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Mechanisms of seizure initiation are unclear. To evaluate the possible roles of inhibitory neurons, unit recordings were obtained in the
dentate gyrus, CA3, CA1, and subiculum of epileptic pilocarpine-treated rats as they experienced spontaneous seizures. Most interneu-
rons in the dentate gyrus, CA1, and subiculum increased their firing rate before seizures, and did so with significant consistency from
seizure to seizure. Identification of CA1 interneuron subtypes based on firing characteristics during theta and sharp waves suggested that
a parvalbumin-positive basket cell and putative bistratified cells, but not oriens lacunosum moleculare cells, were activated preictally.
Preictal changes occurred much earlier than those described by most previous in vitro studies. Preictal activation of interneurons began
earliest (�4 min before seizure onset), increased most, was most prevalent in the subiculum, and was minimal in CA3. Preictal inacti-
vation of interneurons was most common in CA1 (27% of interneurons) and included a putative ivy cell and parvalbumin-positive basket
cell. Increased or decreased preictal activity correlated with whether interneurons fired faster or slower, respectively, during theta
activity. Theta waves were more likely to occur before seizure onset, and increased preictal firing of subicular interneurons correlated
with theta activity. Preictal changes by other hippocampal interneurons were largely independent of theta waves. Within seconds of
seizure onset, many interneurons displayed a brief pause in firing and a later, longer drop that was associated with reduced action
potential amplitude. These findings suggest that many interneurons inactivate during seizures, most increase their activity preictally, but
some fail to do so at the critical time before seizure onset.
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Introduction
Little is known about how spontaneous seizures initiate, but in-
hibitory interneurons might be involved. Blocking inhibitory
synaptic transmission causes seizure activity (Schwartzkroin and
Prince, 1980). In patients with temporal lobe epilepsy, GABAergic
neurons (de Lanerolle et al., 1989), synapses (Brooks-Kayal et al.,
1998), and circuits (Mathern et al., 1995) are aberrantly changed in
the hippocampal formation, where spontaneous seizures frequently
begin (Quesney, 1986; Spencer et al., 1987; Sperling and O’Connor,
1989).

Most previous studies provoked seizures or seizure-like events
to investigate the potential roles of interneurons. Tetanic stimu-
lation can reduce interneuron activity (Kogure, 1987; Bragin et
al., 1997), reduce the inhibition of principal cells (Finch and

Babb, 1977; Ben-Ari et al., 1979), and initiate seizures. In con-
trast, tetanic stimulation also can excite interneurons that in turn
evoke excitatory, depolarizing GABA responses in principal cells
(Higashima et al., 1996; Velazquez and Carlen, 1999; Timofeev et
al., 2002; Fujiwara-Tsukamoto et al., 2003, 2004, 2010). Partial
antagonism of GABAA receptors results in hyperexcitability,
strong excitation of interneurons, and the consequent enhanced
release of GABA and increased extracellular potassium (Gnatk-
ovsky et al., 2008; Avoli and de Curtis, 2011; Trombin et al.,
2011), or the overexcitation of interneurons and depolarization
block (Dichter and Spencer, 1969). Low magnesium ion concen-
tration and/or blockade of potassium ion channels with
4-aminopyridine provokes seizure-like events that have been at-
tributed to depolarization block of interneurons (Ziburkus et al.,
2006; Cammarota et al., 2013), depletion of presynaptic GABA
pools (Zhang et al., 2012), and depolarizing GABA responses in
principal cells (Perreault and Avoli, 1992; Lopantsev and Avoli,
1998; but see Derchansky et al., 2008; Lasztóczi et al., 2009; El-
lender et al., 2014). The diverse and sometimes conflicting pro-
posed roles of interneurons in seizures might be attributable in
part to differences in seizure-provoking methods, whose rele-
vance to mechanisms of spontaneous seizures is questionable.

Several studies have evaluated spontaneous seizures and
found earlier preictal changes in interneurons and inhibition
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than have typically been reported for provoked in vitro events.
Unit recordings from the neocortex of a patient with epilepsy
revealed increased activity of interneurons before seizure onset
(Truccolo et al., 2011). As kainate-treated rats experience spon-
taneous seizures, local field potential-evoked responses of the
dentate gyrus frequently reveal reduced excitability before seizure
onset, suggesting increased preictal inhibition (Bragin et al.,
2005; Queiroz et al., 2009). In epileptic pilocarpine-treated rats,
action potential firing of CA3 interneurons becomes more syn-
chronous before seizure onset (Grasse et al., 2013), and some
principal neurons in CA1 and the dentate gyrus display reduced
firing rates before the onset of spontaneous seizures (Bower and
Buckmaster, 2008; Fujita et al., 2014). Together, these findings
suggest the potential involvement of inhibitory interneurons in
seizure initiation, but many questions persist. In the present
study, we asked the following. Do interneurons in the dentate
gyrus, CA3, CA1, or subiculum change their action potential fir-
ing rates before the onset of spontaneous seizures in epileptic
pilocarpine-treated rats? Do any interneurons inactivate before
seizure onset? If so, which types of interneurons, and what might
be the mechanism of inactivation?

Materials and Methods
The methods of the present study are similar or identical to those of our
recently reported evaluation of preictal activity of principal neurons (Fu-
jita et al., 2014) and are copied below for the reader’s convenience. Data
were obtained from many of the same animals.

Pilocarpine treatment. All experiments were performed in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by a Stanford University institu-
tional animal care and use committee. Male Sprague Dawley rats (Harlan
Laboratories) 36 – 61 d of age were treated with pilocarpine (380 mg/kg,
i.p.) 20 min after atropine methyl bromide (5 mg/kg, i.p.). Two hours
after the onset of status epilepticus, rats received diazepam (10 mg/kg,
i.p., repeated as needed), and lactated Ringer’s solution (10 ml, s.c.).
Beginning at least 7 d after pilocarpine treatment, rats were video mon-
itored for motor seizures of grade 3 or greater (Racine, 1972) to confirm
the development of spontaneous, recurrent seizures before microdrive
implantation surgery.

Surgery. Local field potential and unit recordings were obtained with
tetrodes in a microdrive (NLX 9-drive, Neuralynx). To implant micro-
drives, rats were sedated with diazepam (10 mg/kg, i.p.), anesthetized
with isoflurane, placed in a stereotaxic frame, maintained on a heating
pad with feedback control, given an antibiotic (enrofloxacin, 10 mg/kg,
s.c.), and prepared for aseptic surgery. A microdrive, containing eight
independently movable tetrodes, was implanted 2.6 mm lateral of
bregma and either 4.6 mm (n � 10 rats) or 6.1 mm (n � 6) posterior to
bregma, depending on whether targeted regions were CA1, CA3, and the
dentate gyrus or the subiculum and CA1, respectively. Tetrodes were
made from four aromatic polyimide-insulated tungsten wires (Sandvik),
12.7 �m in diameter, which were twisted and fused together with heat.
Electroplating reduced tetrode impedances to 300 – 600 k�. A reference
electrode was placed in somatosensory cortex. Theta and delta activity
recorded in the hippocampus could have been volume conducted from
neighboring regions (Sirota et al., 2008), but the effect would be minor in
the data presented here. Grounds consisted of screws in the skull rostral
to bregma and caudal to lambda. A subset of rats (n � 10) was implanted
with a bipolar stimulating electrode in the angular bundle (7.6 and 4.6
mm posterior and lateral of bregma, respectively, and �3 mm below the
brain surface). Stimulating electrodes consisted of two 50-�m-diameter
H-formvar-coated stainless steel wires (California Fine Wire Company)
with 1 mm vertical tip separation. Microdrives were affixed to the skull
with cranioplastic cement and jeweler’s screws. Following surgery, rats
received lactated Ringer’s solution (10 ml, s.c.) and an analgesic (bu-
prenorphine, 0.05 mg/kg, s.c.).

Data acquisition. Beginning 7 d after surgery, tetrodes were slowly
advanced over days. In rats with stimulating electrodes, the examination

of evoked responses facilitated localization of cell layers. Unit, local field
potential, and time-locked video recordings were obtained �8 h/d, 6
d/week, during which time spontaneous seizures occurred. Rats fre-
quently slept during recording periods, which is likely to have increased
the seizure probability (Hellier and Dudek, 1999; Sedigh-Sarvestani et al.,
2014). Signals were buffered with a headstage (HS-36, Neuralynx), am-
plified, digitized (Cheetah Data Acquisition, Neuralynx), and saved to
disk for off-line analysis. One channel of each tetrode was filtered (0.1–
1800 Hz) and sampled (2 kHz) to record continuous local field poten-
tials. In parallel, all four channels of each tetrode were filtered (600 – 6000
Hz) and sampled (32 kHz) to record extracellular action potentials. Unit
recordings consisted of time-stamped epochs of 1 ms duration that were
triggered when an amplitude threshold was surpassed. Amplitude
thresholds were manually set before each recording session. The num-
bers of rats, seizures, and units recorded are listed in Table 1.

