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SUMMARY
Although often overshadowed by factors influencing seizure initiation, seizure termination is a
critical step in the return to the interictal state. Understanding the mechanisms contributing to seizure
termination could potentially identify novel targets for anticonvulsant drug development and may
also highlight the pathophysiological processes contributing to seizure initiation. In this article, we
review known physiological mechanisms contributing to seizure termination and discuss additional
mechanisms that are likely to be relevant even though specific data are not yet available. This review
is organized according to successively increasing “size scales”—from membranes to synapses to
networks to circuits. We first discuss mechanisms of seizure termination acting at the shortest
distances and affecting the excitable membranes of neurons in the seizure onset zone. Next we
consider the contributions of ensembles of neurons and glia interacting at intermediate distances
within the region of the seizure onset zone. Lastly, we consider the contribution of brain nuclei, such
as the substantia nigra pars reticulata (SNR), that are capable of modulating seizures and exert their
influence over the seizure onset zone (and neighboring areas) from a relatively great—in
neuroanatomical terms—distance. It is our hope that the attention to the mechanisms contributing to
seizure termination will stimulate novel avenues of epilepsy research and will contribute to improved
patient care.
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Most seizures are self-limited, lasting no more than a few minutes. The persistence of a seizure
lasting longer than several minutes is usually a cause for alarm as physiological mechanisms
terminating the seizure may have failed. Why seizures typically do not continue indefinitely,

© 2008 International League Against Epilepsy
Address correspondence to Dr. Fred A. Lado, EEG Laboratory, Montefiore Medical Center, 111 E. 210 St., Bronx, NY 10461, U.S.A.,
flado@montefiore.org.
Conflict of interest: The authors have read the Journal's position on issues involved in ethical publication and affirm that this review is
consistent with those guidelines. Neither author has any conflicts of interest to disclose.

NIH Public Access
Author Manuscript
Epilepsia. Author manuscript; available in PMC 2009 September 4.

Published in final edited form as:
Epilepsia. 2008 October ; 49(10): 1651–1664. doi:10.1111/j.1528-1167.2008.01669.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and how intrinsic anticonvulsant mechanisms in the brain lead to seizure termination, are
questions that potentially offer new avenues for developing novel treatments for epilepsy, as
well as offering insights into brain autoregulatory mechanisms. The topic of how seizures end
has been addressed previously, but has not been the sole focus of a review (Timofeev &
Steriade, 2004). The availability of additional data, and our increased understanding of relevant
mechanisms, make revisiting this topic timely. The methodical consideration of known and
possible mechanisms acting to end seizures may hasten the development of novel
anticonvulsant therapies.

In adults, typical seizure duration varies somewhat with seizure type. Jenssen et al. reported
that the median durations of complex partial seizures and secondarily generalized seizures are
78 and 130 s, respectively (Jenssen et al., 2006). In that study, no self-limited seizure lasted
more than 11 min; longer seizures were considered likely to continue as status epilepticus. In
children, on the other hand, seizure duration may be longer. Shinnar et al. used structured
interviews of parents of children presenting with a first unprovoked seizure to explore this issue
(Shinnar et al., 2001). They determined that 50% of children experienced a seizure lasting 5
min or longer, while 29% of children had a first seizure that lasted 10 min or longer. Eight
percent of children required medication to terminate their seizure, which lasted longer than 30
min in most cases. Although parents may overestimate seizure duration, these observations
nevertheless confirm the common clinical experience that most seizures stop without
intervention. The study, however, also suggests that seizure termination might depend on
specific mechanisms which may fail in some individuals. In the same study, the duration of a
second seizure was highly correlated with the duration of the first. Indeed, children developing
status epilepticus with the first seizure were likely to experience status epilepticus with a second
seizure.

The inference from these observations on adults and children is that seizure termination results
from the specific mechanisms and that such mechanisms may change with developmental age.
Additional factors, such as sex, structural injury, and genetic abnormalities, may also affect
seizure duration. If specific mechanisms contribute to seizure termination, one might well ask
whether the mechanisms available in otherwise “normal” brain are the same as those available
in the chronically epileptic brain or in a brain affected by neurodegenerative disease.

This review will explore known mechanisms of seizure termination, and will offer some
hypotheses, based on a synthesis of current insights into the synchronization and
desynchronization of neuronal networks, that may be important for seizure termination. We
will concentrate on the mechanisms of seizure termination operating on focal seizures arising
in neocortex or limbic structures such as the hippocampus. We have organized this review to
discuss mechanisms operating progressively from the scale of neuronal membranes and
synapses (in the seizure onset zone), to an intermediate scale comprising the networks of
neurons and interneurons, to the larger scale characterized by distinct subcortical seizure-
modulating circuits that reduce the likelihood of seizure initiation and may attenuate ongoing
focal seizure activity by altering the balance between excitation and inhibition (see Fig. 1).
Examples of this long-range category are the anticonvulsant actions exerted by the substantia
nigra pars reticulata (SNR) and subthalamic nucleus (STN). At each of these scales,
increasingly detailed electrophysiological and molecular data focusing on mechanisms of
neuronal communication require revision of older notions, and in some cases the replacement
of generally accepted theories about seizure evolution and termination.

Revisiting the question of “How do seizures stop?” is timely, as it coincides with an increased
understanding of the mechanisms by which neurons are able to interact. In addition to
traditional or classical models of synaptic interactions, it is now clear that neurons may
influence each other through the extracellular environment, gap junctions, local
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neuromodulators released in response to metabolic changes, and neuromodulatory circuits able
to affect neuronal excitability globally (Bullock et al., 2005). In the following sections, we
review advances in each of these areas and highlight the impact of these mechanisms on seizure
termination.

MECHANISMS ACTING AT THE LEVEL OF SINGLE NEURONS
Within a single neuron, prolonged depolarizations with sustained action potential firing may
be triggered by a brief depolarizing pulse, as in the paroxysmal depolarizing shift, or may be
the result of sustained excitatory synaptic input from neighboring neurons engaged in seizure
activity (Ayala, 1983). Intrinsic mechanisms of seizure termination active in a single neuron
—discussed below—include: the potassium currents activated by calcium and sodium entry;
the loss of ionic gradients—particularly of potassium—leading first to depolarization with
increased firing, followed by depolarization blockade of membrane firing and cessation of
firing; and possibly the depletion of energy substrates locally, with the decline in adenosine
triphosphate (ATP), resulting in cessation of neuronal firing. (ATP), resulting in cessation of
neuronal firing.

