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ABSTRACT 122 

O-GlcNAcylation is a ubiquitous and dynamic posttranslational modification involving the O-linkage of -N-123 

acetylglucosamine to serine/threonine residues of membrane, cytosolic, and nuclear proteins. This 124 

modification is similar to phosphorylation, and regarded as a key regulator of cell survival and homeostasis. 125 

Previous studies have shown that phosphorylation of serine residues on synaptic proteins is a major 126 

regulator of synaptic strength and long-term plasticity, suggesting O-GlcNAcylation of synaptic proteins is 127 

likely as important as phosphorylation; however, few studies have investigated its role in synaptic efficacy. 128 

We recently demonstrated that acutely increasing O-GlcNAcylation induces a novel form of long-term 129 

depression at CA3-CA1 synapses, O-GlcNAc LTD. Here, using hippocampal slices from young adult male 130 

rats and mice, we report that epileptiform activity at CA3-CA1 synapses generated by GABAAR inhibition, is 131 

significantly attenuated when protein O-GlcNAcylation is pharmacologically increased. This dampening 132 

effect is lost in slices from GluA2 KO mice, indicating a requirement of GluA2-containing AMPAR subunits, 133 

similar to expression of O-GlcNAc LTD. Furthermore, we find that increasing O-GlcNAcylation decreases 134 

spontaneous CA3 pyramidal cell activity under basal and hyperexcitable conditions. This dampening effect 135 

was also observed on cortical hyperexcitability during in vivo EEG recordings in awake mice where the 136 

effects of the proconvulsant pentylenetetrazole (PTZ) are attenuated by acutely increasing O-137 

GlcNAcylation. Collectively, these data demonstrate that the posttranslational modification, O-138 

GlcNAcylation, is a novel mechanism by which neuronal and synaptic excitability can be regulated and 139 

suggest the possibility that increasing O-GlcNAcylation could be a novel therapeutic target to treat seizure 140 

disorders and epilepsy.   141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 
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 149 

Significance Statement 150 

We recently reported that an acute pharmacological increase in protein O-GlcNAcylation induces a novel 151 

form of long-term synaptic depression at hippocampal CA3-CA1 synapses (O-GlcNAc LTD). This synaptic 152 

dampening effect on glutamatergic networks suggests that increasing O-GlcNAcylation will depress 153 

pathological hyperexcitability. Using in vitro and in vivo models of epileptiform activity, we show that acutely 154 

increasing O-GlcNAc levels can significantly attenuate ongoing epileptiform activity and prophylactically 155 

dampen subsequent seizure activity. Taken together, our findings support the conclusion that protein O-156 

GlcNAcylation is a regulator of neuronal excitability and it represents a promising target for further research 157 

on seizure disorder therapeutics. 158 

  159 
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INTRODUCTION 160 

Protein phosphorylation is a primary regulator of neuronal function, and an extensive literature exists 161 

establishing critical roles of serine phosphorylation/dephosphorylation in regulating long-term synaptic 162 

plasticity and learning and memory (Anggono and Huganir, 2012; Luscher and Malenka, 2012). While 163 

phosphorylation is a well-established and extensively characterized post-translational modification, O-164 

GlcNAcylation, the O-linkage of the monosaccharide -N-acetylglucosamine to serine/threonine residues, 165 

is increasingly recognized as a major regulator of protein function (Bond and Hanover, 2015). Unlike the 166 

numerous kinases and phosphatases regulating phosphorylation, the O-GlcNAc post-translational 167 

modification is regulated by two enzymes, O-GlcNAc transferase (OGT) which adds the modification, and 168 

O-GlcNAcase (OGA) which catalyzes its removal. The donor metabolite for O-GlcNAcylation is the 169 

molecule UDP-GlcNAc, which is the second most abundant high energy metabolite available next to ATP 170 

(Hart, 2014). Synthesis of UDP-GlcNAc by the hexosamine biosynthetic pathway (HBP) incorporates ATP, 171 

glucose, acetyl-CoA, and uridine, supporting the notion that protein O-GlcNAcylation serves as a molecular 172 

sensor capable of detecting fluctuations in global metabolism on a rapid timescale (Bond and Hanover, 173 

2015). Thus, the HBP is a prime pathway to meet the energy needs of active neural tissue, whose complex 174 

activity has an enormous metabolic demand.  175 

The brain exhibits the second highest abundance of O-GlcNAcylated proteins in the body, behind 176 

the pancreas (Parker et al., 2011; Trinidad et al., 2012), with markedly dense expression in hippocampus 177 

and cerebellum (Liu et al., 2004). A host of O-GlcNAcylated proteins are contained in both the pre and 178 

postsynaptic compartments (Parker et al., 2011; Trinidad et al., 2012). Despite these findings, the majority 179 

of studies in brain have focused on O-GlcNAcylation in the context of Alzheimer’s disease and other 180 

neuropathies (Schulz, 2008; Lagerlof and Hart, 2014; Yuzwa et al., 2014; Yuzwa and Vocadlo, 2014), with 181 

relatively few studies investigating the mechanisms by which O-GlcNAcylation modulates neuronal and 182 

circuit function. 183 

Recently we reported a novel form of long-term synaptic depression at hippocampal CA3-CA1 184 

glutamatergic synapses driven by acute increases in protein O-GlcNAcylation, which we termed ‘O-GlcNAc 185 

LTD’ (Taylor et al., 2014). Mechanistically, our findings show a requirement for the AMPAR GluA2 subunit 186 
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during O-GlcNAc LTD. In addition to inducing synaptic LTD, increasing O-GlcNAcylation disrupts LTP 187 

expression at CA3-CA1 synapses. Furthermore, rats injected with the highly selective OGA inhibitor 188 

