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Two Seizure-Onset Types Reveal Specific Patterns of
High-Frequency Oscillations in a Model of Temporal Lobe
Epilepsy
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High-frequencyoscillations(HFOs;80 –500Hz)arethoughttomirrorthepathophysiologicalchangesoccurringinepilepticbrains.However, the
distribution of HFOs during seizures remains undefined. Here, we recorded from the hippocampal CA3 subfield, subiculum, entorhinal cortex,
and dentate gyrus to quantify the occurrence of ripples (80 –200 Hz) and fast ripples (250 –500 Hz) during low-voltage fast-onset (LVF) and
hypersynchronous-onset (HYP) seizures in the rat pilocarpine model of temporal lobe epilepsy. We discovered in LVF seizures that (1) progres-
sionfrompreictaltoictalactivitywascharacterizedinseizure-onsetzonesbyanincreaseofrippleratesthatwerehigherwhencomparedwithfast
ripple rates and (2) ripple rates during the ictal period were higher compared with fast ripple rates in seizure-onset zones and later in regions of
secondary spread. In contrast, we found in HYP seizures that (1) fast ripple rates increased during the preictal period and were higher compared
with ripple rates in both seizure-onset zones and in regions of secondary spread and (2) they were still higher compared with ripple rates in both
seizure-onset zones and regions of secondary spread during the ictal period. Our findings demonstrate that ripples and fast ripples show distinct
time- and region-specific patterns during LVF and HYP seizures, thus suggesting that they play specific roles in ictogenesis.

Introduction
High-frequency oscillations (HFOs; 80 –500 Hz) are recorded in
the EEG of temporal lobe epilepsy patients and in animal models
mimicking this condition (Engel and da Silva, 2012; Jefferys et al.,
2012). HFOs occur in limbic structures such as the hippocampus
and entorhinal cortex, as well as in the neocortex, and they are
thought to reflect the activity of dysfunctional neural networks
that underlie and sustain epileptogenesis (Bragin et al., 2004;
Jacobs et al., 2009, 2010; Ibarz et al., 2010; Jiruska et al., 2010a;
Wu et al., 2010; Lévesque et al., 2011). HFOs are also better mark-
ers than interictal spikes to identify the seizure-onset zone, inde-
pendently of the underlying pathology (Jacobs et al., 2008, 2009;
Crépon et al., 2010).

HFOs recorded from the hippocampal CA1 and CA3 subfields
augment during the transition from preictal to ictal state in the in
vitro low-Mg 2� model of epileptiform synchronization (Khosra-
vani et al., 2005). Bragin et al. (2005) also found that HFOs in-
crease in amplitude, duration, and frequency in the dentate gyrus
at the onset of seizures occurring spontaneously in vivo in epilep-
tic rats that have received a unilateral hippocampal injection of
kainic acid. In keeping with these experimental data, Zijlmans et

al. (2011) recently observed an increase in the percentage of time
occupied by HFOs during the transition from preictal to ictal
activity in epileptic patients, using time windows of 10 s before
and 5 s after seizure onset; however, no significant increase in
HFOs could be identified 1, 5, and 15 min before seizure onset in
another clinical study (Jacobs et al., 2009).

The temporal distribution of HFOs shortly before and during
seizures is therefore undefined. In addition, we ignore whether ictal
HFOs are differently expressed in seizure-onset zones compared
with other areas of the brain. Finally, the temporal and spatial distri-
bution patterns of HFOs in different seizure-onset patterns remain
unclear. Here, we addressed HFO dynamics across space and time
during spontaneous seizures using chronic multichannel local field
potential (LFP) recordings in the rat pilocarpine model of temporal
lobe epilepsy. Specifically, we analyzed the occurrence of two
different HFO categories [i.e., ripples (80 –200 Hz) and fast
ripples (250 –500 Hz)] in low-voltage fast-onset (LVF) and
hypersynchronous-onset (HYP) seizures (Velasco et al., 2000;
Bragin et al., 2005, 2009; Ogren et al., 2009) during the preictal
and ictal periods.

