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Epilepsy is an illness of various shapes—
and horrible.

—Aretaeus of Cappadocia, ancient
Greek physician (Temkin, 1994)

Epilepsy is a collection of syndromes af-
fecting more than 50 million people
worldwide (Annegers, 2001). Seizures are
classified as either generalized or focal,
with focal seizures being the most com-
mon type in adults (Chang and Lowen-
stein, 2003). Focal seizures have many
different etiologies (e.g., perinatal brain
injury, tumors, hemorrhage, abnormal
neuronal migration during development)
and can be localized to various brain
regions (e.g., frontal or temporal lobe).
Seizures starting in medial temporal
structures such as the hippocampus are
the most common kind of focal epilepsy
(Chang and Lowenstein, 2003). These fo-
cal seizures often spread to other brain
regions (secondary generalization), re-
sulting in the loss of consciousness,
uncontrolled tonic– clonic muscle move-
ments, and prolonged periods of postsei-
zure fatigue. Exacerbating the problem for
patients is the fact that seizures are noto-

riously difficult to predict (Litt and Leh-
nertz, 2002). A clear understanding of
seizure warning signs— be they behavioral
or electrophysiological—would be a crucial
step toward successfully predicting, and
subsequently derailing, impending seizures.

Sleep and epilepsy have been recog-
nized as bedfellows since antiquity. Aris-
totle identified sleep as a useful predictor
of certain kinds of seizures, while Hippo-
crates noted that a lack of sleep could in-
crease the likelihood of seizures (Temkin,
1994). Periods of rapid eye movement
(REM) sleep and non-REM (NREM) sleep
are interwoven during a sleep bout. Dur-
ing NREM sleep, electroencephalography
(EEG) recordings are marked by relatively
high voltages and pronounced low-
frequency oscillatory activity. During
REM sleep, in contrast, EEG activity re-
sembles the activity seen during awake be-
havior; it is of relatively low voltage and
generally irregular in nature. However,
oscillatory activity does appear during
REM sleep in certain regions of the brain.
For example, theta oscillations are prom-
inent in the rodent hippocampus during
REM sleep, just as they are during active
wake states (Fig. 1). If sleep is a useful pre-
dictor of certain kinds of seizures, is there
a specific sleep state and/or oscillatory ac-
tivity pattern that is most likely to lead to a
seizure? This is the question that a recent
study by Sedigh-Sarvestani et al. (2014)
attempted to answer.

A model of medial temporal lobe epi-
lepsy (MTLE) is produced by injecting

tetanus toxin into rat hippocampus. This
drug alters neurotransmitter release, up-
sets the local excitation-inhibition ratio,
and leads to chronic seizures (Benke and
Swann, 2004). As in human MTLE, the
rodent seizures originate focally, second-
arily generalize to other parts of the brain,
and include a 3–5 Hz spike-and-wave
component (Benke and Swann, 2004).

Sedigh-Sarvestani et al. (2014) used
this rodent model to systematically char-
acterize the sleep–wake states most likely
to precede epileptic seizures. Using a
combination of cortical EEG, hip-
pocampal local field potential (LFP),
and accelerometer recordings, the authors
semi-automatically classified rats’ 24 h
sleep–wake patterns into four non-
overlapping states: awake with prominent
4 –12 Hz hippocampal theta oscillations
(wake-�); awake with wide-band hip-
pocampal oscillatory power (wake-wb);
REM sleep with strong hippocampal theta
but no evidence of movement on the
accelerometer; and NREM sleep with
high-amplitude cortical 0.5– 4 Hz delta
oscillations. Seizures were automatically
quantified using the same LFP and EEG
signals. For their analyses, the authors in-
cluded only secondarily generalized sei-
zures. For each seizure, they asked which
of the four sleep–wake states immediately
preceded the seizure. The results (sum-
marized in Fig. 1B) were dramatic: al-
though the rats spent only 6% of their
time in REM sleep, 47% of their seizures
started in this state (Sedigh-Sarvestani et
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al., 2014, their Fig. 3). In contrast, despite
rats spending 39% of their time in NREM
sleep, �7% of seizures arose directly from
NREM sleep. There was also a disparity
between the waking states: despite spend-
ing 27% of the day in each of the two
awake states, 34% of seizures started in the
wake-� state, while only 13% started from
wake-wb.

