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Abstract: Infantile spasms (IS) and seizures with focal
onset have different clinical expressions, even when elec-
troencephalography (EEG) associated with IS has some
degree of focality. Oddly, identical pathology (with, how-
ever, age-dependent expression) can lead to IS in one
patient vs. focal seizures in another or even in the same,
albeit older, patient. We therefore investigated whether
the cellular mechanisms underlying seizure initiation are
similar in the two instances: spasms vs. focal. We noted
that in-common EEG features can include (i) a back-
ground of waves at alpha to delta frequencies; (ii) a period
of flattening, lasting about a second or more — the elec-
trodecrement (ED); and (iii) often an interval of very fast
oscillations (VFO; ~70 Hz or faster) preceding, or at the
beginning of, the ED. With IS, VFO temporally coincides
with the motor spasm. What is different between the two
conditions is this: with IS, the ED reverts to recurring slow
waves, as occurring before the ED, whereas with focal
seizures the ED instead evolves into an electrographic
seizure, containing high-amplitude synchronized bursts,
having superimposed VFO. We used in vitro data to help
understand these patterns, as such data suggest cellular
mechanisms for delta waves, for VFO, for seizure-related
burst complexes containing VFO, and, more recently, for
the ED. We propose a unifying mechanistic hypothesis —
emphasizing the importance of brain pH — to explain the
commonalities and differences of EEG signals in IS versus
focal seizures.
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Introduction

Infantile spasms (IS) can occur idiopathically or in asso-
ciation with defined pathologies such as tuberous sclero-
sis (TS) or focal cortical dysplasias (FCD). [Both of these
latter conditions can occur as so-called ‘mTORopathies’
(Crino, 2015); mTOR is ‘mammalian (or mechanistic)
target of rapamycin’.] TS and FCD will be considered
in this review. The incidence of IS has been estimated
as about 0.31 per 1000 live births, with average age of
onset of 6 months (Hrachovy and Frost, 2013), and the
condition affects about 1 in 2000 infants (Kossoff, 2010).
Spasms can also be seen beyond the first year of life and
epileptic spasms can persist into childhood (Sotero de
Menezes and Rho, 2002; Ramachandrannair et al., 2008).
About 30% of TS patients present with IS (Saxena and
Sampson, 2015). Of course, IS can occur in association
with many disease states besides TS and FCD, including,
but not limited to, lissencephaly (Herbst et al., 2016),
Down syndrome (Daniels et al., 2019), mutations in the
CDKL5 gene (Jdila et al., 2017), mutations of the STXBPI1
gene (Li et al., 2018), and hypoxic-ischemic encepha-
lopathy (Inoue et al., 2014). In this review, we attempt
to illuminate the possible physiological mechanisms
of epileptic spasms in general — mechanisms that may
occur as a convergent pathology secondary to a range of
primary identified pathologies.

The typical (but not universal) electroencephalog-
raphy (EEG) pattern of IS (Hrachovy and Frost, 2003)
consists of a ‘hypsarrhythmia’ background of large slow
waves, variable in amplitude and frequency, and often
containing multifocal EEG spikes (Oka et al., 2004). Inter-
spersed are relatively flat periods, lasting about one or
a few seconds, called electrodecrements (EDs; Figure 1).
Just before, and extending into the ED, can occur a run of
oscillations of lower amplitude and often in the very fast
oscillation (VFO) range of more than 70 Hz (Akiyama et al.,
2005; Figure 1). Such oscillations, when they occur, may
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Figure 1: EEG from a child with IS, showing hypsarrhythmia along with VFO associated with ED.
Such EDs were followed by a return to hypsarrhythmia. See Figure 4 in Kobayashi et al. (2015).

be temporally correlated with motor spasm (Kobayashi
et al., 2015; Figure 1). The frequencies of the oscillations
have been reported: peaking at about 70 Hz (Inoue et al.,
2008), 40-150 Hz (Kobayashi et al., 2015), 51-98 Hz and
lasting ~500 ms (Kobayashi et al., 2004), and 15-250 Hz
(Ramachandrannair et al., 2008). In one study, oscilla-
tions at 20-100 Hz tended to be colocalized with magnetic
resonance imaging (MRI) abnormalities (Kim et al., 2018).
Some degree of focality for the fast oscillations can be
present (Arroyo et al., 1994). IS associated with TS have
been proposed to arise from secondary generalization
(Curatolo et al., 2001); this may likewise be the case in
FCD (Caraballo et al., 2016). In FCD, the presence of hyper-
trophic neurons in layer 1 has been associated with IS.

EEG phenomenology for IS:
irregular delta — ED with VFO —»
back to irregular delta

Figure 1 provides an example (from an IS patient) of the
transition from irregular delta to ED with VFO. There is
an associated clinical spasm, as evident in the left and
right deltoid muscle electromyograms at the bottom of the
figure. The full sequence, including reversion to irregular
delta, can be seen, for example, in Figure 3 in Kobayashi
et al. (2015).

Stereo-EEG (SEEG) phenomenology for

focal seizures associated with FCD and

TS: background activity — ED with VFO —»
electrographic seizure (Mohamed et al., 2012)

Children with FCD or TS may have rather different EEG (or
SEEG) patterns (see Figure 2 and example in Traub et al.,
2001), and they may have different associated seizure phe-
nomenologies compared to IS, for example, they may have
focal motor or focal seizures with impaired awareness.
This is particularly likely to be the case in somewhat older
children. Here, the background is not hypsarrhythmia that
persists for long intervals. Figure 2 shows an SEEG record-
ing in a patient with an FCD in the left posterior insula.
Preictal discharges are seen with electrographic seizure
onset (indicated by an arrow) and superimposed fast
activity (80 Hz) is seen over the posterior insula, evolving
into rhythmic discharges. Burst complexes during such
a seizure themselves exhibit superimposed VFO (Traub
et al.,, 2001). Interestingly, burst suppression has also
been reported to occur at seizure onset in a TS patient
(Perucca et al., 2014).

VFO in TS is likely to signal pathogenicity of the
initiating area (Fujiwara et al., 2016), as is the case for FCD
(Traub et al., 2001). In TS, cortical and subcortical pathol-
ogy includes both the tubers themselves and also more
widespread altered cortical cytoarchitecture (Marcotte
et al., 2012). There exist conflicting data on whether the
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Figure 2: SEEG recording in a patient with an FCD in the left posterior insula.
Preictal discharges are seen with electrographic seizure onset (arrow); ED and superimposed fast activity (80 Hz) are seen over the posterior
insula, evolving into rhythmic discharges. The patient became seizure free after resection of the posterior insula.

tubers themselves are epileptogenic (Major et al., 2009;
Mohamed et al., 2012; Kannan et al., 2016).

