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Summary: Purpose: High-frequency oscillations (HFOs) in
the range of ≥80 Hz have been recorded in neocortical and hip-
pocampal brain structures in vitro and in vivo and have been
associated with physiologic and epileptiform neuronal popula-
tion activity. Frequencies in the fast-ripple range (>200 Hz) are
believed to be exclusive to epileptiform activity and have been
recorded in vitro, in vivo, and in epilepsy patients. Although the
presence of HFOs is well characterized, their temporal evolu-
tion in the context of transition to seizure activity is not well
understood.

Methods: With an in vitro low-magnesium model of sponta-
neous seizures, we obtained extracellular field recordings (hip-
pocampal regions CA1 and CA3) of interictal, preictal, and ictal
activity. Recordings were subjected to power–frequency analy-

sis, in time, by using a local multiscale Fourier transform. The
power spectrum was computed continuously and was quanti-
fied for each epileptiform discharge into four frequency ranges
spanning subripple, ripple, and two fast-ripple frequency bands.

Results: A statistically significant increasing trend was ob-
served in the subripple (0–100 Hz), ripple (100–200 Hz), and
fast-ripple 1 (200–300 Hz) frequency bands during the epoch
corresponding to the transition to seizure (preictal to ictal).

Conclusions: Temporal patterns of HFOs during epilepti-
form activity are indicative of dynamic changes in network
behavior, and their characterization may offer insights into
pathophysiologic processes underlying seizure initiation. Key
Words: Ripples—Epilepsy—Time–frequency–Preictal.

Neuronal population activity recorded electrophysio-
logically in the range of ≥80 Hz is collectively referred
to as high-frequency oscillations [HFOs (1)]. Waveforms
with spectral components in the HFO range have been
recorded in the hippocampus and entorhinal cortex in
both normal (2–4) and epileptic neuronal networks (5–9).
HFOs are further classified into two frequency bands: rip-
ple (∼100–200 Hz) and fast ripple (FR, ≥200 Hz) bands.
Cellular and network mechanisms underlying HFOs are
believed to involve both excitatory and inhibitory synap-
tic transmission (10), in addition to electrotonic coupling
(11). These modalities of coupling allow dynamic and
transient changes in synchronization of subpopulations of
neurons in larger networks (12). Recent evidence suggests
that gap-junctions located between axons of hippocampal
pyramidal cells can underlie high-frequency activity (13–
16).
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Under nonepileptic conditions, ripples may play a role
in memory consolidation, transferring information from
the hippocampus to the neocortex (17,18). Ripples and
FRs also can coexist under epileptic conditions. They have
been observed in the in vivo recordings of seizure-like ac-
tivity and in intracranial EEG recordings from hippocam-
pal and entorhinal cortices of epilepsy patients during
video-EEG monitoring (5,6). Although HFOs in the ripple
band are observed in both normal and epileptic states of
brain activity, FRs are observed predominantly in seizure
foci (7,8,19,20). Therefore FRs may serve as “surrogate
markers” for the presence of an underlying epileptic con-
dition (16,21). Thus identification and characterization of
FRs, particularly during the preictal period (22), may be
of clinical value. To date, few studies have quantitatively
analyzed how HFOs evolve over time from interictal, pre-
ictal, and to ictal activity (23–25).

In this study, we quantified the temporal evolution of
HFOs during the transition from interictal to ictal activ-
ity in a recurrent spontaneous (low-magnesium) model
of epilepsy. Interictal, preictal, and ictal discharges were
recorded extracellularly in the CA1 or CA3 cell layer of rat
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hippocampal brain slices. The recorded activity was visu-
alized and quantified by using a local multiscale Fourier
transform (LMS-FT), which permitted detailed power–
frequency analysis of the electrophysiologic activity rang-
ing from low to FR frequencies.

