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SUMMARY

Objective: C57BL/6J mice exposed to eight flurothyl-induced generalized clonic seizures

exhibit a change in seizure phenotype following a 28-day incubation period and subse-

quent flurothyl rechallenge. Mice now develop a complex seizure semiology originating

in the forebrain and propagating into the brainstem seizure network (a forebrain?brain-

stem seizure). In contrast, this phenotype change does not occur in seizure-sensitive

DBA/2J mice. The underlying mechanism was the focus of this study.

Methods: DBA/2J mice were exposed to eight flurothyl-induced seizures (1/day) fol-

lowed by 24-h video-electroencephalographic recordings for 28 days. Forebrain and

brainstem seizure thresholds were determined in C57BL/6J andDBA/2Jmice following

one or eight flurothyl-induced seizures, or after eight flurothyl-induced seizures, a

28-day incubation period, and final flurothyl rechallenge.

Results: Similar to C57BL/6J mice, DBA/2J mice expressed spontaneous seizures. How-

ever, unlike C57BL/6J mice, DBA/2J mice continued to have spontaneous seizures with-

out remission. Because DBA/2J mice did not express forebrain?brainstem seizures

following flurothyl rechallenge after a 28-day incubation period, this indicated that spon-

taneous seizures were not sufficient for the evolution of forebrain?brainstem seizures.

Therefore, we determined whether brainstem seizure thresholds were changing during

this repeated-flurothyl model and whether this could account for the expression of fore-

brain?brainstem seizures. Brainstem seizure thresholds were not different between

C57BL/6J and DBA/2J mice on day 1 or on the last induction seizure trial (day 8). How-

ever, brainstem seizure thresholds did differ significantly on flurothyl rechallenge (day

28), with DBA/2J mice showing no lowering of their brainstem seizure thresholds.

Significance: These results demonstrate that DBA/2J mice exposed to the repeated-

flurothyl model develop spontaneous seizures without evidence of seizure remission

and provide a new model of epileptogenesis. Moreover, these findings indicated that

the transition of forebrain ictal discharge into the brainstem seizure network occurs as

a result of changes in brainstem seizure thresholds that are independent of sponta-

neous seizure expression.

KEYWORDS: Brainstem seizure thresholds, Brainstem seizures, DBA/2J and C57BL/

6Jmice, Epileptogenesis, Forebrain seizure threshold, Seizure semiology.

Experimental evidence indicates that two largely inde-
pendent seizure systems are responsible for the expression
of generalized convulsive seizures.1–5 These two systems
are known as the forebrain seizure network (responsible for
the expression of clonic seizures) and the brainstem seizure
network (responsible for the expression of brainstem [tonic]
seizures).1–5 Clonic seizures are principally organized and
modulated within forebrain circuitry. In contrast, neuronal
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networks within the brainstem are both necessary and suffi-
cient for the expression of a constellation of tonic-brainstem
seizure types. In seizure-na€ıve rodents, these two seizure
systems are largely independent, and seizures that are
elicited in one system do not readily propagate to the
other.1–5 Interestingly, studies utilizing blood oxygen level–
dependent functional magnetic resonance imaging (BOLD
fMRI) and single-photon emission computed tomography
(SPECT) imaging reveal the importance of brainstem struc-
tures in the expression of tonic seizures in humans and in
experimental animal models.6–8 However, little is known
regarding the reorganizations that occur in the brainstem
seizure network, or at the intersection of the forebrain
seizure network and brainstem seizure network, to give rise
to brainstem (tonic) seizure expression.

The repeated-flurothyl model has been utilized to under-
stand how seizures develop and become more complex over
time and to explore the mechanistic intersections of the fore-
brain seizure network and brainstem seizure network that
may lead to more complex seizure types.9–14 In this model,
C57BL/6J mice express clonic-forebrain seizures during
eight flurothyl induction trials.13,15 Following a 1-month
incubation period and a flurothyl rechallenge, C57BL/6J
mice subsequently express a clonic-forebrain seizure that
rapidly transitions uninterruptedly into a tonic-brainstem
seizure.11,13 We refer to these seizures as forebrain?brain-
stem seizures, denoting the ictal progression from the fore-
brain seizure network to the brainstem seizure network.15,16

In fact, there is a loss of ictal discharge in hippocampal elec-
trodes when the behavioral seizure transitions from the clo-
nic phase to the brainstem phase.17 Importantly, DBA/2J
mice exposed to the same repeated-flurothyl model, though
they are more seizure sensitive (i.e., have low generalized
seizure thresholds), never have forebrain?brainstem sei-
zures upon flurothyl rechallenge.15 This indicates that
DBA/2J mice have different mechanisms for mediating
whether ictal discharge can propagate into the brainstem
seizure network from those of C57BL6/J mice.