Intracellular ion-activated potassium currents
The membrane after hyperpolarization that follows bursts of action potential discharge is the
result, at least in part, of potassium currents activated by the entry of calcium and sodium.
Increased calcium entry during the paroxysmal depolarizing shift, or as a result of the action
of glutamate at the postsynaptic membrane, activates a calcium-dependent membrane
potassium conductance that allows potassium efflux, membrane hyperpolarization, and
cessation of firing (Alger & Nicoll, 1980; Timofeev et al., 2004). Like calcium, sodium entry
may also activate a sodium-dependent potassium current that reduces neuronal excitability by
hyperpolarizing the membrane and increasing shunt conductance (Schwindt et al., 1989).

Transmembrane ion gradients
The effect of extracellular potassium is multifaceted. Sustained potassium efflux increases
extracellular potassium concentration, depolarizing the membrane and moving the intracellular
voltage toward the threshold for sodium action potential firing. As extracellular potassium
continues to accumulate, there is membrane depolarization and action potential firing increases.
With further accumulation, the membrane potential becomes more depolarized than the firing
threshold for sodium action potentials, sodium channels inactivate, and neuronal firing ceases.
In vitro experiments by Bikson et al. illustrate these effects of extracellular potassium
accumulation (Bikson et al., 2003). Electrographic seizure-like activity triggered in
hippocampal slices by exposure to low-calcium artificial cerebrospinal fluid (aCSF)
manifested as recurrent periods of population firing followed by periods of electrographic
silence lasting 12–18 s. The termination of each electrographic discharge by a period of
electrographic silence resulted from transient increases in extracellular potassium to plateaus
of approximately 12 mM. The depolarized state was maintained by the elevation of
extracellular potassium and by the presence of persistent sodium channels that did not
inactivate. Depolarization blockade terminating seizure-like discharges has also been observed
in neocortical slices in which GABAergic inhibition is partially blocked by picrotoxin (Pinto
et al., 2005). Focal or localized increases in potassium may also trigger additional potassium
release beyond the initial region of potassium accumulation. Shifts in extracellular potential,
and oscillations seen at the end of hippocampal afterdischarges, have been attributed to a rapid
rise in extracellular potassium that trigger waves of astrocyte depolarization and a propagating
rise in potassium that terminates neuronal firing (Bragin et al., 1997).
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In addition to its direct depolarizing effects, increased extracellular potassium may also
indirectly result in membrane depolarization through the action of the potassium-chloride
cotransporter KCC2. The rise in extracellular potassium can increase intracellular chloride,
shifting the chloride reversal potential toward membrane depolarization. In the setting of
increased intracellular chloride, the action of GABA to open chloride channels could enhance
membrane depolarization. The net effect of shifting chloride equilibrium the excitability would
be to increase until neurons depolarized to the point of becoming refractory to further firing of
action potentials (Jin et al., 2005; Galanopoulou, 2007).

Extracellular calcium levels also change markedly during paroxysmal neuronal firing and may
affect the efficiency of neuron-to-neuron spread of activity. Focal seizure activity results in a
decline in extracellular calcium activity of approximately 50% (Heinemann et al., 1977). This
decline may inhibit synaptic transmission because synaptic vesicle fusion and neurotransmitter
release are dependent on entry of extracellular calcium (King et al., 2001; Cohen & Fields,
2004). Decline in extracellular calcium also potentially affects gap junction function as
hemichannel opening increases in low calcium (Thimm et al., 2005). The net effects of
increasing gap junction coupling are complex and difficult to predict. As discussed below,
there is evidence that the increased coupling between interneuronal populations or between
pyramidal cells may increase synchrony and promote seizures. However, enhanced gap
junction coupling may also alter glial interactions that either enhance or retard seizures.

Membrane shunting
Neuronal input resistance decreases over the course of a seizure as a consequence of increased
opening of synaptic and ion-gated conductances following a period of intense discharge
(Matsumoto et al., 1969). Membrane shunting reduces the effect of synaptic currents on the
postsynaptic membrane so that one neuron is less likely to trigger firing in a neighboring
neuron. Membrane shunting also reduces the effective coupling between neurons linked by
gap junctions, acting as a voltage divider to reduce the effects of electrotonic current spread
(Llinas et al., 1974). As a result of the activity associated with seizures, the shunting of synaptic
and gap junction currents by low membrane resistance can decrease the coupling between
neurons, thus disrupting network oscillations that sustain seizure activity.

Energy failure
Sustained neuronal activation also markedly increases energy—namely ATP—utilization to
restore ion gradients across the membrane. In some neurons, the presence of an ATP-gated
potassium channel (KATP) reduces neuronal activity when ATP levels decline intracellularly
(Yamada et al., 2001). When ATP level falls because energy utilization outpaces energy
production, potassium channels open and produce membrane hyperpolarization. Indeed,
knockout mice lacking functioning KATP channels experience a myoclonic seizure on average
8.9 ± 1.1 s following onset of hypoxia, followed by generalized convulsions and death. A
similar hypoxic challenge, however, does not trigger seizures in wild-type mice, indicating that
KATP channels in vivo resist membrane depolarization during energy failure.

Reduced levels of energy metabolites, such as glucose, may also affect seizure duration. In
vitro recordings show that decreasing extracellular glucose terminates electrographic seizure-
like activity in the low magnesium hippocampal slice (Kirchner et al., 2006). The effect of
hypoglycemia on seizure-like discharges in vitro was statistically significant, but not
immediate. Fifty percent fewer seizure-like discharges occurred in the 24-min period following
application of low glucose artificial cerebrospinal fluid (CSF) compared to the frequency of
discharges in the 30 min prior to application. Low glucose also reduced the amplitude of the
seizure-like discharge by 25%. These effects on the frequency and amplitude of seizure-like
discharges were reversed by restoration of normal glucose levels.
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While useful in the laboratory investigation of seizures, observations from such in vitro studies
must be interpreted cautiously because they cannot be translated directly into an appropriate
treatment for seizures in vivo. It is well established that energy deprivation via either hypoxia
or hypoglycemia—such as produced by insulin overdose—often results in coma and neuronal
death, and is sometimes associated with onset of seizure activity rather than seizure control
(Auer, 1986; Patrick & Campbell, 1990).