Clearly, states with pronounced
theta oscillations (REM and wake-�)
were most likely to lead to seizures
(Sedigh-Sarvestani et al., 2014, their Fig.
4). However, not all theta epochs were
equally epileptogenic in this rat model of
MTLE. The seizure rates during REM and
wake-� states were very different: 8.3 and
1.4 seizures/h, respectively. In addition,
only 19% of REM episodes led to seizures
even though all episodes had clear theta
oscillations. To avoid a massive number
of false-positive seizure prediction errors,
the next step is to determine what makes
one sequence of theta oscillations more
likely to lead to a seizure than another.
The authors presented raw LFP traces as
visual evidence of the similarity between
REM theta that led to a seizure and REM
theta that did not (Sedigh-Sarvestani et
al., 2014, their Fig. 6). However, it is pos-
sible that there are subtle differences in
theta frequency or power between the two
conditions. Subtle differences in extracel-
lular rhythmic dynamics might result
from slightly different levels of excitatory
drive of the local neuronal population. In-
deed, as rats increase their running speed,
the increased synaptic drive of hippocam-
pal place cells results in higher firing rates
and slightly faster LFP theta rhythms
(Buzsáki, 2005). It is reasonable to expect
that a REM theta epoch that precedes ep-
ileptiform activity will be associated with
increased drive of hippocampal cells and
increased LFP theta power and frequency.
Spectral analyses over short time windows
might be used in the future to dissect the
precise differences between REM theta
epochs that lead to seizures and those that
do not. Any differences in drive might be
confirmed using in vivo whole-cell mea-
surements of the membrane potential
during pre-seizure and non-pre-seizure
REM theta epochs. Finding such subtle
differences in extracellular oscillations
reflecting differential intracellular mem-
brane potential dynamics across pre-
seizure and non-pre-seizure states is a
crucial prerequisite to useful LFP-based
seizure prediction.

Since rodent REM states are, in prac-
tice, defined by the presence of pro-
nounced hippocampal theta oscillations,

it is difficult to disentangle the relative
contributions of the REM state and the
accompanying theta oscillations in creat-
ing an epileptogenic environment. Does
the unique combination of neuromodu-
lators released during REM sleep (e.g.,
increased acetylcholine and decreased
serotonin/norepinephrine) facilitate sei-
zure onset? Or does the unique excita-
tion–inhibition balance reflected by
hippocampal theta oscillations allow a sei-
zure to result? Future experiments using
tetanus toxin injections in the neocortex
could help to resolve this debate. Tetanus
toxin injected in neocortical structures is
already a well established model of focal
neocortical epilepsy (Benke and Swann,

2004). Also, distinct neocortical regions
differentially express theta oscillations
during distinct sleep–wake states: for ex-
ample, during REM sleep in cats, theta os-
cillations are visible in the perirhinal
cortex but not in posterior parietal cortex
(Collins et al., 1999). Repeating Sedigh-
Sarvestani et al.’s (2014) systematic quan-
tification of pre-seizure states in animals
receiving tetanus toxin injections in these
two brain regions would help to test
whether REM sleep can preferentially lead
to seizures in the absence of local theta
oscillatory dynamics (Fig. 1C). The result
would shed important light on the mech-
anisms underlying seizure generation
from the REM state in the tetanus toxin

