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Abstract

Several shortcomings with currently available pharmacotherapy of epilepsy necessitate the search 

for new drug targets. Paroxysmal depolarization shifts (PDS) represent the cellular correlates of 

electrographic (e.g. interictal) spikes. While the ionic basis of PDS is understood in great detail, 

controversy exists regarding their proposed implication in epilepsy. To address this issue and to 

consider potential targetability, this mini-review gives an overview of the ionic conductances 

contributing to PDS and reflects on the hypotheses of their potential pro-epileptic (epileptogenic) 

and anti-epileptic roles.
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1 Introduction

Epilepsy is an umbrella term for a variety of syndromes whose unifying feature is the 

unpredictable recurrence of synchronous abnormal discharge activities in central neurons, 

which are known as seizures. While seizures can be successfully controlled in the majority 

of epilepsy patients with anti-epileptic drugs (AEDs), there are several shortcomings with 

currently available therapy (Schmidt and Schachter, 2014). First, seizures remain resistant to 

AEDs in about one third of the patients. Secondly, AEDs do not provide a cure of the 

epileptic brain condition and seizures often recur after drug discontinuation. Finally, since a 

significant proportion of epileptic seizures is not due to genetic abnormalities but results 

from brain insults such as stroke or trauma, people at risk can be identified. However, to date 

no drug is available for their prophylactic treatment. Hence, there is an unmet need for basic 

research, in particular in the field of epileptogenesis. As will be explained below, an 

electrographic spike termed “interictal”, because of its initial description in seizure-free 

periods of epilepsy patients, has come into the limelight of the investigations (Staley et al., 

2005). However, the interictal spike represents only an EEG phenomenon, and its potential 
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role in epilepsy must be considered in terms of its neuronal correlate, the paroxysmal 

depolarization shift (PDS).

2 What is a paroxysmal depolarization shift (PDS)?

Paroxysmal depolarization shifts (PDS) were originally identified in the 1960ties in cat 

cortex as spontaneously occurring abnormal electrical discharges upon application of 

penicillin (Matsumoto and Ajmone Marsan, 1964; Prince, 1968) (Fig. 1A). Notably, they 

were not evoked by electrical stimulation via the intracellular recording electrode under the 

same conditions (Prince, 1968). The PDS was described as a positive shift of membrane 

voltage “up to 30 mV or occasionally more” with “durations from 40 up to 400 ms or more”, 

during which “spike generation would progressively decrease in amplitude until only small 

oscillations remained riding on top of the PDS” (Matsumoto and Ajmone Marsan, 1964). 

Because penicillin is now known to act as an inhibitor of GABAA receptors at the high doses 

that were used in these early studies (Antoniadis et al., 1980), the induction of PDS can be 

ascribed to inhibition of fast GABAergic inhibition (“disinhibition”). In support of this idea, 

PDS similar to those evoked by penicillin were later recorded upon application of GABAA 

receptor antagonists, i.e. picrotoxin, pentylenetetrazol and bicuculline (Hablitz, 1984; 

Bingmann et al., 1988; Straub et al., 1990; Schiller, 2002) (Fig. 1B). Since then, the term 

PDS has been applied to a various different abnormal discharge patterns including epileptic 

bursts, segments of seizure-like activity and post-ictal discharges (Silva-Barrat et al., 2001; 

Sun et al., 2001; Langlois et al., 2010; Dreier et al., 2011). Moreover, PDS-like events were 

also identified in hippocampal neurons of two epileptic rat models, either together with ictal 

discharges or prior to the occurrence of the first spontaneous seizures (Momiyama et al., 

1995; Hanaya et al., 2002).

However, in this mini-review we will mainly deal with PDS as originally identified in the 

work by Matsumoto and Ajmone Marsan (1964) and Prince (1968), in which the occurrence 

of PDS was indeed shown to be accompanied by individual electrographic events of similar 

duration (e.g. “interictal spikes”, IIS). PDS-like events that were seen during certain types of 

seizures are only briefly mentioned, because the ictal occurrence may come with substantial 

changes in the ionic basis of these events (e.g. inactivation of contributing ion channels, see 

chapter 3), thereby potentially also altering their pathophysiological role.

