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Abstract  29 

 Absence epilepsy is a heritable human neurological disorder characterized by brief nonconvulsive 30 

seizures with behavioral arrest, moderate-to-severe loss of consciousness (absence), and distinct spike-wave 31 

discharges (SWDs) in the electroencephalogram and electrocorticogram (EEG/ECoG). Genetic models of this 32 

disorder have been created by selectively inbreeding rats for absence seizure-like events with similar electrical 33 

and behavioral characteristics. However, these events are also common in outbred laboratory rats, raising 34 

concerns about whether SWD/immobility accurately reflects absence epilepsy as opposed to “normal” rodent 35 

behavior. We hypothesized that if SWD/immobility models absence seizures, it would not exist in wild-caught 36 

rats due to the pressures of natural selection. To test this hypothesis, we compared chronic video/ECoG 37 

recordings from wild-caught (Brown-Norway; BN) rats to recordings from laboratory outbred BN, outbred Long-38 

Evans (LE), and inbred WAG/Rij rats (i.e. a model of absence epilepsy). Wild-caught BN rats displayed absence-39 

like SWD/immobility events that were highly similar to outbred BN rats in terms of spike-wave morphology, 40 

frequency, diurnal rhythmicity, associated immobility, and sensitivity to the anti-absence drug, ethosuximide; 41 

however, SWD bursts were less frequent and of shorter duration in wild-caught and outbred BN rats than the 42 

outbred LE and inbred WAG/Rij strains. We conclude that SWD/immobility in rats does not represent absence 43 

seizures, although they appear to have many similarities. In wild rats, SWD/immobility appears to represent 44 

normal brain activity that does not reduce survival in natural environments, a conclusion that logically extends to 45 

outbred laboratory rats and possibly to those that have been inbred to model absence epilepsy. 46 

 47 

 48 

  49 
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Significance 50 

 SWDs, behavioral arrest, and diminished consciousness are cardinal signs of seizures in human absence 51 

epilepsy and are used to model this disorder in inbred rats. These characteristics, however, are routinely found 52 

in outbred laboratory rats, leading to debate on whether SWD/immobility is a valid model of absence seizures. 53 

The SWD/immobility events in wild-caught rats appear equivalent to those found in outbred and inbred rat strains, 54 

except for lower incidence and shorter durations. Our results indicate that the electrophysiological and behavioral 55 

characteristics of events underlying hypothetical absence epilepsy in rodent models are found in wild rats 56 

captured in their natural environment. Other criteria beyond observation of SWDs and associated immobility are 57 

required to objectively establish absence epilepsy in rat models.  58 

59 
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Introduction 60 

 Childhood absence epilepsy is an idiopathic, non-convulsive disorder with a genetic basis (Crunelli and 61 

Leresche, 2002). Absence seizures are typically a childhood disorder (Panayiotopoulos, 2001; Posner, 2013), 62 

and are characteristically brief (several seconds), often with behavioral interruption and mild-to-severe 63 

impairment of consciousness (Blumenfeld, 2005, 2012). One of the most distinctive electrographic features of 64 

absence seizures are synchronous “spike-wave” discharges (SWDs) occurring at approximately 3-Hz and 65 

recorded across the cerebral cortex (Smith, 2005).  66 

 Inbreeding for several decades has generated strains of rats that have been used to model absence 67 

epilepsy. Specifically, the WAG/Rij strain, originating initially from the Wistar Albino Glaxo Laboratories, in 68 

Rijswijk, Netherlands (Coenen and van Luijtelaar, 2003; Booth et al., 2010; Sarkisova and van Luijtelaar, 2011), 69 

and the Genetic Absence Epilepsy Rat strain from Strasbourg (GAERS), Germany (Marescaux et al., 1992), are 70 

both well-accepted genetic animal models of absence epilepsy used for anti-seizure drug discovery and 71 

examination of underlying seizure mechanisms. Beside a genetic origin, these models appear to approximate 72 

human absence seizures, including brief (seconds) SWDs in the ECoG/EEG, associated immobility (i.e. 73 

behavioral interruption), and possible impairment of consciousness.     74 

The cardinal traits of absence seizures in rat models, specifically stereotyped SWD/immobility events, 75 

have also been recognized in most outbred laboratory rat strains (Sarkisova and van Luijtelaar, 2011). The 76 

presence of SWD/immobility in outbred strains raises several important questions. Do most laboratory rats used 77 

in behavioral experiments suffer from undetected absence epilepsy? Has selective breeding to maintain stable 78 

behavioral and physiological traits in these commercial colonies inadvertently resulted in introducing and/or 79 

preserving the genes responsible for absence seizures? Or are SWD/immobility events normal rat behavior, and, 80 

if so, by what criteria can they then be judged abnormal in inbred rat colonies? 81 

Whether or not SWD/immobility reflects absence seizures in outbred rats has a long history of controversy 82 

(Kaplan, 1985; Wiest and Nicolelis, 2003; Shaw, 2004; Pearce et al., 2014). We recently found that Sprague-83 

Dawley and Long-Evans (LE) rats displayed frequent SWD/immobility events that appeared to be absence-like 84 

seizures very similar to inbred WAG/Rij absence epilepsy rats (Taylor et al., 2017). We concluded that although 85 

these events could model mild absence epilepsy with only partial attenuation of consciousness, they may instead 86 
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be a form of modifiable behavior. This was due to observation that the rats shortened the duration of SWD bursts 87 

followed by preemptively checking for a delayed reward. Whether SWD/immobility events are absence-like 88 

seizures or not, they are nonetheless present in commercial outbred laboratory rat strains commonly used in 89 

multiple areas of research. Therefore, determining if these events are pathophysiological is critical. While 90 

spontaneous and repeated, albeit partial, loss of consciousness and immobility would still be a major confound 91 

for behavioral research using outbred rats, momentary loss of consciousness with spontaneous and involuntary 92 

immobility could have substantial negative consequences in natural environments with predators. In the present 93 

study, we hypothesized that if SWD/immobility events found in outbred strains of laboratory rats reflected 94 

absence-like seizures, as opposed to normal behavior, then they would be absent in rats captured in the wild.  95 

Heritable pathophysiological events (e.g., SWDs) would seem to be disadvantageous and would presumably be 96 

eliminated by natural selection in wild rats unless, perhaps, the thalamocortical oscillations underlying SWDs are 97 

beneficial for survival (e.g., for sensory processing or signal detection) despite possible accompanying 98 

behavioral disruption. To test this hypothesis, we performed chronic video/ECoG recording of wild-caught BN 99 

rats to search for any SWDs and their associated behavior. We compared these results to similar recordings of 100 

outbred BN rats, outbred LE rats commonly used in behavioral studies, and inbred WAG/Rij rats that have served 101 

as a model of absence epilepsy. 102 

Materials and Methods 103 

Ten wild Rattus norvegicus (5 male, 5 female; similar to Brown Norway “BN” rats) were trapped in Boulder, 104 

