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Preictal Activity of Subicular, CA1, and Dentate Gyrus Principal
Neurons in the Dorsal Hippocampus before Spontaneous
Seizures in a Rat Model of Temporal Lobe Epilepsy
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Previous studies suggest that spontaneous seizures in patients with temporal lobe epilepsy might be preceded by increased action
potential firing of hippocampal neurons. Preictal activity is potentially important because it might provide new opportunities for
predicting when a seizure is about to occur and insight into how spontaneous seizures are generated. We evaluated local field potentials
and unit activity of single, putative excitatory neurons in the subiculum, CA1, CA3, and dentate gyrus of the dorsal hippocampus in
epileptic pilocarpine-treated rats as they experienced spontaneous seizures. Average action potential firing rates of neurons in the
subiculum, CA1, and dentate gyrus, but not CA3, increased significantly and progressively beginning 2– 4 min before locally recorded
spontaneous seizures. In the subiculum, CA1, and dentate gyrus, but not CA3, 41–57% of neurons displayed increased preictal activity
with significant consistency across multiple seizures. Much of the increased preictal firing of neurons in the subiculum and CA1 corre-
lated with preictal theta activity, whereas preictal firing of neurons in the dentate gyrus was independent of theta. In addition, some CA1
and dentate gyrus neurons displayed reduced firing rates preictally. These results reveal that different hippocampal subregions exhibit
differences in the extent and potential underlying mechanisms of preictal activity. The finding of robust and significantly consistent
preictal activity of subicular, CA1, and dentate neurons in the dorsal hippocampus, despite the likelihood that many seizures initiated in
other brain regions, suggests the existence of a broader neuronal network whose activity changes minutes before spontaneous seizures
initiate.
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Introduction
Temporal lobe epilepsy is common and can be difficult to treat
effectively (Engel et al., 1997). Some patients with temporal lobe
epilepsy undergo intracranial recording to localize sites of seizure
initiation for treatment by surgical resection. Those electrocorti-
cographic and local field potential (LFP) recordings reveal that
spontaneous seizures usually begin in mesial temporal lobe struc-
tures, including the amygdala, entorhinal cortex, and especially
the hippocampus (Quesney, 1986; Spencer et al., 1987; Sperling
and O’Connor, 1989; Wennberg et al., 2002; Bartolomei et al.,
2005). However, from standard clinical recordings, it is unclear
whether firing rates of individual neurons change in the moments
leading up to a spontaneous seizure. Results from a limited num-
ber of unit recording studies suggest action potential firing rates
of some neurons in mesial temporal lobe structures of patients

with temporal lobe epilepsy might change before the electro-
graphic seizure onset (Verzeano et al., 1971; Babb and Crandall,
1976; Babb et al., 1987; Bower et al., 2012). However, many ques-
tions persist, including the identity of neurons that display preictal
activation. Previous hippocampal slice experiments discovered dif-
ferences in the propensity of hippocampal subregions to generate
epileptiform activity in response to pro-convulsant treatments (Jef-
ferys and Hass, 1982; Mody et al., 1987; Traynelis and Dingledine,
1988; Rafiq et al., 1993; Avoli et al., 1996), suggesting that neurons in
different subregions might also differ in their preictal activity before
spontaneous seizures in vivo.

To avoid constraints of recording unit activity in the clinical
setting, we evaluated a rat model of temporal lobe epilepsy. As in
human patients, spontaneous seizures usually initiate in the tem-
poral (ventral) hippocampus of pilocarpine-treated rats (Toyoda
et al., 2013). Previous studies in pilocarpine-treated rats have
obtained unit recordings from the more accessible dorsal hip-
pocampus and have reported some preictal changes of CA3 neu-
rons (Grasse et al., 2013) and dentate granule cells (Bower and
Buckmaster, 2008), but CA1 and subicular neurons have not
been examined. The present study measured action potential fir-
ing rates of single, putative excitatory neurons in the subiculum,
CA1, CA3, and dentate gyrus subregions of the dorsal hippocam-
pus in pilocarpine-treated rats. We asked the following questions.
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Do individual neurons change their action potential firing rate in
the minutes leading up to a spontaneous seizure? Are preictal
activity patterns of individual neurons consistent or variable
from seizure to seizure? Is preictal unit activity similar across
hippocampal subregions or more pronounced in some subre-
gions compared with others? Describing preictal activity of indi-
vidual neurons is important because it might be useful for
predicting seizures and eventually lead to better understanding of
how spontaneous seizures initiate.

Materials and Methods
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- to 61-d-old, 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-
monitored for motor seizures of grade 3 or greater (Racine, 1972) to
confirm development of spontaneous, recurrent seizures before micro-
drive implantation surgery.

Surgery. LFP and unit recordings were obtained with tetrodes in a
microdrive (NLX 9-drive; Neuralynx). To implant microdrives, rats were
sedated with diazepam (10 mg/kg, i.p.), anesthetized with isoflurane
(1.5–2.0%), placed in a stereotaxic frame, maintained on a heating pad
with feedback control, given antibiotic (enrofloxacin, 10 mg/kg, s.c.),
and prepared for aseptic surgery. A microdrive, containing eight inde-
pendently movable tetrodes, was implanted 2.6 mm right of bregma and
either 4.6 mm (n � 8 rats) or 6.1 mm posterior (n � 5), depending on
whether targeted regions were CA1, CA3, and the dentate gyrus or the
subiculum and CA1, respectively. Tetrodes were made from four aro-
matic polyimide-insulated tungsten wires (Sandvik), 12.7 �m in diame-
ter, that were twisted and fused together with heat. Electroplating
reduced tetrode impedances to 300 – 600 k�. A reference electrode was
placed in the somatosensory cortex. Theta activity generated in the hip-
pocampus could have been volume conducted to the reference electrode
in somatosensory cortex (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 � 8) was
implanted with a bipolar stimulating electrode in the angular bundle (7.6
and 4.6 mm posterior and right 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)
with 1 mm tip separation. Microdrives were affixed to the skull with
cranioplastic cement and jeweler’s screws. After surgery, rats received
lactated Ringer’s solution (10 ml, s.c.) and analgesic (buprenorphine,
0.05 mg/kg, s.c.).

Data acquisition. Beginning 7 d after surgery, tetrodes were slowly
advanced over days until reaching the cell layers in the subiculum, CA1,
CA3, or dentate gyrus. In rats with stimulating electrodes, examination of
evoked responses facilitated localization of cell layers. Unit, LFP, and
time-locked video recordings were obtained �8 h/d, 6 d/week, for up to
106 � 20 d (range, 4 –252 d), during which time spontaneous seizures
occurred. Recordings were obtained 55–560 d after status epilepticus
(Table 1). Rats frequently slept during recording periods, which is likely
to have increased seizure probability (Hellier and Dudek, 1999; Sedigh-
Sarvestani et al., 2014) and promoted activity and therefore identification
of units that are mostly silent during wakefulness (Neunuebel and Kn-
ierim, 2012). Signals were buffered with a head stage (HS-36; Neural-
ynx), amplified, digitized (Cheetah Data Acquisition; Neuralynx), and
saved to disk for offline analysis. One channel of each tetrode was filtered
(0.1–1800 Hz) and sampled (2 kHz) to record continuous LFP. In paral-
lel, all four channels of each tetrode were filtered (600 – 6000 Hz) and
sampled (32 kHz) to record extracellular action potentials. Unit record-
ings consisted of time-stamped epochs of 1 ms duration that were trig-

gered when an amplitude threshold was surpassed. Amplitude thresholds
were manually set before each recording session.

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 right cerebral hemisphere was sectioned coronally using a
sliding microtome set at 40 �m. Continuous series of sections were
stained with 0.25% thionin so that tetrode tracks could be identified.

