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Abstract

Interictal spike is a biomarker of epilepsy that can occur frequently between seizures. Its potential
effects on brain oscillations, especially on theta rhythm (4-8 Hz) that is related to a variety of
cognitive processes, remain controversial. Using local field potentials recorded from patients with
temporal lobe epilepsy (TLE), we investigated here the impact of spikes on theta rhythm
immediately after spikes and during the prolonged periods (lasting 4-36 s) between adjacent
spikes. Local field potentials (LFPs) were recorded in different epileptogenic areas including the
anterior hippocampus (aH) and the entorhinal cortex (EC) as well as in the extended propagation
pathway. We found that interictal spikes had a significant inhibitory effect on theta rhythm. Power
of theta rhythm was reduced immediately after spikes, and the inhibitory effect on theta rhythm
might sustain during the prolonged between-spike periods. The inhibitory effect was more severe
when the epileptogenic areas involved both the aH and EC compared to that involved only a single
structure. These observations suggest that interictal spikes have a significant negative impact on
theta rhythm and may thus play a role in theta-related cognition changes in patients with TLE.
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Introduction

The most common form of interictal-like activity (ILA) is high-amplitude, sharp spike that
can occur frequently and in distributed brain areas [1-10]. The physiological underpinning
of ILA remains only partially understood. Traditionally, ILA has been related to
glutamatergic networks, -y-aminobutyric acid (GABA)ergic networks, and the unbalance
between the two types of networks [3-5,7]. Studies with animal models and human subjects
have provided ample evidence that ILA can affect ongoing brain oscillations, especially
theta rhythm in the medial temporal lobe (MTL) that may be related to various cognitive
processes [11-19]. In epilepsy, theta power is related to many factors including long-term
plasticity, age, age of first seizure, and medication [11,15,20,21]. Changes in theta rhythm
may be associated with cognitive deficits in temporal lobe epilepsy (TLE) [11,15]. For
example, it was found that loss of hippocampal theta rhythm in epileptic rat models could
result in spatial memory deficit [15]. Using deep brain electroencephalography (EEG)
recorded from pilocarpine rats, we recently found that theta power was significantly reduced
after ILA, i.e., LFP theta rhythm was at high level during exploration before injections but
were disrupted by ILA after injections [16,17]. Moreover, LFP theta power around ILA
reduced more in the early stage than in the later stage of epileptogenesis, implying that early
ILA had more severe effects on theta oscillations than later ILA [16,17].

How ILA affects theta rhythm in human subjects, especially in patients with TLE, remains
only partially understood. Theta rhythm in the human brain is prominent during voluntary
movements, attention, rapid eye movement (REM) sleep, arousals from sleep, and calm
wakefulness [20,22], particularly in the entorhinal-hippocampal system including the
anterior hippocampus (aH) and the entorhinal cortex (EC) [23-30]. The aH plays an
important role in theta-dependent memory, and the EC has intrinsically oscillatory
membranes with theta frequencies independent of the hippocampus and drives the
hippocampal circuits [24,31,32]. To date, there are only few invasive studies on the relation
between LFP theta rhythm and ILA in human patients [12]. There is in vitro evidence to
suggest that ILA and theta rhythm both involve GABAergic circuits [27,33,34]. As the
propagation of ILA varies with GABA-mediated inhibition and theta rhythm depends on the
recruitment of GABAergic circuits [20,26,27,33], it is possible that ILA affects theta rhythm
through GABAergic circuits.

To gain a deeper understanding of the impact of ILA on theta rhythm, we recorded here
LFPs using intracerebral electrodes implanted in the aH and EC of four patients with TLE
during quiet wakefulness. In these patients, the epileptogenic areas involved the aH, EC, or
both. Theta rhythm was investigated around spikes as well as in the prolonged between-
spike periods that lasted up to 36 s.
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Materials and methods

Participants and intracerebral EEG recordings

Intracerebral EEG data and related clinical information were acquired from 4 patients with
refractory TLE. Participants provided written-informed consent in accordance with
guidelines set by the institutional review boards of La Timone Hospital, Marseille, France.
The patients included 3 males (Patient1, 33 yrs; Patient3, 19 yrs; Patient4, 16 yrs) and 1
female (Patient2, 40 yrs). The inclusion criteria satisfied the following: (1) epileptic foci
involved the mesial temporal lobe; (2) structure Magnetic resonance imaging (MRI) was
either normal or showed patterns suggestive of hippocampal atrophy and hyperintensity in
Fluid attenuated inversion recovery (FLAIR) images. The epileptogenic areas involved the
aH, EC, or both (Patient1: epileptogenic area involved only the aH, with the EC in the
propagation pathway; Patient2: epileptogenic area involved only the EC, with the aH in the
propagation pathway; Patient3 and Patient4: epileptogenic area involved both the aH and
EC).