Anatomy. After recordings were completed, rats were killed with ure-
thane (2 g/kg, i.p.) and perfused at 30 ml/min through the ascending
aorta for 2 min with 0.9% NaCl, 5 min with 0.37% sodium sulfide solu-
tion, 1 min with 0.9% NaCl, and 30 min with 4% formaldehyde in 0.1 M

phosphate buffer (PB), pH 7.4. Brains were removed and stored in fixa-
tive at 4°C at least overnight and then equilibrated in 30% sucrose in 0.1
M PB. The cerebral hemisphere from which recordings had been obtained
was sectioned coronally using a sliding microtome set at 40 �m. Contin-
uous series of sections were stained with 0.25% thionin so that tetrode
tracks could be identified.

Local field potential analysis. Seizure onset was identified by examining
local field potential recordings. A seizure onset window was bracketed by
manually identifying the latest time of normal activity and the earliest
time of clear seizure activity. Within the bracketed period, seizure onset
was determined by the earliest appearance of a persistent change that
developed into clear seizure activity, as described previously (Bower and
Buckmaster, 2008; Toyoda et al., 2013). Examples of seizure onsets are
illustrated in Figures 2B3 and 10A2. Seizure offset time was determined
by the abrupt cessation of large-amplitude field potentials. Only seizures
�10 s in duration were included for analysis.

Periods of theta wave activity in the local field potential were identified
by a two-step process. First, theta activity was identified automatically by
using a sliding window of 2 s duration and 1 s overlaps, and by calculating
a spectrogram for each bin using a fast Fourier transform. Epochs were
identified in which the power spectral density ratio of theta (3– 8 Hz) to
delta (2–3 Hz) frequency exceeded 2 for at least two consecutive 2 s bins.
Next, the automatically detected theta frequency was verified manually,
and onsets and offsets of clear theta periods were marked using Neuro-
Explorer 4 (Nex Technologies). The theta frequency range used in the

Table 1. Number of rats, seizures, and interneurons recorded

Rat Seizures Interneurons

1 16 5 Dentate gyrus
2 49 3 Dentate gyrus, 6 CA3
3 20 2 Dentate gyrus, 1 CA3
4 85 7 Dentate gyrus, 1 CA3, 4 CA1
5 19 1 Dentate gyrus, 1 CA3, 1 CA1
6 25 2 Dentate gyrus, 5 CA3, 1 CA1
7 82 2 Dentate gyrus, 4 CA1
8 244 13 Dentate gyrus, 12 CA1
9 5 1 CA3

10 92 10 CA3, 1 CA1
11 22 1 CA1
12 11 2 CA1
13 51 2 CA1, 5 subiculum
14 16 2 CA1, 1 subiculum
15 33 6 Subiculum
16 96 5 Subiculum
Total 866 35 Dentate gyrus

25 CA3
30 CA1
17 Subiculum
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present study (3– 8 Hz) is similar to the original description of theta
frequency (4 –7 Hz; Walker and Dovey, 1944) and encompasses the av-
erage frequency of hippocampal theta waves in rats (Mitchell and Ranck,
1980), although many studies now include higher frequencies. It is pos-
sible that results might have been different if a higher frequency range
were used, but that seems unlikely in part because the theta frequency
peak is reduced in epileptic rats (Lenck-Santini and Holmes, 2008; Chau-
vière et al., 2009; Inostroza et al., 2013).

Periods of sharp waves in CA1 local field potentials were identified by
a two-step process. First, sharp waves were identified automatically by
detecting amplitude peaks that exceeded 9 SDs above the overall mean. A
threshold of 1 SD around a peak was used to tentatively determine the
onset and offset of the sharp wave. Duration was restricted to 40 –100 ms
(Buzsáki et al., 1989). Automatically detected sharp waves were verified
manually, and onsets and offsets of clear sharp waves were marked using
NeuroExplorer 4.

To measure the amplitude of local field potential recordings during
seizures, signals were high-pass filtered at 10 Hz, binned at 4 s, mean
adjusted to 0, and processed to extract root mean square (rms) power.

Unit data analysis. An off-line semi-automated approach (Harris et al.,
2000) was used to separate action potentials of single units from multi-
unit activity, as described previously (Bower and Buckmaster, 2008).
Briefly, single units were identified by grouping similar waveforms based
on the following four features: peak amplitude, sum of squared ampli-
tude, and the first two principal components. An automated, cluster
identification program was used first (KlustaKwik-1.7; K.D. Harris, Rut-
gers University, New Brunswick, NJ). Then, final clusters were manually
selected (MClust-3.5A; A.D. Redish, University of Minnesota, Minneap-
olis, MN) based on waveform similarity and autocorrelograms. Final
clusters had �0.5% of action potentials at interspike intervals of �2 ms
in autocorrelograms.

An average waveform for each channel of a tetrode was generated, and
the channel with the largest peak-to-valley amplitude was used to mea-
sure mean spike amplitude and peak-to-valley spike width. A waveform
symmetry index was calculated as the ratio of peak amplitude to valley
amplitude; values closer to 1 indicate more symmetry.

For each unit, firing rate during the entire recording session (“long-
average firing rate”) was calculated. In addition to long-average firing
rate, firing rates were measured for theta and non-sharp-wave non-theta
(NSNT) frequency periods. The firing rate during theta activity was cal-
culated as the total number of action potentials that fell within manually
verified theta frequency periods divided by the summed length of the
theta periods. Firing rate during non-theta activity excluded periods of
theta activity, which were identified by the automated first-step proce-
dure described above. If the theta firing rate was greater than the NSNT
firing rate for a given cell, it was designated “theta-on.” Likewise, if theta
firing rate was less than the NSNT firing rate the cell was considered
“theta-off.”

Units were recorded across multiple days. A given unit was identified
from prior recordings based on similarities in waveforms, spike widths,
spike symmetry indices, and interspike interval histograms. When units
were identified as a single cell across multiple seizures and multiple days,
results were combined and averaged. Analysis focused on preictal
activity. To avoid postictal effects on preictal activity patterns, sei-
zures that occurred within 20 min of a preceding seizure were ex-
cluded from analysis.

Perievent time histograms (PETHs) of action potential frequency were
generated by aligning data to seizure onsets and binning. Seizure onset
occurred at the boundary between two bins. Data from PETHs were used
to classify units as “preictal increase,” “preictal decrease,” or “un-
changed” by comparing preictal and baseline firing rates. For all analyzed
seizures of each unit, the average firing rate during each 5-s-duration bin
was calculated. Then, the average firing rate of the preictal period (30 s
before seizure onset) was calculated and compared with that of the base-
line period (10 –5 min before seizure onset) to test whether precital firing
rate was �2 SDs greater or less than the baseline average.

To test whether the preictal firing rate of a neuron was higher or lower
than baseline more often than chance across multiple seizures, a scram-
bling test was used that took into account the variability in firing rate of

each individual neuron. In the entire recording file of each neuron, ran-
domly determined time points were identified as “onsets” of pseudo-
seizures, keeping the number of pseudo-seizures identical to the actual
number of seizures that occurred during the recording of that neuron.
Spike counts were measured for 10 min before the onset of pseudo-
seizures, and the number of pseudo-seizures with action potential firing
rates higher during the preictal period (30 s before onset) compared with
baseline (10 –5 min before onset) was measured. The procedure was
repeated 100 times to create a table of p values for the null hypothesis that
spike rates before seizure onset were randomly higher than baseline. The
entire procedure was repeated to create an analogous p value table for
spike rates prior to seizure onset less than baseline. p values �0.05 were
considered significant.

To detect precipitous drops in activity associated with seizures, firing
rate data were evaluated during epochs beginning 8 s before seizure onset
until seizure termination. Firing rate data were binned (4 s), and a 12 s
window was used to check for drops in firing frequency �0.3 times the
maximum firing rate. Averaging across two bins was performed to search
for maxima and minima. The maximum and minimum around a firing
rate drop were taken as the onset and end, respectively, to measure the
duration of reduced firing. After an initial drop in firing frequency was
found, the remaining seizure period was evaluated similarly for a second
steep drop in firing rate but with a longer 20 s window to detect more
gradual reductions.

In an attempt to identify the types of CA1 interneurons that were
recorded, action potential firing characteristics during theta and sharp
waves were evaluated. The sharp wave firing rate was calculated by divid-
ing the total number of spikes during a sharp wave by its duration. The
probability of spiking during a sharp wave was the total number of sharp
waves with at least one action potential divided by the total number of
sharp waves. To calculate the preferred theta angle of interneuron spik-
ing, theta regions of the local field potential were bandpass filtered (3– 8
Hz), each theta cycle was divided into 20 bins of 18° each, and the number
of spikes in each bin was counted. The midpoint of the bin with the most
spikes was taken as the theta angle. A Rayleigh test for nonuniformity of
circular data was used, with p � 0.05 considered significant.

Results
Tetrode locations
Unit and local field potential data were obtained from 16 rats
beginning 119 � 16 d (mean � SEM; range, 14 –252 d) after
experiencing pilocarpine-induced status epilepticus. When re-
cordings were completed, rats were prepared for anatomical eval-
uation. Tetrode tracks in Nissl-stained sections were used to
identify recording sites (Fig. 1). Tracks revealed the final posi-
tions of tetrodes. If units were recorded before the final depth had
been reached, positions at the time of recordings were estimated
by subtracting subsequent tetrode advancements. Data were ob-
tained with 22, 13, 20, and 11 tetrodes, respectively, in the dentate
gyrus, CA3, CA1, and subiculum.