MATERIALS AND METHODS

Brain slices and solutions
Seven male Wistar rats (P21–24) were anesthetized with

halothane and decapitated. The brain was quickly dis-
sected and maintained in ice-cold artificial cerebrospinal
fluid (aCSF) for 4–5 min. Brain slices were cut accord-
ing to Rafiq et al. (26,27). After sectioning, slices were
maintained at room temperature in oxygenated aCSF for
≥1 h before recording. The aCSF contained (in mM):
NaCl, 125; KCl, 2.5; NaH2PO4, 1.25; MgSO4, 2; CaCl2,
1.5; NaHCO3, 25; D-glucose, 10; pH 7.4 when aerated
with 95% O2 and 5% CO2. Osmolarity was 310 ± 5
mOsm. For electrophysiologic recordings, the superfus-
ing aCSF was switched to one containing 5 mM KCl and
0.5 mM MgSO4, to ensure the development of sponta-
neous epileptiform activity (28,29). Twelve (∼86%) of
14 slices developed interictal events that spontaneously
progressed to seizure-like events (SLEs). The observed
transition was consistent with previous reports using this
model of epilepsy (28,30). Given that recurrent SLEs are
observed in this model, we define an “episode” as encom-
passing a single interictal-to-ictal transition (Fig. 1A). For
subsequent quantitative analysis, we used one slice from
each of the seven animals that exhibited the aforemen-
tioned SLEs and analyzed the first five episodes from each
slice. This selection was made to ensure consistency and
viability across seizures from different slices. In total, 35
complete episodes were analyzed.

Electrophysiologic recordings
Brain slices were transferred to a superfusion cham-

ber maintained at 35◦C (SD, 2) (Medical Systems Corp.,
Greenvale, NY, U.S.A. Model PDMI-2) and superfused
with the low-Mg2+ aCSF at a rate of 4 ml/min. Epilep-
tiform discharges were observed within 10 to 20 min of
perfusion with low-Mg2+ aCSF (Fig. 1A). Extracellular
recordings were made by using an Axoclamp 2B ampli-
fier (Molecular Devices Corp., Union City, CA, U.S.A.).
Signals were first low-pass filtered (at 625 Hz, in-house
built hardware eight-pole Bessel filter) and acquired at 2
KHz (Digidata 1322A; Molecular Devices Corp.) continu-
ously. DC shifts were subtracted by a moving average filter
corresponding to a high-pass frequency of 0.2 Hz. For the
purpose of analysis, continuous data for each episode from
each slice were segmented into two groups: interictal-to-
preictal and ictal. Data were digitally notch filtered at 60,
180, and 300 Hz (±3 Hz) to remove line noise. The record-
ing electrodes were filled with NaCl (150 mM) and placed
in the CA1 or CA3 cell body layer or both. For three of

the slices (n = 15 episodes), dual simultaneous CA1/CA3
or CA3/CA3 recordings were performed. A stimulating
electrode was placed in the mossy fiber region. At ap-
proximately 1 min after the end of each seizure-like event
(between episodes), single evoked field responses were
used to monitor tissue viability, while waiting for spon-
taneous epileptiform discharges (EDs) to reappear. The
intensity of stimulation was fixed for each experiment but
varied between slices, adjusted to a value that evoked a
single field potential in the CA1 layer.

Power spectral analyses
Power-frequency analysis of all recordings was per-

formed continuously over time by using an LMS-FT (31).
We have described its use analyzing medical imaging
(multidimensional) magnetic resonance imaging (MRI)
signals (32,33). Here, this algorithm was used to extract
power spectral information from one-dimensional electro-
physiological signals (voltage vs. time). Use of the LMS-
FT allowed enhanced resolution of power-frequency in-
formation over time (in our recordings) and proved to be
useful for quantifying spectral changes during interictal,
preictal, and ictal epochs; effective frequency resolution
was set to 4 Hz. This technique circumvents some of the
limitations of the classic short-time Fourier transform (ST-
FT) by making use of time windows that scale inversely
with the frequency being analyzed (31,34). Therefore
lower-frequency oscillations were resolved by using larger
time windows, whereas the power spectrum of higher-
frequency oscillations was computed by using smaller
time windows (Fig. 1B, right). Specifically, the ST-FT ex-
hibits no scaling in the frequency axis and hence frequency
resolution is traded off for temporal resolution and vice
versa (Fig. 1B, left). The LMS-FT allows time-frequency
analysis of signals in their most pure form without the need
of prebandpass filtering of the data, a practice that can
introduce unwanted signal artifacts and consequently in-
accurate power spectral information. The LMS-FT shares
some similarities with the continuous wavelet transform in
its time-frequency resolution properties. However, a key
advantage of this method is its close link to the Fourier
domain without the loss of information.

