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Epileptic cortex is characterized by paroxysmal electrical discharges. Analysis of these interictal discharges typically manifests as
spike-wave complexes on electroencephalography, and plays a critical role in diagnosing and treating epilepsy. Despite their
fundamental importance, little is known about the neurophysiological mechanisms generating these events in human focal
epilepsy. Using three different systems of microelectrodes, we recorded local field potentials and single-unit action potentials
during interictal discharges in patients with medically intractable focal epilepsy undergoing diagnostic workup for localization of
seizure foci. We studied 336 single units in 20 patients. Ten different cortical areas and the hippocampus, including regions
both inside and outside the seizure focus, were sampled. In three of these patients, high density microelectrode arrays
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simultaneously recorded between 43 and 166 single units from a small (4 mm x 4 mm) patch of cortex. We examined how the
firing rates of individual neurons changed during interictal discharges by determining whether the firing rate during the event
was the same, above or below a median baseline firing rate estimated from interictal discharge-free periods (Kruskal-Wallis
one-way analysis, P<0.05). Only 48% of the recorded units showed such a modulation in firing rate within 500 ms of the
discharge. Units modulated during the discharge exhibited significantly higher baseline firing and bursting rates than unmodu-
lated units. As expected, many units (27% of the modulated population) showed an increase in firing rate during the fast
segment of the discharge (+35ms from the peak of the discharge), while 50% showed a decrease during the slow wave.
Notably, in direct contrast to predictions based on models of a pure paroxysmal depolarizing shift, 7.7% of modulated units
recorded in or near the seizure focus showed a decrease in activity well ahead (0-300 ms) of the discharge onset, while 12.2%
of units increased in activity in this period. No such pre-discharge changes were seen in regions well outside the seizure focus.
In many recordings there was also a decrease in broadband field potential activity during this same pre-discharge period. The
different patterns of interictal discharge-modulated firing were classified into more than 15 different categories. This hetero-
geneity in single unit activity was present within small cortical regions as well as inside and outside the seizure onset zone,
suggesting that interictal epileptiform activity in patients with epilepsy is not a simple paroxysm of hypersynchronous excitatory

activity, but rather represents an interplay of multiple distinct neuronal types within complex neuronal networks.
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Introduction

Importance of the interictal discharge

Epileptogenic cortex is characterized by paroxysmal bursts of ac-
tivity (Gibbs et al., 1935) that occur independently from the syn-
chronous neural activity that comprises a seizure. These interictal
discharges, referred to as a spike, spike and wave or sharp wave
on the electroencephalogram (EEG), are thought to represent
pathologic alterations in normal cellular excitability and synchron-
ization (Kooi, 1966; Chatrian et al., 1974; Gotman, 1980; Walczac
and Jayakar, 1997). Many authors, particularly those trained as
electroencephalographers, refer to interictal spikes. Instead, we
have chosen the term interictal discharge in order to encompass
all components of the event, including the slow wave, and to
avoid confusion with single-unit action potentials that are also
referred to as spikes, primarily by cellular physiologists
(Niedermeyer et al., 1982). While the relationship between inter-
ictal abnormalities in the EEG and ictal events remains somewhat
unclear, interictal discharges are important indicators of epilepto-
genicity, are routinely used in the diagnosis of epilepsy and play a
critical role in the localization of seizure foci (Penfield and Jasper,
1954; Pedley, 1984; Baumgartner et al., 1995; Holmes et al.,
2000; Blume et al., 2001a and b; de Curtis and Avanzini, 2001).
A deeper and more comprehensive understanding of the neuro-
physiological mechanisms underlying the interictal discharge is
crucial to developing more complete models of epileptic activity
and more principled and effective methods for controlling seizures.

Prior studies in animal models suggest that interictal discharges
reflect synchronous and excessive discharges from a large popu-
lation of neurons. In these models, the interictal discharge results
from a burst of action potentials at 200-500 Hz superimposed on
a slow depolarizing potential, the paroxysmal depolarizing shift
(Goldensohn and Purpura, 1963; Matsumoto and Ajmone

Marsan, 1964). This has been observed in many models of focal
epilepsy (see de Curtis and Avanzini, 2001 for a review). Whether
this same mechanism underlies interictal events in human patients
with idiopathic focal epilepsy is uncertain. In particular, does the
interictal discharge arise from endogenous membrane instability
leading to a paroxysmal depolarizing shift or is it the consequence
of exogenous, perhaps network wide, activities? Examination of
the relationship between single unit activity and the interictal dis-
charge appears more complex than model systems would suggest.
For example, only a subset of neurons seem to increase firing
during the fast component of the interictal discharge (Wyler
et al., 1982; Altafullah et al., 1986; Isokawa et al., 1989; Ulbert
et al., 2004) and most human studies have not found a predict-
able correlation between neuronal firing or bursting of single units
and interictal spikes (Ward and Thomas, 1955; Rayport and
Waller, 1967; Babb, 1973; Wyler et al., 1982; Schwartzkroin
et al., 1983; Williamson and Spencer, 1994). There is more con-
sistency, however, with regard to the slow component of the dis-
charge. During the slow wave there is a diminished rate of
neuronal activity corresponding to a period of relative inhibition.
In patients with focal epilepsy, for example, a decrease in
multi-unit firing during the slow-wave (Altafullah et al., 1986) is
accompanied by large current sources in middle cortical layers
(Ulbert et al., 2004). Taken together, these studies point to
greater complexity in the generation of the interictal discharge
than the paroxysmal depolarizing shift model accounts for and
raise the possibility that neuronal interactions and network rela-
tionships drive the paroxysm.