CO, at different locations separated by several miles, over roughly a year’s time during the Summer and Fall 105 

seasons when night time temperatures did not fall below 4°C. Traps were set in the evening (16:00 – 17:00 h) 106 

and checked at dawn (06:00 – 07:00 h). A total of 8 rats were captured along the Boulder Creek (3 on 11-June-107 

2017, 28-June-2017, and 30-Oct-2017 (map coordinates: 40°00’26.7”N 105°14’58.6”W), 4 on 15-June-2018 108 

(40°01’31.0”N 105°14’48.0”W), and 1 on 25-June-2018 (40°01’17”N 105°12’55.2”W))  and an additional 2 rats 109 

were captured on 13-Oct-2018 at the Western Disposal Service dump (5880 Butte Mill Rd, Boulder, CO 80301). 110 

All 10 wild rats were placed in quarantine for the duration of the study.  Health of the rats was assessed 111 

serologically and via PCR using the Idexx Radil Advantage Global health monitoring panel. Initially, 3 rats were 112 

treated for endo- and ecto-parasites prior to instrumentation for chronic video/ECoG recording, using a 113 



 
 

 5 

combination of Selamectin topically, 15mg @ D0 and D30, Droncit (praziquantel) 5mg/kq SQ, Metronidazole 114 

10mg/kg PO x 5d.  After considering the possibility that this treatment could influence our findings and 115 

conclusions about wild rats in relation to SWDs, we decided to withhold this treatment on all rats captured 116 

thereafter (n=7). However, since it was not possible to instrument rats in the wild, we could not assess or control 117 

for the potential influence(s) of the indoor environment and nutritional/dietary changes on SWDs.  While the age 118 

of the rats could not be determined, their weight (270.7±24.6 g) approximated that of 4 mo old commercially bred 119 

BN rats. For comparison to the wild rats, healthy young (4 mo old; n=6; 270.8±3.9 g) and older (10 mo old; n=6; 120 

368.3±10.5 g) male BN rats (Envigo, Indianapolis, IN), male (10 mo old) LE rats (n=5, Envigo, Indianapolis, IN) 121 

and inbred female WAG/RijCmcr (WAG/Rij) rats (10 mo old; n=6; Department of Comparative Medicine, Yale 122 

University School of Medicine, New Haven, CT) were also studied. Wild rats in quarantine, as well as the 123 

domestic BN, LE, and WAG/Rij rats, were housed under standard laboratory conditions in a temperature- and 124 

relative humidity-controlled (i.e., 20 ± 1 C and 40%, respectively) environment with a normal 12-h light-dark cycle. 125 

Sterile irradiated food and R/O water were available ad libitum. All procedures were performed in accordance 126 

with University of Colorado Institutional Animal Care and Use Committee guidelines for the humane use of 127 

laboratory rats in biological research. 128 

Surgery & Video/ECoG Recording 129 

Epidural stainless-steel screw electrodes (E363-20 Elect W – 3.2 mm screw, 20 mm length wire; Plastics 130 

One, Medical Design and Manufacture, Roanoke, VA) were implanted using aseptic surgical procedures. At the 131 

start of surgery rats were anesthetized with Isoflurane (2.5%; Fluriso, Isoflurane, USP, VETone, Boise, ID) gas 132 

anesthesia. A subcutaneous saline bolus (1 mL / 100 g; 0.9 % NaCl; Sterile Saline Solution, USP, VETone, 133 

Boise, ID) was administered, oxygen provided (2 L / min; Oxygen, Compressed USP, Airgas Healthcare, Airgas 134 

USA, LLC, Radnor, PA 19087), artificial eye lubricant applied (petrolatum ophthalmic sterile ointment; Puralube 135 

Vet Ointment, Dechra Veterinary Products, Overland Park, KS 66211), body temperature maintained with an 136 

electric heating pad, and life signs were monitored (heart rate and Sp/O2). A small longitudinal incision over the 137 

dorsal portion of the skull was then made (caudal to the eyes and rostral to the ears) effectively exposing the 138 

frontal and parietal bones (AP 4.0 mm to - 8.5 mm, ML ± 5.0mm from bregma). Fascia and blood was cleared 139 

from the skull and the surface allowed to dry (hemostasis achieved with ~1 mL of epinephrine dripped over the 140 
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area (1 mg/mL; Epinephrine, VETone, MWI, Boise, ID 83705)). Burr holes were drilled through the skull with 141 

care taken not to penetrate the meninges. From bregma, two electrode screws were placed over the approximate 142 

orofacial region of the somatosensory cortex (AP -2.0 mm, ML ± 4.0 mm), along with one reference electrode 143 

screw (AP 3.0 mm, ML 1.0 mm), one ground electrode screw (AP -7.5 mm, ML 4.0 mm), and two anchor screws 144 

(AP 3.0 mm, ML -1.0 mm; AP -7.5 mm, ML -4.0 mm). Electrode wires and a round six socket polyamide Electrode 145 

Pedestal (Plastics One) were cemented in place with a mixture of dental cement powder, dental liquid, and anti-146 

biotic powder (Uniprim, Macleod Pharmaceuticals, INC., Fort Collins, CO) (ratio of 1.8 g : 2 mL : 0.2 g, 147 

respectively), which was kept cool by continuously drizzling sterile saline (~23° C) over the dental cement head-148 

cap while it hardened. Rats received an intramuscular injection of Buprenex (0.05 cc/100 g; Buprenorphine 149 

Hydrochloride, Par Pharmaceuticals Companies, Inc., Spring Valley, NY) after completion of the surgery. Rats 150 

were given one week of recovery with soft food diet gel available (DietGel Recovery, Purified Dietary Supplement, 151 

Clear H20, Westbrook, ME) before video/ECoG recording began. For video/ECoG recording, animals were 152 

tethered to an electrode harness (Plastics One, 363) and slip-ring commutator (Plastics One, SL6C) permitting 153 

free movement for ECoG monitoring throughout the experiment. ECoG signals were amplified (x10,000), analog 154 

filtered (1-200 Hz band-pass), and digitized at 500 Hz. Recording was performed for 5-30 days. 155 

Supervised Pattern Recognition of SWDs 156 

Similar to our previous studies (Rodgers et al., 2015; Taylor et al., 2017), automated detection was used 157 

to quantify SWD events in the ECoG data. For a given rat, SWDs were visually identified, the peaks of 30-50 158 

spikes were digitally marked, and 1-s samples surrounding each peak were extracted (Fig. 2A) and averaged to 159 

construct an SWD spike template (Fig. 2B). The template was time-shifted by 2 ms increments in relation to 160 

several pre-identified SWD bursts (Fig. 2C) and the cross-covariance computed at each shift (Fig. 2D). A 161 

threshold was then visually set for the cross-covariance beyond which candidate SWD spikes were detected 162 

(Fig. 2D; black trace). Approximately 100 candidate spikes were extracted from EEG samples with known SWDs 163 

and those with representative noise (including slow-wave sleep) and artifact, and used to train a Support Vector 164 

Machine (SVM; Nandan et al., 2010; Orrù et al., 2012) to automatically discriminate between SWDs and noise. 165 