Before power-frequency analysis, each of the record-
ings was decimated from a 2-KHz sampling rate down to
1 KHz by digitally low-pass–filtering the data at 800 Hz
followed by resampling. The LMS-FT was computed in
a continuous manner for all episodes (interictal+preictal
and ictal recordings). To perform quantitative analysis
on the power-frequency information obtained by using
LMS-FT, we summed the computed power amplitudes in
the frequency direction by using the following frequency
bands (in Hz): 0–100 (subripple), 100–200 (ripple), 200–
300 (fast ripple1), and 300–400 (fast ripple2). This re-
sulted in four “channels” of continuous power-frequency
information, over time, that reflect the amplitude of the
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FIG. 1. Transition to seizure activity and analysis of epileptiform and ictal discharges by using power-frequency analysis techniques. A:
Extracellular recording from the CA1 layer of a hippocampal slice showing the transition from interictal to preictal and then to ictal activity.
This is referred to as a single episode (insets). Epileptiform discharges (EDs) are numbered backward starting with –1 as the last preictal
discharge. The start of seizure begins with discharge zero (arrowhead). B: Power-frequency analysis of a single epileptiform discharge
(black overlaid trace) from a different slice. The discharge’s power spectrum, in time and frequency (in the range of 0–400 Hz), is shown
with power amplitude coded in color, with time and frequency on the x- and y- axes, respectively. Left: To obtain good time resolution
with using the short-time Fourier transform (ST-FT), analysis must be performed by using small time windows. This compromises the
frequency resolution for fast events (arrowhead ; inset). This can be can be alleviated by using larger time windows, which sacrifices the
temporal resolution. Right: Use of the multiscale Fourier transform (LMS-FT) allows optimal time-frequency resolution by using a window
size that varies inversely with the frequency. This provides an improvement in time-frequency resolution of high-frequency oscillations
(HFOs; arrowhead). Analysis parameters were kept fixed for both techniques. The power spectral amplitude is normalized to a maximum
of 1, and frequency resolution in the y-axis is 128 points (∼4 Hz) for both techniques.

power spectrum in each of the four frequency bands. These
equally spaced bands were selected to process all con-
ventional (EEG, ∼0–100 Hz) low-frequency bands to-
gether and to control cumulative power amplitude in each
band for group statistical comparison. With this analysis,
signal components >400 Hz were ∼20 times smaller in
(power) amplitude relative to lower frequencies. Therefore
we considered the full effective bandwidth of our signal
(0–400 Hz) for all subsequent time-frequency analyses.

The time at which interictal, preictal, and ictal dis-
charges occur varied from episode to episode and between

different slices. Given that we observed no statistical
correlation between the number of discharges leading
to seizure and episode number in any of the slices
(Pearson’s product–moment, r = –0.46; p > 0.05), we
elected to use the start of the seizure as a defined relative
time point from which to measure all discharges preced-
ing and also during the actual seizure event. This strategy
also was used to allow subsequent direct statistical group
analysis of the power-frequency information in relation
to preictal changes that may exist before seizure onset.
Therefore epileptiform discharges were numbered in the
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negative direction, starting from –1 as the first epilepti-
form discharge (Fig. 1A). Similarly, ictal discharges were
numbered in the positive direction, starting with zero as
the marker for the seizure start time (Fig. 1A). All dis-
charges were identified manually by visual inspection of
all recordings.

