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There is uncertainty regarding when and which groups of neurons fire synchronously during seizures. While several studies
found heterogeneous firing during seizures, others suggested synchronous neuronal firing in the seizure core. We tested
whether neuronal activity during seizures is orderly in the direction of the excitatory neuronal connections in the circuit.
There are strong excitatory connections laterally within the septotemporally organized lamella and inhibitory trans-lamellar
connections in the hippocampus, which allow testing of the connectivity hypothesis. We further tested whether epileptogene-
sis enhances synchrony and antiseizure drug administration disrupts it. We recorded local field potentials from CA1 pyrami-
dal neurons using a small microelectrode array and kindled rats by a rapid, recurrent hippocampal stimulation protocol. We
compared cross-correlation, theta phase synchronization, entropy, and event synchronization. These analyses revealed that
the firing pattern was correlated along the lamellar, but not the septotemporal, axis during evoked seizures. During kindling,
neuronal synchrony increased along the lamellar axis, while synchrony along the septotemporal axis remained relatively low.
Additionally, the theta phase distribution demonstrated that CA1 pyramidal cell firing became preferential for theta oscilla-
tion negative peak as kindling progressed in the lamellar direction but not in the trans-lamellar direction. Last, event syn-
chronization demonstrated that neuronal firings along the lamellar axis were more synchronized than those along the
septotemporal axis. There was a marked decrease in synchronization and phase preference after treatment with phenytoin
and levetiracetam. The synchrony structure of CA1 pyramidal neurons during seizures and epileptogenesis depends on ana-
tomic connectivity and plasticity.
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Significance Statement

We could improve the efficacy of brain stimulation to treat seizures by understanding the structure of synchrony. Electrical
stimulation may disrupt seizures by desynchronizing neurons, but there is an uncertainty on which groups of neurons fire
synchronously or chaotically during seizures. Here, we demonstrate that neurons linked by excitatory connections fire syn-
chronously during seizures, and this synchrony is modulated by epileptogenesis and antiseizure drugs. Closed-loop brain
stimulation carefully targeted to disrupt synchrony may improve the treatment of seizures.

Introduction
Seizures were once defined as “a transient occurrence of signs
and/or symptoms because of abnormal excessive or synchronous
neuronal activity in the brain” (Fisher et al., 2014). High ampli-
tude spike-wave discharges that occur during seizures represent

the activity of a large group of neurons (Schevon and Trevelyan,
2014). Intracellular recordings from neurons during epilepti-
form bursts demonstrate a characteristic large depolarizing
shift in membrane potential, called paroxysmal depolarizing
shift. Synaptic potentials in individual neurons are synchron-
ized and amplified by reduced GABAergic inhibition or
enhanced excitatory transmission, generating a paroxysmal
depolarizing shift in individual neurons and epileptiform
spikes on EEG (Johnston and Brown, 1984; Miles et al., 1984;
De Curtis and Avanzini, 2001).

A more complex picture of neuronal synchrony during seiz-
ures has emerged from multielectrode recordings from neurons
in the cortex of patients undergoing evaluation for epilepsy sur-
gery. Initial studies using microelectrode arrays designed to dis-
cern individual neuronal firing found a very heterogeneous
activity without hypersynchronization among hundreds of neu-
rons activated during a seizure (Truccolo et al., 2011). Other
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studies describe a seizure propagating in a core, with a penumbra
shaped by an inhibitory surround (Schevon et al., 2012). There is
synchronous neuronal firing in the ictal core, where paroxysmal
depolarizing shifts can be recorded, but not in the penumbra
region (Merricks et al., 2015).

In theoretical and in vitromodels, excitatory synaptic connec-
tivity between principal neurons allows neuronal synchrony
(Wong et al., 1986; Johnson et al., 2015). Extensive positive feed-
back excitation mediated by recurrent axon collaterals connect-
ing the CA3 pyramidal neurons, which project directly to CA1
neurons, combined with intrinsic bursting properties of these
neurons, suggests that they can rapidly synchronize and propa-
gate bursts, resulting in seizures (Traub and Wong, 1982; Traub
et al., 1989; McCormick and Contreras, 2001). The hippocampus
is proposed to have a simple, functional organization of excita-
tory connections along lamellae extending from the entorhinal
cortex to granule cells, CA3, CA1 pyramidal neurons, and the
subiculum (Andersen et al., 1971). Detailed anatomic analysis of
the hippocampus suggests a more complex structure with infor-
mation processing along the transverse and long axis. However,
the lamellar organization has remained a useful functional con-
cept, and lateral inhibition activated by granule cells keeps
lamella functionally separate (Sloviter et al., 2006; Sloviter and
Lømo, 2012). This lamellar connectivity would suggest that syn-
chronous neuronal activity would propagate along the lamellar
axis, whereas they would not do so along the trans-lamellar axis.
However, most studies testing these hypotheses were conducted
in brain slices; therefore, hippocampal seizure propagation pat-
terns in freely moving animals are still undeveloped. While
many studies have yielded deep insights into synchronization (D.
Lee, 2002; X. Li et al., 2007; Lenck-Santini and Holmes, 2008),
there is still no consensus on which quantitative measurement of
synchrony is the best way of defining relationships within and
between brain regions.

We tested whether CA1 neuronal networks’ lamellar connec-
tivity plays a role in determining their synchronization during
seizures. Neuronal connectivity is enhanced during epileptogene-
sis by various mechanisms, thus facilitating the synchronization
of connected neuronal networks. Furthermore, we expected that
antiseizure medications would interfere with neuronal syn-
chrony. We recorded local field potentials using small microelec-
trode arrays in the CA1 region in animals that underwent
kindling epileptogenesis in vivo. Electrodes were arrayed either
along the septotemporal or lamellar axis. We applied four meas-
ures of synchrony.