Interestingly, a similar behavioral seizure phenotype is
found in developing rats administered various chemocon-
vulsants.18–22 These studies further support the hypothesis
that the change in seizure phenotype to a forebrain?

brainstem seizure is related to plasticity changes occurring
in the brains of adult animals that are also apparent in devel-
oping animals having substantial plasticity. Understanding
the plasticity changes involved in this change of seizure
semiology to forebrain?brainstem seizures will be critical
for understanding how ictal discharge can propagate from
the forebrain to the brainstem.

Previously, we have shown that the ventromedial nucleus
of hypothalamus (VMH) displays increased bilateral neu-
ronal activity, as determined by Fos immunolabeling, in
C57BL/6J mice having forebrain?brainstem seizures.16,23

Functionally, bilateral ibotenic acid lesions of the VMH are
able to block the expression of the brainstem seizure com-
ponent of forebrain?brainstem seizures.10 These results
indicate that the VMH may be a critical node in the propa-
gation of ictal discharge from the forebrain seizure net-
work to the brainstem seizure network. Therefore, changes
at the intersection of the forebrain seizure network and
brainstem seizure network may be responsible for epilep-
togenesis and the refractoriness seen in epileptic individu-
als because this process may allow recruitment of new
brain areas into the epileptic network, causing more
complex severe seizures.

C57BL/6J mice exposed to this repeated-flurothyl model
rapidly develop spontaneous seizures that remit over a 1-
month recording period.17 Whether these spontaneous sei-
zures contribute to the occurrence of more complex seizures
(forebrain?brainstem seizures) seen on flurothyl rechal-
lenge is not known. However, valproate, but not phenytoin,
blocks these spontaneous seizures in addition to blocking
the development of forebrain?brainstem seizures upon
flurothyl retest.17 Collectively, these data suggest that the
spontaneous seizures observed during the 1-month record-
ing period may contribute to the development of the more
complex seizure presentation on flurothyl rechallenge.

Here, we show that DBA/2J mice given eight flur-
othyl seizure inductions develop spontaneous seizures.
DBA/2J mice do not develop forebrain?brainstem sei-
zures upon flurothyl induction, incubation, and flurothyl
rechallenge. Therefore, these data indicate that sponta-
neous seizures are not directly a cause for the develop-
ment of forebrain?brainstem seizures upon flurothyl
retest in C57BL/6J mice. However, we provide evidence
to suggest that the lack of change in seizure phenotype
to a forebrain?brainstem seizure upon flurothyl rechal-
lenge after a 1-month incubation/recording period in
DBA/2J mice is a result of an inability of DBA/2J mice
to decrease their brainstem seizure thresholds. This is in
contrast to C57BL/6J mice that display both forebrain?
brainstem seizures on rechallenge and decreases in
brainstem seizure thresholds. Lastly, the presence of
bilateral Fos expression in the VMH of either C57BL/6J
or DBA/2J mice having brainstem seizures supports a
role for the VMH in the expression of brainstem sei-
zures.

Key Points
• Eight daily, repeated flurothyl-induced seizures result
in the appearance of recurrent, unprovoked seizures in
DBA/2J mice

• Decreased brainstem seizure thresholds in C57BL/6J
mice may account for the change to a more complex
seizure overtime, independent of spontaneous seizures

• The differences in spontaneous seizure expression
profiles between DBA/2J and C57BL/6J mice indicate
dependence on genetic background
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Materials and Methods
Animals

Male C57BL/6J and DBA/2J mice at 6 weeks of age were
obtained from Jackson Laboratories and allowed to accli-
mate to the vivarium for up to 1 week. Fifteen DBA/2J mice
were implanted with cortical and hippocampal electrodes to
assess spontaneous seizure expression. Of these, 11 were
exposed to the repeated-flurothyl model, while the remain-
ing 4 were not exposed to flurothyl and served as controls.
For determination of forebrain and brainstem seizure thresh-
olds throughout the repeated-flurothyl paradigm, a second
group of male mice (C57BL/6J [n = 24] and DBA/2J
[n = 24]) were utilized, and their generalized forebrain and
brainstem seizure thresholds were determined at three time
points in the repeated-flurothyl model: after one or eight
flurothyl induction trials, or following eight flurothyl sei-
zures, 28-day incubation, and final flurothyl rechallenge
(n = 8/time-point/strain). Mice were ~8 weeks old when
seizure testing began, consistent with previous studies uti-
lizing the repeated-flurothyl model.10–13,15,16,23–25

All mice were provided complete access to food and
water on a standard 12-h light/dark cycle with lights off at
7 p.m. All experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of
Albany Medical College and were in compliance with the
National Institutes of Health’s Guide for the Use and Care
of Laboratory Animals.

