
















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 100mm 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 �2.5 mm in layers

III–IV 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

Figure 4 Neuronal units whose firing changes preceded the interictal discharge (IID). 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.
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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

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

(P50.01). The two columns are from two different patients.
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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

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 IID peak and wave, and (F) increased before the fast component of the interictal

discharge.
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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

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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