Neuron counting. An investigator blinded to subject group counted
neurons in the subiculum, granule cell layer, hilus, and pyramidal cell
layer of CA2/3 and CA1 in the dorsal hippocampus. The experimental
group consisted of the 13 epileptic rats from which unit recordings were
obtained (Table 1). The control group consisted of two naive rats and two
rats that had been treated with pilocarpine but did not develop status
epilepticus or epilepsy. All had been implanted for unit recording. A
1-in-8 series of Nissl-stained coronal sections was analyzed, starting at a
random point near the anterior border for analysis, which was defined by
the first section in which the granule cell layer and CA1 pyramidal cell
layer no longer touch (3.30 mm posterior to bregma; Paxinos and Wat-
son, 2009). The posterior border was the first section in which the CA3
pyramidal cell layers of the dorsal and ventral hippocampus begin to
touch (�4.52 mm posterior to bregma). This septotemporal length of
hippocampus consisted of a subregion from which unit recordings were
obtained. An average of seven sections per rat was analyzed. The hilus was
defined by its border with the granule cell layer and straight lines drawn
from the tips of the granule cell layer to the proximal end of the CA3
pyramidal cell layer. The border between CA3 and CA2 was difficult to
discern in Nissl-stained sections, so the two subregions were analyzed
together and designated “CA3.” The transition from the CA2 pyramidal
cell layer to that of CA1 was identified by a reduction in soma size and
thinning of the layer. The border between CA1 and the subiculum was
identified by the point at which CA1 pyramidal cells ceased being con-
tiguous. Numbers of neurons per dorsal hippocampus were estimated
using the optical fractionator method (West et al., 1991). Counting grids
were placed randomly within analyzed regions. Dissector height was total
section thickness. Other sampling parameters are summarized in Table 2,
which shows mean coefficients of error much smaller than coefficients of
variation, indicating sufficient sampling within hippocampi.

LFP data analysis. Seizure onset was identified by examining LFP re-
cordings to manually determine the earliest appearance of a persistent
change that developed into clear seizure activity, as described previously
(Bower and Buckmaster, 2008; Toyoda et al., 2013). Seizure offset time
was determined by the abrupt cessation of large-amplitude field poten-

Table 1. Number of rats, seizures, units, and when recordings were obtained
relative to status epilepticus

Rat Seizures Units Recording days (since status epilepticus)

1 65 17 subiculum 55–124
2 214 46 subiculum, 43 CA1 83–166
3 38 22 subiculum, 8 CA1 118 –164
4 85 5 subiculum, 20 CA1 443–560
5 9 1 CA1 98
6 17 3 CA1 345–346
7 43 41 CA3 129 –303
8 8 5 CA3 433– 434
9 19 4 CA3 253–267
10 5 2 CA3 441
11 82 3 CA3, 6 dentate gyrus 74 –168
12 198 44 dentate gyrus 180 –252
13 7 2 dentate gyrus 139
Total 790 90 subiculum

75 CA1
55 CA3
52 dentate gyrus
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tials (see Fig. 3A3). Only seizures �10 s in duration were included for
analysis.

Spectrograms were generated with methods similar to those used by
others who have evaluated spontaneous seizures in pilocarpine-treated
rats (Grasse et al., 2013). Briefly, LFPs were bandpass filtered at overlap-
ping frequency bands (finite impulse response filter with order 40,000/
center frequency of band). Frequency bands were 0.8 –1.2, 0.96 –1.44,
and 1.152–1.728 Hz, and so on, multiplying the lower and upper limits by
1.2 until 700 Hz. Filtered signals were binned at 2 s, and a normalized
mean-squared amplitude was calculated for each signal per bin across
seizures.

Periods of theta in the LFP were identified by a two-step process. First,
theta was identified automatically by a sliding window of 2 s duration and
1 s overlaps that calculated a spectrogram 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) exceeded two for at least two consecutive 2 s
bins. Next, automatically detected theta was verified manually, and on-
sets and offsets of clear theta periods were marked using NeuroExplorer
4 (Nex Technologies). The theta frequency range used in the present
study (3– 8 Hz) is similar to the original description of theta (4 –7 Hz;
Walker and Dovey, 1944) and encompasses the average frequency of
hippocampal theta in rats (Mitchell and Ranck, 1980), although many
studies now include higher frequencies. It is possible 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; Chauvière et al., 2009; Inostroza
et al., 2013).

Brain state analysis. To evaluate the role of brain state in preictal activ-
ity, rat behavior was determined from video recordings and coincident
LFPs. As outlined by others who have studied preictal brain states in
epileptic rats (Sedigh-Sarvestani et al., 2014), four conditions were rec-
ognized: (1) rapid eye movement (REM) sleep (sleep with theta); (2)
non-REM sleep (sleep without theta); (3) awake with theta; and (4)
awake without theta. Theta was considered to be preictal if it occurred
within 5 s before seizure onset.

Unit data analysis. An offline semiautomated 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 four features: peak amplitude, sum of squared amplitude, and the first
two principal components. An automated, cluster identification pro-
gram was used first (KlustaKwik-1.7; K. D. Harris, Rutgers University,
New Brunswick, NJ). Then, final clusters were manually selected
(MClust-3.5A; A. D. Redish, University of Minnesota, Minneapolis,
MN) based on waveform similarity, autocorrelograms, and cross-
correlograms. Cross-correlograms were evaluated for asymmetric peaks
to identify clusters that might be attributable to decreasing amplitude
spikes of bursts by a single neuron. Final clusters had �0.5% of action
potentials at interspike intervals �2 ms in autocorrelograms. The num-
ber of analyzed units recorded per tetrode and per seizure was 1.82 � 0.03
(range, 1–5).

For each unit, firing rate during the entire recording session (“long-
average firing rate”) was calculated. From unit data that had been filtered
(600 – 6000 Hz) and clustered, an average waveform for each channel of a
tetrode was generated, and the channel with the largest peak-to-valley
amplitude (negative polarity up) was used to measure mean spike ampli-
tude and peak-to-valley spike duration. A waveform symmetry index was
calculated as the ratio between peak amplitude/valley amplitude; values
closer to 1 indicate more symmetry. To quantify the tendency of neurons
to discharge action potentials in bursts, a burst index was calculated.
Briefly, from an autocorrelogram with 1 ms bins, the mean value from
40 –50 ms (“baseline”) was subtracted from the peak value measured
from 0 –10 ms (see Fig. 4A2), and the result was normalized to the peak if
positive or to the baseline if negative to obtain a value ranging from �1
(tonically firing) to 1 (bursting). The 40 –50 ms baseline period was not
always flat (i.e., stable), and it occurs in the gamma scale. However, a
burst index defined this way has been used successfully for purposes of
neuron classification (Royer et al., 2012).

In addition to long-average firing rate, firing rates were measured for
theta, non-theta, and seizure periods. Firing rate during theta was calcu-
lated as the total number of action potentials that fell within manually
verified theta periods divided by the summed length of the theta periods.
Firing rate during non-theta activity excluded periods of theta identified
by the automated first-step procedure described above. Firing rate dur-
ing seizures was the total number of action potentials that occurred dur-
ing the seizure divided by seizure duration.

Units were recorded across multiple days using methods similar to
previous studies (Lin et al., 2012). A given unit was identified from pre-
vious recordings based on similarities in waveforms, spike widths, spike
symmetry indices, burst indices, and autocorrelograms. When units
were identified as a single cell across multiple seizures and multiple
days, results were combined and averaged. Analysis focused on pre-
ictal activity. To avoid postictal effects on preictal activity patterns,
seizures that occurred within 20 min of a preceding seizure were
excluded from analysis.

Perievent time histograms (PETHs) of action potential frequency were
generated by aligning data to seizure onsets and binning at 30 or 5 s.
Seizure onset occurred at the boundary between two bins. Data from
PETHs were used to classify units as “preictal-increase,” “preictal-
decrease,” or “unchanged” by comparing preictal and baseline firing
rates. Baseline was 10 –5 min before seizure onset, and the preictal period
was defined as 1– 0 min (see Fig. 5C). Preictal firing rates were considered
to be significantly different if they were �3 SDs from baseline averages.

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 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

Table 2. Parameters and results of stereological analysis of dorsal hippocampal neuron numbers in control and epileptic pilocarpine-treated rats

Subiculum CA1 CA3 Hilus Granule cells

Counting grid 150 	 150 �m 400 	 400 �m 300 	 300 �m 100 	 100 �m 200 	 200 �m
Counting frame 50 	 50 �m 50 	 50 �m 50 	 50 �m 50 	 50 �m 10 	 10 �m
Cells counted per rat* 208 � 31 277 � 28 228 � 13 83 � 13 125 � 7
Coefficient of variation 0.55 0.41 0.20 0.63 0.21
Mean coefficient of error** 0.19 0.08 0.08 0.10 0.07
Neurons per dorsal hippocampus of control rats

(n � 4)*
13,800 � 5500 168,000 � 22,000 78,800 � 2500 5070 � 400 426,000 � 29,000

Neurons per dorsal hippocampus of epileptic
rats (n � 13)*

16,000 � 2300 107,000 � 12,000 58,600 � 2900 1900 � 280 384,000 � 25,000

p (two-tailed t test) 0.667 0.029 0.002 �0.001 0.396
Power (� � 0.05) 0.070 0.618 0.927 1.000 0.130

*mean � SEM.