Electrode implantation for long-term video-
electroencephalogrammonitoring

All surgical procedures were performed when mice were
6–7 weeks of age. Induction of anesthesia was attained with
3% isoflurane and was maintained with 1.5–2% isoflurane
until completion of the surgical procedure. Electroen-
cephalogram (EEG) recordings were made in the hippocam-
pus and cerebral cortex. Insulated twisted bipolar electrodes
(Plastics One) with tips exposed were implanted into the
hippocampus, targeting the hippocampal dentate gyrus (AP:
1.6; ML: 0.8; DV: 1.85),26 and cortical screws were placed
contralaterally over the parietal, frontal, and occipital cor-
tices. The screw in the occipital bone served as a common
ground for both hippocampal and cortical electrodes (frontal
and parietal screws serving as cortical electrodes). Postsur-
gical pain control was attained by subcutaneously adminis-
tered buprenorphine (0.1 mg/kg). Following surgery, mice
were housed individually and allowed to recover for 1 week
before seizure testing began.

Flurothyl seizure induction (repeated-flurothyl model)
At approximately 7–8 weeks of age, C57BL/6J and DBA/

2J mice were exposed to the standardized repeated-flurothyl
model.13,15 Mice were placed individually into a 1.5-L Plexi-
glas chamber connected to a glass syringe loaded with 10%
flurothyl (Sigma-Aldrich) made in 95% ethanol. Flurothyl

was pumped at a rate of 100 ll/min on to a fresh gauze pad
suspended at the top of this closed Plexiglas chamber. Once
mice lost postural control (start of the generalized seizure),
the chamber was opened. The generalized seizure threshold
(GST) was defined as the latency from the commencement of
the infusion of flurothyl to the occurrence of loss of postural
control. Seizures were induced once per day for a total of 8
consecutive days (induction period). This was followed by a
28-day incubation period during which these mice were left
undisturbed. A single flurothyl seizure was induced on day
28 (flurothyl rechallenge/retest) to determine the final seizure
phenotype. Flurothyl-induced seizures were behaviorally
graded on a scale of 1 to 7.13,25 Briefly, grades 1 and 2 were
clonic-forebrain seizures, whereas grades 3–7 were tonic-
brainstem seizure behaviors (Table 1).2–4

Long-term video-EEGmonitoring
At the conclusion of the induction phase, long-term

video-EEG monitoring was performed for the duration of
the incubation phase (28 days: 24 h a day, 7 days a week)
to ascertain whether spontaneous seizures were observed.
Control mice, not exposed to flurothyl, were also moni-
tored for spontaneous seizures. During long-term monitor-
ing, mice were housed individually in custom-made
Plexiglas cylindrical cages, 25 cm high and 24 cm in
diameter. The electrode terminals were connected to a
headstage through a commutator (Plastics One) to permit
unrestrained movement of the animal in the cage. The
amplified signal then passed through an amplifier (A-M
Systems), where it was further amplified, filtered (0.5–
1,000 Hz), and digitalized at a sampling rate of 2,048 with
a notch filter of 60 Hz. All recordings of EEG activity
were performed using data acquisition software (DataWave
Technologies). At the end of the incubation period, all
mice were rechallenged with flurothyl to determine
whether there was a change in seizure phenotype.