MECHANISMS ACTING ON A LOCAL NETWORK OF NEURONS
While seizure initiation is driven at least in part by the burst firing properties of the individual
neurons, the evolution and spread of the seizures also requires amplification and
synchronization among neurons within susceptible networks. Seizure amplification occurs
through the action of recurrent excitatory collaterals that form feedback loops, returning
excitatory synaptic activity to the neurons within the seizure onset zone (Rutecki et al., 1989;
Coulter & DeLorenzo, 1999). Seizure spread depends on the propagation and synchronization
of the seizure discharge across synapses that separate neurons in the seizure onset zone from
“normal” neurons synaptically connected to the seizure onset zone (MacVicar & Dudek,
1980; Miles & Wong, 1983).

Glutamate depletion
Decrease in synaptic efficacy results in milder postsynaptic excitation, and consequently
diminished amplification and spread of the seizure discharge. One mechanism limiting synaptic
transmission during a sustained seizure discharge is the depletion of synaptic vesicle containing
neurotransmitter. Staley et al. investigated the effects of synaptic depletion in vitro using a
model of CA3 electrographic seizure discharges produced by hyperkalemia (Staley et al.,
1998). CA3 discharges consist of recurrent neuronal depolarizations with bursts of action
potential firing separated by period of electrographic silence. Staley et al. found that the
duration of the seizure burst was proportional to the duration of the silent period preceding the
burst, consistent with the hypothesis that the seizure burst duration depended on the renewed
availability of immediately-releasable glutamate. If glutamate-containing synaptic vesicles are
replaced at a steady rate, longer inter-burst periods allow a greater resupply of immediately
releasable glutamate, and an increased duration of the subsequent electrographic seizure
discharge. Interburst intervals of 2–3 s or longer were necessary to achieve the longest burst
durations (up to 420 ms). This dependence of burst duration on the interburst interval persisted
even when GABAA and GABAB conductances were blocked. Replacing calcium with
strontium, which reduces the rate of synaptic vesicle release, prolonged burst duration in a
concentration dependent manner, with the highest concentration of strontium producing a 37-
fold increase in burst duration (Jones et al., 2007). Thus, as the seizure discharge develops, it
consumes the supply of readily releasable glutamate needed to sustain the seizure, potentially
acting as a governor on excitatory drive. As the glutamate reservoir is replenished continuously,
however, additional control mechanisms are necessary to prevent reinitiation of seizure
activity.

The intra- and extracellular environments
Prolonged neuronal activity during seizure discharges may also have the effect of increasing
CO2 or increasing the byproducts of anaerobic metabolism, and produce extracellular acidosis
or intracellular acidosis associated with extracellular alkalinosis (Chesler & Kaila, 1992). Glial
cells may also contribute to acidification of the extracellular space in response to increases in
the extracellular potassium concentration (Chesler & Kraig, 1987). In the hippocampal slice
in vitro, acidification of the extracellular space to pH 6.7 terminated seizure-like burst firing
facilitated by low-magnesium in the artificial CSF. The attenuation of epileptiform activity
began within minutes of lowering pH (Velisek et al., 1994). The mechanisms of action—at
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least in part—included decreased NMDA receptor function and loss of synaptic long-term
potentiation (LTP). A milder reduction of pH to 7.1 also produced milder synaptic impairment
with continued loss of LTP (Velisek, 1998). Inhibition of carbonic anhydase, which alters
extracellular pH, has some anticonvulsant benefit. In humans, the carbonic anhydrase inhibitor
acetozolamide has a mild anticonvulsant effect (Thiry et al., 2007). Knockout mice deficient
in carbonic anhydrase are severely acidotic and are resistant to seizures produced by flurothyl
gas compared to wild type mice (Velisek et al., 1993).

Intracellular acidification may also contribute to termination of seizure discharges.
Spontaneous interictal spiking following focal application of bicuculline in the piriform cortex
in an in vitro whole brain preparation was associated with periodic abrupt alkanization of the
extracellular space followed by a slow return to baseline pH (de Curtis et al., 1998). These
observations were interpreted as evidence of intracellular acidification. Application of
ammonium chloride in the perfusing medium to prevent intracellular acidification increased
neuronal excitability and resulted in afterdischarges following each spike, and in seizure-like
discharges. The investigators hypothesized that the intracellular acidification reduced
excitability by reducing gap junction function. Application of octanol, a nonspecific gap
junction blocker, abolished spontaneous interictal spiking (de Curtis et al., 1998). Gap junction
disruption as a possible mechanism contributing to seizure termination is discussed further
below.

Other alterations of the extracellular milieu may disrupt epileptic activity by altering chloride
homeostasis. Furosemide applied to an epileptic initiation site, either in vitro or in vivo,
terminates the seizure discharge but does not interfere with excitatory synaptic transmission
(Hochman et al., 1995). The effect of furosemide appears to be mediated by changes in chloride
concentration. Furosemide in the extracellular environment disrupted the synchronization of
action potential firing between neurons without affecting synaptic activity (Hochman &
Schwartzkroin, 2000).

Altered regulation of intracellular chloride may account for the difficulty in treating and
terminating neonatal status epilepticus. The chloride reversal potential is elevated in neonatal
neurons compared to mature neurons. It is hypothesized that immaturity of intracellular
chloride regulation is the reason that anticonvulsants acting through GABA, such as
phenobarbital, are often ineffective for treating status epilepticus. Data from neonatal rats
suggest that the blockade of a potassium-chloride cotransporter, NKCC1, with the diuretic
butemanide enhances the action of phenobarbital in terminating status epilepticus (Dzhala et
al., 2008). Treatment of neonatal status epilepticus using phenobarbital with butemenide is the
subject of a prospective clinical trial (K. Staley, personal communication). Lowering
intracellular chloride levels could augment the functional effect of GABA in an activity-
dependent manner. Increasing activity-dependent inhibition has the potential to minimize side
effects such as sedation or confusion seen with GABA agonists by minimizing the increase in
inhibition at inactive synapses.

