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ARTICLE INFO ABSTRACT

Keywords: Interictal spikes and high-frequency oscillations (HFOs, ripples: 80-200 Hz, fast ripples: 250-500 Hz) occur in
Mesial temporal lobe epilepsy epileptic patients and in animal models of mesial temporal lobe epilepsy (MTLE). In this study, we explored how
Epileptogenesis

type 1 and type 2 interictal spikes as well as ripples and fast ripples evolve during the latent period in the hip-
pocampus of pilocarpine-treated mice. Depth EEG recordings were obtained from the hippocampus CA3 subfield
of adult male mice (n = 5, P60-P100) starting one day before pilocarpine-induced status epilepticus up to the first
spontaneous seizure, the so-called latent period. We found that rates of type 1 (n = 1 655) and type 2 (n = 2 309)
interictal spikes were significantly lower during the late phase of the latent period compared to its early and mid
phase (p < 0.001). However, rates of type 1 spikes associated with ripples (n = 266) or fast ripples (n = 106), as
well as rates of type 2 interictal spikes associated with ripples (n = 233), were significantly higher during the late
phase compared to the early and mid phases (p < 0.05). Our findings reveal that an increase of type 1 interictal
spikes co-occurring with ripples or fast ripples and an increase of type 2 interictal spikes co-occurring with ripples
mark the end of the latent period. We propose that changes in the occurrence of interictal spike associated with
HFOs represent a biomarker of epileptogenicity in this mouse model of MTLE.
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1. Introduction

Mesial temporal lobe epilepsy (MTLE) is the most common form of
focal epilepsy with seizures originating from the hippocampus, amygdala
or entorhinal cortex (EC) (Engel, 1996; Spencer and Spencer, 1994).
These focal seizures emerge after a seizure-free latent period of several
years following an initial brain insult such as status epilepticus (SE),
traumatic brain injury, or encephalitis (Banerjee et al., 2009; De Laner-
olle et al., 2003; Engel, 1996; French et al., 1993; Gloor, 1997; Salanova
et al,, 1994; Wieser, 2004). Therapeutic approaches, once seizures
appear, are often limited to symptomatic management with low success
rates since nearly one-third of cases are resistant to anti-epileptic drugs,
which leaves a large proportion of patients with intractable MTLE (Engel
et al., 2012). Chronic seizures cause cognitive decline (wen Xu et al.,
2018; Zemlyanaya et al., 2018), secondary mental health illnesses and
increased mortality (Gilliam et al., 2003; Kessler et al., 2012; Laxer et al.,
2014), thus presenting a significant burden for both patients and wider
society.

There is strong evidence suggesting that the latent period houses
epileptogenesis, an insult-induced cascade of cellular and molecular

alterations that lead to subsequent reorganisation of neuronal networks,
transforming the brain from healthy to epileptic (Dudek and Staley,
2013; Loscher and Brandt, 2010; Pitkanen and Lukasiuk, 2011). These
data have been obtained in animals, especially rodents, in which the
duration of the latent period is shorter than what is observed in humans.
In these animal models of MTLE, biomarkers such as interictal spikes
associated with high-frequency oscillations (HFOs, ripples: 80-200 Hz,
fast ripples: 250-500 Hz) have been discovered and they have been
associated with epileptogenesis since, following the initial SE, they pre-
cede the appearance of spontaneous recurrent seizures (i.e., the chronic
epileptic condition) (Jefferys et al., 2012). Different types of interictal
spikes (type 1 and type 2), based on their morphological features, have
also been identified in rats in the kainic acid and pilocarpine models of
MTLE. Specifically, it was found that the frequency of type 1 interictal
spikes (a spike followed by a long-lasting wave) decreases shortly before
the occurrence of the first seizure whereas rates of type 2 interictal spikes
(a spike with no wave) increase (Chauviere et al., 2012); moreover, a
successive study has revealed that type 2 interictal spikes associated with
fast ripples predominate during the last two days of the latent period in
the EC compared to the CA3 region of the hippocampus, whereas both
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types occur at similar rate in CA3 and EC during the following chronic
epileptic period (Salami et al., 2014).