Materials and Methods
Animal preparation. Male Sprague Dawley rats (250 –300 g) were ob-
tained from Charles River and let habituate for 72 h after delivery before
pilocarpine treatment. They were housed under controlled conditions, at
22°C (�2°C) and 12 h light/dark cycle (lights on from 7:00 A.M. to 7:00
P.M.) with food and water ad libitum. All procedures were approved by
the Canadian Council of Animal Care, and all efforts were made to min-
imize suffering and the number of animals used.

Rats were given injections of scopolamine methylnitrate (1 mg/kg, i.p.;
Sigma-Aldrich) and, 30 min later, a single dose of pilocarpine hydrochlo-
ride (380 mg/kg, i.p.; Sigma-Aldrich) (Bortel et al., 2010; Lévesque et al.,
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2011). Their behavior was scored according to the Racine scale (Racine,
1972), and status epilepticus was defined as continuous stage 5 seizures.
Status epilepticus was terminated after 1 h by injection of diazepam (5
mg/kg, i.p.; CDMV) and ketamine (50 mg/kg, i.p.; CDMV) (Martin and
Kapur, 2008). The mortality rate was 13%. Surviving animals were al-
lowed to recover for 72 h before surgery. They were then anesthetized
with isoflurane (3%) in 100% O2 and positioned in a stereotaxic frame so
that lambda and bregma laid in the same horizontal plane. An incision
was made in the skin to expose the skull plate. Four stainless steel screws
(2.4 mm length) were fixed to the skull, and four small holes were drilled
to allow the implantation of bipolar electrodes (20 –30 k�; 30 –50 mm
length; distance between exposed tips, 500 �m) made by twisting and
gluing two 0.006 inch resin-insulated copper wires. Contacts consisted of
the cut edge of the wire (0.018 mm 2) (Châtillon et al., 2011). Electrodes
were implanted in the CA3 subfield of the ventral hippocampus (AP,
�4.4; ML, �4; DV, �8.8), medial entorhinal cortex (AP, �6.6; ML, �4;
DV, �8.8), ventral subiculum (AP, �6.8; ML, �4; DV, �6) and dentate
gyrus (AP, �4.4; ML, �2.4; DV, 3.4). Screws and electrode pins were
connected with a pin connector and fastened to the skull with dental
cement. A cortical screw placed in the frontal bone was used as reference,
and a second screw, placed on the opposite side of the frontal region, was
used as ground. After surgery, rats received topical chloramphenicol
(Erfa) and lidocaine (5%; Odan) and were given subcutaneous injections
of ketoprofen (5 mg/kg; Merail), buprenorphine (0.01– 0.05 mg/kg re-
peated every 12 h; CDMV) and 2 ml of 0.9% sterile saline.

Local field potential recordings and histological
localization of depth electrodes. After surgery, rats
were housed individually in custom-made Plexi-
glas boxes (30 � 30 � 40 cm) and let habituate to
the environment for 24 h. The pin connector was
then connected to a multichannel cable and elec-
trical swivel (Slip ring T13EEG, Air Precision; or
Commutator SL 18C, HRS Scientific) and LFP-
video monitoring (24 h per day) was performed.
LFPs were amplified via an interface kit (Mobile
36ch LTM ProAmp; Stellate), low-pass filtered at
500 Hz, and sampled at 2 kHz per channel. Infra-
red cameras were used to record day/night video
files that were time-stamped for integration with
the electrophysiological data using monitoring
software (Harmonie; Stellate). Throughout the
recordings, animals were placed under controlled
conditions (22 � 2°C, 12 h light/dark schedule)
and provided with food and water ad libitum.
LFP-video recordings were performed up to 15 d
after status epilepticus.