**Calculated according to West et al. (1991).
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higher during the “preictal period” (1– 0 min 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 again to create an analogous p value table
for spike-rates-before-seizure-onset less than baseline. For this analysis, p
values �0.05 were considered significant.

Results
Neuron loss in the dorsal hippocampus of epileptic
pilocarpine-treated rats
The optical fractionator method was used to measure the extent
of structural and cellular damage in a recorded region of the
dorsal hippocampus in epileptic pilocarpine-treated rats (n � 13)
compared with controls (n � 4; Fig. 1; Table 2). The septotem-
poral span of the dorsal hippocampus that was analyzed con-
tained 44% of the CA1 pyramidal cells reported for the entire
control rat hippocampus by West et al. (1991), 32% of CA3
pyramidal cells, and 36% of granule cells but only 9 and 5% of
hilar and subicular neurons, respectively. These findings reveal
that most hilar and subicular neurons are located in more tem-
poral regions of the hippocampal formation. Similar to previous
reports (Mello et al., 1993), epileptic pilocarpine-treated rats dis-
played significant loss of CA1, CA3, and especially hilar neurons.
Numbers of subicular neurons and granule cells were not signif-
icantly different from controls, but statistical power for those
comparisons was low. Nevertheless, the pattern of neuron loss
was similar to that of patients with temporal lobe epilepsy, who
display relative sparing of neurons in the subiculum and granule
cell layer and more severe loss of CA1 pyramidal cells, CA3 pyra-
midal cells, and hilar neurons (Margerison and Corsellis, 1966).
Despite significant neuron loss in those subregions, sufficient
numbers of CA1 and CA3 pyramidal cells survived for unit re-
cording in epileptic rats.

Tetrode locations
Tetrode tracks in Nissl-stained sections were used to identify re-
cording sites (Fig. 2). All LFP and unit data included for analysis
were obtained with tetrodes whose tip locations were identified in
cell layers or having just passed through them. Data were ob-
tained from 17, 8, 11, and 10 tetrodes in the subiculum, CA1,
CA3, and dentate gyrus, respectively.

Seizures
LFP recordings revealed spontaneous seizure activity (Fig. 3A3)
that was similar to that described previously for pilocarpine-
treated rats (Lévesque et al., 2012; Toyoda et al., 2013; Grasse et
al., 2013), other animal models (Bragin et al., 1999), and patients
with temporal lobe epilepsy (Spencer et al., 1992). A total of 790
seizures were recorded in 13 rats (Table 1). Seizure durations
were 57 � 1 s (mean � SEM, range of 11–231 s), and 75% were
convulsive (Racine score �3).

In the present study, tetrodes were located in the dorsal hip-
pocampus on the right side of the brain. Without recording at
many locations throughout the brain simultaneously, actual sites
of seizure initiation were unknown. However, we reported re-
cently that, in epileptic pilocarpine-treated rats, seizures are sig-
nificantly more likely than chance to be recorded earliest in the
dorsal hippocampus, ventral hippocampus, or ventral subicu-
lum, which was not the case for all other brain regions evaluated
(Toyoda et al., 2013). Based on results from that study, we pre-
dicted that 9% of seizures were likely to initiate in the right dorsal
hippocampus in which recordings were obtained in the present

study. Therefore, 91% of seizures probably began elsewhere and
spread into the recorded region. Again, based on results from the
previous study, 58% of seizures probably began in the ventral
hippocampus or ventral subiculum. To measure time for seizure
activity to spread between the dorsal hippocampus, ventral hip-
pocampus, and subiculum, we analyzed earliest seizure onset
measurements of those specific regions in data from the previous
study, in which six rats had electrodes in the dorsal and ventral
hippocampus, eight rats had electrodes in the dorsal hippocam-
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Figure 1. Nissl-stained hippocampi from a control (A) and epileptic pilocarpine-treated (B)
rat. sub, Subiculum; h, hilus; gc, granule cells. C, Number of neurons in the subiculum, CA1 cell
layer, CA3 cell layer, hilus, and granule cell layer of the dorsal hippocampus. Values represent
mean � SEM of epileptic rats (n � 13) relative to average values of controls (n � 4). *p �
0.05, two-tailed t test.
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pus and ventral subiculum, and 10 seizures were evaluated in
each rat. The average difference in seizure onset time between the
dorsal and ventral hippocampus was �0.3 � 1.2 s (negative value
indicates earlier seizure onset in the ventral hippocampus). The
range for all 60 seizures with dorsal and ventral hippocampal
recordings was �19.1 to 19.1 s. The average difference in seizure
onset between the dorsal hippocampus and ventral subiculum
was 0.1 � 1.2 s, range of �25.7 to 32.0 s. These findings reveal
that, in epileptic pilocarpine-treated rats, seizures spread between
dorsal hippocampus, ventral hippocampus, and subiculum in a
fraction of 1 s, on average, although there was considerable vari-
ability. The maximum delay between seizure onset in another
brain region and its spread to the right dorsal hippocampus was
�30 s.

Unit classification
Units were classified as putative principal cells (bursting or reg-
ular spiking) or interneurons. Criteria used to classify hippocam-
pal units are not affected in epilepsy (Viskontas et al., 2007; Bower

and Buckmaster, 2008; Tyler et al., 2012).
Therefore, units were classified based on
criteria similar to those reported previ-
ously for non-epileptic control rats for
neurons in the subiculum (Sharp and
Green, 1994; Anderson and O’Mara,
2003), CA1 (Fox and Ranck, 1975; Csics-
vari et al., 1999; Lin et al., 2012; Tyler et al.,
2012), and CA3 and dentate gyrus (Jung and
McNaughton, 1993; Leutgeb et al., 2007).
Principal cells were subclassified as bursting
or regular spiking. It is possible that regular
spiking cells burst but do so rarely (Ranck,
1973). Nevertheless, the distinction is useful
for comparing groups with a high versus low
propensity to burst.

The subiculum has been proposed as a
site of seizure initiation (Huberfeld et al.,
2011), so unit analysis in the present study
began with subicular neurons. Bursting
and regular spiking subgroups have been
established clearly in the subiculum
(Sharp and Green, 1994; Anderson and
O’Mara, 2003). Bursting principal cells in
the subiculum had low long-average fir-
ing rates, high burst indices, symmetry in-
dices far from 1, and long spike widths
(Fig. 4). Regular spiking principal cells in
the subiculum had low long-average fir-
ing rates, low burst indices, symmetry
indices far from 1, and moderate spike
widths. Interneurons in the subiculum
had high long-average firing rates, low
burst indices, symmetry indices close to 1,
and short spike widths. Differences be-
tween principal cells and interneurons
were similar in other hippocampal re-
gions (Fig. 4D). A long-average firing rate
of 4 Hz was used as a defining feature of
principal cells versus interneurons in all
hippocampal subregions.

The present study focused on principal
cells and excluded interneurons from ad-
ditional analysis. Furthermore, some

subicular units (9%) could not be classified confidently as prin-
cipal cells or interneurons and were omitted from additional
analysis. In CA1, CA3, and the dentate gyrus, 1, 2, and 4% of
units, respectively, were unclassified. Principal cells recorded in
the subiculum, CA1, and CA3 were likely to be pyramidal cells.
Principal cells recorded in the dentate gyrus could have been
mature granule cells (Jung and McNaughton, 1993; Leutgeb et
al., 2007), adult-born granule cells (Alme et al., 2010), or mossy
cells (Neunuebel and Knierim, 2012). Numbers and characteris-
tics of putative excitatory units included in the present study are
reported in Table 3.