Glial buffering of glutamate
Glial uptake of perisynaptic glutamate is the major mechanism forestalling accumulation of
glutamate at the synapse (Benarroch, 2005). Astrocytes have an equally important role in the
regulation of extracellular potassium. Astrocytic buffering of potassium maintains extracellular
levels below a ceiling of 12 mM (Benarroch, 2005). In some cases, such as the epileptic brain,
glia may also release glutamate, thereby prolonging postsynaptic excitation. Tian et al. recently
showed that glial release of glutamate contributed to the maintenance of the paroxysmal
depolarizing shift that is the hallmark of “epileptic” neurons (Tian et al., 2005). Failure of glia
to buffer extracellular glutamate, let alone glutamate release from glia, can be expected to result
in prolonged excitory drive and seizure maintenance.
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Gap junctions
Synchrony is a hallmark of seizures. The significance and role of synchrony likely depends on
the nature and extent of interconnections. For example, the emergence of synchrony across
short distances in local small ensembles of networked neurons and interneurons may be
important in seizure initiation (Grenier et al., 2003; Traub et al., 2004), and mechanisms
disrupting short range synchrony may contribute to seizure termination. Long range synchrony,
affecting large areas of cortex and distant subcortical structures, may also play a role in seizure
termination (Timofeev & Steriade, 2004; Schindler et al., 2007). The present section considers
the effect of increased synchrony in small compact network of neurons and interneurons. The
role of long range synchrony is discussed later in the section of mechanisms acting remotely.

Presynaptic volleys arriving simultaneously at the postsynaptic receptor increase the likelihood
that the presynaptic activity will result in postsynaptic activation. Perhaps paradoxically,
synchronization in the network of inhibitory interneurons has the effect of synchronizing the
discharges in excitatory pyramidal cells receiving interneuron input. (Beierlein et al., 2000;
Hasenstaub et al., 2005). Inhibitory synapses are located mainly on the proximal dendrites,
soma, and initial segment. Excitatory synapses, in constrast, are mostly located on the distal
dendrites (DeFelipe & Farinas, 1992). This arrangement enables inhibitory synapses to strongly
modulate excitatory synaptic input. Synchronized inhibitory postsynaptic potentials will
phasically reduce or block neuronal firing resulting in pyramidal action potential firing that is
coupled to and modulated by the synchronized inhibitory input.

Electrical synapses formed by gap junctions between interneurons provide a mechanism for
interneuronal synchronization (Mancilla et al., 2007). Gap junctions formed by connexins are
found between inhibitory neurons of the same subtype. For example, gap junction connections
are common between pairs of fast-spiking (FS) interneurons or between pairs of low-threshold
spiking (LTS) interneurons, but are uncommon between FS and LTS neurons (Galarreta &
Hestrin, 2001; Hestrin & Galarreta, 2005). Simultaneous recordings from pairs of inhibitory
interneurons in the neocortex and hippocampus indicate that interneurons of the same subtype
are synchronized with each other (Galarreta & Hestrin, 2001; Hestrin & Galarreta, 2005). It
has also been proposed that high frequency synchronization—so called fast ripples—may be
mediated by gap junction coupling between the proximal axons of pyramidal neurons (Traub
et al., 2002; Hamzei-Sichani et al., 2007).

Connexin coupling to form an open gap junction may be influenced or controlled in several
ways. Gap junction opening is dependent on pH (Trexler et al., 1999; Valiunas, 2002);
connexins uncouple at acidic pH, leading to decreased gap junction conductance, while
alkalotic pH promotes connexin coupling and increases gap junction conductance (Spray et
al., 1981). Opening and closing may also be regulated by cyclic nucleotide coupled receptors
(DeVries & Schwartz, 1989). In the setting of increased metabolic activity during a seizure,
with a drop in pH resulting from increased anaerobic metabolism, gap junction closing may
be one mechanism disrupting synchronization of the network of neurons driving the seizure.
Administration of gap junction blockers (both broadspectrum blockers such as carbenoxolone
and octanol, and the connexin 36-specific blocker quinine) shorted or suppressed seizure
discharges produced by focal neocortical injection of 4-aminopyridine in vivo (Szente et al.,
2002; Gajda et al., 2005).

A role for gap junctions in seizure maintenance and termination is also supported by in vitro
studies. The observations of de Curtis and colleagues (discussed in the section of extra- and
intracellular environment) suggest that gap junction decoupling in response to acidosis
terminates paroxysmal discharges. Other labs report similar observations that that application
of the gap junction blocker carbenoxolone attenuates epileptiform discharges and negates the
dependence of burst firing (Schweitzer et al., 2000; Jahromi et al., 2002). Cyclic adenosine
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monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) second messenger
pathways can regulate connexin coupling in neocortex, which could regulate the extent of
synchrony induced in a population of neurons.

Additional investigation is needed to clarify the extent to which gap junctional mechanisms
contribute to seizure generation and epilepsy, and whether modification of gap junction
conductance improves seizure control. Carbenoxolone has low toxicity, crosses the blood–
brain barrier, and has already been approved by the FDA for the treatment of gastrointestinal
ulcers. Though carbenoxolone has been shown to stop seizures in animal models in vivo and
in vitro, the effects on human epilepsy have not been studied.

Increased GABAergic inhibition
A basic mechanism to control focal seizure activity is GABAergic synaptic inhibition mediated
by local interneurons. Seizure discharges within the seizure onset zone produce recurrent
inhibition within the seizure initiation zone (Kostopoulos et al., 1983; Dorn & Witte, 1995),
thus reducing excitatory output. Early investigations of the spike and wave components of
“spike-wave” discharges showed that the spike component is associated with a burst of rapid
action potential firing, while the wave component is associated with a pause in action potential
firing (Dichter & Spencer, 1969; Ayala et al., 1973). The pause in neuronal firing results from
synaptic inhibition produced by local inhibitory interneurons activated by the volley of
excitatory activity comprising the “spike” component, an example of feedback inhibition.

Feed-forward inhibition is a fundamental feature of cortical processing (Swadlow, 2003). Feed-
forward inhibition may also play an important role; an interneuron activated by a principle cell
sends inhibitory signals to principal cells outside the focus, inhibiting the propagation of the
seizure (Cruikshank et al., 2007; Trevelyan et al., 2007). Recent evidence indicates that a
principle cell axon may synapse on the presynaptic terminal of an inhibitory interneuron,
bypassing somatic activation of the interneuron altogether by causing transmitter release
directly from the inhibitory synaptic terminal (Connors & Cruikshank, 2007).

