a 

normalized median Log2 12mo/3mo ratio of at least 1.0, corresponding to a 2.0 fold change with 

age. Raw data files available under MassIVE submission MSV000084825. All annotated O-

GlcNAc-peptide spectra available at MS-Viewer (45) search key qcchi2to8l. 

 

RNA Isolation. mRNA of NSCs was isolated by lysis with TRIzol Reagent (Thermo Fisher 

Scientific), separation with chloroform (0.2mL per mL TRIzol), and precipitated with isopropyl 

alcohol according to manufacturer’s instructions.  

 

NSC Library Construction and RNA-sequencing. After RNA isolation, RNA-Seq libraries were 

constructed using the Smart-Seq2 protocol from (46), with modifications. Briefly, 1ng high quality 

RNA was reverse transcribed using SuperScript II (Life Technologies, 18064-014) with a poly-dT 

anchored oligonucleotide primer, and a template switching oligonucleotide primer that generated 

homotypic PCR primer binding sites. The cDNA underwent 10 rounds of PCR amplification using 

KAPA HiFi Hotstart (Kapa Biosystems, KK2601), followed by Ampure bead (Agencourt) cleanup. 

The quality of the amplified cDNA was tested using qPCR for GAPDH and nucleic acid 

quantitation. 1ng of high-quality amplified cDNA was fragmented with the Tn5 transposase from 

the Illumina Nextera kit (FC-131-1096) to a median size of ~500bp. The fragmented library was 

amplified with indexed Nextera adapters (FC-131-1002) using 12 rounds of PCR. Final libraries 

were purified with Ampure beads and quantified using a qPCR Library Quantification Kit (Kapa 

Biosystems, KK4824). Libraries were pooled for sequencing on an Illumina HiSeq 2500 (paired 

reads 2x100bp).  
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Bioinformatic analysis of NSC RNA-sequencing data. Alignment of RNA sequencing reads to 

the mouse mm10 transcriptome was performed using STAR v2.7.3a (47) following ENCODE 

standard options, read counts were generated using RSEM v1.3.1, and differential expression 

analysis was performed in R v3.6.1 using the DESeq2 package v1.38.0 (48). [Detailed pipeline 

v2.0.1 and options available on https://github.com/emc2cube/Bioinformatics/]. Significance was 

determined using a corrected p-value<0.05 and a log2 fold change>0.5. Gene Ontology and 

ChEA/ENCODE transcription factor enrichment analysis was performed with Enrichr 

(https://amp.pharm.mssm.edu/Enrichr/). Heatmaps were generated using iDEP 

(http://bioinformatics.sdstate.edu/idep/). All data available under GEO submission GSE143388. 

 

Data and statistical analysis. Graphed data are expressed as mean ± SEM. Statistical analysis 

was performed with Prism 6.0 software (GraphPad Software). Unless otherwise noted, means 

between two groups were compared with two-tailed, unpaired Student’s t-test. Novel object 

recognition data were compared with a one sample t-test against 50% (expected preference). 

Comparisons of means from multiple groups with each other or against one control group were 

analyzed with one-way ANOVA and Tukey’s post-hoc test. All histology and behavior experiments 

conducted were done in a randomized and blinded fashion. For each experiment, the overall size 

of the experimental groups corresponded to distinct animals or cultures. Unique samples were 

not measured repeatedly within the same characterization of a given cohort. 
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Figure 1.1. Age-related decreased NSC O-GlcNAc levels is coincident with a decline in 
neurogenesis and an increase in gliogenesis in the mature hippocampus.  
(A) Representative single z-planes and orthogonal projections of a confocal image z-stack of 2- 
or 6-month old mouse hippocampus, labeled with anti-Sox2, anti-GFAP, anti-O-GlcNAc, and 
DAPI. Scale bar, 10µm. (B) Quantification of the fold change of the average O-GlcNAc intensity 
normalized to area measured in each GFAP+/Sox2+ neural stem cell (NSC) across all z-stacks 
per animal (n=4 animals per group). (C) Representative maximum intensity projections of a 
confocal image z-stack of 2- or 6-month old mouse hippocampus, labeled with DAPI and anti-
Nestin (top) or DAPI, anti-Doublecortin (DCX), and anti-Mcm2 (bottom). Scale bar, 100µm. (D) 
Quantification of Nestin+ radial NSCs (top), DCX+/MCM2+ proliferating neuroblasts (middle) and 
DCX+/MCM2- immature neurons (bottom) in 2- or 6-month old mice (n=4-5 animals per group). 
(E) Representative maximum intensity projections of a confocal image z-stack of 2- or 6-month 
old mouse hippocampus, labeled with anti-GFAP and anti-BrdU. Mice were given 6 daily i.p. 
injections of BrdU (50mg/kg) 30 days before euthanasia. Quantification of the percentage of 
GFAP+/BrdU+ astrocytes out of total BrdU+ cells in the subgranulzar zone (SGZ) of the dentate 
gyrus (n=4-5 animals per group; scale bar, 10µm; white dashed line, SGZ). (F) Representative 
maximum intensity projections of a confocal image z-stack of 2- or 6-month old mouse 
hippocampus, labeled with anti-s100ß and anti-BrdU (left). Mice were treated as in (E). 
Quantification of the percentage of s100ß+/BrdU+ astrocytes out of total BrdU+ cells in the SGZ 
of the dentate gyrus (n=4-5 animals per group; scale bar, 10µm; white dashed line SGZ). Data 
are represented as mean ± SEM; **p<0.01, ***p<0.001, ****p<0.0001; t test. 
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Figure 1.2. Pharmacological inhibition of Ogt by OSMI-1 treatment reduces O-GlcNAc 
levels in NSCs in vitro. 
(A) O-GlcNAc levels were assessed by Western blot in primary hippocampal neural stem cells 
following 24-hour vehicle or OSMI-1 treatment. Data are represented as mean ± SEM; *p<0.05; 
t test; n=4-5 per group. 
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Figure 1.3. Abrogation of Ogt reduces O-GlcNAc levels in NSCs in vitro 
(A) O-GlcNAc and Ogt levels were assessed by Western blot in primary hippocampal neural 
stem cells following infection with shLuc or shOgt. Data are represented as mean ± SEM; 
*p<0.05; t test; n=4-5 per group. 
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Figure 1.4. Abrogation of Ogt impairs NSC proliferation in vitro. 
(A) Heatmap of significantly differentially expressed genes with fold change>2 and p<0.05 in 
primary hippocampal neural stem cells (NSCs) following 72-hour shOgt infection compared to 
vehicle shLuc control in vitro. (B) Biological Process Gene Ontology terms associated with genes 
downregulated following shOgt infection. (C) Representative field and quantification of primary 
mouse hippocampal NSCs following 72 hours of shLuc (left) or shOgt (right) treatment, labeled 
with DAPI and an 8-hour EdU-pulse (top), or DAPI and anti-Ki67 (bottom) (n=3 per group; scale 
bar, 10µm). (D) Quantification of enriched transcription factor targets as identified by ChEA or 
ENCODE based on upregulated genes after shOgt treatment compared to shLuc control. Data 
are represented as mean ± SEM; ***p<0.001; t test; n=3 per group. Scale bar, 10µm. 
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Figure 1.5. Decreased NSC O-GlcNAcylation promotes a neuron to glia fate switch in vitro.  
(A) Heatmap of significantly differentially expressed genes with fold change>2 and p<0.05 in 
primary hippocampal neural stem cells (NSCs) following 24-hour 12.5µM OSMI-1 treatment 
compared to vehicle control in vitro. (B) Biological Process Gene Ontology terms associated with 
genes downregulated following OSMI-1 treatment. (C) Representative field and quantification of 
primary mouse hippocampal NSCs following 24 hours of vehicle (left) or OSMI (right) treatment, 
labeled with DAPI and an 8-hour EdU-pulse (top), or DAPI and anti-Ki67 (bottom) (n=3 per group; 
scale bar, 10µm). (D) Quantification of enriched transcription factor targets as identified by ChEA 
or ENCODE based on upregulated genes after 24-hour OSMI-1 treatment compared to vehicle 
control. (E) Fold change expression (FPKM) of astrocyte-associated genes: S100ß, Aldh1l1, and 
Sox9 in primary hippocampal NSCs following OSMI-1 treatment in vitro (n=5-6 per group). (F) 
Differentiation was induced in vehicle or OSMI-1 treated primary postnatal (P1) and adult (2-
month-old) hippocampal NSCs by withdrawing growth factors 7 days prior to fixation. Cells were 
labeled with DAPI and anti-MAP2. MAP2+ neurons were quantified as a percentage of total 
DAPI+ cells (n=6 replicates per group; scale bar, 10µm). (G) Primary postnatal and adult 
hippocampal NSCs were treated as in (F). Cells were labeled with DAPI and anti-GFAP. GFAP+ 
astrocytes were quantified as a percentage of total DAPI+ cells (n=6 per group; scale bar, 10µm). 
Data are represented as mean ± SEM; *p<0.05, ***p<0.001; t test. 
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Figure 1.6. Pharmacological inhibition of Ogt by OSMI-1 treatment does not increase NSC 
cell death or cytotoxicity. 
(A) Primary hippocampal neural stem cells (NSCs) were treated with OSMI-1 or vehicle for 24 
hours. Cell death was assessed by immunostaining for Cleaved Caspase 3 (n=3 per group; 
scale bar, 10µm). (B) Primary postnatal and adult hippocampal NSCs were treated with OSMI-1 
or vehicle and differentiation was induced by withdrawing growth factors. Cytotoxicity was 
assessed by lactate dehydrogenase activity at 0, 1, 3, 5, and 7 days post growth factor 
withdrawal (n=6 replicates per group). (C)  Primary postnatal and adult hippocampal NSCs were 
treated with OSMI-1 or vehicle and differentiation was induced by withdrawing growth factors. 
Cell viability was assessed by trypan blue exclusion at 1, 3, 5, and 7 days post growth factor 
withdrawal (n=6 replicates per group). Data are represented as mean ± SEM; ns; t test. 
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Figure 1.7. Decreased NSC O-GlcNAcylation impairs adult neurogenesis and cognitive 
function while increasing gliogenesis in the young hippocampus.  
(A) Schematic of experimental paradigm and cognitive testing timeline. 3-month old Ogtflox/y 
(control) or NestinCre-ERT2+/-; Ogtflox/y (Ogt cKO) littermate mice were administered 5 daily i.p. 
tamoxifen injections (75mg/kg). One month later, hippocampal-dependent learning and memory 
were assessed by novel object recognition (NOR) or contextual fear-conditioning paradigms. One 
week after behavioral assays, mice were administered 6 daily i.p. injections of BrdU (50mg/kg). 
30 days later mice were euthanized, and tissue was analyzed. (B) Representative maximum 
intensity projections of a confocal image z-stack of control or Ogt cKO hippocampus, labeled with 
DAPI and anti-Nestin (top) or DAPI, anti-Doublecortin (DCX), and anti-Mcm2 (middle), or anti-
NeuN and anti BrdU (bottom) (scale bar, 100µm or 10 µm). (C) Quantification of Nestin+ radial 
NSCs (top), DCX+/MCM2+ proliferating neuroblasts (middle) and NeuN+/BrdU+ newborn mature 
neurons (bottom) in control or Ogt cKO littermate mice (n=10–11 animals per group). (D) Object 
recognition memory was assessed in control and Ogt cKO littermate mice using the novel object 
recognition task. Quantification of percentage of time spent with the novel object is shown. (n=11-
12 per group). (E) Associative fear memory was assessed in Ogt cKO and control littermate mice 
using contextual fear conditioning. Quantification of percentage freezing in response to cue or 
context 24 hours after training is shown (n=12 per group). (F) 3-month old NestinCre-ERT2+/-; 
Ai14flox/wt (control) or NestinCre-ERT2; Ai14flox/wt; Ogtflox/y (Ogt cKO) littermate mice were 
administered 5 daily i.p. tamoxifen injections (75mg/kg). One month later, mice were euthanized, 
and tissue was analyzed. Representative maximum intensity projections of a confocal image z-
stack of control or Ogt cKO hippocampus, labeled with endogenous TdTomato and anti-GFAP. 
Quantification of TdTomato+/GFAP+ astrocytes (n=3-5 per group; scale bar, 10µm; white dashed 
line, SGZ). (G) Mice were treated as in (F). Representative maximum intensity projections of a 
confocal image z-stack of control or Ogt cKO hippocampus, labeled with endogenous TdTomato 
and anti-s100ß. Quantification of TdTomato+/s100ß + astrocytes (n=3-5 per group; scale bar, 
10µm; white dashed line, SGZ). Data are represented as mean ± SEM; *p<0.05, **p<0.01, 
***p<0.001; t test (C,E-G); One-sample t test versus 50% (D). 
  