Average preictal unit activity of neurons in the subiculum,
CA1, and dentate gyrus, but not CA3, increased minutes
before seizure onset
Data were obtained from individual neurons across multiple sei-
zures and days (Fig. 5A). Individual units were recorded during
8.7 � 0.4 seizures (range, 3– 62 seizures) over 1–7 d, and 25% of
all units were recorded over multiple days. Action potential firing
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Figure 2. Recording sites. Tetrode track (arrows) localization in the subiculum (A), CA1 (B), CA3 (C), and dentate gyrus (D) in
Nissl-stained coronal sections. E, Recording sites in the subiculum (white markers), CA1 (black), CA3 (yellow), and dentate gyrus
(red) at rostral (E1) to caudal (E4 ) levels. Hippocampal schematic diagrams from Paxinos and Watson (2009). Scale bar, 500 �m.
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rates fluctuated throughout recording pe-
riods, which is evident in PETHs (Fig. 5B).
PETHs from all seizures recorded for each
unit were averaged (Fig. 5C). Next, aver-
age PETHs of individual units were aver-
aged for all principal cells recorded in each
hippocampal subregion. In the subicu-
lum, average preictal activity increased
significantly (�3 SDs from the baseline
average) beginning 4 min before seizure
onset and peaked in the 30 s bin immedi-
ately preceding seizure onset at 1.5 times
baseline (Fig. 6A1). In CA1, average pre-
ictal activity increased significantly begin-
ning 2 min before seizure onset and
peaked in the bin 1.0 – 0.5 min before sei-
zure onset at 1.3 times baseline (Fig. 6B1).
Average preictal activity did not increase
significantly in CA3 (Fig. 6C1), as re-
ported previously (Grasse et al., 2013). In
the dentate gyrus, average preictal activity
increased significantly beginning 2.5 min
before seizure onset and peaked in the bin
immediately preceding seizure onset at
1.6 times baseline (Fig. 6D1). To test
whether average preictal activity changed
at a finer temporal resolution than 30 s,
data were plotted in 5-s-duration bins
(Fig. 6A2–D2). Plots were similar to those
with 30-s-duration bins, except there ap-
peared to be increased average precital fir-
ing in the last 5 s before seizure onset in
CA3 and the dentate gyrus. These findings
reveal that, minutes before the onset of a
spontaneous seizure recorded by the LFP,
average firing rates of principal neurons
were significantly increased in the subicu-
lum, CA1, and dentate gyrus but not CA3.
The onset of increased average preictal ac-
tivity recorded in the present study pre-
ceded the time it takes for seizures to
spread from other possible sites of seizure onset measured in a
previous study (Toyoda et al., 2013; see above). Therefore, these
findings suggest that average firing rates of excitatory neurons in
the subiculum, CA1, and dentate gyrus of the dorsal hippocam-
pus increased significantly before the initiation of spontaneous
seizures.

Significantly consistent increased preictal activity by many
individual neurons in the subiculum, CA3, and dentate gyrus
but not CA3
Next, firing rate data were evaluated unit by unit. For each unit,
average firing rate during each 30-s-duration bin was calculated.
Then, average firing rate of the preictal period (1– 0 min before
seizure onset) was compared with that during baseline (10 –5 min
before seizure onset) to test whether the preictal firing was �3
SDs greater or less than the baseline average (Fig. 5C). Based on
results, units were classified as preictal-increase, preictal-
decrease, or unchanged (Fig. 7). In the subiculum, CA1, CA3, and
dentate gyrus, respectively, neuron classification was as follows:
preictal-increase, 60% (54 of 90 neurons), 41% (31 of 75), 11% (6
of 55), and 35% (18 of 52); unchanged, 39% (35 of 90), 44% (33
of 75), 87% (48 of 55), and 50% (26 of 52); and preictal-decrease,

1% (1 of 90), 15% (11 of 75), 2% (1 of 55), and 15% (8 of 52).
These findings reveal that neurons with increased preictal activity
were most common in the subiculum, moderately common in
CA1 and the dentate gyrus, and rare in CA3. Neurons with de-
creased preictal activity were moderately common in CA1 and
the dentate gyrus and rare in CA3 and the subiculum. Neurons
with unchanged preictal activity were common in all regions,
especially CA3.

Previously, we classified neurons in the dentate gyrus by pre-
ictal activity primarily based on only a single seizure (Bower and
Buckmaster, 2008). Consequently, seizure-to-seizure consis-
tency of preictal changes remained unclear. The present study
recorded an average of 8.7 seizures per neuron, and a scrambling
test was used to test whether the number of seizures during which
preictal firing rates were higher or lower than baseline exceeded
chance levels. The scrambling test could not be used in some cases
because, for those neurons, variability in action potential firing
rates was too high for the number of seizures recorded. In the
subiculum, 81 of 90 units could be evaluated with the scrambling
test, and 57% (46 of 81) had significantly more seizures during
which preictal firing rate exceeded baseline (Fig. 7A). Of those 46
neurons, 48% fired at higher rates preictally for 100% of recorded

1 mV

20 s

200 µV

SZ onset

1 s

500 µV

A1

A2

A3

B

C

B C

SZ onset200 µs

50 µV

20 s

Figure 3. Unit and LFP recording from the subiculum before and during a spontaneous seizure in an epileptic pilocarpine-
treated rat. Multiunit (A1), sorted single-unit (A2), and LFP (A3) recordings. Lines in A1 and A2 are time-compressed 1-ms-
duration waveforms of events that surpassed an amplitude threshold. Four colors, one for each tetrode channel, are included, but
red and black are most evident. Apparent lack of single-unit activity during the seizure (SZ) is likely an artifact (see Results). Insets
show single action potentials recorded by four channels (different colors) of a tetrode at three time points before the seizure and
one during the seizure. The abrupt ending of large amplitude field potentials, which signify the seizure offset, is indicated by an
arrowhead. Boxed regions in the LFP (A3) are non-theta (B) and preictal theta (C) periods that are shown at higher resolution
below. Note the amplitude difference between electrographic spikes (arrow in B) and action potential spikes (double arrow in C).
Up is negative in A1 and A2. Up is positive in A3, B, and C.
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seizures. The entire group of 46 neurons fired at higher rates
preictally for 91% of seizures (range, 75–100%). These findings
reveal that more than half of the subicular neurons displayed
increased preictal activity across multiple seizures that exceeded
chance levels.

In CA1 and the dentate gyrus, substantial proportions of neu-
rons displayed significantly increased preictal activity across mul-
tiple seizures. In CA1, 44% (30 of 68) of neurons had significantly
more seizures during which preictal firing rate exceeded baseline
(Fig. 7B). Of those 30 neurons, 43% fired at higher rates preictally
for 100% of recorded seizures. The entire group of 30 neurons

fired at higher rates preictally for 91% of
seizures (range, 73–100%). In the dentate
gyrus, 41% (20 of 49) of neurons had sig-
nificantly more seizures during which
preictal firing rate exceeded baseline (Fig.
7D). Of those 20 neurons, 25% fired at
higher rates preictally for 100% of re-
corded seizures. The entire group of 16
neurons fired at higher rates preictally for
86% of seizures (range, 70 –100%). In
CA3, only 12% (5 of 42) of neurons had
significantly more seizures during which
preictal firing rate exceeded baseline (Fig.
7C). Together, these findings reveal that,
in the subiculum, CA1, and dentate gyrus
but not in CA3, substantial proportions of
neurons fired action potentials at higher
rates preictally, and they did so with signifi-
cant consistency.

In contrast, firing rates of other cells
decreased in the moments leading up to
seizures. In CA1, 18% (12 of 68) of neu-
rons had significantly more seizures dur-
ing which preictal firing rate was less than
baseline (Fig. 7B). Of those 12 neurons,
50% fired at lower rates preictally for
100% of recorded seizures. The entire
group of 12 neurons fired at lower rates
preictally for 92% of seizures (range, 80 –
100%). In the dentate gyrus, 16% (8 of 49)
of neurons had significantly more seizures
during which preictal firing rate was less
than baseline (Fig. 7D). Of those eight
neurons, 38% fired at lower rates preic-
tally for 100% of recorded seizures. The
entire group of eight neurons fired at
lower rates preictally for 87% of seizures
(range, 76 –100%). In the subiculum and
CA3, only 1% (1 of 81) and 2% (1 of 42) of
neurons had significantly more seizures
during which preictal firing rates were less
than baseline, respectively (Fig. 7A,C).
These findings reveal moderate numbers
of neurons whose firing rate decreased be-
fore seizure onset with significant consis-
tency in CA1 and the dentate gyrus but
not in CA3 or the subiculum. In sum-
mary, analysis of preictal activity revealed
that many individual neurons displayed
significantly consistent patterns of in-
creased, decreased, or unchanged firing
rates, which contrasts with the alternate

possibility of random variation in preictal activity.