Each patient was implanted with 5-8 intracerebral electrodes in the temporal region based
on the clinical needs. Each intracerebral electrode had 10-15 contacts (length: 2 mm,
diameter: 0.8 mm; 1.5 mm apart). Electroencephalography data were recorded using a
128channel long-term video-EEG monitoring system (Deltamed ™). The placements of
electrodes were first trained on the patients’ 3-D T1 MRI using a virtual machine with the
BrainVISA software. The implantation accuracy was then calculated using telemetric X-ray
imaging, postoperative computerized tomography (CT) scan, and MRI. Finally, the
placements were determined by Talairach’s reference frame under stereotactic conditions
[8]. All patients had electrodes that spatially sampled mesial/limbic regions including the
amygdala, the EC, the internal part of the temporal pole, the anterior part of the
hippocampus, the posterior part of the hippocampus, and the lateral/neocortical regions of
the temporal lobe. Please see the materials and methods in the work of Bartolomei and
Wendling for more details [8,35].

During the experiments, the patients were awake and resting. No obvious limb movements
were observed in the video recordings. The EEG signals were recorded at a sampling rate of
256 Hz. The recording lasted 1 h long for each patient. Electrical power-line noise was notch
filtered, and nonphysiological slow variations were high-pass filtered using analog filters
embedded in the hardware.

Data processing

Exemplar EEG recordings of these patients are shown in Fig. S1. Using a spike-sorting
technique (epoch sorting toolbox of EEGLAB software package [36]), the spikes were
aligned at the peak (time 0). The onset and offset of a spike were determined by an
experienced neurologist based on visual inspection. An epoch was defined for each spike,
which started from 350 ms before the spike onset and ended 350 ms after the spike offset. A
total of 168 spikes were identified from the recordings (Patientl: 40 spikes; Patient2: 40
spikes; Patient3: 40 spikes; Patient4: 48 spikes).
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Data between spikes were also extracted for analyses. During the prolonged between-spike
period, epochs were extracted using a 350ms time window without overlap. Each 350-ms
epoch was defined as a between-spike epoch. Between-spike epochs with connotative tiny
spikes (see Fig. S2 for an example) in the epileptogenic areas and propagation pathway were
excluded from further analyses. A total of 300 between-spike epochs were randomly
extracted for each patient.

Power of theta rhythm was derived from Gabor wavelet transform:

Walty. f) = (2 %,) "1/ )

X f_ +mx(z)2_l(t ) t(% 2

exp[—jan(t - to)]dt

where Wix(to/) is the complex form of signal x(f) at time (Zy) and frequency (#). nis the
center frequency (5 cycles here). The sum of squares of real part and imaginary part
corresponding to Wix(tp/) is regarded as Gabor power at frequency (7) and time (4). To avoid
power estimation errors around the edge of the short-time window, we used here an extended
time window of 4 s centered at each epoch for power estimation, and then the theta power
within the 350-ms epoch was extracted. Theta power was computed as the power values in
the 4- to 8-Hz frequency band averaged over time and frequency per epoch and then
averaged over epochs.

The transient inhibitory effect of spikes was evaluated by the percent change of theta power
after spike compared with prespike theta power. During the between-spike period, Gabor
wavelet transform was carried out in a 4-s long data frame centered at the middle of each
betweenspike epoch. Paired #test was employed to test the significance of inhibitory effect.

Loss of theta rhythm during the between-spike period

To quantify the disruption of theta rhythm during between-spike periods, we evaluated theta
power in each between-spike epoch and identified epochs that demonstrated disrupted theta
power. Theta power was considered disrupted in an epoch if it fell below the mean theta
power within the 4-s long time window centered at the epoch, and the period with low theta
power lasted longer than 50 ms (see Fig. S3 for an example). The loss of theta rhythm was
then quantified as the percent of epochs demonstrating disrupted theta rhythm among all
between-spike epochs.

3. Results

3.1. Transient reduction of theta power after spikes

Theta power dropped immediately after spikes in epileptogenic regions (Fig. 1). However,
theta power did not show a transient reduction in the propagation pathway (see Fig. S4). The
transient inhibitory effect of spikes on theta rhythm was summarized in Table 1. Theta power
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in the aH was reduced by 55.29% and 53.79% in Patient3 (p = 0.0191) and Patient4 (p =
0.0325), whose epileptogenic areas involved both the aH and EC, whereas theta power was
only reduced by 41.25% in Patient1 whose epileptogenic area only involved the aH.
Similarly, theta power in the EC was reduced by 60.22% and 68.30% in Patient3 (p =
0.0039) and Patient4 (p = 0.0414), whereas theta power was only reduced by 21.23% in the
EC of Patient2 who had a single epileptogenic area in the EC. The impairment of theta
rhythm was more severe when epileptogenic areas involved both the aH and EC than when
cases involved only a single epileptic area. See supplemental materials for additional
analyses on single spikes and spike bursts. Finally, we found that gamma power also showed
a transient reduction in epileptogenic regions (see Fig. S5 and Table S1).

