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Summary

C3H/HeJ mice have been reported to have relatively early onset of spike-wave discharges (SWD),
and a defective AMPA receptor subunit Gria4 as the genetic cause. We investigated the time
course of SWD development through serial EEG recordings in C3H/HeJ mice to better
characterize this model. We found that at immature postnatal ages of 5-15 days, rare SWD-like
events were observed at an average rate of 3 per hour, and with relatively broad spikes, irregular
rhythm, slow frequency (5-6 Hz), and short duration (mean 1.75 s). This was followed by a
transitional period of increasing SWD incidence, which then stabilized in mature animals at age
26-62 days, with SWD at an average rate of 45 per hour, narrower spike morphology, regular
rhythm, higher frequency (7-8 Hz), and longer duration (mean 3.40 s). This sequence of
maturational changes in SWD development suggests that effects of early intervention could be
tested in C3H/HeJ mice over the course of a few weeks, rather than a few months as in rats,
greatly facilitating future research on anti-epileptogenesis.
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Introduction

Childhood absence epilepsy is characterized by brief lapses of consciousness and behavioral
arrest, accompanied by bilateral 3 Hz spike-wave discharges observed on
electroencephalogram (EEG) (Crunelli and Leresche, 2002; Blumenfeld, 2005a,b). Absence
epilepsy is relatively common, affecting 10-15% of children with epilepsy, and can produce
up to hundreds of seizures per day (Mirsky et al., 1986; Crunelli and Leresche, 2002).
Childhood absence epilepsy is expressed in an age-dependent fashion, with seizures
generally first emerging between the ages of 4 and 10 years (Hirsch et al., 2008). Most
affected patients have their seizures spontaneously resolve in mid-adolescence, however,
childhood absence epilepsy is not a benign disorder and a substantial number of patients
suffer long-term psychosocial sequelae (Wirrell et al., 1997; Camfield and Camfield, 2002).
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With recent advances in our understanding of the interplay between genetics and epilepsy,
major efforts have been undertaken to achieve primary prevention of epilepsy (Pitkanen et
al., 2007), as part of the recently proposed “Benchmarks for epilepsy research”
(http://www.ninds.nih.gov/). An important step forward has been the finding that treatment
of spike-wave discharges (SWD) early in development in rat models can suppress the later
expression of SWD in adulthood even after medication was stopped (Dedeurwaerdere et al.,
2005; Blumenfeld et al., 2008). However, substantial work remains to be done to further
elucidate the molecular mechanisms of epileptogenesis, with the goal being total epilepsy
prevention. Specifically, a detailed knowledge of the appropriate time course for
interventions is needed to lay the groundwork for future studies. Although the development
of SWD has been characterized in Wistar Albino Glaxo rats from Rijswijk (WAG/Rij)
(Coenen and Van Luijtelaar, 1987) and in genetic absence epilepsy rats of Strasbourg
(GAERS) (Vergnes et al., 1986), rat models are limited by their relative paucity of genetic
characterization compared to mouse models. In addition, particularly in WAG/RIj rats, onset
of SWD takes several months, which can make investigation of epileptogenesis a slow
process.

Among mouse models for SWD, (Fletcher et al., 1996; Cox et al., 1997; Letts et al., 1998),
the C3H/HeJ mouse (Frankel et al., 2005) has the advantage of relatively pure absence
phenotype (brief episodes of SWD accompanied by behavioral immobility), without other
kinds of seizures or neurological impairment such as cerebellar ataxia. A specific genetic
defect, namely a mutation of the AMPA receptor subunit Gria4, was recently identified as
the cause of SWD in C3H/HeJ mice (Beyer et al., 2008). In the interest of furthering
progress in our understanding of epileptogenesis and its prevention, we sought to
characterize the critical developmental period for SWD development in the C3H/HeJ mouse
through serial EEG recordings.

All procedures were in full compliance with approved institutional animal care and use
protocols. We used a total of 44 C3H/HeJ mice (strain #000659, The Jackson Laboratory,
Bar Harbor, Maine, USA) for all experiments. Mice were housed according to institutional
guidelines with free access to food and water on a 12 h light/dark cycle (lights on at 7:00
a.m.).