At the end of the recording, rats were deeply
anesthetized with isoflurane, and electrode local-
ization was aided by lesioning the surrounding
tissue by passing current (500 �A, 120 s) through
each recording electrode. Rats were maintained
under deep anesthesia with isoflurane and decap-
itated. Brains were extracted and postfixed with
formaldehyde (BioLynx) for at least 48 h and later
placed in a 30% sucrose–formalin solution for
48 h. They were then frozen in pulverized dry ice
and sliced (30 �m thick) using a cryostat. Brain
sections were mounted on gelatinized glass slides
and stained using a cresyl violet solution. Loca-
tion of the lesions was evaluated according to the
atlas of Paxinos and Watson (1998) [see Lévesque
et al. (2011) for the histological localization of
electrodes].

Detection of high-frequency oscillatory events.
A multiparametric algorithm was used to iden-
tify oscillations in each frequency range, using
routines based on standardized functions
(Matlab Signal Processing Toolbox). For each
seizure, raw LFP recordings were bandpass fil-
tered in the 80 –200 Hz and in the 250 –500 Hz

frequency range using a finite impulse response filter; zero-phase digital
filtering was used to avoid phase distortion. A 10 s artifact-free period
(50 – 40 s before the seizure onset) was selected as a reference for signal
normalization. LFPs from each region were normalized using their own
reference period. To be considered as an HFO candidate, oscillatory
events in each frequency band had to show at least four consecutive cycles
having amplitude of 3 SD above the mean of the reference period. The
time lag between two consecutive cycles had to be between 5 and 12.5 ms
for ripples and between 2 and 4 ms for fast ripples. Furthermore, special
care was taken to avoid the detection of false HFOs, since ripples were
kept for analysis only if they were visible in the 80 –200 Hz range, whereas
fast ripples were kept only if they were visible in the 250 –500 Hz range.
Overlapping events, which may be caused by the filtering of sharp spikes
(Bénar et al., 2010), were thus excluded from the analysis. Visual valida-
tion was also performed to eliminate the false positive created by move-
ment artifacts. If a time period containing movement artifacts was
observed on one channel, the same time period was removed on all
channels. The final result was a list of “ripples” and “fast ripples,”
throughout the recording, for each region. Figure 1 shows examples of
HFO events, whereas Figures 2 Ab, Bb, Cb, and Db and 3Ab, Bb, Cb, and
Db show HFOs during LVF and HYP seizures, respectively. Note that
HFOs were visible on the wideband recordings and that there were no
overlapping oscillatory events occurring simultaneously in the ripple and
fast ripple frequency bands.

Figure 1. A, Representative local field potentials recorded from the CA3 region during an HYP seizure, 6.8 s after seizure onset
showing the occurrence of a ripple (80 –200 Hz) (inset). B, Representative local field potentials from the CA3 region during another
HYP seizure in the same rat, showing the occurrence of a fast ripple (250 –500 Hz) (inset) 24.7 s after seizure onset.
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Detection of seizures and seizure-onset
zones. Seizures were identified automatically
with the ICTA-D seizure detector (Har-
monie; Stellate). Validation of the results
provided by the detector was performed by
visual inspection of LFPs and video. Termi-
nation of convulsive seizures was usually fol-
lowed by wet-dog shakes. LFP recordings
showed that seizures were characterized by
paroxysmal discharges of increasing ampli-
tude that involved multiple channels, for a
duration of at least 5 s.

On average, the first seizure was observed 5.5
(�2.3) days after the pilocarpine induced sta-
tus epilepticus. We considered the occurrence
of the first seizure as the end of the latent pe-
riod. All seizures used for analysis were thus
extracted during the chronic period, up to 15 d
after status epilepticus. Only seizures with good-
quality recordings on every channel were se-
lected for analysis. Time periods containing the
preictal and the ictal periods were exported for
off-line analysis in Matlab 7.9.0 (Mathworks).
To identify seizure-onset zones, the power
spectral distribution of the LFPs from every re-
gion was computed, using a frequency range
from 1 to 50 Hz. To enhance the detection of
seizure onsets, a gamma correction with a fac-
tor 0.15 was applied to the spectrogram to im-
prove the contrast to random noise.