Thiamet G (TMG) (Macauley et al., 2005; Yuzwa et al., 2008) to elevate brain O-GlcNAc levels in vivo 189 

exhibited deficits in both the novel object placement (NOP) and novel object recognition (NOR) task, but 190 

not in contextual fear conditioning, compared to saline controls (Taylor et al., 2014). In addition to the 191 

AMPAR GluA2 subunit, other publications have identified additional neuronal proteins which are O-192 

GlcNAcylated including Synapsin I/II (Tallent et al., 2009), CREB (Rexach et al., 2012), and KCNQ3 (Ruan 193 

et al., 2014), all exerting a modulatory effect on neural function. Recently, the OGA+/- transgenic mouse 194 

was reported to have impaired learning and memory together with reduced LTP and LTD (Yang et al., 195 

2017). Chronic elevations in O-GlcNAcylation where shown in these mice as well as disruptions in 196 

chemically induced AMPAR GluA1 phosphorylation, presumably a result of dysregulated crosstalk between 197 

O-GlcNAc and phosphorylation. 198 

Based upon our previous finding that acute increases in O-GlcNAcylation induce LTD, we 199 

hypothesize that increased O-GlcNAcylation might be capable of dampening pathological hyperexcitability, 200 

such as occurs during seizure activity and epilepsy. Here, we demonstrate that acutely increasing O-201 

GlcNAcylation via application of the HBP substrate glucosamine, either alone or in combination with the 202 

OGA inhibitor TMG, significantly reduces epileptiform activity in vitro in both adult rat and mouse 203 

hippocampal slices, as well as in vivo during acute seizure activity in awake behaving mice. Collectively, 204 

these data demonstrate that increasing O-GlcNAcylation is capable of dampening acute epileptiform 205 

activity. Thus, increasing O-GlcNAcylation may be a viable therapeutic strategy to limit hyperexcitability 206 

underlying pathological conditions such as epilepsy and other seizure disorders.  207 

 208 

 209 

 210 

 211 

 212 

 213 
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 214 

Materials and Methods 215 

All experimental procedures were approved by the University of Alabama at Birmingham Institutional 216 

Animal Care and Use Committee and follow the National Institute of Health experimental guidelines. 217 

 218 

Hippocampal Slice Preparation 219 

Young adult male Sprague Dawley rats (age 6-10 weeks; Charles River Labs, Wilmington MA) and adult 220 

male C57BL/6 mice (6-8 weeks old; Charles River Laboratories, Wilmington MA) were anaesthetized with 221 

isoflurane, decapitated, and brains removed.  400μm coronal slices from dorsal hippocampus were made 222 

on a VT1000P vibratome (Leica Biosystems, Buffalo Grove, IL) in oxygenated (95%O2/5%C02) ice-cold 223 

high sucrose cutting solution (in mM: 85.0 NaCl, 2.5 KCl, 4.0 MgSO4, 0.5 CaCl2, 1.25 NaH2PO4, 25.0 224 

Glucose, 75.0 Sucrose). After cutting, slices were held at room temperature from 1-5hr in a submersion 225 

chamber with continuously oxygenated standard ACSF (in mM: 119.0 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 226 

CaCl2, 1.0 NaH2PO4, 26.0 NaHCO3, 11.0 Glucose).  227 

 228 

AMPAR GluA2 Mutant Mice 229 

C57BL/6J Gria2tm1Rod mice (RRID: 2176810) were purchased from The Jackson Laboratory. Heterozygous 230 

mating pairs were established and both male and female WT and KO were used for electrophysiological 231 

recordings at 1-2 months of age. PCR was used for genotyping using the primer sequences: WT 5’-232 

GGTTGGTCACTCACCTGCTT-3’; KO 5’-GCCTGAAGAACGAGATCAGC-3’.  233 

 234 

Electrophysiology  235 

 All recordings were carried out in a submersion chamber with continuous perfusion of standard ACSF. 236 

Extracellular CA1 pyramidal population spikes (PS; 0.6-1.2mV baseline amplitude) were recorded using a 237 

glass pipette placed in stratum pyramidale and evoked using a twisted nichrome wire (A&M Systems, 238 

Carlsborg WA) stimulating electrode positioned in CA1 stratum radiatum to activate Schaffer collateral 239 

axons (0.1Hz, 100 s duration). In vitro epileptiform activity was induced using bath application of the 240 
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GABAAR antagonist picrotoxin (PTX, 50-100 μM; Sigma). Evoked PS were acquired using pClamp 10.2 241 

(Molecular Devices, Sunnyvale CA) and CA1 hyperexcitability was quantified using a modified version of 242 

the ‘Coastline Burst Index’ (Korn et al., 1987). The equation, , summates 243 

the voltage differential between each point in the waveform (sampled at 10kHz) beginning 5ms after the 244 

stimulus artifact (25ms) and encompassing all repetitive PS activity (25ms to 125ms corresponding to 2000 245 

total data points per waveform). Values were normalized to baseline recording in control conditions. 246 

Extracellular CA3 spontaneous PS activity was recorded using a glass pipette positioned in CA3 stratum 247 

pyramidale. CA3 PS events were detected and quantified using Clampex 10.2 (Molecular Devices, 248 