Seizures
Local field potential recordings revealed spontaneous seizure ac-
tivity (Fig. 2A4) similar to that described previously for
pilocarpine-treated rats (Lévesque et al., 2012; Toyoda et al.,
2013; Grasse et al., 2013). To be included for analysis, seizures
were at least 10 s in duration and occurred at least 20 min after
any preceding seizure. Analyzed data were obtained from a total
of 866 seizures (54 � 15 seizures/rat; range, 5–244; Table 1).
Seizure durations were 58 � 1 s (range, 14 –238 s), and 72% of
seizures (824 of 853 seizures) in which video was available for
behavioral analysis were convulsive (Racine score, �3). The av-
erage durations of convulsive and nonconvulsive seizures were
similar (57 and 60 s, respectively).
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Unit classification
Units were classified as putative interneurons or principal cells
based on established criteria (Fox and Ranck, 1975; Jung and
McNaughton, 1993; Csicsvari et al., 1999; Viskontas et al., 2007;
Bower and Buckmaster, 2008; Czurkó et al., 2011; Fujita et al.,
2014). Interneurons displayed high long-average firing rates,
spike symmetry indices close to 1, and short spike widths (Fig. 3).

In contrast, principal cells had lower long-average firing rates,
symmetry indices farther from 1, and longer spike widths. For
example, firing rates (10.1 � 1.0 vs 0.5 � 0.1 Hz; p � 0.001,
Mann–Whitney rank sum test), spike symmetry indices (0.97 �
0.03 vs 2.48 � 0.13; p � 0.001), and spike widths (165 � 3 vs
218 � 8 �s; p � 0.001) of dentate gyrus interneurons and prin-
cipal cells, respectively, were significantly different. A long-

Figure 1. Coronal Nissl-stained sections were used to identify tetrode tracks. A–D, Arrows indicate tetrode tip locations in the dentate gyrus (A), CA3 (B), CA1 (C), and subiculum (D). A, B,
Arrowheads indicate other tetrode tracks. E, Sites of recorded interneurons in the dentate gyrus (red markers), CA3 (yellow), CA1 (black), and subiculum (white) at rostral (top) to caudal (bottom)
levels. Hippocampal schematic diagrams are from Paxinos and Watson (2009).
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average firing rate of �4 Hz was used as a
defining feature of interneurons. Some
units could not be classified confidently as
interneurons or principal cells: 2, 3, 2, and
10 units, respectively, in the dentate gyrus,
CA3, CA1, and subiculum. The present
study focused on interneurons and ex-
cluded unclassified cells from further
analysis. Principal cells were evaluated in
the study by Fujita et al. (2014).

Long-average and NSNT firing rates
were similar (Table 2). Average firing
rates during theta activity were higher
than during long-average and NSNT peri-
ods, as expected, because most hippocam-
pal interneurons fire faster during theta
activity (Fox and Ranck, 1975). Interneu-
rons in the dentate gyrus, CA3, CA1, and
subiculum were not significantly different
from one another with respect to each of
the three different types of firing rates
(ANOVA on ranks). The average features
of spike waveforms were similar among
interneurons in the dentate gyrus, CA3,
and CA1, but were slightly different for
subicular interneurons. Subicular in-
terneurons displayed a lower average
spike symmetry index compared with
those of interneurons in the dentate gyrus
and CA3 (0.82 � 0.02 vs 0.97 � 0.03 and
0.99 � 0.04, respectively; p � 0.05,
ANOVA on ranks with Dunn’s method),
higher average spike amplitude compared
with interneurons in the dentate gyrus
(194 � 14 vs 135 � 6 �V; p � 0.05), and
shorter average spike width compared
with interneurons in CA1 (159 � 4 vs
166 � 4 �s, p � 0.05).

Preictal unit activity
Data were obtained from interneurons
across multiple seizures and days. Indi-
vidual interneurons were recognized by
the consistency of their waveform, spike
symmetry, spike width, and firing rate
characteristics (Fig. 4A). Interneuron fir-
ing rates were evaluated in PETHs of the
period beginning 10 min before seizure
onset, with the 10 –5 min before seizure
onset considered to be the baseline. Firing
rates fluctuated during the baseline and
preictal periods (Fig. 4B). Individual in-
terneurons in all hippocampal subregions
were recorded for an average of 11 � 1
seizures (median, 7 seizures; range, 1–59
seizures). For each interneuron, PETHs
from all seizures were averaged (Fig. 4C).
Next, average PETHs of individual interneurons were averaged
for all interneurons in each hippocampal subregion (Fig. 5).

The average preictal activity of dentate gyrus interneurons
(n � 35) increased significantly (�2 SDs from the baseline aver-
age) and progressively beginning 65 s before seizure onset (Fig.
5A1). In the 5 s bin immediately preceding seizure onset, the

average firing rate reached 1.5 times the baseline value. Examples
of dentate gyrus interneurons whose firing rates increased before
seizure onset are shown in Figures 2A3 and 4B,C. In CA3, the
average preictal activity of interneurons (n � 25) was signifi-
cantly increased 75–15 s before seizure onset, but then returned
toward baseline levels until the last 10 s before seizure onset (Fig.

Figure 2. Interneurons were recorded before and during spontaneous seizures. A1–A4, Unit and local field potential recordings
from the dentate gyrus. Multiunit (A1), sorted single-unit (A2, A3), and local field potential recordings (A4 ). The multiunit and one
of the sorted single-unit recordings (A2) were obtained from the same tetrode. The other sorted single-unit recording (A3) was
obtained with a different tetrode. Insets show single action potentials recorded by four channels (different colors) of the tetrodes.
A4, B1, B2, Boxed regions in the local field potential (A4 ) are non-theta (1) and preictal theta (2) periods that are shown at higher
resolution below (B1 and B2, respectively). B3, Expanded view around seizure onset. Up is negative in A1–A3. Up is positive in A4
and B1–B3.
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5B1). At its peak, the average preictal firing rate of CA3 interneu-
rons reached 1.3 times baseline. In CA1, the average preictal ac-
tivity of interneurons (n � 30) increased significantly beginning
135 s before seizure onset, peaked 75 s before seizure onset at 1.2
times baseline, and then declined until the last 5 s bin immedi-
ately preceding seizure onset, at which time it peaked again at 1.3
times baseline (Fig. 5C1). In the subiculum, the average preictal
activity of interneurons (n � 17) increased significantly begin-
ning 260 s before seizure onset and peaked immediately before
seizure onset at 1.6 times baseline (Fig. 5D1). These findings re-
vealed that seconds to minutes before the onset of a spontaneous
seizure, the average firing rates of interneurons increased signif-
icantly. Subicular interneurons displayed the earliest and largest
average preictal increase, whereas CA3 interneurons displayed
the least change.

To evaluate the changes in average preictal activity with
greater temporal resolution, PETHs were generated with 1 s bins
for the period from 5 s before until 15 s after seizure onset. For
interneurons in the dentate gyrus, the peak in average firing
rate was during the 1 s period following seizure onset (Fig.
5A2). In CA3, CA1, and the subiculum, the peak average firing
rate occurred during the 1 s period preceding seizure onset
(Fig. 5B2–D2).

To test whether there were differences in preictal activity be-
fore convulsive versus nonconvulsive seizures, average PETHs
were generated for each seizure type. Sample sizes of nonconvul-
sive seizures that occurred during unit recordings in the subicu-
lum and CA3 region were limited (n � 10 and 4, respectively)
compared with convulsive seizures (n � 165 and 210, respec-

tively), which precluded rigorous comparisons. However, sample
sizes in the dentate gyrus and CA1 region were sufficient, and aver-
age PETHs revealed similar preictal activation patterns before both
convulsive and nonconvulsive seizures (data not shown).

Next, firing rate data were evaluated interneuron by interneu-
ron. Two methods were used to classify interneurons based on
whether their activity increased, remained unchanged, or de-
creased before seizure onset. An example of an interneuron in the
dentate gyrus whose firing rate decreased before seizure onset is
shown in Figure 2A2. The first classification method calculated
the average baseline value of an interneuron and the preictal
firing rates for all seizures during which it was recorded (Fig. 4C).
The average firing rate during a preictal period (30 s before sei-
zure onset) was compared with that during baseline (10 –5 min
before seizure onset) to determine whether the average preictal
firing rate was �2 SDs from the baseline average. In the dentate
gyrus, CA3, CA1, and subiculum, respectively, results were as
follows (Fig. 6): preictal-increase: 51% (18 of 35 interneurons),
24% (6 of 25 interneurons), 43% (13 of 30 interneurons), and
76% (13 of 17 interneurons); unchanged: 43% (15 of 35 interneu-
rons), 64% (16 of 25 interneurons), 30% (9 of 30 interneurons),
and 24% (4 of 17 interneurons); preictal-decrease: 6% (2 of 35
interneurons), 12% (3 of 25 interneurons), 27% (8 of 30 in-
terneurons), and 0% (0 of 17 interneurons). These findings re-
vealed that interneurons with increased preictal activity were
most prevalent in the subiculum, those with decreased preictal
activity were most common in CA1, and CA3 interneurons were
least likely to change their firing rate preictally.