To understand the physiological basis of the interictal discharge
in human epilepsy more completely, particularly the relationship
between single unit activity and interictal discharges, we simultan-
eously recorded single unit activity and local field potentials in
patients with intractable focal epilepsy. Consistent with prior stu-
dies, we found that many single units show an increase in
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neuronal firing at the discharge as well as a decrease during the
following slow-wave. In contrast with those studies, however, for
many units in or near the seizure focus there is either a decrease or
an increase in their firing preceding the interictal discharge. There
was also a wide variety of different unit firing patterns seen during
the fast component of the discharge and the following slow wave
that have not been described previously. This diversity in types of
modulation was observed even within small cortical regions and
was true in regions inside and outside the seizure focus. Together
these patterns suggest that the interictal discharge does not result
from a physiologic event limited to a single population of neurons
but, instead, reflects a dynamic and complex network phenom-
enon, emerging from a heterogeneous population.

Materials and methods

Subjects

Twenty patients (ages 10-58 years, nine females) with medically in-
tractable focal epilepsy who were already scheduled for
clinically-indicated intracranial cortical recordings for epilepsy monitor-
ing (Delgado-Escueta and Walsh, 1983; Engel et al., 1983) were en-
rolled in the study after informed consent was obtained. These
procedures were monitored by local Institutional Review Boards in
accordance with the ethical standards of the Declaration of Helsinki.
Electrode targets and the duration of implantation were determined
solely on clinical grounds.

Clinical electrodes and recordings

Patients were implanted with intracranial subdural grids, strips and/or
depth electrodes (Adtech Medical Instrument Corporation, Racine, WI)
for 5-10 days. They were monitored in a specialized hospital setting
until sufficient data were collected to identify the seizure focus, at
which time the electrodes were removed and, if appropriate, the seiz-
ure focus was resected. Continuous intracranial EEG was recorded with
standard recording systems (XLTEK, Ontario Canada; BMSI, Viasys
NeuroCare, Conshohocken, PA; CEEGRAPH, Bio-logic Systems,
Mundelein, IL; and BIDMC/Apropos Medical, Boston, MA) with sam-
pling rates between 200 and 500 Hz. All steps of the analysis of intra-
cranial EEG data were performed using Neuroscan Edit 4.3 software
(Compumedics, El Paso, TX) and custom designed MATLAB
(MathWorks, Natick, MA) software.

Microelectrodes

Three types of microelectrodes were implanted in addition to the clin-
ical macroelectrodes. The first type of electrode was the NeuroPort
array (n=3 patients, Cyberkinetics Inc/Blackrock Microsystems, Salt
Lake City, UT), which has been used in several previous studies
(Hochberg et al., 2006; Schevon et al., 2008; Truccolo et al., 2008;
Waziri et al., 2009). The 4 mm x 4 mm microelectrode array is com-
posed of 100 platinum-tipped silicon probes that are inserted 1.0 mm
into the cortex. Recordings were made from 96 active electrodes and
data were sampled at 30 kHz per electrode (0.3-7 kHz bandwidth).
The second type was a system of microelectrodes implanted per-
pendicularly to the cortical surface to sample the width of the cortex
(n=13 patients). This laminar microelectrode array has been described
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previously (Ulbert et al., 2001a) and also used in a number of studies
(Ulbert et al., 2001b, 2004; Wang et al., 2005; Fabd et al., 2008;
Cash et al., 2009; Keller et al., 2009). Each array was comprised of 24
electrodes in a single row with diameters of 40 um spaced at 150 um
centre-to-centre. The entire array had a length of 3.6 mm. Differential
recordings were made from each pair of successive contacts to estab-
lish a potential gradient across the cortical lamina. After wideband
filtering (DC-10kHz) and preamplification (gain 10x, CMRR 90db,
input impedance 10"% ohms), the signal was split into a low frequency
field potential band (filtered at 0.2-500Hz, gain 1000x, digitized at
2kHz, 16bit) and a high frequency multi- and single unit activity band
(zero-phase digital high pass filtering above 300Hz, 48dB/oct, gain
1000x, digitized at 20kHz, 12bit) and stored continuously with
stimulus markers.

The third type of microelectrode used in this study (n=4 patients)
was a microwire bundle (Adtech Medical Instrument Corporation,
Racine, WI) that has, in similar form, also been used in several previ-
ous studies (Cameron et al., 2001; Staba et al., 2002; Ekstrom et al.,
2003; Worrell et al., 2008). Patients were implanted with hybrid depth
electrodes consisting of the microwire bundle located inside the clinical
depth electrodes. The microwires protruded ~3mm beyond the
macroelectrode tip and were used to record from mesial temporal
structures (primarily hippocampus). Recordings were made from
seven active electrodes and data were acquired at 30kHz (0.3-7 kHz
bandwidth) using the NeuroPort recording amplifiers.