Sunnyvale CA) automated waveform template identification functions built on the first 100 hand selected 249 

spikes for each recording. 250 

 251 

Modulation of O-GlcNAc levels 252 

Acute increase in O-GlcNAcylation in vitro was induced via bath application of glucosamine (GlcN, 5mM; 253 

Sigma) alone or in combination with the selective OGA inhibitor Thiamet-G (TMG, 1μM; SD Chem 254 

Molecules, Owings Mills, MD), the most potent OGA inhibitor (Ki = 21nM; human OGA) currently available 255 

(Macauley et al., 2005; Yuzwa et al., 2008). In vivo increase in global O-GlcNAcylation was achieved using 256 

i.p. injections of both GlcN (300mg/kg) and TMG (10mg/kg). In both in vitro and in vivo experiments, GlcN 257 

and TMG were used in combination to ensure robust and lasting increases in protein O-GlcNAc levels 258 

during prolonged hyperexcitable conditions, which itself can alter neuronal glucose utilization (Ivanov et al., 259 

2015) and possibly affect HBP synthesis of UDP-GlcNAc. In some experiments, we tested whether 260 

applying the HBP substrate GlcN alone was sufficient to modulate PTX-induced hyperexcitability. 261 

 262 

Western Blot Analysis 263 

Western blot analysis of protein O-GlcNAcylation in isolated CA1 regions was carried out using the CTD 264 

110 O-GlcNAc antibody as previously described (Comer et al., 2001; Zou et al., 2012; Taylor et al., 2014). 265 

Briefly, protein concentrations of CA1 homogenates was determined using colorimetric analysis assay (Bio-266 
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Rad Laboratories, Hercules, CA). Samples were loaded at 35μg, separated on 7.5% SDS-PAGE, and 267 

transferred overnight to polyvinylidene difluoride immunoblot membranes. Immunoblots were incubated 268 

with specified primary antibodies at 4OC overnight. After 3 TBST/PBS washes, immunoblots were 269 

incubated with secondary antibodies at room temperature for 1 h, followed by 3 TBST/PBS washes. 270 

Immunoblots were visualized using enhanced chemiluminescence (Perkin Elmer, Waltham, MA). 271 

 272 

EEG recordings and in vivo seizure activity  273 

Epidural electrode implantation surgery was performed as previously described (Robel et al., 2015). Briefly, 274 

adult C57BL/6 mice were each implanted with one single-channel electrode (PlasticsONE, Roanoke, VA) 275 

lowered through unilaterally drilled holes into the rostral parietal plate. Duralay cement (Reliance Dental 276 

Mfg., Worth, IL) and three 0.060’ machine threaded anchor screws were used to secure the electrode. After 277 

5 days of post-operative recovery, basal cortical activity was recorded for 24hrs. The next morning, mice 278 

were injected with GlcN+TMG (300mg/kg+10mg/kg, ip) or saline. Three hours later, all mice received the 279 

GABAAR antagonist pentylenetetrazole (PTZ, 40mg/kg; Sigma) to induce hyperexcitability. EEG data were 280 

acquired using Biopac Systems amplifiers (Biopac EEG100C) sampling at 500Hz and AcqKnowledge 4.2 281 

EEG Acquisition and Reader Software (Biopac Systems, Inc., Goleta, CA).  282 

 283 

Quantification of interictal spikes and seizure activity 284 

Determination of seizure dynamics and quantification of interictal spike activity was carried out using 285 

automated ‘Line-Length’ analysis (Esteller et al., 2005). Interictal spikes were defined as transient high 286 

amplitude deflections lasting 20-70ms. Threshold for seizure onset was set manually during pilot analysis, 287 

then applied to all seizure events using a 2s sliding window. To avoid bias during spike selection caused by 288 

electrical noise and behaviorally associated spike artifacts (grooming, etc.), an automated spike detection 289 

method was implemented. In this modified Line-Length analysis, higher order derivatives are used to 290 

amplify voltage differentials in the 2s sliding window. For this study, a detection threshold of 10 standard 291 

deviations above baseline was used to quantify interictal spikes. Spectral analysis was performed using 292 

fast Fourier transform algorithms in MatLAB. Power spectrum densities were calculated from 10s epochs 293 
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across different seizure stages, with spectra divided into individual frequency bands corresponding to delta 294 

(0.5–4Hz), theta (4–8Hz), alpha (8–12Hz), beta (15–30Hz) and lower gamma (24–80Hz). 295 

Experimental Design and Statistical Analysis 296 

Slice electrophysiology data were compared using paired t test as indicated. All non-transgenic rats and 297 

mice were male only, with slices recorded from a minimum of 5 animals from each group. Experiments 298 

involving GluA2 mutant mice included both male and female mice, with no sex differenced detected. 299 

Spontaneous population activity in area CA3 was analyzed using the Kolmogorov-Smirnov (KS) test. 300 

Western blot data were compared using one-way ANOVA with Tukey’s post hoc test. EEG data were 301 

compared using two-way ANOVA or paired t test as indicated. All data were analyzed using GraphPad 302 

Prism 7 and Excel 2016. Data are presented as mean ± SEM, and statistical differences were considered 303 

significant where p < 0.05. 304 

 305 

RESULTS  306 

 307 

Increasing O-GlcNAcylation in vitro dampens ongoing epileptiform activity in area CA1 308 