A second method classified interneurons based on the consis-
tency of their preictal activity. A scrambling test was used to

Figure 3. Units were classified as interneurons or principal cells based on spike symmetry
and firing rate. A1, A2, Average waveforms of an interneuron (A1) and principal cell (A2)
recorded in the dentate gyrus. Up is negative. B, Firing rate and spike symmetry index values of
interneurons (x) and principal cells (�) recorded in the dentate gyrus, CA3, CA1, and subiculum.
Some units could not be classified confidently (o).

Table 2. Characteristics of all recorded interneurons

Dentate gyrus CA3 CA1 Subiculum

Interneurons (n) 35 25 30 17
Seizures/interneuron

Mean � SEM 14 � 2 9 � 1 9 � 1 10 � 3
Range 1–59 1–21 2–22 3–55
Median 8 7 11 7

Long-average firing rate (Hz)
Mean � SEM 10.1 � 1.0 12.8 � 1.6 11.5 � 0.9 8.7 � 0.7
Range 4.1–25.5 4.2–31.8 4.9 –19.6 4.4 –15.2
Median 8.3 8.5 10.4 8.4

NSNT firing rate (Hz)
Mean � SEM 10.0 � 1.0 12.7 � 1.7 11.6 � 0.9 8.8 � 0.7
Range 4.1–25.8 4.2–32.8 4.7–19.6 4.3–16.1
Median 8.2 8.5 10.7 8.4

Theta firing rate (Hz)
Mean � SEM 17.2 � 1.5 14.9 � 1.8 15.7 � 1.8 16.2 � 1.1
Range 1.0 –31.7 1.5– 41.3 1.6 – 44.6 8.1–23.7
Median 16.1 15.0 14.4 15.6

Symmetry index
Mean � SEM 0.97 � 0.03 0.99 � 0.04 0.95 � 0.03 0.82 � 0.02*
Range 0.66 –1.43 0.58 –1.49 0.76 –1.54 0.62–1.06
Median 0.98 0.94 0.90 0.83

Spike amplitude (�V)
Mean � SEM 135 � 6 161 � 9 161 � 12 194 � 14†
Range 87–258 95–291 93– 456 114 –316
Median 120 155 146 184

Spike width (�s)
Mean � SEM 167 � 3 180 � 4 166 � 4 159 � 4‡
Range 140 –210 150 –210 150 –210 150 –230
Median 165 150 180 150

*Lower than dentate gyrus and CA3, p � 0.05, ANOVA on ranks with Dunn’s method.

†Higher than dentate gyrus.

‡Lower than CA1.
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determine for each interneuron whether
the number of seizures with firing rates
higher (or lower) preictally (30 s before
seizure onset) compared with baseline ex-
ceeded chance levels (Fig. 6). The test re-
quired that an interneuron was recorded
during at least 3–33 seizures depending on
its variability in firing rate, and 93% of
interneurons (99 of 107 of interneurons)
qualified. In the dentate gyrus, 50% of in-
terneurons (16 of 32 interneurons) were
significantly more consistent at firing
faster preictally compared with baseline.
Of those 16 interneurons, 8 fired faster
preictally before 100% of the 4 –20 sei-
zures during which they were recorded,
and the average for all 16 interneurons
was 94% (range, 71–100%). Conversely,
13% of dentate gyrus interneurons (4 of
32 interneurons) were significantly con-
sistent at firing slower preictally com-
pared with baseline and did so during an
average of 84% of seizures (range, 68 –
94% of seizures) . In CA3, 24% of in-
terneurons (5 of 21 interneurons) were
significantly more likely to fire faster pre-
ictally and did so during an average of
97% of seizures (range, 85–100%),
whereas 14% interneurons (3 of 21 in-
terneurons) were more likely to fire more
slowly preictally and did so during an av-
erage of 88% of seizures (range, 83–95%).
In CA1, 24% of interneurons (7 of 29 in-
terneurons) were significantly more likely
to fire faster preictally and did so during
an average of 92% of seizures (range, 82–
100%), whereas 28% interneurons (8 of
29 interneurons) were more likely to fire
more slowly preictally and did so during
an average of 90% of seizures (range, 80 –
100%). In the subiculum, 71% of in-
terneurons (12 of 17 interneurons) were
significantly more likely to fire more
quickly preictally and did so during an av-
erage of 94% of seizures (range, 80 –
100%). No subicular interneurons were
significantly more likely to fire more
slowly preictally. These findings revealed
that substantial proportions of hip-
pocampal interneurons displayed significantly consistent in-
creased or decreased preictal activity. Increased preictal activity
was most common in the subiculum (71% of interneurons). De-
creased preictal activity was most common among CA1 interneu-
rons (28% of interneurons).

Preictal theta
The findings described above revealed changes in interneuron
firing that preceded seizure onset by seconds to minutes, raising
the question of what might be the underlying mechanism. Many
interneurons are more active during theta activity (Fox and
Ranck, 1975), suggesting that preictal changes in interneuron
firing rate might be related to preictal changes in theta activity,
which have been reported previously (Butuzova and Kitchigina,

2008; Popova et al., 2008; Kitchigina and Butuzova, 2009; Grasse
et al., 2013; Sedigh-Sarvestani et al., 2014). Preictal theta was
evident in recordings of the present study (Fig. 2B2). To test
whether theta activity was significantly more likely to occur be-
fore seizure onset, PETHs of theta/delta frequency ratios were
generated (data not shown) and evaluated. Theta/delta frequency
ratios would increase if there were more theta activity or less delta
activity. Spectrograms of broadband local field potentials re-
corded in each subregion of the dorsal hippocampus of many rats
included in the present study revealed that the largest preictal
change was increased power in the 5– 8 Hz band beginning at
least a minute before seizure onset (Fujita et al., 2014), suggesting
that increases in theta/delta frequency ratios are largely attribut-
able to more theta activity. In the present study, compared with

Figure 4. Interneurons were recorded during multiple spontaneous seizures. A1, A2, Waveforms of an interneuron recorded in
the dentate gyrus by four channels of a tetrode 1 d (A1) and 9 d later (A2). The tetrode was not moved between days. Across days,
waveforms (A1, A2), baseline firing rates (5.8 and 5.2 Hz, respectively), spike symmetry indices (0.87 and 0.85), spike widths (0.18
and 0.18 ms), and relative amplitude relationships among the four channels were similar. B1–B2, Firing rate data from six
consecutively recorded seizures are plotted from the day corresponding to A1 (B1) and A2 (B2). C, A total of 59 seizures recorded
during six sessions over a 35 d period were averaged. Error bars indicate the SEM.
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baseline, the average preictal theta/delta frequency ratios were
significantly increased in all hippocampal regions, beginning 4.5
min before seizure onset in the subiculum, then CA1 (3.0 min),
CA3 (2.5 min), and, finally, the dentate gyrus (1.5 min). Maximal
preictal increases in theta/delta frequency ratios were highest in
the subiculum (1.50 times baseline), then CA1 (1.39), CA3
(1.20), and finally the dentate gyrus (1.16). These findings con-
firmed increased preictal theta activity in all recorded regions,
and revealed that it was earliest and greatest in the subiculum.

During theta activity, the firing rates of most interneurons
increase, but a minority of interneurons discharges less
frequently (Mizumori et al., 1990; Konopacki et al., 1992; Csics-
vari et al., 1999; Bland et al., 2002). Interneurons were divided

into theta-on and theta-off groups de-
pending on whether their firing rate dur-
ing theta activity, recorded during
interictal baseline periods, was higher or
lower, respectively, than that during
NSNT periods. Similar to CA1 interneu-
rons in control rats (Czurkó et al., 2011),
79% of all interneurons (85 of 107 in-
terneurons) in all hippocampal regions
had theta/NSNT firing rate ratios of �1
(theta-on). The rest had theta/NSNT fir-
ing rate ratios of �1 (theta-off).

To test whether theta-related firing
corresponded with preictal activity, the
average firing rates of theta-on and theta-
off interneurons were plotted relative to
seizure onset. In the dentate gyrus, 89% of
interneurons (31 of 35 interneurons) were
theta-on, and their average firing rate in-
creased significantly above baseline begin-
ning 65 s before seizure onset, reaching
1.6 times baseline in the 5 s bin immedi-
ately preceding seizure onset (Fig. 7A1).
Only 11% of dentate gyrus interneurons
(4 of 35 interneurons) were theta-off, and
their average firing dropped significantly
below baseline 35 s before seizure onset,
dipping maximally to 75% baseline in the
10 s bin before seizure onset (Fig. 7A2). In
CA3, 64% of interneurons (16 of 25 in-
terneurons) were theta-on, and their av-
erage firing rate increased significantly
above baseline beginning 70 s before sei-
zure onset, reaching 1.4 times baseline in
the 5 s bin immediately preceding seizure
onset (Fig. 7B1), whereas 36% (9 of 25
interneurons) were theta-off, and their
average preictal firing rate did not persis-
tently drop significantly below baseline
(Fig. 7B2). In CA1, 70% of interneurons
(21 of 30 interneurons) were theta-on,
and their average firing rate increased sig-
nificantly above baseline beginning 130 s
before seizure onset, reaching 1.5 times
baseline in the 5 s bin immediately pre-
ceding seizure onset (Fig. 7C1), whereas
30% (9 of 30 interneurons) were theta-off,
and their average firing dropped signifi-
cantly below baseline beginning 50 s be-
fore seizure onset, dipping maximally to

56% baseline in the 10 s bin before seizure onset (Fig. 7C2). All
interneurons in the subiculum were theta-on (Fig. 5D1). These
findings revealed correlations between preictal activity and inter-
ictal theta activity, and raised the possibility that preictal changes
in interneuron firing correlated with preictal theta activity.