 45 

 
Figure 1.8. Abrogation of Ogt does not induce cell death in vivo. 
(A) Representative maximum intensity projections of a confocal image z-stack of control or Ogt 
cKO hippocampus, labeled with DAPI and anti-cleaved caspase 3 (left). Quantification of cleaved 
caspase-3-positive cells in control or Ogt cKO littermate mice (n=3 per group). Data are 
represented as mean ± SEM; ns; t test. Scale bar, 10µm. 
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Figure 1.9. Abrogation of Ogt impairs hippocampal neurogenesis in vivo. 
(A) Schematic of experimental paradigm. 3-month old mice were stereotaxically injected with 
lentivirus encoding shLuc or shOgt into the dentate gryrus of contralateral hippocampi. One 
month later, mice were given 6 daily i.p. injections of BrdU (50mg/kg). One month later, mice 
were given 6 daily i.p. injections of EdU (50mg/kg). 24 hours after the final EdU injection, mice 
were sacrified. (B) Representative maximum intensity projections of a confocal image z-stack of 
shLuc or shOgt hippocampus, labeled with anti-Doublecortin (DCX) and EdU (top) or or anti-
NeuN and anti BrdU (bottom). Quantification of DCX+/EdU+ neuroblasts and NeuN+/BrdU+ 
newborn mature neurons (n=5-6 per group). Data are represented as mean ± SEM; *p<0.05, 
**p<0.01; t test; scale bar, 100µm (top) 10µm (bottom). 
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Figure 1.10. Loss of adult NSC Ogt does not affect motor function or anxiety. 
(A) Baseline freezing was evaluated prior to training stimulus in the fear conditioning paradigm. 
(B) Schematic of cognitive testing timeline. 3-month old Ogtflox/y (control) or NestinCre-ERT2+/-; 
Ogtflox/y (Ogt cKO) littermate mice were administered 5 daily i.p. tamoxifen injections (75mg/kg). 
One month later, anxiety and motor function were assessed by the open field test (OFT). (C) 
Quantification of activity as number of beam breaks during OFT. (D) Quanitifcation of total 
distance traveled during OFT. (E) Quantification of time spent in the perimeter and center of the 
chamber during OFT. Data are represented as mean ± SEM; ns; t test; n=12-16 per group. 
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Figure 1.11. NSC-specific ablation of Ogt reduces astrocyte O-GlcNAc levels in vivo. 
(A) Representative single z-plane images and corresponding orthogonal views of tdTomato+ 
astrocytes in the DG of Ogt cKO mice and littermate controls labeled with anti-GFAP, anti-O-
GlcNAc and DAPI. Scale bar, 10µm. 
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Figure 1.12. STAT3 O-GlcNAcylation at T717 is reduced in the aging hippocampus and 
mimicking this decline in NSC promotes a gliogenic fate switch.  
(A) Schematic of proteomic workflow. The hippocampus was isolated from 3-, 12-, or 24-month 
old mice. Hippocampi were pooled to obtain sufficient protein (n=5 animals per pool). Proteins 
were isolated from tissue and digested with trypsin before undergoing isobaric tagging. Tagged 
peptides were enriched for O-GlcNAcylation with lectin weak affinity chromatography (LWAC) and 
analyzed via electron transfer dissociation mass spectrometry (ETD-MS). (B) Representative 
spectra of hippocampal STAT3 O-GlcNAcylation at T717. (C) Diagram of O-GlcNAc sites 
detected by mass spectrometry in (A) (T717, S719), and previously identified phosphorylation 
sites (Y705, S727) on STAT3. (D) STAT3 phosphorylation at Y705 and STAT3 expression in 
primary hippocampal neural stem cells (NSCs) following 24-hour vehicle or OSMI-1 treatment 
(n=3 per group). (E) Expression of STAT3 target genes in primary hippocampal NSCs treated as 
in (D) was evaluated using RNAseq. (F) Primary hippocampal postnatal and adult NSCs were 
infected with a lentiviral construct expressing a non-phosphorylatable STAT3 (Y705F) or wildtype 
STAT3 (Control). Differentiation was induced in vehicle or OSMI-1 treated NSCs by withdrawing 
growth factors 7 days prior to fixation. Cells were labeled with DAPI and anti-MAP2. MAP2+ 
neurons were quantified as a percentage of total DAPI+ cells (n=6 replicates per group). (G) 
Primary postnatal and adult hippocampal NSCs were infected, treated, and differentiated as in 
(F). Cells were labeled with DAPI and anti-GFAP. GFAP+ astrocytes were quantified as a 
percentage of total DAPI+ cells (n=6 replicates per group). (H) Primary postnatal and adult 
hippocampal NSCs were infected with a lentiviral construct expressing an O-GlcNAcylation-
deficient STAT3 (T717A) or wildtype STAT3 (Control). Differentiation was induced by withdrawing 
growth factors 7 days prior to fixation. Cells were labeled with DAPI and anti-MAP2. MAP2+ 
neurons were quantified as a percentage of total DAPI+ cells (n=6 replicates per group). (I) 
Primary postnatal and adult hippocampal NSCs were infected, treated, and differentiated as in 
(H). Cells were labeled with DAPI and anti-GFAP. GFAP+ astrocytes were quantified as a 
percentage of total DAPI+ cells (n=6 replicates per group). (J) Primary postnatal and adult 
hippocampal NSCs were infected with a lentiviral construct expressing Ogt or GFP under the 
Nestin promoter. Differentiation was by induced withdrawing growth factors 7 days prior to 
fixation. Cells were labeled with DAPI and anti-MAP2. MAP2+ neurons were quantified as a 
percentage of total DAPI+ cells (n=6 replicates per group). (K) Primary postnatal and adult 
hippocampal NSCs were infected, treated, and differentiated as in (J). Cells were labeled with 
DAPI and anti-GFAP. GFAP+ astrocytes were quantified as a percentage of total DAPI+ cells 
(n=6 replicates per group). Data are represented as mean ± SEM; *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001; t test. 
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Figure 1.13. Lentiviral-mediated expression of STAT3 point mutants alters STAT3 
phosphorylation in NSCs. 
(A) Primary hippocampal neural stem cells (NSCs) were infected with a lentiviral construct 
expressing a non-phosphorylatable STAT3 (Y705F).  3 days after infection, NSCs were treated 
with OSMI-1 or a vehicle control for 24 hours. STAT3 phosphorylation at Y705 and STAT3 
expression were quantified following treatment (n=4-5 per group) (B) Primary hippocampal 
NSCs were infected with a lentiviral construct expressing an O-GlcNAcylation-deficient STAT3 
(T717A) or wildtype STAT3 (Control). 3 days after infection, phosphorylation of the STAT3 a 
isoform at Y705 and STAT3 expression were quantified following treatment (n=4-5 per group). 
Data are represented as mean ± SEM; *p<0.05; t test. 
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Figure 1.14. Lentiviral-mediated overexpression of Ogt increases O-GlcNAc levels in 
NSCs in vitro. 
(A) O-GlcNAc and Ogt levels were assessed by Western blot in primary hippocampal neural 
stem cells following infection with a lentiviral construct overexpressing GFP or Ogt. Data are 
represented as mean ± SEM; *p<0.05; t test; n=4-5 per group. 
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ABSTRACT 