To characterize the effects of increasing protein O-GlcNAcylation on sustained epileptiform activity, 309 

hippocampal slices were exposed to the GABAAR antagonist PTX to induce a stable and ongoing 310 

hyperexcitable state (Fig. 1A; solid bar. inset traces: baseline in black, PTX in red). During the application 311 

of PTX, population spike (PS) morphology changed from a single synchronous CA1 discharge, a product of 312 

potent feedforward GABAergic inhibition, into higher amplitude asynchronous poly-spikes where PTX-313 

mediated GABAAR blockade allowed for repeated and dysregulated firing of the CA1 pyramidal cell 314 

population. To test the efficacy of acutely increasing O-GlcNAcylation in dampening this hyperexcitability, 315 

GlcN+TMG was co-applied 20min after the start of PTX (Fig 1A1; lower dashed bar) and was maintained 316 

for the duration of the experiment, in continued presence of PTX. This intervention caused a significant 317 

reduction in PTX induced CA1 hyperexcitability, measured as a decrease in mCBI, in hippocampal slices 318 

from both rat (Fig. 1A1; normalized mCBI of 1.8±0.2 in PTX alone vs 2.2±0.2 in PTX+GlcN+TMG, p<0.05) 319 

and mouse (Fig. 1B1; normalized mCBI of 1.9±0.2 in PTX alone vs 1.6±0.1 in PTX+ GlcN+TMG, p<0.05). 320 
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To determine whether prolonged hyperexcitability itself alters basal O-GlcNAcylation, and to 321 

determine whether GlcN+TMG significantly increases O-GlcNAcylation during hyperexcitable conditions, 322 

we performed Western blot analysis of isolated CA1 regions from rat hippocampal slices subjected to the 323 

same pharmacological protocols as in Fig 1A1 but in the absence of electrical stimulation. We found no 324 

difference in global O-GlcNAcylation between control and PTX (Fig. 1C; relative O-GlcNAc levels in vehicle 325 

of 1±0.0 vs 1.08±0.08 in PTX, n=8, p>0.05). However, GlcN+TMG was able to significantly increase in O-326 

GlcNAcylation during a prolonged hyperexcitable state in PTX (Fig 1C; relative O-GlcNAc levels in PTX of 327 

1.08±0.08 vs 1.55±0.12 in PTX+GlcN+TMG, n=8, p<0.05).  328 

 329 

Pre-treatment with GlcN + TMG dampens subsequently induced epileptiform activity in area CA1 330 

To determine whether increasing O-GlcNAcylation prior to PTX exposure could attenuate subsequent 331 

hyperexcitability, slices were pre-incubated in GlcN+TMG for 30min before beginning recordings.  A stable 332 

baseline of evoked PS amplitude was established followed by bath application of PTX to induce prolonged 333 

hyperexcitability. GlcN+TMG pretreated slices showed significantly attenuated mCBI, reflecting decreased 334 

hyperexcitability upon PTX exposure compared to non-pretreated slices. This dampening effect on 335 

hyperexcitability was observed in both rat (Fig. 1A2; normalized mCBI of 1.8±0.1 in GlcN+TMG 336 

pretreated+PTX vs 2.2±0.2 in PTX alone, p<0.05) and mouse (Fig. 1B2; normalized mCBI of 1.3±0.1 in 337 

GlcN+TMG pretreated+PTX vs 1.9±0.1 in PTX alone, p<0.05) hippocampal slices. 338 

To test the sustainability of elevated O-GlcNAcylation during prolonged hypexcitability, slices first 339 

underwent a 30min preincubation in GlcN+TMG, then a subsequent 40min exposure to PTX alone. We 340 

found that O-GlcNAcylation was significantly elevated in the GlcN+TMG pretreated slices following 341 

prolonged PTX exposure compared to PTX alone (Fig. 1D; relative O-GlcNAc levels in PTX of 0.88±0.06 342 

vs 1.27±0.10 in PTX+GlcN+TMG, n=12, p<0.05). 343 

 344 

Glucosamine alone dampens epileptiform activity in CA1 345 

Given the positive effects of combined GlcN+TMG application on hyperexcitability, we next wanted to 346 

determine whether GlcN alone could dampen hyperexcitability because of the possibility of easy translation 347 
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to humans since GlcN is an over-the-counter dietary supplement. Similar to the experiment in Fig 1A1, 348 

hyperexcitability was induced in slices with bath application of PTX followed by application of GlcN alone 349 

that continued for the duration of the experiment. Importantly, GlcN induced a significant reduction in 350 

hyperexcitability measured as a decrease in mCBI (Fig. 2A; normalized mCBI of 2.0±0.2 in PTX alone vs 351 

1.6±0.1 in PTX+GlcN, p<0.05).  352 

 353 

Brief glucosamine exposure is sufficient to dampen subsequent epileptiform activity 354 

We previously reported that a 10 min bath application of GlcN induces a novel form of LTD (O-GlcNAc 355 

LTD) at CA3-CA1 synapses. The long-term expression of O-GlcNAc LTD (>60 min post-induction) outlasts 356 

the transient increase in protein O-GlcNAcylation that occurs with a 10 min GlcN exposure, since O-357 

GlcNAc levels return to baseline within 10-20 min following GlcN washout. Thus, O-GlcNAc LTD 358 

expression does not require a continuous increase in protein O-GlcNAcylation (Taylor et al., 2014).  359 

Therefore, we next sought to determine if the O-GlcNAc-induced dampening of hyperexcitability could 360 

similarly occur as a consequence of short-term GlcN exposure and transient increase in protein O-361 

GlcNAcylation, or if continuous GlcN exposure, as in Fig 2A, is required, which will maintain increased 362 

protein O-GlcNAcylation. Following a stable baseline, a 10 min bath application of GlcN induced significant 363 

depression of the PS, reflecting O-GlcNAc LTD (Fig 2B inset graph; normalized mCBI of 1.01±0.009 in 364 