Materials and Methods
Animals. All protocols were approved by the University of Virginia

Animal Care and Use Committee. Adult male Sprague Dawley rats (250-
300 g) were housed 2 per cage on a light/dark cycle in a temperature-
controlled room with access to food and water.

Kindling. A rapid kindling protocol was used for freely moving rats.
According to the protocol, stimuli trains (10 s, 50Hz, 1ms biphasic
pulses) were delivered at 30min intervals 10-12 times per day (Lothman
et al., 1985). We measured after-discharge duration (ADD) from the end
of the stimulus to the end of the evoked seizure. We ranked seizure se-
verity according to the Racine scale (see Fig. 1E) (Racine, 1972). The
animals were fully kindled when they had a minimum of three Stage 5
seizures in succession. After completing the recording, the animals
were killed via CO2 asphyxiation. Electrode positions were confirmed
via histologic examination, as described below. The brains were
removed and stored in a 1% potassium ferricyanide and 4% PFA in a
0.1 M PB at 4°C overnight. Potassium ferricyanide reacts with residual
iron from the electrodes to form Prussian blue, aiding in electrode

placement confirmation. Brains were then frozen and sectioned per-
pendicular to the septotemporal axis (on a sliding microtome) at
40 mm. The electrode locations appeared as azure spots on the slices.
We confirmed the location of the recording sites for all animals used in
this study.

Local field potentials. We constructed bipolar electrodes from two
equal lengths of 500mm stainless-steel coated wires (A-M System) (see
Fig. 1B). The wires were twisted and cut at an angle to prevent short-cir-
cuiting between the tips. We fabricated the microelectrode array from 8
strands of 50mm nichrome-coated wires (10mm coating, A-M System),
which were lined up with a tool and then glued together (see Fig. 1A). A
spacing wire separated adjacent electrodes (50mm nichrome-coated
wire) about the pyramidal cell soma diameter. The recording sites were
100mm apart from center to center. After several hours, the tips were cut
transversely on the same surface level with sharp scissors. Before implan-
tation, the electrode tips were examined under a microscope to ensure
no superglue was present at the exposed surface. The impedance of each
electrode was typically 25-40 kX.

The rats were anesthetized with isoflurane, placed in a stereotaxic
frame, and maintained on a heating pad (37.5°C). A bipolar electrode,
implanted in the hippocampal CA3 (AP �3 mm; ML, 3.5 mm; DV, 2.5-
3.0 mm below the dura), was used for delivering stimulus pulse trains.
We implanted a microelectrode array in the contralateral hippocampal
CA1 region (AP, 3.0 mm; ML, 2.0 mm; DV, 2-2.5 mm below the dura)
along the transverse or longitudinal hippocampal axis for recording field
potentials. We optimized the microelectrode array position in the CA1
pyramidal cell layer by recording responses to Schaffer collateral stimula-
tion. A coated stainless-steel wire (1 mm, A-M System) was placed in the
skull to serve as the reference electrode. Our interpretation assumes that
each signal channel of the microelectrode array records from a unique
set of neurons with minimal crosstalk because the spike waveform
changes between channels during the evoked seizures showed that the
electrodes could record from different groups of neurons in the densely
packed CA1 pyramidal cell layer (see Fig. 1B). Microelectrode design
was based on the theory that extracellular field potentials are local cur-
rent sinks, or sources, generated by the collective action potentials of
many neurons (Brette and Destexhe, 2012). A negative wave corre-
sponds to a current sink, caused by positive charges entering cells
through postsynaptic glutamate receptors, whereas a positive wave is
generated by the current that leaves the cell (at the cell body)
(Richardson et al., 1987; Andersen et al., 2009). Figure 1B shows field
potentials recorded at various positions along the length of the soma and
dendritic tree. The waveform of the spike varied as a function of distance
from the cell body. The population of spikes (red star) was negative
when recording from the cell body layer. This observation supports the
assumption that the waveform of a single spike can be quite different
depending on the recording site. We did not record a single unit because
the goal of these experiments was to detect interactions between high-
frequency firing in a small, local region in the hippocampal CA1 layer.
Therefore, knowing that each electrode represents a small group of neu-
rons was sufficient for our analysis.

The microelectrode array signals were buffered with an operational
amplifier attached to a lightweight headset (gain= 1). The operational
amplifiers were connected to 4-channel amplifiers (A-M Systems, model
1700) via flexible cables through a rotating commutator. The analog out-
put port of the amplifier was connected to an analog input channel of
the DAQ system. The DAQ system consisted of two computers: a real-
time controller and a LabVIEW-based host computer. The controller
used a high-speed Field Programmable Gate Array processor to acquire
data at a 25 kHz sampling rate, yielding a resolution of 40 ms. The
LabVIEW-based host computer was used for the postprocessing and vis-
ualization of the experimental data. The recording was continuous
before, during, and after the electrically kindled seizures. All microelec-
trode array channels were recorded from 1Hz to 10 kHz and later passed
through a high-pass filter of 300Hz for offline high-frequency firing
analysis.

Spike rate. We detected spike peaks and troughs using a MATLAB
peak finder on the filtered data. We coded the peak finder to find the
local maximums and minimums and calculated during the evoked
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seizures. The sample sizes between groups were comparable. The code is
available on request.

Measures of synchrony. We used cross-correlation, phase synchroni-
zation, and event synchronization (ES) to measure synchrony. The signal
from the microelectrode array was filtered between 300 and 4000Hz
before synchronization analysis. We only analyzed low-noise and arti-
fact-free EEG recordings.

Cross-correlation estimates the degree of correlation between two
different time-series, where the cross-correlation coeffcient r is as
follows:

r ¼

XN

i
xi �mxð Þ yi �myð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i
xi �mxð Þ2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i
yi �myð Þ2

r ;

where mx and my are the means of series, and N is the number of sam-
ples in them. Correlation coeffcients were calculated across all pairwise
combinations across the duration of a seizure (see Fig. 3E).