Selection of interictal discharges

Interictal discharges were selected based on morphological character-
istics typical for sharp waves, spikes and spike-wave discharges, as
detected on subdural grids or strips in clinical practice. Events showing
a biphasic or triphasic morphology with an initial fast phase of 200 ms
or less which may or may not have been followed by a prolonged,
slower phase were chosen through visual inspection. Time zero was
defined as the peak of the fast component of the discharge. Events
were selected from the microelectrode field potentials and verified by
the adjacent macroelectrode EEG record to minimize potential variabil-
ity due to the distance between the two types of electrodes.
Discharges were selected from epochs in which the patient was
awake as determined by inspection of the macroelectrode EEG record-
ings and video monitoring. Although interictal spikes may be present
during sleep, we did not include such recordings since the back-
ground rhythmicity of slow wave sleep would confound our analysis
regarding grouping and inter-relationships between single units (Staba
et al., 2002). Only discharges separated by more than one hour from
any ictal event were included in this analysis. The median firing rate of
interictal discharges across all subjects was 3.46 discharges/min
(minimum was 0.23, maximum 13.06). This high variability in rate
resulted in a high variability of total number of discharges being exam-
ined for each patient (31-608 discharges).

Localization of electrodes

To co-register the electrodes to anatomical structures, we used
Freesurfer software to compute the reconstruction of the cortical sur-
face (Dale et al., 1999). A combination of in-house MATLAB software
and Freesurfer was then used to co-register the preoperative MRI and
post-operative CT or MRI scan and later align the electrodes on the
cortical surface and to deeper structures. Such localization was
checked against intraoperative notes and photographs of the place-
ment of the microelectrode arrays. Determination of the seizure onset
zone was performed by clinical neurophysiologists. For the purposes of
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this study, the seizure onset region was demarcated by electrodes that
were involved in the initiation of the seizure as recorded with the
intracranial electrodes. This determination was made without any
knowledge of the research.

Data and statistical analysis

Time-frequency analysis of single trial interictal discharges was used to
determine peri-event spectral changes and compare these changes to
modulated unit firing rates. A sinusoidal wavelet method (short-time
DFT) that returns the mean event-related spectral perturbation was
employed using the EEGLAB toolbox for MATLAB (Delorme and
Makeig, 2004). We used 100 linear-spaced frequencies up to 50 Hz
for this analysis. To compute statistical power, we used a bootstrap
method of 200 surrogate data trials.

Although single units were isolated slightly differently for each re-
cording system, they were sorted similarly. For the laminar microelec-
trode, continuous microphysiology data were high-pass filtered
(200 Hz-20kHz, zero-phase shift, 48dB/oct) and amplitude thresh-
olded offline with Offline Sorter (Plexon, Dallas, TX). For the microwire
bundle and NeuroPort array, the full analogue signal was automatically
amplitude thresholded and reduced to waveform snapshots using
Cerebus Online Classification software (Blackrock, Inc. Salt Lake City,
UT) and then sorted with Plexon’s Offline Sorter.

Great care was taken to ensure that single, stable neurons were
used for this analysis. Units sorted with the method described above
were treated as single units based on criteria including waveform
morphology and autocorrelation functions (Lewicki, 1994; Gale
et al., 2009). Only neurons with an absence of spikes in a refractory
period (2 ms) were considered single units; putative units with spikes
during the refractory period were considered to represent multi-unit
activity and were omitted.

To visualize the discharge-related activity of single neurons,
peri-stimulus raster plots and timing histograms were constructed for
a period 1's before and after each event. After visual inspection of the
local field potential of the event for all patients, we defined five dis-
tinct time periods around an interictal discharge. These were a
pre-interictal discharge baseline period (—500 to —200ms), a
pre-interictal discharge period (—200 to —35ms), the interictal dis-
charge (-35 to 35ms), the slow-wave (35-200ms) and a post-
interictal discharge period (200-500 ms).

Interictal discharges can be rhythmic and can occur at high frequen-
cies, therefore activity directly before the interictal discharge cannot be
taken as a distinct baseline. For this reason, baseline periods were
created by randomly selecting epochs during interictal discharge-free
interictal recording segments. A Kruskal-Wallis one-way analysis of
variance tested the equality (P<0.05) of medians for the firing rate
of baseline periods and each period of interest around the interictal
discharge (Gibbons, 1985; Hollander and Wolfe, 1999). This test ac-
counts for the non-parametric distribution of spike trains. We used a
Bonferroni correction to account for the multiple number of time per-
jods being compared.

To study the effect of neuronal attributes on different populations,
we dually characterized each unit. The ‘average firing rate’ was calcu-
lated by dividing the total number of spikes by the recording length of
the segment. The ‘average bursting rate’ of a neuron was calculated
by the algorithm described in Staba et al. (2002), in which a burst is
defined by groups of three action potentials occurring within 20 ms
such that none are observed 20ms on either side of the first and last
action potential in the cluster.

To study the effects of firing and bursting rate, a Kolmogorov—
Smirnov test was used to compare the data set with a normal
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distribution (Massey, 1951; Marsaglia et al., 2003). In each case,
the data were determined to be non-parametric (P<0.05) and the
Kruskal-Wallis test was utilized. Additionally, the peak:trough ratio
(the maximum peak amplitude divided by the minimum trough amp-
litude) and spike half width (a spike’s duration at half-spike amplitude)
were calculated in order to characterize action potential morphology
and attempt to discriminate between cortical pyramidal cells and inter-
neurons as described previously (Swadlow, 2003; Merchant et al.,
2008; Cardin et al., 2009). We observed low variability in these cal-
culations for a given recording system; however, we observed a high
variability between modalities. This was presumably due to filtering
differences in the different recording systems as well as distinct elec-
trode properties.

