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Abstract  26 

Absence epilepsy is frequently associated with cognitive dysfunction, although the underlying 27 

mechanisms are not well understood. Here we report that some forms of hippocampal synaptic 28 

plasticity are abnormal in symptomatic Wistar Albino Glaxo/ Rijswijk (WAG/Rij) rats. Metabotropic 29 

Glu1/5 receptor-mediated long term depression (LTD) at Schaffer collateral CA1 synapses is 30 

significantly reduced in symptomatic, 5-6 months old WAG/Rij rats compared to age-matched non 31 

epileptic control rats. There were no significant changes in mGlu1/5-dependent LTD in pre-32 

symptomatic, 4-6 weeks old WAG/Rij rats compared to age matched controls. The changes in LTD 33 

found in symptomatic WAG/Rij forms are not indicative of general deficits in all forms of synaptic 34 

plasticity as long term potentiation (LTP) was unchanged. Immunoblot analysis of hippocampal 35 

tissue showed a significant reduction in mGlu5 receptor expression, a trend to an increase in pan 36 

Homer protein levels and a decrease in GluA1 receptor expression in the hippocampus of 37 

symptomatic WAG/Rij rats vs non-epileptic control rats. There were no changes in mGlu1α receptor 38 

or GluA2 protein levels. These findings suggest that abnormalities in hippocampal mGlu5 receptor-39 

dependent synaptic plasticity are associated with the pathological phenotype of WAG/Rij rats. This 40 

lays the groundwork for the study of mGlu5 receptors as a candidate drug target for the treatment of 41 

cognitive dysfunction linked to absence epilepsy.   42 

 43 

Key words: Group I mGlu receptors; hippocampal synaptic plasticity; Absence epilepsy; WAG/Rij 44 

rats  45 

Key points 46 

- mGlu1/5 receptor-mediated long term depression (LTD) at Schaffer collateral CA1 synapses is 47 

significantly reduced in symptomatic WAG/Rij rats. 48 
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- Variations in expression of mGlu5 receptors and Homer proteins in the hippocampus of WAG/Rij 49 

rats might contribute to the deficits in LTD 50 

- No difference in mGlu receptor-mediated LTD between pre-symptomatic and age matched control 51 

Wistar rats 52 

- There were no changes in NMDA receptor-dependent LTP in WAG/Rij rats compared to age 53 

matched control Wistar rats 54 

- Hippocampal mGlu5 receptor-dependent synaptic plasticity are associated with the pathological 55 

phenotype of WAG/Rij rats 56 

 57 

 58 

 59 

Introduction 60 

Absence epilepsy is a generalized, non-convulsive, type of epilepsy characterized by sudden and 61 

transient decrease in the level of consciousness and concomitant synchronous bilateral 3-4 Hz spike-62 

and-wave discharges (SWD) in the electroencephalogram (EEG). Seizures, as occurring in childhood 63 

absence epilepsy (CAE), start between 3 and 7 years of age, last for 3 to 30 seconds, and may be 64 

highly frequent (up to 100 times per day) (Panayiotopoulos, 2001; Jallon et al., 2005; Berg et al. 65 

2013). SWD, as observed in genetic models of absence epilepsy (van Luijtelaar and Zobeiri, 2014), 66 

are generated by pathological oscillations within cortico-thalamo-cortical networks comprising the 67 

somatosensory cortex (SSCtx), ventrobasal thalamic (VBT) nuclei, and the thalamic reticular nucleus 68 

(RTN) (Meeren et al., 2002; Blumenfeld 2005). The RTN functions as a metronome of the circuit, 69 

and a pathological enhancement of GABAergic neurotransmission at the synapses between RTN and 70 

VBT neurons sustains the activity of T-type voltage-sensitive calcium channels underlying SWDs 71 

(Meeren et al., 2002; Blumenfeld 2005). T-type channel inhibitors, such as ethosuximide, are first-72 

line drugs in the treatment of CAE. Although these and other drugs (e.g., clonazepam and to a lesser 73 

extent lamotrigine) are efficient in reducing SWDs, >30% of patients with absence epilepsy are 74 

resistant to medication (Modi et al., 2011; Tenney and Glauser, 2013; van Luijtelaar et al., 2017). 75 
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This drives the search for new drugs in the treatment of absence epilepsy. Metabotropic glutamate 76 

(mGlu) receptors modulate synaptic transmission within the cortico-thalamo-cortical circuit and are 77 

therefore candidate drug targets (reviewed by Ngomba et al., 2011; Ngomba and van Luijtelaar, 78 

2018). We have studied mGlu1, -2/3, -4 and -5 receptors in Wistar Albino Glaxo/ Rijswijk (WAG/Rij) 79 

rats, which develop spontaneous SWDs around 2-3 months of age, and have a high incidence of daily 80 

SWDs at 6 months of age (Coenen and van Luijtelaar, 1987; 2003; Schridde and van Luijtelaar, 2004). 81 

SWDs in WAG/Rij rats are associated with transient behavioural arrest, and are reduced by 82 

conventional anti-absence drugs (Peeters et al., 1988; Depaulis and van Luijtelaar, 2006). Expression 83 

and function of mGlu1 and mGlu5 receptors are reduced in the thalamus of symptomatic WAG/Rij 84 

rats, and systemic administration of selective mGlu1 or mGlu5 positive allosteric modulators reduces 85 

SWD incidence in these animals (Ngomba et al., 2011; D’Amore et al., 2013; 2014). In particular, 86 

pharmacological activation of mGlu5 receptors up-regulates the high affinity GABA transporter, 87 