The trained SVM model for a given rat was then tested with raw data in that animal to visually identify and label 166 

correct and incorrect SWD identifications. These were used to train a second SVM model. The “two-stage” SVM 167 
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model was then used to extract SWDs in that animal for all subsequent recording. Finally, SWD burst lengths 168 

were computed by examining inter-spike intervals. Spikes with intervals < 1 s were considered to be part of the 169 

same burst, to account for waxing and waning of SWD amplitude within bursts (where the SVM may skip several 170 

spikes due to low amplitude). Additionally, spikes with intervals < 66 ms were rejected to eliminate artifacts due 171 

to multiple triggering on the same spike (SWD frequencies are typically 7-10 Hz, so the 66 ms interval threshold 172 

set a maximum of 15 Hz beyond which spikes were rejected).  173 

Power Spectrum Modeling 174 

 To compare the spectral frequency distribution of SWDs between rats and strains, power spectra of 1-s 175 

samples identified with SVM were computed using a Welch transform and averaged across approximately 100 176 

SWDs for a given rat (MATLAB Signal Processing Toolbox, MathWorks, Natick, MA). 177 

Diurnal Rhythmicity of SWD Spikes 178 

To examine differences in SWDs during lights-on versus lights-off periods, we first computed spike counts 179 

during SWDs (irrespective of burst lengths) across a 24 h period (in 30 m bins), accumulating results over multi-180 

day epochs for each rat. All data were scaled (range = 0-100), since there were substantial differences in overall 181 

spike counts between rats. Scaling data prevented rats with large spike counts from dominating the results. 182 

Counts were then averaged across the lights-on (06:00 – 18:00 h) versus lights-off (18:00 – 06:00 h) periods. 183 

We also examined diurnal changes in SWDs by summing spike count across 24 h and expressing counts 184 

for each 30 m bin as the per cent of this total, separately for each rat. We refer to “diurnal” as opposed to 185 

“circadian" because we did not examine the relative influence of endogenous versus environmental (i.e. light-186 

dark, feeding, etc.) factors.  Results were averaged across rats within each strain. Single Component Cosinor 187 

analysis (Refinetti et al., 2007) was then used to examine possible diurnal rhythms in the SWD spike counts. 188 

This simple method is common in analysis of diurnal and circadian rhythms and consists of fitting a single cosine 189 

curve with a 24-h period to the data. The phase of the maximum in relation to a fixed reference time (midnight 190 

or 0 h) is known as the “acrophase” or “center of gravity” (COG) and gives information concerning the relative 191 

timing of diurnal rhythmicity for comparison between animals.  192 

Diurnal Rhythmicity of Movement 193 
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 Motion across successive frames of video (recorded simultaneously with the ECoG) were quantified 194 

using the Lucas-Kanade method of optical flow analysis (Barron et al., 1994; MATLAB Computer Vision System 195 

Toolbox, MathWorks, Natick, MA). Optical flow is a method of motion detection that generates motion vectors in 196 

relation to orderly pixel displacements from one video frame to the next (stationary objects result in no pixel 197 

displacement). With a camera calibrated for pixels per meter displacement and known distance of objects, the 198 

motion vectors reveal exact distances traveled over time (frame-rate) and thus exact velocity. While all of our 199 

rats were at a fixed distance from the video cameras with the same resolution and the same frame-rate, the 200 

cameras themselves were not calibrated. Optical flow magnitudes were therefore scaled (range = 0-100) for 201 

each rat. Similar to our analysis of SWD spiking, continuous optical flow magnitudes were divided into 30 m bins 202 

across each 24 h period and averaged over multi-day epochs for each rat. Differences in motion during lights-203 

on (06:00 – 18:00 h) versus lights-off (18:00 – 06:00 h) periods were determined by averaging optical flow within 204 

each period. Diurnal changes in motion for each rat were then computed for each 30 m bin throughout the day 205 

as the per cent of total daily flow magnitude.  206 

Movement During SWD Bursts 207 

 Motion during and between SWD bursts was also quantified from the optical flow of video records 208 

recorded simultaneously with ECoG. Fifty blocks (30 m each) of video/ECoG data that contained at least 1 clear 209 

SWD burst were examined in each rat. For each block, segments during and between SWD bursts were visually 210 

identified and marked for subsequent analysis. Visual identification was used instead of automated SWD 211 

detection because it more precisely identified the burst and inter-burst intervals, particularly against a noisy back 212 

ground. Optical flow magnitudes during and between corresponding bursts (Fig. 9) were scaled (range = 0-100) 213 

across all extracted data for a given rat and then separately averaged. 214 

Ethosuximide Pharmacology 215 

One hour prior to lights-off (17:00 h), rats were given one dose of ethosuximide (ETX) (100 mg/kg, E7138, 216 

Sigma-Aldrich) dissolved in saline (0.9 % NaCl) and injected intraperitoneally. The wild rats (and only the wild 217 

rats) were briefly anesthetized with isoflurane (2.5 %) twice:  once when transferred (~10-15 s anesthetized) 218 

from the home-cage to recording chambers (Deep Rock water jug; 26.5 cm (Dia.) x 30 cm (H)) and once during 219 

injection (~60-90 s anesthetized) due to handling difficulties (wild rats were liable to flee or become aggressive 220 
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towards the experimenter immediately upon opening their cage). Recording began after observing recovery from 221 

anesthesia (i.e., the rat was balanced and coordinated in voluntary movement and responsive to sound (hand-222 

clap)), which happened within 2-4 minutes. To avoid possible residual effects of the anesthesia and allow for an 223 

accurate comparison to the domestic rat groups (which were not anesthetized prior to injection or cage transfer), 224 

the first 30 minutes of video/ECoG data for all rat groups was excluded from analysis. Video/ECoG data were 225 

recorded for 72 h (broken into 24-h segments of baseline, ETX, and recovery). The number of seconds of SWDs 226 

was counted and summed for each half-hour of video/ECoG data, which was then averaged for each condition 227 

and normalized to baseline SWD values. Ethosuximide plasma concentrations tend to peak at ~2 h after injection 228 

and steadily decline thereafter, as such, the first 6 h (starting at 17:30 h) of each condition was selected for 229 

analysis (Mifsud et al., 2001).    230 

Statistical Analysis 231 

All results are expressed as mean ± SEM. One- and two-way analysis of variance (ANOVA) was used to 232 

determine significant within-subject’s effects between factors. Post-hoc comparisons (Student’s t-test with a 233 

Bonferroni correction for multiple comparisons) were conducted to follow-up significant overall ANOVAs. Data 234 

were analyzed using the MATLAB Statistics and Machine Learning Toolbox (MathWorks, Natick, MA), and for 235 

circular functions (e.g., time of day), a circular statistics toolbox designed for MATLAB was used (Berens, 2009). 236 