Theta oscillations. The EEG signal was first passed through a fourth-
order Butterworth filter with theta band cutoffs (between 4 and 10Hz)

to extract the theta oscillation (see Fig. 1C). The Butterworth filter can
reduce the ripples in the output signals, which smooth out the signal.
We only treated the troughs below certain values (for example, �0.1) at
the beginning or end of the cycle; each rat could have a different base-
line. We used the baseline (nonseizure) to calculate the mean and SD of
the signal. Later, we used mean 1 3 SD for the spike detection. Theta
phase is linearly increased from 0 to 2 from one negative peak to the
next. For this definition of synchronization, which does not calculate the
instantaneous phase of the oscillation, the change in the phase is of inter-
est, and amplitude is largely irrelevant because we have already consid-
ered the baseline shift in the code. In the case of neuronal firings, the
peaks of action potentials were assigned with theta phase values that
were determined by the firing time within that phase window (see Fig.
1D). The propagation pattern in the hippocampus CA1 region was eval-
uated by calculating the phase differences between firing groups. The
phase difference can be any value from 0 to 2.

For the theta phase difference distributions, we first found all the fir-
ing spikes (action potentials, see below) in all four channels. Then, we
defined the theta cycle (see above). Next, we calculated the spike phase
in the theta cycle. Finally, we calculated the difference between the spike
phases for each pair of the channels and show the distribution in histo-
gram plots.

Figure 1. Kindling progression in awake rats. A, Schematic of the microelectrode construction and dimensions of the outer and inner diameters of the wire. The tips were cut transversely
with a sharp knife and examined under a microscope to make sure no Superglue was attached on the cross section surface. Each of the 4 microelectrodes was separated by an additional
50mm spacing wire. B, The waveform of a spike varied as a function of distance from the cell body. Schematic figure represents microelectrode array placement along the somatodendritic
axis. Four channels of bandpass-filtered data (300-4000 Hz): An electrically evoked seizure was immediately recorded after 10 s of stimulation. Enlarged view, Waveform of a single spike (red
star). C, Top, EEG signal. Bottom, Theta oscillation. D, The waveform is the theta oscillation. Red dotted lines indicate the negative peaks of the theta oscillation. The theta cycle is defined as
the time between two negative peaks. Each time point is assigned with a theta phase value from 0 to 2 via linear interpolation. E, The Racine 5 point BSS. F, Top, A representative example of
an electrically evoked seizure that was recorded in an awake rat immediately after 10 s of stimulation. The EEG was filtered.1 Hz. Bottom, a, b, Expanded views of two segments of the EEG
data, taken from the sections indicated by the arrows beneath the top trace. G, A representative example of BSS and ADD as they increased in severity during 4 d kindling for 1 animal.
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Shannon entropy. Shannon entropy measures the order state of a
sequence and quantifies the degree of skew in the distribution. We used
it to quantify the order of theta phase distributions, using the following:

Shannon entropy Sð Þ ¼ �
X

i

piln pið Þ; pi.0;

with Smax = ln M, whereM is the number of bins, and p is the proba-
bility of the phase difference being in the i-th bin. For complete desynch-
ronization, the value is zero.

ES. The definition of ES is less stringent, where synchronization only
implies that defined events are occurring simultaneously, or near-simultane-
ously, in time (Quian Quiroga et al., 2002). We defined population bursts as
discrete events in time and calculated synchronization from the near-simul-
taneous occurrence of population bursts within a small time window (the
synchronization window was set to 30/25,000 Hz=1.2ms). We identified
population bursts as bursts .3 SDs from the baseline (seizure-free EEG
over 10min). ES quantifies the number of times an event occurs in two-
time series and does not require the notion of phase. Given recordings from
two electrodes of the microelectrode array, time series x and y, the event
times are defined as txi and tyj . Population bursts that occur in both signals
within a time interval are considered to be synchronized. The number of
times an event appears in x shortly after it appears in y is defined as follows:

Ct xjy� � ¼
Xnx

i

Xny

j

Jtij

Jtij ¼
1if 0,txi � tyj,t

1
2
iftxi ¼ tyj

0 otherwise

8>><
>>:

where nx is the number of spikes in neuron x, and ny is the number of
bursts for the neuron y. The values of Ct ðxjyÞ and Ct yjx� �

are then
combined symmetrically (Q) and anti-symmetrically (q):

Qt ¼
Ct xjy� �

1Ct yjx� �
ffiffiffiffiffiffiffiffiffi
nynx

p

qt ¼
Ct xjy� �� Ct yjx� �

ffiffiffiffiffiffiffiffiffi
nynx

p ;

where Q is the strength of the ES. Q varies from 0 to 1, with 0 being non-
synchronized events and 1 being completely synchronized events.

Antiepileptic drug (AED) treatments.We implanted a microelectrode
array along the lamellar axis in CA1.We stimulated the animals until a min-
imum of three Stage 5 behavioral seizures had occurred to ensure fully
kindled state. After the drug injection, the same stimulus was delivered 8
more times, once every 30min for 4 h (when the recording ended) to the
CA3 region of the hippocampus. We used measures of synchrony described
above.

Statistics. The minimum level for determining significance was p ,
0.05. Data are reported as mean6 SD unless noted otherwise. The statisti-
cal tests used were the Student’s t test (MATLAB), ANOVA (MATLAB),
and the Kruskal–Wallis test (MATLAB). Post hoc multicomparison tests
were done using the Tukey method (MATLAB). The Kolmogorov–
Smirnov test (MATLAB) was used to test whether the difference in spike
rate during different epochs was significant.

Data availability. The data that support the findings and codes are
available from the corresponding authors on request.

Results
Higher firing frequency during more intense seizures in the
lamellar, but not septotemporal, recording configuration
We kindled animals using rapidly recurring hippocampal stimu-
lation. The behavioral seizures became more intense, and ADDs

were longer with repeated stimulation, with large variation in
between, because after a long seizure, there is a postictal depres-
sion that shortens the next seizure (Fig. 1G) (Herberg and Rose,
1994; Pottkämper et al., 2020). The morphology of the firings
changed throughout the seizure (Fig. 1F). Animals were kindled
until they reached three successive Behavioral Seizure Score
(BSS) 5 seizures; we excluded 3 of 23 rats that failed to kindle
fully.