Figure 1. Relationship between sleep–wake states, brain rhythms, and seizure onset across species and regions. A, Left, In
human MTLE, focal seizures arise from the hippocampus (shown in red/yellow on the left) and related structures. Right, Sche-
matic depiction of hippocampal LFP recordings during NREM sleep (green), REM sleep (blue), and awake (AWK, red) states. NREM
sleep is characterized by occasional sharp-wave-ripple complexes, REM states by occasional short-lasting hippocampal theta
rhythms, and awake states by somewhat longer epochs of theta. The majority of MTLE seizures arise in NREM or awake states with
very few starting during REM sleep. The thickness of each arrow pointing to the large-amplitude seizure (purple) indicates the
relative probability of seizure onset from each state. B, Schematic summary of the main findings of Sedigh-Sarvestani et al.
(2014). Left, Injection of tetanus toxin into the rat hippocampus leads to chronic seizures and is thought to provide a good model
of human MTLE. Right, As in humans, rodent hippocampal LFP during NREM sleep is characterized by occasional sharp-wave-
ripple complexes. However, unlike human REM sleep, continuous and pronounced hippocampal theta oscillations are seen during
rodent REM sleep. Awake periods in rats show either wide-band desynchronized activity (data not shown) or long-lasting bursts
of continuous theta rhythms (shown in red). In this rat model, seizures are most likely to arise from REM sleep, less likely to arise
from awake-theta periods and very unlikely to arise from NREM sleep. C, Left, Injections of tetanus toxin into different parts of the
neocortex can be used to create models of focal neocortical epilepsy. Right, Schematic neocortical LFPs during different sleep–
wake states are shown. NREM sleep is characterized by large 1– 4 Hz oscillations in the neocortex. Depending on the neocortical
region injected, REM sleep and awake periods may or may not show prominent neocortical theta oscillations. Quantifying the
likelihood of seizure onset in these various models can help to dissociate the relative contributions of REM sleep and theta
rhythms in facilitating seizure onset.
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model of epilepsy. If brain regions lacking
theta during REM sleep do not show the
same increased propensity for REM-
induced focal seizures, then this will sug-
gest that the REM state is not inherently
epileptogenic in the tetanus toxin model.
Instead, the focus could shift to under-
standing the precise circuitry and neuro-
modulatory differences (e.g., subcortical
cholinergic projections) between regions
that show theta during REM sleep and
those that do not (Brown et al., 2012).
These differences would offer important
clues to the mechanisms underlying sei-
zure initiation.

Although the tetanus toxin model is a
valuable tool to better understand, and
eventually treat, human epilepsy, several
studies have shown that when human
temporal lobe seizures arise from sleep,
they are far more likely to arise from
NREM than REM sleep: NREM seizure
rates were found to be two to six times
higher than REM seizure rates (Ng and
Pavlova, 2013). Why are the human ob-
servations so different from those found
by Sedigh-Sarvestani et al. (2014)? As the
authors point out, one crucial difference
between humans and rodents is that hu-
man REM sleep is accompanied by only
occasional, short bursts of hippocampal
theta oscillations (Cantero et al., 2003)
rather than the pronounced, continuous
REM theta seen in the rodent hipoocam-
pus (Fig. 1A). Thus, in the human hip-
pocampus, as in some rodent neocortical
areas, there is a partial disconnect between
REM sleep and theta rhythms. This fur-
ther emphasizes the importance of study-
ing the effect of tetanus toxin injections
into rodent brain regions that do not ex-
press theta during REM sleep (Fig. 1C).
Moreover, there is an important similarity
between human and rodent sleep: in both
species, sleep deprivation leads to in-

creased cortical theta rhythms (Brown et
al., 2012) and also results in an increased
likelihood of seizures (Foldvary-Schaefer
and Grigg-Damberger, 2006). Although
the causal relationship between sleep-
deprivation-induced theta and seizure
propensity has not yet been studied, this
suggests that the disparate sleep–wake
correlates of MTLE seizures in humans
versus rats might be reconcilable. Since
the human hippocampus displays shorter
and rarer bursts of REM theta, seizures
may be less likely to arise from this state in
humans than in rats. NREM sleep may be
less epileptogenic than periods of REM
sleep accompanied by theta oscillations,
but more epileptogenic than REM sleep
when theta is absent; this might explain
why a greater number of sleep seizures
arise from NREM sleep in humans. These
possibilities can be tested using human in-
tracranial recordings from epilepsy pa-
tients by quantifying the amount of theta
activity present before the onset of MTLE
seizures.

The results presented by Sedigh-
Sarvestani et al. (2014) raise several fun-
damental questions. In particular, since
seizures can arise from a variety of brain
states and rhythms, does this mean that
the neuronal mechanisms underlying sei-
zure initiation vary significantly based on
the preceding brain state and rhythm? Or
is there a unifying set of principles that
can explain why similar seizures arise
from differing sleep–wake states and
LFP rhythms? By recording and optoge-
netically manipulating the activity in both
the epileptic focus and the brainstem, fu-
ture studies will be able to better under-
stand the mechanisms that link sleep,
rhythms, and seizures in different rodent
models of epilepsy. Answering these ques-
tions will help get us closer to better un-

derstanding, predicting, and hopefully
treating human epilepsy.
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