In all cases, statistical significance was set at p ≤ 0.05.  237 

Terminology 238 

Here and elsewhere, an “SWD burst” or “burst” is defined as an epoch of continuous spike-wave 239 

discharge. Bursts can have different durations, and the number of bursts of different durations or the total number 240 

of bursts is reflected in the burst counts per day. In contrast, the terms “SWD spikes” or “spike counts” are used 241 

to define the number of spikes during all bursts for a given rat or condition. Infrequent and/or short SWD bursts 242 

will have lower spike counts than frequent and/or long bursts. 243 

Results 244 

SWDs in the Raw ECoG  245 

Of the 10 wild rats, 9 displayed spontaneous SWD bursts in their ongoing, continuously recorded 246 

video/ECoGs, typically with a duration of 0.5 - 1 s (Fig. 1A), but also with bursts >1 s (Fig. 1B). SWD bursts that 247 
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contained <3 spikes were rejected (e.g. Fig. 1A; arrows). Of the 6 weight-matched BN rats (4 mo old), 3 had no 248 

SWD bursts and the other 3 had very few and short SWD bursts (Fig. 1C). This group was therefore not subjected 249 

to further analysis. For the older BN rats (10 mo old), 5 of 6 displayed numerous short SWD bursts (Fig. 1D), 250 

similar to the wild rats, along with infrequent longer bursts (Fig. 1E). In addition to short bursts, the 5 LE (Fig. 1F) 251 

and 6 WAG/Rij (Fig. 1I) rats had longer bursts of several seconds (Figs 1G and 1J, respectively), the main 252 

distinction of these later groups compared to both the wild and BN rats were the presence of much longer bursts, 253 

often extending over 10 s duration (Figs 1H and 1K, respectively).  254 

SWD Power Spectra 255 

SWD features in the raw ECoG were quantified using pattern recognition (Fig. 2) to extract all recorded 256 

bursts in a given animal (described in Methods). SWD bursts in our wild rats displayed a distinct frequency 257 

spectrum (common to SWDs reported for most outbred and inbred rats) due to the quasiperiodic waveform, with 258 

a fixed fundamental frequency peak in the range of 7-10 Hz, and peaks at whole harmonics of this fundamental 259 

frequency (Van Hese et al., 2003, 2009; Shaw, 2004; Sitnikova et al., 2009; Rodgers et al., 2015; Taylor et al., 260 

2017). Figure 3A (blue trace) shows an example of spectral analysis in a wild rat, averaged across all SWD 261 

bursts, with a fundamental frequency of 7.5 Hz and prominent harmonic peaks at approximately 15 and 22.5 Hz. 262 

This spectral signature was due to the repeating “spike” component of the waveform. In this example, the 263 

averaged power spectrum was plotted in mV instead of mV2 for amplitude comparison to the corresponding 264 

averaged SWD time series (Fig. 3B; blue trace) with typical spike and wave components. We then smoothed the 265 

spectral coefficients to preserve the fundamental frequency but attenuate the harmonic components (Fig. 3A; 266 

red trace) and performed an inverse Fast Fourier Transform (FFT) to recreate the remaining time series. As can 267 

be seen in Figure 3B, the recreated waveform without spectral harmonics appeared as a simple sinusoidal wave 268 

(red trace) without the characteristic spike of the SWD complex (blue trace), that distinguishes it from sleep 269 

spindles and other typical brain oscillations (e.g. alpha, mu and theta rhythms) which may be of similar frequency 270 

but of sinusoidal wave morphology with no spikes. The fundamental frequency of SWDs in wild rats (7.5±0.22 271 

Hz) was similar to the BN, LE, and WAG/Rij groups (9.1±0.21 Hz, 8.5±0.4 Hz, and 9.6±0.19 Hz, respectively; 272 

Fig. 4). However, while frequency differences between strains were small, one-way ANOVA indicated a main 273 

effect of strain (F(3,18)=12.74: p<0.001). Wild rats were approximately 1.5 Hz slower than BN and WAG/Rij rats 274 
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(p=0.003 and 0.006, respectively). There were no other significant differences in fundamental frequencies 275 

between the strains. 276 

SWD Burst Rates and Durations 277 

Figure 5 shows SWD burst rates (bursts/day) as a function of duration for wild, BN, LE, and WAG/Rij rats. 278 

SWD burst rates and durations appeared similar between wild and BN rats (Fig. 5A&B) and less frequent and 279 

shorter than the LE and WAG/Rij rats, which had more bursts/day and more bursts of duration >2.0 s (Fig. 5C&D; 280 

arrows). Figure 5E summarizes the similarities and differences in average SWD burst durations and burst rates 281 

between groups. Wild (dashed red) and BN (solid red) rats were similar in both burst duration and rate. LE 282 

(dashed blue) and WAG/Rij (solid blue) were also similar, with longer and more frequent SWD bursts than the 283 

wild and domestic BN rats. One-way ANOVA of SWD burst rates revealed a main effect of strain 284 

(F(3,17)=137.82: p<0.001).  Average rates for wild rats (198.7±83.5 bursts/day) did not differ from BN rats 285 

(281±48.9 bursts/day) but were significantly less than both LE (2683.1±174.6 bursts/day) and WAG/Rij 286 

(3380±180.3 bursts/day) rats (p<0.001 for both). Rates for BN rats were also significantly less than both LE and 287 

WAG/Rij rats (p<0.001 for both), whereas rates did not differ between LE and WAG/Rij animals. One-way 288 

ANOVA of SWD burst durations also revealed a main effect of strain (F(3,17)=20.53: p<0.001). Paired 289 

comparisons were similar to those for rates. Average durations for wild rats (1.25±0.010 s) did not differ from BN 290 

rats (1.34±0.016 s) but were significantly shorter than both LE (2.28±0.014 s) and WAG/Rij (2.64±0.015 s) rats 291 

(p<0.001 for both). Durations for BN rats were also significantly shorter than both LE and WAG/Rij rats (p=0.046 292 

and 0.012, respectively). Again, burst durations did not differ between LE and WAG/Rij animals. 293 

To further compare the distributions of SWD burst rates and durations between strains, we replotted the 294 

data of Figure 5 as a cumulative probability distribution (the probability a given SWD burst is ≤ a specified 295 

duration) in Figure 6. A two-sample Kolmogorov-Smirnov test of equality between distributions (K-S test; Massey, 296 

1951) indicated that the distribution of durations for wild rats did not significantly differ from the BN rats 297 

(D(12)=0.5: p=0.36), but differed from both the LE and WAG/Rij rats (D(12)=0.75: p=0.005, for both). Differences 298 

between distributions of BN and LE rats did not reach significance (D(12)=0.58: p=0.114) but did for WAG/Rij 299 

(D(12)=0.75: p=0.028) rats. LE and WAG/Rij rats did not significantly differ (D(12)=0.16: p=1.0). 300 

Diurnal Rhythmicity of SWDs and Associated Movement 301 
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An established feature of SWDs in inbred rat strains is diurnal rhythmicity (Van Luijtelaar and Coenen, 302 