GAT-1, and restrains tonic inhibition in the VBT of WAG/Rij rats (Celli et al., 2020), a mechanism 88 

that may protect against absence seizures by reducing hyperpolarization in VBT neurons. 89 

One aspect that has not been addressed so far is whether group-I mGlu receptors are involved in the 90 

pathogenesis of behavioural and cognitive abnormalities that are associated with absence seizures. 91 

Patients with absence epilepsy show impairments in different cognitive domains, such as visuospatial 92 

memory, verbal memory, attention, and executive functions (Pavone et al., 2001; Caplan et al., 2008; 93 

Seidenberg, 2008; Vega et al., 2010; Bhise et al., 2010, Glauser et al., 2010; Masur et al., 2013; Cnaan 94 

et al., 2017). Memory deficits may have a negative impact on the quality of life of patients with 95 

absence epilepsy, and are associated with difficulties in academic achievement (Harrison et al., 2013). 96 

The association between absence seizures and cognitive function has been investigated in WAG/Rij 97 

rats, which show an impairment in spatial memory, short term memory, working memory and reversal 98 

learning as compared to non-epileptic control rats (van Luijtelaar et al., 1989; Karson et al., 2012; 99 

Jafarian et al. 2015; Malyshev et al., 2012; Leo et al., 2019). In one study, the defective performance 100 
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of WAG/Rij rats in the passive avoidance test and Morris water maze test with respect to non-epileptic 101 

controls was age-dependent (Karson et al., 2012). Because the incidence or hourly number of the 102 

pathological SWDs in WAG/Rij rats increased with age, it is reasonable to hypothesize a cause-to-103 

effect relationship between absence seizures and cognitive impairments. However, the molecular and 104 

electrophysiological determinants of cognitive dysfunction in WAG/Rij rats are unknown, and 105 

knowledge of these mechanisms is necessary for the study of the pathological link between absence 106 

seizures and cognitive impairment. This gave us impetus to study mechanisms of synaptic plasticity 107 

in the dorsal hippocampus, a brain region that plays a key role in the formation and retrieval of 108 

contextual memory (Nadel et al., 2012; Basu et al., 2015). Group-I mGlu receptors are involved in 109 

mechanisms of induction and expression of long-term potentiation (LTP) and long-term depression 110 

(LTD) of excitatory synaptic transmission in the CA1 region of the hippocampus and other 111 

hippocampal subfields (Bashir et al., 1993; Manahan-Vaughan and Reymann, 1995; Manahan-112 

Vaughan, 1997; Anwyll, 1999; Bortolotto et al., 1999; Manahan-Vaughan and Braunewell, 2005; 113 

Bikbaev et al., 2008). Abnormalities in mGlu5 receptor-dependent LTD have been found in mice 114 

modelling different forms of monogenic autism (Huber et al., 2002; Bear et al., 2004; Dolen and Bear, 115 

2008; Ronesi et al., 2012; Pignatelli et al., 2014; Gogliotti et al., 2016; Tao et al., 2016; Kelly et al., 116 

2018), and the discovery that mGlu5 receptor-dependent LTD was enhanced in the hippocampus of 117 

fmr-1 gene knockout mice paved the way to the clinical development of mGlu5 receptor negative 118 

allosteric modulators for the treatment of fragile-X syndrome (Zeidler et al., 2017). Recent studies 119 

have shown that alterations in mGlu5 receptor-dependent LTD change reversal learning and modify 120 

cognitive flexibility (Wall et al., 2018; Privitera et al., 2019).  121 

To our knowledge, there are no studies on glutamate-mediated activity-dependent synaptic plasticity 122 

in the hippocampus of WAG/Rij rats or other rat or mouse models of absence epilepsy. Here we 123 

report that symptomatic WAG/Rij rats exhibit defects in group-I mGlu receptor-mediated LTD in the 124 
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CA1 region and reduced hippocampal mGlu5 receptor protein levels as compared to age-matched 125 

control Wistar rats.  126 

 127 

Materials and Methods 128 

 129 

Animals 130 

All experiments were approved by the local Animals Welfare and Ethics Board (AWERB) at the 131 

University of Warwick. In this study we used male WAG/Rij rats and male non-epileptic control 132 

Wistar rats of 4-6 weeks and at 5-6 months of age (Charles River, UK). Although SWD were not 133 

measured, clear, frequent absence episodes could be observed in the WAG/Rij rats at 5-6 months of 134 

age. The rats were housed under standard conditions (T = 22°C) with inverted light-dark cycle (light 135 

on from 8.00 p.m. to 8.00 a.m.) and food and water ad libitum. Animals were culled between 9.00 to 136 

10.00 a.m. for electrophysiological experiments and to obtain tissue for the biochemical experiments. 137 

 138 

Electrophysiological recording and analysis 139 

Hippocampal slice preparation 140 

Hippocampal slices (400 m) were obtained from 4 to 6 weeks-old and from 5 to 6 months-old 141 

WAG/Rij and Wistar rats. In accordance with the UK Animals (Scientific Procedures) Act (1986). 4-142 

6 week old rats (which weigh less than 250 grams) were sacrificed by cervical dislocation and 143 

decapitated. However at 5-6 months of age, the rats weighed more than 250 grams, and thus were 144 

sacrificed by anaesthetic overdose (with isoflurane) and then decapitated. The brain was rapidly 145 

removed and placed in ice-cold high Mg2+, low Ca2+ artificial CSF (aCSF), consisting of the following 146 