Mitochondrial function plays a key role in diverse biological processes including aging and stem 

cell regulation. Mitochondrial health has been shown to decline with age, and drive phenotypes 

associated with aging and neurodegenerative disease in the brain, including loss of 

neurogenesis and depletion of the neural stem cell (NSC) pool. While the role of mitochondria is 

clear, the molecular processes underlying this age-associated functional decline remain to be 

elucidated. We have previously implicated the post-translational modification O-linked N-

Acetylglucosamine (O-GlcNAc) in age-related cognitive and regenerative decline. Interestingly, 

the enzyme which catalyzes the addition of this modification, O-GlcNAc transferase has a 

mitochondrial-specific isoform (mOGT) which is relatively unexplored. Here we report that 

mOGT levels increase with age in the hippocampus. Moreover, using lentiviral approaches, we 

demonstrate that altering mOGT expression in NSCs is sufficient to promote self-renewal and 

neuronal differentiation programs. Our data suggest that age-related changes in mOGT 

contribute to the age-related loss of neurogenesis and position mitochondrial O-GlcNAcylation 

as an important regulator of mitochondrial function in the brain. 
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INTRODUCTION 

The hippocampus is an important brain region, responsible for higher order cognitive processes 

that include learning, memory (1, 2) and mood regulation (3). These cognitive functions are 

regulated in part by adult hippocampal neurogenesis (3–5), the process by which neural stem 

cells (NSCs) self-renew and differentiate into new neurons in the adult brain. With age, however, 

there is a significant decline in the regenerative capacity of the adult mammalian hippocampus. 

While the persistence of adult hippocampal neurogenesis in humans remains controversial (6), a 

precipitous decline in NSC number with age has been described in both mice and humans (7–

11). Moreover, recent studies observe adult hippocampal neurogenesis throughout human life, 

and note a correlation between neurogenesis and disease severity in Alzheimer’s disease 

patients (12, 13). It is clear that NSCs are an essential source of regenerative capacity in the 

aging brain, however the mechanisms underlying age-related decline in the NSC pool remain to 

be fully elucidated. 

Changes in the dynamic post-translational modification, O-linked N-Acetylglucosamine 

(O-GlcNAc), are becoming increasingly appreciated as regulators of brain aging and NSC 

function. Notably, O-GlcNAc and the enzymes that catalyze its addition and removal, O-GlcNAc 

transferase (Ogt) and O-GlcNAcase (Oga) have been implicated in aging (14–16), 

neurodegenerative disease (14, 17–19), and lifespan extension (20, 21). In the brain, we have 

identified age-related decreases in hippocampal O-GlcNAc and Ogt levels, and demonstrated 

their role in driving age-related neuronal dysfunction and cognitive decline (16). In NSCs 

specifically, we have also reported an age-related decline in O-GlcNAc levels and established the 

role of O-GlcNAc in regulating adult hippocampal NSC function via modulation of STAT3 signaling 

(22). Notwithstanding, work from our lab and others relies primarily on broad manipulations of O-

GlcNAc levels, often without addressing the contribution of specific Ogt isoforms. In mice, 3 

distinct Ogt isoforms have been identified (23): a full-length isoform (ncOGT), as well as a shorter 

(sOGT), and mitochondrial-localized (mOGT) isoform (24). Previous work has focused mainly on 
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the role of ncOGT, while relatively little is known about sOGT and mOGT. Interestingly, while 

increased O-GlcNAcylation of mitochondrial proteins has been associated with impaired 

mitochondrial health (25, 26), reducing mOGT levels has been shown to promote oxidative 

phosphorylation and cell survival in vitro (27). The role of mOGT in regulating NSC function, 

however, has yet to be explored.  

Mitochondrial function has recently been established as a major regulator of neuronal 

differentiation. Across several species, including mouse, NSCs have been shown to rely primarily 

on anaerobic glycolysis for energy production, but increasingly rely on mitochondrial oxidative 

phosphorylation during neuronal differentiation (28–31), ultimately becoming highly dependent on 

oxidative phosphorylation as mature neurons (32).This metabolic switch is necessary for NSC 

function, as NSCs with dysfunctional mitochondria exhibit impaired neuronal differentiation and 

self-renewal capacity, as well as a bias towards gliogenesis (33–35) previously associated with 

aged NSCs (22, 36, 37). Physiologically, an age-related decline in mitochondrial health has been 

reported in a multitude of tissues, including the brain (38), and the pharmacological enhancement 

of mitochondrial function has been shown to ameliorate the age-related decline in mammalian 

hippocampal neurogenesis (39). Given the demonstrated importance of mitochondrial 

metabolism in regulating adult NSC function, it is crucial to understand how this process is 

regulated. 

Here we identify an age-related increase in hippocampal mOGT concurrent with the 

decline in adult hippocampal neurogenesis. Functionally, we utilize a lentiviral approach to 

demonstrate the role of mOGT in regulating metabolic and NSC function. Finally, we demonstrate 

that mitigating the age-related increase in mOGT is sufficient to increase NSC number and 

enhance neurogenesis in vivo. 
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RESULTS 

Mitochondrial Ogt increases with age in vivo and promotes aberrant neuronal 

differentiation in vitro. 

We, and others, have previously demonstrated that a precipitous decline in NSC number occurs 

in the dentate gyrus between young adult (2-3 months) and mature (6 months) mice (9, 22, 40). 

Given the involvement of O-GlcNAcylation in both age-related changes and stem cell function, 

we assessed how the levels of mitochondrial Ogt (mOGT) change during this same period. Using 

quantitative PCR (qPCR) analysis, we observed a significant increase in mOGT transcript levels 

in the hippocampus between 3 and 6 months of age (Figure 2.1A), suggesting an increase in 

mitochondrial O-GlcNAcylation. 

 To gain insight into how elevated mitochondrial O-GlcNAcylation might affect NSC 

function, we first generated a lentiviral construct overexpressing either mOGT (mOGT-OE) or a 

control (GFP-OE) under the ubiquitously expressed CMV promoter. To validate that the 

recombinant mOGT was localizing to the mitochondria, we created a GFP-tagged version 

(mOGTGFP-OE) and evaluated its localization via immunohistochemistry in HEK 293T cells 

(Figure 2.1B). We observed colocalization with mitochondria, indicating proper localization of the 

recombinant mOGT. Next, we validated the expression of the mOGT-OE construct in primary 

hippocampal NSCs using qPCR and observed a significant increase in mOGT transcript levels 

following infection (Figure 2.1C), indicating successful overexpression of mOGT. Given previous 

reports suggesting a role of mitochondrial O-GlcNAcylation in regulating mitochondrial function, 

we assessed ATP production in treated NSCs. We found no differences in baseline ATP 

production (Figure 2.1D), however, after treatment with Oligomycin, a potent inhibitor of oxidative 

phosphorylation, we observed significantly reduced ATP content in mOGT-OE compared to 

control cells (Figure 2.1E). These data suggest an aberrant increased reliance on oxidative 

phosphorylation following mOGT overexpression, indicative of a more neuronally differentiated 

phenotype. Given these observations, we next assessed whether increased levels of mOGT 
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affected the self-renewal capacity of NSCs. We evaluated neurosphere formation under self-

renewal conditions and observed a significant decrease in neurosphere number in NSCs 

overexpressing mOGT (Figure 2.1F), indicating impaired self-renewal. Next, we examined 

whether increasing mOGT levels altered NSC differentiation in vitro. We treated primary NSCs 

with the lentiviral constructs and cultured under differentiation conditions for 7 days. We evaluated 

neuronal differentiation by immunohistochemistry and observed a significant increase in the 

number of MAP2+ neurons formed by mOGT overexpressing cells (Figure 2.1G). Taken together, 

these data suggest an increase in oxidative phosphorylation and neuronal differentiation at the 

expense of self-renewal in NSCs with elevated mOGT. 

 

Reducing mOGT levels decreases neuronal differentiation and enhances NSC self-renewal 

in vitro. 

To investigate the effects of mitigating the age-related increase in mOGT levels, we generated a 

lentiviral construct encoding a short hairpin RNA (shRNA) targeted toward either mOGT (sh-

mOGT) or a scrambled (sh-Scramble) control. We confirmed that expression of this shRNA 

transcript was sufficient to significantly reduce mOGT levels in NSCs in vitro (Figure 2.2A). Next, 

we wanted to understand the effects of reducing mOGT on mitochondrial function. We assessed 

baseline ATP levels in NSCs following infection and saw no difference (Figure 2.2B). We then 

treated the infected NSCs with Oligomycin and saw an increase in ATP levels in the sh-mOGT 

infected cells (Figure 2.2C), indicating decreased reliance on oxidative phosphorylation for ATP 

generation. To investigate the functional consequences of reduced mOGT expression, we first 

assessed self-renewal capacity following sh-mOGT infection. We observed a significant increase 

in neurosphere number following sh-mOGT treatment (Figure 2.2D), suggesting increased self-

renewal. We next assessed the effects on neuronal differentiation and observed a significant 

decrease in neuronal differentiation following sh-mOGT expression compared to a control (Figure 
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2.2E). Taken together, these data suggest that reducing mOGT expression promotes NSC self-

renewal in vitro. 

 

Mitigating the age-related increase in mOGT levels is sufficient to enhance neurogenesis 

in vivo. 