recordings

Surgical implants and recordings were performed using methods similar to those we used
previously (Klein et al., 2004; Blumenfeld et al., 2008). Briefly, under ketamine (30 mg/kg),
xylazine (6 mg/kg), and acepromazine (1 mg/kg) anesthesia, we implanted tripolar
electrodes (Part #MS333/3-A, Tripolar electrode uncut untwisted 0.005; Plastics One Inc.,
Roanoke, VA Internal control #8LMS3333XXXE, pedestal height: 8 mm) using a
stereotactic frame (David Kopf Instruments, Tujunga, CA) in mice ranging in age from 5 d
to 60 d. To provide good electrical contact, the ends of the recording electrodes were
prepared before wrapping around skull screws by scraping off the polyimide insulation and
exposing stainless steel wire up to 10 mm from the tip, leaving insulation intact proximally
as verified under the microscope. Level of anesthesia was monitored by respiration, heart
rate, glabrous skin perfusion, and response to foot pinch. To anesthetize mice at 5-6 d old,
mice were placed on cold packs (Phifer and Terry, 1986; Danneman and Mandrell, 1997),
and physiology and level of anesthesia was monitored as described above. In all animals,
small burr holes (using Micro Drill Steel Burrs, 2.3 mm shaft diameter, 44 mm overall
length; Item #19008-09, Fine Science Tools (USA), Inc.) were made in the skull without
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disturbing the dura. In mice over ten days old electrodes were secured to the skull using
stainless steel screws (Small Parts, Inc., Part #MX-000120-01B-10, binding screw, with
shaft length = 1/16 in., size = 000, thread = 120). For mice less than 10 days of age
electrodes were secured with a smaller screw (Small Parts, Inc., Part
#MX-0000160-01FL-10, fillister screw, with shaft length = 1/16 in., size = 0000, thread =
160). EEG recording electrodes were placed at frontal cortex (AP +2.0, ML +2.0 mm from
bregma in adult mice, AP +1.0 to +2.0, ML +1.0 to +2.0 from bregma in younger animals),
and parietal cortex (AP -6.0, ML +2.0 mm from bregma in adult mice, AP —4.0 to 6.0, ML
+1.0 to +2.0 from bregma in younger animals) and a ground electrode was placed in the
midline over the cerebellum. Dental acrylic (Cat #1255710; Henry Schein Inc., Indianapolis,
IN; Lang Jet Denture Repair Acylic) was used to fix the electrode pedestal in place. Pups
that had not yet been weaned (pups were typically weaned at 21 days) were implanted and
returned to the dam’s cages by implanting the whole litter at the same time, with care taken
to fully clean blood and debris from the implantation site. Pups and dams were observed to
resume normal feeding and nesting patterns. Mice were given a post-operative analgesic of
carprofen (5 mg/kg subcutaneous immediately and in drinking water for 48 h after surgery)
and given a recovery period of at least 24 h after surgery. EEG signals were recorded via
commutator (Plastics One, Inc.) using a Grass CP 511 amplifier (Grass-Telefactor, Astro
Med, Inc., West Warwick, RI). Band pass frequency filter settings were 1-300 Hz. Signals
were digitized at a sampling rate of 1 kHz with an NI USB-6008 A/D converter and
LabView 7.1 software (National Instruments, Austin, TX), and analyzed using Spike 2
(Cambridge Electronic Design, Cambridge, UK). Continuous EEG data were recorded from
awake-behaving mice starting at 12:00 p.m. and usually concluding before 6:00 p.m. Most
of the recordings were obtained from each mouse for 3 h per day. Pups that were not yet
weaned were removed from their mother’s cages just before recording sessions and returned
promptly after recording. EEG recording were obtained at the following time points: 5-7 d
(n=9),10-15d (n=6), 20-22d (n=8), 23-25d (7=5), 26-30d (n=7), 31-40 d (n=11),
41-50d (n=5), and 51-62 d (n=19).

Analysis of EEG data

Results

SWDs were defined as large-amplitude (>2x the background EEG peak-to-peak amplitude)
rhythmic 5-8 Hz discharges with spike-wave morphology lasting >1.0 s. We were more
liberal in defining spike-wave morphology for the purposes of this study than in prior
criteria (Coenen and Van Luijtelaar, 1987) so that any precursors of spike-wave activity
could be identified at an early age. Intervals containing artifact or slow wave sleep were
excluded from the analysis. Start and end time for all SWDs were manually marked and the
number of seizures, and seizure durations were then calculated. Percent time in SWD was
determined as (sum of SWD interval durations/total usable recording time) x 100%.

Power spectral analysis was performed for mice age 5-7 d (7=19), 20-22 d (7= 8), and 51—
62 (n=9) on all marked SWD intervals included in the above analysis. Power spectra were
calculated using Spike2 software, with scripts provided by Cambridge Electronic Design
(Cambridge, U.K.). Bin size for the fast Fourier transform was 1.024 s.