Brainstem seizure threshold determination
For determining brainstem seizure thresholds, separate

groups of C57BL/6J and DBA/2J mice were utilized. At

Table 1. Seizure behavior classification grading scale

Seizure grade Description of corresponding seizure behavior

Grade 1 Loss of posture associated with facial clonus, including

chewing, and clonus of forelimbs and/or hindlimbs

Grade 2 Grade 1 seizure followed by recovery of the righting

reflex and low-intensity bouncing

Grade 3 Grade 1 and/or 2 features with recovery of the righting

reflex followed by wild running and popcorning

Grade 4 Grade 3 followed by forelimb and/or hindlimb treading

Grade 5 Grade 3 and/or 4 followed by bilateral tonic extension

of the forelimbs

Grade 6 Grade 5 followed by bilateral tonic extension of the

hindlimbs

Grade 7 Grade 6 followed by immediate death
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each time point, animals received a single continuous expo-
sure to 10% flurothyl until experiencing brainstem seizures.
The time from the infusion of flurothyl to the expression of
a brainstem seizure was used to determine brainstem seizure
thresholds. Once the animal had a brainstem seizure, the
flurothyl pump was stopped and the chamber was opened to
room air.

Fos immunohistochemistry
Ninety minutes following the end of the last flurothyl-

induced seizure, mice were deeply anesthetized with
sodium pentobarbital and perfused transcardially with
phosphate buffered saline (PBS) followed by 4%
paraformaldehyde in PBS (4°C) and the brains extracted.
To determine whether forced brainstem seizures resulted
in VMH activation as detected by Fos immunolabeling,
coronal sections of brain were cut at 40-lm thicknesses
and processed for Fos immunohistochemistry. Free-floating
coronal sections were used for Fos immunolabeling using
3,30-diaminobenzidine (DAB). Sections were incubated in
3% hydrogen peroxide for 30 min, followed by washes in
PBS/Triton X-100 (0.04%; PBS-Tx). After blocking in
10% normal goat serum (Chemicon) in PBS-Tx for 1 h,
sections were incubated overnight with a rabbit polyclonal
immunoglobulin G (IgG) antibody directed against Fos
(1:1,500; sc-52, Santa Cruz Biotechnology) at 4°C on a
shaker. Following washes with PBS-Tx, sections were
incubated with biotinylated goat antirabbit secondary anti-
bodies (1:200; Vector Laboratories) for 1 h. Following
subsequent washes in PBS-Tx, tissue sections were
incubated with an avidin-biotin-horseradish peroxidase
solution (Vector Laboratories) for 1 h. Following
three washes in PBS, sections were then stained in 0.03%
hydrogen peroxide and DAB with nickel intensification
(Vector Laboratories). Tissue sections were then mounted
onto slides and cover slipped with Cytoseal 60 (Richard-
Allan Scientific). VMH sections were imaged using a
Zeiss AxioImager Z1 microscope (Carl Zeiss Microimag-
ing) equipped with an AxioCam MRc camera (Carl Zeiss
Microimaging) and processed with AxioVision Rel. 4.5
software (Carl Zeiss Microimaging).

Seizure detection and data analysis
EEG data files were manually analyzed for electro-

graphic seizures. The electrographic seizures were verified
by video, and the behavioral seizure type determined. Some
early spontaneous electrographic seizures observed had
very subtle behavioral manifestations. Spontaneous seizures
were defined electrographically as having both high fre-
quency (>5 Hz) and high amplitude (>twice baseline)
rhythmic epileptiform activity with a minimum duration of
10 s. Collected data were further analyzed for seizure fre-
quency, percent of mice expressing spontaneous seizures,
duration of seizure episodes, and circadian pattern of seizure
events (day vs. night).

Statistical analysis
Statistical analyses were performed with a minimum sig-

nificance of p < 0.05. Repeated measures ANOVAwas used
to analyze the effect of flurothyl between flurothyl-exposed
and control groups across days and their interaction, and was
used to analyze significance across the incubation/recording
period. Comparisons of the percentages of animals express-
ing spontaneous seizures or when spontaneous seizures
occurred during the light/dark cycle utilized Fisher exact tests
or v2 tests, respectively. Comparisons weremade using t tests
to determine significance between flurothyl-exposed and
control groups within weeks. One-way ANOVA with New-
man-Keuls post-hoc tests were done to determine signifi-
cance between flurothyl-exposed and control groups
between weeks. One-way ANOVA with Tukey HSD tests
were done to determine significance within flurothyl-
exposed groups between weeks. One-sample t tests were also
used to determine the significance between proportions of
spontaneous seizures occurring during the day and night.
One-way ANOVA with Tukey HSD tests were performed to
determine significance between forebrain and brainstem sei-
zure thresholds across the repeated-flurothyl paradigm.