It is unclear whether type 1 and type 2 interictal spikes are also
present in mouse models of MTLE, and whether patterns of occurrence
similar to those identified in rats are observed. Mice, compared to rats,
are highly sensitive to pilocarpine (Curia et al., 2008), and show imme-
diate neurotoxic and inflammatory effects that could favor neuronal
hyperexcitability (Pitsch et al., 2017) and “rapid” epileptogenesis
(Mazzuferi et al., 2012; Wang et al., 2019). Therefore, in this study, we
analysed the temporal evolution of type 1 and type 2 interictal spikes as
well as of ripples (80-200 Hz) and fast ripples (250-500 Hz) in the
hippocampus of pilocarpine-treated mice, from the end of SE to the onset
of the first spontaneous seizure.

2. Methods

Animals — Adult male mice (n = 5, P60-P100) were maintained in
controlled conditions (22 + 2 °C, 12-h light/dark cycle) with food and
water ad libitum. The sample consisted of four Pv-ChR2 mice and one Pv-
Cre mouse. PV-ChR2 animals were obtained from cross-breeding PV-Cre
[B6;129P2-pvalb™ (94,5 The  Jackson Laboratory; RRID:
IMSR_JAX:008069] with Ai32 mice [R26-lox-stop-lox-ChR2(H134R)-
EYFP, The Jackson Laboratory; RRID IMSR_JAX:012569]. All animals
were bred and maintained in-house. We could not find any differences
between strains regarding their sensitivity to pilocarpine; all animals
exhibited a similar response to the chemoconvulsant. Procedures were
performed according to the guidelines of the Canadian Council on Ani-
mal Care and approved by the Animal Care Committee of McGill
University.

Stereotaxic surgery — A schematic diagram of the protocol is shown
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in Fig. 1A. Mice were anaesthetized with 3% isoflurane in 100% O and
fixed in a stereotaxic frame. An incision was made in the skin and one
anchor screw (2.4 mm length) was fixed to the skull. One small hole was
drilled over the left CA3 subfield of the hippocampus (AP: - 2.85, ML: 3,
DV: - 4) to allow the implantation of a bipolar electrode (20-30 kQ). A
second hole was drilled in the frontal bone to allow the implantation of
the reference (5-10 k), which consisted of an electrode from which
insulation was removed and that was bent at 90° angle to overlie the
cortex. The screw, electrode, fibers and reference were covered with
dental cement. After surgery, mice received topic application of chlor-
amphenicol (Erfa, Qc, Canada) and lidocaine (5%; Odan, Qc, Canada)
and were injected with carprofen every 24 h (20 mg/kg s.c.; Merail, Qc,
Canada), buprenorphine every 8 h (0.1 mg/kg s.c., CDMV, Qc, Canada),
enrofloxacin every 24 h (5 mg/kg, s.c., CDMV, Qc, Canada) and 1 ml of
0.9% saline every 24 h (s.c.) for 72 h post-op.

Video-EEG recordings - Mice were housed in custom-designed
Plexiglas boxes. After a 7-day recovery period, electrodes were con-
nected to a multichannel cable (HRS Scientific, Canada). Continuous
video-EEG recordings were started one day before the induction of SE
and continued until the first spontaneous seizure. EEG signals were
amplified with a mobile 36¢ch interface tool (Stellate, Canada) and high-
pass filtered at 0.1 Hz (2nd order infinite impulse response filter) with a
sampling rate of 2000 Hz per channel. A 500 Hz low-pass hardware filter
was used to minimize aliasing. Monitoring software (Harmonie, Stellate,
Canada) was used to integrate time-stamped video files with EEG data.