Results

Clinical characteristics of patients

We recorded interictal discharges from 20 patients (11 males,
9 females) with intractable epilepsy, from five collaborating insti-
tutions (Beth Israel Deaconess Medical Centre, Boston; Brigham
and Women's Hospital, Boston; The Children's Hospital,
Boston; Massachusetts General Hospital, Boston; and New York
University Medical Centre, New York City). The mean age was
30.0+13.7 years (SD). Different aetiologies accounted for pa-
tient's epilepsy including cortical dysplasias and hetereotopias,
perinatal ischaemia, mesial temporal sclerosis, tumours (oligoastro-
cytoma and ganglioglioma), arteriovenous malformation and
post-traumatic injury. In six patients the aetiology was not defini-
tively established. In three cases this was because a resection was
not performed, because the seizure onset zone involved eloquent
cortex (n=1) or was not fully defined (n=2). In the remaining
three cases, the pathology obtained was unremarkable. Similarly,
different brain regions were affected, although the temporal
lobe was most commonly involved. Microelectrodes were im-
planted into both the lateral neocortex (13 patients, 10 with
laminar microelectrodes, three with NeuroPort) and mesial cor-
tical structures (seven patients, three with laminar microelectrodes,
four with microwires). Microelectrode arrays were placed within
as well as outside the seizure focus (as determined by a team of
clinical encephalographers). These data are summarized in Table 1.

Some, but not all, neurons change their
firing rate during or near the interictal
discharge

For each patient, the microelectrode array and macroelectrode
contacts were localized with respect to cortical and subcortical
structures. A common trigger system was used to ensure alignment
of the corticography data and the microelectrode signals. An ex-
ample of electrode localization, macro and microelectrode record-
ings and single unit analysis is shown in Fig. 1. Additionally, an
example of the laminar recordings and unit bursting can be found
in the online supplementary material (Supplementary Fig. 1).

We examined 336 isolated single units across the 20 patients.
We defined a unit to be ‘modulated’ if the firing rate, in at least
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Table 1 Patient characteristics

C. J. Keller et al.

ID Age  Gender Electrode Anatomical Proximity to Number  Seizure Aetiology
type structure seizure focus  of units  focus

S1 27 F Laminar Cingulate gyrus Far 8 Temporal Cryptogenic (1)

S2 31 M Microwire Hippocampus Near 3 Temporal Cryptogenic (2)

S3 58 E Microwire Hippocampus Far 2 Temporal Cryptogenic (1)

S4 45 F Microwire Hippocampus Near 10 Parietal-occipital ~ Cryptogenic (3)

S5 28 M Microwire Hippocampus Within 4 Temporal Post-traumatic

S6 17 M Laminar Hippocampus Within 8 Temporal Cortical dysplasia

S7 47 M Laminar Hippocampus Far 7 Temporal Hippocamal
sclerosis

S8 19 M Laminar Superior temporal gyrus Within 3 Temporal Cortical gliosis/
hippocampal
sclerosis

S9 21 M NeuroPort ~ Middle frontal gyrus Near 43 Temporal Cortical dysplasia

S10 52 E NeuroPort ~ Middle temporal gyrus Near 166 Temporal Cortical dysplasia

S11 43 M Laminar Pre-central gyrus Within 2 Temporal Oligoastrocytoma

S12 29 E Laminar Lateral occipital cortex Near 3 Parietal Heterotopia

S13 24 M Laminar(s)  Pre-central and middle tem- Far 2 Frontal Cortical dysplasia

poral gyri

S14 12 M Laminar Pre-central gyrus Near 9 Parietal-occipital ~ Perinatal ischaemic
injur

S15 10 F Laminar Inferior temporal gyrus Within 8 Temporal Ganjgli{)glioma
with adjacent
dysplasia

S16 14 M Laminar(s)  Inferior and middle temporal Near 3 Temporal Hippocampal

ri sclerosis

S17 34 F Laminar Occipital lateral gyrus Within 2 Occipital AVM

S18 27 F Laminar Inferior frontal gyrus Far 1 Frontal Cryptogenic (2)

S19 40 M Laminar Middle temporal gyrus Far 2 Frontal Cryptogenic (2)

S20 22 F NeuroPort ~ Middle temporal gyrus Within 50 Temporal Cortical dysplasia

Anatomical structure from which the microelectrode recording was made was determined by comparison of intra-operative notes and photographs and co-registration of
pre- and post-operative imaging (MRl and/or CT). Proximity to seizure focus was established by comparison to clinically determined seizure onset regions. If the electrode
was within the determined area it was considered within, near if within 3 cm and far if outside of 3 cm. Aetiology was determined based on pathology studies in the context
of the other clinical data. Aetiology notes: multifocal or site of onset not defined so no resection was performed (1), pathology was unremarkable (2), eloquent cortex

involved therefore no resection was performed (3). AVM = arteriovenous malformation.

one of five defined time periods around the interictal discharge,
was significantly different from a baseline firing rate (Kruskal-
Wallis one-way analysis of variance with Bonferroni correction
for multiple comparison). Based on this categorization, we found
that 48% (158/336) of the units were modulated (P<0.05)
during the interictal discharge.