The next step in analysis was the precise quantification
and statistical comparison of preictal changes in power–
frequency information and how these changes evolve from
episode to episode. We therefore computed the relative
power spectral contribution of each of the computed fre-
quency channels for each discharge by using the start of
the seizure as a defined reference point. This group sta-
tistical comparison was performed for all 35 episodes by
using a linear general model (LGM). A repeated measures
analysis of variance (ANOVA) was used to quantify pos-
sible temporal trends across discharges and episodes in
relation to each of the four frequency bands. Independent
variables used in the ANOVA model were episode number
and discharge number. Although we computed the con-
tinuous power–frequency information for all recordings
and the power spectral makeup of each discharge, we re-
stricted the use of the repeated measures ANOVA to the 12
discharges immediately preceding seizure onset that were
common to all 35 episodes. In other words, 12 discharges
(i.e., EDs) back from the start of seizure was the largest
number of discharges common to all recordings. We ana-
lyzed all ictal discharges and computed a similar ANOVA
matrix for 12 ictal discharges for symmetrical investiga-
tion of periictal frequency changes in time. All frequency
analyses were performed by using MATLAB (MathWorks
Inc. Natick, MA, U.S.A.) and statistical comparisons, by
using SPSS (SPSS Inc.). A value of p ≤ 0.05 was con-
sidered significant. Mean values are reported plus/minus
the standard error of the mean (SEM). Development and
data processing were performed on a Linux-based PC. The
WestGrid computing facility (University of Calgary) was
used for batch data processing.

RESULTS

Five or more episodes were recorded from each of the
seven slices that developed SLEs spontaneously. The mean
interepisode time was 3 min (SD, 2). The mean peak am-
plitude of the stimulus-evoked responses was fairly con-
stant between episodes and, after the fifth SLE, was 94 ±
5% of the control value measured at the start of the low-
Mg2+ perfusion. All preseizure discharges were analyzed.
To assess whether any trends existed in epochs far from the
time of transition to seizure, episodes that exhibited >12
EDs (n = 30, 85%) were analyzed. No statistically signif-
icant differences or trends in the power spectral amplitude
of successive discharges were observed for any of the fre-
quency bands (p = 0.5). Figure 2A shows such a recording
for the first 30 s of a 200-s interictal epoch in an episode

from one slice. The LMS-FT of discharges far from the
preictal epoch consistently had low-amplitude power val-
ues, as visualized by the color map and discharge plot (Fig.
2A). Figures 2B and C show preictal and ictal discharges
taken from a single episode from a different slice. The con-
tinuous LMS-FT was computed, and values corresponding
to the power spectral makeup of all EDs are shown in the
power spectral composition plot (Fig. 2b and c). A grad-
ual increase in the power amplitude of the ripple (100–200
Hz) and FR1 (200–300 Hz) spectral bands was observed
for successive discharges leading up to the SLE (Fig. 2B).
The insets show the detailed time-frequency morphology
of the first two [i] and last two [ii] epileptiform discharges
(Fig. 2B, right). These panels also show the increase in
the ripple and FR components of these waveforms just
before SLE initiation. Analysis of the seizure shows that
high frequencies can persist and fluctuate throughout the
SLE (Fig. 2C). Notably, the contribution of ripple and
FR1 bands to the power-spectral amplitude of each ictal
discharge is consistently larger than that of other bands
during seizure onset and remains fairly constant over the
observed time course (Fig. 2C).

To explore temporal interactions between different
neighboring recordings sites, for slices where dual ex-
tracellular recordings were available, “running” cross-
correlograms were computed between the two channels
over time (CA3/CA3 or CA3/CA1). The cross-correlation
was computed in 1-s segments of the continuous data,
and a lag time of −100 to +100 ms was explored. The
computed cross-correlation matrix was normalized to the
global maximal correlation index between the two sig-
nals. This analysis revealed a strong interaction between
CA1/CA3 and local CA3/CA3 recording sites during the
preictal epoch (Fig. 3). This interaction occurred dur-
ing the same time period when increasing ripple and
FR1 power amplitudes were observed (∼20–30 s) before
seizure onset.