Three reviewers blinded to electrode loca-
tion were instructed to identify independently
one or more seizure-onset zones, by looking at
power spectral densities and LFPs. In addition,
they were asked to point at the time of seizure
onset in each brain structure. When seizure on-
set was preceded by focal interictal spikes (also
termed preictal spikes; see Huberfeld et al.,
2011), the onset time was identified as the time
of fast-activity onset (Figs. 2, 3, arrows). When-
ever reviewers did not agree on the location of
the seizure-onset zone or the time of onset, the
recordings were further analyzed jointly until
agreement was reached. Seizures could be cat-
egorized into four types: (1) seizures initiating
in CA3 were labeled as “CA3”; (2) those origi-
nating from CA3 and another region simulta-
neously were termed “CA3�”; (3) seizures
initiating simultaneously in all regions were
termed “widespread”; and (4) those that did
not involve CA3 were labeled as “CA3�”.

Seizures were then transformed into a
time scale from 1 (start of seizure) to 100
(end of seizure) to account for differences in
seizure duration (range, 18 –135 s). The pre-
ictal period was also transformed into a time
scale from 1 to 100. Values for the ripples and
fast ripples were then averaged according to
seizure type and region of onset. Distribu-
tion histograms of HFO occurrence were
built for the preictal and ictal periods.

Classification of seizures. Seizures were classified in two groups accord-
ing to their onset pattern (Velasco et al., 2000). LVFs were characterized
by the occurrence of a positive- or negative-going spike that was followed
by the appearance of low-amplitude, high-frequency activity (Fig. 2).
HYPs were characterized at onset by a pattern of focal (preictal) spiking
at a frequency of �2 Hz (Fig. 3).

Statistical analysis. Rates and duration of each type of HFO (ripples,
fast ripples) were computed for each region (CA3, entorhinal cortex,

dentate gyrus, and subiculum) using the values that were obtained from
all seizures. The preictal and ictal periods were divided in three equal
parts, and rates of ripples and fast ripples in each part were com-
pared using nonparametric Wilcoxon signed-rank tests followed by
Bonferroni-Holm corrections for multiple comparisons. This al-
lowed us to evaluate whether ripples or fast ripples predominated
during each seizure type and at specific moments of the preictal and
ictal periods, in seizure-onset zones and in regions of secondary

Figure 2. Representative LVF seizure recorded simultaneously from the CA3 region (A), the entorhinal cortex (B), the dentate
gyrus (C), and the subiculum (D) with corresponding spectrograms. Note in the spectrogram of CA3 that highly rhythmic activity in
the 10 –20 Hz frequency range characterizes the onset of ictal activity; this change was used by the reviewers to identify the
seizure-onset time and zone. Note also that the initial phase of the seizure is shown in a on an expanded time scale; arrows indicate
the onset of fast activity in CA3 and in the areas of propagation. Wideband and filtered signals in the ripple (80 –200 Hz) and fast
ripple (250 –500 Hz) frequency ranges are also shown, with detected HFOs highlighted in red (b). Note that HFOs are visible on the
wideband unfiltered signal and that they do not always occur on the spike component.
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spread. Nonparametric Kruskall-Wallis tests were used to compare
rates and duration of ripples and fast ripples between seizure types
(i.e., LVF and HYP), regions (seizure-onset zones and regions of
secondary spread), and time periods (preictal and ictal periods). We
also evaluated whether ripple and fast ripple rates increased signifi-
cantly during the preictal period by applying a linear regression be-
tween time and HFO rates. Statistical tests were performed in Matlab
7.9.0 (Mathworks) using the Statistics Toolbox. Results are expressed
as mean � SEM. The level of significance was set to p � 0.05.

Results
Seizure-onset zones
We analyzed a total of 42 seizures that
were recorded in 6 epileptic animals. In
one rat, all seizures were CA3; in two rats,
they were CA3 in 53.9% and in 50% of
cases, whereas the rest were CA3�. In the
fourth rat, seizures were distributed as fol-
lows: CA3, 18.15%; CA3�, 36.4%; wide-
spread, 27.3%; CA3�, 18.15%. In the fifth
rat, 50% of seizures were widespread and
50% were CA3. In the sixth rat, seizures
were always widespread.