Results
DBA/2J mice had no changes in generalized seizure
thresholds over eight flurothyl-induced seizure trials

DBA/2J mice with cortical and hippocampal electrodes
demonstrated no reductions in generalized seizure threshold
(GST) with repeated flurothyl-induced seizures
(F7,77 = 1.93, p > 0.05 by repeated measures ANOVA;
Fig. 1), similar to previous findings in DBA/2J mice not

Figure 1.

DBA/2J mice showed no significant decreases in generalized clonic

seizure thresholds with repeated flurothyl-induced seizures. The

latency to a generalized clonic seizure (GST) on each seizure induc-

tion trial was determined in DBA/2J mice by exposure to flurothyl

across eight seizure trials (once/day). No significant decreases in

generalized seizure thresholds were observed across the eight

induction trials (p > 0.05). Note the expanded y axis.
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having electrodes.15,16 Conversely, we previously reported
that C57BL/6J mice showed decreases in their GST across
eight flurothyl-induced seizure induction trials.15 All
seizures observed during the flurothyl-induced seizure
induction phase in DBA/2J (and C57BL/6J) mice were
clonic-forebrain seizures.15

Eight flurothyl-induced seizures resulted in the
appearance of spontaneous seizures in DBA/2J mice
during the incubation recording period

Exposure of DBA/2J mice to eight flurothyl-induced sei-
zure induction trials resulted in the appearance of sponta-
neous seizures in all mice during the incubation/recording
period (Fig. 2). In contrast, control DBA/2J mice expressed
no spontaneous seizures, indicating that electrode implanta-
tion alone had no effect on the expression of spontaneous
seizures (Fig. 2). These results were significant in compar-
ing spontaneous seizure occurrence in control versus flur-
othyl-exposed DBA/2J mice (Fisher exact test:
p = 0.0007). Significant differences in the average number
of spontaneous seizure events during the incubation/record-
ing period between flurothyl-exposed and control groups
were found using repeated measures ANOVA (Fig. 2;
F1,27 = 7.3, p < 0.018). Representative cortical and hip-
pocampal EEGs of a spontaneous seizure from a DBA/2J
mouse exposed previously to eight flurothyl-induced sei-
zures are shown and illustrate typical synchronous ictal dis-
charges seen during a clonic-forebrain seizure (Fig. 2). The
majority of the flurothyl-exposed mice developed spon-
taneous seizures with little to no latent period (Fig. 2).
In DBA/2J mice, significant differences between flur-
othyl-exposed and control groups within weeks of the
incubation/recording period were evident (F1,52 = 16.8,
p < 0.0002; week 1, t[13] = 2.2, p < 0.03; week 2,
t[13] = 1.9, p < 0.04; week 3, t[13] = 2.3, p < 0.03;
week 4, t[13] = 1.80, p = 0.05; Figs. 2 and 3). Over the
course of the recording period, spontaneous seizures
continued to occur without any significant decrease in
the number of spontaneous seizures (Figs. 2 and 3),
which is in contrast to our previous observations show-
ing that C57BL/6J mice enter spontaneous seizure
remission within 1 month.17

Approximately, 90% of DBA/2J mice expressed sponta-
neous seizures during the first week of the recording period.
For week 2, 63% of mice expressed spontaneous seizures;
for week 3, 81% of mice did; and for week 4, 63% of mice
did (Fig. 3). These percentage differences were significant
compared to the control groups (Fisher exact tests: week 1,
p < 0.004; week 2, p = 0.05, week 3, p < 0.02; week 4,
p = 0.05; Fig. 3). Taken together, at least 60% of DBA/2J
mice continued to express spontaneous seizures by the end
of the 1-month recording period.

To determine diurnal (circadian) effects on spontaneous
seizures, comparisons were made using one-sample t tests
between the proportion of seizures occurring during
the night versus the day. This analysis revealed signifi-
cant differences only during week 2 of the incubation/
recording period (t[41] = 2.0, p < 0.05 or v2 = 3.95,
p < 0.05; Fig. 3), with significantly more seizures
occurring during the dark cycle (the animals’ awake
state). Analysis of the duration of spontaneous seizures
across the recording period revealed that seizure dura-
tions were only significantly different between week 1
and week 3 (F3,162 = 4.6, p < 0.004; post-hoc compar-
isons using Tukey HSD, p < 0.0015; Fig. 3). Overall,
these results indicate that, although there was a slight
tendency for the spontaneous seizures to occur during
the night cycle, these differences were not demonstra-
ble across 4 weeks of recording. Similarly, there was a
trend toward prolongation of the spontaneous seizure
duration across the recording period; however, the dif-
ferences were only significant between weeks 1 and 3.