1988; Faradji et al., 2000; Smyk et al., 2011). To find out if wild rat SWDs displayed a diurnal rhythm, we analyzed 303 

continuous video/ECoG recording for up to 30 days. All rat groups, including wild rats, displayed increased SWD 304 

spike counts (averaged across days) during lights-off compared to lights-on (Fig. 7A). Two-way ANOVA with one 305 

factor representing lights-on versus lights-off and the other factor representing strain, revealed a main effect of 306 

light condition (F(1,38)=74.89: p<0.001) and no significant effect of strain or light-strain interaction. Scaled spike 307 

counts for wild rats were nearly double during lights-off (43.87±5.49) compared to the lights-on (18.00±4.21; 308 

p=0.002), a pattern that was similar to BN, LE, and WAG/Rij rats during lights-off (52.86±3.72, 57.55±3.04, and 309 

62.93±2.94, respectively) compared to lights-on (32.01±4.47, 27.21±4.63, and 35.56±3.32; p=0.038, 0.003, and 310 

0.001, respectively). 311 

To quantify the relative amount of motion during light and dark periods, we derived optical flow from 312 

successive frames of associated video captured during ECoG recording. All rats, including wild rats, showed 313 

greater motion during lights-off than lights-on (Fig. 7B). This was reflected in two-way ANOVA showing a main 314 

effect of light condition (F(1,38)=472.67: p<0.001). Pairwise analysis of motion in wild, BN, LE, and WAG/Rij rats 315 

indicated significant increases during lights-off (77.23±3.13, 53.31±1.85, 58.38±4.09, and 50.64±3.03, 316 

respectively) compared to lights-on (15.21±1.60, 12.39±0.89, 30.69±2.52, and 18.34±2.18%; p<0.001, <0.001, 317 

=0.013, and <0.001, respectively). There was also a main effect of strain (F(3,38)=14.49: p<0.001) and 318 

interaction between light and strain (F(3,38)=18.8: p<0.001). Movement differences between lights-off and lights-319 

on were greater for wild rats (62.02±3.12) compared to BN and LE rats (40.01±1.48 and 27.68±4.37; p=0.001 320 

and <0.001, respectively). Differences were also greater for BN rats compared to WAG/Rij rats (p=0.029). 321 

To obtain a more detailed view of diurnal rhythmicity to SWD spike counts and motion, we averaged 322 

SWD spike counts and associated optical flow over shorter duration 30-minute periods throughout the day and 323 

plotted this for each period as the percent of the daily total (Fig. 8). Cosinor analysis of the resultant SWD spike 324 

counts in wild rats showed that with a period length of 24 h, both one and two cosines (Fig. 8A; red and black, 325 

respectively) fit the data. The two-cosine fit was closer to the actual shape of diurnal variation in this example, 326 

however, a single cosine fit permitted calculation of the COG (red arrow), facilitating temporal comparisons 327 

between strains. As noted by others (Díez-Noguera, 2013), the COG, while approximate, is the best parameter 328 
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of the overall “temporal center”, even in cases where the data do not tightly fit a single cosine. In wild rats, the 329 

COG corresponded to maximum SWD spike count at a mean time of 21:09±0.51 h (Fig. 8A; arrow). The peak 330 

SWD spike count was during darkness, several hours after lights-out, compared to motion (Fig. 8B) which was 331 

several hours later at 00:17±0.35 h (p<0.001).  332 

Diurnal rhythmicity of SWD spike-rates in other groups mirrored that recorded in wild rats. The COG for 333 

SWD spike-rates occurred near the beginning to middle of the lights-out period for BN, LE, and WAG/Rij rats 334 

(Fig. 8C; 20:34±00:32, 23:90±00:19, and 21:20±00:19 h, respectively). However, there was a small but significant 335 

difference in the COG between groups (F(3,24)=8.9: p<0.001). This was due to an approximately 3-h delay in 336 

LE rats compared to the wild, BN, and WAG/Rij rats (p=0.018, 0.003, and 0.018, respectively). There were no 337 

differences in diurnal timing of SWD spike-rates in the other groups. The COG for motion also occurred near the 338 

beginning to middle of the lights-out period for BN, LE, and WAG/Rij rats (Fig. 8D; 23:08±00:08, 22:83±00:46, 339 

and 20:83±00:04 h, respectively). There was a significant difference in the COG for motion between groups 340 

(F(3,24)=14.89: p<0.001). These differences were greater than for SWDs and significant for wild-BN, wild-341 

WAG/Rij and BN-WAG/Rij (p=0.003, <0.001 and <0.001, respectively). While the average COGs for both SWDs 342 

and motion occurred near the beginning to middle of the lights-out period for both SWDs and motion, shifts in 343 

the diurnal timing of maximum SWD spike-rates did not correlate to the timing of peak motion (r=-0.008, p=0.97). 344 

SWDs and Immobility 345 

Cosinor analysis indicated a peak in SWD spike-rates during the active dark period but was not of 346 

sufficient temporal resolution to establish whether rats were nonetheless immobile during the brief SWD events. 347 

Figure 9A shows an example of changes in optical flow (blue trace) in relation to 7 successive SWD bursts (red 348 

trace) over several minutes in a WAG/Rij rat. It was clear that movement only occurred between bursts and the 349 

rat remained immobile during the bursts. The first 4 bursts showed a distinct cessation of movement at burst 350 

onset. The sudden transition from movement to immobility during SWDs appeared as “behavioral arrest” where 351 

ongoing activity was suddenly interrupted during the burst. However, this depended on whether there was 352 

ongoing activity when the SWD occurred. Often our chronically recorded rats showed low activity levels prior to 353 

SWD bursts, resulting in no transition to immobility during the bursts (Fig. 9A; 5-7). Figure 9B shows a similar 354 
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example for a wild rat. While the first SWD burst suggested behavioral arrest, the subsequent 4 bursts revealed 355 

only prolonged immobility, recovering after the fifth burst. 356 

Therefore, the most consistent behavioral feature associated with SWDs appeared to be immobility, 357 

whether or not this was preceded by ongoing activity. To quantify immobility during SWD bursts, we averaged 358 

optical flow from video segments defined by the exact onset and termination of each SWD burst (Fig. 9; dotted 359 

traces). Instead of comparing this to optical flow in the seconds just prior to each burst, which was highly variable, 360 

we compared it to the optical flow magnitude averaged across the inter-burst intervals (Fig. 9; dashed traces).  361 

As shown in Figure 9C, there was almost no movement in wild, BN, LE, and WAG/Rij rats during SWD 362 

bursts compared to the movement during inter-burst intervals. Two-way ANOVA revealed significant differences 363 

between movement during SWD versus inter-burst intervals (F(1,36)=53.3: p<0.001) but no main effect of strain 364 

or interaction. Optical flow for wild rats was nearly 10-fold higher between SWD bursts (Fig. 9C; No-SWD; 365 

53.34±5.78) compared to during SWD bursts (Fig. 9C; SWD; 6.47±0.72; p=0.02), a pattern that was similar to 366 