Types of seizure onset
Representative examples of LVF and HYP
seizures are shown in Figures 2 and 3, re-
spectively. Fifty percent (21 of 42) of sei-
zures were HYP, whereas 42.9% (18 of 42)
were LVF. The remaining three seizures
(7.1%) could not be classified as either
HYP or LVF seizures and were excluded
from the analysis. Three rats showed both
types of seizures, one showed only LVF
seizures, and two showed only HYP sei-
zures. The duration of LVF seizures [87.4
(�7.3) s] was significantly longer than the
duration of HYP seizures [58.1 (�5.2) s]
(p � 0.05) (Fig. 4A).

Relationship between seizure-onset
zone and seizure-onset type
LVF seizures were characterized by a
steady buildup of epileptic activity that
started in the hippocampus (CA3) in 9 of
18 cases (50%), whereas the remaining
seizures were widespread (22.2%), CA3�
(22.2%), or CA3� (5.6%) (Fig. 4B). On
the other hand, 66.6% of HYP seizures (14
of 21) involved CA3 as the seizure-onset
zone (CA3 or CA3�) (Fig. 4B). In six of
seven CA3� HYP seizures, the onset
zones were in CA3 and the subiculum; in
the remaining case, the onset zone was in
CA3 and entorhinal cortex. The remain-
ing seven HYP seizures were labeled as
widespread. It should be noted that preic-
tal spiking, characteristic of HYP seizures,
only occurred in CA3 or in CA3 and an-
other region simultaneously (CA3�) but
never outside the hippocampus alone
(e.g., the seizure shown in Fig. 3).

Duration of HFOs and relationship
with the type of seizure onset

We recorded a total of 19,286 ripples and 19,868 fast ripples.
Ripples lasted, on average, 47.9 (�0.2) ms, whereas fast ripples
lasted, on average, 14.8 (�0.1) ms. When comparing the dura-
tion of ripples during the preictal and ictal periods of LVF and
HYP seizures, we observed a significant effect of seizure type
(LVF and HYP), region (seizure-onset zones and regions of sec-
ondary spread), and time periods (preictal and ictal) (� 2 �
1002.2; df � 7; p � 0.001). Post hoc comparisons revealed that

Figure 3. Representative HYP seizure recorded simultaneously from the CA3 region (A), the entorhinal cortex (B), the dentate
gyrus (C), and the subiculum (D). The initial phase of the seizure on an expanded time scale is shown in a; arrows indicate the onset
of fast activity in CA3 and in the areas of propagation. Note that preictal spikes typical of HYP seizures occurred, in most cases, in CA3
and subiculum. Wideband and filtered signals in the ripple (80 –200 Hz) and fast ripple (250 –500 Hz) frequency range are shown
in b, with HFOs highlighted in red.
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during LVF seizures, (1) ripples lasted lon-
ger during the ictal period compared with
the preictal period, both in seizure-onset
zones and in regions of secondary spread;
(2) ripples lasted longer in seizure-onset
zones than in regions of secondary spread
(p � 0.001) (Fig. 5A, Ictal period), whereas
(3) no significant differences were observed
during the preictal period (Fig. 5, Pre-ictal
period); and (4) ripples lasted longer during
the ictal period of LVF seizures in both
seizure-onset zones and regions of second-
ary spread, compared with those recorded
during HYP seizures (p � 0.001) (Fig. 5A,
Ictal period). The duration of fast ripples did not differ between
seizure types, regions, or time periods (Fig. 5B).