To understand the effects of mitigating the age-related increase in mOGT expression in vivo, we 

performed unilateral stereotaxic injections of the sh-mOGT or sh-Scramble lentiviral constructs 

into the dentate gyrus of contralateral hippocampi in young (3 month) mice. We aged the mice for 

8 weeks and assessed short-term proliferation by a 1-week 5-Ethynyl-2´-deoxyuridine (EdU) 

incorporation paradigm before euthanasia. First, we examined NSC number, and saw that the 

dentate gyrus treated with sh-mOGT displayed an increase in Sox2+/GFAP+ NSC number, 

compared to the contralateral control (Figure 2.2F), consistent with our in vitro data. Additionally, 

sh-mOGT treated mice also had increased numbers of Doublecortin (DCX)/EdU-positive 

neuroblasts (Figure 2.2G), suggesting increased neurogenesis. Taken together, these data 

demonstrate that reducing mOGT levels in vivo is sufficient to enhance adult hippocampal 

neurogenesis. 

 

DISCUSSION 

Cumulatively, our data indicate that an age-related increase in hippocampal mOGT levels is 

sufficient to increase neuronal differentiation at the expense of self-renewal in NSCs, ultimately 

contributing to the depletion of the stem cell pool with age. While mitochondrial function and 

changes in O-GlcNAcylation have individually been implicated as regulators of aging and NSC 

function, the interplay between the two has not been well studied.  Here, for the first time, we 

observe a link between these cellular processes in the context of adult hippocampal neurogenesis 

and demonstrate the role of O-GlcNAc as a novel regulator of NSC metabolism and neurogenesis. 
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 Mitochondrial function has long been appreciated as a major regulator of both aging 

and stem cell function. The age-related decline in mitochondrial function and its resulting impact 

on several cell types including NSCs has been well-documented, yet the mechanisms promoting 

this functional decline are understudied. Our data identify O-GlcNAc as potential mediator of 

mitochondrial function in NSCs. While we have previously shown O-GlcNAc is a major regulator 

of both aging and adult hippocampal neurogenesis, others have observed changes in O-GlcNAc 

alongside mitochondrial dysfunction in contexts including neurodegenerative disease, diabetes, 

and ageing. Notwithstanding, the role of O-GlcNAc in regulating metabolic processes is poorly 

understood. The presence of a mitochondrial-specific OGT isoform suggests, and the present 

study confirms, that O-GlcNAcylation plays an active role in regulating cellular metabolism by 

influencing mitochondrial function.  

 Our work highlights the need to understand the effects of O-GlcNAc at a more specific 

level. For example, while this study suggests that mitochondrial O-GlcNAc increases with age 

and promotes neuronal differentiation, our previous work suggests that total NSC O-GlcNAc 

decreases with age, leading to enhanced gliogenesis. Moreover, we have explored the dynamic 

O-GlcNAcome of the aging brain, but due to technical limitations, have not yet explored the O-

GlcNAcylated landscape of NSCs specifically. Even without this information, it is evident that O-

GlcNAc plays a key regulatory role in adult hippocampal neurogenesis.  Ultimately, our data 

position O-GlcNAc as a novel regulator of metabolic and cellular function, and set the stage for 

future studies, unencumbered by current technical limitations, to identify cell type- and 

compartment-specific O-GlcNAc modifications for therapeutic and mechanistic study.  
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METHOD DETAILS 

Animal Models. All mouse handling and use was in accordance with institutional and ethical 

guidelines approved by the University of California San Francisco IACUC. All mice were 

C57BL/6J young mice (Jackson Laboratory). All studies were done in male mice. The numbers 

of mice used to result in statistically significant differences were calculated using standard 

power calculations with α = 0.05 and a power of 0.8. We used an online tool 

(http://www.stat.uiowa.edu/~rlenth/Power/index.html) to calculate power and samples size 

based on experience with the respective tests, variability of the assays and inter-individual 

differences within groups. Mice were housed under specific pathogen-free conditions under a 

12h light-dark cycle. All experiments were randomized and blinded by an independent 

researcher. Researchers remained blinded throughout histological, molecular, and behavioral 

assessments. Groups were un-blinded at the end of each experiment upon statistical analysis. 

 

RNA Isolation and qRT-PCR. mRNA of NSCs and mRNA from hippocampal tissue was 

isolated by lysis with TRIzol Reagent (Thermo Fisher Scientific), separation with chloroform (0.2 

mL per mL TRIzol), and precipitated with isopropyl alcohol. High Capacity cDNA Reverse 

Transcription Kit (Life Technologies) was used for reverse transcription of mRNA into cDNA and 

qRT-PCR was carried out using Power SYBR Green PCR Master Mix (Life Technologies) in a 

CFX384 Real Time System (Bio-Rad). Primers were: mOGT forward 5’- 

CCTAAGGCATGTTATTTGAAAGCA-3’, mOGT Reverse 5’- TGAGTAGGACACAGACGAAGA-

3’, GAPDH forward 5’-GCATCCTGCACCACCAACTG-3’, GAPDH reverse 5’-

ACGCCACAGCTTTCCAGAGG-3’.  

 

Viral Plasmids and Viruses. We generated overexpression lentivirus encoding a CMV 

promoter to drive expression of mOGT (mOGT-OE), mOGT-hrGFP fusion (mOGTGFP-OE), or 

hrGFP (GFP-OE). Construct quality was tested by qPCR and sequencing. We generated 
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lentiviruses (LVs) encoding shRNA targeting mOGT or luciferase using a lentiviral shRNA 

expression system (pGreenPuro shRNA, System Biosciences) according to the manufacturer's 

instructions. The targeted sequences were cloned into the pGreenPuro vector (mOGT, 5′- 

GAGGAGTCTGGCATTACTGTT -3′; Luciferase, 5’- GCCATTCTATCCTCTAGAGGA -3’). 

Plasmid quality was tested by sequencing. In addition, Preparation of non-replicative lentiviral 

particles was performed using the UCSF Viracore, and titered to 1.0x109 viral particles/ml.  

 

 

Analysis of Colocalization in HEK 293T Cells. HEK 293T grown on coverslips were 

transfected with mOGTGFP-OE or GFP-OE constructs using Lipofectamine 3000 (Thermo 

Fisher) according to manufacturer instructions. 48 hours after transfection, cells were treated 

with MitoTracker (Thermo Fisher) according to manufacturer protocol. 1 hour later, cells were 

washed with PBS and fixed with 4% PFA. Cells were mounted using ProLong Gold Antifade 

Reagent with DAPI (Thermo Fisher) and imaged using a Zeiss LSM 800 with a 100x objective. 

 

Isolation of Primary Neural Stem Cells from the Postnatal Mouse Hippocampus. Primary 

neural stem cell isolation and culture were preformed following previously published techniques 

(41). Hippocampi were dissected from male postnatal day 1 (P1) Wildtype C57/BL6 mice and 

pooled for NSC isolation. After removing superficial blood vessels, hippocampi were 

mechanically dissociated by fine mincing and enzymatically digested for 30 minutes at 37ºC in 

DMEM media containing 2.5U/ml Papain (Worthington Biochemicals), 1U/ml Dispase II 

(Boeringher Mannheim), and 250U/ml DNase I (Worthington Biochemicals). NSCs were purified 

using a 65% Percoll gradient and cultured (Neurobasal A medium supplemented with 2% B27 

without Vitamin A, 1% Glutamax, 1% Penicillin Streptomycin, 10ng/ml EGF, 10ng/ml bFGF) as a 

monolayer on poly-D-lysine (PDL) and laminin-coated plates at a density of 105 cells/cm2.  
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Infections of Primary NSCs. Primary NSCs were plated at a density of 104 cells/cm2 on PDL 

and laminin coated plates. 48 hours after plating, lentivirus was added to the culture at a ratio of 

10 viral particles per cell. 48 hours later media was changed, and all assays began 24 hours 

after media change. 

 

ATP Assay. Primary NSCs were infected as previously described and subsequently were 

plated at a density of 103 cells/well in a 96 well plate and maintained under self-renewal 

conditions. 48 hours after plating cells were treated with Oligomycin at a final concentration of 

5μM or an equal volume of DMSO control. 18 hours after treatment, ATP content was measured 

using a Luminescent ATP Detection Assay Kit (Abcam) according to manufacturer instructions. 

Luminescence was measured in a Cytation5 (BioRad). 

 

Neurosphere Assay. Primary NSCs were infected as previously described. At the start of the 

assay, cells were dissociated and plated at a concentration of 103 cells/well in an uncoated 24 

well plate. Cells were cultured in suspension under self-renewal conditions for 48 hours before 

being analyzed for number by brightfield microscopy. 

 

NSC Differentiation Assay. NSCs were seeded in 500μL growth medium and treated with 

lentivirus as previously described. 72h after treatment, media was replaced with differentiation 

medium (Neurobasal A medium supplemented with 2% B27 without Vitamin A, 1% Glutamax, 

1% Penicillin Streptomycin). Cells were maintained in differentiation medium for 7 days, with 

half the media replaced every other day. Cells were fixed with 4% PFA as previously described. 

Cells were washed 3 times with PBS after fixation, blocked in 3% donkey serum, and incubated 

in primary antibody at 4ºC for 16h. staining was revealed using fluorescence conjugated 

secondary Alexa antibodies (1:500; s). MAP2- or GFAP-positive cells were counted per field of 
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view at three randomly determined locations per coverslip. In vitro experiments were conducted 

in triplicates for each condition and repeated to ensure reproducibility. 

 

Stereotaxic injections. Animals were placed in a stereotaxic frame and anesthetized with 2% 

isoflurane (2 liters/min oxygen flow rate) delivered through an anesthesia nose cone. 