To determine if all the modulated units were participating in
a given event or if only a subset contribute, we calculated the
firing probabilities on a per unit basis. On average, a given
modulated unit only had a 39.6% (+2.0% standard error)
probability of firing during the five time periods previously defined
during any single interictal discharge. Additionally, during any
given interictal discharge period only 28.2% (+£5.95% standard
error) of the modulated units fired. Thus, for any given
event only a small, and changing, population of neurons
participated.

To determine if the modulated and non-modulated neurons had
distinct characteristics we compared the firing and bursting rate of
these populations. Median baseline frequencies in the modulated
and non-modulated groups were 2.55 and 0.66 spikes/s and 1.20
and 0.20 bursts/min, respectively (Kruskal-Wallis, n;=158,
n,=178, P<0.01 for both measures, two-tailed). We recalculated

these parameters excluding the interictal discharge to ensure that
the difference was not solely due to the interictal discharge itself.
The modulated population still had significantly higher firing
and bursting rates than the non-modulated population
(Fig. 2; Medmodulated=2.56 spikes/s and  0.65 bursts/min;
Medhon-modulated = 1.02 spikes/s and  0.20 bursts/min; for both
measures P<0.01).

We additionally calculated each unit's spike half-width (a spike's
duration at half-spike amplitude) and peak:trough ratio (peak
amplitude divided by the trough amplitude) as a possible measure
of different neuronal types (Cardin et al., 2009). There were
no noticeable effects of modulation on neuronal properties
within a given recording modality (Supplementary Fig. 2). There
were, however, significant changes in these values between
modalities. Spike half-width values were significantly lower for
units recorded by the laminar system when compared to the
others (P<0.01). Additionally, those units recorded by the
NeuroPort system had significantly lower peak:trough ratios
when compared to microwire-recorded units (Supplementary
Fig. 2, P<0.05).

We also examined if there were differences in these charac-
teristics based on mesial temporal or cortical location. Overall,
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Figure 1 Relationship between macroelectrodes, microelectrodes and single unit activity during an interictal discharge.

(A) Co-registration of pre-operative MRI and post-operative CT or MRI allows identification of the electrodes and anatomical structures.
(B) Single sweep of microelectrode local field potential (LFP; red) and corticography (ECoG; black) from an adjacent electrode. Hash marks
indicate discriminated action potentials. Selected interictal discharges (1ID) are indicated with arrows. Note the increase in action potentials
from both units during the fast component of the interictal discharge. (C) Raster plot and peri-spike timing histogram from one of the
microelectrode channels shown above during the interictal discharge (n=60). The averaged local field potential is overlaid on the raster
plot in red. Histogram bin width is 5ms. (D) Unit attributes: action potentials (each in grey, average in red), neuronal inter-spike time
interval (ISI) histogram (1 ms bin width) and autocorrelogram (—100 to 100 ms; 1 ms bin width) from the unit isolated in (C).

there was no statistically significant difference between
the bursting or firing rates in mesial temporal versus cortical neu-
rons. The spike half-width of mesial temporal neurons was slightly
faster than cortical neurons. There were no significant differences
in the peak:trough ratio (Supplementary Fig. 3).

Characterization of the modulated
neuronal population

To categorize these different patterns of modulation further, we
grouped the neurons based on changes in each of five time
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Figure 2 Firing and bursting rate for neurons modulated or not during the interictal discharge. Boxplots show the median (Med, x5),
lower (Q1, x25) and upper quartile (Q3, x75) in the shaded regions and the largest non-outlier observations (whiskers shown with dotted
lines). The modulated population had significantly higher firing and bursting rates compared to the non-modulated population both
including and excluding the interictal event (Med modulated = 2.56 spikes/s and 0.65 bursts/min; Med non-modulated = 1.02 spikes/s and
0.20 bursts/min; **P<0.01, Kruskal-Wallis test, n4 =158, n,=178). IID = interictal discharge.

Table 2 Classification of neuronal responses during interictal discharge

Class Number Modulated Patients Pre-11D Pre-11D 11D Slow wave Post-slow wave

of units neurons represented (—500 to —200ms) (—200 to —35ms) (—35to35ms) (35 to 200ms) (200 to 500 ms)
(%) (%)

1 57 36.1 60 - - - 1 -

2 24 15.2 50 - - 1 - -

3 14 8.9 35 - - 1 J -

4 13 8.2 5 - - - 0 -

5 8 5.1 20 - - 5 15 -

6 b) 3.2 20 - 1 4 J -

7 4 2.3 15 0 - 1 -

8 4 2.5 10 - i 15 -

9 3 1.9 10 A - - - -

10 3 1.9 5 0 - - 1 -

11 3 1.9 5 - - - 15 J

12 2 1.3 10 - A - 4 -

13 2 1.3 5 - - - - 1

14 2 1.3 10 - - 0 15 J

15 2 1.3 10 = ! i ! 1

16 2 1.3 10 - - 0 0 -

Arrows indicate a significant change in firing during the selected time period as defined in the ‘Materials and methods' section. 11D =interictal discharge.

periods. Of the possible permutations (five time periods, each
with either a significant increase, decrease or no change results
in 243 possible outcomes), 16 different firing patterns occurred in
more than one unit (Table 2). Five main groups constituted
about 75% of the modulated neurons and were observed both
inside and outside the seizure focus. In addition, modulated
units were observed in both cortical (154 of 304 units) and
mesial temporal locations (4 of 32). Figure 3 demonstrates a
representative neuron and population averages for the five
most common firing patterns. The average local field potential
of the same microelectrode channel is overlaid on the raster
plot with the peri-spike timing histogram of the representative
neuron.