We next determined whether the power spectral makeup
of epileptiform and ictal discharges followed a trend either
over the course of a single episode or between episodes.
Table 1 shows a summary of the repeated measures
ANOVA analysis for all 35 episodes as computed for 12
discharges before and after seizure initiation (i.e., periic-
tally). The summed amplitude spectrum for all four bands
was not different for discharges across different episodes
(Table 1). This suggests that no significant changes in the
frequency content of preictal and ictal discharges were
seen across successive SLEs. However, when the trend
across successive discharges was examined during the pre-
ictal epoch leading up to each seizure (by collapsing the
data across episodes), the amplitude of ripple and FR1
bands were found to be significantly different, on aver-
age, from one discharge to the next (ANOVA; p = 0.006
and p = 0.004, respectively); this was not observed for
the low-frequency band (p = 0.2). Trend analysis showed
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FIG. 2. Power-frequency analysis over time for interictal, preictal, and ictal activity recorded from the CA1 layer of hippocampal slices.
A: Left: Power analysis of interictal activity for an epoch far from seizure onset. Horizontal bands (light blue) on the time-frequency
plot correspond to residual power in notch-filtered frequencies, given the low signal-to-noise ratio. Right: Discharges are typified by
small power-amplitude values for each frequency band without any observable trends. B: Left: Epileptiform (interictal-to-preictal) activity
recorded from a different slice exhibiting 17 discharges before seizure onset. Right insets: Detailed time-frequency morphology of the first
two [i] and last two [ii] epileptiform discharges (hollow arrowheads). b: Power-amplitude composition plot for each epileptiform discharge,
showing an increasing trend for ripple and fast-ripple1 (FR1) frequency bands leading up to seizure onset. C: Left: Ictal discharges
immediately after the activity in B; seizure onset is marked by a solid arrowhead corresponding to discharge number zero. c: Variability is
observed in all four frequency bands for ictal discharges. The FR1 (200–300 Hz) band is on average greater in magnitude than the ripple
band (100–200 Hz) during the early phase of seizure activity. Power spectral makeup of each discharge, in the four frequency bands, was
computed by collapsing and summing the continuous power-frequency values in the frequency direction (see Methods). Discharge time
and number are reported for the power-amplitude composition plots (b and c). Absolute power amplitude is color coded.
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FIG. 3. Simultaneous dual extracellular recording and cross-correlation analysis for two neighboring sites in the CA3 cell layer. Cross-
correlation was computed in 1-s windows with a lag of –100 to +100 ms. A strong correlation value is observed during an epoch lasting
∼25 s, corresponding to the preictal period before seizure onset. A strong correlation between the two signals, albeit smaller in relative
magnitude, is observed throughout the seizure event (bright region about zero lag). The correlation matrix was normalized to a maximum
of 1 in relation to the maximal correlation index for the entire episode.

a linear increase in the power spectral amplitudes corre-
sponding to the low-frequency band (0–100 Hz; p = 0.05)
as well as both ripple and FR1 bands over time (p = 0.01
for both). This robust increase, with discharge number, is
shown in Fig. 4A for all 35 preseizure recordings. It is in-
triguing to note that although different episodes exhibited
different numbers of EDs, the absolute power amplitude
in each band remained in proportion to the mean power
at that discharge number. For example, although 75% of
the preseizure recordings exhibited ≤15 discharges (in-
set, Fig. 4A), discharges close to the preictal period had
elevated low-frequency power amplitudes (0–100 Hz) in
accordance with the trend observed in episodes that had
≤30 EDs (note that SEM values remain fairly constant
over the range of discharges).

TABLE 1. Statistical analysis results for epileptiform and ictal discharges in each of the four spectral bands

Interictal/Preictal Ictal
Frequency
band Within-subject (slice) test ANOVA (Linear) Trend analysis ANOVA (Linear) Trend analysis

0–100 Hz Episodes p = 0.7 p = 0.9 p = 0.5 p = 0.7
Discharges p = 0.2 p = 0.05 p = 0.5 p = 0.6

100–200 Hz Episodes p = 0.4 p = 0.7 p = 0.3 p = 0.8
Discharges p = 0.006 p = 0.01 p = 0.4 p = 0.4