Synaptic inhibition is mediated by the presynaptic release of the neurotransmitter gamma
aminobutyric acid, GABA, which acts on the postsynaptic neuron via receptors located on the
soma, dendrites, or presynaptic terminals. GABA receptors are present in two major varieties,
GABA-A and GABA-B. GABA-B receptors are metabotropic acting through G-protein second
messengers. The pre- and postsynaptic distribution of GABA-B receptors, along with mixed
evidence of anti- and proconvulsant effects of GABA-B activation, makes it difficult to
determine their role in seizure termination (Vergnes et al., 1997; Zivanovic et al., 2003; Chen
et al., 2004).

GABA-A receptors are chloride conducting membrane channels that open rapidly in response
to GABA. Desensitization of GABA-A receptors during status epilepticus likely contributes
to the failure of seizure termination (Chen et al., 2007). Desensitization of GABA-A receptors
is also the basis of the loss of efficacy of benzodiazepine medications used to treat status-
epilepticus. Multiple mechanisms appear to contribute to GABA-A receptor desensitization.
Increased internalization of GABA-A receptors during status-epilepticus reduces the effect of
GABAergic stimulation (Goodkin et al., 2007). Changes in subunit composition may also
contribute to GABA-A receptor desensitization, although this process acts over many minutes
to hours, and appears to affect long-term neuronal excitability and epileptogenesis rather than
seizure termination (Brooks-Kayal, 2005).

Extrasynapatic GABA-A receptors, in contrast, do not desensitize and instead are capable of
tonic inhibition which produces long lasting changes in neuronal reactivity. These tonic GABA
receptors typically contain particular subunits—delta and possibly gamma—that alter the
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properties of the receptors (Richerson, 2004). Tonic receptors are activated by micromolar
levels of the extrasynaptic GABA, which arrives either by diffusion from a synapse before
reuptake, or by release into the extracellular space via nonsynaptic mechanisms. Tonic GABA
receptors may play an important role in epilepsy. On the one hand, reduction of tonic GABA
currents (as produced experimentally by a mutation in the delta-subunit of tonic GABA
receptors) is associated with generalized epilepsy. On the other hand, progesterone-derived
neurosteroids enhance tonic GABA currents, and may play a role in preventing seizure genesis,
and potentially in terminating ongoing seizures (Stell et al., 2003). It is also clear that the
contribution of extrasynaptic GABA-A receptors changes during maturation, and may
contribute to changes in seizure susceptibility during development (Chudomel et al., 2006).

Neuromodulators: endocannabinoids, adenosine, and neuropeptide Y
Effects induced by neuromodulators—molecules that modulate the response of a neuron to
neurotransmitters—can contribute significantly to seizure termination. Endocannabinoids,
adenosine, and neuropeptide Y (NPY) each exert an effect on seizure termination or control.
Ingestion or inhalation of tetrahydracannabinoid, the psychoactive component of marijuana,
has some anticonvulsant effect (Mechoulam & Lichtman, 2003). It is increasingly recognized
that endogenous cannabinoids—“endocannabinoids” synthesized and released from neurons
following membrane depolarization—are capable of controlling seizures, possibly by
increasing inhibitory interneuron activity within a region of cortex (Marsicano et al., 2003).
Extracellular levels of endocannabinoid increase rapidly during seizures (up to threefold),
suggesting a role for endocannabinoids in seizure termination. Endocannabinoid effects are
mediated through G-protein-coupled cannabinoid receptors (Lutz, 2004). Endocannabinoid
receptor CB1 is prevalent throughout the brain. Animal studies show increased CB1 in epileptic
hippocampi. Blockade of CB1 increases spontaneous seizure frequency and duration, but does
not trigger seizures in normal rats. Like pharmacologic blockade, knocking out the CB1 gene
also increases seizure severity (Wallace et al., 2003). Thus, the endocannabinoid system
appears to regulate excessive neuronal activity as occurs during seizures and contributes to
seizure termination.

Adenosine—a by-product of energy metabolism and ATP utilization—also likely contributes
to seizure termination, and the adenosine mechanism may be a feasible target for novel seizure-
controlling medications. Adenosine crosses the neuronal membrane by facilitated diffusion
between the intra- and extracellular compartments. Extracellular adenosine rises in the setting
of increased metabolic activity (McGaraughty et al., 2005). Evidence that seizures increase
extracellular adenosine several-fold was initially obtained in animals, and has been confirmed
by microdialysis measurements in humans with temporal lobe epilepsy (During & Spencer,
1992). In humans, seizures increased adenosine between 6- and 31-fold, and adenosine
remained elevated during the postictal period. It has been known for more than two decades
that extracellular adenosine exerts an anticonvulsant effect (Dragunow et al., 1985).
Extracellular levels of adenosine in the range of 25–250 nm provide an inhibition of neuronal
activity by inhibiting the presynaptic release of neurotransmitter (Dunwiddie & Masino,
2001).

Although four receptor subtypes are known, the major effects of adenosine in seizure control
appear to be mediated by the A1 receptor, which is the most abundant subtype present in the
hippocampus and neocortex (Boison, 2005). Blockade of the adenosine receptor increases
susceptibility to status epilepticus produced by recurrent electrical stimulation in rats.
Activation of the A1 receptor, in contrast, terminates ongoing status epilepticus (Young &
Dragunow, 1994). Decreased numbers of A1 receptors may contribute to failure of seizure
termination. Homozygous A1 receptor knockout mice show a markedly greater susceptibility
to seizures and status epilepticus. Following cortical trauma, 50% of A1 knockout mice
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experienced status epilepticus, while none of the controls exhibited this activity (Kochanek et
al., 2006). In human temporal lobes of patients undergoing epilepsy surgery, A1 levels were
reduced compared to levels measured in postmortem controls (Glass et al., 1996).