Spatial and temporal distribution patterns of HFOs in
temporal lobe regions
Figure 6 shows the temporal and spatial distribution of HFOs during
LVF seizures in each region. Significantly higher ripple rates com-
pared with fast ripple rates were observed in the preictal period in
CA3, which was, in most cases (72.2%), the LVF seizure-onset zone
(Fig. 6, CA3, Pre-ictal) (p � 0.001). During the ictal period, all re-
gions showed significantly higher ripple rates compared with fast
ripple rates (p � 0.001) (Fig. 6, Ictal).

Comparison of HFO rates during the preictal period of HYP
seizures revealed significantly higher rates of fast ripples com-
pared with ripples (p � 0.001) in all regions (Fig. 7, Pre-ictal).
During the ictal period, higher fast ripple rates were still observed
in all regions compared with ripple rates (p � 0.001) (Fig. 7,
Ictal).

Spatial and temporal distribution patterns of HFOs in
seizure-onset zones and regions of secondary spread
Comparing ripple and fast ripple rates that occurred during LVF
seizures in onset zones and in regions of secondary spread re-
vealed that during the preictal period, the formers increased sig-
nificantly over time (r 2 � 0.37; p � 0.0005) and were higher than
fast ripple rates (p � 0.001) in seizure-onset zones only (Fig. 8A,
Pre-ictal period). In regions of secondary spread, no significant
difference between ripple and fast ripple rates were observed, and
HFO rates did not increase significantly over time (Fig. 8A, Pre-
ictal period). During the ictal period, ripple rates continued to
predominate over fast ripples in the seizure-onset zone (p �
0.001) (Fig. 8A, Ictal period) and became significantly higher
compared with fast ripple rates during the last part of the seizure
in regions of secondary spread (p � 0.001) (Fig. 8A, Ictal period).
In addition, ripple rates were overall significantly higher in
seizure-onset zones than in regions of secondary spread (� 2 �
144.33; df � 3; p � 0.01).

The comparison of HFO rates during HYP seizures revealed
that during the preictal period, fast ripple rates had significant
and linear increases in both seizure-onset zones (r 2 � 0.37; p �
0.0005) and regions of secondary spread (r 2 � 0.62; p � 0.0001)
(Fig. 8B, Pre-ictal period). Fast ripple rates were also higher than
ripple rates during the preictal period (p � 0.001, p � 0.05) in
seizure-onset zones and in regions of secondary spread (Fig. 8B,
Pre-ictal period). Throughout the ictal period, fast ripple rates
were higher than ripple rates in seizure-onset zones and in re-
gions of secondary spread (p � 0.001) (Fig. 8B, Ictal Period). No
significant differences were observed when comparing rates of

fast ripples in seizure-onset zones and in regions of secondary
spread throughout the entire seizure.

Discussion
The main findings of our study can be summarized as follows:
(1) spontaneous seizures observed after a pilocarpine-induced
status epilepticus are characterized by either LVF or HYP on-
sets, the former seizures being longer in duration; (2) specific
HFO patterns are associated with these two types of seizures
since ripples predominate during LVF seizures and fast ripples
during HYP seizures; (3) ripple rates in LVF seizures increase
over time before onset and are higher than fast ripple rates
during both preictal and ictal periods; (4) ripples occurring
during LVF seizures have longer duration and higher rates in
seizure-onset zones than in regions of secondary spread; (5)
ripple duration is longer in seizure-onset zones during the
ictal period of LVF seizures compared with the preictal period
and the duration of ripples occurring during HYP seizures; (6)
HYP seizures are characterized by an increase over time of fast
ripple rates before seizure onset that remains higher than rip-
ple rates throughout the ictal period.

Figure 4. A, Bar graph showing the average duration of LVF and HYP seizures. HYP seizures were significantly shorter compared
with LVF seizures (*p � 0.05), B, Pie charts showing the percentage of seizures labeled as CA3, CA3�, CA3�, and widespread for
LVF and HYP seizures. Note that, in most cases, the CA3 was involved as a seizure-onset zone (66.6% of HYP seizures and 72.2% of
LVF seizures).