These findings indicate that DBA/2J mice exposed to
repeated flurothyl develop spontaneous seizures, similar
to C57BL/6J mice.17 However, there is an inability for
DBA/2J mice to change their seizure phenotype follow-
ing repeated flurothyl exposure, a 28-day incubation
period, and final flurothyl rechallenge, unlike C57BL/6J
mice.17 That DBA/2J mice do not change their seizure
phenotype despite the presence of spontaneous seizures
suggests altered mechanisms for the expression of fore-
brain?brainstem seizures besides the presence of spon-
taneous seizures. We next investigated whether C57BL/
6J and DBA/2J mice have differences in their forebrain

Figure 2.

Total number of spontaneous seizure events recorded from DBA/2J mice following eight flurothyl-induced seizures and 28 days of 24-h

video-EEG monitoring. Spontaneous seizures were detected in DBA/2J mice implanted with cortical and hippocampal electrodes. Num-

bers in the first column indicate animal identifiers (controls [CTL] were simply implanted with cortical and hippocampal electrodes having

no flurothyl-induced seizures). Subsequent columns indicate the day during the recording period following exposure to eight flurothyl-

induced seizures. Each individual box is color-coded according to the legend. Each of the numbers in these boxes indicates the total num-

ber of seizures per day. DBA/2J mice not given flurothyl-induced seizures (CTL1–CTL4) did not express spontaneous seizures during the
recording period. Also presented are low- and high-resolution representative electroencephalograms (EEG; local field potentials) from

the cerebral cortex and hippocampus recorded from the same DBA/2J mouse having a spontaneous generalized clonic seizure. Black

arrows denote the beginning of the seizure, and red arrowheads indicate the end of the seizure.
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and brainstem seizure thresholds that could account for
the differences in the expression of forebrain?brainstem
seizures.

Forebrain seizure thresholds in C57BL/6J and DBA/2J
mice

In agreement with our previous results,15 no significant
differences in forebrain seizure thresholds existed within
the DBA/2J strain with repeated flurothyl-induced seizures.
In contrast, C57BL/6J mice had significant differences in
their forebrain seizure thresholds between day 1 and day 8
of the induction phase (p < 0.0002; Fig. 4). One-factor
ANOVA revealed significant differences in the forebrain
seizure thresholds between C57BL/6J and DBA/2J mice
only on day 1 of the repeated-flurothyl model (p < 0.0002),
with DBA/2J mice having significantly lowered forebrain
seizure thresholds. No significant differences existed for
forebrain seizure thresholds within and between strains
(C57BL/6J and DBA/2J) either on day 8 or on rechallenge
(Fig. 4).

Brainstem seizure thresholds in C57BL/6J and DBA/2J
mice

In C57BL/6J mice, significant differences were found for
brainstem seizure thresholds when comparing day 1, day 8,
and rechallenge using one-factor ANOVA (p < 0.0002;
Fig. 4). In contrast, DBA/2J mice had significant differ-
ences only for brainstem seizure thresholds between day 1
and day 8 (p < 0.004; Fig. 4). Importantly, for DBA/2J
mice, brainstem seizure thresholds were not significantly
different between day 8 and the 1-month flurothyl rechal-
lenge test (Fig. 4).

Comparison of forebrain and brainstem seizure
thresholds in C57BL/6J and DBA/2J mice

In C57BL/6J mice, significant differences existed
between forebrain and brainstem seizure thresholds on day
1 and day 8 (p < 0.0002), but not on flurothyl retest
(Fig. 4). Whereas in DBA/2J mice, significant differences
between forebrain and brainstem seizure thresholds were
found, not only on day 1 and day 8 but also at retest/rechal-
lenge (p < 0.0002; Fig. 4). Comparison of the brainstem
seizure thresholds between C57BL/6J and DBA/2J mice on
day 1 and day 8 found no significant differences. Impor-
tantly, similar comparisons of brainstem seizure thresholds
between C57BL/6J and DBA/2J mice on rechallenge
revealed significant differences (p < 0.0002; Fig. 4), with
DBA/2J mice having higher rechallenge brainstem seizure
thresholds.