Induction of status epilepticus — One week after electrode im-
plantation, mice were injected with scopolamine methylnitrate (1 mg/
kg, i.p.), followed 30 min later by up to 6 injections of pilocarpine
(50-100 mg/kg at 30 min intervals) until the occurrence of SE, which
was defined as convulsive seizure activity lasting for more than 5 min
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Fig. 1. — A: Schematic diagram of the experimental protocol. One week after electrode implantation, mice were injected with scopolamine methylnitrate (1 mg/kg,
i.p.), followed 30 min later by up to 6 injections of pilocarpine (50-100 mg/kg at 30 min intervals) until the occurrence of SE, which was terminated after 1 h with
diazepam and ketamine. The latent period was defined as the period between the end of SE and the occurrence of the first spontaneous seizure. Epochs of 10 min of
EEG recordings were extracted every 4 h during the latent period. B: EEG recordings showing SE activity in one animal. C: Interictal activity in the same animal as in B,
one day after SE. Interictal spikes that were detected by the algorithm are indicated with asterisks (*); artefacts were removed after visual inspection of EEG traces. D:
Representative example of a type 1 interictal spike from another pilocarpine-treated animal. Note the presence of a wave after the peak (arrowhead). E: Representative
example of a type 2 interictal spike from a third pilocarpine-treated animal. F: First spontaneous seizure in the same animal as shown in B and C. Interictal spikes that
were detected by the algorithm are indicated with asterisks (*); artefacts were removed after visual inspection of EEG traces.
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(Fig. 1B). SE was terminated after 1 h by injecting diazepam (10 mg/kg,
s.c.; CDMV, Qc, Canada) and ketamine (25 mg/kg, s.c.; CDMV, Qc,
Canada) (Lévesque et al., 2019).

Interictal spikes and HFO analysis — EEG recordings were sampled
as 10-min epochs every 4 h with the first epoch extracted immediately
after SE termination and the final epoch extracted at least 1 h prior to the
onset of the first spontaneous seizure (Fig. 1A). Epochs were only
selected when mice were sleeping or immobile to minimize movement
artefacts and maximise HFO detection (Bagshaw et al., 2009; Staba et al.,
2004). They were then exported to MATLAB 2019b (MathWorks, USA)
and artefacts removed by visual inspection. Epochs were analysed for
interictal spikes and HFOs (minimum order equiripple bandpass filters;
ripples: 80-200 Hz, fast-ripples: 250-500 Hz) with custom-designed al-
gorithms using methods previously published (Lévesque et al., 2019) and
outlined below.

The end of SE was defined as termination of continuous spiking ac-
tivity and return to baseline EEG activity (Wang et al., 2019). The latent
period was defined as the time between the end of SE and the onset of the
first spontaneous seizure (Fig. 1A). The duration of the latent period was
converted into a 0-100% scale, with 0% representing the end of SE and
100% the onset of the first spontaneous seizure. Counts of interictal
spikes and HFOs were calculated in 1% bins and averaged across mice, to
allow comparison of rates over variable time lengths. To exclude any
effects due to variability in interictal spike occurrence, the ratio of
interictal spikes with HFOs to interictal spikes was calculated per 1% bin.

Interictal spikes were defined as isolated irregular spikes having an
amplitude >5 SD above the baseline mean (Wang et al., 2019) (Fig. 1C).
They were subsequently classified into type 1 (interictal spike with a
wave) (Fig. 1D) and type 2 (interictal spike with no wave) (Fig. 1E), as
previously defined (Chauviere et al., 2012; Salami et al., 2014). HFOs
were defined as events with four consecutive oscillatory cycles with
amplitude >3 SD above the baseline mean, in the 80-200Hz (ripples) and
250-500Hz (fast ripples) frequency bands (Lévesque et al., 2019).
Overlapping HFOs were excluded from analysis (Bénar et al., 2010).
HFOs were defined as co-occurring with an interictal spike if they
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occurred within 500 ms of the peak of the interictal spike. The occurrence
of the first spontaneous seizure (Fig. 1F) marked the end of the latent
period.