Theta activity increased before seizure onset
Increased preictal activity is interesting, in part, because it
might contribute to seizure genesis. Is increased preictal activ-
ity associated exclusively with an impending seizure, or might
there be other correlations? Some hippocampal principal cells
discharge action potentials at higher rates during theta (An-
derson and O’Mara, 2003; Bland et al., 2005). Theta is re-
ported to occur before seizure onset in animal models of
epilepsy (Butuzova and Kitchigina, 2008; Popova et al., 2008;
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Figure 4. Subicular units classified as bursting principal cells, regular spiking principal cells, or interneurons. A1, Average
waveforms of typical examples of each. A2, Autocorrelograms of same cells as in A1. Colored bars indicate parts used to calculate
burst index. B, Baseline firing rate, burst index, symmetry index, spike amplitude, and spike width group data from bursting
principal cells (B), regular spiking principal cells (RS), and interneurons (I). Burst index is the peak measured from 0 to 10 ms
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burst index, which were used for neuron classification. A firing rate of 4 Hz was a defining feature. Units that did not clearly fit into
a category were unclassified and omitted from additional analysis. D, Plots of burst index versus symmetry index of cells in CA1
(D1), CA3 (D2), and dentate gyrus (D3).
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Kitchigina and Butuzova, 2009; Sedigh-Sarvestani et al.,
2014), including pilocarpine-treated rats (Grasse et al., 2013).
In the present study, examination of LFPs revealed theta be-
fore the onset of some seizures (Fig. 3C). To screen for preictal
changes in LFP recordings, spectrograms were generated for
each hippocampal subregion (Fig. 8A1–D1). In all hippocam-
pal subregions, the largest preictal change was increased
power in the 5– 8 Hz band beginning at least 1 min before
seizure onset.

To quantitatively test whether theta was significantly more
likely to occur before seizure onset, PETHs of theta/delta ratios
were generated. Compared with baseline, average theta/delta ra-
tios were significantly increased before seizure onset in all hip-
pocampal regions, confirming that, on average, theta increased
preictally. Significantly increased average theta/delta ratios began
earliest in the subiculum, 3.5 min before seizure onset, compared
with 1.5 min before seizure onset in CA1, CA3, and dentate gyrus.
Peak average theta/delta ratios occurred in the last 30 s bin before
seizure onset and were greatest in CA1 (1.6 times baseline), then
subiculum (1.5 times), dentate gyrus, (1.2 times), and lastly CA3
(1.1 times).

To test whether theta itself changed preictally, interictal and
preictal theta periods were compared in the subiculum, CA1,
CA3, and dentate gyrus. Spectrograms were generated for the
theta band (3–10 Hz, 0.5 Hz bins), and the frequency with max-
imum power was identified and averaged. For the entire group,
peak theta frequency was similar interictally (6.05 � 0.05 Hz)
and preictally (6.06 � 0.10 Hz, paired t test). These findings
suggest that basic characteristics of preictal and interictal theta
were similar.

Average firing rates of neurons in the subiculum, CA1, and
dentate gyrus increased during theta
To test whether putative principal neurons in the dorsal hip-
pocampus of epileptic pilocarpine-treated rats fired action po-
tentials faster during theta, entire recording periods were
analyzed to compare firing rates during theta versus non-theta
periods. For most neuron groups, average firing rates during

theta were significantly different from during non-theta periods
(Table 3). Compared with non-theta periods, average firing rates
during theta were 1.6 times higher for bursting and regular spik-
ing subicular neurons and 1.5 times higher for bursting CA1
neurons. Thus, theta-related increases in average firing rate dur-
ing interictal periods were similar in extent to peak preictal in-
creases in average firing rate (see above) in the subiculum (1.6
and 1.5 times baseline, respectively) and CA1 (1.5 and 1.3 times
baseline). In contrast, average firing rates during theta decreased
to 39% of non-theta rates for bursting CA3 neurons. Average
firing rates of regular spiking CA1 neurons and bursting neurons
in the dentate gyrus were not significantly different during theta.
However, regular spiking dentate neurons fired 3.1 times faster
during theta. These findings reveal that, during periods of theta,
average firing rates increased significantly for subicular, bursting
CA1, and regular spiking dentate neurons. Together with evi-
dence that theta is more likely to occur preictally, these findings
suggest that increased preictal firing rates in the subiculum, CA1,
and possibly the dentate gyrus might be attributable to a correla-
tion with theta.

Theta-independent increased preictal firing rates were
greatest in the dentate gyrus
To test whether other factors besides theta might correlate with
increased preictal activity, effects of theta were eliminated by an-
alyzing only seizures in which theta/delta ratios remained con-
stant or decreased from baseline to preictal periods. For example,
during 85% of the seizures when subicular neurons displayed
increased preictal activity, theta/delta ratios during the last 0.5– 0
min preictal period were higher compared with the baseline pe-
riod 5.5–5.0 min before seizure onset. Those seizures with in-
creased preictal theta were excluded, leaving 15% whose theta/
delta ratios remained the same or decreased from the baseline to
the preictal bin 5 min later (Figs. 9A,B). As expected based on
theta/delta results for all subicular seizures (Fig. 8A2), when all
seizures were included, theta/delta ratios increased significantly
during the preictal bin (p � 0.001, Wilcoxon’s signed-rank test;
Fig. 9A). Also as expected, theta/delta ratios decreased signifi-

Table 3. Characteristics of bursting and regular spiking neurons in the subiculum, CA1, CA3, and dentate gyrus in epileptic pilocarpine-treated rats

Long-average firing
rate (Hz)

Non-theta firing
rate (Hz)

Theta firing
rate (Hz) Burst index

Symmetry
index

Spike amplitude
(�V)

Spike width
(ms)

Subiculum
Bursting, n � 58 0.89 � 0.11 0.88 � 0.11 1.43 � 0.19* 0.7 � 0.03 2.0 � 0.1 150 � 8 0.26 � 0.01

0.02–3.24 0.02–3.23 0.03– 6.03 0.2–1.0 1.1–3.4 82–352 0.15– 0.46
Regular spiking, n � 32 2.35 � 0.14** 2.34 � 0.14 3.66 � 0.27* �0.4 � 0.04 2.1 � 0.1 169 � 13 0.23 � 0.01

0.44 –3.80 0.44 –3.85 0.72– 6.27 �0.8 to �0.1 1.7–2.7 86 –363 0.15– 0.43
CA1

Bursting, n � 70 0.40 � 0.06 0.40 � 0.06 0.58 � 0.08* 0.9 � 0.01 2.0 � 0.04 189 � 10 0.24 � 0.01
0.04 –3.18 0.04 –3.17 0.00 –3.89 0.6 –1.0 1.4 –3.0 66 –565 0.15– 0.36

Regular spiking, n � 5 1.81 � 0.63 1.80 � 0.62 2.12 � 0.92 �0.4 � 0.1 2.3 � 0.1 240 � 55 0.25 � 0.03
0.33–3.50 0.34 –3.49 0 – 4.60 �0.7 to �0.2 1.8 –2.5 103– 403 0.15– 0.30

CA3
Bursting, n � 54 0.32 � 0.03 0.33 � 0.03 0.13 � 0.02* 0.9 � 0.01 2.3 � 0.1 173 � 12 0.24 � 0.01

0.02– 0.86 0.09 – 0.87 0 – 0.78 0.8 –1.0 1.7–3.1 61– 495 0.15– 0.30
Regular spiking, n � 1 0.09 0.08 0.44 �0.4 1.5 265 0.21

Dentate gyrus
Bursting, n � 38 0.49 � 0.10 0.49 � 0.10 0.47 � 0.12 0.6 � 0.04 2.5 � 0.1 121 � 9 0.22 � 0.01

0.04 –3.04 0.04 –3.05 0 –3.49 0.1–1.0 1.5–5.2 71–340 0.15– 0.30
Regular spiking, n � 14 0.96 � 0.17** 0.95 � 0.17 2.96 � 0.68* �0.5 � 0.1 2.3 � 0.3 121 � 12 0.24 � 0.01

0.08 –2.04 0.08 –2.04 0.30 – 8.44 �0.9 to �0.04 1.2– 4.4 77–230 0.18 – 0.30

Values indicate mean � SEM and range.

*Theta versus non-theta firing rate ( p � 0.01, paired t test or Wilcoxon’s signed-rank test).

**Comparison of long-average firing rate of regular spiking versus bursting neurons within each subregion ( p � 0.01, Mann–Whitney rank-sum test).
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cantly after eliminating seizures with increasing ratios (p �
0.001; Fig. 9B). If increased preictal firing rate correlated exclu-
sively with theta, then after omitting seizures with increased pre-
ictal theta, firing rate should not increase preictally. That was not
the case. Instead, average firing rate was 1.4 times higher during
the preictal bin compared with the baseline bin (p � 0.001; Fig.
9C), whereas the average theta/delta ratio declined (Fig. 9B).
These findings reveal that some of the increased preictal firing by
subicular neurons is independent of theta.

To determine the timing of theta-independent preictal firing,
baseline and preictal bins were compared by repeating the pro-
cess described above after shifting stepwise to progressively ear-
lier pairs of 30-s-duration bins separated by 5 min, for example,
baseline bin 6.0 –5.5 min and preictal bin 1.0 – 0.5 min before
seizure onset. For each pair of baseline and preictal bins, preictal/
baseline ratios were calculated for theta/delta and firing rate.