(in mM): 127 NaCl, 1.9 KCl, 8 MgCl2, 0.5 CaCl2, 1.2 KH2PO4, 26 NaHCO3, 10 D-glucose (pH 7.4 147 
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when bubbled with 95% O2 and 5% CO2, 300 mOsm/l). Parasagittal brain slices were then prepared 148 

using a Microm HM 650V microslicer in ice-cold aCSF (2-4 °C). For LTD experiments, slices were 149 

trimmed with the CA3 region removed (to prevent seizure activity). Slices were allowed to recover 150 

at 34 °C for 3-6 hr in aCSF (1 mM MgCl2, 2 mM CaCl2) before use. 151 

 152 

 153 

Extracellular recording from hippocampal slices 154 

Field excitatory postsynaptic potentials (fEPSPs) were recorded from hippocampal slices from 155 

WAG/Rij rats and Wistar rats. An individual slice was transferred to the recording chamber, 156 

submerged in aCSF (composition as above), maintained at 32 °C, and perfused at a rate of 6 ml/min. 157 

The slice was placed on a grid allowing perfusion above and below the tissue and all the tubing was 158 

gas tight (to prevent loss of oxygen). To record fEPSPs, an aCSF filled microelectrode was placed on 159 

the surface of stratum radiatum in the CA1 region. A bipolar concentric stimulating electrode (FHC) 160 

controlled by an isolated pulse stimulator, model 2100 (AM Systems, WA) was used to evoke fEPSPs 161 

in the Schaffer collateral-commissural pathway. Recordings of mGlu receptor-mediated long term 162 

depression (LTD) were made in the presence of 50 M picrotoxin to block GABAA receptors (Tocris) 163 

and the NMDA receptor antagonist L-689,560 (trans-2-carboxy-5,7-dichloro-4-164 

phenylaminocarbonylamino-1,2,3,4-tetrahydroquinoline; 5 M; Tocris).  Field EPSPs were evoked 165 

at 0.1 Hz (200 ms stimulus), with a 20-min baseline recorded at a stimulus intensity that gave 40% 166 

of the maximal response. Metabotropic glutamate receptor mediated-LTD was induced by the group 167 

1 MGluR agonist (RS)-3,5-DHPG (3,5-dihydroxyphenylglycine, Tocris). DHPG (100 M) was 168 

applied for 10 min and then washed off for at least one hour as previously described (Wall et al., 169 

2018). We choose this method to induce LTD rather than synaptic low frequency stimulation as it is 170 

more reliable, particularly in the older rats and thus reduced experimental animal numbers. LTP was 171 
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induced by using two different stimulation protocols: tetanic stimulation consisting (1s 100 Hz) and 172 

theta-burst stimulation which was composed by three trains of 10 bursts at 5 Hz, with inter-train 173 

intervals of 20 s. Recordings of fEPSPs were made using a differential model 3000 amplifier (AM 174 

systems, WA, USA) with signals filtered at 3 kHz and digitized online (10 kHz) with a Micro CED 175 

(Mark 2) interface controlled by Spike software (Vs 7.08), Cambridge Electronic Design, (Cambridge 176 

UK). Field EPSPs were analysed using Spike software and graphs prepared using Origin (Microcal), 177 

with the slope of fEPSPs measured from a 1 ms linear region following the fibre volley.  178 

 179 

 180 

Immunoblotting 181 

Western blot analysis was performed as previously described (Zuena et al., 2018). Membranes were 182 

probed with the following antibodies: rabbit anti-mGlu5 receptor (EMD Millipore, AB5675, 1:2000), 183 

rabbit anti-mGlu1 receptor (Upstate, 07-617, 1:1000), mouse anti-Homer (Santa Cruz, sc-17842, 184 

1:1,000), rabbit -tubulin (Cell-signalling, 2146S, 1:2000). The following secondary antibodies were 185 

used: anti-Mouse IgG (Cell signalling, 7076s, 1:5000) anti-Rabbit IgG (Cell signalling, 7074s, 186 

1:5000). 187 

 188 

 189 

Statistical Analysis 190 

Statistical analyses applied were the post hoc Mann-Whitney test, Two way ANOVA with Tukey’s 191 

multiple comparisons. In all studies, n indicates the number of samples per group, and cases in which 192 

P-values<0.05 were considered statistically significant. Data presented in figures are means (±SEM). 193 

 194 
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Results 195 

1. There is a significant reduction in the amplitude of mGlu receptor LTD in the hippocampus 196 

of symptomatic WAG/Rij rats compared to age matched non-epileptic control rats  197 

Before measuring synaptic plasticity, we first compared basal synaptic transmission in 5-6 month old 198 

symptomatic, WAG/Rij rats with age-matched non epileptic Wistar rat controls. Field excitatory 199 

postsynaptic potentials (fEPSPs) were recorded at the Schaffer collateral (SC)-CA1 synapses in the 200 

presence of GABAA and NMDA receptor antagonists (50 M picrotoxin and 5 M L689,560 201 

respectively). Neither the stimulus input/output curves (Fig 1A) nor the degree of paired pulse 202 

facilitation (Fig 1B) were significantly different between the two strains of rats. Thus basal synaptic 203 

transmission in the hippocampus is not affected by the neural changes that underlie the absence 204 

symptoms present in the WAG/Rij rats.  205 

Following a 20 minute baseline, mGlu receptor-mediated LTD was induced with the mGlu1/5 206 

orthosteric agonist, DHPG (100 M) applied for 10 minutes followed by 1 hour of wash. In contrast 207 

to the lack of difference in basal synaptic transmission, the DHPG-induced LTD was significantly 208 

reduced in WAG/Rij rats (Fig. 1C, two-tailed unpaired Mann-Whitney test p = 0.0303, U = 4; Fig. 209 