PTX vs 0.89±0.02 in GlcN-PTX, p<0.05). After a 10 min GlcN washout, PTX was applied to induce 365 

hyperexcitability, and maximum mCBI was compared to that measured in slices not pre-exposed to GlcN. 366 

We found that the maximum mCBI was significantly reduced, reflecting decreased hyperexcitability, in 367 

slices pre-exposed to GlcN and expressing O-GlcNAc LTD, compared to slices not previously exposed to 368 

GlcN (Fig 2B; normalized mCBI of 1.65±0.11 in GlcN-PTX compared to 2.14±0.29 in PTX alone, p<0.05). 369 

These results show that a short GlcN exposure that causes a transient increase in O-GlcNAcylation and 370 

induces O-GlcNAc LTD (Taylor et al., 2014) is capable of dampening subsequently induced 371 

hyperexcitability. 372 

 373 
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O-GlcNAc mediated dampening of epileptiform activity are attenuated in mice lacking GluA2 374 

AMPAR subunits 375 

We previously showed a requirement for the GluA2 subunit of AMPARs for O-GlcNAc LTD at CA3-CA1 376 

synapses (Taylor et al. 2014). To further investigate the possibility of a conserved GluA2 requirement 377 

between O-GlcNAc LTD with the dampening of hyperexcitability in area CA1, slices from mice lacking 378 

functional GluA2 AMPAR subunits (C57BL/6J Gria2tm1-Rod) were exposed to PTX to induce a stable 379 

epileptiform state followed by bath application of GlcN+TMG in continued PTX in order to increase O-380 

GlcNAc levels. PTX exposed slices treated with GlcN+TMG showed no significant decrease in 381 

hyperexcitability compared to PTX alone slices (Fig 2C, normalized mCBI of 2.5±0.31 in PTX alone vs 382 

2.25±0.37 in PTX+GlcN+TMG, p=0.29) indicating a requirement for GluA2 containing AMPARs for the 383 

expression of O-GlcNAc dampening of hyperexcitability. Importantly, slices from WT littermate control mice 384 

were interleaved to confirm dampening of PTX-induced hyperexcitability by GlcN+TMG (normalized mCBI 385 

of 1.96±0.21 in PTX alone vs 1.44±0.14 in PTX+GlcN+TMG, p<0.05, data not shown). 386 

 387 

Increased O-GlcNAc levels dampen basal spontaneous CA3 pyramidal cell network activity as well 388 

as PTX-induced hyperexcitability  389 

CA3 pyramidal cells are spontaneously active due to recurrent collateral innervation (Cohen and Miles, 390 

2000). Therefore, we next asked whether acutely increasing O-GlcNAcylation dampens spontaneous 391 

network activity. As shown in the cumulative distribution plots, we found that bath application of GlcN alone 392 

reduces basal CA3 spike frequency (Fig. 3A1; mean inter-event interval (IEI BL) of 848ms during basal 393 

conditions vs 1231ms in PTX+GlcN, p<0.01; KS-Z: 10.098). This effect is shown in voltage traces of basal 394 

CA3 activity (Fig. 3A2), which exhibit normal population spike characteristics (Fig. 3A3) and significant 395 

reductions in spontaneous activity upon GlcN administration (Fig. 3A4). Importantly, GlcN also decreased 396 

the PTX-induced increase in CA3 spike frequency (Fig. 3B1, mean IEI in PTX, 378ms vs in PTX+GlcN, 397 

516ms, p<0.01; KS-Z: 4.746). This dampening effect of increased O-GlcNAc is shown in voltage traces 398 

from PTX alone (Fig. 3B2) compared to PTX+GlcN (Fig. 3B3).  399 
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 400 

Increasing O-GlcNAc reduces cortical epileptiform activity in vivo 401 

The dampening of PTX-induced hyperexcitability observed in the brain slice electrophysiology experiments 402 

following an increase in O-GlcNAcylation prompted us to ask whether this dampening effect could also be 403 

observed in vivo. Because increasing O-GlcNAcylation dampens but does not reverse on-going 404 

epileptiform activity or prevent subsequently induced epileptiform activity, we predicted that it should be 405 

able to attenuate interical spike activity, and it might even alter the frequency spectra during seizure 406 

activity, but may not fully prevent seizures. To test these ideas, mice were fitted with a single channel 407 

epidural cortical EEG electrode and injected with saline or GlcN+TMG (300mg/kg and 10mg/kg, 408 

respectively i.p.) to increase brain O-GlcNAc levels. Three hours post saline or GlcN+TMG injection, all 409 

animals were challenged with an i.p. injection of the GABAAR antagonist PTZ (40mg/kg), a model often 410 

used to screen for anticonvulsant efficacy of experimental antiepileptic drugs (Loscher, 2009). Initial 411 

analysis focused on PTZ-induced increases in interictal spikes, where PTZ significantly increased interictal 412 

spikes in saline pretreated animals (Fig. 4A; baseline control vs PTZ control, p<0.05). Importantly, 413 

increasing O-GlcNAcylation with GlcN+TMG prior to the PTZ injection prevented the PTZ-induced increase 414 

in interictal spikes that was observed in the saline-pretreated cohort (Fig. 4A; baseline GlcN+TMG vs. PTZ 415 

GlcN+TMG, p>0.05). GlcN+TMG pretreatment had no effect on latency to initial interictal spike (saline 416 

latency of 222±69 sec vs 240±56 sec in GlcN+TMG pretreated mice, p>0.05 data not shown). 417 