Summarizing this section, the EEG patterns of IS and
focal seizure onset (at least with TS and FCD) share ‘high-
amplitude slow waves’ (persistent in IS, background
activity for the focal case), ‘flattening or ED responses’,
and ‘fast oscillations’. The hypsarrhythmic EEG pattern
additionally contains EEG spikes and, at least in some
children, evolves with the maturation out of a burst sup-
pression pattern (Yamatogi and Ohtahara, 1981; Ohta-
hara and Yamatogi, 2003). In this paper, we shall regard
hypsarrhythmia and burst suppression as forming part
of a spectrum, as both contain large slow waves with
intervals of EEG flattening — such intervals occurring
irregularly in hypsarrhythmia and more periodically
(and perhaps lasting longer) in burst suppression.

Three hypotheses

In this review, we consider three interrelated hypotheses
that, taken together, could account for the above clinical
observations. The hypotheses derive from in vitro experi-
mental data on delta waves, VFO, pyramidal cell depolar-
izing plateaus, and epileptiform bursts; network modeling
has also contributed to our understanding of the experi-
mental data.

Hypothesis 1: Neocortical ED occurs because layer 5 (L5) intrinsic
bursting (IB) pyramidal neurons develop sustained depolarizing
plateaus, which suppress delta and flatten the EEG. This would
stand in contrast to the more conventional hypothesis of EDs
resulting from the hyperpolarization of principal neurons.

Hypothesis 2: Tissue conditions (including alkaline pH and glu-
tamate release), which favor the ED, also favor VFO generated
by superficial pyramidal neurons.

Hypothesis 3: If, during the ED, VFO persists and sufficient
superficial disinhibition develops (Hall et al., 2015), an electro-
graphic seizure will occur.

We shall now review in vitro data that support the
three hypotheses: data on delta rhythms, plateaus, VFO,
and seizure-like phenomena.

Cellular mechanisms of delta rhythm (in
vitro): rhythmic population bursts in L5 IB
pyramidal neurons; behavior of layer 2/3
(L2/3) pyramidal neurons during ‘normal’
delta and after disinhibition of superficial
cortical layers: the emergence of EEG spikes

We have developed an in vitro model of neocortical delta
rhythms using rat cortical slices bathed in a low concen-
tration of carbachol (2 um; a cholinergic agonist) and
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Figure 3: Experimental (A) in vitro and network-simulated (B) deep cortical delta rhythm and its conversion to spike-wave.

‘Control’: in vitro delta produced by L5 IB pyramidal neurons. Superficial pyramidal cells follow with EPSPs or single spikes. The neocortical
slice was bathed in a low concentration of carbachol (2 um) and a dopamine D1 receptor antagonist (SCH23390; 10 um). Delta is expressed
by intense bursts in L5 IB pyramidal cells but with single spikes or synaptic potentials in superficial pyramidal cells. ‘Spike and wave’: in
the experiment, dTC (10 um) was applied to block nicotinic acetylcholine and 5-HT, receptors, reducing superficial NPY actions among other
things. In the model, superficial synaptic inhibition was reduced, whereas superficial recurrent excitation enhanced. These treatments
convert delta to spike-wave, during which the deep delta continues relatively unaltered. Scale bar, 0.3 mV (experimental field), 20 mV

intracellular, 0.3 s. From Figure 2 in Hall et al. (2015).

a dopamine D1 receptor antagonist (SCH23390; 10 um;
Carracedo et al., 2013; Hall et al., 2015; Figure 3). This
experimental delta rhythm is generated by L5 IB pyramidal
neurons, which each generate a burst of action potentials
during every delta wave. The experimental delta rhythm
requires both N-methyl-p-aspartate (NMDA) and GABA,
receptors. Regular spiking (RS) pyramidal cells, both deep
and superficial, do not burst during the delta rhythm,
instead producing synaptic potentials or one (sometimes
two) action potentials per wave. Interestingly, in vitro delta
can transform into spike-wave, as happens in children with
absence seizures and in rats injected with D-tubocurarine
(dTC; a nicotinic receptor antagonist) into the cortex. This
latter injection (and also 10 um dTC in the in vitro bath)
suppresses the activity of superficial neuropeptide Y (NPY)
interneurons and enhances the activity of vasoactive intes-
tinal peptide (VIP) interneurons; these effects will produce
a relative disinhibition in the superficial cortex as well as
enhance glutamate release in superficial layers (Wang,
2005; Hall et al., 2015). Figure 3 shows that in vitro spike-
wave is correlated with bursts in superficial pyramidal
cells, while the underlying deep delta rhythm continues.
Interestingly, TS has been associated with a reduction in
NPY interneurons (Fu et al., 2012), so that it is possible that
chronic superficial cortical disinhibition exists in TS.

It is difficult to prove that the cellular mechanisms of
delta waves, as occur during hypsarrhythmia, are identi-
cal to those elucidated in vitro; certainly, in vitro delta is

qualitatively more regular in amplitude and frequency
than the patient EEG rhythm. Perhaps in vitro experiments
on human TS tissue removed at surgery could provide sup-
porting evidence. Additionally, magnetoencephalography
(MEG) technology is advancing rapidly [for example, with
wearable sensors (Boto et al., 2018)], and recently devel-
oped mathematical methods allow one to determine the
laminar origins of certain MEG signals (Bonaiuto et al.,
2018); finding maximum power of hypsarrhythmic delta
in L5 would be supportive of a relationship between in
vitro and in vivo rhythms (see Figure 1 in Carracedo et al.,
2013). In the meantime, we argue that in vitro delta [and
spike-wave (Hall et al., 2015)] is the most suitable experi-
mental model for now until contravening data appeatr.
Given the age-dependent expression of IS and the
NMDA receptor dependence of in vitro delta (Carracedo
et al., 2013), it is interesting that EEG delta is more promi-
nent in infants than in older children and adults (Ogawa
et al., 1984; Olbrich et al., 2017) likely due to develop-
mental differences in the expression of NMDA receptor
subunits (Yashiro and Philpot, 2008). Likewise of interest,
given that FCD can be associated with IS, is the altered
NMDA receptor subunit composition in cortical dyspla-
sia tissue (André et al., 2004) as well as the reduced Mg*
sensitivity of NMDA receptors in this tissue (Cepeda et al.,
2006, 2007). Gain-of-function mutations in GRIN2B (the
gene coding for ‘glutamate ionotropic receptor NMDA type
subunit 2B’) have been linked to IS (Lemke et al., 2014).
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Plateau potentials in L5 IB pyramidal
neurons can occur in the presence of
trimethylamine (TMA), which alkalinizes
tissue and blocks some K* channels

The compound TMA [N(CH,),; pKa=9.80] has
applications in slice electrophysiology, as it causes
alkalinization and blocks some K* channels (French and
Shoukimas, 1981; Im and Quandt, 1992). We have shown
previously that TMA (2 mm) perfusing a hippocampal
slice would allow a tetanic stimulus to induce first
transient gamma oscillations (~40 Hz), then VFO, and
then an electrographic seizure — in a pattern resem-
bling the VFO — seizure electrocorticographs (ECoGs)
recorded in FCD patients (Traub et al., 2001); without
TMA in the bathing medium, the tetanic stimulus
would evoke only gamma oscillations but not the VFO
or seizure (Whittington et al., 1997). Likewise, if the gap
junction blocker carbenoxolone (Davidson et al., 1986)
was present, even with TMA in the bathing medium,
the same tetanic stimulus would again evoke transient
gamma but not the VFO or seizure. We interpreted this
experimental observation to mean that TMA was acting,
at least in part, by opening gap junctions that were pH
sensitive (see below) and that those particular gap junc-
tions were responsible for the VFO (Draguhn et al., 1998;
Traub et al., 1999; Cunningham et al., 2012); however,
we did not attempt to explain the electrographic seizure
in those experiments.