BN, LE, and WAG/Rij rats between bursts (51.82±4.10, 64.34±1.33, and 43.84±3.47, respectively) compared to 367 

during SWD (1.64±.54, 2.84±0.46, and 3.70±0.74; p=0.001, <0.001 and <0.001, respectively). 368 

Ethosuximide Pharmacology 369 

ETX administration had a suppressive effect on SWDs in wild, BN, LE, and WAG/Rij rats (Fig. 10), 370 

indicating equivalent pharmacosensitivity of SWD bursts across strains. Two-way ANOVA revealed a significant 371 

main effect of ETX (F(2,54)=138.63: p<0.001), no main effect of strain but a significant interaction between ETX 372 

and strain (F(6,54)=4.3: p=0.0056). SWD rates in the 6 h following ETX injection were significantly reduced 373 

compared to the pre- and post-injection periods (p<0.001 in all groups). The interaction between ETX and strain 374 

was due to slight but significantly higher post-ETX SWD rates in LE rats compared to wild animals (p=0.045).  375 

Discussion 376 

Comparison of SWD Events in Wild-Caught Rats to Outbred and Inbred Strains. 377 

Spectral Characteristics. SWD spectra in wild rats mirror absence-like seizures in WAG/Rij rats and similar 378 

events in outbred rats. The center frequencies  (7-9 Hz) are similar to those reported by others in WAG/Rij 379 

(Coenen and van Luijtelaar, 2003) and GEARS (Vergnes et al., 1991) rats. Fourier analysis also reveals that 380 

SWDs in wild rats are distinguished from other EEG waveforms by the quasiperiodic spike-wave morphology, 381 
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with the repeating spike resulting in spectral harmonics at multiples of the fundamental frequency. This particular 382 

characteristic was also present in our WAG/Rij, outbred BN, and  LE rats, and in other inbred and outbred rats 383 

(Shaw, 2004, 2007; Meeren et al., 2009; Sitnikova et al., 2009; Taylor et al., 2017). It so uniquely identifies SWDs 384 

in GAERS rats that harmonic analysis by itself has been effectively used for automated detection of SWDs (Van 385 

Hese et al., 2003, 2009). Based on spectral analysis, we conclude that the electrographic SWD signatures we 386 

found in wild rats are a highly similar phenomenon to those found in outbred BN and LE rats and in inbred 387 

WAG/Rij rats. 388 

Sleep Spindles. These spectral characteristics have also been used to distinguish SWDs from sleep spindles, 389 

which are sinusoidal with only a single peak at the fundamental frequency (typically 9-15 Hz) (Meeren et al., 390 

2009; Sitnikova, 2017). SWDs rates also increase during the dark period, when nocturnal animals are awake 391 

and active. Previous reports have noted a diurnal rhythmicity of SWDs in WAG/Rij rats, with a peak of 2-6 h after 392 

lights-out (Van Luijtelaar and Coenen, 1988), similar to our maximum SWD rates (3-6 h after lights-out). SWDs 393 

peak at about the same time as the maximum activity level (Fig. 8C&D) suggesting they are associated with 394 

wakefulness, as noted by others for WAG/Rij rats (Drinkenburg et al., 1991; Marescaux et al., 1992; Smyk et al., 395 

2011).  396 

Immobility.  Immobility of WAG/Rij and GAERS rats is closely time-locked to the onset and duration of the SWD 397 

bursts (Vergnes et al., 1991; Marescaux et al., 1992; Coenen and van Luijtelaar, 2003). Such immobility has 398 

typically been considered “behavioral interruption” accompanying SWDs, suggesting non-convulsive seizures 399 

characterizing human absence epilepsy. Optical flow during SWDs shows a highly significant decline - essentially 400 

no detectable movement – in all rat strains studied here. As such, it is tempting to state that the SWDs seen in 401 

our four groups of rats are absence seizures, as evidenced by the lack of mobility paired with their occurrence. 402 

However, a sudden transition from mobility to immobility is only observed with SWD bursts embedded within 403 

ongoing activity. We propose that the term ‘immobility’ better describes SWD-related behavior than ‘behavioral 404 

interruption’.  405 

Ethosuximide. ETX has a powerful attenuating effect on SWDs in inbred rat models of absence epilepsy 406 

(Terzioglu et al., 2006; Shaw, 2007; Taylor et al., 2017). Our results indicate that SWDs in wild rats share a 407 

similar pharmacosensitivity to ETX seen in both inbred and outbred rat strains. This, however, does not prove 408 
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that the SWDs in wild rats (or domesticated inbred/outbred rats) are seizures (absence or other); rather, it 409 

suggests that the molecular and electrophysiological mechanism(s) responsible for SWDs are shared and 410 

preserved despite differences in strain, breeding methods, and environmental origins. 411 

Burst Duration and Rate. The only distinguishing feature of SWD bursts in wild rats compared to both LE and 412 

WAG/Rij rats is shorter (<2-3 s) and fewer bursts per day. One explanation for this difference could be that the 413 

wild rats were younger and therefore produced fewer and shorter SWD bursts, since age-related increases in 414 

SWDs are widely recognized (Coenen and van Luijtelaar, 1987; Pearce et al., 2014; Rodgers et al., 2015). 415 

However, a more likely explanation is that the difference is strain related. Outbred BN rats, age matched (10 mo) 416 

to both the LE and WAG/Rij animals, also have significantly fewer and shorter bursts and are nearly identical to 417 

our wild rats. This result is consistent with that of Inoue and colleagues (Inoue et al., 1990) who found a 10-fold 418 

increase in number, and 5-fold increase in the duration, of SWD bursts in WAG/Rij compared to BN rats. The 419 

fact that our wild and outbred BN rats have the same burst durations and rates suggests that commercial 420 

breeding, and associated environmental differences such as diet, caging, handling, etc., has a negligible effect 421 

on SWDs compared to those in the wild. It also suggests that the order-of-magnitude increases in SWD duration 422 

and rate in WAG/Rij absence epilepsy rats is due not just to inbreeding but to strain, since these were similar to 423 

outbred LE rats. 424 

Are SWDs Absence Seizures or Normal Brain Rhythms? 425 

Our findings in wild rats would be surprising if SWDs reflected absence epilepsy, and run counter to 426 

expectations for natural selection.  Selective inbreeding has been used to not only increase the incidence of 427 

SWDs in GAERS rats, but also to completely eliminate them in a control strain of Wistar rats (Marescaux et al., 428 

1992). One would expect that natural selection would similarly eliminate SWDs in wild rats if they are absence 429 

seizures. We therefore conclude that, in wild rats, SWDs are not seizures but are instead normal brain rhythms 430 

(e.g. alpha, mu, or theta rhythms) as proposed by others (Semba and Komisaruk, 1984; Kaplan, 1985; Wiest 431 

and Nicolelis, 2003; Shaw, 2004). Furthermore, there are no significant differences on any measured parameter 432 

between SWDs in wild vs outbred BN rats; domestication does not alter SWDs in this strain. Therefore, we 433 

conclude that SWDs are not only normal brain rhythms in the wild, but also presumably in outbred BN rats. 434 