Reduction of extracellular adenosine may also contribute to the failure to terminate seizures
or may lower the seizure threshold. Adenosine levels are regulated mainly by adenosine kinase
—a cytosolic protein that converts adenosine to adenosine monophosphate (AMP) (Boison,
2005). Increased adenosine kinase activity decreases adenosine levels. Following a focal
injection of kainic acid to induce status epilepticus in mice, adenosine kinase labeling in
hippocampus increases bilaterally. The cells expressing adenosine kinase also expressed glial
fibrillary acidic protein (GFAP), a specific marker of glia. In a mouse model, adenosine kinase
levels increased as a result of hippocampal gliosis that followed status epilepticus. Mice
receiving an adenosine kinase inhibitor that blocked the removal of adenosine from the
extracellular space did not have further seizures or spikes on EEG (Gouder et al., 2004). Mice
engineered to constitutively overexpress adenosine kinase had spontaneous seizures without
exposure to kainate. In these mice, spontaneous seizures could be suppressed by systemic
administration of an adenosine kinase inhibitor (Fedele et al., 2005).

As treatments to control or terminate seizures, adenosine and adenosine receptor agonists have
been limited despite the potent effect of these compounds on seizures. Short half-life (adenosine
itself persists only seconds in circulation), the multiplicity of potential peripheral and central
targets, and the occurrence of adverse effects such as suppression of locomotion and
hypothermia in rodents, have all limited the exploration of these drugs. Inhibition of adenosine
kinase, however, offers the possibility of augmenting the action of adenosine by suppressing
the major metabolic pathway that removes it from the brain. Compared to administration of
adenosine or adenosine agonists, suppression of adenosine kinase has additional advantages.
An adenosine kinase antagonist augments the adenosine effect in regions where adenosine is
physiologically released, but not in areas where adenosine is not released. This selective
amplification of adenosines effects offers a means to increase the desired action of adenosine
while minimizing adverse undesired effects (McGaraughty et al., 2005).

NPY is another modulator of neuronal activity. Found in GABAergic inhibitory interneurons,
it is capable of exerting an endogenous anticonvulsant effect that may contribute to seizure
termination. NPY receptors are widely expressed in the CNS and influence diverse functions
including regulation of blood pressure, feeding behavior, circadian rhythms, memory, anxiety
and cognition (Vezzani et al., 1999). Of relevance to epilepsy, expression of mRNA encoding
NPY increases 6–10 h following seizures even though NPY levels decline (Vezzani & Sperk,
2004).NPY expression is high in hippocampal mossy fibers and inhibitory interneurons
(Bellmann et al., 1991). The density of NPY receptors is high in the Ammon's horn region of
the hippocampus, where NPY released by interneurons and mossy fibers can modulate the
activation of hippocampal pyramidal neurons (Colmers&El Bahh, 2003). The action of NPY
is mediated by five classes of NPY receptors, Y1–Y5. The most abundant hippocampal
receptor, Y2, reduces excitation by reducing presynaptic calcium entry. Activation of Y1
receptors, on the other hand, increase excitability, but this effect is minor compared to that of
Y2 receptors. Release of NPY may favor selective control of seizures, as neuropeptide release
is increased in neurons firing rapidly at frequencies of 5–40 Hz, as occurs during a seizure.
Release of classical neurotransmitters is maximal at lower firing rates of 1–10 Hz(Vezzani et
al., 1999).

Animal data supports an anticonvulsant role for NPY and a role in reducing seizure severity.
NPY inhibits seizures in epilepsy models in vivo and in vitro. Mice and rats overexpressing
NPY had increased resistance to kainic acid induced seizures (Vezzani et al., 2002; Lin et al.,
2006). Absence of NPY in genetically modified mice, in contrast, markedly increased death
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from seizures induced by kainic acid and reduced the threshold for seizures induced by
pentylenetetrazole (Baraban et al., 1997). Mice lacking NPY also manifested mild spontaneous
seizures (Erickson et al., 1996). Data obtained from NPY receptor knockout mice and from
pharmacologic studies in rat indicate that the major anticonvulsant action occurs via Y2
receptors (Lin et al., 2006).

Because replacement of released NPY requires protein synthesis and is relatively slow, the
likelihood that NPY will contribute to seizure termination declines with increasing duration of
a seizure. Prolonging the action of NPY potentially offers a novel pharmacologic target for
seizure control.

MECHANISMS ACTING REMOTELY TO LIMIT EXCITATION AND SEIZURE
SPREAD

In addition to mechanisms terminating seizures within the epileptic neuron and within the
seizure onset zone, there are also long range interactions between neuronal populations that
decrease likelihood of seizure initiation and may contribute to seizure termination. These long
range interactions may be observed in the form of increased synchronization between cortical
regions during a seizure. Long range effects may also result from actions of subcortical nuclei
on cortical seizure threshold, duration, or severity. Some subcortical nuclei form regulatory
circuits that modify, and possibly terminate, seizures through mechanisms that are only
gradually being elucidated.

Knowledge of the relationship between seizure termination and synchronization between
cortical regions or between cortex and subcortical regulatory circuits still remains largely
phenomenological rather than mechanistic. Nevertheless, consideration of the effects of
regulatory circuits potentially offers two avenues for progress. First, pharmacologic
manipulations of regulatory centers to enhance seizure termination or reduce seizure initiation
have direct therapeutic potential. Second, hypothesis generation based on available data—
though necessarily speculative—may identify novel mechanisms. Synchrony between areas
of cortex increases over the course of a seizure, accounting for the progressive increase in
amplitude and slowing of the discharge frequency typically seen on EEG. Indeed the increase
in intrahemispheric synchrony is greatest immediately before seizure termination. It has been
proposed that the rise in intrahemispheric synchrony could result in strong activation of sodium
and calcium inflow leading to activation of sodium- and calcium dependent potassium
conductances that silence neuronal firing. It may be then, that increased synchrony between
brain regions facilitates seizure termination, or at least is a marker for mechanisms mediating
seizure termination (Timofeev & Steriade, 2004).