More recent experiments show that when TMA
(10 mm) is added to a particular bathing medium of a
neocortical slice — a medium that induces either delta
or spike-wave (see Figure 3) — then a burst suppression-
like field pattern develops, which includes prominent
delta as well as VFO during the burst phases; in asso-
ciation with this burst suppression-like pattern, volt-
age-dependent plateau potentials can develop in L5 IB
pyramidal cells (Figures 4 and 5). Because delta in vitro
is generated by L5 IB neurons (see Figure 3), it is not sur-
prising that such L5 IB plateaus (Figure 5) abolish the
delta, which exists ‘in the background’ between plateau
potentials (Figure 4C). We suggest, therefore, that if the
delta of IS patient hypsarrhythmia is similar to in vitro
delta, then widespread plateau potentials, in L5 IB
neurons, could account for the ED response. Although
delta is suppressed during the plateau, VFO can still be
recorded in superficial layer field potential recordings
(Figure 4). This experimental observation is likely
relevant to the VFO that is recorded clinically during an
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ED (Figures 1 and 2) and that is temporally correlated
with motor spasms.

The notion that EEG flattening (the ED response) is
associated with a significant depolarization of selected
large pyramidal neurons, rather than hyperpolarization,
is — we believe — novel and interesting.

The biophysical mechanisms of the above-illustrated
plateaus are not known, but some likely possibilities, as
discussed further on, include the enhancement of one
or more types of Ca’* conductance (g_), blocking of one
or more types of K* conductance (g,), and reduction of
GABA,, receptor signaling.

Given that in vitro cellular plateaus are induced in
the presence of TMA, which alkalinizes, it may be rel-
evant that pH fluctuates in the brain under normal con-
ditions (Magnotta et al., 2012), and this is likely to be
especially true in brains with structural and/or functional
abnormalities; however, as we argue further on, this issue
requires further study.

Plateau potentials in L5 IB neurons might be
expected to provide powerful synaptic drive to
downstream neurons; however, we must note that the
effective axonal output during plateaus is not known.
Despite neuronal somata staying in the depolarization
block, there is a reason to think that the axons might
nevertheless be firing at high frequencies (Williams
and Stuart, 1999; Apostolides et al., 2016). In contrast,
even if this were to be the case, postsynaptic effects of
such high-frequency firing might not be sustained due
to glutamate depletion at presynaptic terminals (Staley
et al., 1998) or postsynaptic receptor desensitization
(Colquhoun et al., 1992).

In the following, we shall be considering a
computational model as well as in vitro experimental
data. The computational model is based on the exten-
sions of an earlier thalamocortical network model
(Traub et al., 2005). Figure 6 shows, for reference, a
schematic of the major cell types in the network model,
which includes superficial pyramidal cells (g), deep
tufted IB and RS pyramidal cells (e), deep nontufted
RS cells, and a variety of deep and superficial interneu-
ron types (Carracedo et al., 2013; Hall et al., 2015; see
also Traub et al., 2005; Hall et al., 2018). The thalamic
component of this model will not be considered here,
as we do not have data on thalamic contributions to
the phenomena discussed in this paper. Gap junctions
occur only between homologous cell types in our model
(e.g. L5 IB to L5IB). The synaptic network is too complex
to illustrate in a figure, and the reader is referred to the
original papers.
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Figure 4: Burst suppression-like discharge pattern in neocortex in vitro associated with superficial VFO and marked reduction in delta

activity during the suppression phase.

(For slice conditions, see Methods.) (A) spectrogram of 250 s of burst suppression transitions, showing epochs of high-frequency activity
corresponding to the bursts. Recording used to generate the spectrogram is overlaid in white. (B) Example of two consecutive concurrently
recorded burst phases, separated by a suppression phase, in superficial (L2/3) and deep (L5) association neocortex. Bottom trace shows a
bandpass-filtered (50-150 Hz) version of the L2/3 field above. (C) Disruption of delta-frequency local field potential activity during bursts of
activity and abolition during the ED response. (i) 22 s trace of control, delta frequency activity recorded from L5, example data shown above
the corresponding spectrogram. (ii) 22 s trace of burst/ED sequences from the same electrode in L5 of the same slice after the application of

TMA and dTC. S.P. Hall and M.A. Whittington, unpublished data.

VFO can occur in the neocortex, involving
pyramidal neurons, in alkaline conditions
without chemical synapses; neocortical VFO
is thus plausibly generated by gap junctions
between pyramidal neurons

Clinical EEG recordings, as discussed above, demonstrate
that ED responses and VFO can occur simultaneously. If
it is true that an ED is caused by the tissue conditions
that induce plateaus in vitro, then those same (or similar)
conditions might then induce VFO in vitro. We have
already mentioned how the alkalinizing compound TMA
potentiates VFO in the hippocampal slice after a tetanic
stimulus (Traub et al., 2001). In addition, the pressure
ejection of an alkaline solution onto L5 of a neocortical
slice, during the blockade of chemical synapses, also

elicits VFO (Figure 7 in Traub et al., 2010); the intracel-
lular correlate in L5 IB pyramidal cells is a run of action
potentials and spikelets (resembling miniature action
potentials). Spikelets have been shown, in at least some
instances, to originate in axons (Schmitz et al., 2001). A
computational network model (see model schematic in
Figure 6), using only L5 IB cells (Figure 7, right), produces
behavior remarkably similar to the experiment, when
simulated IB cells are electrically coupled (with gap
junctions) by their axons, and chemical synapses are
simultaneously blocked.

Another example of the induction of VFO by the pres-
sure ejection of alkaline solution, with chemical synapses
blocked, is shown in Figure 8 (right; from Cunningham
et al., 2012); the difference from Figure 7 is that, in Figure
8, the VFO frequency steadily increases, what we call ‘glis-
sando’. Interestingly, when the alkaline pressure ejection
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Figure 5: Plateau potentials occurin L5 IB cells when there is a delta oscillation, superficial disinhibition, and tissue is alkaline; the plateau
potentials are voltage dependent.