1D, two-tailed unpaired Mann-Whitney test p = 0.0101, U = 2). At 55-60 minutes after DHPG wash, 210 

the mean reduction in fEPSP slope for Wistar rats was 65.46 ± 10.45 % and for WAG/Rij rats was 211 

29.26 ± 4.76%.  212 

 213 

2. There is no difference in mGlu receptor-mediated LTD between pre-symptomatic 214 

WAG/Rij rats (4-6 weeks of age) and age matched Wistar rats  215 

We first investigated whether there were any differences in basal synaptic transmission between pre-216 

symptomatic (4-6 weeks old) WAG/Rij rats and age-matched Wistar rats. Under these conditions, (in 217 

the presence of picrotoxin and L689,560) WAG/Rij rats exhibited a significant reduction in the 218 
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input/output relationship, particularly at higher stimulus strengths (above 3 V, two-tailed unpaired 219 

Mann Whitney test, p = 0.0411, Fig 2A). This change in the input/output relationship was not a 220 

consequence of a reduction in the probability of release, as there was no significant difference in the 221 

degree of paired pulse facilitation (Fig 2A, B). It was also not a consequence of a smaller number of 222 

presynaptic fibres being activated in the slices from WAG/Rij rats (volley amplitude at 5V stimulation 223 

strength: Wistar rats 0.345 ± 0.02 mV vs 0.293 ± 0.03 mV in WAG/Rij rats, p = 0.2019, two-tailed 224 

unpaired Mann Whitney test). Thus the difference may stem from a reduction in postsynaptic receptor 225 

number.  226 

There was no significance difference in either the amplitude of the peak inhibition produced by DHPG 227 

and the induced LTD (Fig. 2C) between WAG/Rij and Wistar rats. At 55-60 minutes after DHPG 228 

wash the mean reduction in fEPSP slope was 51.48% in WAG/Rij rats and 49.17% in Wistar rats 229 

(two-tailed unpaired Mann Whitney test p = 0.9242).  230 

We then compared the DHPG induced depression in the same strains of rats at the two ages. There 231 

was a large and significant reduction in both short term depression (STD, peak inhibition during 232 

DHPG application) and LTD in symptomatic vs. pre-symptomatic WAG/Rij rats (STD, two-tailed 233 

unpaired Mann-Whitney test, p = 0.0136, U = 10; LTD, two-tailed unpaired Mann-Whitney test, p = 234 

0.0317, U = 13) (Fig. 3A, B). In contrast there were no significant changes in either LTD or STD 235 

between young and 5-6 month old Wistar rats (Fig. 3C, D). Therefore, the reduction in mGlu receptor 236 

mediated-LTD only occurs in symptomatic WAG/Rij rats and may be a consequence of the SWD. 237 

 238 

3. There are no significant changes in NMDA receptor-dependent LTP in WAG/Rij rats 239 

compared to age matched control rats 240 

To examine whether the reduction in mGlu receptor dependent-LTD observed in symptomatic 241 

WAG/Rij rats could reflect a more general impairment in all forms of activity-dependent synaptic 242 
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plasticity, we examined NMDA receptor-dependent, long term potentiation (LTP). We first examined 243 

basal synaptic transmission in the absence of the GABAA and NMDA receptor antagonists (that were 244 

used for the LTD experiments) at 4-6 weeks of age. Neither the input/output relationships generated 245 

in the absence of the GABAA and NMDA receptor antagonists, nor paired-pulse facilitation showed 246 

significant differences (Fig. 4A, B). LTP was induced with a tetanic stimulation. There was no 247 

significant difference between the two strains of animals in the amplitude of LTP expression (Fig. 248 

4C, D)  249 

In rats aged 5-6 months, there was no significant differences in the input-output curves or in paired-250 

pulse facilitation (Fig. 5A, B). There was also no significant difference in the amplitude of LTP 251 

induced with theta bursts stimulation (TBS). We used TBS (rather than a tetanus) as we found it a 252 

more reliable stimulus for inducing LTP in the older animals. Thus the changes in plasticity observed 253 

in the symptomatic WAG/Rij rats are specific to mGlu receptor-mediated LTD and do not affect all 254 

forms of plasticity.  255 

 256 

4. Changes in the hippocampal expression of mGlu5 receptors, Homer protein and AMPA 257 

receptor subunits in symptomatic WAG/Rij rats could contribute to the deficits in LTD.  258 

Using western blots, we first examined whether there are changes in the expression of mGlu1 and 259 

mGlu5 proteins in the hippocampus of WAG/Rij rats as this could contribute to the deficits in LTD 260 

(Fig 6). Changes in mGlu receptor expression have been reported in the cerebral cortex and thalamic 261 

nuclei of WAG/Rij rats in comparison to age-matched non-epileptic controls (Ngomba et al., 2011; 262 

D’Amore et al. 2013). This is to our knowledge, the first time that mGlu receptor expression has been 263 

investigated in the hippocampus of pre-symptomatic and symptomatic WAG/Rij rats.  264 