Plots revealed that ratios of theta/delta
were stable over the preictal period and
�1, as expected, because seizures with in-
creased preictal theta had been excluded
(Fig. 9D). In contrast, ratios of firing rate
were �1 during the last 1.5 min before
seizure onset, and during the last minute,
preictal firing rates were significantly
higher than those at baseline (p � 0.05,
Wilcoxon’s signed-rank test). At earlier
time points (5.0 –2.5 min before seizure
onset), preictal firing rates were signifi-
cantly less than baseline firing rates, which
might be attributable to less theta during
preictal periods as indicated by ratios of
preictal-to-baseline- theta/delta of �0.8.
Neurons in CA1 displayed results similar
to those in subiculum, but theta-
independent preictal firing rates were signif-
icantly higher than baseline only during the
last 0.5 min before seizure onset (Fig. 9E).
Comparing PETHs of average firing rate
(Figs. 6A1,B1) and average theta/delta ra-
tios (Figs. 8A2,B2) for the subiculum es-
pecially but also CA1 revealed similarity
in the timing and extent of preictal in-
creases in firing rate and theta. After fac-
toring out theta, remaining preictal
increases in firing rate were reduced and
significant only during the last 0.5–1.0
min preictally (Fig. 9D,E). These findings
suggest that theta is the predominant cor-
relating factor of increased firing rate dur-
ing preictal periods, but additional, less
influential theta-independent mecha-
nisms also contribute in the subiculum
and CA1.

In contrast, in the dentate gyrus, preic-
tal firing was more independent of theta.
Average preictal theta/delta ratios were
lower in the dentate gyrus than in the
subiculum and CA1 (Fig. 8A2,D2). Most
dentate neurons were classified as burst-
ing units (73%, 38 of 52 neurons), and the
average firing rate of bursting dentate
units did not change significantly during
theta (Table 3). After factoring out theta-

related correlations, average preictal firing of dentate gyrus neu-
rons was significantly higher than baseline at 2.5 and 1.5– 0 min
before seizure onset, and the ratio of preictal/baseline firing
peaked at 2.2 (Fig. 9F), which was higher than that for neurons in
the subiculum (1.4) and CA1 (1.3). These findings suggest theta-
independent mechanisms are primarily responsible for preictal
activation of dentate gyrus neurons.

Average preictal activity was similar regardless of brain state
Theta occurs during explorative behavior and REM sleep (Buz-
sáki, 2002). To evaluate the role that different brain states might
have on preictal activity, firing rate PETHs were re-averaged after
dividing seizures according to the brain state immediately pre-
ceding seizure onset. Four brain states were considered: (1) awake
with theta; (2) awake without theta; (3) REM sleep; and (4) non-
REM sleep. More than 70% of seizures occurred during sleep, and
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Figure 5. Preictal activity of a bursting subicular neuron that was recorded during 12 seizures over 2 d. Waveforms (A1, A2) and
PETHs (B1, B2) of four seizures on 1 d (A1, B1) and eight seizures on the next day (A2, B2). The tetrode was not moved between
days. On the first and second days, waveforms (A1, A2), baseline firing rates (1.8 and 2.1 Hz, respectively), symmetry indices (2.3
and 2.4), and burst indices (0.93 and 0.83) were similar. C, Average PETH of all 12 seizures for this unit. Error bars indicate SEM.
Preictal activity classification was based on comparing average firing rate during the baseline period (10 –5 min before seizure
onset) with that of the preictal period (last minute before seizure onset). Apparent reduced firing rates during seizures are likely an
artifact because of limits of recording and sorting single-unit activity during periods of high activity (see Results). ch, Channel; SZ,
seizure.
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more than half of all seizures were pre-
ceded by non-REM sleep (Table 4). To be
classified as REM sleep, theta had to occur
up to 5 s or less before seizure onset.
Awake-theta occurred preictally during
�2% of seizures. Thus, there were too few
awake-theta seizures for additional analy-
sis. Considering the remaining three brain
states, baseline firing rates were generally
similar, except that subicular neurons
fired faster during awake-non-theta ver-
sus non-REM sleep, and CA3 neurons
fired faster during REM versus non-REM
sleep. Except for REM sleep in CA3, for
which only five seizures were recorded,
average peak preictal activity always ex-
ceeded average baseline activity. Peak pre-
ictal activity was significantly greater (�3
SDs) than average baseline firing rate for
all states with sufficient numbers of sei-
zures recorded in the subiculum and CA1.
In CA3, average preictal activity increased
only during the awake-non-theta state. In
the dentate gyrus, average preictal activity
increased during REM and non-REM
sleep but not during the awake-non-theta
state. In summary, these findings suggest,
with the possible exception of the awake-
non-theta state seizures in the dentate
gyrus, that average preictal activity of
principal cells in the subiculum, CA1, and
dentate gyrus increased similarly regard-
less of brain state.

Bursting and regular spiking neurons
display similar preictal firing patterns
Principal neurons were classified accord-
ing to whether or not they discharged ac-
tion potentials in a bursting pattern.
Bursting neurons have been proposed to
play an important role in seizure genesis
(Jensen and Yaari, 1997; Truccolo et al.,
2011). To evaluate possible preictal roles
of bursting neurons, we asked whether
bursting neurons display more preictal
activity and whether neurons are more
likely to discharge bursts of action po-
tentials preictally.

Bursting was the predominant dis-
charge pattern of CA3 neurons, as ex-
pected, and only 2% (1 of 55) of CA3 neurons were classified as
regular spiking (Table 3). Similarly, in CA1, 93% (70 of 75) of
neurons were classified as bursting, which is consistent with pre-
vious reports that, after pilocarpine-treatment in rats, bursting
CA1 neurons become more common (Sanabria et al., 2001; Chen
et al., 2011). Consequently, there were too few regular spiking
units in our sample to compare bursting and regular spiking
neurons in CA1 and CA3.

The subiculum and dentate gyrus contained more equitable
subpopulations of bursting and regular spiking neurons (Table
3). To compare preictal activity of bursting versus regular spiking
subicular neurons, PETHs for both subgroups were generated
(data not shown). Group average PETHs of both bursting and

regular spiking neurons resembled the average plot for the entire
sample of subicular units. For regular spiking subicular units, 26
of 32 (81%) were classified as preictal-increase cells, whereas 28
of 58 (48%) of bursting subicular neurons were classified as
preictal-increase cells (p � 0.001, � 2 test). These findings suggest
that, in the subiculum, regular spiking neurons might be slightly
more involved in preictal activation than bursting neurons.

In the dentate gyrus, average firing rate PETHs of both burst-
ing and regular spiking neurons displayed increased preictal ac-
tivity approximately similar to the average plot for the entire
sample of dentate gyrus units. A larger proportion of regular
spiking dentate gyrus neurons was classified as preictal-increase
cells (10 of 14, 71%) compared with bursting neurons (8 of 38,
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Figure 6. Average preictal activity of subicular (A), CA1 (B), CA3 (C), and dentate gyrus (D) principal neurons (n � 90, 75, 55,
and 52, respectively). A1–D1, Dashed horizontal cyan lines indicate average baseline firing rate. Error bars indicate SEM. *
indicates �3 or �3 SDs from the baseline firing rate, which was the average during the 10 –5 min period before seizure onset. Bin
size was 30 s, except seizure (SZ) bins, which represent average firing rate during the entire seizure duration. Apparent reduced
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activity (see Results). A2–D2, 5 s bins.
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Figure 7. Number of subicular (A), CA1 (B), CA3 (C), and dentate gyrus (D) principal neurons classified as preictal-increase, unchanged, or preictal-decrease. In these plots, each bar represents
a single neuron and indicates the number of seizures when its firing rate during the last minute before seizure onset was greater than the average baseline firing rate for that seizure (upward, dark
blue part of bar) and the number of seizures when its preictal firing rate was less than baseline (downward light blue part of bar). For example, the first neuron in the subiculum was recorded during
34 seizures, 30 of which had higher preictal than baseline firing rates and four with lower preictal than baseline firing rates. Green and magenta shading indicate neurons classified as preictal-
increase or preictal-decrease, respectively, depending on whether the preictal firing rate was �3 or �3 SDs from the baseline averaged across all seizures for that neuron. * indicates neurons with
significantly consistent higher or lower preictal activity based on a scrambling test. Yellow bars centered on the 0-axis indicate rare cases when preictal and baseline firing rates were equal. White
bars depict neurons for which the scrambling test could not be performed, because firing rate variability was too high for the number of seizures recorded.