[The bathing medium was as for spike-wave conditions in Figure 3, with the addition also of TMA (10 mm): see Methods.] (A) 60 s epochs of
concurrently recorded L5 field (upper trace) and IB neuron at resting membrane potential (RMP), showing that quiescent (ED) periods of the
field potential accompany strongly depolarized plateau potentials. The bottom two example traces show the effect of tonic hyperpolarizing
current injection on plateau formation in the same IB neuron, with increasing failure to generate plateaus with increasing hyperpolarization.
(B) Examples of plateau behavior between two consecutive burst discharges. Note that the population discharges can fail or can succeed in
both generating a plateau and acting as a terminating stimulus: the top example shows a failure of burst discharges to generate a plateau;
the middle example shows a successful plateau termination terminated by the next burst; the bottom example also shows a successful
plateau generation but with a failure to reset membrane potential on the occurrence of the second burst discharge. (C) Example recording
of an L5 RS neuron, revealing intense spikelet discharges; the latter were correlated with bursts in the field (not shown). S.P. Hall and M.A.

Whittington, unpublished data.

is applied in the presence of putatively ‘normal’ synaptic
transmission (Figure 8, left), VFO occurs that is ‘messier’
(in the time-frequency plot); the ‘messy’ VFO is, however,
followed by an electrographic seizure. [A quite similar
‘glissando’ behavior has been observed in situ in epilepsy
patients (cf. Figure 3 in Grinenko et al., 2018).] The entire
pattern of Figure 8B is also reminiscent of the VFO —
seizure sequences illustrated for an FCD patient in Traub
et al. (2001). These data suggest, then, that the tissue con-
ditions favoring VFO, together with functioning excitatory
synapses, would also favor electrographic seizures.

Spontaneous VFO has been reported to occur in the
deep neocortex (0.8 mm depth) in the cat in vivo just
before and during an EEG spike that was the initial part
of a spontaneous seizure (Grenier et al., 2003, their Figure
2); the cat was anesthetized with ketamine/xylazine. The
brain pH during this in vivo experiment was not deter-
mined. These data do suggest, however, that the VFO
— seizure sequence may be a general (if not universal)
phenomenon.

VFO can occur in the superficial layers of the
human neocortex spontaneously, where it
is blocked by carbenoxolone (a gap junction
blocker)

It is possible that the VFO observed in clinical contexts, in
IS and focal seizure disorders, arises from the superficial
layers of the cortex, and not from deep layers, as in the
experimental model of Figure 7. Certainly, if VFO occurs
simultaneously with plateau potentials in L5 IB neurons,
then those latter neurons are unlikely to be the ones gen-
erating the VFO; of course, deep RS pyramidal neurons
might, in principle, be responsible.

Does superficial VFO ever occur in vitro? The fact
that spikelets occur in superficial pyramidal cells (Cun-
ningham et al., 2004; Roopun et al., 2010) suggests that
VFO might occur there as well. The superficial VFO in
vitro after an EEG spike in media including TMA (Figure
4B above) also implies that VFO can be generated in
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/

T Cortex

a:nRT
b: TCR
I c: layer 6 nontufted pyr. (RS)
Thalamus
....................................... d: deep interneurons (FS, LTS)
e: layer 5 tufted pyr. (IB, RS)
f: layer 4 spiny stellate
g: layer 2/3 pyr. (RS, FRB)

h: Superficial interneurons
(FS, LTS)

Figure 6: Schematic of cell types included in the computational
network model of neocortical column (the thalamic portion of the
model was not used for this paper).

From Traub et al. (2005).

superficial cortical layers. Furthermore, as Figure 9 shows
(from Figure 4 in Simon et al., 2014; scale bar, 1 mm), VFO
can occur spontaneously in the superficial layers of the

Experiment Model

Field

0.2mV,

Intracell. 40 mV

400 ms

DE GRUYTER

human neocortex, removed surgically from an epilepsy
patient — this without specific manipulation of the pH.
The VFO, in this case, was suppressed by the gap junction
blocker carbenoxolone, a drug that — like all gap junction
blockers — has some nonspecific side effects (Tovar et al.,
2009). In the experiments of Simon et al. (2014) on human
tissue, VFO was also observed in deep layers but not as
often as in superficial layers. Overall, the in vitro data of
Figure 9 can be seen as an ‘existence proof’ that VFO can
occur in superficial neocortical layers at least in certain
conditions.

What are the cellular mechanisms of
seizure-related VFO?

If altered brain pH is critical for the initiation of seizures,
that would be important in itself. The detailed cellular
mechanisms would still matter, however, as such details
might provide specific clues for treatment or prevention.
As we have argued previously (Traub et al., 2001; Traub
and Whittington, 2010), considerable experimental
data on VFO do suggest one particular cellular mecha-
nism: electrical coupling via gap junctions between the
axons of pyramidal neurons. As additional experimental
data on this subject have accrued since earlier reviews
(Traub et al., 2001, 2002), we here briefly summarize the
arguments for the gap junction mechanism, referring
also the reader to other more extensive accounts (Traub
and Whittington, 2010; Traub et al., 2018). The four main

50 mV

100 ms

Figure 7: VFO occurs in ensembles of L5 IB cells in alkaline conditions when chemical synapses are blocked.

Upper traces are field and intracellular recordings (L5IB). Here, VFO occurs in L5 of rat temporal neocortex with fast chemical synapses
blocked: AMPA, NMDA, and GABA, receptors were blocked with SYM2206, AP5, and gabazine, respectively. The bath contained kainate and
alkaline ACSF was pressure ejected onto the slice just before the trace begins. Scale bar, 0.2 mV (field), 40 mV, and 400 ms. Simulation

data are shown on the right: field potential of very fast network oscillation (top; spectral peak at 112 Hz) and simultaneous ‘intracellular
recording’ (bottom). Scale bar, 50 mV (cell), 100 ms. A mixture of full action potentials and spikelets occurs, as in the experiment. The model
consisted of 15 000 multicompartment IB pyramidal cells, with gap junctions between axons. A ramping bias current (=0.5 to 0.5 nA) was
applied to the illustrated cell to show that spikelets are more common at hyperpolarized somatic membrane potentials and full spikes at

depolarized membrane potentials. From Figure 1in Traub et al. (2010).
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Figure 8: Transient alkalinization in neocortex in vitro can evoke VFO followed by an electrographic seizure, with functioning chemical
synapses; with phasic chemical transmission blocked, only the VFO occurs (in this case, with steadily increasing frequency, a ‘glissando’).
(A) Rat frontal cortex maintained in normal ACSF. Transient alkalinization was induced by pressure ejection of 30-70 nl ACSF containing

200 mm NaOH (asterisk). This induced a gradual increase of fast spontaneous activity with an increasing peak frequency until the onset of
ictal event lasting >60 s. Scale bar, 1's, 2 mV. (B) Comparison of ‘glissando’ discharges evoked in normal conditions and conditions with

the main chemical synaptic components blocked (gabazine for GABA, receptors, CGP35348 for GABA, receptors, NBQX for AMPA receptors,
and R-CPP for NMDA receptors). The left trace is expanded from ‘A’ and the corresponding spectrogram shown below. The right trace shows
the response to the same alkalinizing ACSF pulse with the synaptic blockers as above. Scale bar, 0.1V, 100 ms. Note the absence of slower
frequencies as the glissando progresses during the blockade of chemical synapses and the failure to progress to full electrographic seizure.
From Figure 3 in Cunningham et al. (2012).

spikelets are blocked by carbenoxolone or intracel-
lular acidification; the spikelets result from partially

observations supporting the role of pyramidal cell gap
junctions in VFO are as follows:

1.