Under our experimental conditions, immunoblot analysis of mGlu1 and mGlu5 receptors showed 265 

a major band at 140 and 150 kDa corresponding to the respective receptor monomers (Fig. 6A, B). 266 
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A faint higher molecular size band (>220 kDa) was occasionally observed and may correspond to 267 

receptor dimers (not illustrated). This higher molecular weight band was not included in the 268 

densitometric analysis. The hippocampal expression of mGlu1 receptors did not significantly 269 

differ between WAG-Rij and Wistar rats regardless of the age of the animals (Two way ANOVA: 270 

genotype, F3,18 = 0.7872, p = 0.5166; age, F6,18 = 3.201, p = 0.0256).   271 

In contrast, hippocampal mGlu5 receptor protein levels were significantly reduced in 5-6 month old 272 

symptomatic WAG/Rij rats, as compared to age matched Wistar rats (Two way ANOVA: genotype, 273 

F3,18 = 10.10, p = 0.0004; age, F6,18 = 0.4682, p = 0.8228, Fig 6B). There was however no significant 274 

difference in mGlu5 receptor expression between symptomatic and pre-symptomatic WAG/Rij rats.  275 

We extended the analysis to investigate Homer protein because of its established role in group1-276 

mGlu receptor signalling (Brakeman et al., 1997) and LTP/LTD expression (Collingridge et al., 277 

2004; Bliss et al., 2014; Park et al., 2018 Fig 7). Homer proteins were detected with an anti-pan-278 

Homer antibody as a single band at about 45 kDa, (Fig 7) corresponding to the expected molecular 279 

size of the long isoforms of Homer (Brakeman et al., 1997). Levels of Homer protein showed a 280 

trend to an increase in the hippocampus of 5-6 months old WAG/Rij rats, as compared to age 281 

matched Wistar rats, although the differences are not statistically significant (Two way ANOVA: 282 

genotype, F3,18 = 2.488, p = 0.0933; age, F6,18 = 0.3290, p = 0.9129)   283 

We then investigated the expression of GluA1 and GluA2 AMPA receptor subunits, as they maybe 284 

internalised by Arc during mGlu5 receptor mediated LTD (for example see da Silva et al 2016). 285 

GluA1 and GluA2 were detected as single bands at 100 and 98 kDa, respectively. GluA1 protein 286 

expression was significantly reduced in symptomatic WAG/Rij rats compared to 5-6 month old 287 

non-epileptic control Wistar rats (Two way ANOVA: genotype, F3,18 = 5.994, p = 0.0051; age, F6,18 288 

= 1.828, p = 0.15, Fig 8A). There were no significant differences in GluA2 protein expression (Two  289 

way ANOVA: genotype, F3,18 = 0.9473, p = 0.4386; age, F6,18 = 4.004, p = 0.0101, Fig. 8B).   290 
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In summary, there is a significant reduction in hippocampal mGlu5 receptor expression in WAG/Rij 291 

rats and a trend to an increase in Homer protein expression (Fig 6B and 7) which could contribute to 292 

the changes in mGlu receptor-dependent LTD.   293 

 294 

 295 

Discussion 296 

Here, we have provided the first demonstration that a form of activity-dependent synaptic plasticity, 297 

group-I mGlu receptor-mediated LTD, is altered in the hippocampus of an established rat model of 298 

absence epilepsy. This change in plasticity was not general for all the forms of synaptic plasticity as 299 

no significant changes in LTP were observed. This deficit in mGlu1/5-dependent LTD was found in 300 

5-6 month-old WAG/Rij rats. At this age, WAG/Rij rats exhibit a high incidence of SWD, 301 

characteristic of absence seizures (see Introduction and References therein), these SWD are not 302 

observed in 4-6 week-old, pre-symptomatic, WAG/Rij rats. Although in this study we did not directlty 303 

measure the SWD we did observe clear absence symptoms in the 5-6 month old WAG/Rij rats. This 304 

suggests that the impairment of hippocampal synaptic plasticity develops in parallel with the 305 

worsening of the epileptic phenotype.  306 

An increased functional connectivity between the thalamus and dorsal hippocampus has been 307 

associated with the occurrence of SWD in the -butyrolactone rat model of absence seizures (Mousavi 308 

et al., 2017). If a similar association exists in 5-6 months old WAG/Rij rats, then the high incidence 309 

of SWD might cause maladaptive changes in hippocampal synaptic plasticity, resulting in defective 310 

mGlu1/5 receptor-mediated LTD. However, it cannot be excluded that seizure-independent, age-311 

related mechanisms disrupt LTD in WAG/Rij rats. Experiments in which WAG/Rij rats are 312 

chronically maintained under constant antiepileptic medication since the presumed time-at-onset of 313 

absence seizures (approximately at 2-3 months of age) are needed to examine the cause-to-effect 314 
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relationship between seizures and abnormalities in hippocampal synaptic plasticity, as was done in 315 

experiments in which the age-dependent increase in SWD, the depressive phenotype, the thickness 316 

of the corpus callosum, and the expression of cortical HCN1 and sodium channels were partly 317 

prevented by early and long-term administration of ethosuximide (Blumenfeld et al., 2008; van 318 

Luijtelaar et al., 2013).  319 

While it was originally believed that LTD had a complementary role in the regulation of signal-to-320 

noise and was involved in forgetting, it is now established that LTD has a direct role in hippocampal 321 

information storage (Kemp and Manahan-Vaughan, 2007). Hippocampal LTD plays a key role in 322 

spatial learning (Ge et al., 2010; Goh et al., 2012), novelty acquisition (Manahan-Vaughan and 323 

Braunewell, 1999; Lemon and Manahan-Vaughan, 2006), and novelty exposure-induced memory 324 

enhancement (Dong et al., 2012). Recent experiments have shown that alterations in group-I mGlu 325 

receptor mediated-LTD leads to disruptions in reversal learning and a reduction in cognitive 326 

flexibility (Wall et al., 2018; Privitera et al., 2019).  327 

We induced group-I mGlu receptor-dependent LTD in the hippocampal CA1 pyramidal neurons by 328 