3 Mechanisms of PDS formation and ion conductances underlying PDS

In addition to GABAA receptor inhibition, PDS were evoked either by modulation of 

synaptic transmission (e.g. “relief from kynurenate + high Mg2+ model” (Segal, 1990) or by 

modulation of intrinsic neuronal properties such as calcium homeostasis (caffeine model, 

Moraidis et al., 1991). Both mechanisms are likely interdependent, as the enhanced intrinsic 

conductances may only be evoked by synaptic input, whereas enhanced synaptic input may 

activate abnormal levels of per se unaltered voltage-dependent conductances. PDS are 

usually studied in neuronal networks, however PDS could also be elicited in microcultures 

containing only one autaptic excitatory hippocampal neuron (Segal, 1991). In our own work, 

we found that L-type voltage-gated calcium channel (LTCC)-mediated Ca2+ influx, 

evidently a single-cell property, is crucial for PDS formation (Rubi et al., 2013). Earlier 
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work by Speckmann et al. (1990) had shown that PDS elicited in-vivo in the rat motor cortex 

were abolished by intracellular application of the verapamil (an LTCC-antagonist)-derivative 

D890, and promoted by application of the LTCC potentiator Bay K8644. Under 

neuropathological conditions, reactive oxygen species may act to abnormally enhance LTCC 

activity (Akaishi et al., 2004). Potentiated LTCCs, and in particular the Cav1.3 isoform, are 

required for PDS formation and for its distinct voltage trajectory as was confirmed recently 

in our lab using genetically modified mice (Stiglbauer et al., 2017). This study also provided 

evidence arguing against a repeatedly proposed, but never experimentally proven, 

contribution of Ca2+-dependent nonspecific cation (CAN) channels. In addition to Ca2+ 

influx carried by LTCCs, there is also evidence that N-methyl-D-aspartate (NMDA)-receptor 

mediated cation current contributes to PDS (see for example Hwa and Avoli, 1991). 

However, it is difficult to determine the relative contribution of NMDA- and LTCC-mediated 

currents, since functional interplay was demonstrated between these two channel classes in 

neurons, e.g. NMDA receptors providing a critical excitatory component that may ultimately 

activate LTCCs (Fossat et al., 2007).

In brief, the following picture can be drawn regarding the ionic basis of PDS discharge and 

its formation (illustrated in Fig. 1C): the PDS emerges from a network-driven giant EPSP 

mediated by an a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-

mediated fast EPSP (arrows in phase 1, Fig.1B). Its depolarizing plateau is mediated by 

NMDA receptor channel current and current through LTCCs, in particular Cav1.3 channels 

(phase 2) The action potentials are due to the activation of voltage-gated sodium channels, 

and the amplitude decline and/or firing cessation is likely due to progressive inactivation of 

these channels during the continuous depolarization. Of note, when PDS occur in quick 

succession (Fig. 1B, middle trace), then the depolarizing plateau is transiently reduced 

(marked by the closed and the open arrowhead), indicating that the channels contributing to 

the depolarized plateau are also inactivated or desensitized. The termination of PDS may 

involve different contributions, depending on the expression pattern of various ion channels 

in the particular type of neuron, for example Ca2+-dependent (e.g. apamin sensitive-) K+ 

channels, ionotropic GABAA receptors as well as metabotropic GABAB receptor-regulated 

channels (Witte, 2000). Persistent sodium current (INa,p) and T-type voltage-gated calcium 

channels (TTCCs, Cav3.* family), two conductances that were shown to contribute to 

epileptic burst discharges (Chen et al., 2011), do not seem to represent essential components 

of PDS. Our work using riluzole at low micromolar concentrations, which are known to 

block INa,p, provided evidence that INa,p is not involved in PDS of hippocampal neurons, 

although it may play a role – together with current via CAN channels (Schiller, 2004) in 

triggering runs of PDS and melting of PDS into ictal-like discharges (Stiglbauer et al., 2017) 

(Fig. 1B, C, phase 4). Moreover, our observation that PDS could also be induced in less 

polarized hippocampal neurons (e.g. Vm of about -55 to 50 mV) argues against the 

involvement of TTCCs in PDS. This observation has also been made by others, e.g. in intact 

brain (de Curtis et al., 1999). Hence, it is highly unlikely that TTCCs, which should be 

largely inactivated at this potential, can play a significant role in PDS.
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4 Role of PDS in epilepsy and epileptogenesis