Ophthalmic eye ointment was applied to the cornea to prevent desiccation during surgery. The 

area around the incision was trimmed. Solutions were injected bilaterally into the DG of the 

dorsal hippocampi using the following coordinates: (from bregma) anterior = −2 mm, lateral = 

1.5 mm, (from skull surface) height = −2.1 mm. A 2-μl volume was injected stereotaxically over 

10 min (injection speed: 0.20 μl/min) using a 5-μl 26s-gauge Hamilton syringe. To limit reflux 

along the injection track, the needle was maintained in situ for 10 min, slowly pulled out halfway 

and kept in position for an additional 5 min. The skin was closed using silk suture. Each mouse 

was injected subcutaneously with analgesics. Mice were singly housed and monitored during 

recovery.  

 

EdU administration and Quantification. For short-term proliferation studies, mice were 

intraperitoneally injected with EdU (50mg/kg body weight, Sigma-Aldrich) daily for six days prior 

to euthanasia. To estimate the total number of EdU-positive cells in the brain, we performed 

fluorescence staining for BrdU on 3-6 hemibrain sections per mouse (40μm thick, 360μm apart). 

To quantify neuronal differentiation and maturation of dividing cells, EdU-positive cells across 3-

6 sections per mouse were analyzed by confocal microscopy for co-expression with DCX. 

 

Immunohistochemistry. Tissue processing and immunohistochemistry was performed on free 

floating sections following standard published techniques (42). Briefly, mice were anesthetized 

with a ketamine (100mg/kg)-xylazine (10mg/kg) cocktail (Patterson Veterinary, Henry Schein) 

and transcardially perfused with cold PBS. Brains were removed, fixed in phosphate-buffered 
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4% paraformaldehyde, pH 7.4, at 4°C for 48h followed by cryoprotection in 30% sucrose, and 

coronally sectioned at 40µm with a cryomicrotome (Leica SM2010 R). Sections were washed 

three times in tris-buffered saline with 0.1% Tween 20 (TBST) and incubated in 3% normal 

donkey serum (Thermo Fisher Scientific) for 1h. After overnight incubation in primary antibody: 

Goat anti-Doublecortin (C-18) [1:7500], Goat anti-Sox2 (Y-17) [1:200], Rabbit anti-

GFAP[1:1000], Mouse anti-MAP2[1:500], at 4°C, staining was revealed using fluorescence 

conjugated secondary Alexa antibodies (Donkey anti-Rabbit: Alexa-488 conjugated secondary 

antibody, Donkey anti-Rabbit: Alexa-555 conjugated secondary antibody, Donkey anti-Goat: 

Alexa-555 conjugated secondary antibody, Donkey anti-Mouse: Alexa-488 conjugated 

secondary antibody, Donkey anti-Mouse: Alexa-555 conjugated secondary antibody, Donkey 

anti-Mouse: Alexa-647 conjugated secondary antibody [1:500]). To visualize EdU-positive cells, 

the Click-iT EdU Kit (Thermo Fisher) was used according to manufacturer instructions. To 

estimate the total number of immunopositive cells per DG, confocal stacks of coronal sections of 

the DG (3-6 sections per mouse, 40μm thick, 360μm apart) were acquired on a Zeiss LSM 800. 

 

Data and statistical analysis. Graphed data are expressed as mean ± SEM. Statistical 

analysis was performed with Prism 6.0 software (GraphPad Software). Unless otherwise noted, 

means between two groups were compared with two-tailed, unpaired Student’s t-test. Novel 

object recognition data were compared with a one sample t-test against 50% (expected 

preference). Comparisons of means from multiple groups with each other or against one control 

group were analyzed with one-way ANOVA and Tukey’s post-hoc test. All histology and 

behavior experiments conducted were done in a randomized and blinded fashion. For each 

experiment, the overall size of the experimental groups corresponded to distinct animals or 

cultures. Unique samples were not measured repeatedly within the same characterization of a 

given cohort. 
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Figure 2.1. Mimicking the age-related mOGT promotes neuronal differentiation at the 
expense of NSC self-renewal in vitro. 
(A) Quantification of mOgt expression by qPCR in the hippocampus at young (3 month) and 
mature (6 month) ages in mice (n=4-5 per group). (B) Representative images of HEK293T cells 
transfected with GFP-OE or mOGTGFP-OE and treated with MitoTracker (scale bar, 10µm). (C) 
Quantification of mOgt expression by qPCR following infection of primary hippocampal NSCs with 
GFP-OE or mOGT-OE (n=3 per group). (D) Quantification of baseline ATP production normalized 
to untreated in infected primary hippocampal NSCs in vitro (n=3 per group). (E) Quantification of 
ATP production normalized to untreated following oligomycin treatment in infected primary 
hippocampal NSCs in vitro (n=3 per group). (F) Representative field and quantification of 
neurospheres following infection in primary hippocampal NSCs (scale bar, 10µm; n=5 per group). 
(G) Representative field and quantification of MAP2-positive cells following 7 days of 
differentiation under GFP-OE or mOGT-OE infection (scale bar, 10µm; n=3 per group). Data are 
represented as mean ± SEM; *p<0.05, ****p<0.0001, ns; t test. 
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Figure 2.2. Reducing mOGT levels promotes NSC self-renewal in vitro and preserves the 
stem cell pool in vivo. 
(A) Quantification of mOgt expression by qPCR following infection of primary hippocampal NSCs 
with sh-Scramble or sh-mOGT (n=3 per group). (B) Quantification of baseline ATP production 
normalized to untreated in infected primary hippocampal NSCs in vitro (n=3 per group). (C) 
Quantification of ATP production normalized to untreated following oligomycin treatment in 
infected primary hippocampal NSCs in vitro (n=3 per group). (D) Representative field and 
quantification of neurospheres following infection in primary hippocampal NSCs (scale bar, 10µm; 
n=5-9 per group). (E) Representative field and quantification of MAP2-positive cells following 7 
days of differentiation under sh-Scramble or sh-mOGT infection (scale bar, 10µm; n=3 per group). 
(F) Representative field and quantification of GFAP+/Sox2+ NSCs (arrowheads) following 
contralateral stereotaxic injection of sh-Scramble and sh-mOGT (scale bar, 10µm; n=5 per group). 
(G) Representative field and quantification of DCX+/EdU+ neuroblasts and immature neurons 
(arrowheads) following contralateral stereotaxic injection of sh-Scramble and sh-mOGT (scale 
bar, 10µm; n=4-10 per group). Data are represented as mean ± SEM; *p<0.05, **p<0.01, 
****p<0.0001, ns; t test. 
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ABSTRACT 

The post-translational modification, O-linked N-Acetylglucosamine (O-GlcNAc) is a major 

regulator of aging, neurodegenerative disease, and neural stem cell (NSC) function. While 

mimicking the age-related decline in O-GlcNAc transferase (Ogt) has been shown to induce 

premature aging phenotypes such as impaired cognition and loss of neurogenesis, ameliorating 

this decline has been shown to rejuvenate cognitive phenotypes and promote neuronal 

differentiation. Notwithstanding, the possibility of replicating these beneficial effects by inhibiting 

or reducing O-GlcNAcase (OGA) has yet to be explored. Here we report that inhibiting or reducing 

OGA does not affect NSC function in vitro or in vivo. Moreover, using a novel, cell-type specific, 

temporally controlled, conditional genetic knockout of OGA, we demonstrate the partial loss of 

OGA does not affect adult hippocampal neurogenesis or associated cognitive processes in 

mature animals. Our data suggest that reducing OGA may not be functionally equivalent to 

increasing Ogt levels, and highlights the need for more in-depth analysis of site-specific 

modifications in future O-GlcNAc focused studies.  
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INTRODUCTION 

The mammalian hippocampus is a primary source of regenerative capacity in the adult brain (1, 

2), and is responsible for higher order cognitive processes including learning, memory (3, 4) and 

mood regulation (5). With age, there is a marked decrease in both neurogenesis (6–10) - the 

process by which new neurons are generated - and synaptic plasticity (11–14), ultimately resulting 

in impaired cognitive function. The post-translational modification, O-GlcNAc, and the enzymes 

that catalyze the addition and removal of this dynamic modification, O-GlcNAc Transferase (Ogt) 

and O-GlcNAcase (OGA), respectively, have recently been established as major regulators of the 

aging process. Our lab and others have identified changes in O-GlcNAc underlying lifespan 

extension (15, 16), as well as brain aging (17–20) and neurodegenerative disease (17, 21–23). 

Moreover, we have reported an age-related decline in hippocampal Ogt and O-GlcNAc levels and 

shown that increasing O-GlcNAc levels through overexpression of Ogt is sufficient to restore 

cognitive function in aged mice (19). Additionally, we have shown that O-GlcNAc plays a major 

role in regulating neural stem cell function as loss of Ogt is sufficient to impair neurogenesis and 

promote gliogenesis (20). Notwithstanding, much of this work has focused primarily on 

understanding the role of O-GlcNAc through modulation of Ogt, leaving the contribution of OGA 

relatively unexplored. 

 As Ogt and OGA are traditionally considered to be the “writer” and “eraser” of O-GlcNAc, 

respectively (24), the reduction of one may be expected to replicate the effect of increasing the 

other. For example, we have shown that loss of Ogt in adult NSCs impairs proliferation and 

neuronal differentiation, whereas increasing Ogt levels promotes neuronal differentiation (20). 

Moreover, others have demonstrated that the loss of OGA in the embryonic brain leads to 

enhanced proliferation and an accumulation of neural progenitors and immature neurons in the 

olfactory bulb (25). Alternatively, loss of either enzyme can produce the same or completely 

disparate effects. During embryonic development, complete loss of either enzyme results in pre- 

or peri-natal lethality in vivo (26, 27). Within embryonic stem cells, loss of Ogt is lethal (27), while 
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loss of OGA leads to a primed pluripotency state marked by transcriptional deregulation (25). 

Interestingly, while we have demonstrated that increasing Ogt levels is sufficient to enhance 

cognitive function in aged animals (19), others have shown that loss or pharmacological inhibition 

of OGA impairs cognitive function (28, 29), suggesting that O-GlcNAc levels are not the sole 

determinant of this effect. Given our recent work establishing the role of O-GlcNAc in regulating 

the aging brain, it is essential to understand how alterations of OGA affect this process. 