Vagal nerve stimulation (VNS)
There are numerous examples of circuits or brain regions that either reduce seizure likelihood
or increase seizure termination or both. For example, electrical stimulation of the vagal nerve,
which activates brainstem nuclei such as the nucleus solitarius, reduces seizure frequency in
humans. In some patients, activation of VNS at seizure onset may help abort the seizure. The
mechanisms of action of VNS are unknown. Theories have focused on the effects of vagal
stimulation on cortical activity, and on the diffusely projecting catecholaminergic nuclei of the
brainstem such as the locus coeruleus. The locus coeruleus projects extensively to thalamus,
amygdala, and hippocampus, as well as diffusely to cortex (Groves & Brown, 2005). Depletion
of forebrain norepinephrine facilitates seizures, suggesting norepinephrine release influences
seizure termination (Albala et al., 1986). In rats, a lesion in the locus coeruleus abolishes the
beneficial effect of VNS (Krahl et al., 1998). In humans, the effects of chronic VNS are not
entirely consistent across studies. VNS may increase both catecholamine metabolites and
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GABA levels in CSF (Carpenter et al., 2004). VNS may also influence synchrony across the
cortex, enhancing gamma frequency synchrony over long distances while decreasing theta and
delta synchrony (Koo, 2001; Marrosu et al., 2005). Whether this effect of VNS on hemispheric
gamma synchrony is mediated by catecholamines is unknown.

Role of subcortical brain regions
Numerous subcortical anatomical regions mediate anticonvulsant effects, such as the deep
layers of the superior colliculus, the STN, the mammillothalamic tract and the anterior nucleus
of the thalamus, deep cerebellar nuclei, and the SNR. The mechanisms by which these regions
influence seizure severity and duration are yet unclear. Anticonvulsant circuits may limit
seizures by reducing recruitment and spread of seizure activity from the seizure onset zone to
“naive” brain by decreasing excitatory feedback and amplification, by increasing inhibitory
tone diffusely, and by regulating the synchrony between cortical regions. The regulation of
excitation and inhibition by subcortical nuclei appears to be age-dependent, and may contribute
to the age-dependent differences in seizure susceptibility observed in humans.

As one example of a subcortical region capable of modulating seizure threshold, it is instructive
to examine the SNR. The SNR is positioned anatomically to receive seizure activity originating
in the neocortical hemispheres via the striatum and STN. Cortical discharges may enter the
SNR either as glutamatergic activity relayed by the striatum-pallidum-subthalamic “indirect”
extrapyramidal pathway, or as GABAergic activity via the “direct” striatal relay. The SNR, in
turn, influences hemispheric activity via projections to the thalamus, superior colliculus, and
the pedunculopontine nucleus in the rostral brainstem. In animal models, SNR metabolic
activity—measured by uptake and utilization of radiolabelled 2-deoxyglucose—increases
during seizure activity. The greatest increases are seen with generalized seizures, but partial
limbic seizures increase glucose utilization as well (Lothman et al., 1985; Veliskova et al.,
2005). Metabolic activation studies, discussed further below, identify the SNR as a relay point,
where metabolic activation increases in response to seizure activity in the hemispheres.

Reduction of SNR firing through local application of pharmacological compounds such as the
GABA agonist, muscimol, increases seizure threshold (Iadarola & Gale, 1982). Increased SNR
firing, as occurs after application of GABA antagonist bicuculline, has proconvulsant effects
(Sperber et al., 1989). Together, pharmacologic infusion and lesion studies indicate that
decreasing firing in the anterior region of the SNR disinhibits—that is increases the activity of
—efferent targets such as the deep layers of the superior colliculus and pedunculopontine
tegmental nucleus.

Nigral control of seizure threshold also appears to vary with sex and developmental age.
Application of GABA agonists to the substantia nigra can produce anti- or proconvulsant
effects that vary by sex and developmental age (Veliskova et al., 1998). Male rats develop two
regions in the SNR—anterior and posterior—with anticonvulsant and proconvulsant effects
on seizures, respectively (Veliskova & Moshe, 2001). In female rats there is no equivalent
proconvulsant posterior region. The differences in functional properties of anterio and posterior
SNR are also reflected in differences in GABA receptor composition, neuronal GABA content,
and the level of expression of the neuron-specific potassium chloride cotransporter (KCC2)
responsible for maintaining intracellular chloride levels and regulating the hyperpolarizing
effects of GABA (Galanopoulou & Moshe, 2003).

How might SNR influence of the seizure threshold translate into seizure termination?
Metabolic studies measuring regional glucose uptake offers a means of examining the
progression of seizure activity and activation of circuits modulating seizure activity. Glucose
uptake is largely determined by synaptic metabolism rather than somatic activity (Ackermann
et al., 1984). Rats exposed to the convulsant gas flurothyl develop a relatively consistent
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progression of seizure activity, beginning with brief generalized myoclonic jerks that become
increasingly frequent, followed by recurrent clonic seizures involving mainly the forelimbs,
followed by tonic seizures affecting all four limbs. One of the first regions to increase glucose
uptake during generalized myoclonic seizures is the SNRposterior, which appears to act as a
“gateway” for seizure propagation (Veliskova et al., 2005). As seizures worsen in severity,
progressing from myoclonic to clonic, glucose uptake increases in the SNRanterior, and
decreases in the superior colliculus and striatum, both of which receive GABAergic efferents
from the SNR. Silencing the SNR with microinjection of a GABA antagonist such as muscimol
decreases the inhibition in the superior colliculus and other targets of the SNR. Direct
microinjection of bicuculline, a GABA antagonist, into the deep layers of the superior
colliculus or pedunculpontine nucleus produces a similar anticonvulsant effect to inhibiting
the SNR (Okada et al., 1989). The deep layers of the superior colliculus overlap with the rostral
extent of a brainstem region termed the “DMAZ” that also includes part of the mesencephalic
reticular formation. Microinjection of bicuculline in the DMAZ reduces hindlimb extension—
a measure of seizure severity—in the maximum electroshock rat model. This anticonvulsant
action mediated by the DMAZ is abolished by lesioning the pathways connecting the DMAZ
to the ventrolateral pons (Shehab et al., 1995). Although the mechanisms by which the SNR
and other brainstem anticonvulsant regions modify focal seizure activity in cortex are
unknown, the final common pathway of these anticonvulsant regions may be an increase in
neuronal activity in ventral and lateral pontine tegmental nuclei. The nuclei of pontine
tegmentum comprise diffusely projecting networks, such as the reticular activating system,
capable of strongly influencing thalamic and cortical activity that could counteract the
recruitment and synchronization induced by the seizure onset zone.