Statistical analyses were performed using SPSS 16.0 (SPSS, Inc., Chicago, IL). Inflection
points for time-course data were calculated by fitting a third-order polynomial to the data in
Excel and then determining the point of sign change for the second derivative of this
polynomial.

We found that SWD were very uncommon at age 5 through age 15 days, then gradually
increased, and appeared to plateau after age 25 days. Examples of EEG recordings at
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different ages are shown in Fig. 1. At the youngest ages, the few SWD that occurred had a
somewhat irregular morphology, and the spikes tended to have a relatively broad appearance
(Fig. 1C). As the animals matured, SWD morphology became more regular in rhythm, and
the spikes appeared more narrow (Fig. 1D and E). The shape, and different phases of the
spikes and slow waves in C3H/HeJ mice were similar to those reported in other rodent
models (Sitnikova and van Luijtelaar, 2007), with a large negative-going spike, and a
relatively small negative slow wave in each cycle.

To investigate the progression of EEG changes during development, we analyzed repeated
EEG samples at different ages ranging from 5 d through 62 d (Fig. 2). We found that the
percentage of time in SWD and the number of SWD per hour were very low below age 15 d,
but then progressively increased, and appeared to level off after age 26-30 d (Fig. 2A and
B). Percent time in SWD increased from a mean of 0.1% in immature animals (age 5-15 d)
to 4% in adulthood (ages 26-62 d) (p = 0.006, two-tailed £test), with an inflection point at
33.3 days. Comparing percent time in SWD for all 8 groups (Fig. 2A) by ANOVA (F=
15.82, p< 0.001) with post hoc Bonferroni correction yielded significant differences
between all individual groups below 15 d and above 26 d (p < 0.05). Similarly, the mean
SWD per hour increased from 3 per hour in immature mice (5-15 d) to 45 per hour in
mature mice (26—62 d) (p=0.0001), with an inflection point at 22.4 days. ANOVA (F=
18.59, p < .001) again yielded significant differences between all individual groups below
15 d and above 26 d (p < 0.05, Bonferroni corrected). Seizure duration also showed a
progressive, though less dramatic increase during development, with a mean seizure
duration of 1.75 s at 5-15 d, and 3.40 s at 26-62 d (p = 0.03) (Fig. 2C); inflection point at
29.3 days. ANOVA (F=14.00, p< .001) once again yielded significant differences between
all groups <15 d and =26 d (p < 0.05, Bonferroni corrected).

As was already mentioned, seizure morphology also changed during development, with
older animals exhibiting SWD that had a higher frequency, more regular rhythm, and
narrower spikes (Fig. 1C and D). To quantify these changes, we performed power spectral
analysis of all SWD at three time points corresponding to immature (5-7 d), transitional
(20-22 d), and mature (51-62 d) stages of SWD development observed above (Figs. 1 and
2). Based on this analysis, we found that the peak SWD frequency shifted from 5to 6 Hz in
mice age 5-7 d (Fig. 3A), to 6—7 Hz in mice age 20-22 d (Fig. 3B), and finally to 7-8 Hz in
mice age 51-62 d (Fig. 3C). We also observed a second, smaller harmonic peak in the power
spectrum, which increased progressively with age from 10 to 11 Hz (5-7 d), to 11-12 Hz
(20-22 d), and finally to 13-14 Hz (51-62 d) (Fig. 3). In contrast to the changes in SWD
peak frequencies, we did not detect a change in SWD peak amplitude between the three
groups (F=1.00, p=0.40). These results confirmed the observations based on visual read
(Fig. 1) that SWD shift towards higher frequencies as C3H/HeJ mice reach maturity.

Discussion

We observed the emergence and development of SWD in C3H/HeJ mice, with the most
rapid changes occurring over a time period from approximately 15-25 days of age. This
developmental pattern was most apparent in the number of SWD per hour (Fig. 2B). The
total percent time in SWD also was very low before day 15 and subsequently increased
rapidly, but the plateau after day 26 was not as apparent, possibly because SWD duration
showed a trend towards continued slight increases after day 26 (Fig. 2A and C).

Based on our findings we propose that SWD development in this model can be described in
three stages. In the “immature stage,” up to age 15 days, SWD-like events, possibly larval
SWD or a related developmental phenomenon, were observed on average only 3 times per
hour. These events may indicate an early predisposition to later development of fully
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realized SWD in C3H/Hej mice, or may represent other related rhythmic brain activity.
SWD-like event morphology in the immature stage was characterized by irregular rhythm,
relatively broad spikes, slow fundamental frequency (5-6 Hz), and brief duration (mean 1.75
s). In the “transitional stage” from 16 through 25 days, SWD incidence, duration, and
fundamental frequency gradually increased. In the “mature stage,” after approximately day
26 (or perhaps somewhat later with regard to SWD duration) SWD were observed an
average of 45 times per hour. Mature SWD had a more regular rhythm, narrower spikes,
higher fundamental frequency (7-8 Hz), and longer duration (mean 3.4 s).