VFO occurs in vitro with chemical synapses blocked
with the suppression of the VFO by gap junction
blockers (Draguhn et al., 1998; see also examples
above). With chemical synapses blocked, interneu-
rons did not participate in VFO (Draguhn et al.,

blocked antidromic action potentials (Schmitz et al.,
2001). These observations can be explained if gap
junctions occur on axons.

Dye coupling has been demonstrated between the
axons of CA1 pyramidal neurons (Schmitz et al., 2001).

1998).

2. Pair recordings between pyramidal neurons, in the
hippocampus and neocortex, demonstrate powerful
electrical coupling, with spikes in one cell evoking
spikes in the other (Mercer et al., 2006; Wang et al.,
2010).

3. Stimulation in the stratum oriens of the hippocam-
pus in vitro evokes spikelets in pyramidal cells under
the conditions of chemical synaptic blockade; the

What might the constitutive gap junction protein be? It is
probably not connexin36 (Cx36), the most common neu-
ronal gap junction protein. There are several reasons to
consider. First, there is extremely low mRNA expression for
Cx36 in CA1 pyramidal neurons (Cembrowski et al., 2016).
Second, Cx36 gap junction channels close at alkaline pH
(Gonzélez-Nieto et al., 2008), whereas VFO is potentiated
by alkaline pH (as discussed above). Third, spontaneous
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Figure 9: VFO occurs spontaneously in the superficial layers of a human neocortical slice.

(A) Example of the spatial distribution of >200 Hz activity in a slice from the human neocortex stained for nonphosphorylated neurofilament.
Power at >200 Hz is represented as a colormap hard thresholded at 6 x10° dB. Scale bar, 1 mm. (B) Concurrently recorded local field
potentials (100-400 Hz, 0.5 s epochs) from superficial (red) and deep (black) electrodes showing a greater incidence of very fast activity in
superficial layers. Mean autocorrelations of activity in the superficial and deep layers (n=10, 0.5 s epochs each from n=3 slices) showing
greater incidence of fast ripple activity in superficial layers. Cross-correlations between superficial and deep layers (blue) revealed little
temporal interaction between the layers. Scale bar, 50 uV. (C) The graph shows data from n=3 slices from three patients, demonstrating
>200 Hz in control conditions (black line) and in the presence of the gap junction blocker carbenoxolone (0.2 mm). Then, >200 Hz frequency
events were almost completely abolished by the gap junction blocker carbenoxolone. From Figure 4 in Simon et al. (2014).

VFO (‘ripples’) appear normal in a Cx36 knockout mouse
in vivo (Buhl et al., 2003).

In contrast, a more likely candidate for the requisite
gap junction protein is connexin45 (Cx45). The associated
mRNA is found at high levels in CA1 pyramidal neurons
(Cembrowski et al., 2016), Cx45 gap junction channels
open in alkaline solutions (Palacios-Prado et al., 2010),
and alkaline solutions enhance dye coupling between

hippocampal pyramidal neurons (Church and Baimbridge,
1991; Perez-Velazquez et al., 1994). Such pH dependence
of the Cx45 gap junction conductance is in accord with the
facilitation of VFO by alkaline tissue conditions.

The mechanisms by which electrical coupling can
actually produce VFO have been considered previously
(Traub et al., 1999; Simon et al., 2014). One such mech-
anism is called ‘percolation’ in the field of statistical
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physics. Gap junctional coupling can lead to VFO, at
least in principle, when three conditions are satisfied.
First, each axon (on average) couples to more than one
other axon but not to too many axons; coupling to only
two other axons is sufficient. Second, the coupling is
strong enough that action potentials in one axon can
induce action potentials in coupled axons. Third, there
is a background of spontaneously occurring action
potentials (so-called ‘ectopic spikes’). A key concept is
that coupling can be extremely sparse (hence difficult to
find in paired intracellular recordings) yet still be able to
induce important physiological effects, provided that the
coupling is strong enough (Traub et al., 1999; Traub and
Whittington, 2010).

Synthesis I: IS case: Network simulation shows how
plateau potentials block delta, producing an ED;

VFO also occurs simultaneously if gap junctions in
superficial neocortical layers are opened (e.g. by alkaline
conditions)

Network simulations have proven useful in helping to
understand activities involving multiple neurons, espe-
cially when different neuronal types participate, with
many sorts of chemical synaptic and electrical interac-
tions (Traub et al., 2005). Models of this sort can make
specific predictions that motivate experiments. Extend-
ing the recent modeling concerned with in vitro delta
rhythms, spike-wave, and polyspikes (Carracedo et al.,
2013; Hall et al., 2015, 2018), we performed simulations
to examine the interlaminar network effects of plateaus
induced in model L5 IB pyramidal neurons. (The details
are in the cited papers and in Methods.) Examples of two
such simulations are shown in Figures 10 and 11.

In Figure 10, parameters are first set so as to gen-
erate delta waves, in a manner similar to that by Car-
racedo et al. (2013), with L5 IB cells generating bursts of
action potentials on each delta wave, whereas superfi-
cial (L2/3) RS cells produce synaptic potentials. Follow-
ing this, transient plateaus are induced in L5 IB cells by
manipulating GABA,, K*, and L-type Ca* conductances
(see Methods). These manipulations suppressed delta
as expected (see also Figure 4). At the same time as pla-
teaus were induced, the computer program increased
gap junction conductances between superficial pyrami-
dal neurons. This manipulation induced superficial VFO
(~230 Hz; see inset), which manifested itself at the cel-
lular level as intense action potential and spikelet gen-
eration. Because, in this case, the plateau generation
and gap junction changes were ‘transient’, the system

R.D. Traub et al.: EEG electrodecrement of infantile spasms =— 11

Superf.
field

Delta
e

i it \\'.\‘

Delta

L2/3 RS
100 ms
detail
|
LULLLMNL
20 mvV I
M‘f\_",
. J /!
g.J. open
Delta VFO Delta
Deep
field
L5 1B
Plateau
-
—
500 ms / \

Plateau parameters
develop

Figure 10: Simulation of IS-like EEG: delta — EEG flattening with
VFO — delta.

The network model contained L5 IB pyramidal cells, tufted and
nontufted deep RS pyramidal cells, superficial RS pyramidal

cells, spiny stellate cells, and a variety of deep and superficial
interneurons (see Methods). Background activity consisted of
delta generated by L5 IB neurons and recurrent GABA, receptor-
mediated synaptic currents, as in Hall et al., 2018. In the middle

of the simulation, plateaus were induced in L5 IB neurons by
suppressing K* currents (including GABA, mediated) and enhancing
the conductance of L-type Ca? channels: the plateaus led to the
suppression of delta as expected. Simultaneous with the plateau,
gap junction conductances were enhanced between superficial
pyramidal neurons, leading to superficial VFO. R.D. Traub, S.P. Hall,
and M.A. Whittington, unpublished data.

reverted afterward back to delta. Thus, the overall quali-
tative behavior resembles what might occur with an ED
response in hypsarrhythmia/IS, if we assume that patient
hypsarrhythmia has similar cellular mechanisms to our in
vitro delta model.