Finally, the only significant differences between SWDs of BN vs LE rats were burst durations and rates of 435 
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occurrence.  Yet, these differences appeared to be strain related, and thus do not represent a difference between 436 

normal brain rhythms and absence epilepsy.  We propose that SWDs in LE rats, and commonly observed in 437 

other outbred rat strains used for neuroscience research (Pearce et al., 2014), do not reflect absence seizures 438 

or a major confound for behavioral studies. Finally, the close similarity between SWDs in LE vs WAG/Rij rats 439 

also calls into question whether inbred rats definitively model absence epilepsy.  440 

As a model of human absence seizures, SWDs in inbred rats have been considered to have face validity 441 

in that they display simultaneous “clinical” signs of “behavioral arrest” and apparent decreases in responsiveness. 442 

SWDs can also be blocked by arousal or mental activities, and are heritable - like human absence epilepsy 443 

(Coenen and van Luijtelaar, 2003). These features, however, might be equally expected if SWDs are associated 444 

with normal behavior, such as focused sensory attention, which could be promoted through selective and/or 445 

natural breeding. In human absence epilepsy, the discharges are substantially slower (classically, “3-Hz spike 446 

and wave”). Additionally, human absence is typically a juvenile disorder that resolves with age, whereas rat 447 

SWDs have not usually been detected until early adulthood and become more prominent with age. Rodent SWDs 448 

might still have some predictive validity since they are suppressed by the human absence drug, ETX, a result 449 

interpreted as evidence that these discharges are models for absence seizures. However, it is more likely that 450 

ETX simply affects certain thalamocortical rhythms, of which human absence seizures are one. Based on our 451 

electrophysiological, behavioral, and pharmacological data, we cannot conclude that SWDs in any of our rats 452 

are pathological brain rhythms. 453 

The need for valid control studies of SWDs in rats reared in their natural habitat (Kadam et al., 2017) is 454 

also essential for judging the epileptic versus non-epileptic nature of similar oscillations reported for rat models 455 

of post-traumatic (non-genetic) epilepsy. This includes a model of post-traumatic epilepsy based on fluid 456 

percussion injury (D’Ambrosio and Miller, 2010; Dudek and Bertram, 2010; Reid et al., 2016), two models of 457 

pediatric epilepsy based on hyperthermia-induced seizures (Dubé et al., 2006), and hypoxia-induced seizures 458 

in immature rat pups (Rakhade et al., 2011) that have received scrutiny due to the presence of these ECoG 459 

patterns in control (uninjured) rats (Dudek et al., 2010; Pearce et al., 2014; Rodgers et al., 2015). 460 

Future Directions 461 
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SWDs and immobility are not definitive signs of epileptic seizures in either inbred or outbred rat strains. 462 

An objective and quantitative marker for the transition from normal to epileptic SWDs does not exist. Yet, 463 

associated impairment of consciousness is arguably the most important criterion to meet when diagnosing 464 

human absence epilepsy (Panayiotopoulos, 2001), and recent human evidence indicates that the extent of 465 

impairment can vary between seizures and subjects (Blumenfeld, 2005, 2012). While we have not succeeded in 466 

demonstrating impairment of consciousness during SWDs in outbred or inbred rats (Taylor et al., 2017), the 467 

present data suggest this is an essential direction for future development and validation of absence models in 468 

rodents. Perhaps the greatest challenge here will be discerning actual impairment of consciousness, in cases 469 

where SWDs may reflect absence seizures, from attentional shifts that would be expected if SWDs are instead 470 

integral to normal behavior (Wiest and Nicolelis, 2003).   471 
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Figure 1. Ten-second samples of raw ECoG data with SWD bursts of different durations found in five individual 575 

rats from the five groups of rats studied. All SWD bursts are highlighted in red (detected automatically by a 576 

Support Vector Machine (SVM) and confirmed by visual analysis). Examples of spikes or SWD bursts which did 577 

not reach SVM threshold recognition or duration are indicated with arrows (A). A and B) SWDs from a wild-578 

caught (Wild) Brown Norway rat, which ranged from 0.5 – 1 s (A) and occasionally >1 s (B). C) Short (<1 s) SWD 579 

bursts (longer bursts were not observed) in a 4-month-old laboratory Brown Norway (BN) rat. D and E) A 10-580 

month-old laboratory BN rat with SWD bursts between 1 and ~4 s is shown. In F, G, and H a 10-month-old Long 581 

Evans (LE) rat and in I, J, and K a 10-month-old WAG/Rij rat present with SWD bursts ranging from short (<1 582 

s) to long (>10 s) bursts. 583 

Figure 2. Example of how SWD bursts were automatically detected using an SVM in conjunction with a manually 584 

set threshold. A) Thirty time-aligned SWD bursts (light) traces in one rat with a superimposed average (dark 585 

trace) of these traces. B) The averaged SWD (spike and wave labeled) was then used as a template and shifted 586 

in 2 ms increments in relationship to the raw ECoG (C). D) At each increment, the cross-covariance between 587 

template and ECoG was computed (red trace). A manually set threshold was determined to separate SWD 588 

spikes from noise. The peak of spikes crossing this threshold (black trace) identified candidate SWDs spikes for 589 

SVM analysis.  590 

Figure 3. An example of the temporal and spectral features of SWD bursts in a wild rat. A) The averaged power 591 

spectrum of one rat (blue trace; plotted as mV instead of mV2 for direct comparison to the amplitude of associated 592 

time series) revealed harmonic peaks at 7.5 Hz, 15 Hz, and 22.5 Hz. When smoothed to attenuate harmonics, 593 

only the fundamental frequency of 7.5 Hz remained. B) An inverse FFT of the smoothed spectrum resulted in a 594 

simple sinusoidal waveform (red trace) reflecting the wave component of the SWD without the spike component 595 

(blue trace).  596 

Figure 4. Frequency spectrum of SWD bursts in wild-caught (Wild; n=9), BN (n=5), LE (n=5), and WAG/Rij (n=6) 597 

rats. In each graph, the light blue traces denote the frequency spectrum for individual rats which together 598 

produced an average frequency spectrum for the group (red trace). A) Wild rats had a center frequency peak at 599 
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7.5 Hz, along with harmonic peaks at 15 Hz and 22.5 Hz in their average frequency spectrum. B, C, and D) 10-600 

month-old BN, LE, and WAG/Rij rats average frequency spectrums displayed center frequency peaks at 9.1 Hz, 601 

8.5 Hz, and 9.6 Hz, respectively and associated harmonics. Comparison of average center frequencies revealed 602 

wild rats were ~1.5 Hz slower than BN and WAG/Rij rats (p=0.003 and 0.006, respectively). There were no other 603 

significant differences in fundamental frequencies between the strains.  604 

Figure 5. SWD burst rates per burst duration in wild-caught (Wild; n=9), BN (n=5), LE (n=5), and WAG/Rij (n=6) 605 

rats. A) Wild rats averaged 198.7±83.5 s bursts per day, the majority of which were between 0.5 – 1s long 606 