10 minute application of the mGlu1/5 receptor agonist, DHPG (Kemp and Bashir, 1999; Huber et al., 329 

2000; Volk et al., 2006). DHPG-induced LTD in hippocampal CA1 region is not mediated by the 330 

canonical signaling pathway activated by mGlu1/5 receptors, i.e., Gq/11-dependent activation of 331 

phospholipase C (PLC), formation of inositol-1,4,5-trisphosphate (InsP3) and diacylglycerol 332 

(DAG), intracellular Ca2+ release and activation of protein kinase C (Fitzjohn et al., 2001; Kleppisch 333 

et al., 2001; Moult et al., 2006), but rather depends on tyrosine dephosphorylation and activation of 334 

tumor necrosis factor- converting enzyme (TACE), which stimulate AMPA receptor endocytosis 335 

(Moult et al., 2006; Cho et al., 2008; Chang et al., 2008; Luscher and Huber, 2010). We found that 336 

mGlu5 receptor expression is reduced, whereas expression of the long isoforms of Homer protein 337 

showed a trend to an increase in the hippocampus of 5-6 months old WAG/Rij rats. We can speculate 338 

that while the overall hippocampal expression of mGlu5 receptors is reduced, both mGlu1 and mGlu5 339 



15 
 

receptors have increased coupling to long Homer proteins in symptomatic WAG/Rij rats, and this 340 

leads to a bias in the receptor signalling towards the canonical PLC/InsP3/Ca2+ pathway (long Homer 341 

isoforms link mGlu1/5 receptors to InsP3 receptors) at the expense of the pathways involved in LTD 342 

induction and maintenance. The observed significant reduction in GluA1 AMPA receptor subunits 343 

found in symptomatic WAG/Rij rats is difficult to reconcile with the blunted DHPG-induced LTD 344 

found in these animals. Determinations of surface-expressed AMPA receptors subunits and AMPA 345 

receptor trafficking in postsynaptic elements of CA1 pyramidal neurons are necessary before drawing 346 

any concrete conclusions. One caveat to our westen blot data is that we did not dissect the 347 

hippocampal subfields, in particular the CA1 region where the LTD was induced.  This may reduce 348 

the significance of some of the data and could explain some of the changes which are not consistent 349 

with some of the findings, such as the change in GluA1 AMPA receptor subunits.  350 

 351 

Changes in group-I mGlu receptor-mediated LTD in the hippocampus have been linked to cognitive 352 

dysfunction associated with autism spectrum disorders. The evidence that DHPG-induced LTD was 353 

amplified in the hippocampus of fmr1 gene knockout mice paved the way to the clinical development 354 

of mGlu5 receptor antagonists in the treatment of Fragile-X syndrome (Huber et al., 2002; Bear et 355 

al., 2004; Ronesi and Huber, 2008; Dolen and Bear, 2008; Wuang and Huber, 2009). mGlu1/5 356 

receptor-mediated LTD was also found to be amplified in the hippocampus of mice modelling 357 

Angelman syndrome, CYF1P1 and SUNGAP1 haploinsufficiency, and chromosome 16p11.2 358 

microdeletion (Bozdagi et al., 2012; Pignatelli et al., 2014; Barnes et al., 2015; Tian et al., 2015), 359 

dysregulated in mice modeling Rett’s syndrome (Tao et al., 2016), and reduced in mice modeling 360 

tuberous sclerosis (Auerbach et al., 2011). Most of these models are characterized by convulsive 361 

seizures, e.g., audiogenic seizures in Fragile-X and Angelman mice (Musumeci et al., 2000; Mandel-362 

Brehm et al., 2015). Interestingly, methyl-CpG-binding protein 2 (MeCP2)-deficient mice modeling 363 

Rett syndrome show seizure-like events associated with delta frequency power of the recorded local 364 
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field potentials, which share similarities with absence seizures (Colic et al., 2013). Thus, MeCP2-365 

deficient mice and WAG/Rij rats represent two unrelated models in which absence-like seizures are 366 

associated with abnormalities in mGlu1/5-dependent LTD in the hippocampus. This further 367 

strengthens the hypothesis that pathological oscillations within the cortico-thalamo-cortical circuit 368 

generating absence seizures may cause alterations in mGlu1/5 receptor-dependent synaptic plasticity 369 

in the hippocampus resulting into intellectual disability and cognitive dysfunction.  370 

Reductions in the expression and function of mGlu5 receptors have been found in the thalamus and 371 

somatosensory cortex of WAG/Rij rats, and pharmacological enhancement of mGlu5 receptors with 372 

a selective positive allosteric modulator (PAM) was found to reduce SWD frequency in these rats 373 

without the development of tolerance (Ngomba et al., 2011; D’Amore et al., 2013; 2014; Celli et al., 374 

2020). Present findings suggest that, in WAG/Rij rats, mGlu5 receptors are dysfunctional also in the 375 

hippocampus, and this may underlie some cognitive abnormalities observed in these animals (van 376 

Luijtelaar et al., 1989; Karson et al., 2012; Jafarian et al. 2015; Malyshev et al., 2012; Leo et al., 377 

2019). It will be interesting to examine whether mGlu5 receptor PAMs are able to correct learning 378 

and memory deficits in symptomatic WAG/Rij rats, and they do so independently of their therapeutic 379 

effect on absence seizures. This is an important step towards the development of mGlu5 receptor 380 