To test whether factors other than theta activity might corre-
late with increased preictal activity, the effects of preictal theta
activity were eliminated by analyzing only seizures in which the-
ta/delta frequency ratios remained constant or decreased from
baseline to preictal periods. For example, in the dentate gyrus
69% of interneuron recordings (336 of 489 recordings) during
seizures displayed preictal theta activity, which were evident as
higher theta/delta frequency ratios during the last 0.5 min before

Figure 5. A–D, Average preictal activity of dentate gyrus (A), CA3 (B), CA1 (C), and subicular (D) interneurons (n � 35, 25, 30,
and 17, respectively). A1, B1, C1, D1, Horizontal cyan lines indicate the average baseline firing rate during the 10 –5 min period
before seizure onset. Error bars indicate the SEM. Coloring indicates bars beginning immediately before seizure onset that are
consistently �2 SDs greater than the baseline average. A2, B2, C2, D2, Same data around seizure onset plotted in 1 s bins.
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seizure onset compared with a baseline period 5.5–5.0 min before
seizure onset (Fig. 8A1). Excluding seizures with increased preic-
tal theta left those in which theta/delta frequency ratios remained
the same or decreased preictally (Fig. 8A2). If increased preictal
firing rate correlated exclusively with theta activity, then, after
excluding seizures with increased preictal theta activity, preictal
firing rates should not increase. That was not the case for dentate
gyrus interneurons. Instead, the average firing rate of dentate
gyrus interneurons 0.5– 0 min before the onset of seizures with-
out increased preictal theta activity was 1.26 times higher than
that at 5.5–5.0 min before seizure onset (14.2 � 0.8 vs 11.2 � 0.7
Hz, respectively; p � 0.05, paired t test; Fig. 8B).

To determine the timing of theta-independent changes in pre-
ictal firing of dentate gyrus interneurons, baseline and preictal
bins were compared by repeating the process described above
after shifting stepwise to progressively earlier pairs of 0.5-min-
duration bins separated by 5 min (e.g., the baseline bin 6.0 –5.5
min before seizure onset and the preictal bin 1.0 – 0.5 min before
seizure onset). For each pair of baseline and preictal bins,
preictal-to-baseline ratios were calculated for theta/delta fre-
quency and firing rate. Plots revealed that ratios of theta/delta
frequency were stable over the preictal period and were �1, as
expected, because seizures with increased preictal theta activity
had been excluded (Fig. 8C1). In contrast, during the 1.5 min
before seizure onset, ratios of firing rate were �1 and were sig-
nificantly higher than those at baseline (p � 0.05, paired t test).
Repeating the analysis after dividing dentate gyrus interneurons
into theta-on and theta-off groups revealed that theta-on in-
terneurons had significantly higher firing rates during the last 1.5
min before seizure onset (Fig. 8C2), whereas theta-off interneu-
rons had significantly lower firing rates during the last 0.5 min
before seizure onset (Fig. 8C3). These findings revealed substan-
tial changes in the preictal activity of dentate gyrus interneurons
that were independent of preictal theta activity.

Theta-independent increases and decreases in preictal activity
by theta-on and theta-off interneurons, respectively, also were
evident in CA1. CA1 theta-on interneurons increased their firing
rate independently of theta activity beginning 2 min before sei-
zure onset (Fig. 8D1), which corresponded with the timing of
increased activity by theta-on interneurons in CA1 for all seizures
(Fig. 7C1). CA1 theta-off interneurons decreased their firing rate
independently of theta activity in the last 0.5 min before seizure
onset (Fig. 8D2), which corresponded with the timing of de-
creased activity by theta-off interneurons for all seizures (Fig.
7C2). After excluding seizures with increased preictal theta activ-
ity, firing rates of theta-off interneurons tended to have preictal/
delta frequency firing rate ratios of �1, which was as expected
since they fire more slowly during theta activity. However, during
the immediate preictal period their activity decreased signifi-
cantly. CA3 theta-on interneurons displayed theta-independent
increases in preictal firing (Fig. 8E). In contrast, increased preictal

Figure 6. Many interneurons displayed significantly consistent preictal-increased (or
preictal-decreased) activity. Number of dentate gyrus, CA3, CA1, and subicular interneurons
classified as preictally increased, unchanged, or preictally decreased. Each bar represents a
single interneuron and indicates the number of seizures when its firing rate during the last 30 s
before seizure onset was greater than the average baseline firing rate for that

4

seizure (top, dark blue part of bar) and the number of seizures when its preictal firing rate was
less than baseline (bottom, light blue part of bar). For example, the first interneuron in the
dentate gyrus was recorded during 59 seizures, 55 of which had higher preictal versus baseline
firing rates and 4 of which had lower preictal versus baseline firing rates. Green and magenta
shading indicates neurons classified as preictally increased or preictally decreased, respectively,
based on comparison of preictal (last 30 s before seizure onset) and baseline firing rates aver-
aged across all seizures for that neuron (�2 SDs from baseline average). Asterisks indicate
neurons with significantly higher or lower preictal activity based on a scrambling test. White
bars are neurons for which the scrambling test could not be performed, because firing rate
variability was too high.
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firing of subicular interneurons, all of which were theta-on, failed
to persist after seizures with preictal theta activity were elimi-
nated (Fig. 8F). There is no theta-off plot for subiculum because
no subicular interneurons displayed significant preictal inactiva-
tion. There is no theta-off plot for CA3 because theta-off CA3
interneurons did not display significant preictal inactivation (Fig.
7B2). Together, these findings revealed that for subicular neurons
theta activity was the predominant correlating factor of increased
firing rate during preictal periods. In contrast, changes in preictal
firing by interneurons in other hippocampal regions could be
substantially independent of preictal theta.

Interneuron action potential amplitude decreases only
slightly preictally
Findings described above revealed that before seizure onset subsets
of interneurons in the dentate gyrus and CA1 reduced their firing
rate, and the mechanism was largely independent of preictal theta
activity. Mechanisms of preictal inactivation are important to
identify because reduced interneuron firing might reduce the
inhibition of principal cells and contribute to seizure initiation.

One possible mechanism is depolariza-
tion block, which has been reported to oc-
cur in interneurons before or during
seizure-like events (Dichter and Spencer,
1969; Ziburkus et al., 2006; Cammarota et
al., 2013). If the membrane potential of a
neuron remains sufficiently depolarized,
voltage-gated sodium channel inactivity
cannot be removed completely, and chan-
nel activation is reduced, resulting in
small-amplitude action potentials (Hille,
1992). Amplitudes of action potentials in
unit recordings are related to their intra-
cellular correlates (Henze et al., 2000).
Therefore, if the membrane potential of a
neuron gradually depolarized to the point
of blocking action potentials, one would
expect gradual reduction of action poten-
tial amplitudes in unit recordings. In-
terneurons with decreased preictal
activity were most prevalent in CA1, so
CA1 interneurons were evaluated in more
detail to test the possibility that depolar-
ization block contributes to preictal
inactivation.

In preictal-decrease CA1 interneurons
(n � 8 interneurons recorded during 91
seizures) during the last 36 s before seizure
onset, the average spike amplitudes were
�3 SDs below the baseline average in 12 of
18 (67%) of the 2-s-duration bins (Fig. 9).
However, the maximal reduction was
only to 96.7% of baseline. To test whether
preictal reductions in average spike am-
plitude were specific to interneurons with
decreased preictal activity, the same anal-
ysis was performed on CA1 interneurons
whose firing rates increased before seizure
onset (n � 13 interneurons recorded dur-
ing 85 seizures). They too displayed simi-
lar small but significantly reduced average
spike amplitudes during the last 34 s be-
fore seizure onset (97.0% of baseline). To-

gether, these findings revealed minor preictal reductions in
average spike amplitudes regardless of whether the interneuron
firing rate increased or decreased, suggesting that depolarization
block was an unlikely mechanism of preictal reductions in firing
frequency.

Ictal unit activity
The primary focus of the present study was on the preictal period.
However, recordings extended beyond seizure onset. Many in-
terneurons displayed peaks in firing rate near seizure onset fol-
lowed by lower rates during seizures (Fig. 4B). The average firing
rates during seizures were below baseline in all hippocampal re-
gions (Fig. 5A1–D1). Examination of average firing rates after
seizure onset at higher temporal resolution suggested a first drop
close to onset followed by partial recovery and then a second
decline (Fig. 5A2–D2). Postonset reductions in average firing rate
were most severe in the subiculum (Fig. 5D2).