We recorded the neuronal activity during seizures in both the
lamellar and septotemporal configurations (Fig. 2A,B). Different
recording sites, which correspond to the microelectrode array’s
electrodes, varied in their response latencies to the stimulation.
In the lamellar configuration, seizures showed a growing prefer-
ence for high-frequency activities as the seizure progressed (Fig.
2C,E). We observed high-frequency oscillation events through-
out the seizure. More high-frequency activities occurred during
Stage 5 seizures than the less intense seizures (Fig. 2E). In con-
trast, in the septotemporal direction, during Stage 5 seizures, fir-
ing frequencies were similar to Stage 1 seizures (Fig. 2D,F). The
high-frequency component (.300Hz) increased as the seizure
stage advanced (Fig. 2G,H).

We calculated the cross-correlation coeffcients across all pair-
wise combinations against time. In individual kindled seizures
(n= 90), CA1 neuronal activities were less correlated at the be-
ginning and toward the end of the kindled seizures. However,
they were highly correlated in the middle of the seizure (Fig. 3A,
B). During an electrically evoked seizure in the lamellar configu-
ration, the correlation coeffcients initially increased (0.42-0.84),
stayed steady (0.68-0.9) in the middle, and were disrupted (0.2)
toward the end.

In the septotemporal configuration, the correlation coef-
fcients fluctuated randomly between �0.29 and 0.33 throughout
the seizure (Fig. 3C,D). The negative correlation coefficients indi-
cated that, when the voltage of one channel increased, the voltage
of another channel decreased. Since these coeffcients were quite
small compared with those of the lamellar configuration, it is not
surprising that there was little to no correlation in the septotem-
poral direction.

We provide examples of the cross-correlation coefficients
across all pairwise combinations with microelectrodes placed
along the lamellar direction. During kindling in awake rats, the
correlation between neuronal activities in different channels
diminished with increasing stimuli (Fig. 3E). Neurons in awake
rats were very active, resulting in complex discharges as kindling
progressed (Fig. 3F). The complex discharges caused the mor-
phology of the burst waveform to be highly variable, resulting in
a less correlated state. Therefore, correlation is not a robust
method to quantify synchronization. In contrast, phase analyses
robustly demonstrated neuronal synchrony increased as kindling
progressed (Fig. 3G). The relationship between neuronal firing
and theta oscillation is crucial in understanding synchronization
in the hippocampus. In awake rats, CA1 pyramidal cells fired
preferentially around the negative peak of theta oscillation with
an increasing number of stimuli (as will also be described
below).

Theta phase synchronization shows neuronal synchrony
increased in the lamellar direction as kindling progressed but
not in the septotemporal direction
We recorded 150 evoked seizures from 6 animals with the micro-
electrode array placed along the lamellar axis, where theta phase
analysis of these seizures robustly demonstrated neuronal syn-
chrony increased as kindling progressed (Fig. 4A). During the
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early stages of kindling, the phase value was randomly spread
evenly between 0 and 2 p in the lamellar configuration, indicat-
ing a random relationship between CA1 cell firing and theta
rhythm (Fig. 4C). For Stage 5 seizures, the phase distribution
showed a preferred value of ;1.8, close to the troughs of the

theta oscillations, suggesting that local neuronal firings become
more strongly influenced by the slow theta oscillations (Fig. 4E).
Additionally, the marked transition from unaffected to strongly
affected indicates that firings had become more organized during
kindling.

Figure 2. High-frequency firing and spike rate distributions along the lamellar and septotemporal axes. A, The rat hippocampus is indicated in both the lamellar and septotemporal direc-
tions. B, Schematic figures of the microelectrode array placement in the hippocampal CA1 cell layer. C, E, High-frequency firing along the lamellar axis. EEG was filtered between 300 and
4000 Hz to extract high-frequency firing data. High-frequency firing during a Stage 1 seizure (C) and a Stage 5 seizure (E). Top traces, One channel of the filtered seizure data. Bottom, a, b,
Expanded views of the top traces indicated by the arrows. D, F, High-frequency firing along the septotemporal axis. High-frequency firing during a Stage 1 seizure (D) and a Stage 5 seizure
(F). G, H, Spike rate distributions during kindling. Spike rates of Stage 1 and Stage 5 seizures in the lamellar configuration (G) and the septotemporal configuration (H).
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We calculated the theta phase difference distributions
between all pairs of the channels. For the early-stage seizures, all
six distributions were negatively skewed (Fig. 4F). The median
and mean were negative for all distributions, which indicate that
the firing was recorded by one channel followed by the other
channel. The microelectrode array was placed along the CA1 la-
mellar axis so that channel one was close to the hippocampal
CA3 region (Fig. 4B). The neuronal firings recorded by the
microelectrode array reveal propagation where Channel 1 led
Channel 2, which followed Channel 3, which leads to Channel 4.
This pattern indicates that the seizure originates in hippocampal
CA3 because of direct CA3 stimulation and then propagates
through the transverse extent of the monitored CA1 cell layer.
Thus, the firings propagate from the proximal to distal electrode
along the lamellar axis. However, we cannot exclude that the
baseline activity within a circuit could be responsible for the ictal
propagating activity.

The histograms of the theta phase difference distributions
during both the early and final stages of kindling are shown in
Figure 4D as a comparison. Both distributions are skewed to the
negative side, suggesting that the propagation pattern is pre-
served throughout the kindling process. Theta phase difference is
also an indicator of how synchronized the channels are because

the distribution becomes progressively more skewed toward zero
as the animal is kindled. This means that fully kindled animals
(Fig. 4D) are much more likely to exhibit simultaneous firing
across all channels at the zero components of the theta phase dis-
tributions, suggesting increased synchronized activity.