In this study, we explore the role of OGA in regulating adult hippocampal neurogenesis 

and associated cognitive function. In vitro, we demonstrate that neither pharmacological inhibition, 

nor lentiviral-mediated knockdown of OGA is sufficient to alter proliferation of NSCs. In vivo, we 

demonstrate that pharmacological inhibition of OGA is not sufficient to enhance cognitive function 

in aged mice or restore neurogenesis in mature mice. Finally, using a temporally controlled 

genetic knockout model, we demonstrate that loss of OGA in adult NSCs does not affect cognition 

or neurogenesis, but may play a role in non-neuronal differentiation of NSCs.  

 

RESULTS 

Elevated O-GlcNAc levels do not alter neural stem cell proliferation or differentiation in 

vitro.  

To gain insight into how elevated O-GlcNAcylation might affect adult NSC function, we employed 

a pharmacological and lentiviral-mediated approach. First, we treated primary adult hippocampal 

NSCs with Thiamet-G (ThG), a widely used and potent inhibitor of OGA. We evaluated O-GlcNAc 

levels in ThG treated NSCs 48 hours after treatment and observed a significant increase in O-

GlcNAc levels by Western blot (Figure 3.1A). As a complementary approach, we used a 

previously validated (19) lentiviral construct encoding a short hairpin RNA (shRNA) targeted 

toward either OGA (shOGA) or Luciferase (shLuc) as a control. Next, we evaluated how increased 

O-GlcNAc levels affected NSC function in vitro. First, we analyzed proliferation via 

immunohistochemistry following ThG (Figure 3.1B) or shOGA treatment (Figure 3.1C). We 
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observed no change in the percentage of EdU+ or Ki67+ proliferating NSCs in either condition. 

To ensure ThG was not causing significant cytotoxicity, we analyzed cleaved caspase-3+ 

apoptosing cells and found no difference between ThG and vehicle treated NSCs. These results 

indicate that increasing O-GlcNAc levels through inhibition or knockdown of OGA is insufficient to 

affect NSC proliferation in vitro. 

 

Increased O-GlcNAcylation alters NSC metabolic gene expression in vitro.  

Given the significant increase of O-GlcNAcylation, but absence of a proliferation- or 

differentiation-related phenotype, we next assessed how gene expression was altered following 

knockdown of OGA. We treated primary hippocampal NSCs with shOGA and analyzed their 

expression 72 hours after infection by RNA-sequencing. We observed relatively minor changes 

in gene expression, with 129 genes downregulated and 60 genes upregulated (Figure 3.2A). To 

understand how these genes may affect cellular function, we performed Kyoto Encyclopedia of 

Genes and Genomes (KEGG) Pathway analysis on the significantly differentially expressed 

genes. We observed a decrease in expression of genes in pathways related to glycolytic process, 

such as Pyruvate Metabolism and Cysteine and Methionine Metabolism (Figure 3.2B), alongside 

a corresponding increase in pathways related to Oxidative Phosphorylation (Figure 3.2B). These 

data suggest that increasing O-GlcNAcylation promotes oxidative rather than glycolytic 

metabolism in NSCs. 

 

Pharmacological inhibition of OGA increases hippocampal O-GlcNAc levels but not 

neurogenesis in vivo.  

We have previously described the decline in adult hippocampal NSC O-GlcNAc levels between 

young (2 month) and mature (6 month) mice. To explore the possibility of ameliorating this decline 

via pharmacological inhibition of OGA, we treated mature mice with 3mg/kg ThG daily for 7 days 

via intraperitoneal (i.p.) injection. We also assessed short-term proliferation by a 4-day EdU 
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incorporation paradigm before euthanasia. We first determined whether our systemic treatment 

paradigm was sufficient to affect O-GlcNAc levels in the hippocampus. We analyzed hippocampal 

O-GlcNAc levels by Western blot and observed a significant increase in ThG compared to vehicle 

treated mice (Figure 3.3A). Next, to confirm that O-GlcNAc was elevated specifically within the 

granule cell layer (GCL) where the NSCs reside, we analyzed tissue via 3,3’-Diaminobenzidine 

(DAB) staining for O-GlcNAc. We observed a significant increase in O-GlcNAc staining intensity 

in the GCL of the hippocampus (Figure 3.3B), indicating that this paradigm is sufficient to increase 

hippocampal GCL O-GlcNAc levels. Next, we assessed whether this increase in O-GlcNAc was 

sufficient to ameliorate the previously reported age-related decline in hippocampal neurogenesis. 

We performed immunohistochemical analysis for Doublecortin (DCX)/EdU-positive neuroblasts 

and observed no difference in cell number (Figure 3.3C). Taken together, these data indicate that 

while i.p. delivery of ThG is sufficient to increase GCL O-GlcNAcylation, it does not increase adult 

neurogenesis. 

 

Increasing NSC-specific O-GlcNAc does not affect adult hippocampal neurogenesis or 

cognitive function in vivo. 

To further understand the relationship between O-GlcNAcylation and adult neurogenesis in vivo, 

we asked whether ameliorating the age-related decline in NSC O-GlcNAcylation while maintaining 

a functional O-GlcNAcylation system would restore neurogenesis. To assess the role of 

increasing O-GlcNAc in a temporally defined and cell type-specific manner in the adult brain, we 

generated heterozygous Ogaflox/wt mice carrying an inducible NestinCre-ERT2 gene, in which one 

copy of the Oga gene is excised specifically in adult NSCs (OGA hetKO) upon tamoxifen 

administration. Young (4 months) mice were administered tamoxifen and changes in 

neurogenesis were assessed in mature OGA hetKO and littermate control (Ogaflox/wt) mice by 

immunohistochemical analysis (Figure 3.4A). Partial loss of OGA expression in adult NSCs did 

not alter the number of DCX/EdU-positive neuroblasts (Figure 3.4B). We also evaluated neuronal 
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differentiation and survival using a long-term 5-bromo-2'-deoxyuridine (BrdU) incorporation 

paradigm, in which mature differentiated neurons express both BrdU and the neuronal marker 

NeuN. We observed no change in the number of BrdU/NeuN-positive newly differentiated neurons 

(Figure 3.4C). Interestingly, we observed a significant decrease in the numbers of both DCX-

negative/EdU-positive (Figure 3.4B) and NeuN-negative/BrdU-positive (Figure 3.4C) cells in 

OGA hetKO animals, indicating that while increasing NSC O-GlcNAc was insufficient to affect 

neuroblast or newborn neuron numbers, the generation of other NSC-derived populations was 

impaired. 

Next, to determine whether increasing NSC O-GlcNAcylation affected cognitive processes 

associated with adult neurogenesis, we assessed general health and anxiety using the open field 

test, hippocampal-dependent object recognition using novel object recognition (NOR), and 

hippocampal-dependent associative fear memory using the contextual fear conditioning 

paradigms (Figure 3.4A). In the open field test, we observed no differences in overall activity 

(Figure 3.4D), total distance traveled (Figure 3.4E), or time spent in the periphery or center of 

the open field (Figure 3.4F), indicative of normal motor and anxiety functions. In the hippocampal-

dependent NOR task, OGA hetKO animals exhibited no significant difference in object preference 

compared to control littermates (Figure 3.4G). Finally, during the fear conditioning task, no 

difference was observed in baseline freezing, contextual freezing, or amygdala-dependent cued 

freezing between OGA hetKO animals and controls (Figure 3.4H,I). Taken together, this data 

suggests that increasing NSC O-GlcNAcylation is insufficient to enhance neurogenesis or 

cognition in mature mice. 

  

DISCUSSION 

Cumulatively, our data indicate that increasing O-GlcNAcylation via modulation of OGA alone is 

insufficient to affect cognition or adult hippocampal neurogenesis. While we and others have 

previously described the rejuvenating and neuroprotective effects of increased O-GlcNAcylation 
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through elevated Ogt expression, a question remains as to whether reducing OGA levels is 

functionally equivalent to increasing Ogt expression. Our data provide evidence that reducing 

OGA is relatively inconsequential for neurogenesis and cognition in mature mice, in contrast to 

our previous work identifying Ogt as a key regulator of adult neurogenesis (20). 

 The functional role of O-GlcNAc has long been debated. Many potential mechanisms 

have been proposed including acting as a competitive inhibitor of phosphorylation, playing a role 

in epigenetic histone code, and even serving as an intracellular source of sugar storage (30), yet 

evidence for and against each of these conclusions continues to accumulate. An alternative 

explanation is that much like certain signaling pathways play disparate roles in various tissues, 

O-GlcNAcylation may function differently depending on its substrate and binding partners. In this 

case, it is essential to complement studies of broad Ogt and OGA manipulations with mass 

spectrometry evaluating changes in site-specific O-GlcNAc modifications and probes into their 

functional consequences. While the former work has been successful in linking O-GlcNAcylation 

to conditions such as aging (17–19) and neurodegenerative disease (17, 21–23), the latter has 

expanded our understanding of how O-GlcNAc modulates the function of crucial proteins such as 

Stat3 (20) and Sox2 (31). Our study further highlights the necessity of understanding site-specific 

O-GlcNAc modifications as we present non-opposing roles for Ogt and OGA in NSC function. 