The PDS can occur both as an individual event as well as in clusters of quick succession 

(Matsumoto and Ajmone Marsan, 1964; Prince, 1968; Hablitz, 1984; Schiller, 2002; 

Schiller, 2004). This is similar to interictal spikes, for which sporadic occurrence or the 

occurrence in brief paroxysmal bursts has been shown in animal models of epilepsy (Zhou et 

al., 2007). Because of their correlation with epilepsy, interictal spikes have long been used 

diagnostically, but there are fundamental controversies regarding their actual implication for 

epileptogenesis and/or epilepsy (Staley et al., 2005), ranging from being asymptomatic and 

representing simply a byproduct of the epileptic condition, to pro-epileptic (i.e. 

epileptogenic) and anti-epileptic roles. In the following we will mainly discuss the latter two 

possibilities in close consideration of the widely accepted view that PDS represent the 

cellular counterpart of electrographic “interictal” spikes (IIS) (Staley et al., 2005). The 

proposed close relation between IIS and PDS will be accounted for by using the term “IIS/

PDS”, unless information given refers only to the extracellularly detected events (IIS) or 

events that were recorded solely with intracellular methods (PDS).

4.1 Pro-epileptic role of IIS/PDS

The hypothesis of a pro-epileptic role of IIS/PDS was first formulated in 2005 by Staley and 

co-workers (Staley et al, 2005) and - in an updated version - can be based on two 

considerations regarding IIS/PDS: first, in both the post-status epilepticus (post-SE) model 

of acquired epilepsy as well as in the kindling model, spontaneous unprovoked seizures 

occur only after a latent period, but IIS can be seen already in this physically “silent” phase, 

e.g. as early as day one after the insult in post-SE models (Staley et al., 2005). IIS were also 

found to precede the first seizures in humans who acquired epilepsy as a result of war-

related brain insults (Staley et al., 2005). Secondly, PDS strongly resemble giant 

depolarizing potentials (GDPs), similarly pronounced depolarizing events that occur in the 

first postnatal days in rat pups, and which are thought to control neuronal development (Ben-

Ari et al., 1989). Like GDPs, PDS occur synchronously in a large collective of neurons. And 

like GDPs (Mohajerani et al., 2007), PDS also involve Ca2+-influx through LTCCs, which 

are known to feature prominently in excitation-transcription coupling (Fig. 2). Hence, it can 

be envisaged that PDS recapitulate developmental processes in fully matured neuronal 

circuits that should remain restricted to newly forming neuronal assemblies (Rubi et al., 

2013).

In this manner, PDS may promote morphological as well as functional (synaptic plasticity) 

changes. LTCCs, which play a crucial role in mediating the depolarizing wave of PDS, were 

suggested to play a privileged role in coupling neuronal membrane depolarization to nuclear 

transcription (Rubi et al., 2013; Stiglbauer et al., 2017). Moreover, mitochondrial production 

of reactive oxygen species (ROS), which is augmented during the latent period of 

epileptogenesis, was shown to boost the activity of the LTCC-regulated gene transcription 

factor CREB (cAMP-responsive element binding protein) (Hongpaisan et al., 2003). Hence, 

PDS may not simply represent a by-product of a developing epileptic condition in the brain, 

but may actually play a key role in the epileptogenic processes. Epileptogenesis, according 

to this hypothesis, may involve a resumption of neuronal maturation in an already matured 
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neuronal environment, which may eventually lead to the formation of hyperexcitable circuits 

(Fig. 2). Accordingly, attempts should be made to abolish IIS/PDS in order to prevent the 

development of epileptic seizures.

4.2 Anti-ictal role of IIS/PDS

However, to date there is no general agreement in the field that PDS should be eliminated. 