We next recorded seizures (n= 145) in 6 rats in the septotem-
poral direction, and the phase value was randomly spread as kin-
dling progressed (Fig. 4G). We did not find exactly the same
theta phase distributions in Figure 4A, G in the initial Stage 3
kindling because recordings in the lamellar and septotemporal
directions were done in different rats, and the probabilities
would slightly vary. There could be slight stereotaxic differences
during surgery, rat size/sex variability, and natural rat to rat fir-
ing variability. However, the shown examples are not extremes,
and we did not find the same increased theta phase synchrony in
the septotemporal direction as we did in the lamellar in fully
kindled Stage 5 animals. If the difference was because of the just
recording location, we would not be able to see such a drastic dif-
ference in the theta phase distribution between initially and fully
kindled animals. The theta phase distributions recorded from
septotemporal electrodes were spread randomly between 0 and 2
p at both the early and fully kindled stage (Fig. 4H). The neuro-
nal firings did not interact with the underlying theta oscillations,

Figure 3. A representative example of the correlation profile between two channels of the microelectrode array recording during seizures in awake rats. EEG data from two channels of the micro-
electrode array are plotted next to each other and the correlation coefficient against time in the lamellar configuration (A,B) and septotemporal configuration (C,D). E, The cross-correlation coeffcients
across all pairwise combinations in awake rats in the lamellar direction. F, Discharge morphology as kindling progressed. G, Progression of theta oscillations with increasing number of stimulus.
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Figure 4. Theta phase distribution in the lamellar and septotemporal configurations. A, Theta phase analysis demonstrates that neuronal synchrony increased in the lamellar microelectrode
array configuration as kindling progressed. B, Schematic plot of the firing propagation pattern in hippocampal CA1. Red arrow indicates the direction of propagation from Channel 1 to Channel
4 along the lamellar axis from proximal to distant direction. C, Theta phase distribution in the lamellar configuration in the early and late stage of the kindling that showed a preferred firing
phase for Stage 5 seizures. D, Theta phase difference distributions in the early and fully kindled stage. Both distributions are negatively skewed, which means that the propagation pattern is
sustained throughout the kindling process. E, Circle plot of the data in C, graphed from 0 to 2 pi. Histogram represents the probability. Dots represent the theta phase values and standardized
population bursts for each firing. The radius is the standardized population burst. The further it is from the center, the higher the population burst. F, In early-stage seizures, theta phase differ-
ence distributions among all pairs of the four channels are negatively skewed, which indicates that a propagation pattern between the channels of the microelectrode array progresses in a
proximal to distal manner. G, Theta phase distribution shows that, for the entire kindling, the phase value randomly spread between 0 and 2 pi. H, Theta phase distributions in the
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nor was a preferred firing phase observed in the septotemporal
direction (Fig. 4I).

Shannon entropy decreased in the lamellar configuration as
kindling progressed but stayed the same in the
septotemporal configuration
Shannon entropy was calculated to quantify the degree of order
in the theta phase distributions. Shannon entropy decreased as
kindling progressed in the lamellar configuration (Fig. 5A,
n= 150 seizures, 6 rats, p, 0.05, ANOVA). As the BSS stage
advanced from 1 to 5, the entropy level dropped for all four
channels (Fig. 5C). The mean grouped Shannon entropy for all
four channels in the lamellar direction was 1.906 0.13 for Stage
1 seizures, and it decreased significantly to 1.626 0.13 at the fully
kindled stage (p, 0.0001, paired t test). A large decrease in en-
tropy quantitatively demonstrates that neuronal synchrony
increased in the small monitored area as kindling progressed. It
shows that, during more severe seizures, the neurons are more
synchronized.

In seizures (n= 145) with septotemporally placed microelec-
trode array in 6 rats, the average Shannon entropy did not show
a linear increase or decrease, fluctuating between 1.82 and 2.00
(Fig. 5B). The mean grouped Shannon entropy for all four chan-
nels did not show any difference during Stage 1 (1.886 0.017) or
Stage 5 seizures (1.926 0.11) (Fig. 5C, p= 0.17, paired t test),
indicating that the synchrony level was homogeneous in the
small recording area throughout kindling. The neuron groups
recorded by each electrode were not distinguishable from each

other. Compared with the lamellar configuration, the average
Shannon entropy along the septotemporal axis remained rela-
tively high throughout kindling, meaning that neurons did not
become more synchronized as kindling progressed.

ES shows neuronal synchrony increased in the lamellar
direction as kindling progressed but not along the
septotemporal direction
We analyzed all of the recorded seizures and calculated the mean
and SD of the ES strength. Neuronal firings along the lamellar
axis were more synchronized (Fig. 5F, ES strength = 0.676 0.19)
compared with septotemporal axis (ES strength = 0.366 0.18,
p, 0.001, paired t test).

ES examined the synchrony between channels of high-fre-
quency firing. In both the lamellar and septotemporal directions,
Channels 1 and 2 and Channels 3 and 4 were more synchronized
than other pairings (Fig. 5D,E) because Channels 1 and 2 and
Channels 3 and 4 were closer to each other, whereas Channels 2 and
3 contained an extra layer of superglue between them. Therefore, the
synchronization was the highest between Channels 1 and 2, and
Channels 3 and 4.

In the lamellar configuration (Fig. 5D), the statistical analysis
between groups indicated that the strength of ES in pairs 1 and 3,
1 and 4, and 2 and 3 during the early stages of kindling was sig-
nificantly different from ES of these pairs during fully kindled
stage (p, 0.05, ANOVA). There was no significant difference in
synchrony strength between the different stages of kindling in
the septotemporal configuration (Fig. 5E).