Examination of unit discharges by individual interneurons in
all hippocampal subregions revealed that many displayed an
abrupt pause in firing around the time of seizure onset, and a

Figure 7. A1–C2, Average preictal activity of dentate gyrus, CA3, and CA1 interneurons classified as theta-on (A1, B1, C1) or
theta-off (A2, B2, C2), depending on whether their average firing increased or decreased, respectively, during interictal theta
waves. Horizontal cyan lines indicate the average baseline firing rate during the 10 –5 min period before seizure onset. Error bars
indicate the SEM. Coloring indicates bars beginning immediately before seizure onset that are consistently �2 SDs from the
baseline average: magenta indicates higher than average, and blue indicates lower than average. The average firing rates of
theta-on interneurons in all regions increased significantly preictally. All subicular interneurons were theta-on (Fig. 5D1). The
average firing rates of theta-off interneurons in the dentate gyrus and CA1, but not CA3, decreased significantly before seizure
onset. All plots use the same y-axis scale except that in B2.
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Figure 8. Increased preictal firing of subicular interneurons was theta dependent, but preictal changes in the firing rate of interneurons in other hippocampal regions were at least partly theta
independent. A1, Baseline and preictal theta/delta frequency ratios of all seizures during which dentate gyrus interneurons were recorded. Data from individual seizures are indicated by colored
lines. Thick, black horizontal lines represent the average theta/delta frequency ratios 5.5–5.0 min (baseline) and 0.5– 0 min before seizure onset (preictal). *p � 0.001, paired t test. A2, Seizures
in which theta/delta frequency ratios increased from baseline to preictal periods were excluded, leaving only those in which theta/delta frequency ratios were unchanged or decreased preictally. B,
Average firing rates of dentate gyrus interneurons 5.5–5.0 min (baseline) and 0.5– 0 min before onset (preictal) of seizures without preictal theta (A2). Values represent the mean � SEM. *p �
0.05, paired t test. C1, Average firing rates of all interneurons recorded in the dentate gyrus (n � 35) increased preictally during seizures without preictal theta activity ( p � 0.05, paired t test). The
right-most marker in the theta/delta frequency plot was calculated by dividing the average theta/delta frequency ratio during the preictal period by that of the baseline period (values in A2).
Similarly, the right-most marker in the firing rate plot was calculated by dividing the preictal by the baseline average firing rate (values in B). The next set of markers to the (Figure legand continues)
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second more gradually developing and longer lasting reduction
in firing rate that occurred later in the seizure. Figure 10 shows an
example from CA1 in which the firing rate of the interneuron
slows immediately after seizure onset (Fig. 10A1,A4, arrow).
Then, firing resumes for the next �30 s, during which time sei-
zure activity grows in amplitude. As seizure activity builds fur-
ther, the firing rate of the interneuron declines, eventually
reaching zero, where it remains for �15 s until seizure activity
begins to wane (Fig. 10A3,A6).

To quantify seizure-related interneuron inactivation, drops in
firing frequency were measured as a percentage of the maximum
firing rate during 4 s bins that began 8 s before seizure onset and
extended until seizure termination. Firing rates were normalized
by the maximum in any of the bins. First, seizures were evaluated
for a reduction in firing rate that occurred over a period of �12 s
that exceeded 0.3 times the maximum firing rate. In other words,
the magnitude of the firing rate drop was at least 30% of the
maximum rate. Firing rate drops were detected 49% of the time
that an interneuron was recorded during a seizure (562 of 1155
occasions), and the bin centered at 2 s before seizure onset was
most frequently the onset (i.e., the peak before the drop; Fig.
10B). (The number of seizures listed here, 1155, is greater than
the number in Table 1 because multiple interneurons were re-
corded simultaneously during some seizures.) Next, those sei-
zures that displayed an early drop in firing rate detected after the
first analysis were screened for a second, later and longer, drop
that occurred over a period of �20 s and exceeded 0.3 times the
maximum firing rate. Second drops in firing rate were common
(558 of 562 seizures, 99% of seizures with a first drop) and began
most frequently 14 s after seizure onset. Seizures that displayed
both early and late drops in firing rate were included for further
analysis. The proportions of interneurons displaying drops in
firing rate were similar in all hippocampal subregions, so data
were combined. Average group data revealed that the early drop
in firing frequency had an amplitude of 75 � 1% (range, 30 –
100%) of the maximum firing rate and duration of 9.3 � 0.2 s
(range, 4 –56 s; Fig. 10C). The second drop in firing rate had an
average amplitude of 68 � 1% (range, 30 –100%) and an average
duration of 19.5 � 0.5 s (range, 4 – 80 s).

To determine whether interneurons with specific characteris-
tics were more or less likely to inactivate during seizures, those
with significant early and late drops in firing rate were categorized
with respect to preictal activity. Preictal-increase interneurons
accounted for 54% of cases (306 of 562 cases), preictal-decrease
neurons accounted for 8% (55 of 562 cases), and 36% were un-
changed (201 of 562 cases). Those proportions were not signifi-
cantly different from the distribution of preictal firing types in the
entire sample (p � 0.33, � 2 test). Theta-on interneurons ac-
counted for 80% of the cases (450 of 562 cases) with seizure-
related firing rate drops, and theta-off cells accounted for 20%
(112 of 562 cases). Again, those proportions were not signifi-
cantly different from the distribution in the entire sample (p �
0.99, � 2 test). These findings suggest that seizure-related inacti-
vation of interneurons was not related to their firing patterns
preictally or during theta activity.

To test whether seizure-related drops in interneuron firing rate
might be attributable to depolarization block, action potential am-
plitudes were plotted. Action potential amplitudes were measured
by binning (4 s), averaging, and normalizing values from each in-
terneuron to its baseline average (10–5 min before seizure onset).
Then, data from interneurons in all hippocampal regions were aver-
aged (Fig. 10C). During the first drop in firing rate, the average
normalized spike amplitude remained stable, starting at 0.996 and
ending at 0.990 (99% of the initial value). In contrast, during the
second drop in firing rate, the average normalized spike amplitude
declined from 0.993 to 0.935 (94% of the initial value) and contin-
ued to decline to a minimum of 0.908 (91% of the initial value). The
time course of the average drop in spike amplitude paralleled that of
the average second drop in firing rate. An example of a coincident
drop in interneuron firing rate and action potential amplitude is
shown in Figure 10A4–A6. These findings suggest that depolariza-
tion block might have contributed to the second drop in firing rate

4

(figure legand continues.) left in C1 represent values calculated identically, except the base-
line period was 6.0 –5.5 min and the preictal period was 1.0 – 0.5 min before seizure onset, and
so on. A green (magenta) asterisk indicates significantly higher (lower) average preictal versus
baseline firing rates ( p � 0.05, paired t test). All average preictal theta/delta frequency ratios
were significantly lower than baseline ( p � 0.05, paired t test), as expected, because seizures
with preictal theta waves were excluded. C2, C3, Average action potential firing rates of
theta-on interneurons recorded in the dentate gyrus (n � 31) increased preictally during sei-
zures without preictal theta activity (C2), whereas theta-off interneurons (n � 4) reduced their
average firing rate preictally (C3). D1, D2, Theta-on interneurons in CA1 (n � 21) increased
their average firing rate preictally without preictal theta (D1), whereas theta-off interneurons
in CA1 (n � 9) decreased their average firing rate preictally (D2). E, Theta-on interneurons in
CA3 (n � 16) increased their average firing rate before seizure onset without preictal theta. F,
In contrast, after excluding seizures with increased preictal theta activity, the average firing rate
of subicular interneurons did not change significantly during the preictal period.

Figure 9. Action potential amplitude decreased slightly preictally in both preictally de-
creased and preictally increased interneurons. A, Average normalized firing rates of preictal-
increase (green) and preictal-decrease (magenta) CA1 interneurons. B, Average normalized
action potential amplitudes of preictal-increase and preictal-decrease CA1 interneurons. Note
that the y-axis does not begin at zero.
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that occurred later in the seizure but not to the initial, shorter pause
in firing that occurred near seizure onset.

To test for potential correlations between action potential am-
plitude or firing rate with seizure activity, seizure amplitudes

were measured by high-pass filtering (�10 Hz) local field poten-
tials and calculating the rms in 4 s bins. The average seizure
amplitude was small at onset, remained small for �6 s, increased
over the next 16 s, then remained high until seizure termination

Figure 10. Interneuron action potential firing rates and amplitudes during seizures. A1–A6, Example of a CA1 interneuron that displayed a brief pause in action potential firing at the onset of a
spontaneous seizure and a later, longer period of inactivation during the seizure. High-temporal resolution view of seizure onset in broadband local field potential (A2) and isolated single-unit
discharges of the interneuron (A1). The red line indicates seizure onset. A3, Local field potential (LFP), high-passed filtered (10 Hz). A4, Sorted single unit. Arrow indicates first pause in firing. A5,
Interneuron action potentials averaged in 2 s bins. Each individual action potential recording is of 1 ms duration. A6, Firing rate. The time scale of perievent time histogram pertains to A3–A6. B,
Number of seizures in which early and late drops in firing rate were detected. Data obtained from interneurons in all hippocampal regions. C, Average normalized action potential amplitudes and
average normalized firing rates immediately before and during seizures. Onsets and durations of first and second drops in firing rate are indicated by shading.
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(Fig. 10C). The average seizure amplitude began increasing at the
end of the first pause in interneuron firing rate, when the average
action potential amplitude remained high, near baseline values.
Seizure activity continued to increase dramatically as the second
drop in interneuron firing rate and the reduction in action po-
tential amplitude began. These findings revealed that the first
period of interneuron inactivation preceded the onset of in-
creased seizure activity, and that seizure amplitude began in-
creasing before the interneuron action potential amplitude began
to decline and firing rate began to drop for a second time.