PAMs for the treatment of absence epilepsy and associated cognitive dysfunction.   381 

 382 
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Figure legends 713 

Fig. 1 – mGlu receptor-mediated LTD is reduced in hippocampal slices from symptomatic 714 

WAG/Rij rats  715 

A, Mean fEPSP slope plotted against stimulus strength for Wistar rats (n = 3 animals, 8 slices) and 716 

WAG/Rij rats (n = 3 animals, 10 slices). Inset, examples of superimposed fEPSPs at different stimulus 717 

strength (1 to 5 V) from Wistar and WAG/Rij rats. There was no significant difference in the stimulus 718 

input/output relationships between WAG/Rij and Wistar rats (p = 0.6706). B, The mean paired pulse 719 

ratio (PPR) plotted against paired pulse interval for WAG/Rij rats (n = 3 animals, 7 slices) and Wistar 720 

rats (n = 3 animals, 6 slices). No significant difference was observed between the strains (p = 0.4127). 721 

Inset, averaged fEPSPs traces at 50 ms interval from Wistar and WAG/Rij rats. C, Normalised mean 722 

fEPSP slope plotted against time for WAG/Rij (n= 3 animals; 7 slices) and Wistar rats (n = 4 animals, 723 

5 slices). Following a 20 minute baseline, DHPG (100 M, 10 minutes) was used to induce LTD with 724 

fEPSPs recorded for at least 1 hr after washing DHPG. LTD is expressed as percentage depression of 725 

baseline (100%) and statistical significance was determined between 55 and 60 min after DHPG wash 726 

(p = 0.0303); WAG/Rij: (29.26 ± 5.14 %) and Wistar (65.46 ± 11.68 %) rats. Representative fEPSP 727 

waveforms taken between 10-15 min (1) and LTD at 40-50 min (2). D, Bar graph summarizing mean 728 

reduction in fEPSP slope for WAG/Rij and Wistar rats. Data are represented as mean ± SEM with 729 

each point data from an individual slice. Statistical comparisons were performed with post hoc Mann-730 

Whitney test. All experiments were carried out in the presence of 50 M picrotoxin and 5 M 731 

L689,560.  732 

 733 

Fig. 2 –There is no change in Group I mGlu receptor mediated LTD in hippocampal slices of 734 

pre-symptomatic 4-6 weeks old WAG/Rij and Wistar rats 735 
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A, Mean fEPSP slope plotted against stimulus strength for Wistar rats (n = 5 animals, 9 slices) and 736 

WAG/Rij rats (n = 4 animals, 11 slices). Inset, examples of superimposed fEPSPs at different stimulus 737 

strength (1 to 5 V) from Wistar and WAG/Rij rats. A significant reduction in the fEPSP slope was 738 

seen in WAG/Rij rats compared to Wistar rats (at stimuli from 3 to 5 V, p = 0.0411). B, The mean 739 

paired pulse ratio (PPR) plotted against paired pulse interval for WAG/Rij rats (n = 4 animals, 9 740 

slices) and Wistar rats (n = 5 animals, 9 slices). No significant differences were observed between the 741 

strains (p = 0.944). Inset, averaged paired fEPSP waveforms at 50 ms interval from Wistar and 742 

WAG/Rij rats. C, Normalised mean fEPSP slope plotted against time for WAG/Rij rats (n = 4 743 

animals, 10 slices) and Wistar rats (n =5 animals, 9 slices). Following a 20 minute baseline, DHPG 744 

(100 M, 10 minutes) was used to induce LTD with fEPSPs recorded for at least 1 hr after washing 745 

DHPG. LTD is expressed as a percentage depression of baseline (100%) 55-60 minutes after DHPG 746 

wash and is not significantly different  (p = 0.9242); WAG/Rij (51.48 ± 5.59 %) and Wistar rats 747 

(49.18 ± 5.42 %). Representative fEPSP waveforms taken between 10-15 min (1) and LTD at 50-60 748 

min (2). D, Bar graph summarizing mean reduction in fEPSP slope for WAG/Rij and Wistar rats. 749 

Data are represented as mean ± SEM with each point data from an individual slice. Statistical 750 

comparisons were performed with post hoc Mann-Whitney test. All experiments were carried out in 751 

the presence of 50 M picrotoxin and 5 M L689,560.  752 

 753 

Fig. 3 – There are significant differences in DHPG induced STD and LTD in symptomatic vs. 754 

pre-symptomatic WAG/Rij rats 755 

A, Normalised mean fEPSP slope plotted against time for 4-6 week old pre-symptomatic WAG/Rij 756 

rats (n= 4 animals; 10 slices) and 5-6 month old symptomatic WAG/Rij rats (n = 3 animals, 10 slices). 757 

Following a 20 minute baseline, DHPG (100 M, 10 minutes) was used to induce LTD with fEPSPs 758 

recorded for at least 1 hr after washing DHPG. Short term depression (STD) was measured as a 759 

percentage depression of baseline (100%) during the application of DHPG whereas LTD was 760 
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measured 55-60 minutes after DHPG wash. B, Bar charts summarising mean STD and LTD in 4-6 761 

week and 5-6 month old Wistar rats. There was significant differences in the amplitude of both STD 762 

and LTD. C, Normalised mean fEPSP slope plotted against time for 4-6 week old Wistar rats (n= 5 763 

animals, 9 slices) and 5-6 month old Wistar rats (n = 4 animals, 5 slices). Following a 20 minute 764 

baseline, DHPG (100 M, 10 minutes) was used to induce LTD with fEPSPs recorded for at least 1 765 

hr after washing DHPG. D, Bar charts summarising mean STD and LTD in 4-6 week and 5-6 month 766 

old Wistar rats. Data are represented as mean ± SEM with each point data from an individual slice. 767 