Brainstem seizure expression and ventromedial nucleus
of the hypothalamus Fos immunolabeling

Fos immunolabeling was never bilaterally observed in
the VMH of C57BL/6J or DBA/2J mice having only fore-
brain-clonic seizures (Fig. 5). Unlike C57BL/6J mice,

DBA/2J mice never experienced tonic-brainstem seizures
following eight flurothyl induction trials and a 28-day incu-
bation period. However, all C57BL/6J and DBA/2J mice
forced to experience forebrain?brainstem seizures showed
significant bilateral Fos immunolabeling in the VMH com-
pared to mice having only forebrain seizures (Fig. 5). These
results indicate that, at least in the repeated-flurothyl model,
VMH activation was critical for brainstem seizure expres-
sion.

Discussion
Our current results confirm that repeated exposure to flur-

othyl results in the appearance of spontaneous seizures dur-
ing the subsequent 1-month recording period and
demonstrates the generalizability of the repeated-flurothyl
model to a second inbred strain of mice. DBA/2J mice
began expressing spontaneous seizures following the last of
eight flurothyl-induced seizures, suggesting a brief latent
period, similar to C57BL/6J mice.17 There was a tendency
for the spontaneous seizures to cluster in DBA/2J mice, and
these clusters spanned the recording period. Unlike C57BL/
6J mice, in which the spontaneous seizures remitted over
time, DBA/2J mice had spontaneous seizure events through-
out the 1-month recording period. However, DBA/2J mice
did not have as many seizures over the 1-month time frame
as C57BL/6J mice.17 These data suggest differences in the
total number of spontaneous seizures and eventual seizure
remission between these two strains. These observed differ-
ences between C57BL/6J and DBA/2J mice are likely under
genetic control.

Under physiological conditions, there are two indepen-
dent seizure systems in the brain, the forebrain and the
brainstem seizure systems.2,3,27–29 Previous studies showed
that bilateral lesions of the VMH resulted in blockade of
forebrain?brainstem seizure expression in C57BL/6J
mice.10 Therefore, the forebrain?brainstem seizures
expressed in C57BL/6J mice upon flurothyl rechallenge
likely result from a reorganizational process that occurs
over the incubation period. Interestingly, in the repeated-
flurothyl model, DBA/2J mice do not express forebrain?
brainstem seizures on rechallenge. However, eliciting fore-
brain?brainstem seizures in both C57BL/6J and DBA/2J
mice acutely on day 1 through continued exposure to flur-
othyl resulted in bilateral VMH neuronal activation in all
animals tested, regardless of strain. Together, these results
indicate that although DBA/2J mice express spontaneous
seizures, these spontaneous seizures are likely not sufficient
to drive the reorganization needed to transition to fore-
brain?brainstem seizures. Therefore, other factors con-
ceivably contribute to the transition to the more complex
forebrain?brainstem seizure phenotype. Such factors may
be related to genetic, neurotrophic, or circuitry differences
between mouse strains.16,30–34 Lastly, the number of sponta-
neous seizures and the times at which they occur could
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Figure 3.

Characteristics of the spontaneous seizures recorded during a 4-week-long video-EEG recording period in DBA/2J mice following expo-

sure to repeated flurothyl-induced seizure. (A) Average and total number of spontaneous seizures that occurred during the 4-week

recording period in DBA/2J mice exposed to flurothyl as compared to controls grouped according to weeks. Significant differences exist

between flurothyl-exposed and control mice (week 1: p < 0.004; week 2: p < 0.009; week 3: p < 0.004; week 4: p < 0.02). The x axis

represents the duration of the recording period in weeks, whereas the y axis represents both the average and SEM, and individual number

of seizures expressed by the DBA/2J mice exposed to flurothyl (red circles). (B) Percentage of DBA/2J mice expressing spontaneous sei-

zures during the 4-week recording period binned by weeks. Significant differences were observed between flurothyl-exposed and control

mice (Fisher exact tests: week 1: p < 0.004; week 2: p = 0.05; week 3: p < 0.02; week 4: p = 0.05). (C) Circadian pattern of seizure dis-

tribution in DBA/2J mice during the 4-week recording period grouped by weeks. Significant differences exist between day and night only

during week 2 of the recording period (p < 0.05). Seven a.m. to 7 p.m. represents day (the animals’ normal sleep cycle) during which the

lights were turned on in the animal facility. (D) Average duration of spontaneous seizures in DBA/2J mice across the 4-week recording

period. The duration of these seizure events was significantly different only between weeks 1 and 3 of the recording period (p < 0.002).
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affect this reorganizational process because C57BL/6J and
DBA/2J mice differ in their spontaneous seizure character-
istics.17 However, our current data indicate that the changes
in seizure phenotype may be controlled by mechanisms
related to changes in brainstem seizure thresholds over the
incubation phase.