  While all animals exhibited interictal spike activity, a subset of mice in each treatment group also 418 

exhibited full convulsive seizures (control n=7/15, GlcN+TMG n=5/14; all electrographic seizures 419 

corresponding to confirmed Racine stage 5 behavior: supine arched head/tail with forelimb tonus/clonus). 420 

Spectral analysis reveals altered frequency distributions of seizure events between GlcN+TMG pretreated 421 

animals and saline controls, where seizures in GlcN+TMG treated animals exhibit maximum power in lower 422 

frequency domains (Fig. 4B; grey curve, upper arrow) compared to seizures in saline treated animals which 423 

show prevalence across higher frequency domains (Fig. 4B; black curve, lower arrow). Line-Length 424 

analysis was used to calculate seizure initiation and termination times to determine seizure duration, which 425 

showed no significant difference across groups (Fig, 4C; control seizure duration of 20.37±0.4sec vs 426 
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19.34±3.08sec in GlcN+TMG pretreated, p>0.05). Additionally, latency to initial seizure showed no 427 

difference across groups (saline latency of 420±67 vs 339±132 sec in GlcN+TMG pretreated mice, p>0.05 428 

data not shown) suggesting no change in seizure threshold as a result of GlcN+TMG treatment. 429 

  Analysis of frequency dynamics during seizure progression shows altered profiles in saline vs 430 

GlcN+TMG treated mice. In a saline-treated mouse, the seizure (Fig 4D2; with accompanying energy profile 431 

in 4D3 and power spectrum density (PSD) plot in 4D4) shows a distinct departure from delta band 432 

predominance (Fig. 4D1; Epoch 1, blue bar) toward higher frequency bands during ictal activity (Fig. 4D1; 433 

Epoch 3, green and orange bars). In contrast, in a GlcN+TMG-treated mouse, the seizure (Fig. 4E2; with 434 

accompanying energy profile in 4E3 and PSD plot in 4E4) exhibits the opposite frequency redistribution 435 

where pre-ictal activity shows typical delta band predominance (Fig 4B1; Epoch 1) followed by left-shifted 436 

frequency distribution and even higher delta band predominance during fully ictal seizure progression (Fig 437 

4B1; Epochs 3+4). Recent studies suggest that specific electrographic patterns of seizure activity might be 438 

useful as biomarkers for epilepsy disease progression (Dudek and Staley, 2011; Ge et al., 2013; Milikovsky 439 

et al., 2017). Therefore, interventions that alter the electrographic profile, as shown above with increased 440 

O-GlcNAcylation, could be beneficial in modifying disease progression, and as such requires extensive 441 

future investigation.  442 

Western blot analysis revealed significant increases in O-GlcNAc levels in GlcN+TMG-treated mice 443 

compared to saline-treated control mice (Fig 4F2; vehicle 1.0±0.14, PTZ. 1.02±0.01, PTZ+GlcN+TMG 444 

1.83±0.07, p<0.05), but there was no significant difference in hippocampal OGT expression (Fig 4F3; 445 

vehicle 1.0±0.03, PTZ 1.02±0.04, PTZ+GlcN+TMG 1.12±0.04, p>0.05). 446 

 447 

DISCUSSION   448 

Despite the increasing number of neuronal proteins identified as being O-GlcNAcylated, there are relatively 449 

few reports examining the physiological role of O-GlcNAcylation in modulating neuronal function or 450 

synaptic transmission/plasticity (Tallent et al., 2009; Kanno et al., 2010; Ruan et al., 2014; Ogawa et al., 451 

2015; Yang et al., 2017). Previously, we reported that acutely increasing O-GlcNAcylation induces a novel 452 

NMDAR-independent, long-lasting depression of basal synaptic strength at CA3-CA1 hippocampal 453 



 

17 
 

synapses (O-GlcNAc LTD) as well as a disruption of tetanus induced LTP at these same glutamatergic 454 

synapses (Taylor et al., 2014).  These findings raised the intriguing possibility that increasing O-GlcNAc 455 

modification could lead to a dampening circuit activity in hyperexcitable conditions such as epilepsy, and 456 

suggest that increasing O-GlcNAcylation could represent novel therapeutic target.   457 

Here, we demonstrate that an acute increase in protein O-GlcNAcylation significantly decreases 458 

ongoing PTX-induced epileptiform activity in area CA1 and limits subsequent PTX-induced hyperexcitability 459 

in both rat and mouse hippocampal slices. Using the HBP substrate GlcN alone, significant attenuation of 460 

ongoing hyperexcitability was observed. In fact, a brief 10 min application of GlcN, which we have shown to 461 

transiently increase O-GlcNAc levels and induce O-GlcNAc LTD (Taylor et al., 2014), was capable of 462 

dampening ongoing PTX-induced hyperexcitability. Importantly, O-GlcNAc-mediated dampening of 463 

hyperexcitability requires GluA2-containing AMPARs, as a significant dampening effect is absent in slices 464 

from GluA2 KO mice. This suggests a conserved mechanism between O-GlcNAc LTD (Taylor et. al, 2014) 465 

and O-GlcNAc-mediated dampening of hyperexcitability in area CA1. In recordings from CA3 pyramidal 466 

cells, both basal and PTX-induced spontaneous firing was attenuated by increasing O-GlcNAcylation. 467 

Similar to our observations in vitro, we found that increasing O-GlcNAcylation in vivo with an ip injection of 468 