Disruption of LFP theta rhythm during the between-spike period

We then examined theta power in the between-spike epochs. The loss of LFP theta rhythm
was evaluated as the percent of epochs demonstrating theta power disruption (see Materials
and methods). The results are summarized in Table 2. We found that disruption of LFP theta
power in epileptogenic area was more than that in the propagation pathway, and the
disruption was more severe when epileptogenic areas involved both the aH and EC than
cases with a single epileptogenic area. Disruption of LFP theta rhythm during the between-
spike period may indicate that the negative effect of spikes was sustained for a prolonged
period.

3.3. Control analyses

To investigate whether our results were dependent on the precise determination of spike
onset and offset, we repeated the analyses by shifting the onset to 350 ms earlier (50 ms) and
the offset to 350 ms later (50 ms) (see Fig. S6). Our conclusions were unchanged. Therefore,
the difference between prespike and postspike is insensitive to the small variation in the
determination of spike onset/offset. Additionally, to investigate the effect of window length
(350 ms), we reanalyzed all data using a time window of 700 ms (Table S2). The
conclusions also remained unchanged.

4. Discussion

In the present study, we found that interictal spikes had a significant inhibitory effect on
theta rhythm. Power of theta rhythm was reduced immediately after spikes, and the
inhibitory effect on theta rhythm may be sustained during the prolonged between-spike
periods. The inhibitory effect was more severe when the epileptogenic areas involved both
the aH and EC compared to when the epileptogenic areas involved only a single structure.
These observations suggest that interictal spikes have a significant negative impact on theta
rhythm and may thus play an important role in theta-related cognition changes in patients
with TLE.

4.1. Transient negative effect of interictal spikes on theta rhythm

Theta rhythm in the hippocampus has been related to a variety of cognitive functions. For
example, using simultaneous recordings from rat prefrontal cortex and hippocampus during
spatial working memory, Jones and Wilson found rapid configuration of functional
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connectivity through the theta-frequency entrainment of oscillatory networks across these
two brain regions [37]. Using Magnetoencephalography (MEG) recording in human
subjects, Cornwell et al. observed greater theta activity in the hippocampus and
parahippocampal cortices during goal-directed navigation relative to aimless movements,
suggesting that human spatial learning is dependent on hippocampal and parahippocampal
theta oscillations [38]. Furthermore, mounting evidence indicated that theta rhythm may
play a role in attention and sensorimotor integration [39], episodic memory [40], and other
voluntary behaviors (see [41,42] for reviews). Theta oscillation has been hypothesized as the
navigation rhythm through both physical and mnemonic spaces, facilitating the formation of
maps and episodic/semantic memories [43]. Revealing how ILA affects theta rhythm in the
MTL is thus crucial for a better understanding of cognitive deficits related to epilepsy.

In the present study, while there are individual differences in theta power among the 4
patients, the reduced theta power could be observable around spikes (see Fig. 1 and Table 1)
in all patients. In particular, theta power decreased immediately after interictal spikes in the
epileptogenic area. However, theta power did not reduce in the propagation pathway (see
Fig. S4), such as in the EC in Patient1 and in the aH in Patient2. These observations suggest
that the interictal spikes could impair theta rhythm transiently. These findings are in line
with the previous animal work that reported reduced theta power after spikes [16,17].
Interestingly, we also found that gamma power dropped immediately after spikes in
epileptogenic regions (see Fig. S5 and Table S1). When the coupling between theta phase
and gamma power [44] was examined, we further observed that the phase-amplitude
coupling (PAC) in the aH showed a decrease after spikes (see Fig. S7), suggesting that
epileptic spikes might have a negative impact not only on theta power, but also on the
coupling between theta phase and gamma power in the aH.

The occurrence of spikes in multiple structures may indicate more severe network
impairment than cases with spikes limited to one structure. Here, we observed that loss of
theta rhythm was more prominent after spikes when epileptogenic areas involved both the
aH and EC compared to that when epileptogenic areas involved either the aH or EC. These
observations suggest that impairment of theta rhythm after spikes is likely to be the result of
abnormal functional network rather than the result of abnormality in local regions.