Figure 5. Bar graph showing the duration of ripples (A) and fast ripples (B) during the preictal and
ictal periods for HYP and LVF seizures, in seizure-onset zone and in regions of secondary spread. Note
that the duration of ripples was significantly longer during LVF seizures in seizure-onset zones and in
regions of secondary spread, compared with HYP seizures. Ripples also lasted longer in seizure-onset
zones of LVF seizures compared with regions of secondary spread. During LVF seizures, the duration of
ripples was also longer during the ictal period compared with the preictal period. **p � 0.001.
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Seizure-onset patterns as a determinant of seizure duration
Spontaneous seizures occurring in pilocarpine-treated epileptic
rats are characterized by either LVF or HYP onsets. These two
types of seizure onset were originally identified in temporal lobe
patients recorded with intracranial depth electrodes (Velasco et
al., 2000) and later confirmed in rats made epileptic by intrahip-
pocampal kainic acid injection (Bragin et al., 2005). The proba-
bility of occurrence of LVF and HYP seizures was indeed similar
in our experiments, and both seizure types could be recorded in
three rats. However, we discovered that LVF seizures lasted sig-
nificantly longer than HYP seizures. The cellular and pharmaco-
logical mechanisms responsible for such difference remain to be
established, but retrospective analysis of in vitro data obtained in the
entorhinal cortex during application of the K�-channel blocker
4-aminopyridine suggests a role for GABAA receptor signaling be-

cause (1) ictal events characterized by an
LVF-like onset pattern (Lopantsev and
Avoli, 1998a) last longer than those pre-
ceded by continuous interictal spiking (Lo-
pantsev and Avoli, 1998b) and (2) blocking
ionotropic glutamatergic transmission in
these experiments reveals the presence of
synchronous GABA receptor-mediated po-
tentials only in brain slices that generate
LVF-like onset discharges (Lopantsev and
Avoli, 1998a,b).

Fast ripples and ripples characterize
different seizure-onset patterns
We have also found in this model of tem-
poral lobe epilepsy that the pattern of
HFO occurrence is related to seizure-
onset type. It has been reported in epilep-
tic patients that the occurrence of HYP
seizures may be related to hippocampal
atrophy and gliosis since patients present-
ing with LVF seizures show more diffuse
neuronal loss (Park et al., 1996; Velasco et
al., 2000; Staba et al., 2007; Ogren et al.,
2009). However, our results do not favor
the hypothesis that neuronal loss defines
the type of seizure onset (i.e., HYP and
LVF) because three of six rats showed
both types of seizures. Hence, our findings
indicate that HFOs reflect dynamic pro-
cesses that may rest on the functional or-
ganization of neuronal clusters during the
ictal period rather than the level of neuro-
nal damage, which in our experimental
model was induced by the initial
pilocarpine-induced status epilepticus.

The occurrence of distinct types of
HFOs during HYP and LVF seizures
could also depend on the location of the
seizure-onset zone. Previous studies
have shown that HYP seizures are rather
restricted in origin and often start in the
hippocampus, whereas LVF seizures
initiate from widespread regions often
involving extrahippocampal areas
(Velasco et al., 2000; Bragin et al., 2005).
This evidence would explain the high
rates of fast ripples recorded during

HYP seizures and their relative absence during LVF seizures,
assuming that fast ripples occur in areas that are located in or
near the epileptic generator (Bragin et al., 1999; Staba et al.,
2002; Jirsch et al., 2006, 2010b). However, we have observed
that ripples could also act as markers of seizure-onset zones
when the type of seizure onset is considered since ripples in-
creased over time before the initiation of LVF seizures; in
addition, ripples occurred at higher rates compared with fast
ripple rates both during the preictal and ictal periods in LVF
seizure-onset zones. In contrast, fast ripples mainly character-
ized HYP seizures. Therefore, in temporal lobe regions, before
and during ictal events, both ripples and fast ripples would be
pathological events, as they would reflect the activity of dis-
tinct neural networks that eventually give rise to the different

Figure 6. Spatial and temporal distribution patterns of HFOs during LVF seizures in CA3, entorhinal cortex, dentate gyrus, and
subiculum. Ripple rates were higher compared with fast ripples rates during the preictal period of LVF seizures, in CA3, which was,
in most cases, the seizure-onset zone. During the ictal period, all regions showed high rates of ripple compared with fast ripple
rates. **p � 0.001.
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seizure-onset patterns observed on the
EEG in the clinical context.