Firing of Type 1 wunits significantly decreased during the
slow-wave but was unchanged during the interictal discharge.
They represented 36.1% of the modulated population and
occurred in 60% of patients. Type 2 units had an increase in
firing rate only during the fast component of the interictal
discharge (£35ms from the peak, 15.2% of the modulated
units) and were found in 50% of the patients. In contrast, for
Type 3, units firing increased during the interictal discharge but
decreased during the slow-wave. Type 4 neurons were not
modulated during the spike itself but increased in activity during
the slow-wave and were only found in one patient. Action poten-
tials of Type 5 units decreased during both the spike and
slow-wave.
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Figure 3 Classification of neuronal responses during the interictal discharge (IID). Five defined interictal discharge periods are shown in
the schematic at top. The averaged local field potential, raster plot and peri-event time histogram of a sample neuron and the population
average peri-event time histogram of the top five modulated firing patterns around the interictal event are shown in each column.

FR =firing rate. Dashes indicate no significant change and arrows up or down denote an increase or decrease in significance in the middle

diagrams (P<0.05, Kruskal-Wallis test, Bonferroni corrected).

In an attempt to understand which classes of neurons may con-
stitute any given type of firing pattern, we examined the baseline
firing and action potential characteristics of each of the 10 most
frequent types of patterns. Most patterns showed the same char-
acteristics in terms of firing rate and bursting rate with the excep-
tion of Type 5 units. These showed a significantly higher firing and
bursting rate than other types. This type is the only one of the
most common types to have a decrease in firing during the fast
component of the discharge. Types 3 and 4 appeared to have a
lower firing and bursting rate than other types. Spike half-width
and peak:trough values were not significantly different between
different firing patterns (Supplementary Fig. 3).

Changes in neuronal firing preceding
interictal discharges are found within
or near the seizure focus

In addition to the five main types of single unit activity described
above, many units showed a significant change in firing preceding
the interictal discharge. Twelve single units (7.6% of the modu-
lated population) significantly decreased their firing rate and
19 units (12.0%) significantly increased in one of the two time
periods preceding the interictal discharge. Two of the 12 units
(1.3% of the modulated population) decreased far before the
interictal discharge (—500 to —200ms) while 11 of the 19 units
(7.0%) increased far before. We also found three units that
increased long after the interictal discharge (200-500 ms; Fig. 4).
These types of patterns were found only within or near the seizure
focus. In fact, 70% of identified units within the seizure focus
showed a pre-discharge change in activity. No such changes
were seen in units well outside the seizure onset zone.
Comparison of firing rates, bursting rates and action potential
characteristics amongst these different groups revealed few

differences. There were no statistically significant differences
between units which increased, decreased or had no change in
their firing rate in terms of baseline firing rate, bursting rate
or peak:trough ratio. Units with a decrease in firing before
the event had a significantly shorter time at half peak
(Supplementary Fig. 3).

Broadband (local field potential) and
neuronal firing decrement preceding
interictal discharge observed across

subjects

Given the plurality of neurons demonstrating a decrement in single
unit firing preceding the interictal discharge, we were interested in
increasing our understanding of the relationship between this dec-
rement and local field potentials during the pre-spike period. We
identified units across subjects that exhibited similar attributes—a
decrement before the interictal discharge (—200 to —35ms), an
increase during the interictal discharge (—35 to 35ms) and a dec-
rement after the fast component (—35 to 200 ms or 200-500 ms;
Fig. 5). In four subjects we observed this neuronal firing pattern.
In addition, we quantified the local field potential frequency com-
ponents by averaging the single trial event-related spectral power
around the interictal discharge. All of the subjects demonstrated a
significant (P<0.01) broadband decrement in spectral power pre-
ceding the event, a significant increase in spectral power during
the fast component and a significant decrement again during the
slow wave. These changes in spectral power correlate closely with
the changes in neuronal firing and together suggest a cortical
inhibitory period preceding the fast component, followed by an
excitatory period during the fast component of the interictal
discharge and an inhibitory period during the slow wave.
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Figure 4 Neuronal units whose firing changes preceded the interictal discharge (1ID). Examples of units that (A) increase long before,
(B) increase just before, (C) increase after, (D) decrease long before and (E) decrease just before the interictal discharge. (F) Histogram of
percent of modulated units which show an increase or decrease before the interictal discharge in regions which were within, near or far

from the seizure onset zone.

Firing patterns are heterogenous even

within a small cortical region and such
variation is present inside and outside
the seizure focus

In each subject we found that the several different firing patterns
of individual neuronal units could be observed even within a
small area of cortex. Units with entirely different firing character-
istics could be recorded from a single microelectrode or from
microelectrodes within a few 100um of each other. These re-
sults are demonstrated in Fig. 6, in which the variability in
firing patterns of a population of neurons in a restricted cortical
region from a single patient is displayed. In this example, the
recordings were made within a radius of ~2.5mm in layers
-1V of the neocortex, as determined from post-resection hist-
ology. Note that the local field potentials of all recordings are
extremely similar in morphology despite the large variation in
firing patterns of the single units. Unit attributes for this example
(action potentials, interictal spike histograms, and autocorrelo-
grams) can be found in the online supplementary material
(Supplementary Fig. 4). In addition, not only were many different
firing patterns found within a small region but many of the dif-
ferent patterns were observed in recordings made both inside and
outside of the seizure focus.