Fujita et al. • Preictal Activity of Hippocampal Principal Cells J. Neurosci., December 10, 2014 • 34(50):16671–16687 • 16681



21%; p � 0.01, Fisher’s exact test). To-
gether, these results reveal no obvious ev-
idence that bursting neurons in the
dentate gyrus or subiculum have a special
role in preictal activation. Instead, regular
spiking neurons in the subiculum and
dentate gyrus appear to become more ac-
tive preictally.

Some CA1 and subicular neurons
become more bursty preictally
To test whether principal cells became
more likely to discharge bursts of action
potentials as a seizure approaches, the last
1.5 min before seizure onset was analyzed.
Burstiness was measured as the condi-
tional probability that a neuron would
discharge a second action potential within
10 ms after the first. The number of inter-
spike intervals �10 ms was divided by the
total number of spikes. Baseline bursti-
ness was measured by repeating the pro-
cess 100 times after randomly shifting
(7–30 min) from actual seizure onsets to
pseudo onsets. Preictal values were con-
sidered significantly different if they were
�2 SDs from the mean baseline value.
Numbers and percentages of principal
neurons that became significantly more
or less bursty preictally are reported in Ta-
ble 5. Some subicular (n � 4) and CA3
(n � 1) neurons could not be analyzed for
changes in burstiness because of problems
with their files. Hippocampal principal
cells most likely to become more bursty
during the preictal period were CA1 pyra-
midal cells (12 of 75 neurons, 16%) and
regular spiking subicular neurons (5 of 32
neurons, 16%). These findings reveal that
limited subpopulations of subicular and
CA1 pyramidal cells are more likely to
discharge bursts of action potentials in
the moments leading up to a spontane-
ous seizure.

Ictal unit activity
Although the present study focused on
preictal activity, recordings extended
through seizures, and average single-unit firing rates during sei-
zures were measured. In the dentate gyrus, average action poten-
tial firing rates during seizures were 3.2 times higher than baseline
(Fig. 6D1), similar to our previous report (Bower and Buckmas-
ter, 2008). In contrast, in the subiculum, CA1, and CA3, average
action potential firing rates were reduced during seizures and
were only 34, 52, and 50% of baseline, respectively (Figs. 5B,C,
6A1–C1). Examination of simultaneously recorded multiunit ac-
tivity, action potentials of sorted units, and LFPs revealed that,
despite abundant multiunit activity and clear seizure activity re-
corded by the same tetrode, single units appeared to discharge
action potentials less frequently during seizures recorded in CA3,
CA1, and the subiculum (Fig. 3A). Decreased firing and incom-
plete unit participation during seizures has been reported (Kan-
del and Spencer, 1961; Matsumoto and Ajmone Marsan, 1964;

Sypert and Ward, 1967; Babb and Crandall, 1976; Babb et al.,
1987; Bikson et al., 2003; Ziburkus et al., 2006; Gnatkovsky et al.,
2008; Truccolo et al., 2011; Grasse et al., 2013). In the penumbra
of a core seizure zone, neuronal activity can be inhibited (Prince
and Wilder, 1967; Schevon et al., 2012). However, apparently
reduced unit activity of excitatory neurons during seizures might
be an artifact, because spike-sorting methods make false nega-
tives probable during periods of high activity (Henze et al., 2000;
Cymerblit-Sabba and Schiller, 2012). Therefore, in the present
study, single-unit firing rate data during seizures is difficult or
impossible to interpret.

Discussion
The present study reports the most extensive dataset currently
available of preictal activity by individual hippocampal neurons
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before spontaneous seizures. The main findings are that, in the
pilocarpine-treated rat model of temporal lobe epilepsy, average
action potential firing rates of principal neurons in CA1, dentate
gyrus, and subiculum increased progressively beginning 2– 4
min before locally recorded spontaneous seizures. Many indi-
vidual neurons in the dentate gyrus, CA1, and subiculum
displayed increased preictal activity patterns that were signif-
icantly consistent across multiple seizures. Preictal activation

was earliest and most extensive in the subiculum, moderate in
CA3 and the dentate gyrus, and minimal or nonexistent in
CA3. Theta was significantly more likely to occur preictally,
and theta-correlated increased firing was common in the
subiculum and CA1. Increased preictal activity of dentate
gyrus neurons was independent of theta. In addition, signifi-
cant proportions of CA1 and dentate gyrus neurons displayed
reduced preictal firing rates.

Figure 9. Some increased preictal firing is not correlated with theta activity. A, Theta/delta ratios of all seizures during which subicular neurons with increased preictal activity were recorded. Data
from individual seizures are indicated by colored lines. Thick black horizontal lines with error bars (which are small) represent average theta/delta ratios 5.5–5.0 min (baseline) and 0.5– 0 min before
onset (preictal). *p � 0.001, Wilcoxon’s signed-rank test. B, Seizures in which theta/delta ratios increased from baseline to preictal periods were excluded, leaving only those in which theta/delta
ratios were unchanged or decreased preictally. *p � 0.001. C, Average firing rates of subicular neurons 5.5–5.0 min (baseline) and 0.5– 0 min before onset (preictal) recorded during seizures
without preictal theta (B). Values represent mean � SEM. *p � 0.001. Average action potential firing rates increased preictally during seizures without preictal theta activity in the subiculum (D),
CA1 (E), and dentate gyrus (F ). D, The right-most marker in the theta/delta plot was calculated by dividing the average theta/delta ratio during the preictal period by that of the baseline period
(values in B). Similarly, the right-most marker in the firing rate plot was calculated by dividing the preictal by the baseline average firing rate (values in C). The next set of markers to the left in D
represent values calculated identically, expect the baseline period was 6.0 –5.5 min and the preictal period was 1.0 – 0.5 min before seizure onset, and so on. * indicates significantly higher average
preictal versus baseline firing rates, as shown, for example in C ( p � 0.05, Wilcoxon’s signed-rank test). All average preictal theta/delta ratios were significantly lower than baseline ( p � 0.05,
Wilcoxon’s signed-rank test), as expected, because seizures with preictal theta were excluded.
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Heterogeneous preictal activity
Preictal activity was increased in some neurons in the subiculum,
CA1, and dentate gyrus and decreased or unchanged in others.
Reduced activity might be the result of inhibition by interneurons
driven by excitatory neurons whose preictal activity is increased.
In addition, many interneurons are more active during theta
(Ranck, 1973). The effect of theta on seizure activity is controver-
sial, but some evidence suggests that it is seizure resistant (Miller
et al., 1994; Colom et al., 2006). Reduced preictal activity is un-
likely to be attributable to lateral inhibition from a seizure core
(Schevon et al., 2012), because in epileptic pilocarpine-treated
rats, firing rates of preictal-decrease cells fall beginning 90 s be-
fore seizure onset (Bower and Buckmaster, 2008), whereas sei-
zures spread throughout the brain more quickly (Toyoda et al.,
2013). Neurons with unchanged preictal activity were common
in all hippocampal regions. It is unclear whether unchanged ac-
tivity is attributable to lack of input or balanced excitatory and
inhibitory influences that cancel out. Overall, these findings sup-
port previous reports of heterogeneous preictal activity of neu-
rons before spontaneous seizures (Bower and Buckmaster, 2008;
Truccolo et al., 2011).

Hippocampal subregion heterogeneity
CA3 neurons displayed no average change in precital firing rate,
which was surprising because CA3 is reported to be a common
site of seizure initiation in pilocarpine-treated rats (Lévesque et
al., 2012). Grasse et al. (2013) also found no significant preictal
change in average firing rate of CA3 neurons, although there were
changes in synchrony. It is unclear why CA3 neurons display less
preictal activity than other hippocampal neurons, but the find-
ings suggest that CA3 does not contribute to the buildup in ac-
tivity leading to spontaneous seizures.

In contrast, the dentate gyrus and CA1 contained substantial
proportions of preictal-increase and preictal-decrease neurons,
and average preictal firing rates of all recorded neurons in those
regions increased 2.0 –2.5 min before locally recorded seizure
onsets. The CA1 results are novel, but the dentate gyrus findings
are similar to our previous report (Bower and Buckmaster, 2008).
The present study found higher average preictal firing rates and
fewer preictal-decrease cells, which might be attributable to vari-
ability in sample populations or differences in data acquisition
and analysis methods. Preictal firing rate in CA1 plateaued dur-
ing the last minute before seizure onset instead of continuing to
increase as in other regions. Curtailment of CA1 firing during the
last 30 s before seizure onset (Fig. 6B) might be attributable to
concurrently high levels of theta (Fig. 8B2), because many inhib-
itory interneurons in CA1 are activated during theta (Klausberger
et al., 2003). However, principal neurons in CA1 also are more
active during theta, and increased preictal activity correlated with
increased preictal theta. In contrast, mechanisms underlying the
theta-independent preictal activation of dentate gyrus neurons
remain to be identified.