The critical notion here is that the plateau-gener-
ating factors (here, alterations in GABA,, K*, and L-type
Ca? conductances) and the gap junction opening factors
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Figure 11: Simulation of in vitro behavior resembling focal seizure
initiation in FCD or TS: delta — EEG flattening with delta —
electrographic seizure.

The simulation of Figure 9 was repeated, but in this case (A) once
superficial gap junctions were opened, they stayed opened and
(B) disinhibition was introduced in superficial layers. VFO occurs
as before but is transient and evolves into seizure activity that

is primarily superficial. R.D. Traub, S.P. Hall, M.A. Whittington,
unpublished data.

should be ‘temporally correlated’. That notion, if valid,
then focuses attention on those tissue properties that
could both help induce a plateau and also simultaneously
increase gap junction conductances. As we discuss further
on, alkalinizing pH is one such factor.

Synthesis Il: Focal seizure case: Simulation (Figure
11) shows how, in a case similar to Synthesis |, if gap
junctions remain open and disinhibition develops

in superficial layers, then the ED transforms into
electrographic seizure

The simulation illustrated in Figure 11 was the same as for
Figure 10, except that once superficial layer gap junction
conductances were increased, they stayed increased; (as
shown by the horizontal arrow) in the middle of the VFO
segment, disinhibition was introduced in superficial cor-
tical layers [i.e. GABA , receptors were blocked; note that

DE GRUYTER

in the biological neocortex, superficial GABAergic inhibi-
tion is regulated by VIP interneurons (Hall et al., 2015)]. In
Figure 11 - in contrast to Synthesis I — the VFO is followed
by rhythmic, seizure-like bursts in superficial pyrami-
dal neurons (see inset), whereas delta in deep layers is
partially disrupted. It will be important to determine
experimentally how different neocortical pyramidal cell
types behave during electrographic seizures — particu-
larly whether some cell types are more prone to rhythmic
bursts than other types. It is also of interest to note how
much the behavior of simulated bursting neurons, as seen
in the inset of Figure 11, resembles neuronal activities
recorded during the putatively normal in vivo slow oscil-
lation: an oscillation that is robust during ketamine/xyla-
zine anesthesia in the cat (cf. Figure 7 in Steriade et al.,
1993; Amzica and Steriade, 1995). That similarity implies
that cortical neurons in vivo are capable of behaving as do
the neurons in this simulation, but it remains to be proven
that biological neurons so behave because of the same
factors as are at work in the simulation.

Again in Figure 11, as in Figure 10, a main point to
emphasize is the necessity of temporal correlations in
those system parameters that are responsible for VFO and
electrographic seizure activities together. Next, we shall
consider some of the many observed cortical phenomena
that might contribute to plateau generation, VFO, and
electrographic seizures.

Evidence supporting proposed
model, and additional tests

A number of physiological variables are important in
determining the existence of an ED, a VFO, and a possi-
ble electrographic seizure; furthermore, these variables
interact in complex ways, most of which are incompletely
understood. Figure 12 summarizes some of the known
interactions: here, we use data from the literature and
from our own work. The most important (in our view) of
the biological variables are the conductances of calcium
channels, potassium channels, gap junction channels,
and GABA-gated channels. To provide a ‘key’ to the figure,
we use letters to refer to particular labeled interactions in

Figure 12. A brief explanation of each interaction is pro-

vided below:

a. Alkaline pH enhances calcium conductances
(Tombaugh and Somjen, 1996, 1997; Church et al.,
1998).

b. Alkaline pH also opens at least some gap junc-
tion channels (e.g. Cx45). Cx45 mRNA is found in
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Figure 12: Some of the system interactions that could contribute
to the generation of plateau potentials, VFO, and electrographic
seizures.

For details, see text.

hippocampal pyramidal cells (Cembrowski et al.,
2016), and Cx45 gap junction channels open at alka-
line pH [Palacios-Prado et al., 2010; unlike Cx36
(Gonzalez-Nieto et al., 2008)]. Alkaline pH increases
dye coupling (putatively reflecting gap junction cou-
pling) between hippocampal neurons (Church and
Baimbridge, 1991; Perez-Velazquez et al., 1994). Alka-
line pH also potentiates VFO and can lead to elec-
trographic seizure activity (Traub et al., 2001, 2010).
Interestingly, there is evidence that younger human
pyramidal neurons have a more alkaline internal pH
than do older neurons (Bonnet et al., 2018); this may
be relevant to the occurrence of spasms in younger
children. Correspondingly, at least in the mouse ret-
ina, Cx45 is widely distributed in early postnatal days
but later becomes more restricted in its distribution
(Kihara et al., 2006).

c. TMA, either through pH effects and/or direct actions
on channels, blocks K+ channels (Im and Quandt,
1992).

d. High pH artificial cerebrospinal fluid (ACSF) in vitro
impairs the synaptic excitation of GABAergic neurons
and also their spike initiation (Sun et al., 2012), thus
producing relative disinhibition.

e. Glutamate itself can also induce a plateau if applied to
apical dendrites (Schwindt and Crill, 1999). Glutamate
effects are likely to be increased in alkaline conditions
due to enhanced NMDA receptor responses (Makani
and Chesler, 2007; not shown in Figure 12).

R.D. Traub et al.: EEG electrodecrement of infantile spasms = 13

f. Excessive glutamate release blocks K channels
(Mohapatra et al., 2009). [Sufficiently many brief depo-
larizations likewise lead to the cumulative inactivation
of Kv2.1 channels, a subtype of K* channels (Klemic
etal., 1998).]

g. Excessive glutamate can lead to the disaggregation of
GABA, receptors (Bannai et al., 2015).

h. Failure of GABA, signaling is also expected to
enhance Ca?* currents, especially in apical dendrites
(i.e. in superficial neocortical layers; Chalifoux and
Carter, 2011; Pérez-Garci et al., 2013; Higley, 2014;
Degro et al., 2015), and also to reduce selected K* cur-
rents [Gerber and Gahwiler, 1994; Ling and Benardo,
1994; not only GIRK channels but also TEA-sensitive
K* channels (Reis and Duarte, 2006)]. However, it is
not clear how such failure might be coupled to pH
changes. In contrast, glutamate (via mGluR-1 recep-
tors) blocks one downstream target of GABA | recep-
tors: GIRK channels (Sohn et al., 2007).

i. GABA release can elevate pH at least transiently
(Pavlov et al., 2013; Ruusuvuori and Kaila, 2014). [The
activity of pyramidal neurons also can elevate pH
(Makani and Chesler, 2010).]