200–300 Hz Episodes p = 0.4 p = 0.9 p = 0.4 p = 0.7
Discharges p = 0.004 p = 0.01 p = 0.5 p = 0.2

300–400 Hz Episodes p = 0.5 p = 0.6 p = 0.3 p = 0.8
Discharges p = 0.2 p = 0.07 p = 0.5 p = 0.3

Repeated measures analysis of variance, p values are shown for comparing the power spectral information with respect to differences of
means across Discharges or across Episodes. For example, for Discharges, the p value represents the probability of accepting the null hypothesis:
that there are no differences in the means of neighboring discharge’s power spectral amplitude for a particular band when considering all of the
discharges. Additional p values also are cited for compliance with the existence of a linear trend. Significance is considered for p ≤ 0.05 (italicized values).

Analysis of ictal discharges did not show any sig-
nificant increasing or decreasing trends either across
discharges in a single seizure or across seizures in suc-
cessive episodes (Fig. 4B and Table 1). However, ripple
and FR1 composed a dominant component of the power
spectral amplitude during the initial phase of the seizure
but fluctuated over its course (Fig. 4B, left). The accu-
mulation of power amplitudes in these bands can also be
visualized in an alternative manner (Fig. 4B, right).

For preictal activity (Fig. 4A, right), the normalized
(mean) cumulative sum for each band showed that rip-
ple and FR1 bands gain more of their amplitude during
the last few discharges before SLE onset (correspond-
ing to ∼20 s preictally). Comparatively, the start of the
SLE (Fig. 4B, right) was characterized by a comparable
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FIG. 4. Temporal evolution of the mean power spectral amplitude, in each frequency band, for individual discharges during epileptiform
(interictal and preictal) and ictal activity. A: Left: Mean power-amplitude composition plot for all epileptiform discharges. During the preictal
epoch, the amplitude of the 0- to 100-Hz band increases linearly with discharge number at a rate of change (least squares slope, m =
0.16) that is smaller in magnitude in relation to the ripple and FR1 bands (m = 0.36 and m = 0.21, respectively). During the preictal period,
a marked increase is seen in ripple (100–200 Hz) and fast ripple1 (200–300 Hz) frequency makeup for each of the discharges. Inset,
top left: The fraction of data, for all episodes (n = 35, n = 7 slices), that exhibited discharges preceding seizure onset. All episodes had
≥12 preseizure epileptiform discharges and ∼25% of all episodes recorded exhibited >20 discharges. Repeated measures analysis of
variance (ANOVA) analysis of the activity present in all episodes (last 12 preseizure discharges) revealed a linear trends for the 0- to 100-Hz
(p = 0.05) and also the ripple and FR1 bands (p = 0.01 for both). Right: Normalized mean cumulative sum of the power amplitudes, in
each of the four bands, for discharges subjected to repeated measures ANOVA analysis. The low-frequency (0–100 Hz) and fast-ripple2
(300–400 Hz) bands accumulate linearly, whereas the ripple and FR1 bands (100–300 Hz) gain most of their spectral magnitude during
the last six discharges preceding the seizure. B: Left: Mean power-amplitude composition plot for ictal discharges during the immediate
epoch of seizure activity. A great deal of variability is present in the power spectral successive discharges, with the greatest contribution
made by the power amplitude of the FR1 band. Right: Normalized (mean) cumulative sum for each of the spectral bands during the early
phase of seizure activity for all 35 episodes. All bands seem to gain their power amplitudes together and at an equal rate. When these data
were analyzed in relation to changes from one episode to the next, no statistically significant (linear) trends were observed for epileptiform
or ictal discharges. For both plots (top row), data are nonscaled and nonnormalized; all values expressed as mean ± SEM for the error
bars.

increase across all four spectral bands with close super-
position of the cumulative power amplitude curves for
each band. No statistically significant differences were
observed between the power spectral trends computed for
recordings obtained from CA1 versus CA3 pyramidal cell
layers (p > 0.9; t test).