Interneuron identity
Hippocampal interneurons consist of various classes defined by
morphological, neurochemical, circuit, and functional charac-
teristics (Freund and Buzsáki, 1996; Klausberger and Somogyi,
2008). To test whether preictal and seizure-related activity pat-
terns correlated with specific interneuron classes or not, unit data
and local field potential recordings were evaluated in an attempt
to classify individual interneurons. Analysis was restricted to CA1
interneurons, because they have been characterized most thor-
oughly and verified most completely with corresponding anat-
omy (Somogyi et al., 2014). CA1 interneuron types were
identified based on action potential firing characteristics, espe-
cially during theta waves (Czurkó et al., 2011) and sharp waves
(Csicsvari et al., 1999).

Sharp waves usually are detected by identifying associated rip-
ples (130 –230 Hz). However, action potentials of neurons tar-
geted for recording could have confounded ripple detection
(Schomburg et al., 2012), so in the present study sharp waves
were detected by amplitude and duration criteria instead. To
focus on sharp waves and minimize the inclusion of interictal
spikes, which are reported to be briefer, durations were limited to
40 –100 ms (Buzsáki et al., 1989). Sharp-wave polarity was either
positive or negative depending on the position of a tetrode with
respect to strata in CA1. After automated detection, only the
clearest sharp-wave examples were selected for further analysis of
sharp wave-related firing rate and probability of firing of each
CA1 interneuron.

Of the 30 interneurons recorded in CA1, 7 had characteristics
that most clearly suggested they belonged to a previously de-
scribed interneuron class (Table 3). All had spike symmetry indi-
ces close to 1 and firing rates of �4 Hz measured during NSNT
periods, which were features shared by all of the interneurons
included in the present study (Fig. 3). Two cells matched previ-
ously described bistratified interneurons (Klausberger et al.,
2004; Katona et al., 2014). Both were recorded in the CA1 pyra-
midal cell layer during four and six seizures each. Theta oscilla-

tions typically are standardized so that the negative trough of the
local field potential recorded in stratum oriens or stratum pyra-
midale is set to phase 0° (or 360°) (Klausberger and Somogyi,
2008). The preferred phases of firing of putative bistratified cells
were near the trough of theta (9° and 351°), and they discharged
extensively during sharp waves (Fig. 11A), as follows: 25 and 39
Hz, 2.0 and 5.1 ratios of firing during sharp waves versus NSNT
periods, and 0.72 and 0.89 probability for firing during sharp
waves. Both putative bistratified cells were theta-on (1.6 and 1.7
ratio of firing during theta vs NSNT), fired significantly faster
than baseline beginning 85 and 160 s before seizure onset (Fig.
11B), and displayed an abrupt pause in firing around the onset of
all seizures. One displayed a later drop in firing rate during all
seizures, the other during half of the seizures.

Two other cells resembled previously described oriens lacu-
nosum moleculare (OLM) interneurons (Klausberger et al.,
2003; Varga et al., 2012; Forro et al., 2013; Katona et al., 2014).
One cell was recorded in stratum oriens, and the other in the CA1
pyramidal cell layer. They were recorded during five and seven
seizures each. Like bistratified cells, their preferred phase of firing
was approximately near the trough of theta frequency (27° and
315°), but, in contrast, their firing rate either decreased or
changed little during sharp waves (Fig. 11A), as follows: 0.7 and
0.9 ratio of firing during sharp waves versus NSNT periods, and
0.46 and 0.48 probability of firing during sharp waves. Both pu-
tative OLM cells were classified as theta-on interneurons, but
their firing rates did not change significantly before seizure onset
(Fig. 11B). Both displayed an abrupt pause around onset and a
later drop in firing rate during most (�70%) seizures.

Another two CA1 interneurons matched previously described
parvalbumin-positive basket cells (Klausberger et al., 2003; La-
pray et al., 2012; Varga et al., 2012; Forro et al., 2013). One in-
terneuron was recorded in stratum oriens, and the other in the
CA1 pyramidal cell layer during 11 and 12 seizures each. They
fired preferentially on the descending phase of theta waves (261°
and 297°) and discharged extensively during sharp waves (Fig.
11A), as follows: 36 and 40 Hz, 3.0 and 6.5 ratios of firing during
sharp waves versus NSNT periods, and 0.83 and 0.94 probability
for firing during sharp waves. One putative parvalbumin-positive
basket cell was classified as theta-on (2.4 ratio of firing during
theta activity vs NSNT), and its average firing rate increased sig-
nificantly above baseline beginning 85 s before seizure onset (Fig.
11B, top). This cell displayed an early abrupt pause and a later
drop in firing rate during all seizures. The other cell rarely dis-
played an abrupt early pause around seizure onset (9% of sei-
zures), and its later drops in firing rate were more gradual than
most other interneurons. It was classified as theta-off (0.9 ratio of

Table 3. Characteristics of putatively identified CA1 interneurons

Putative cell type Bistratified-1 Bistratified-2 OLM-1 OLM-2 PV-BC-1 PV-BC-2 Ivy

Stratum Pyramidale Pyramidale Pyramidale Oriens Pyramidale Oriens Pyramidale
Spike symmetry 0.89 0.77 0.88 0.97 0.90 0.87 1.02
NSNT firing rate (Hz) 19.6 4.9 16.7 10.2 6.1 12.3 5.6
Theta firing rate (Hz) 30.8 8.2 27.1 9.8 14.3 10.5 4.1
Theta/NSNT firing rate ratio 1.6 1.7 1.6 1.0 2.4 0.9 0.7
Theta angle (°) 9 351 315 27 261 297 81
Rayleigh value 0.00 0.17 0.00 0.35 0.01 0.03 0.01
SW firing rate (Hz) 39.2 25.1 11.1 9.1 39.5 36.3 7.2
SW/NSNT firing rate ratio 2.0 5.1 0.7 0.9 6.5 3.0 1.3
Probability of spiking during a sharp wave 0.89 0.72 0.46 0.48 0.94 0.83 0.31
Spike amplitude (�V) 128 173 140 93 167 157 111
Spike width (ms) 0.15 0.15 0.21 0.18 0.21 0.18 0.18

PV-BC, Parvalbumin-positive basket cell; SW, sharp wave.
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firing during theta activity vs NSNT). Its average firing rate in-
creased significantly above baseline beginning 125 s before sei-
zure onset, then dropped significantly below baseline from 40 to
5 s before seizure onset (Fig. 11B, bottom).

Finally, one CA1 interneuron resembled previously described
ivy cells (Fuentealba et al., 2008; Lapray et al., 2012). It was re-
corded in the CA1 pyramidal cell layer during 11 seizures, had a
low NSNT firing rate (5.6 Hz), fired preferentially on the ascend-
ing phase of the theta wave (81°), and did not discharge much
during sharp waves (Fig. 11A), as follows: 7.2 Hz, 1.3 ratio of
firing during sharp waves versus NSNT periods, and 0.31 proba-
bility for firing during sharp waves. It was classified as a theta-off
cell (0.7 ratio of firing during theta activity vs NSNT), and its
average firing rate decreased significantly 35–25 s and 20 –5 s

before seizure onset (Fig. 11B). This cell displayed an abrupt early
pause in firing around the onset of all seizures and a later drop
during most (73%) seizures.

Discussion
The principal findings of the present study are the following.
Most interneurons in the dentate gyrus, CA1, and subiculum,
and some in CA3 changed their firing rate seconds to minutes
before spontaneous seizures in epileptic pilocarpine-treated rats.
On an individual interneuron basis, most preictal changes were
significantly consistent across seizures. Of those interneurons
whose activity changed preictally, most became more active, es-
pecially in the subiculum. A substantial proportion of CA1 in-
terneurons became less active beginning, on average, �30 s

Figure 11. Preictal activity patterns of putatively identified CA1 interneuron types. A1, A2, Interneuron types were identified based on theta phase preference (A1) and firing characteristics
during sharp waves (A2). Putative bistratified (bistrat.), parvalbumin-positive basket cells (PV-BC), OLM cells, and an ivy cell were identified. Traces are local field potentials (top) and unit activity
(bottom). A1, In theta-phase plots, red dashed vertical lines indicate positive peaks of the local field potential recorded in stratum oriens or pyramidale. Spike counts from 0° to 360° are duplicated
through 720° for ease of viewing. A2, Zero is the peak amplitude of the sharp wave in the histograms. B, Preictal firing rate histograms of two putative bistratified neurons, OLM cells, PV-BCs, and
an ivy cell. Cells in the top row correspond to cells in A. Horizontal cyan lines indicate the average baseline firing rate during the 10-5 min period before seizure onset. Error bars indicate SEM. Coloring
indicates bars closely approaching seizure onset that are �2 SDs from the baseline average: magenta indicates higher than average, and blue indicates lower than average.
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before seizure onset. Activity that increased or decreased preic-
tally correlated with whether interneurons fired faster or more
slowly, respectively, during theta activity. Theta waves were more
likely to occur before seizure onset, and theta-correlated in-
creased preictal firing was common in subicular interneurons.
Preictal changes by interneurons in CA1, CA3, and the dentate
gyrus were largely independent of theta activity. Decreased pre-
ictal activity was not specifically associated with reduced action
potential amplitude. Near seizure onset, many hippocampal in-
terneurons displayed a brief pause in firing that was not associ-
ated with a change in action potential amplitude. Later, during
the seizure, another longer lasting reduction in firing rate oc-
curred, which was associated with reduced action potential am-
plitude. Seizure amplitude increased dramatically near the end of
the initial, brief pause in interneuron activity before the second
period of interneuron inactivity and declining action potential
amplitude. Identifying CA1 interneuron subtypes based on firing
characteristics during theta and sharp waves suggested putative
bistratified cells and a parvalbumin-positive basket cell, but not
oriens lacunosum moleculare interneurons, were activated pre-
ictally, whereas an ivy cell and another parvalbumin-positive bas-
ket cell were inactivated before seizure onset.