Discussion

A heterogeneous sub-population of
neurons are involved in interictal
discharge generation

We studied hundreds of neurons in ten different cortical and
sub-cortical structures, both inside and outside the seizure focus,
in 20 patients with intractable focal epilepsy. This is perhaps the
most extensive survey of single unit activity during human inter-
ictal activity reported. In contrast to previous studies, our datasets
included large numbers of simultaneously recorded single units—
up to 166 units from a small patch of cortex—and covered a
larger number of different regions and aetiologies. In this system-
atic characterization of cortical neuronal activities surrounding
interictal discharge events we found a remarkable variety of dis-
tinct firing patterns, which we classified into more than 15 cate-
gories. Only about half of the recorded units showed some change
in firing in or around the interictal discharge. This percentage of
modulated neurons agrees with that described by Wyler et al.
(1982), who found that 44% of recorded neurons showed primar-
ily an increase in firing rate near the interictal discharge peak.
Surprisingly, a considerable subset of units showed either an in-
crease or decrease in firing rates well ahead of the interictal
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Figure 5 Transient decrease in both local field potential spectral power and neuronal firing rates precede interictal discharges. Upper
panels show the average LFP (red) overlaid on raster plots of neuronal firing. Below is the peri-event time histogram and then time-
frequency plots of the LFP (non-significant values are plotted in green. Red indicates a significant increase and blue indicates a decrease

(P<0.01). The two columns are from two different patients.

discharge event, in direct contrast to simple models of a paroxys-
mal depolarizing shift. These results have several implications for
the mechanisms underlying epileptiform activity.

First, our results suggest that epileptiform activity, rather than
requiring a large mass of neurons, can occur with relatively sparse
single neuron participation. That is, for any given event, only a
fraction of available neurons participate or are necessary for the
generation of the epileptic discharge. In addition, it appears that a
different subset of modulated neurons participated in any given
event since any given interictal discharge only involved ~30% of
the total pool of recorded modulated units. This finding suggests
that at the microphysiological level epileptiform activity can in-
volve multiple neuronal groups or pathways. Certainly, our record-
ing techniques are biased toward sampling the activities of
neurons with large cell bodies. Smaller cells and neurons with
low amplitude events may not be recorded and therefore their

behaviour during the interictal discharge may not be revealed.
As a result, it is possible that the total percentage of neurons
involved in any given discharge is larger. Nonetheless, it is clear
that (i) a substantial number of neurons are not necessary for, or
perhaps are not able to, participate in the epileptic activity; and (ii)
the same set of neurons are not always involved. Advances in
recording techniques and comparisons with intracellular studies
done in model systems should help to complete this picture in
more detail.

Second, neurons that were modulated during the interictal dis-
charge had significantly higher bursting and firing rates than those
that did not. It is possible that the increase in bursting and firing
rates found during the interictal state may be due solely to the
interictal discharge itself. To exclude this possibility we analysed
recording periods without interictal discharge and found that the
modulated population still demonstrated higher firing and bursting
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Figure 6 Neuronal responses are variable in a small cortical region. All 12 units in this analysis were found within 2.5 mm at the same
depth in cortex and therefore, the same cortical layer. In each plot, the top panel shows the raster plot (60 events) overlaid with the
average local field potential. The lower panel shows the peri-event time histogram. Each column shows examples of similar firing patterns
in two different units. Neuronal responses to the interictal discharge were seen that (A) did not change, (B) increased during the fast
component, (C) increased during the fast component and decreased during the slow wave, (D) did not change during the fast component
but decreased during the wave, (E) increased after the [ID peak and wave, and (F) increased before the fast component of the interictal

discharge.

propensities. These data lead to two possible conclusions. On the
one hand, these findings support the notion, widely expressed in
the literature, that neurons crucial for epileptic activity have dis-
tinct, if not abnormal, intrinsic activities. On the other hand, it is
possible that these increased burst and firing rates reflect purely
network phenomena; they are an essential reflection of the net-
work properties in which the neuron is embedded. In either case,
the distinct characteristics of these neurons do not explain how an
interictal discharge is generated. Examination of the diversity of
firing patterns seen before and during the interictal discharge sug-
gests that a particular cascade of neuronal interactions is crucial
for formation of the paroxysmal event.

Modulated firing patterns include
changes preceding the interictal
discharge

Of the subset of units whose activity was modulated during the
interictal discharge, we observed multiple firing patterns both
within and across patients. Some of these patterns are ex-
pected—an increase in firing during the fast component, a de-
crease during the slow wave, or both an increase during and a
decrease after have all been reported previously (Wyler et al.,
1982; Altafullah et al., 1986; Ulbert et al., 2004) and together
constitute 60% of the units in our study. These patterns are con-
sistent with the paroxysmal depolarizing shift mechanism—a burst
of action potentials followed by a period of relative inhibition.
The other activity patterns observed, however, depart from

predictions of the simple paroxysmal depolarizing shift model.
Most significantly, almost 20% of the units significantly increased
or decreased their firing well before the interictal discharge. Such
changes were only seen in or near the seizure onset zone. This is
consistent with the common notion that autonomously generated
epileptiform activity would have a different origin than similar ac-
tivity which is propagated and may point toward methods for
further delineation of the seizure onset-zone.