4.2. Disruption of LFP theta rhythm during the between-spike period

Loss of hippocampal theta rhythm may be related to loss of principal neurons and
interneurons in the hippocampus [2,11,15] or to selective loss of excitability and action
potential firing in inhibitory GABAergic neurons in various types of epilepsy [45-47].
Impaired theta rhythm can lead to deficits in the spatial memory in the rat model [11,15]. In
addition, the degree of hippocampal theta power impairment was correlated with the degree
of spatial memory deficit during epileptogenesis [11]. Our observation that theta was
disrupted during the prolonged between-spike periods near the epileptogenic area may be in
line with these previous reports. In the present study, we observed that the more severe theta
power was reduced after spikes (e.g., last columns in Table 1), the more theta disruption
occurred during the betweenspike period (e.g., last columns in Table 2). This suggested that
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the interictal spike might be the main cause of theta rhythm disruptions in the ongoing
oscillations that can in turn influence theta-related cognitive processes.

4.3. Caveats

There are several limitations of the present study that should be mentioned. First, the study
was based on a small number of subjects (n = 4) who met the criteria that the electrodes
were implanted in the hippocampal area, and multiple interictal spikes were recorded during
wakefulness. Second, there are substantial individual differences between patients, and the
analyses were carried out at the level of individuals. However, the observations reported here
were consistent across all subjects. A follow-up study with larger sample size and more
rigorous statistical analyses is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Transient reduction of theta power after spikes in 4 patients. Peak-sorting results of the
spikes are shown in the left panel. Time-frequency power is shown in the right panel. (A)
Patientl; (B) Patient2; (C) Patient3; (D) Patient4. The negative effect of spikes on theta
rhythm is more severe in epileptogenic areas involving both the aH and EC (Patient3 and
Patient4) than that involving only one structure (aH in Patient1; EC in Patient2).

Epilepsy Behav. Author manuscript; available in PMC 2019 May 31.



Page 11

Fuetal.

'IU3NEd PUE g1UaNed 10} PalUasaIdal vd/ed,

15987 ¥ 0S'70ST ¥ 0
96'228/SL°COT+  0'96G¢2/09'9¥C ¥
¥1¥0°0/6€00°0 0€'89/22°09 €2°9TC 65°€VS 2LT00 €T'TC  €T96T ¥88'V8E  86'16C F L6'L8F - - - - o3
009T8 ¥ 0 0£'82YT ¥ 0
€98CT/¥0'V8C F  ¥'€8LC/€8'8SY F
€€00°0/T6T0°0 6.'€G/62°GS Sb'809 0T’ LETT - - - - ¥000°0 SCTy  TG0TCF9T'6EE  BO'ETEF 0€°LLS He
(%) (%)
(9%) abejusoad (A1) (zAM) abeusaad (zA) (A1) afejusosad (A1) (zA)
anjea-d aseal09Q ay1dsisod Midsald  snjea-d asealdaQg ay1ds1sod aidsald  anjea-d aseal09Q a1dsisod ayidsald
(vd/€d) O3 pue He u1oq ul sexids (C1usied) O3 ul saxjids (Tiused) He ul seyidS  eaJe uleag

Author Manuscript

Author Manuscript

' SOIIds 40 10849 Alonqiyur ayx pue sexids punoe [aAs] Jemod eey L

T alqeL

Author Manuscript

Author Manuscript

Epilepsy Behav. Author manuscript; available in PMC 2019 May 31.



Page 12

Fuetal.

008./00°¢€L YECI6TC 00'S¢ 7 199T 09 o3
00°59/€€°9L §61/6¢¢ €€'81 o1e] 00'sy  GET He
uondnusip uondnusip
(o) abejusdiad  uondnusip v1ayl yum syasods Jo saquinN  (94) abelusaad ©19U1 YHM sydodas Jo JaquinN  (94) abelusaiad B84 Y3IM sy20da Jo JaquinN
(vd/ed) O3 pue He y1oq ul ssxj1ds (clusiyed) O3 ut sayjids (Tausned) He ul seXidS  eaJe ureag

'syo0da ayids-usamiag ul wylAys v1ayr Jo uondnisig

¢ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Epilepsy Behav. Author manuscript; available in PMC 2019 May 31.



	Abstract
	Introduction
	Materials and methods
	Participants and intracerebral EEG recordings
	Data processing
	Loss of theta rhythm during the between-spike period

	Results
	Transient reduction of theta power after spikes
	Disruption of LFP theta rhythm during the between-spike period
	Control analyses

	Discussion
	Transient negative effect of interictal spikes on theta rhythm
	Disruption of LFP theta rhythm during the between-spike period
	Caveats

	References
	Fig. 1.
	Table 1
	Table 2