The subiculum virtually lacked preictal-decrease cells, con-
tained the highest proportion of preictal-increase neurons, and
exhibited the earliest increase in average preictal firing rate. As in
CA1, much of the increased preictal activity of subicular neurons
correlated with preictal theta. It is unclear whether preictal activ-
ity in the subiculum was driven from afferent input or generated
intrinsically. Major afferents include the entorhinal cortex and
CA1, but CA1 is an unlikely source considering its more delayed
and less robust preictal activation. Several potentially epilepto-
genic changes in the subiculum have been revealed in tissue from
humans with epilepsy (Cohen et al., 2002; Huberfeld et al., 2007;
Alonso-Nanclares et al., 2011) and animal models (Lehmann et
al., 2001; Wellmer et al., 2002; Knopp et al., 2005, 2008; He et al.,
2010), but their role in preictal activation of subicular neurons is
unclear. In summary, neurons in different hippocampal subre-
gions exhibited distinct dynamics and potential mechanisms of
preictal activity. These findings are consistent with the concept
that different hippocampal subregions might play different roles
in ictogenesis (see Introduction).

Consistent preictal activity of individual neurons
In the dentate gyrus, CA1, and subiculum, 41–57% of neurons
displayed significantly consistent increased preictal activity. In
contrast, results of other studies suggest that seizure-initiating
mechanisms are more stochastic. Neuronal activation is more
variable before interictal epileptiform events in hippocampal
slices exposed to pro-convulsant conditions (Takano et al., 2012;
Feldt Muldoon et al., 2013) and in the neocortex of humans with
epilepsy (Keller et al., 2010). However, the present study evalu-
ated spontaneous epileptic seizures, which might be different.
Neocortical neuronal activity before spontaneous seizures in ep-
ileptic humans is more variable (Truccolo et al., 2011), but those
recordings were obtained from a different brain region. Hip-

Table 4. Firing rates of principal neurons in the subiculum, CA1, CA3, and dentate
gyrus during different brain states preictally

Subiculum CA1 CA3 Dentate gyrus

Awake-theta
n (seizures) 9 10 0 2
Baseline (Hz) 1.71 0.33 — 1.50
Peak preictal (Hz)* 3.05 0.26 — 0.33
Preictal/baseline 1.78** 0.77 — 0.22

Awake-non-theta
n (seizures) 209 149 26 85
Baseline (Hz) 1.78*** 0.54 0.31 0.87
Peak preictal (Hz) 2.73 0.68 0.54 1.04
Preictal/baseline 1.54** 1.24** 1.77** 1.19

REM sleep
n (seizures) 116 146 5 16
Baseline (Hz) 1.57 0.42 0.67*** 0.45
Peak preictal (Hz) 2.65 0.58 0.43 1.11
Preictal/baseline 1.69** 1.38** 0.64 2.47**

Non-REM sleep
n (seizures) 405 393 248 491
Baseline (Hz) 1.32 0.49 0.28 0.78
Peak preictal (Hz) 2.13 0.66 0.29 1.55
Preictal/baseline 1.62** 1.34** 1.05 1.99**

*Firing rate of last or second to last (in CA1) 30-s-duration bin before seizure onset.

**Peak preictal firing rate �3 SDs of baseline firing rate.

***Versus non-REM sleep ( p � 0.05, ANOVA with Dunn’s test).

Table 5. Number and percentage of bursting and regular spiking neurons in the
subiculum, CA1, CA3, and dentate gyrus that were significantly more or less likely
to discharge bursts of action potentials during the preictal period (1.5– 0 min
before seizure onset)

More bursty Less bursty

Subiculum
Bursting (n � 54) 2 (4%) 2 (4%)
Regular spiking (n � 32) 5 (16%) 0 (0%)

CA1
Bursting (n � 70) 10 (14%) 1 (1%)
Regular spiking (n � 5) 2 (40%) 0 (0%)

CA3
Bursting (n � 54) 3 (6%) 1 (2%)

Dentate gyrus
Bursting (n � 38) 1 (3%) 3 (8%)
Regular spiking (n � 14) 0 (0%) 0 (0%)
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pocampal multiunit activity before spontaneous seizures in epi-
leptic humans is more variable (Bower et al., 2012), but activity of
individual excitatory principal neurons might be different. The
findings of the present study of significantly consistent increased
preictal activity have potential implications for ictogenesis and
seizure prediction.

Will unit activity be useful for seizure prediction?
Results of the present study suggest limitations and possibilities
for using unit activity to predict seizures. Limitations include
technical challenges of recording and isolating unit activity of
individual neurons. Many neurons fail to display significant
changes in preictal activity (Fig. 7). Even those neurons with
significantly consistent preictal activity had variable baseline fir-
ing rates, raising the possibility of false-positive seizure warnings
(Fig. 5B). Therefore, seizure prediction is likely to require simul-
taneous recording and averaging data from multiple units, which
is not necessarily equivalent to simply recording multiunit activ-
ity. Findings of the present study also revealed that preictal firing
rate increases in some regions (subiculum and CA1) correlated
with theta and were not necessarily specifically correlated with
seizures, again raising the possibility of false-positive seizure
warnings.

Despite limitations, possibilities for seizure prediction emerge
from the present results. Average firing rates increased signifi-
cantly in the subiculum, CA1, and dentate gyrus of the dorsal
hippocampus beginning 2– 4 min before seizure onset (Fig. 6),
although it is likely that most seizures initiated elsewhere in the
brain. These findings suggest three potentially important points.
First, there may be sufficient time to detect preictal changes in
firing rate before electrographic onset and loss of consciousness.
Second, it might not be necessary to record at the site of seizure
onset to detect preictal activity, which broadens opportunities.
Third, because many neurons in CA1, dentate gyrus, and espe-
cially the subiculum displayed significantly consistent changes in
preictal activity across multiple seizures, it might be possible to
provide more reliable predictions by focusing analysis on specific
cells.

How do spontaneous seizures start?
One speculative hypothesis is that a minutes-long buildup of
preictal activity in the dentate gyrus, CA1, and subiculum con-
tributes to the beginning of spontaneous seizures. The present
study obtained recordings from the right dorsal hippocampus in
13 rats as they experienced 790 seizures. Without electrodes im-
planted in many other brain regions, it is impossible to know
where seizures initiated. Onset site tends to vary from seizure to
seizure in patients with temporal lobe epilepsy (Lieb et al., 1976;
Spencer et al., 1990; Spencer and Spencer, 1994; Spencer, 1998,
2002) and in rodent models of temporal lobe epilepsy (Bertram,
1997; Bertram et al., 2001; Lévesque et al., 2012). Based on our
previous recordings of many brain regions in pilocarpine-treated
rats (Toyoda et al., 2013), only 9% of seizures in the present study
were likely to have initiated in the region where unit recordings
were obtained. It may seem surprising then that high proportions
of subicular, CA1, and dentate gyrus principal neurons displayed
significantly consistent preictal activity patterns, in many cases
for 100% of recorded seizures. These findings suggest the exis-
tence of a neuronal network whose activity changes minutes be-
fore spontaneous seizures initiate, regardless of where in the
network the electrographic onset eventually occurs. Seizure gen-
eration has been proposed to involve not one but a network of
structures that includes the hippocampus (Spencer and Spencer,

1994; Bragin et al., 2000; Bartolomei et al., 2008; Fabó et al.,
2008). The present study extends that idea earlier into the preictal
period and provides evidence of a network of preictally activated
(and in some cases, inactivated) principal cells in some but not all
subregions of the dorsal hippocampus. Remaining questions in-
clude whether there are other members of this preictal network
and whether blocking preictal activation of specific subregions is
sufficient to prevent seizures.
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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

Engel J Jr, Williamson PD, Wieser HG (1997) Mesial temporal lobe epilepsy.
In: Epilepsy: a comprehensive textbook (Engel J Jr, Pedley TA, eds), pp
2417–2426. Philadelphia: Lippincott-Raven.

Fabó D, Maglóczky Z, Wittner L, Pék A, Eross L, Czirják S, Vajda J, Sólyom A,
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