While EEG recordings from implanted skull electrodes allowed for good characterization of
SWD events in young and adult mice, more refined electrophysiology techniques would
better localize regional brain involvement during SWD in this mouse model. One limitation
of our study then is the lack of microelectrode recordings from specific cortical and
subcortical brain areas during SWD. Future investigations will focus on refining the spatial
characterization of SWD in C3H/Hej mice through more invasive electrophysiology
techniques. In addition, we assumed that the SWD were bilaterally symmetrical, and we
recorded from only one side, however further studies with bilateral recordings may be
beneficial. Furthermore, the evolution of epileptogenesis in this model may be better
characterized through improved analysis methods such as averaged time-frequency wavelet
analysis at different ages.

While no previous studies have analyzed the development of epilepsy in the C3H/HeJ
mouse in detail, extensive characterization has been completed in two other rodent models
of absence epilepsy, rats of the WAG/RIj strain (Coenen and Van Luijtelaar, 1987; Coenen
and Van Luijtelaar, 2003) and GAERS (Vergnes et al., 1982, 1986; Marescaux and Vergnes,
1995; Danober et al., 1998). Researchers have previously concluded that the seizures in
these strains of rats are morphologically, behaviorally, and pharmacologically similar to the
absence seizures experienced by human patients (Micheletti et al., 1985; Van Luijtelaar and
Coenen, 1988; Coenen et al., 1992; Marescaux et al., 1992; Marescaux and Vergnes, 1995;
van Luijtelaar et al., 2002; Coenen and Van Luijtelaar, 2003).

WAG/RIj rats exhibit almost no spike-wave activity at age 75 d, approximately 5-7 SWD
per hour at 140 d, and 16-18 SWD per hour at 245 d (Coenen and Van Luijtelaar, 1987).
The cumulative duration of the spike-wave complexes increases in parallel, from close to
zero at 75 d, to approximately 25 and 75 seconds per hour at the ages of 140 days and 245
days, respectively (Coenen and Van Luijtelaar, 1987). GAERS show essentially no SWD
activity through 30 days of age, after which point SWD activity increases until the age of
four months, when all tested GAERS show SWD activity, and SWD become even more
severe at age six months (Vergnes et al., 1986; Marescaux et al., 1992; Marescaux and
Vergnes, 1995).

The C3H/HeJ mouse model for human absence epilepsy was described relatively recently
(Frankel et al., 2005) and is particularly promising for studying epileptogenesis because of
the earlier age of SWD onset, and the known genetic defect in this model (Beyer et al.,
2008). Like the rat models, epileptic activity in C3H/HeJ mice is morphologically,
behaviorally, and pharmacologically similar to human absence epilepsy (Frankel et al.,
2005). Previous characterization of the C3H/HeJ model revealed SWD activity with burst
frequencies of 7-8 Hz and epileptiform activity in mice as young as 3.5 weeks. We observed
that the age of SWD development in C3H/HeJ mice was between age 15 and 25 d, which
was substantially earlier than in either GAERS or WAG/RIj rats. We also observed that the
morphology and power spectra of SWD in mature C3H/HeJ mice were similar to rat models
(Drinkenburg et al., 1993; Blumenfeld et al., 2008), but that at earlier ages, the power
spectrum peaked at lower frequencies.
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Backcross studies in C3H/HeJ mice have shown a recessive, non-Mendelian mode of
inheritance of the absence epilepsy phenotype. It was recently found that the absence
seizures in C3H/HeJ mice are due to a mutation of the AMPA receptor subunit Gria4, which
is predominantly present in the thalamic reticular nucleus (Beyer et al., 2008). Gria4 mutants
display enhanced synaptic excitation of inhibitory thalamic reticular neurons, with increased
duration of synaptic responses. Seizure genesis in Gria4 mutants may then occur because of
stronger inhibition of thalamic relay cells and the promotion of rebound burst firing
responses (Beyer et al., 2008). Enhanced firing of thalamic reticular neurons has previously
been implicated in triggering the transition from normal activity to SWD generation
(Blumenfeld and McCormick, 2000).