Statistical analyses - All statistical analyses were performed in
MATLAB 2019b (MathWorks, USA). To compare changes within rates of
interictal spikes and HFOs, data samples from the early (0-20%), mid
(40-60%) and late (80-100%) phase of the latent period were averaged
together in each category and plotted as mean + SEM, then compared.
Normality was assessed using the Shapiro-Wilks test. For parametric
data, we performed repeated measures ANOVAs followed by post-hoc
Student’s t-tests with Bonferroni corrections. Likewise, for non para-
metric data, we performed Friedman tests followed by post-hoc Wilcoxon
Rank Sum tests with Bonferroni corrections. The level of significance was
set at p < 0.05 (*p < 0.05, **p < 0.01).

3. Results

Interictal spikes - All animals (n = 5) showed spontaneous seizures,
on average 5.1 (+3.0) days after SE. Fig. 2A shows average rates of the
total number of interictal spikes (n = 4 053) over time during the latent
period, on a 0-100% scale. When comparing the early (0-20%), mid
(40-60%) and late (80-100%) phases of the latent period, we found
significant differences that indicated a decrease in the total number of
interictal spikes over time (Friedman test: X°r = 33.4, p < 0.0001, Post-
hoc Wilcoxon Rank Sum tests with Bonferroni corrections: early vs mid:
p = 0.186; mid vs late: **p < 0.01; early vs late: **p < 0.01) (Fig. 2B).

We next investigated type 1 and type 2 interictal spikes, to determine
whether their occurrence changed during the latent period. Type 1
interictal spikes represented 40.8% (n = 1 655, average duration =
394.1 + 6.4 ms) of the total number of interictal spikes. Overall, rates of
type 1 interictal spike decreased over time (Fig. 2C), as revealed by the
comparisons of the early, mid and late phases of the latent period
(repeated measures ANOVA: F(2, 40) = 78.9, p < 0.0001, Student’s t-
tests with Bonferroni corrections: early vs mid: **p < 0.01; mid vs late:
**p < 0.01; early vs late: **p < 0.01) (Fig. 2D). Similar results were
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Fig. 2. - A: Rates of interictal spikes over time, from the end of SE to the onset of the latent period or the occurrence of the first spontaneous seizure (SZ1 onset). The
latent period is converted into a scale from 0 (end of SE) to 100% (time of the first seizure occurrence) to account for differences in duration between animals (mean +
SD). B: Bar graph showing the average rates of interictal spikes for the early (0-20%), mid (40-60%) and late (80-100%) phase of the latent period. Note that
interictal spike rates significantly decreased over time. C: Rates of type 1 interictal spikes over time during the latent period. D: Bar graph showing average rates of
type 1 interictal spikes during the early, mid and late phase of the latent period. Rates of type 1 interictal spikes significantly decreased over time. E: Rates of type 2
interictal spikes over time during the latent period. F: Bar graph showing average rates of type 2 interictal spikes during the early, mid and late phase of the latent

period. Type 2 interictal spike rates also decreased significantly over time before the first spontaneous seizure.

**p < 0.01.
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observed for type 2 interictal spikes, which represented 56.9% (n = 2
309, average duration = 215.7 + 5.9 ms) of the total number of interictal
spikes. They significantly decreased over time (Fig. 2E), as shown by
comparing their rates of occurrence during the three phases of the latent
period (Friedman test: X?r = 32.6, p < 0.0001, Post-hoc Wilcoxon Rank
Sum tests with Bonferroni corrections: early vs mid: p = 1.074; mid vs
late: **p < 0.01; early vs late: **p < 0.01) (Fig. 2F). A total of 89
interictal spikes (2.19%) could not be classified as either type 1 or type 2
and were excluded from further analysis.