Fast ripples and ripples reflect neural
network dynamics during seizures
Our results support the hypothesis that
HFOs may trigger seizures (Traub et al.,
2001), since ripple rates increased during
the preictal period of LVF seizures and fast
ripple rates increased a few seconds before
HYP seizure onset. Although the exact
mechanisms underlying the generation of
ripples and fast ripples are not well de-
fined, previous work has suggested that
the generation of HFOs characterized by
different frequencies rests on specific neu-
ronal mechanisms. Ripples at frequencies
up to 200 Hz, which can also be recorded
in conditions of physiological excitability,
have been proposed to represent IPSP
populations generated by principal neu-
rons entrained by network of synchro-
nously active interneurons (Buzsáki et al.,
1992; Ylinen et al., 1995). In contrast, fast
ripples (at 250 –500 Hz) do not depend on
inhibitory transmission since they are re-
corded during GABAA receptor blockade
and are believed to reflect the synchro-
nous firing of principal (glutamatergic)
neurons (Dzhala and Staley, 2004; Engel
et al., 2009; Bragin et al., 2011). In addi-
tion, it has been proposed that fast ripples
may result from the loss of synchroniza-
tion during jittery, out-of-phase burst fir-
ing of principal cells in the epileptic
hippocampus (Foffani et al., 2007; Ibarz et
al., 2010). Hence, the preferential associa-
tion of ripples or fast ripples with LVF and
HYP seizures in the pilocarpine model of
temporal lobe epilepsy strongly suggest
that specific mechanisms underlying net-
work synchronization are linked to each
seizure type.

As mentioned above, LVF seizures
recorded in our study shared similar
morphological features with a type of
ictal-like discharge that is induced in
vitro by application of 4-aminopyridine. These ictal-like dis-
charges, which initiate with a long-lasting depolarization of
principal neurons followed by fast activity, are thought to be related
to an inhibitory process with enhancement of interneuronal
activity, mediated by GABAergic signaling at seizure onset
(Avoli and de Curtis, 2011). Thus, ripples recorded during
these in vitro seizure-like discharges could reflect summated
IPSPs generated by pyramidal cells in response to inhibitory
interneuron firing. In line with this hypothesis, we have re-
cently reported high rates of ripples along with the virtual
absence of fast ripples during ictal-like events generated
by piriform cortex networks after the administration of
4-aminopyridine (Panuccio et al., 2012). Therefore, evidence
obtained in vitro support the hypothesis that LVF seizures rely
on interneuronal activation and GABAergic synchronization.

Conclusions
From a clinical perspective, our study emphasizes the need to distin-
guish seizure-onset patterns in the analysis of HFOs during the pre-
ictal and ictal periods. Our findings also put further emphasis on the
existence of different types of seizure onset that can co-occur in the
same animal over time and that presumably results from different
underlying pathophysiological mechanisms of seizure onset. Addi-
tional studies should investigate whether fast ripples and ripples
show distinct patterns of occurrence during interictal periods de-
pending on the occurrence over time of different seizure types and
whether HFOs recorded during interictal events reflect the same
mechanisms as HFOs recorded during ictal events. Studies should
also investigate the cellular mechanisms and relate single-cell activity
to HFOs and seizure-onset patterns. Combining these information
together could help to delineate better therapeutical targets in the
treatment of temporal lobe epilepsy.

Figure 7. Spatial and temporal distribution patterns of HFOs during an HYP seizure in CA3, entorhinal cortex, dentate gyrus, and
subiculum. Fast ripple rates were higher compared with ripple rates in all regions during the preictal and ictal periods. **p�0.001.
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