Preictal activation of interneurons
Preictal activation of interneurons began earliest, increased max-
imally, and was most prevalent in the subiculum. Preictal activa-
tion of subicular interneurons coincided with preictal theta
waves and disappeared after excluding seizures with preictal theta
waves, suggesting common mechanisms. If activated subicular
interneurons inhibited principal cells, these findings are consis-
tent with an anti-seizure role for theta activity (Miller et al., 1994;
Colom et al., 2006). In contrast, theta activity also has been pro-
posed to be proseizure (Kitchigina and Butuzova, 2009; Grasse et
al., 2013; Sedigh-Sarvestani et al., 2014), and some subicular
principal cells have reversed chloride gradients, which renders
them susceptible to depolarizing responses to GABAA receptor
activation (Cohen et al., 2002; Knopp et al., 2005, 2008; Huber-
feld et al., 2007). Hence, the consequences of preictal activation of
subicular interneurons are unclear. Principal neurons in the
subiculum increase or do not change their firing rate preictally
(Fujita et al., 2014), suggesting that subicular interneurons might
not be inhibiting principal cells effectively at that time.

In CA1 and the dentate gyrus, 15–18% of principal neurons
display reduced preictal activity (Fujita et al., 2014), which is
consistent with inhibition by interneurons. Unlike the subicu-
lum, preictal increased activity of interneurons in CA1, CA3, and
the dentate gyrus was independent of preictal theta waves. Nev-
ertheless, there was an intriguing correlation between cells whose
activity increased preictally and during theta activity. The non-
theta sources of preictal activation are unclear, but the possibili-
ties include afferents and local principal cells. The average activity
of excitatory neurons in the subiculum, CA1, and dentate gyrus
increases beginning 2– 4 min before seizure onset (Fujita et al.,
2014), which makes local principal cells a likely source of synaptic
activation of interneurons during preictal periods. Interestingly,
both principal cells and interneurons in CA3 display little, if any,
preictal change in average firing rate (Grasse et al., 2013), suggest-
ing that some hippocampal subregions are more important and
others are less important in generating spontaneous seizures.

Seizure activity in neocortex evokes surround inhibition
(Prince and Wilder, 1967; Schevon et al., 2012) that is generated
by feedforward activation of interneurons (Trevelyan et al., 2006;
Cammarota et al., 2013). However, the time scale is much shorter

than that found in the present study. Many seizures in epileptic
pilocarpine-treated rats initiate in the ventral hippocampus and
subiculum (Toyoda et al., 2013). Therefore, most seizures in the
present study probably began elsewhere and propagated into the
right, dorsal hippocampus, where recordings were obtained. It
takes �7 s on average for seizure activity to spread throughout
the rat brain, and preictal activity of interneurons in the dentate
gyrus, CA1, and subiculum increased significantly beginning
more than a minute before seizure onset. Therefore, seizure ac-
tivity outside of the recording site cannot account for preictal
changes in interneuron firing rate. Interneuron activation asso-
ciated with seizures provoked by tetanic stimulation, GABAA re-
ceptor antagonism, low magnesium levels, or potassium channel
blockade (see Introduction) also occurs at a shorter time scale
than the seconds-to-minutes-long preictal build up described in
the present study.

The overall effect of the increased preictal activity of interneu-
rons is likely to be the inhibition of principal cells, despite im-
pending seizure activity and evidence of preictal activation of
principal cells (Fujita et al., 2014). Increased interneuron activity
is consistent with previous reports of increased preictal inhibition
in the dentate gyrus (Bragin et al., 2005; Queiroz et al., 2009).
According to this scenario, neuronal activity builds over the min-
utes preceding a seizure, and interneurons attempt to suppress
the hyperactivity but ultimately fail. Limited samples of puta-
tively identified CA1 interneurons suggest that bistratified cells
and a parvalbumin-positive basket cell, but not OLM cells and an
ivy cell, were activated preictally. Bistratified cells inhibit CA1
pyramidal cell dendrites that receive glutamatergic Schaffer col-
lateral/commissural input (Klausberger et al., 2004; Lovett-
Barron et al., 2012), and parvalbumin-positive basket cells inhibit
pyramidal cell somata.

Preictal inactivation of interneurons
Surprisingly, some interneurons in CA1 and the dentate gyrus
inactivated before seizure onset. Firing rates of a putative
parvalbumin-positive basket cell and ivy cell in CA1 dropped
before seizure onset. Ivy cells provide widespread synaptic and
extrasynaptic slow inhibition of CA1 pyramidal cell dendrites
that receive glutamatergic Schaffer collateral/commissural input
(Fuentealba et al., 2008; Lapray et al., 2012). Impairment of slow
dendritic inhibition is associated with transitions to seizure ac-
tivity (Wendling et al., 2002). If this single putative ivy cell is
representative, the effect of decreased preictal activity might be im-
portant, in part because they are the most abundant GABAergic
interneurons in CA1.

Interneurons displayed a correlation between decreased activ-
ity preictally and decreased activity during theta activity. Never-
theless, preictal inactivation occurred even without theta activity.
The mechanism of preictal inactivation did not appear to be de-
polarization block, because spike amplitude reductions were mi-
nor and not specific to interneurons with decreased preictal
activity. Another possible mechanism of interneuron inactiva-
tion is synaptic inhibition by other interneurons (Gulyás et al.,
2003; Liu et al., 2014; Tyan et al., 2014). The consequences of
preictal inactivation might be important, especially if interneu-
rons are attempting to control hyperactivity as seizures approach.

Ictal inactivation of interneurons
The average firing rates of interneurons were unexpectedly re-
duced during seizures. Reduced unit activity during seizures
might be an artifact, because spike-sorting methods make false-
negative results probable during periods of high activity (Henze
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et al., 2000; Cymerblit-Sabba and Schiller, 2012). Therefore,
single-unit firing rate data during seizures should be interpreted
with caution. Acknowledging this caveat, many interneurons in
all hippocampal regions appeared to briefly pause near seizure
onset, then resume activity and gradually reduce firing rate a
second time later in the seizure. The initial pause typically fol-
lowed a burst of interneuron activity, which also occurs in a
bicuculline model of seizures (Gnatkovsky et al., 2008). The
mechanism underlying the initial pause is unclear. Depolariza-
tion block seems unlikely because spike amplitudes did not
change appreciably. The consequences of the initial pause are
unclear, but it might contribute to increasing seizure amplitude.
In contrast, the later second drop in firing rate followed the onset
of increasing seizure amplitude and coincided with declining ac-
tion potential amplitudes. High levels of activity cause cell swell-
ing and shrink extracellular space (Dietzel et al., 1980), which
might alter unit recordings and spike amplitudes. Another pos-
sibility is depolarization block resulting from elevated extracellu-
lar potassium ion concentrations that occur during seizures
(Somjen and Giacchino, 1985) and affect hippocampal interneu-
rons (Shin et al., 2010), which may be more susceptible to depo-
larization block than pyramidal cells (Ziburkus et al., 2006). If so,
there may be a vicious cycle of seizure activity reducing interneu-
ron activity, which promotes more seizure activity. Consistent
with that possibility, tetanic stimulation of the perforant path
reduces interneuron action potential amplitude and activity, and
increases seizure amplitude (Bragin et al., 1997). Consistent with
a role of interneuron control of seizure progression, optogenetic
activation of interneurons curtails seizures (Krook-Magnuson et
al., 2013).

In summary, these findings suggest that interneurons fre-
quently inactivate, perhaps by depolarization block late in a sei-
zure, and briefly pause firing by an unknown mechanism around
seizure onset. Preictally, many interneurons fire progressively
faster, as do many excitatory neurons (Fujita et al., 2014). How-
ever, substantial numbers of interneurons, especially in CA1,
failed to activate or inactivated at the critical time preceding sei-
zure onset, suggesting the hypothesis that ictogenesis in temporal
lobe epilepsy might be caused in part by inadequate preictal acti-
vation of interneurons.
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Csicsvari J, Hirase H, Czurkó A, Mamiya A, Buzsáki G (1999) Oscillatory
coupling of hippocampal pyramidal cells and interneurons in the behav-
ing rat. J Neurosci 19:274 –287. Medline

Cymerblit-Sabba A, Schiller Y (2012) Development of hypersynchrony in
the cortical network during chemoconvulsant-induced epileptic seizures
in vivo. J Neurophysiol 107:1718 –1730. CrossRef Medline
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