In C57BL/6J mice, significant differences were found
for forebrain seizure thresholds across the induction
phase, indicating that C57BL/6J mice were susceptible
to flurothyl kindling. DBA/2J mice did not demonstrate
this flurothyl kindling phenomenon. Although forebrain
seizure thresholds were different between C57BL/6J and
DBA/2J mice, brainstem seizure thresholds were not sig-
nificantly different between C57BL/6J and DBA/2J mice
at baseline or on the last flurothyl induction seizure
(day 8). Typically, forebrain seizure thresholds are
intrinsically lower than the inherently higher brainstem
seizure thresholds. As such, this serves to separate the
forebrain and brainstem seizure networks. In the event
that the brainstem seizure threshold is lowered, moving
closer to the forebrain seizure threshold, it becomes pos-
sible for the forebrain seizure network to interact with
the brainstem seizure network in producing brainstem
seizure expression. Forebrain?brainstem seizures may
evolve due to mechanisms that lower brainstem seizure

thresholds to forebrain seizure threshold levels. In this
instance, when mice express forebrain seizures, they
continue seizing and express brainstem seizures as long
as the seizure discharge propagates to the brainstem sei-
zure network.

Although there were decreases in brainstem seizure
thresholds in C57BL/6J and DBA/2J mice during the
induction trials, significant differences between the
forebrain and brainstem seizure thresholds at the con-
clusion of the induction trials (higher brainstem seizure
thresholds than forebrain seizure thresholds) indicate
that flurothyl-induced seizures have minimal effect on
brainstem seizure threshold reductions (to forebrain sei-
zure threshold). However, upon a 28-day postinduction
rechallenge with flurothyl, C57BL/6J mice have signifi-
cantly reduced brainstem seizure thresholds that are
then similar to their forebrain seizure thresholds,
thereby allowing for the expression of forebrain?brain-
stem seizures. Importantly, DBA/2J mice did not show
a brainstem seizure threshold decrease to forebrain sei-
zure threshold levels, resulting in the inability to
express forebrain?brainstem seizures upon flurothyl
retest.

Although spontaneous seizures occur in DBA/2J mice
repeatedly exposed to flurothyl, these mice do not
express forebrain?brainstem seizures on retest. This
suggests that spontaneous seizures are not sufficient for
DBA/2J mice to express forebrain?brainstem seizures
on retest. The failure of spontaneous seizures to lower
brainstem seizure thresholds during the incubation per-
iod in these mice could be secondary to insufficient
downstream signaling cascades. For example, we have
recently shown that in DBA/2J mice, Fos (a neural
activity–dependent marker) expression was an unreliable
marker of neuronal depolarization in the hippocampus
following a single flurothyl seizure; this was not the
case with C57BL/6J mice.16 We further determined that
the low Fos levels in DBA/2J mice were due to low
levels of phosphorylated extracellular signal-regulated
kinases (p-ERK) upstream of Fos. This was overcome
by repeated flurothyl-induced seizures, which resulted
in Fos expression levels comparable to those of
C57BL/6J mice. In summary, these findings support the
idea that potential deficits in downstream signaling
mechanisms may exist in DBA/2J mice. The fact that
upon flurothyl rechallenge, brainstem seizure thresholds
in DBA/2J mice are not significantly different from
those on day 8 of induction further supports our
hypothesis. Studying the epileptogenic processes in
these two inbred lines, each expressing different seizure
characteristics with the repeated-flurothyl model, may
provide valuable insights into mechanisms of epilepto-
genesis that are highly influenced by genetic back-
ground.

Figure 4.

Summary of forebrain and brainstem seizure thresholds in C57BL/

6J and DBA/2J mice exposed to the repeated-flurothyl model.

One-way ANOVA followed by Tukey HSD post-hoc comparisons

were used to determine significance between day 1, day 8, and flur-

othyl rechallenge (eight flurothyl induction trials plus a 28-day incu-

bation) within and between strains (C57BL/6J and DBA/2J mice).

*Significantly different comparing forebrain seizure threshold

(FBT) and brainstem seizure threshold (BST) within strain

(p < 0.0002), **significantly different comparing BST within strain

(p < 0.004), +significantly different comparing FBT between

strains (p < 0.0002), ++significantly different comparing BST

between strains (p < 0.0002).
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