(1.25±0.010 s). B) 10-month-old BN rats averaged 281±48.9 s SWD bursts per day, which were largely 607 

comprised of short 0.5 s long bursts (1.34±0.016 s) but ranged up to 3 or 3.5 s long bursts. No significant 608 

differences were found in SWD burst rates or durations between wild and BN rats. C and D) 10-month-old LE 609 

and WAG/Rij rats displayed significantly higher average burst rates (2683.1±174.6 and 3380±180.3 bursts/day, 610 

respectively) compared to wild and BN rats (p<0.001 for both comparisons), but did not significantly differ from 611 

each other. Average burst durations for LE  (2.28±0.014 s) and WAG/Rij (2.64±0.015 s) rats did not significantly 612 

differ, but were significantly longer than wild (p<0.001 for both comparisons) and BN (p=0.046 and 0.012, 613 

respectively) rats. E) Diagram showing the similarities and differences in average SWD burst rates and burst 614 

durations between groups. Wild (dashed red) and BN (solid red) rats were similar in both burst rate and duration. 615 

LE (dashed blue) and WAG/Rij (solid blue) were also similar, with more frequent and longer SWD bursts than 616 

the wild and domestic BN rats. 617 

Figure 6. Cumulative probability distributions of SWD burst rates and durations in A) wild-caught (Wild; n=9), B) 618 

BN (n=5), C) LE (n=5), and D) WAG/Rij (n=6) rats. A two-sample Kolmogorov-Smirnov test indicated that the 619 

distributions of wild and BN rats did not differ (p=0.36). Nor were there significant differences in the distributions 620 

of LE and WAG/Rij rats (p=1.0). However, wild rats differed significantly from both LE and WAG/Rij rats (p=0.005 621 

in both cases). The distribution of BN rats also differed from WAG/Rij rats (p=0.028) but did not reach significance 622 

when compared to LE rats (p=0.114). 623 

Figure 7. Relationship between SWDs/motion and light cycles in wild-caught (Wild; n=9), BN (n=5), LE (n-5), 624 

and WAG/Rij (n=6) rats. A) Spike counts (spikes within SWD bursts; scaled to a range of 0-100 in each rat) 625 
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which occurred during lights-on and lights-off (12-h light-dark cycle) over the period of chronic recording (5-30 626 

days). The wild rats were found to have higher spike counts during lights-off than on (43.87±5.49 and 18.00±4.21, 627 

respectively; p=0.002). The 10-month-old BN, LE, and WAG/Rij rats also displayed higher spike rates during 628 

lights-off (52.86±3.72, 57.55±3.04, and 62.93±2.94, respectively) than on (32.01±4.47, 27.21±4.63, and 629 

35.56±3.32, p=0.038, 0.003, and 0.001, respectively). B) Relative motion while being chronically recorded via 630 

video/ECoG during lights-on and off. This was determined by the magnitude of optical flow recorded by the 631 

camera observing a given rat (again, scaled to a range of 0-100). All rat groups moved significantly more during 632 

lights-off than on (p<0.001, <0.001, =0.013, and <0.001, respectively). 633 

Figure 8. Diurnal rhythmicity of SWD spikes and motion found from chronic video/ECoG recording (5-30 days). 634 

Cosinor analysis of SWD spike rates and motion were fit with cosine waves with a period length of 24 hours for 635 

wild-caught (Wild; n=9), BN (n=5), LE (n=5), and WAG/Rij (n=6) rats. The lights-off period is grey (or shaded) 636 

and lights-on is white, for each graph. A) SWD spike-rates occurring over a 24 h period in wild rats (blue dots) 637 

are shown with fits of 1 (red) and 2 (black) cosine waves. While a 2-cosine fit more closely resembled the shape 638 

of diurnal variation in this example, the single cosine fit permitted calculation of COG, which is the best reflection 639 

of the overall temporal center. The COG indicated a maximum peak at 21:09±00:31h (during lights-off, red 640 

arrow). B) Wild rat motion (derived from optical flow analysis) had a maximum peak at 0:17±00:21 h (red arrow) 641 

during lights-off. C) Superimposed cosine waves for SWD spike-rates for each rat group. Maximum SWD spike 642 

percentages for BN, LE, and WAG/Rij rats had corresponding COGs at 20:34±00:32 h (blue arrow), 23:90±00:19 643 

h (green arrow), and 21:20±00:19 h (magenta arrow), respectively). There was a significant 3-h delay in LE rats 644 

compared to the wild, BN, and WAG/Rij rats (p=0.018, 0.003, and 0.018, respectively). There were no differences 645 

in diurnal timing of SWD spike-rates in the other groups. D) Superimposed cosine waves for motion derived from 646 

optical flow analysis. Maximum optical flow percentages for BN, LE, and WAG/Rij rats occurred at 23:08±00:08 647 

h (blue arrow), 22:83±00:46 h (green arrow), and 20:83±00:04 h (magenta arrow), respectively. Differences in 648 

the COGs for motion were greater than for SWDs and significant for wild-BN, wild-WAG/Rij and BN-WAG/Rij 649 

(p=0.003, <0.001 and <0.001, respectively). Altogether, maximums of SWD spike-rates and motion occurred 650 

during the lights-off condition for all groups of rats throughout the study. 651 
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Figure 9. The relationship between SWDs and motion. A) ECoG example of 7 successive SWD bursts (start of 652 

each SWD burst signified by arrow and number) in a 10-month-old WAG/Rij rat with a superimposed blue trace 653 

representing optical flow occurring during the corresponding video recording (increases in amplitude of the blue 654 

trace indicate increases in optical flow (i.e. movement of the rat)). Dotted and dashed lines represent visually 655 

logged periods of SWD burst and inter-burst epochs, respectively.  B) Similar SWD burst example and 656 

superimposed optical flow for a wild-caught rat. Note in both examples that, while SWD bursts are always 657 

associated with immobility, they only occasionally reflect a transition from mobility to immobility (i.e. ‘behavioral 658 

arrest’). C) Comparison of optical flow percentage during SWDs (SWD) and when no SWDs (No-SWD) were 659 

occurring. There was a significantly reduced percentage of optical flow during SWDs in all rats (Wild (n=9), BN 660 

(n=5), LE (n=5), WAG/Rij (n=6); p=0.02, =0.001, <0.001 and <0.001, respectively). 661 

Figure 10. Treatment of SWDs with the anti-absence epilepsy drug ethosuximide (ETX) in wild-caught (Wild; 662 

n=9), BN (n=5), LE (n=5), and WAG/Rij (WAG; n=6) rats. Baseline (Pre-ETX), treatment (ETX), and recovery 663 

from ETX (Post-ETX) were sequential 24 h recordings, of which the first 6 hours (start time = 17:30 h) were 664 

analyzed and presented here (plasma concentrations for ETX peak ~2 h after injection, Mifsud et al., 2001). The 665 

percentage of SWDs that occurred during ETX was significantly lower compared to Pre-ETX and Post-ETX 666 

periods for all rats (p<0.001 for all groups). 667 
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