There are additional physiological factors that are also
of likely relevance. First, excessive GABA release alters
Cl- reversal potential and can lead to partially effective
disinhibition (Pavlov et al., 2013). Second, it is possible
that alkalinization increases glutamate release because
of the presence of L-type calcium channels in presyn-
aptic terminals (Tippens et al., 2008); this effect would
contribute to a plateau (Schwindt and Crill, 1999). Con-
versely, glutamate has itself been reported to induce an
alkaline transient in vitro (Paalasmaa et al., 1994). Third,
alkalinization in epileptic human brain has been shown
by magnetic resonance spectroscopy, although its source
and properties are not known (Laxer et al., 1992). Fourth,
during a plateau potential in L5 IB cells, it possible that
the cells’ presynaptic terminals continue to release gluta-
mate at least until transmitter depletion occurs — assum-
ing that the axons continue to fire action potentials even
when their somata are in depolarization block. [There is
some experimental evidence that axons would behave in
this way (Williams and Stuart, 1999).] Finally, in other
types of neurons, e.g. subthalamic neurons (Kass and
Mintz, 2006) and motor neurons (Kiehn, 1991), plateau
potentials may be a normal phenomenon; as far as we
are aware, it is not known if plateau potentials occur
normally in L5 IB neurons. Nevertheless, the occurrence of
plateau potentials has been reported in rat hippocampal
pyramidal cells in vitro in the presence of submicromolar
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concentrations of corticotropin-releasing hormone (CRH;
see Figure 3 in Hollrigel et al., 1998). This observation
is of interest in the present context, given that ACTH is
used to treat IS (Riikonen, 2014) and given that systemic
administration of ACTH would be expected to reduce
brain CRH concentrations. It is not known, however, if the
mechanism of plateau generation in the hippocampus is
the same as, or similar to, the mechanism in neocortical
pyramidal cells.

In summary, there are a number of interacting physio-
logical variables that might contribute, in patients to ED
responses, VFO, and seizure initiation. The first problem
is to determine which of these variables are important.
Based on extensive data discussed above, it is our opinion
that one of the critical variables will turn out to be brain
pH. If this is the case, then the next problem is what exper-
imental measurements can be obtained to test the idea.

Brain tissue pH can be measured in vivo with MRI
in mice (McVicar et al., 2014) and in humans (Magnotta
et al., 2012). There remains, however, a need to develop
an invasive pH device that can be combined with ECoG, so
that one can determine if brain pH changes are temporally
correlated with (if not directly causal to) ED responses,
VFO, and seizure initiation.

Another avenue to be explored concerns genetic vari-
ations in familial epilepsies, which might operate through
the mechanisms we have discussed. For example, one
might consider variants of the Cx45 gene; however, ‘there
is, as yet, no genetic evidence implicating variants in
Cx45 in epilepsies through family studies or genome-wide
association studies of singletons’ (Sam Berkovic, personal
communication). Nevertheless, it remains possible that
Cx45 gap junction channels, as determined by normal
genes, have their physiological properties modified by
pathological tissue conditions — conditions that them-
selves are influenced by other genetic variants.

Suppose ED, VFO, and seizures really are precipitated
by tissue alkalinization. Does this necessarily mean that
alkalosis acts through effects on gap junction conduct-
ances or could it be through nonspecific increases in
neuronal excitability? Does it matter? If preventing tissue
alkalosis were to prevent seizures, that would of course
be meaningful in terms of possible therapies. Even then,
however, it would still be important to understand the
mechanistic details, especially given the complexities
of brain pH regulation (Obara et al., 2008; Ruffin et al.,
2014; Ruusuvuori and Kaila, 2014). For example, gap junc-
tion conductances might be affected by smaller pH fluc-
tuations than are the kinetics of voltage- or ligand-gated
membrane channels. This question is experimentally
addressable and could have practical consequences.

DE GRUYTER

Review of our three basic hypotheses

Summarizing some the data that reflect on our starting
hypotheses, we have the following conclusions:

Hypothesis 1: The neocortical ED occurs because L5 IB pyrami-
dal neurons develop sustained depolarizing plateaus, which
suppress delta and flatten the EEG. We have provided evidence
above that plateaus in L5 IB pyramidal neurons would account
for the disruption of delta (because delta is generated by this
very cell type). It is interesting also that there is impaired glu-
tamate transport in a mouse TS epilepsy model, an abnormal-
ity that could contribute to plateaus in L5 IB neurons (Schwindt
and Crill, 1999). It would also be useful to know if depolarizing
plateaus could suppress other cortical rhythms besides delta,
but so far data are lacking on this issue.

Hypothesis 2: Tissue conditions (including alkaline pH and glu-
tamate release), which favor the ED, also favor VFO generated
by superficial pyramidal neurons. The strong effect of alkaline
pH, on eliciting VFO, has been shown specifically for neocortex
L5 (Traub et al., 2010; see Figure 7). There is also evidence that a
combination of glutamate release and alkalinization (from TMA)
combine to produce VFO followed by an electrographic seizure
in the hippocampus (Figures 8 and 9 in Traub et al., 2001); note
that the tetanic stimulus used in that study has been shown to
produce large slow metabotropic glutamate excitatory postsyn-
aptic potentials (EPSPs) and must therefore involve glutamate
release (Whittington et al., 1997). Glutamate release could then
act as shown by Schwindt and Crill (1999).

Hypothesis 3: If, during the ED, VFO persists and sufficient
superficial disinhibition develops, an electrographic seizure will
occur. In the clinical situation, there is a correlation between
persistent VFO and seizure occurrence, but it is not presently
possible to determine directly the status of synaptic inhibition
in a patient’s brain. Indirect methods based on the observation
of firing rates are not sufficient. This is an issue that may need
to be pursued in animal models.

Spatiotemporal patterns of epileptiform activity, with
varying inhibitory strengths, have been studied previ-
ously, at times with intracellular recordings, both in vivo
(Prince and Wilder, 1967; Dichter and Spencer, 1969; Bink
et al., 2018) and in vitro (Miles and Wong, 1987); often,
pharmacological disinhibition is used. The situation we
are proposing based on specifically superficial disin-
hibition (Hall et al., 2015, 2018) is, however, somewhat
distinct.

Clinical significance: Part 1: carbonic
anhydrase inhibiting anticonvulsant drugs

A major theme of this review has been the possible role of
alkaline brain pH in facilitating both neuronal plateaus
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and also VFO. If correct, this would be clinically important,
because a number of anticonvulsant drugs exhibit car-
bonic anhydrase inhibiting activity, for example, acetazola-
mide, topiramate, and zonisamide (Aggarwal et al., 2013),
although the actions on carbonic anhydrase may or may not
be relevant to the antiepileptic effects. Drugs of this type
would be expected to acidify the brain; it would be helpful
to have experiments showing this directly. Experiments that
examine the actions of carbonic anhydrase inhibitors on
VFO in vitro would also be useful, especially experiments
employing different VFO induction protocols. Brain acidifi-
cation might also be an important mechanism in the actions
of the ketogenic diet, although, to the best of our knowl-
edge, this remains to be proven. [In contrast to actions on
pH, vigabatrin, an inhibitor of GABA transaminase (Petroff
and Rothman, 1998) that can be effective against IS (Song
et al., 2017), probably acts differently: it enhances the coac-
tivation of both GABA, and GABA, receptors via synapti-
cally released GABA (Costa et al., 2004), and the actions on
GABA,, receptors would be expected to diminish the chances
of pyramidal cell plateaus and the ED response.]