Synchrony decreases after phenytoin injection
We then measured the effects of two antiseizure drugs, phenyt-
oin (n=4 rats) and levetiracetam (LEV, n= 4 rats), on synchrony
along the lamellar axis during kindled seizures. Animals were
fully kindled before drug treatment testing. After drug injection,

Figure 5. Shannon entropy and ES along the lamellar and septotemporal axes. A, Shannon entropy attenuated as kindling progresses in the lamellar configuration. B, Shannon entropy fluc-
tuated as kindling progressed along the septotemporal axis but showed no significant changes between stages. C, Grouped mean Shannon entropy between four channels for Stage 1 (blue)
and Stage 5 (red) seizures in the lamellar and septotemporal configurations. As the BSS advanced from Stage 1 to Stage 5, the entropy level dropped for all four channels in the lamellar, but
not septotemporal, configuration (paired t test). D, ES increased as kindling progressed along the lamellar axis. Blue squares represent Stage 1 seizures. Red squares represent Stage 5 seizures.
E, ES showed no significant difference as kindling progressed along the septotemporal axis. F, ES was significantly higher in the lamellar direction than the septotemporal direction.
****p, 0.0001.

/

septotemporal configuration were evenly distributed between 0 and 2 pi for early and fully
kindled stages. A preferred firing phase was not seen in either stage. I, Theta phase differ-
ence distributions were Gaussian distributed ;0, which means that there was no propaga-
tion pattern in the septotemporal direction.
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the same stimulus was delivered 8 more times, once every 30min
for 4 h.

Thirty minutes after the phenytoin injection, the BSSs
dropped from Stage 5 to Stage 1 or Stage 2 (Fig. 6A) and stayed

there for 4 h (until the end of the record-
ing). The after-discharge also showed a
similar decrease (Fig. 6B). The mean ADD
was 39.66 9 s for fully kindled seizures.
Thirty minutes after phenytoin treatment,
the ADD declined to 7.86 3.2 s. This sei-
zure duration was maintained over the
remaining 4 h of the recording. The spike
rate of the seizures after the treatment
dropped (Fig. 6C, p, 0.05, Kolmogorov–
Smirnov test). The low-frequency compo-
nent (,10Hz) was reduced, and the high-
frequency component (.300Hz) increased.

Theta phase analysis robustly demon-
strated that neuronal synchrony decreased
after phenytoin treatment. The preferred
firing phase value, which occurred around
the trough of theta oscillation, was lost af-
ter the phenytoin treatment (Fig. 6D), and
the theta phase distribution became evenly
spread between 0 and 2 as well. However,
the preferred firing phase returned 2 h
later as synchrony returned to the pre-
injection levels.

Theta phase differences were calculated
between all possible channel pairings (a
total of 6). First, all of these distributions
were negatively skewed before and after
the phenytoin treatment (Fig. 6E). The
median and mean were negative for all dis-
tributions, which indicates that the firing
recorded by one channel leads to the
other channel. The firings propagated
through the transverse extent of the
monitored CA1 cell layer, from proxi-
mal to distal, which suggests that phe-
nytoin does not affect this propagation
pattern. Second, theta phase distribu-
tion showed a reduced population ;0
after the phenytoin injection, likely
because there was a longer time delay
between recording sites because of the
decrease in neuronal synchronization.

Order, and therefore synchrony, was
quantified by calculating the Shannon
entropy of the theta phase distribu-
tions. The Shannon entropy of the
evoked seizures was significantly dif-
ferent from that of the Stage 5 seizures
before the injection was made (p ,
0.05, ANOVA), for the first 2 h after
phenytoin treatment (Fig. 6F). The
mean Shannon entropy increased for
the first 1.5 h. After 2 h, the Shannon
entropy recovered to the pre-injection
level.

Thirty minutes after phenytoin treat-
ment, the ES strength was similar to that
of the Stage 5 seizures before the injection
(Fig. 6G, p=0.097, ANOVA). However, by

1-2 h after injection, the mean synchrony was attenuated and
reached its lowest value at ;1.5 h after injection (p, 0.01,
ANOVA). Synchrony values slowly began to return to pre-

Figure 6. Synchrony decreases after phenytoin injection. A, After the phenytoin treatment, BSS dropped from Stage 5 to
Stage 1 or Stage 2. B, After the phenytoin treatment, ADD was reduced to a lower value. C, Spike rate before and after the
phenytoin treatment. D, Theta phase distribution before and after phenytoin injection. The preferred firing phase was lost af-
ter the phenytoin treatment. E, Theta phase difference distribution before and after phenytoin treatment. Both distributions
were negatively skewed. Also, the population;0 was reduced in the distribution after the phenytoin injection. F, Shannon
entropy increased after the treatment for the first 1.5 h and returned to the pre-injection level after 2 h. Red bar represents
the Shannon entropy of the Stage 5 seizures. Blue bar represents the entropy of the evoked seizures after the phenytoin
treatment. G, ES before and after phenytoin injection. The synchrony decreased after treatment for the first 2 h, then
returned to the pre-injection level. Red bar represents the ES strength of the Stage 5 seizures. Blue bar represents the syn-
chronization levels of successive, post-phenytoin treatment-evoked seizures. *p, 0.05. **p, 0.01. ***p, 0.001.

Ren et al. · Neuronal Synchrony during Seizures J. Neurosci., September 8, 2021 • 41(36):7623–7635 • 7631



injection levels 2 h after injection. We
also observed this trend in the theta
phase analysis. Even when seizure behav-
ior (BSS) and duration (ADD) were
suppressed by phenytoin, the synchro-
nization between the firings started to
come back.

Synchrony decreases after LEV
injection
As with the phenytoin-treated animals,
the animals that received an injection of
LEV (n=4 rats) displayed a marked and
rapid decrease in behavioral seizure stage,
falling from Stage 5 at the time of injection
to 2 (30min later) (Fig. 7A). The seizure
severity of LEV-treated animals began to
increase ;1 h after injection. By the end
of the recording, 3 of 4 rats had recovered
to Stage 5 behavioral seizures. The ADD
also decreased significantly after the LEV
treatment (Fig. 7B). The mean ADD was
91.66 20.3 s for Stage 5 seizures. Thirty
minutes after LEV injection, the mean
ADD reduced to 50.16 13.7 s. However,
unlike BSS, ADD remained at reduced lev-
els, averaging 45.36 17.2 s at the end of
the recording, 4 h later.