 Therapeutically, restoring regenerative potential in the brain by enhancing NSC 

function is a promising strategy, given the association between regenerative capacity and disease 

progression in Alzheimer’s disease (32), as well as the established neurogenesis-dependent 

benefits of exercise (33). We have previously demonstrated a critical role of Ogt in regulating age-

related neurogenic decline and promoting neuronal differentiation (20), positioning O-GlcNAc as 

a potential therapeutic target for restoring NSC function. While O-GlcNAc is an attractive target 

given its role in many disease states and non-redundant cycling enzymes, our combined work on 

O-GlcNAc in NSC function highlights the importance of understanding the molecular changes 
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resulting from altered O-GlcNAc levels and demonstrates the utility of modulating O-GlcNAc in 

identifying site-specific targets for future therapeutics. 
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METHOD DETAILS 

Animal Models. All mouse handling and use was in accordance with institutional and ethical 

guidelines approved by the University of California San Francisco IACUC. The following mouse 

lines were used: C57BL/6J young mice (Jackson Laboratory), B6.129-Ogttm1Gwh/J (The Jackson 

Laboratory line 004860), and C57BL/6-Tg(Nes-cre/ERT2)KEisc/J (Jackson Laboratory line 

016261). All studies were done in male mice. The numbers of mice used to result in statistically 

significant differences were calculated using standard power calculations with α = 0.05 and a 

power of 0.8. We used an online tool (http://www.stat.uiowa.edu/~rlenth/Power/index.html) to 

calculate power and samples size based on experience with the respective tests, variability of the 

assays and inter-individual differences within groups. Mice were housed under specific pathogen-

free conditions under a 12h light-dark cycle. All experiments were randomized and blinded by an 

independent researcher. Researchers remained blinded throughout histological, molecular, and 

behavioral assessments. Groups were un-blinded at the end of each experiment upon statistical 

analysis. 

 

Immunohistochemistry. Tissue processing and immunohistochemistry was performed on free-

floating sections following standard published techniques (34). Briefly, mice were anesthetized 

with a ketamine (100mg/kg)-xylazine (10mg/kg) cocktail (Patterson Veterinary, Henry Schein) and 

transcardially perfused with cold PBS. Brains were removed, fixed in phosphate-buffered 4% 

paraformaldehyde, pH 7.4, at 4°C for 48h followed by cryoprotection in 30% sucrose, and 

coronally sectioned at 40µm with a cryomicrotome (Leica SM2010 R). Sections were washed 

three times in tris-buffered saline with 0.1% Tween 20 (TBST) and incubated in 3% normal donkey 

serum (Thermo Fisher Scientific) for 1h. After overnight incubation in primary, Goat anti-

Doublecortin (C-18) [1:7500], Rabbit anti-GFAP[1:1000], Mouse anti-NeuN (clone A60) [1:1000], 

Rat anti-BrdU [BU1/75 (ICR1)] [1:1000], Mouse anti-Ki67 (clone B56) [1:500], Mouse anti-

MAP2[1:500]) at 4°C, staining was revealed using fluorescence conjugated secondary Alexa 
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antibodies (Donkey anti-Rabbit: Alexa-488 conjugated secondary antibody, Donkey anti-Rabbit: 

Alexa-555 conjugated secondary antibody, Donkey anti-Rat: Alexa-488 conjugated secondary 

antibody, Donkey anti-Goat: Alexa-555 conjugated secondary antibody, Donkey anti-Mouse: 

Alexa-488 conjugated secondary antibody, Donkey anti-Mouse: Alexa-555 conjugated secondary 

antibody, Donkey anti-Mouse: Alexa-647 conjugated secondary antibody [1:500]). Antigen 

retrieval for BrdU labeling required incubation in 3M HCl at 37°C for 30min before incubation with 

primary antibody. To estimate the total number of immunopositive cells per DG, confocal stacks 

of coronal sections of the DG (3-6 sections per mouse, 40μm thick, 360μm apart) were acquired 

on a Zeiss LSM 800. 

 

Isolation of Primary Neural Stem Cells from the Postnatal Mouse Hippocampus. Primary 

neural stem cell isolation and culture were preformed following previously published techniques 

(35). Hippocampi were dissected from male postnatal day 1 (P1) Wildtype C57/BL6 mice and 

pooled for NSC isolation. After removing superficial blood vessels, hippocampi were mechanically 

dissociated by fine mincing and enzymatically digested for 30 minutes at 37ºC in DMEM media 

containing 2.5U/ml Papain (Worthington Biochemicals), 1U/ml Dispase II (Boeringher Mannheim), 

and 250U/ml DNase I (Worthington Biochemicals). NSCs were purified using a 65% Percoll 

gradient and cultured (Neurobasal A medium supplemented with 2% B27 without Vitamin A, 1% 

Glutamax, 1% Penicillin Streptomycin, 10ng/ml EGF, 10ng/ml bFGF) as a monolayer on poly-D-

lysine and laminin-coated plates at a density of 105 cells/cm2.  

 

Viral Plasmids and Viruses. We generated lentiviruses (LVs) encoding shRNAs targeting Oga 

or luciferase using a lentiviral shRNA expression system (pGreenPuro shRNA, System 

Biosciences) according to the manufacturer's instructions. The targeted sequences were cloned 

into the pGreenPuro vector (OGA, 5′-AAGTATACCAAGCCAAATGGT-3′; Luciferase, 5’-
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GCCATTCTATCCTCTAGAGGA-3’). Plasmid quality was tested with western blot analysis and 

sequencing. 

 

NSC Proliferation Assay. NSCs were seeded in 500 μL growth medium (Neurobasal A medium 

supplemented with 2% B27 without Vitamin A, 1% Glutamax, 1% Penicillin Streptomycin, 10ng/ml 

EGF, 10ng/ml bFGF) at a density of 10,000 cells/well on PDL/laminin-coated glass coverslips in 

a 24-well tissue culture plate. 24h later, cells were treated with either DMSO or 50μM Thiarmet-

G (Sigma-Aldrich). 16h later, cells were treated with 20μM EdU for 8h prior to fixing with 4% PFA. 

Acute knockdown of OGA was induced by treating plated NSCs with shRNA-encoding lentiviruses 

(10 viral particles per cell) for three days prior to EdU treatment as described. Cells were washed 

3 times with PBS after fixation, blocked in 3% donkey serum, and incubated in primary antibody 

at 4ºC for 16h. After 3 washes with PBS, EdU incorporation was revealed using a Click-iT EdU 

Alexa Fluor Imaging Kit (Thermo Fisher Scientific) and nuclei were counterstained with Hoechst 

33342 (1:10000; Thermo Fisher Scientific). EdU-positive cells were counted per field of view at 

three randomly determined locations per coverslip. In vitro experiments were conducted in 

triplicates for each condition and repeated to ensure reproducibility. 

 

NSC Differentiation Assay. NSCs were seeded in 500μL growth medium and treated with 

Thiamet-G or shOGA as previously described. 24h (Thiamet-G) or 72h (knockdown) after 

treatment, media was replaced with differentiation medium (Neurobasal A medium supplemented 

with 2% B27 without Vitamin A, 1% Glutamax, 1% Penicillin Streptomycin). Cells were maintained 

in differentiation medium for 7 days, with half the media replaced every other day. Cells were fixed 

with 4% PFA as previously described. Cells were washed 3 times with PBS after fixation, blocked 

in 3% donkey serum, and incubated in primary antibody at 4ºC for 16h. staining was revealed 

using fluorescence conjugated secondary Alexa antibodies (1:500; see Key Resource Table). 

MAP2- or GFAP-positive cells were counted per field of view at three randomly determined 
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locations per coverslip. In vitro experiments were conducted in triplicates for each condition and 

repeated to ensure reproducibility. 

 

Western Blot Analysis. Primary NSCs were lysed in RIPA lysis buffer (500 mM Tris, pH 7.4, 150 

mM NaCl, 0.5% Na deoxycholate, 1% NP40, 0.1% SDS, complete protease inhibitors; Roche, 

Halt Phosphatase Inhibitor Cocktail; Thermo Fisher, and PUGNAc; Sigma-Aldrich). Protein 

lysates were mixed with 4x NuPage LDS loading buffer (Invitrogen) and loaded on a 4-12% SDS 

polyacrylamide gradient gel (Invitrogen) and subsequently transferred onto a nitrocellulose 

membrane. The blots were blocked in 5% milk in Tris-Buffered Saline with Tween (TBST) and 

incubated with primary antibody at 4°C for 16h. Horseradish peroxidase-conjugated secondary 

antibodies and an ECL kit (GE Healthcare/BioRad) were used to detect protein signals. Blots 

were imaged with a ChemiDoc (BioRad) and quantified using ImageJ software (Version 

1.8.0_91). Actin or HH3 bands were used for normalization. 

 

DAB Staining. Tissue was processed as previously described. Free floating coronal sections 

were incubated overnight with Mouse anti-O-GlcNAc (RL2) [1:500] primary antibody, and staining 

was revealed using biotinylated secondary antibody and the ABC kit (Vector) with 

Diaminobenzidine (DAB, Sigma-Aldrich). Sections were mounted in phosphate buffer on 

superfrost plus microscope slides (ThermoFisher), allowed to dry overnight, briefly soaked in 

Citrasolv and cover slipped with Entellan. Staining signal intensity in the granule cell layer of the 

DG was quantified with Fiji (Version 2.0). 

 

PCR Genotyping. OGA floxed and Nestin-CreERT2 alleles were genotyped from skin biopsies 

using PCR. Primers specific for the beta-globin gene were included in the reaction as a control. 

OGA floxed forward primer: CATCTCTCCAGCCCCACAAACTG. OGA floxed reverse primer: 

GACGAAGCAGGAGGGGAGAGCAC. Primer Cre forward: CACCCTGTTACGTATAGCCG. 
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Primer Cre reverse: GAGTCATCCTTAGCGCCGTA. Beta-globin forward primer: 

CCAATCTGCTCACACAGGATAGAGAGGGCAGG. Beta-globin reverse primer: 

CCTTGAGGCTGTCCAAGTGATTCAGGCCATCG. 

 

Tamoxifen injections. Animals were injected via intraperitoneal injection with 75mg/kg of 

tamoxifen or vehicle once every 24 hours for a total of 5 injections per animal. Animals were 

monitored after recovery and four weeks allowed to pass after the final injection before any 

analyses were performed.  