To pursue these ideas, we see a pressing need for a
technology that would safely allow the measurement of
intracranial EEG and brain pH simultaneously. If such a
technology is feasible, then the resulting measurements
could prove or disprove the notion that brain alkaliniza-
tion actually does contribute to ED responses, VFO, and
seizure initiation.

Additionally, work is in progress to develop means of
delivering drugs through the blood-brain barrier and then
specifically to (for example) neurons or astrocytes directly
(Zhang et al., 2016; Madhusudanan et al., 2017). If further
studies support the pH mechanisms we propose, then it
may eventually be possible to deliver carbonic anhydrase
inhibitors to neurons and/or astrocytes directly, thus
avoiding side effects of the systemically administered
drugs, for example, urolithiasis (Hamed, 2017).

Clinical significance: Part 2: other
neurological conditions with EEG flattening

If it is indeed true that plateaus in L5 IB pyramidal neurons
account for EDs in IS and focal seizure initiation, then it
may be the case that plateaus in L5 neurons also account
for (relative) EEG flattenings in diverse other conditions.
Important examples include the periodic or quasiperiodic
cortical electrical signals often recorded in herpes simplex
encephalitis (Smith et al., 1975), subacute sclerosing panen-
cephalitis (Westmoreland et al., 1976), and Creutzfeldt-
Jakob disease (Chiofalo et al., 1980). Additionally, one
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should consider burst suppression EEGs and prolonged
electrical silence as can be seen in Ohtahara syndrome
(Clarke et al., 1987; Backx et al., 2009), deep general anes-
thesia (Lewis et al., 2013), or hypothermia (Hicks and Poole,
1981). It is especially interesting that burst suppression can
also be associated with VFO, a finding compatible with the
notion that hypsarrhythmia and burst suppression may
lie on a spectrum of brain network behaviors; that notion
is supported by the observation that hypsarrhythmia and
burst suppression can occur in the same patient (Kramer
et al., 1997; Korff et al., 2012). Some of the aforementioned
conditions, such as general anesthesia, should be experi-
mentally addressable with animal models. Notably, based
on cat models of burst suppression, Steriade et al. (1994)
and Kroeger et al. (2013) have emphasized the hyperexcit-
ability present in this state.

Given that plateau potentials in pyramidal neurons are
driven at least in part by enhanced calcium conductances,
this raises the concern that plateau potentials (especially
sustained ones) might lead to the death of L5 IB neurons
because of excessive Ca** entry (Siesjo, 1989). We raise the
possibility that this mechanism could contribute to the mor-
bidity and mortality sometimes associated with conditions
in which EEG EDs or EEG periodicities occur. If evidence
supports this notion, it suggests that Ca* channel blockers
might be of prophylactic benefit in such conditions.
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Appendix: Methods

Clinical intracranial SEEG recordings

Intracranial EEG data recorded here were routine clini-
cal recordings performed as part of the comprehensive
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pediatric epilepsy surgery program at Great Ormond
Street Hospital (London, UK) and were conducted entirely
based on clinical need. SEEG was recorded via depth elec-
trodes placed in the brain parenchyma through burr holes
placed to record electrical activity from the epileptogenic
network during telemetry in hospital stay. Recordings
were performed at sampling frequencies of 1 kHz and dis-
played in bipolar reference for visualization purposes. The
use of anonymized SEEG data for research purposes was
reviewed and approved by the UK National Health Regula-
tory Authority and the local hospital research and devel-
opment office.

In vitro methods

Coronal slices (450 pum thick) containing secondary
somatosensory/parietal area S2/Par2 were prepared
from adult male Wistar rats (~150 g) and maintained at
34°C at the interface between humidified 95% 0,/5%
CO, and ACSF containing 126 mm NaCl, 3 mm KCl,
1.25 mm NaH,PO,, 1 mm MgSO,, 1.2 mm CaCl,, 24 mMm
NaHCO, and 10 mM glucose. All surgical procedures
were in accordance with the regulations of the UK
Animals (Scientific Procedures) Act of 1986. Persis-
tent, spontaneous delta rhythms were induced by
perfusion of the cholinergic agonist carbachol (2 um)
and the D1 dopamine receptor antagonist SCH23390
(10 um) according to the methods of Carracedo et al.
(2013). Delta-based epileptiform activity was gener-
ated by bath application of TMA (1 mM) to alkalin-
ize neuronal cytosol and dTC (10 um) to selectively
reduce superficial layer inhibition (Hall et al., 2015).
Extracellular field potential recordings were taken
with micropipettes (2-5 MQ) filled with ACSF. Intra-
cellular recordings used pipettes with 2 M potassium
acetate (50-100 MQ). Extracellular data were band-
pass filtered at 0.1 Hz to 0.5 kHz, with intracellular DC
recordings low-passed filtered at 2.5 kHz.

Model structure

The simulation program used was called plateauVFO.f,
written in Fortran to run on 10 processors in the mpi par-
allel environment, Linux operating system. The proces-
sors resided in a Power8 chip in the Cognitive Computing
Cluster at the IBM Thomas J. Watson Research Center. The
structure of the program was similar to that of spikewaveS.f
used by Hall et al. (2018), with these modifications:
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1. Deep-layer low-threshold spiking (LTS) interneurons
were removed; instead, there were VIP interneurons
(see Hall et al., 2018), which produce GABA, receptor-
mediated inhibitory postsynaptic potentials (IPSPs)
in various interneuron types, and small GABA, and
GABA, receptor-mediated IPSPs in pyramidal cell
dendrites in the superficial cortical layers.

2. The numbers of neurons of different types were
adjusted so that the program would run on 10 pro-
cessors for computational efficiency. The neurons
are superficial interneurons (100 basket, 100 axoax-
onic, 100 LTS, 100 VIP, and 100 neurogliaform), deep
interneurons (200 basket, 100 axoaxonic, and 200
neurogliaform), spiny stellate (500), nontufted deep
pyramids (500), RS tufted deep pyramids (500), IB
deep pyramids (500), and superficial RS pyramids
(1000). As before, neurogliaform interneurons pro-
duce GABA, and GABA, receptor-mediated IPSPs.

3. The code was added to allow for time-dependent
alterations in membrane conductance densities
(intrinsic and/or synaptic) of IB pyramidal cells; this
was done to explore the conditions that result in pla-
teau potentials. For the details of the alterations used
here, see Figures 10 and 11.

The source code can be obtained from rtraub@us.ibm.
com (and will be deposited in ModelDB.
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