LEV also altered the spike frequency
composition of evoked seizures similarly to
phenytoin (p, 0.05, Kolmogorov–Smirnov
test) (Fig. 7C). The low-frequency compo-
nent (,10Hz) was reduced, while the high-
frequency component (.300Hz) increased.

The preferred firing phase value, which
occurs around the trough of the theta
oscillations, was lost after LEV treatment
(Fig. 7D). The theta phase distribution
became evenly spread between 0 and 2 af-
ter the injection. The preferred firing
phase returned 3 h after the injection, so
the theta phase synchronization and BSS
returned to pretreatment level around the
same time, while ADD remained sup-
pressed by LEV.

Theta phase differences were calculated
between all possible channel pairings.
There was no significant difference before
and after the LEV treatment (Fig. 7E). The
distributions were negatively skewed
before and after LEV injection, indicating
that the propagation pattern was not
affected by the administration of LEV.
There was also no difference between the
mean, median, or skewness of the distri-
bution (p, 0.05, ANOVA). This observa-
tion contrasts with the phenytoin-treated
animals that showed differences in phase
difference distributions before and after
the treatment.

The Shannon entropy of the evoked seizures was significantly
different from that of the Stage 5 seizures before the injection
(p, 0.001, ANOVA), for the first 2 h after LEV, as shown in

Figure 7F. The mean Shannon entropy increased for the first 1.5
h after the treatment, which indicates that the evoked seizures
become less synchronized than the Stage 5 seizures. However,
this was temporary, as the mean Shannon entropy started to
decrease and returned to the pre-injection level after 3 h.

Figure 7. Synchrony decreases after LEV injection. A, After the LEV treatment, BSS dropped from Stage 5 to Stage 2 before
recovering back to Stages 4 and 5. B, After the LEV treatment, ADD fell to lower values. C, Spike rate before and after the
LEV treatment. D, Theta phase distribution before and after LEV injection. The preferred firing phase was initially lost after
the LEV treatment, although it returned 3 h after injection. E, Theta phase difference distribution before and after the LEV
treatment. F, Shannon entropy increased after the treatment for the first 1.5 h before returning to the pre-injection levels.
Red bar represents the Shannon entropy of the Stage 5 seizures. Blue bar represents the entropy of the evoked seizures after
the LEV treatment. G, ES before and after the LEV treatment. The synchrony decreased after the treatment for the first 2 h
and then returned to pre-injection levels. Red bar represents the ES strength of the Stage 5 seizures. Blue bar represents the
ES after the LEV treatment. *p, 0.05. **p, 0.01. ***p, 0.001.
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ES fell to a lower value over 2 h immediately following the
LEV treatment and then slowly returned to its pre-injection
value (Fig. 7G). The initial decrease in the strength of ES was sig-
nificant (p, 0.05, ANOVA) compared with the behavioral Stage
5 seizures before the injection. It remained so for the duration of
the first 2 h after treatment, after which it returned to its pre-
injection levels. This return to baseline was also apparent in the
theta phase analysis.

Discussion
We found that, in the lamellar direction, neuronal firing is maxi-
mally correlated during the middle phase of a seizure, while both
the beginning and the end of a seizure were less correlated, indi-
cating that synchrony evolves dynamically during seizures. We
found that neurons were more correlated along the lamellar axis
than those along the septotemporal axis, suggesting that neurons’
firings are not synchronized homogeneously across locations.

Neuronal activity during a seizure is complex, high-dimen-
sional, nonlinear, nonstationary, and noisy (Osorio and Lai,
2011). It was hypothesized that seizures result from the hyper-
synchronous firing of neurons (Penfield and Jasper, 1954).
However, several studies have suggested that seizures may
involve both synchronized and desynchronized neuronal dy-
namics (Le Van Quyen et al., 2001; Netoff and Schiff, 2002;
Schiff et al., 2005; Frei et al., 2010; Cymerblit-Sabba and Schiller,
2012). More recently, network theories were applied to under-
stand seizure dynamics using the concept of epileptic network
synchronizability (Khambhati et al., 2016; Kini et al., 2019).
These studies identify brain regions that push-pull synchronizing
or a desynchronizing role in shaping seizure spread. The current
study suggests CA1 pyramidal neurons connected along lamella
may act as synchronizing nodes.

The lamellar hypothesis argues that hippocampal cells are
activated in a stripe-like fashion and that the principal excitatory
pathways of the hippocampus are organized in a lamellar fashion
(Andersen et al., 1971). With the development of intact in vitro
hippocampal preparation, the intrahippocampal epileptiform ac-
tivity propagated in both the lamellar and septotemporal direc-
tions (Andersen et al., 2000; Derchansky et al., 2006; Kibler and
Durand, 2011). However, the lamellar hypothesis had not previ-
ously been tested in whole animals. To further study seizure
propagation in the hippocampal CA1 cell layer, we investigated
neuronal synchrony in both lamellar and septotemporal direc-
tions in awake rats. The complex structure underlying seizure
propagation was explored by theta phase synchronization. We
discovered that neuronal firing in the hippocampal CA1 propa-
gates along the lamellar axis, from proximal to distal in the hip-
pocampus CA1 region. Proximal CA1 is the part of CA1 that is
close to CA3. This pattern indicates that seizures originate in the
hippocampal CA3 because of direct CA3 stimulation and then
propagate through the transverse extent of the monitored CA1
cell layer. However, no propagation pattern was observed along
the septotemporal axis.