These pre-discharge changes were not an artefact of the record-
ing process. While the morphology of the interictal discharge was
highly variable across patients, we selected events such that
time zero would be aligned to the peak of the fast component
of the interictal discharge. Additionally, these local field poten-
tials were derived from the local microelectrode channel; there-
fore, this temporal shift in different neuronal firing patterns could
not result from a shift between the macroelectrode intracranial
EEG recording and the microelectrode local field potential
recording.

Concomitant with the decrease in firing rate for certain neurons,
at least in some patients and locations, is a decrease in broadband
local field potential activity. In addition, a different population of
neurons displays an increase in firing rates during this same period.
These results support the hypothesis that neuronal inhibition may
be responsible, in part, for synchronizing cortical activity and gen-
erating the interictal discharge. Unfortunately, our analysis of the
action potential characteristics associated with units which chan-
ged before the discharge showed only modest differentiation be-
tween classes. Thus, it is difficult to point conclusively to one type
as excitatory and the other as inhibitory. This is, in part, due to our
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use of different recording systems but may also reflect the hetero-
geneity of aetiologies, brain regions and many other factors.
Nevertheless, such pre-event changes have also been seen in ad-
vance of seizures in an animal model of temporal lobe epilepsy
(Bower and Buckmaster, 2008) and around seizure onset in human
temporal lobe epilepsy (Verzeano et al., 1971; Babb and Crandall,
1976; Babb et al., 1987). In addition, this period prior to the fast
component of the interictal discharge appears similar to the cor-
tical downstate in animal models of sleep (Amzica and Steriade,
1998; Steriade and Amzica, 1998) and in humans during slow
wave sleep and evoked during K-complexes of sleep (Cash
et al., 2009).

Previous evidence for this type of mechanism was confined
mainly to animal studies of generalized epilepsy. Decreased neur-
onal firing in reticular thalamic cells during a depth positive EEG
wave preceding the interictal discharge was recorded from cat
cortex during generalized epilepsy (Steriade et al., 1995).
Additionally, a correlation in firing was found between inter-
neurons and high frequency oscillations preceded the interictal
discharge in rat hippocampus (Ylinen et al., 1995). Based on
these studies, it has been proposed that synchronously firing cor-
tical interneurons that decrease firing directly before the interictal
discharge permit the bursting of excitatory neurons that make up
the fast component of the interictal discharge (de Curtis and
Avanzini, 2001). This mechanism may certainly account for our
data in which we observed some neurons with decreased firing
immediately preceding the interictal discharge. The timescale of
this event, however, may be fairly prolonged as there were clear
changes for certain neurons hundreds of milliseconds before the
event.

In this data set, there was remarkably little that distinguished
units of one pattern from another. The action potential or firing
characteristics of the neurons at baseline were not very different
between different classes of units (with the exception of the Type
5 unit). It is possible that other measures of classification might
distinguish these different neuronal types. It is also possible that
both the numbers of units recorded here and the recording tech-
nologies themselves, being variants on extracellular systems, are
not powerful or consistent enough to allow us to reliably distin-
guish between the neuron types. Further work with larger num-
bers of examples may eventually allow us to separate more
precisely the physiological features corresponding to each neuronal
firing pattern and within different brain regions.

An overall model of the interictal
discharge

While the results presented here do not establish causal links be-
tween observed neuronal firing patterns and the recorded parox-
ysm, the existence of these different patterns suggests that activity
in multiple different neuronal types, linked in a local but remark-
able heterogeneous network, gives rise to the interictal event. One
possible sequence of events is that chronic excitation in and
around the seizure focus leads to a compensatory, chronic
up-regulation of both excitatory and inhibitory activity. As a
result, the bursting and firing rates of the neurons are generally
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increased. A subset of inhibitory neurons firing together may ini-
tially decrease the activity of other neurons in the network.
Subsequently, these inhibitory interneurons cease to fire resulting
in a hyper-synchronous, excitatory rebound. The post-synaptic ef-
fects of this rebound are manifest in the EEG recording of the
interictal discharge. During the slow wave there is primarily a de-
crease in firing—though a small number of neurons increase
during this period—suggesting, like the pre-ictal period, that this
is an active event representative of network interactions and not
just intrinsic currents. Of course, this sequence of events begs the
question of what initiates the inhibitory wave of activity to start
with. In some situations, sleep for example, ongoing slow oscilla-
tions may provide the underlying drive. In other states it may be a
purely stochastic process. Further study will be necessary to pro-
vide further details of this sequence but the overall scheme high-
lights the possible importance of inhibition in sculpting epileptic
events which have largely been considered purely excitatory in
nature.

Conclusion

In this study we have used microelectrode recordings to quantify
and characterize cortical neuronal firing patterns during interictal
discharges in patients with focal seizures, finding a tremendous
diversity of response including changes in firing that precede the
defining interictal discharge itself. Such a variety of neuronal
activities supports the hypothesis that interictal discharges are an
emergent manifestation of a complex set of network interactions
and highlights the potential importance of inhibitory activity in
seemingly excitatory paroxysmal events.
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