Interictal spikes co-occurring with high-frequency oscillations —
Next, we analysed interictal spikes co-occurring with ripples (n = 492)
and found that they significantly increased in occurrence at the end of the
latent period (Fig. 3A), before the onset of the first spontaneous seizure
(repeated measures ANOVA: F(2, 40) = 89.2, p < 0.0001, Student’s t-
tests with Bonferroni corrections: early vs mid: *p < 0.05; mid vs late:
**p < 0.01; early vs late: **p < 0.01) (Fig. 3B). This pattern was observed
for type 1 interictal spikes co-occurring with ripples (Fig. 3C) (n = 266)
(repeated measures ANOVA: F(2, 40) = 28.5, p < 0.0001, Student’s t-
tests with Bonferroni corrections: early vs mid: p = 0.156; mid vs late:
**p < 0.01; early vs late: **p < 0.01) (Fig. 3D and E) and for type 2
interictal spikes co-occurring with ripples (Fig. 3F) (n = 223) (Friedman
test: X%r = 20.7, p < 0.0001, Post-hoc Wilcoxon rank sum tests with
Bonferroni corrections: early vs mid: p = 1.074; mid vs late: **p < 0.01;
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early vs late: *p < 0.05) (Fig. 3G and H). Therefore, both type 1 and type
2 interictal spikes co-occurring with ripples significantly increased at the
end of the latent period, before the occurrence of the first spontaneous
seizure.

Interictal spikes co-occurring with fast ripples (n = 188) also signif-
icantly increased in occurrence before the first spontaneous seizure
(repeated measures ANOVA: F(2, 40) = 36.1, p < 0.0001, Student’s t-
tests with Bonferroni corrections: early vs mid: *p < 0.05; mid vs late:
**p < 0.01; early vs late: **p < 0.01) (Fig. 4A and B). Similar results were
observed for type 1 interictal spikes with fast ripples (Fig. 4C) (n = 106)
(repeated measures ANOVA: F(2, 40) = 45.6, p < 0.0001, Student’s t-
tests with Bonferroni corrections: early vs mid: **p < 0.01; mid vs late:
**p < 0.01; early vs late: **p < 0.01) (Fig. 4D and E). Type 2 interictal
spikes with fast ripples (Fig. 4F) (n = 80), however, appeared to decrease
over time, although this trend did not reach statistical significance
(Friedman test: X%r = 3.5, p = 0.17) (Fig. 4G and H).

Finally, we analysed isolated HFOs (n = 594) that occurred inde-
pendently of interictal spikes. We found that isolated ripples (Fig. 5A) (n
= 447) significantly increased in occurrence before the first spontaneous
seizure (repeated measures ANOVA: F(2, 40) = 56.3, p < 0.0001, Stu-
dent’s t-tests with Bonferroni corrections: early vs mid: **p < 0.01; mid
vs late: p = 2.4; early vs late: **p < 0.01) (Fig. 5B and C). Isolated fast
ripples (Fig. 5D) were also observed (n = 147); however, they did not
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IS = interictal spikes; T1 IS = type 1 interictal spikes, T2 IS = type 2 interictal spikes.

show any significant change in rate during the latent period (Friedman
test: X%r = 3.0, p = 0.22) (Fig. 5E and F).

4. Discussion

The main findings of our study can be summarised as follows: (i) type
1 and type 2 interictal spikes significantly decrease in occurrence shortly
before the first spontaneous seizure; (ii) rates of type 1 interictal spikes
co-occurring with ripples or fast ripples significantly increase at the end
of the latent period, along with the rates of type 2 interictal spikes co-
occurring with ripples; (iii) rates of type 2 interictal spikes co-
occurring with fast ripples do not change over time; and (iv) isolated
ripples increase in occurrence before the first spontaneous seizure
whereas no significant change is identified for fast ripples.