Several possible maturational changes could affect the time course of seizure onset in this
model of absence epilepsy. Differential production of hormones throughout the life of the
organism has been shown to affect neural circuits and epileptic phenomena (Mattson and
Cramer, 1985; Morrell, 1992), however, sexual maturity in mice occurs at about 7 weeks
(Suckow et al., 2001), substantially after the time of SWD onset. Developmental changes in
the expression of voltage-gated ion channels have been reported previously in SWD models
and could play a role (Klein et al., 2004; Strauss et al., 2004; Blumenfeld et al., 2008), as
could changes in GABA receptor expression (Brooks-Kayal et al., 2001). Another age-
related change which occurs with appropriate timing to participate in the emergence of SWD
in this model, is the switch of the GABA receptor’s activity from excitatory to inhibitory,
dependent on the chloride transporter (Plotkin et al., 1997; Dzhala et al., 2005; Ben-Avri,
2006; Huberfeld et al., 2007; Munoz et al., 2007; Kahle and Staley, 2008). While these are a
few possible mechanisms for the development of SWD in the C3H/HeJ model as it ages,
numerous other possibilities exist (Jensen and Baram, 2000; Ben-Ari and Holmes, 2006;
Dube et al., 2007; Scharfman, 2007).

In conclusion, we observed the early appearance of SWD activity in C3H/HeJ mice,
precursors of which are possibly seen on the fifth postnatal day. Between age 15 and 25 d
there is a marked increase in the number of SWD per hour, and a progressive maturational
development of SWD morphology, frequency, and duration. Future investigations of the
C3H/HeJ model should include the assessment of early interventions in this model, to
determine if early treatment can suppress epileptogenesis as was observed in rats
(Blumenfeld et al., 2008). This model could then be used to determine the critical periods
for intervention, the appropriate treatment window, and eventually further elucidate the
molecular mechanisms of epileptogenesis. Therefore, the C3H/HeJ model provides
substantial hope for future epilepsy research, including investigations of primary prevention.
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Figure 1.

Examples of EEG recordings showing SWD in C3H/HeJ mice at different ages. SWD were
observed less often at age 23 d (A) than at age 59 d (B). Morphology of SWDs also changed
in mice as they matured, with examples shown on more expanded time scale at age 5 d (C),
23 d (D), and 59 d (E). As mice increased in age, the spike-wave morphology became more
regular, spikes became narrower, and SWD frequency increased. SWD shown in (D) and (E)
are from intervals marked by horizontal lines in (A) and (B). The corresponding lower time
resolution trace for (C) is not shown. EEG was recorded in a bipolar montage (frontal minus
parietal) with negative voltages displayed as upgoing.
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Figure 2.

Quantification of seizure development in C3H/HeJ mice. Very few SWD were seen in 5-15
d animals. SWD then progressively increased and appeared to level off above about 26 d.
(A) Percent time spent in SWD (=100 x time in SWD/total recording time). (B) Number of
SWD per hour. (C) SWD duration. Number of C3H/HeJ mice recorded at each time point
were as follows: 5-7 d (n=9), 10-15d (7= 6), 20-22 d (n=18), 23-25d (n=5), 26-30d (n
=7),31-40d (n=11), 41-50 d (n=15), and 51-62 d (n=9). Values are mean + SEM.

Epilepsy Res. Author manuscript; available in PMC 2012 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Ellens et al.

Page 12
0.45 1 |
I
I
_ 0.30 1 |
e I
2
Q
0.15 1
O T
0 5 10 15 20
| Frequency (Hz)
0.45 :
I
I
. 0.30 1
()
2
[S)
a
0.15 1
0 ]
0 5 | 10 15 20
| Frequency (Hz)
0.45 1 I
I
I
_ 0.30 1 :
5] I
3 |
(o)
o
0.15 1
0
0 51 10 15 20
| Frequency (Hz)

Figure 3.

Power spectral analysis showed an increase in SWD frequency as mice increase in age. (A)
Power spectrum of mice 5-7 d shows a major peak at 5-6 Hz, with a minor harmonic peak
at 10-11 Hz (n=9 mice, 146 SWD). (B) Power spectrum of mice 20-22 d shows a major
peak at 6-7 Hz, with a minor harmonic peak at 11-12 Hz (n= 8 mice, 292 SWD). (C)
Power spectrum of mice 51-62 d shows a major peak at 7-8 Hz, with a minor harmonic
peak at 13-14 Hz (n= 9 mice, 823 SWD). Vertical dashed line indicates 6 Hz for ease of
comparison between spectra. Values are mean + SEM.
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