Importantly, in epileptic networks displaying both interictal and ictal electrical activities, the 

occurrence of IIS has been observed by some authors to stand in inverse relation with the 

likeliness of seizures, e.g. IIS frequencies remain unaltered or decrease prior to the 

appearance of seizures and high frequencies were seen after the seizures (de Curtis and 

Avanzini, 2001). Moreover, action potential firing and seizures were found to be inhibited 

following interictal spikes (Zhou et al., 2007; Yan et al., 2008). Hence, it was reasoned that 

IIS/PDS cause a transient refractoriness of the epileptic network and should therefore not be 

opposed in antiepileptic therapy (de Curtis and Avanzini, 2001). This issue has been heavily 

debated for quite some time. However, the potential anti-ictal activity may represent a more 

direct effect of PDS on neuronal discharge activity (electrical refractoriness) and may 

precede the more long-lasting pro-epileptic effects discussed above (4.1.). The controversy 

regarding pro-epileptic and anti-ictal effects of PDS can thus partly be attributed to different 

time scales that had been considered.

5 Future research prospect

More experimental work on PDS is obviously needed to reach a conclusion regarding the 

predominating pro-epileptic or anti-ictal role. In particular, the potential morphological or 

functional remodeling effects of PDS that can be envisaged to occur from circumstantial 

evidence must be directly tested, e.g. in work on primary cell culture or organotypic culture 

systems. Importantly, the PDS-induced changes need to be thoroughly investigated regarding 

their role in epileptogenesis. Additionally, the signaling pathways that may mediate these 

effects need to be clarified in molecular detail to identify suitable targets for therapeutic 

modulation.
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Key facts

• The paroxysmal depolarization shift (PDS) represents the cellular correlate of 

an interictal spike, which is the electrographic brain surface signal arising 

from the synchronous occurrence of PDS in many neurons.

• Glutamate receptor-mediated currents and currents via L-type voltage gated 

Ca2+ channels are essential contributors to PDS formation.

• In the long term, PDS were suggested to have a pro-epileptic (epileptogenic) 

role, which may involve excitation-dependent gene transcription and resulting 

morphological and functional changes.

• In the short term, PDS were suggested to have an anti-ictal role, which may 

involve transient electrical refractoriness of neuronal networks.
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Fig. 1. First identification, typical appearance and ionic basis of paroxysmal depolarization 
shifts.
A) Matsumoto and Ajmone Marsan (1964) performed simultaneous intracellular (ICR) and 

extracellular surface recordings (ESR) from cat cortex, on which epileptic foci were 

generated by topical application of penicillin. Both ictal and interictal manifestations were 

observed. The illustration shows the situation for interictal manifestations. The extracellular 

surface electrode (ESR) within the penicillin focus picked up electrographic spikes (an 

example is shown to the right of ESR electrode 2) at the same time as PDS were detected in 
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subjacent neurons (this is exemplified for a recording with ICR1 in panel B, left trace). 

Hence, it was concluded that PDS represent the (single-unit) cellular correlate of 

electrographic (“interictal”) spikes, which result from the synchronous occurrence of PDS in 

many neurons of the epileptic focus. PDS are distinctly different from normal action 

potentials (APs) that can be monitored in untreated cortex areas (e.g. with ICR2, see the 

right trace in panel B). B The exemplary traces highlight the differences between PDS and 

APs and show that PDS can occur in clusters (middle trace). The circled numbers refer to 

the schemes in C, which illustrate the ionic currents (I) that contribute to individual PDS 

formation (1-3), and to the slow depolarizing wave enabling PDS clusters (4).
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Fig. 2. Putative epileptogenic implication of PDS.
Giant depolarizing potentials (GDP) arise due to excitatory GABAA receptor-mediated 

signalling in immature neurons (1) and are believed to play a role in neurodevelopment by 

governing neuronal differentiation (2) (Ben-Ari et al., 1989) (upper left part of the figure). 

This role was suggested to involve Ca2+ influx via L-type voltage-gated Ca2+ channels 

(LTCC) and cAMP-responsive element binding protein-regulated gene transcription (CREB, 

inactive form; pCREB, phosphorylated active form), with brain-derived neurotrophic factor 

(BDNF) as a likely induced effector protein (Mohajerani et al., 2007). A similar signalling 

mechanism may be triggered by PDS, which arise due to excitation mediated by ion fluxes 

through AMPA-type glutamate receptors and LTCCs (the plus sign on an arrow indicates 

depolarization-induced channel activation), and can thus be envisaged to induce neuronal re-

modelling (morphologically, as indicated in the figure, but also in terms of functional 
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synaptic plasticity) in mature neurons (3, 4), thereby contributing to epileptogenesis (lower 

right part of the figure).
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