DISCUSSION
We investigated the temporal dynamics of HFOs and

demonstrated distinct changes in ripple and FR activity
during the transition (preictal) to seizure onset. We have
shown that the spectral composition of epileptiform dis-
charges changes, increasing in a time-dependent manner,
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leading up to seizure onset. This increasing linear trend
in power spectral amplitude was statistically significant
for low frequencies (0–100 Hz; p = 0.05) as well as for
ripple (100–200 Hz) and FR1 (200–300 Hz) frequency
bands (p = 0.01; n = 35). The preictal period was con-
sistently observed to exhibit strong differences in relation
to discharge number, gaining power spectral amplitude to-
ward the time of seizure onset in ripple and FR1 frequency
bands (p = 0.006 and p = 0.004, respectively). No such
increase (or decrease) was observed during ictal activity
or when preseizure and seizure discharges were compared
across successive seizure episodes (p ≥ 0.3). Furthermore,
no trends were observed for any of the frequency bands
during the early phase of interictal activity (p ≥ 0.5; n =
30).

The specific association of FRs with abnormal (epilep-
tiform) activity has been explored in both rodents and hu-
mans. Evidence from previous studies suggests that FRs
are restricted to areas adjacent to lesioned kainic acid in-
jection sites in vivo (6) and occur more frequently ipsilat-
eral to seizure-onset regions in epilepsy patients (5,8,20).
Specifically, FRs have been found in association with
epileptic brain tissue in humans with mesial temporal lobe
epilepsy (5), with and without hippocampal atrophy (35),
and also in the entorhinal cortex (8). These findings may
reflect the presence of pathologically interconnected clus-
ters of neurons that are active well before the manifestation
of spontaneous behavioral seizures (36).

Our findings are consistent with the presence of HFOs
occurring during interictal activity. Furthermore, we have
shown that although low-frequency activity (0–100 Hz)
increases linearly toward the time of seizure onset, it is
the transient and sharp increase in ripple and fast rip-
ples (of 100–300 Hz) that is a characteristic feature of
the transition to the ictal state in this model of epilepsy
(Fig. 2B and C). Examination of temporal correlations be-
tween different spatial sites (e.g., CA3/CA3 or CA3/CA1)
recorded within the slice during epileptic activity revealed
strong interactions that take place preictally (∼20 s before
seizure onset), which match the time epoch during which
increases in HFO activity were observed (Fig. 3). This in-
teraction may be interpreted as synchronization processes
common to both phenomena. However, it should be noted
that cross-correlation analyses identify a relation between
signals but do not necessarily provide information about
the local timing of that interaction. In other words, our
findings suggest that signals are strongly correlated on the
order of a lag equal to τ = 10–25 ms (Fig. 3). However,
we cannot directly relate this to the time-scale in which
the cellular elements participating in ripple/FR activity are
acting to result in putative neuronal synchronization dur-
ing the preictal period. Indeed, HFO activity is believed
to be a local phenomenon (36), and as such, to address
properly the local time-scale of synchronization between
individual neurons, high-impedance multisite recordings

are required (e.g., using silicon-based multielectrode
arrays).

Patient-based studies have described HFOs during in-
terictal activity in the range of 80–500 Hz, with the major-
ity of discharges exhibiting oscillations at 100 Hz (ripple)
and 250 Hz (FR), and with 90% of FR activity occurring
within 186–392 Hz (20,36). We have observed HFOs over
a similar frequency range, except that the power amplitude
of frequencies >400 Hz were ∼20 times smaller and did
not exhibit detectable temporal trends on statistical anal-
yses. However, we acknowledge the challenge of relat-
ing in vitro experimental findings to findings in epilepsy
patients. Clinically, resection of parahippocampal struc-
tures (e.g., entorhinal cortex, subiculum), which also are
believed to be involved in FR generation, is correlated
with improved seizure control (37,38). This implies that
neuronal networks involved in HFO generation are both
localized to and extend beyond the hippocampus proper.