 

BrdU administration and Quantification. For short-term proliferation studies, mice were 

intraperitoneally injected with EdU (50mg/kg body weight, Sigma-Aldrich) daily for six days prior 

to euthanasia. For study of newborn neuron survival, mice were injected with BrdU (50mg/kg) for 

six days and animals were euthanized 28 days after administration. To estimate the total number 

of BrdU-positive cells in the brain, we performed fluorescence staining for BrdU on 3-6 hemibrain 

sections per mouse (40μm thick, 360μm apart). The number of BrdU-positive cells in the granule 

cell and subgranular cell layer of the DG were counted. To quantify neuronal fate and maturation 

of dividing cells, BrdU-positive cells across 3-6 sections per mouse were analyzed by confocal 

microscopy for co-expression with NeuN.  

 

Contextual Fear Conditioning. Paradigm follows previously published techniques (10). Mice 

learned to associate the environmental context (fear conditioning chamber) with an aversive 

stimulus (mild foot shock; unconditioned stimulus, US) enabling testing for hippocampal-

dependent contextual fear conditioning. The mild foot shock was paired with a light and tone cue 

(conditioned stimulus, CS) in order to also assess amygdala- dependent cued fear conditioning. 

Conditioned fear was displayed as freezing behavior. Specific training parameters are as follows: 

tone duration is 30 seconds; level is 70dB, 2kHz; shock duration is 2 seconds; intensity is 0.6mA. 
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On day 1 each mouse was placed in a fear-conditioning chamber and allowed to explore for 2 

minutes before delivery of a 30-second tone (70dB) ending with a 2-second foot shock (0.6mA). 

Two minutes later, a second CS-US pair was delivered. On day 2 each mouse was first place in 

the fear- conditioning chamber containing the same exact context, but with no administration of a 

CS or foot shock. Freezing was analyzed for 1-3 minutes. One hour later, the mice were placed 

in a new context containing a different odor, cleaning solution, floor texture, chamber walls and 

shape. Animals were allowed to explore for 2 minutes before being re-exposed to the CS. 

Freezing was analyzed for 1-3 minutes. Freezing was measured using a FreezeScan video 

tracking system and software (Clever Sys, Inc). All behavior is performed double blinded.  

 

Novel Object Recognition. The novel object recognition task was adapted from a previously 

described protocol (36). During the habituation phase (day 1), mice could freely explore an empty 

arena for 10 minutes. During the training phase (day 2), two identical objects were placed in the 

habituated arena, and mice could explore the objects for 5 minutes. For the testing phase (day 

3), one object was replaced with a novel object, and mice could explore the objects for 5 minutes. 

Time spent exploring each object was quantified using the Smart Video Tracking Software 

(Panlab; Harvard Apparatus). Two different sets of objects are used. To control for any inherent 

object preference, half of the mice are exposed to object A as their novel object and half to object 

B. To control for any potential object-independent location preference, the location of the novel 

object relative to the trained object is also varied. The objects were chosen based on their ability 

to capture the animal’s interest, independent of genetic background or age. To determine percent 

time with novel object, we calculate (Time with novel object)/(Time with Trained Object + Time 

with Novel Object) * 100. In this preference index, 100% indicates full preference for the novel 

object, and 0% indicates full preference for the trained object. A mouse with a value of 50% would 

have spent equal time exploring both objects. Mice that did not explore both objects during the 

training phase were excluded from analysis. 
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Open Field. Mice were placed in the center of an open 40cm x 40cm square chamber (Kinder 

Scientific) with no cues or stimuli and allowed to move freely for 10 minutes. Infrared photobeam 

breaks were recorded and movement metrics analyzed by MotorMonitor software (Kinder 

Scientific).  

 

RNA Isolation. mRNA of NSCs was isolated by lysis with TRIzol Reagent (Thermo Fisher 

Scientific), separation with chloroform (0.2mL per mL TRIzol) and precipitated with isopropyl 

alcohol according to manufacturer’s instructions.  

 

NSC Library Construction and RNA-sequencing. After RNA isolation, RNA-Seq libraries were 

constructed using the Smart-Seq2 protocol from (37), with modifications. Briefly, 1ng high quality 

RNA was reverse transcribed using SuperScript II (Life Technologies, 18064-014) with a poly-dT 

anchored oligonucleotide primer, and a template switching oligonucleotide primer that generated 

homotypic PCR primer binding sites. The cDNA underwent 10 rounds of PCR amplification using 

KAPA HiFi Hotstart (Kapa Biosystems, KK2601), followed by Ampure bead (Agencourt) cleanup. 

The quality of the amplified cDNA was tested using qPCR for GAPDH and nucleic acid 

quantitation. 1ng of high-quality amplified cDNA was fragmented with the Tn5 transposase from 

the Illumina Nextera kit (FC-131-1096) to a median size of ~500bp. The fragmented library was 

amplified with indexed Nextera adapters (FC-131-1002) using 12 rounds of PCR. Final libraries 

were purified with Ampure beads and quantified using a qPCR Library Quantification Kit (Kapa 

Biosystems, KK4824). Libraries were pooled for sequencing on an Illumina HiSeq 2500 (paired 

reads 2x100bp).  

 

Bioinformatic analysis of NSC RNA-sequencing data. Alignment of RNA sequencing reads to 

the mouse mm10 transcriptome was performed using STAR v2.7.3a (38) following ENCODE 
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standard options, read counts were generated using RSEM v1.3.1, and differential expression 

analysis was performed in R v3.6.1 using the DESeq2 package v1.38.0 (39). [Detailed pipeline 

v2.0.1 and options available on https://github.com/emc2cube/Bioinformatics/]. Significance was 

determined using a corrected p-value<0.05 and a log2 fold change>0.5. Gene Ontology and 

ChEA/ENCODE transcription factor enrichment analysis was performed with Enrichr 

(https://amp.pharm.mssm.edu/Enrichr/). Heatmaps were generated using iDEP 

(http://bioinformatics.sdstate.edu/idep/). All data available under GEO submission GSE143388. 

 

Data and statistical analysis. Graphed data are expressed as mean ± SEM. Statistical analysis 

was performed with Prism 6.0 software (GraphPad Software). Unless otherwise noted, means 

between two groups were compared with two-tailed, unpaired Student’s t-test. Novel object 

recognition data were compared with a one sample t-test against 50% (expected preference). 

Comparisons of means from multiple groups with each other or against one control group were 

analyzed with one-way ANOVA and Tukey’s post-hoc test. All histology and behavior experiments 

conducted were done in a randomized and blinded fashion. For each experiment, the overall size 

of the experimental groups corresponded to distinct animals or cultures. Unique samples were 

not measured repeatedly within the same characterization of a given cohort. 
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Figure 3.1. NSC proliferation is unaffected by pharmacological inhibition or knockdown 
of OGA in vitro. 
(A) Representative Western blot and quantification of O-GlcNAc levels in primary hippocampal 
neural stem cells (NSCs) following ThG treatment (n=3 per group). (B) Representative images 
and quantification of EdU+ proliferating, Ki67+ actively cycling, or cleaved caspase 3+ 
apoptosing primary hippocampal NSCs following ThG treatment (scale bar, 10µm; n=3 per 
group). (C) Representative images and quantification of EdU+ proliferating and Ki67+ actively 
cycling, primary hippocampal NSCs following shOGA infecftion (scale bar, 10µm; n=3 per 
group). All data are represented as mean ± SEM; ***p<0.001, ns; t test. 
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Figure 3.2. Knockdown of OGA alters metabolic pathways in primary NSCs in vitro. 
(A) 129 genes were decreased, and 60 genes were increased in primary NSCs following 
shOGA treatment in vitro. (B) Quantification of enriched pathways as identified by KEGG based 
on downregulated genes after shOGA infection. (C) Quantification of enriched pathways as 
identified by KEGG based on upregulated genes after shOGA infection. 
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Figure 3.3. Acute pharmacological inhibition of OGA does not alter neurogenesis in vivo. 
(A) Representative Western blot and quantification of O-GlcNAc levels in hippocampal tissue 
following 7 days of 3mg/kg ThG treatment via i.p. injection (n=3-4). (B) Representative image of 
DAB staining for O-GlcNAc in the hippocampus following ThG treatment (left) and quantification 
of staining intensity in the GCL of the DG (right) (scale bar, 100µm; n=4-5 per group). (C) 
Representative images and quantification of DCX+/EdU+ cells in the DG following ThG treatment 
(scale bar, 100µm; n=5 per group). All data are represented as mean ± SEM; ns; t test. 
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Figure 3.4. Heterozygous loss of NSC-specific OGA does not alter neurogenesis or 
associated cognitive function in mature mice. 
(A) Schematic of experimental paradigm and cognitive testing timeline. Anxiety and motor 
function were assessed with the Open Field test. Hippocampal-dependent learning and memory 
were assessed by novel object recognition (NOR) or contextual fear-conditioning paradigms. (B) 
Representative images of the DG stained for DCX and EdU (top) or NeuN and BrdU (bottom) 
(scale bar, 100µm; arrowhead, DCX+/EdU+ or NeuN+/EdU+; asterisk DCX-/EdU+ or NeuN-
/EdU+). (C) Quantification of DCX+/EdU+ and DCX-/EdU+ cells (top) and quantification of 
NeuN+/BrdU+ and NeuN-BrdU+ cells (bottom) (n=3 per group). (D-F) Quantification of activity 
(D), total distance traveled (E), and total time spent in the center or periphery (F) during Open 
Field testing (n=10-16 per group). (G) Quantification of percentage time spent with the novel 
object during NOR (n=10-14 per group). (H-I) Quantification of percentage freezing at baseline 
(H) and in response to context or cue (I) in the fear conditioning task (n=10-16 per group). All data 
are represented as mean ± SEM; *p<0.05, **p<0.01, ns; t test (C-F, H-I), One-sample t test versus 
50% (G). 
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