GlcN+TMG prior to administration of PTZ prevented the increase in interictal spikes observed in saline 469 

pretreated mice. Furthermore, in a subset of GlcN+TMG pretreated mice that experienced fully convulsive 470 

seizures, spectral analysis showed peak power in lower frequency domains compared to seizures in saline 471 

pretreated mice. While the relationship between interictal spikes and convulsive seizures remains poorly 472 

understood (Staley and Dudek, 2006; Dudek and Staley, 2011; Staley et al., 2011), increasing O-473 

GlcNAcylation appears to have a beneficial effect, at least at the level of interictal spiking activity. Though 474 

additional studies are needed to further test the therapeutic efficacy of GlcN+TMG in the treatment of both 475 

acute seizures as well as the formation of epileptic brain circuits, these preliminary results from both in vitro 476 

and in vivo model systems provide promising evidence for the benefits of O-GlcNAc based treatment 477 

strategies. 478 

Experimental epilepsy research has uncovered a complex relationship between synaptic plasticity 479 

and in vitro and in vivo models of seizures and epilepsy (Staley and Dudek, 2006; Kirschstein et al., 2007; 480 
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Hellier et al., 2009), with the unifying hypothesis that intervening at the initial insult or onset of 481 

epileptogenesis is the most promising approach to treat the disease. While our current work represents the 482 

first examination of therapeutic O-GlcNAcylation using in vitro and in vivo seizure models, others have 483 

shown therapeutic effects in multiple models of Alzheimer’s disease (Borghgraef et al., 2013; Yuzwa et al., 484 

2014). These findings reiterate the ability of pharmacologically increased O-GlcNAc to work to restore 485 

cellular function and homeostasis, whether to combat the effects of toxic tau aggregates or the formative 486 

hyperactivity leading to epileptic circuits in the brain. In addition, Wang et al. 2016 reported that conditional 487 

knockout of OGT in mature forebrain excitatory neurons leads to the onset of an Alzheimer’s 488 

neurodegenerative phenotype including cell death, tau hyperphosphorylation, Aβ aggregation, and 489 

neuroinflammation. These mice exhibited memory deficits as well as tau and amyloid histopathologies, 490 

supporting the overarching hypothesis that endogenous O-GlcNAcylation plays a primary role in cell 491 

homeostasis and confers protection against neurodegenerative cell processes (Wang et al., 2016). A more 492 

recent study used genetic knockdown of OGA, resulting in constitutively elevated O-GlcNAc levels, and 493 

found deficits in contextual fear conditioning and attenuated LTP/LTD in area CA1. The conflicting results 494 

reported by Wang et al. 2017 and Taylor et al. 2014 could be attributed to the genetic versus 495 

pharmacological approach to increasing protein O-GlcNAcylation. 496 

Given the rapidly growing list of O-GlcNAc modified neuronal proteins, the mechanism(s) underlying 497 

O-GlcNAc-mediated circuit dampening is likely to be complex. Based upon our previously published report 498 

describing O-GlcNAc LTD (Taylor et al., 2014), the dampening effect on hyperexcitability is unlikely to 499 

involve decreased probability of glutamate release. Furthermore, because we induce epileptiform activity 500 

via blockade of GABAARs, an O-GlcNAc-mediated increase in GABAergic neuronal inhibition is not 501 

responsible, although our experiments do not rule out a potential role of GABABRs. It remains unknown 502 

whether O-GlcNAc dampening of hyperexcitability shares a conserved mechanism with O-GlcNAc LTD, 503 

which relies on the O-GlcNAcylation of the AMPAR GluA2 subunit. Furthermore, the possibility exists that 504 

our current findings stem from O-GlcNAc modulation of both synaptic and non-synaptic proteins. To this 505 

end, Ruan et al. (2014) report O-GlcNAc modulation of the K+ channel KCNQ3 which regulates excitability 506 

in a subset of hypothalamic neurons. Additionally, O-GlcNAcylation of CREB Ser40 shows sensitivity to K+ 507 
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induced increases in excitability of cultured neurons (Rexach et al., 2012). While this contrasts with our 508 

current results where neither prolonged hyperexcitability in vitro (PTX) or increased interictal spikes in vivo 509 

(PTZ) affected global O-GlcNAc levels, we maintain that residue specific biochemical analysis may reveal 510 

neuronal activity dependent changes.  511 

Within the expanding field of O-GlcNAc biology in brain, our current findings portray the HBP/O-512 

GlcNAc metabolic system as a prime target to rapidly attenuate pathological hyperexcitability, as evidence 513 

by both in vitro and in vivo neurophysiological experiments. With the advent of more advanced tools to 514 

measure and quantify protein O-GlcNAc both biochemically and physiologically, uncovering the molecular 515 

mechanisms of our current findings will provide further data in support of our hypothesis that increasing 516 

protein O-GlcNAcylation represents a potentially novel therapeutic target for the treatment of seizure 517 

disorders. Our results support the need for additional studies in more sophisticated preclinical epilepsy 518 

models to further advance the potential clinical use of GlcN and TMG as antiepileptic therapeutics. 519 

 520 

 521 

 522 

 523 
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 525 

 526 

 527 

 528 

 529 
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 531 

 532 
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 536 

 537 

 538 

 539 

 540 

 541 

Figure 1. Pharmacologically increased O-GlcNAcylation attenuates in vitro epileptiform activity in 542 

hippocampus. A1, Summary plot of rat hippocampal slices exposed to PTX (min 10-60) followed 543 

by bath application of GlcN + TMG (min 30-60) showing significant reduction in CA1 544 

hyperexcitability (PTX+GlcN+TMG, n=12 slices vs PTX alone, n=9 slices, p<0.05). A2, Summary 545 

plot of rat hippocampal slices pretreated with GlcN + TMG for 30 min followed by bath application 546 

of PTX (min 10-60) (GlcN + TMG pretreated + PTX, n=7 slices vs PTX alone, n=14 slices p<0.05). 547 