There was no significant differences in the amplitude of either STD or LTD. The data used in this 768 

figure comes from figures 1 and 2.  769 

 770 

Fig. 4 – There are no significant differences in NMDA receptor-dependent LTP in 771 

presymptomatic WAG/Rij rats and age matched controls  772 

A, Mean fEPSP slope plotted against stimulus strength for 4-6 week old Wistar rats (n =5 animals, 6 773 

slices) and 4-6 week old pre-symptomatic WAG/Rij rats (n = 7 animals, 8 slices). Inset, examples of 774 

superimposed fEPSPs at different stimulus strength (1 to 5 V) from Wistar and WAG/Rij rats. There 775 

was no significant difference in the fEPSP slope in WAG/Rij rats compared to Wistar rats (p = 776 

0.6706). B, The mean paired pulse ratio (PPR) plotted against paired pulse interval for 4-6 week old 777 

pre-symptomatic WAG/Rij rats (n =7 animals, 8 slices) and Wistar rats (n = 5 animals, 6 slices). No 778 

significant difference was observed between the strains (p = 0.6667). Inset, averaged fEPSPs traces 779 

at 50 ms interval from Wistar and WAG/Rij rats. C, Normalised mean fEPSP slope plotted against 780 

time for 4-6 week old pre-symptomatic WAG/Rij rats (n= 7 animals; 8 slices) and 4-6 week old 781 

Wistar rats (n =4 animals, 5 slices). Following a 20 minute baseline, LTP was induced (tetanus 782 

stimulation) with fEPSPs recorded for at least 1 hr after induction. LTP is expressed as percentage 783 

increase over baseline (100%) and statistical significance was determined between 55 and 60 min (p 784 

= 0.5828). Inset, average waveforms before and after LTP D, Bar charts summarising mean 785 
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magnitude of LTP in Wistar and WAG/Rij rats at 4-6 weeks of age. Statistical comparisons were 786 

performed with post hoc Mann-Whitney test. Data are represented as mean ± SEM with each point 787 

data from an individual slice. 788 

 789 

Fig. 5 – There are no significant differences in NMDA receptor-dependent LTP in symptomatic 790 

WAG/Rij rats and age matched controls  791 

A, Mean fEPSP slope plotted against stimulus strength for 5-6 month old Wistar rats (n = 4 animals, 792 

9 slices) and 5-6 month old symptomatic WAG/Rij rats (n = 4 animals, 13 slices). Inset, examples of 793 

superimposed fEPSPs at different stimulus strength (1 to 5 V) from Wistar and WAG/Rij rats. There 794 

was no significant difference in the fEPSP slope in WAG/Rij rats compared to Wistar rats (p = 795 

0.7243). B, The mean paired pulse ratio (PPR) plotted against paired pulse interval for 5-6 month old 796 

symptomatic WAG/Rij rats (n = 4 animals, 13 slices) and age-matched Wistar rats (n = 4 animals, 9 797 

slices). No significant difference was observed between the strains (p = 0.4127). Inset, averaged 798 

fEPSPs traces at 50 ms interval from Wistar and WAG/Rij rats. C, Normalised mean fEPSP slope 799 

plotted against time for 5-6 month old symptomatic WAG/Rij rats (n= 6 animals; 9 slices) and age-800 

matched Wistar rats (n =4 animals, 6 slices). Following a 20 minute baseline, LTP was induced (Theta 801 

bursts) with fEPSPs recorded for at least 1 hr after induction. LTP is expressed as percentage increase 802 

over baseline (100%) and statistical significance was determined between 55 and 60 min. There was 803 

no significant difference in the fEPSP slope in WAG/Rij rats compared to Wistar rats (p = 0.9083). 804 

Inset, average waveforms before and after LTP D, Bar charts summarising mean magnitude of LTP 805 

in Wistar and WAG/Rij rats at 4-6 weeks of age. Statistical comparisons were performed with post 806 

hoc Mann-Whitney test. Data are represented as mean ± SEM with each point data from an individual 807 

slice. 808 

 809 
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 810 

Fig. 6- Changes in mGlu5 receptor protein expressions but not mGlu1 receptor expression in 811 

the hippocampus of WAG/Rij and non-epileptic control rats.  812 

Western blot analysis of mGlu1 and mGlu5 receptors is shown in panels A and B, respectively. 813 

Data are mean ± SEM of 7 determinations per group (data points are shown for each sample). *p < 814 

0,05 vs. 4-6 weeks old Wistar rats and 5-6 months old Wistar rats in B (Two way ANOVA + 815 

Tukey’s test). Representative immunoblots are shown.   816 

Fig. 7 – Homer protein levels in the hippocampus of WAG/Rij rats and non-epileptic controls.   817 

Western blot analysis of Homer protein expression. Data are mean ± S.E.M of 7 determinations per 818 

group (data points are shown for each sample). A representative immunoblot is shown.   819 

Fig. 8 – Reduced expression of GluA1 AMPA receptor subunits in in the hippocampus of 820 

symptomatic WAG/Rij rats.  821 

Western blot analysis of GluA1 and GluA2 receptors subunits is shown in A and B, respectively. 822 

Data are means ± S.E.M of 7 determinations per group. *p<0,05 vs. 5-6 months old Wistar rats. 823 

(Two way ANOVA + Tukey’s test). Representative immunoblots are shown. 824 
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