Interictal spikes with different durations and distinct morphological
features were found during the chronic period in the hippocampus CA3
subfield and in the entorhinal cortex of epileptic rats treated with pilo-
carpine by Bortel et al. (2010) who, however, did not classified them as
type 1 and type 2. Shortly later, Chauviere et al. (2012) classified
interictal spikes based on their morphological features in pilocarpine-
and kainic acid-treated rats and reported that they have different patterns
of occurrence during the latent period. Specifically, they reported that

type 1 interictal spikes (which are followed by long-lasting waves)
gradually decrease in frequency during the latent period, whereas type 2
interictal spikes (which are not followed by long-lasting waves) signifi-
cantly increase, reaching their minimum/maximum value before the first
spontaneous seizure. An increase of occurrence of type 2 interictal spikes
in the CA3 region of epileptic rats, before first seizure occurrence, was
also reported by Salami et al. (2014) in the pilocarpine model.
Chauviere et al. (2012) proposed that type 1 interictal spikes corre-
spond to the recruitment of large populations of excitatory and inhibitory
cells whereas type 2 interictal spikes would reflect local activity of
excitatory neurons. Changes in type 2 interictal spike frequency were
therefore attributed to the progressive buildup of excitatory circuits
during epileptogenesis (Chauviere et al., 2012). In contrast, in this study
we have found in mice that the occurrence of both type 1 and type 2
interictal spikes decreases from the end of SE to the onset of the first
spontaneous seizure. The discrepancy between our present results and
those reported in previous studies (Chauviere et al., 2012; Salami et al.,
2014) could be due to inter-species differences, since mice and rats show
different levels of sensitivity to chemoconvulsants. Indeed, compared to
rats, mice are highly sensitive to pilocarpine, which translates into high
mortality rates in this species (Curia et al., 2008) as well as immediate
neurotoxic and inflammatory effects, which could favor neuronal
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Fig. 5. — A: Representative example of an isolated ripple (80-200 Hz). B: Rates of isolated ripples over time during the latent period. C: Bar graph showing the average
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example of an isolated fast ripple (250-500 Hz). E: Rates of isolated fast ripples over time. F: Bar graph showing the average rate of isolated fast ripples during the
early, mid and late phase of the latent period. No significant differences were observed. **p < 0.01.

hyperexcitability (Pitsch et al., 2017). In line with this hypothesis, the
latent period in pilocarpine-treated mice is practically non-existent, since
seizures can occur within the first 48 h after SE (Mazzuferi et al., 2012;
Pitsch et al., 2017; Wang et al., 2019).

Our present data show that type 1 interictal spikes associated with
ripples or fast ripples as well as type 2 interictal spikes associated with
ripples significantly increase before the occurrence of the first sponta-
neous seizure. Ripples and fast ripples (i.e., HFOs) are considered as
biomarkers of pathological network synchronization (Jefferys et al.,
2012). HFOs both in the ripple and fast ripple frequency range were
observed before the first spontaneous seizure in kainic acid- (Bragin
et al., 2004) and pilocarpine-treated animals (Salami et al., 2014). No
significant increase of type 2 interictal spikes associated with fast ripples
was, however, observed before the occurrence of the first seizure; such
increased instead occur in rats later during the chronic epileptic stage, as
it was reported in the study of Salami et al. (2014), in which type 2
interictal spikes associated with fast ripples reached their maximum
frequency 48h after the first seizure.

Finally, we have found that isolated ripples, but not isolated fast
ripples, occurred at significantly higher rates during the mid and late
phases of the latent period. Ripples, which presumably represent popu-
lation IPSPs generated by principal neurons entrained by synchronously
active interneuron networks (Buzsaki and Chrobak, 1995; Ylinen et al.,

1995), could therefore reach their maximum value before the onset of
spontaneous seizures. The presence of isolated fast ripples, thought to
reflect the synchronous firing of principal (glutamatergic) neurons in the
epileptic hippocampus of animals and patients (Bragin et al., 2011;
Foffani et al., 2007; Ibarz et al., 2010) could however be more restricted
to the chronic epileptic state.

5. Conclusions

Our findings reveal that interictal spikes and their associated HFOs
display different patterns of evolution during the latent period in the
mouse pilocarpine model of MTLE. An increase of type 1 interictal spikes
associated with ripples and fast ripples as well as type 2 interictal spikes
associated with ripples mark the end of the latent period. We propose
that analyzing different types of interictal spikes may help to better un-
derstand the transition from a latent to a chronic epileptic state.
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