B1, Summary plot of mouse hippocampal slices exposed to PTX (min 10-60) followed by bath 548 

application of GlcN + TMG (min 30-60) showing a significant reduction in CA1 hyperexcitability 549 

(PTX+ GlcN + TMG, n=14 slices vs PTX alone, n=11 slices p<0.05). B2, Summary plot of mouse 550 

hippocampal slices pretreated with GlcN + TMG for 30 min followed by bath application (min 10-551 

60) of PTX (GlcN + TMG pretreated + PTX, n=7 slices vs PTX alone, n=9 slices p<0.05). C, 552 

Western blot analysis of rat hippocampal slices exposed to 40 minutes of PTX with the addition of 553 

GlcN + TMG 20min into PTX exposure to recapitulate the pharmacological protocol in panel A 554 

(PTX +GlcN+TMG vs. PTX alone, n=8, p<0.05). D, Western blot analysis of rat hippocampal 555 

slices treated for 30 min in GlcN + TMG followed by 40 min of PTX exposure to recapitulate the 556 

pharmacological protocol in panel B (GlcN+TMG pretreated + PTX vs PTX alone, n=12, p<0.05).  557 

 558 

 559 
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 560 

 561 

 562 

 563 

 564 

 565 

 566 

Figure 2. O-GlcNAc-mediated dampening of epileptiform activity is induced by glucosamine 567 

alone, can occur with only short-term glucosamine exposure, and requires AMPAR GluA2 568 

subunits A. Summary plot of rat hippocampal slices exposed to PTX (min 10-60) followed by bath 569 

application of GlcN (min 30-60) showing significant reduction in CA1 hyperexcitability (PTX+GlcN, 570 

n=6 slices vs PTX alone, n=5 slices, p<0.05). All waveforms correspond to baseline (timepoint A; 571 

black, 5 min) or late stage pharmacological treatment (timepoint B; red, 50 min). B. Summary plot 572 

of rat hippocampal slices transiently depressed by 10m application of GlcN (min 10-20) followed 573 

by 10min washout before exposure to PTX (min 30-80) showing significant reduction in 574 

hyperexcitability (PTX alone, n=9 slices vs GlcN – PTX, n=14 slices, p<0.05). C. Summary plot 575 

showing no significant dampening of PTX-induced hyperexcitability in slices from GluA2 KO mice 576 

during GlcN+TMG application (min 30-60) compared to PTX alone recorded in interleaved 577 

experiments (PTX alone, n=11 slices from 5 mice vs PTX+GlcN+TMG, n=8 slices from 5 mice, 578 

p>0.05).  579 

 580 

 581 
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 590 

 591 

 592 

 593 

Figure 3. Increased protein O-GlcNAcylation reduces basal and PTX-induced spontaneous 594 

activity in area CA3 A, GlcN application significantly reduces spontaneous CA3 network activity 595 

from basal levels (A1; Basal vs GlcN, n=9 slices p<0.05, KS-Z: 10.098). Spontaneous CA3 596 

network activity shows variations in PS amplitude and frequency (A2) yet conform to basic PS 597 

waveform geometry (A3). This activity is significantly attenuated below baseline levels of 598 

spontaneous network activity upon application of GlcN (A4). B, GlcN application significantly 599 

reduces PTX-induced CA3 hyperactivity (B1; PTX vs PTX+GlcN, n=13 slices, p<0.05, KS-Z: 4.74 600 

6). Network hyperactivity (B2) is attenuated to low amplitude/frequency activity upon GlcN 601 

application (B3) even in continued presence of PTX.  602 
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 614 

 615 

 616 

 617 

 618 

 619 

Figure 4. Increased O-GlcNAc levels protect against epileptiform activity in vivo A, PTZ-induced 620 

interictal spikes is significantly increased in control animals (n=15), but prevented in GlcN+TMG 621 

pretreated animals (n=14). B, Spectral density analysis of seizures in saline pretreated (n=7/15) 622 

vs GlcN+TMG pretreated (n=5/14) revealed altered frequency distributions across groups (peak 623 

power across groups denoted by upper and lower arrows). C, Comparison of cumulative seizure 624 

duration showed no significant differences across groups. D, An example seizure in a saline-625 

pretreated control mouse shows progressive redistribution of power across frequency domains 626 

during different stages of the seizure (D1+D2) with the corresponding energy profile (D3) and PSD 627 

plot (D4) show depicted below (red line indicates Line-Length calculated seizure onset). E, An 628 

example seizure in a TMG+GlcN- pretreated mouse (E3) shows contrasting frequency distributions 629 

during seizure progression, with power shifted into lower frequency bands following seizure onset 630 

(E1, Epoch 3+4). Once again, corresponding energy profile (E3) and PSD plot (E4) depict the Line-631 

Length calculated seizure onset relative to EEG activity. F, Western blot analysis of hippocampal 632 

tissue from EEG recorded mice was carried out (F1) showing significant increases in O-GlcNAc 633 

levels in GlcN+TMG pretreated animals (F2; PTX vs PTZ+TMG+GlcN, p<0.05). There was no 634 

significant difference in hippocampal OGT levels across groups (F3; PTZ vs PTZ+TMG+GlcN, 635 

p>0.05).  636 
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