These findings suggest that evoked seizures primarily propa-
gate along the lamellar axis. Sloviter and Lømo (2012) argue that
septotemporal connections are inhibitory, while lamellar connec-
tions are excitatory. Thus, our findings support the connectivity
hypothesis that excitatory anatomic connections of the seizure
focus drive seizure spread. This hypothesis is not only limited to
the hippocampal circuit as our previous work in frontal lobe
spontaneous seizures also supports it (Brodovskaya et al., 2021).
Interestingly, we revealed that the propagation pattern is

preserved in the lamellar direction throughout the kindling pro-
cess, while no rapid propagation pattern is observed or emerges
in the septotemporal direction. Therefore, for the first time, a
two-dimensional propagation structure of neuronal firing was
discovered during kindling. We conclude that the lamellar orga-
nization remains a useful concept for understanding the propa-
gation of hippocampal neuronal firings during kindling, and the
synchrony structure during seizures and epileptogenesis depends
on anatomic connectivity and plasticity.

This connectivity hypothesis is further supported by earlier
observations that mossy fiber sprouting extends septotemporally
for 600-700mm in chronic models of kainic acid and kindling,
connecting lamella which normally have little or no connectivity
(Sutula et al., 1998). The formation of excitatory “detonator”
sprouted mossy fiber synapses has recently been demonstrated
to potentially contribute to recurrent excitation across septotem-
poral lamella (Hendricks et al., 2019).

Generally, synchronization measurements are either lin-
ear or nonlinear. Linear correlation evaluates linear relation-
ships, whereas nonlinear synchronization reveals a nonlinear
functional relationship between the dynamics of two systems
(Rulkov et al., 1995). Schiff et al. (1996) explained that non-
linear synchronization is a better candidate for complex neu-
ronal systems, such as seizures, but whether the linear or
nonlinear method is better at detecting synchronization in
epilepsy remains an open area.

We were interested in three different methods for synchrony
measurement: cross-correlation, ES, and phase synchronization.
Cross-correlation is the most commonly used linear measure-
ment of synchrony that studies the similarity of two waveforms,
calculating the correlation between local field potentials
(Adhikari et al., 2010). Time delays and phase synchronization
are two commonly used nonlinear methods. ES is based on time
delays to determine seizure severity and network dynamics
(Quian Quiroga et al., 2002). We selected a novel synchrony
measurement for phase synchronization, theta phase synchroni-
zation, as an underlying clock in the hippocampus. Theta oscilla-
tions are essential for the hippocampus’s normal functioning and
function as a clock for hippocampal activity during exploration
(O’Keefe and Dostrovsky, 1971; O’Keefe and Conway, 1978;
O’Keefe and Recce, 1993). The theta rhythm, a hippocampal net-
work pattern in the 4-10Hz frequency band, is often recognized
as the defining electrophysiological signature of hippocampal ac-
tivity during temporal coding/decoding of active neuron ensem-
bles. The extracellular currents underlying theta waves are
generated mainly by the entorhinal input, CA3 Schaffer collat-
eral, and voltage-dependent Ca21 currents in pyramidal cell den-
drites (Bazsaki, 2002). We then used Shannon entropy to
calculate the order of the phase distribution, which was then
used to describe the synchrony of the system.

Theta phase synchronization revealed that, in the lamellar
direction, the hippocampal CA1 neurons tend to fire around
the theta oscillations’ negative peaks at the end of kindling
while having no preference at the beginning of kindling.
However, in the septotemporal direction, the neuronal fir-
ings did not interact with the underlying theta oscillations,
and no preferred firing phase was observed during kindling.
The development of a preferred firing phase along the lamel-
lar axis indicates that local neuronal firings became strongly
influenced by the slow theta oscillations. Additionally, the
marked transition from unaffected to strongly affected indi-
cates that the firings became more organized along the lamel-
lar axis as kindling progressed.
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Phenytoin obstructs recurrent action potentials by blocking
voltage-dependent sodium channels (Yaari et al., 1986;
Macdonald and Kelly, 1993). LEV has multiple mechanisms of
action, but it binds the synaptic vesicle protein 2, the loss of
which decreases the synaptic strength specifically during high-
frequency firing (Madeja et al., 2003; Lynch et al., 2004; Custer et
al., 2006; C. Y. Lee et al., 2009). Since LEV inhibits synaptic exci-
tation, LEV has been shown to depress field potentials in vitro,
suggesting that it might act against interneuronal synchroniza-
tion (Niespodziany et al., 2003).

We found that phenytoin and LEV decreased synchrony in
vivo, and the preferred firing phase value (around the trough of
the theta oscillation) was lost within the first 2-3 h of drug treat-
ment before recovering to pretreatment levels. However, the fir-
ing propagation pattern remained the same from proximal to
distal CA1 cell layer after both treatments, suggesting that both
treatments do not affect the propagation pattern. Synchrony
returned to pretreatment levels before behavioral or electro-
graphic seizures, suggesting that greater synchrony drives more
severe seizures consistent with the push-pull hypothesis
(Khambhati et al., 2016).

Approximately one-third of epilepsy patients do not respond
favorably to currently available drug treatments, and up to 50%
experience side effects of these antiepileptic drugs (Y. Li and
Mogul, 2007). Currently, deep brain stimulation therapy is an al-
ternative method to terminate seizures by desynchronizing
groups of neurons (Gluckman et al., 2001; Theodore and Fisher,
2004; Colpan et al., 2007; Fisher et al., 2010), but there is uncer-
tainty on which groups of neurons fire synchronously or chaoti-
cally during seizures, so the efficacy of brain stimulation can be
improved. For example, electrical stimulation is more likely to
terminate a seizure when stimulation is applied close to the nega-
tive peak (Motamedi et al., 2002). Here, we show that neurons
linked by excitatory connections fire synchronously during seiz-
ures, and the synchrony structure during seizures depends on
anatomic connectivity and plasticity. Thus, closed-loop brain
stimulation precisely targeted to disrupt synchrony may improve
treatment outcomes.
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