Two previous in vitro studies observed preictal changes
in HFOs. One study used extracellular recordings in areas
CA1, CA3, and the dentate gyrus in rat hippocampal slices
exposed to either high-potassium or 4-aminopyridine (23).
The classic Fourier transform technique was used to ana-
lyze EDs for 4 min leading up to a seizure, and a gradual
increase in low-frequency (2–40 Hz) and FR (200–400
Hz) activity was seen in some slices, but variability of this
effect was reported as large. Another study used a zero-
magnesium model of recurrent seizures and performed
extracellular and intracellular voltage- and current-clamp
recordings of CA3 pyramidal cells (24). Two large spec-
tral bands spanning 50–400 Hz and 400–800 Hz were
analyzed by using a wavelet technique and quantified by
using a power-like quantity: “HFO energy.” A progres-
sive increase in HFO energy was observed in 400–800
Hz, restricted to the immediate transition epoch to seizure
onset, although not reported as statistically significant.
However, they noted an increasing component with domi-
nant frequencies at 100 and 300 Hz for several discharges
preceding seizure onset. Therefore although reported as
not statistically significant, the increasing trends observed
in these studies are consistent with the increases we have
described. Notably, the aforementioned studies revealed
trends in different HFO frequency components before
seizure onset. We likely obtained statistical significance
because we used narrower-frequency bands for analysis,
thereby increasing statistical power. Another factor might
be that the previous studies used different chemical manip-
ulations to provoke seizures (i.e., zero Mg2+, high K+, and
4-aminopyridine vs. low Mg2+, in addition to differences
in the age of animals).

The mechanisms underlying ripples and FRs are in-
completely understood. Under nonepileptic conditions,
recordings in the CA1 layer of the hippocampus in ac-
tive and anesthetized rats have implicated dynamic net-
work interactions involving interneurons and pyramidal
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cells as possible causes for ripples (4). Blockage of
excitatory (glutamatergic) and inhibitory (γ -aminobutyric
acid; GABAA) synaptic transmission can also modulate
HFOs in both normal and epileptic conditions (10,23).
It has been shown that, in the neocortices of cats, rapid
spiking from subpopulations of neuronal networks can
cause ripples, which can be associated with seizure initi-
ation (39,40). Another study showed that high-frequency
(200–800 Hz) activity was present in extracellular record-
ings and that this activity correlated with fast components
present in voltage-clamp currents in CA3 neurons, dur-
ing the transition from interictal to ictal activity, in hip-
pocampal slices exposed to zero magnesium (24). This
suggests that high-frequency inputs onto pyramidal neu-
rons contribute to HFO activity in the zero-magnesium
model of epilepsy. They reported that actual pyramidal
cell–firing rates never reached such high frequencies as
those detected extracellularly or in intracellular voltage-
clamp recordings. This raises the possibility that anti- and
othrodromic axonal firing may also be involved (41).

Synchronization via gap junctions also is implicated in
the generation of HFOs in normal and epileptic conditions.
Studies using hippocampal slices suggest that interneu-
ronal electrical coupling, in the form of axonal connectiv-
ity, is required for HFOs (14,42). A reduction in sponta-
neous sharp waves and ripple oscillations in connexin-36
mice has also been reported (43), implicating gap junc-
tions in ripple generation (11). In addition, halothane and
other gap-junctional blockers such as carbenoxolone are
known to have inhibitory effects on both ripples and FRs
(4,13,44). Taken together, these data suggest that both
synaptic and nonsynaptic mechanisms participate in dy-
namic alterations in synchronous inputs onto and between
pyramidal neurons in the hippocampus during the transi-
tion to ictal activity.

The fact that pyramidal cell firing rates do not reach
FR frequencies suggests that temporal and spatially dy-
namic interactions in epileptic neuronal networks, or in-
terneuronal firing activity per se, are important mecha-
nisms underlying fast oscillations. When recorded extra-
cellularly, these modalities of communication combine to
form complex, but analyzable, waveforms. Based on the
link between FR oscillations and an underlying epilep-
tic condition, characterization of HFOs may contribute to
the understanding of dynamics present in epileptic neu-
ronal networks (45). Robust detection and visualization
of HFOs may also provide insights into localization of
epileptic foci and aid in the detection of characteristic
electrophysiologic changes that precede seizures.
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