Nigral influence over seizures varies with development and may be impaired as a result of
neuronal injury from prolonged seizures. Seizure incidence is high early in life and greatest in
the neonatal period (Moshe et al., 1983; DeLorenzo et al., 1992). Though the immature brain
is relatively resistant to neuronal injury following seizures and status epilepticus, early life
seizures produce functional changes in hippocampal cortex and SNR (Sperber et al., 1999;
Haut et al., 2004). Rat pups experiencing three episodes of status epilepticus before age 6 days
have abnormal development of the anterior subregion of the SNR, the area of the SNR that is
most involved in seizure control (Veliskova et al., 2005). Rats experiencing early life status
epilepticus appear to lose the anticonvulsant activity of the SNR once they mature (Heida et
al., 2006). The changes in function of the SNR are paralleled by alterations in the composition
of GABA-A receptors, where there is loss of benzodiazepine-sensitive GABA subunits of the
GABA-A receptor (Galanopoulou et al., 2006). Thus, current evidence indicates that the SNR
is capable of exerting an anticonvulsant effect, but that this mechanism for controlling seizures
may be impaired in the epileptic brain because of neuronal death or abnormal development in
adult or immature brain, respectively.

In addition to maturation dependent changes in SNR anatomy and function, the SNR may also
be affected by prolonged seizures. Status epilepticus induced by a variety of chemoconvulsants
in adult rats results acutely in SNR neuronal injury, ranging from mild to total (Nevander et
al., 1985; Pineau et al., 1999). SNR metabolism also increases following status epilepticus
during the transition to the epileptic state raising the question whether severe seizures or
possibly recurrent seizures produce structural or functional changes that affect and possibly
diminish the SNR influence over seizures (Dube et al., 2000; Veliskova & Moshe, 2006). It
reasonable to suppose that the nigral action to raise seizure threshold interictally may
manifestictally as retardation of seizure spread or possibly facilitation of seizure termination.
If so, the gradual maturation of SNR influence on seizures during development may account
for the increased susceptibility to seizures in young children or the decreased ability to
terminate prolonged seizures in children identified in, the study of Shinnar et al. (2001). The
impact of acquired injury on SNR function is difficult to assess in humans, particularly because
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the SNR is likely only one region of many experiencing neuronal injury. Nevertheless, evidence
of changes in nigral control of seizure threshold as a consequence of injury suggest changes
in seizure termination may also be affected.

The STN, which lies adjacent to the SNR and provides the major excitatory input to the SNR
is also capable of modulating seizure activity. The STN receives inhibitory GABAergic input
from the pallidum and excitatory glutamatergic input from mainly frontal cortex as well as
excitatory inputs from the intralaminar nuclei of the thalamus. Smaller projections arriving
from brainstem areas of substantia nigra, pendunculopontine nucleus, and raphe nuclei bring
dopaminergic, cholinergic, and serotonergic activity that modulates STN activity (Hamani et
al., 2004). Microinfusion of muscimol into STN raises the threshold for seizures in some, but
not all animal models (Veliskova et al., 1996; Shehab et al., 2006). Electrical stimulation of
the STN in rodents, and humans, raises the seizure threshold and has an anticonvulsant effect
(Chabardes et al., 2002; Lado et al., 2003). Anticonvulsant action has also been attributed to
the zona incerta, which lies adjacent to the STN.

CONCLUSIONS AND POSSIBLE INTERVENTIONS
How might better understanding of seizure termination translate into improved clinical
practice? Importantly, noting a patient's prior seizure history can alert the physician to potential
problems before they occur. A child with a history of prolonged febrile seizures or status
epilepticus, for example, is more likely to have recurrent prolonged seizures (Shinnar et al.,
2001). Considerable work, however, remains to translate the increased understanding of
mechanisms terminating seizures into clinically proven treatments. The persistence of seizures
among a large subgroup of individuals with epilepsy that is refractory to currently available
medications underscores the need for novel targets for drug and device development. Seizure
termination mechanisms may present specific targets for preclinical screening of potential
anticonvulsants. Agents enhancing, for example, termination of paroxysmal depolarizing shifts
might decrease excitatory amplification preferentially in “epileptic” neurons. Modification of
the extracellular environment or intracellular ion gradients, either through the use of diuretics
or by special electrolytic solutions, may offer another avenue for raising seizure threshold or
enhancing termination (Ochoa, 2006). Disruption of the electrotonic coupling between neurons
and between interneurons by disrupting gap junction connections has the potential to reduce
neuronal synchrony and perhaps facilitate seizure termination. Enhancement of local inhibition
within a seizure onset zone, currently the mainstay of acute seizure treatment in the form of
benzodiazepine medications, has not become a significant tool for control of chronic epilepsy
because of tachyphylaxis and GABA receptor desensitization (Crawford et al., 1987). Drug
development targeting the GABA receptor to enhance activity dependent local inhibition
without increasing sedation or causing tachyphylaxis would be widely applicable to many
seizure types. Modification of the age-dependent depolarizing effects of GABA offer another
molecular target that can alter seizure susceptibility. Manipulation of the chloride gradient
either through molecular techniques or through the use of drugs that alter chloride transporters
NKCC1 and KCC2 are potential treatment for age-dependent seizure syndromes refractory to
conventional treatment (Galanopoulou et al., 2003; Dzhala et al., 2005).

Alteration of the hormonal milieu may be another means of enhancing some mechanisms
controlling seizures. Novel compounds that activate endogenous seizure-limiting mechanisms
without unacceptable side-effects would constitute an entirely new class of anticonvulsants.
Agents targeting adenosine kinase are already under development. Similar efforts targeting the
endocannibanoid and NPY receptors also hold promise.

Implanted devices are another opportunity to terminate seizure activity before consciousness
is impaired or clinical symptoms manifest. Vagal nerve stimulation, for example, initiated by
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a patient or a caregiver can sometimes halt ongoing seizure activity, raising the hope of creating
a device that both detects seizures and produces an action capable of terminating seizure activity
(Morris, 2003). This approach was used in a pilot study of four patients with medically
refractory epilepsy who received electrical stimulation of the seizure onset zone in response
to seizure detection (Kossoff et al., 2004). The study showed promise as a means of terminating
seizures, and the approach is now the subject of an ongoing clinical trial (Neuro Pace, 2008).
The strategy of seizure detection followed by focal electrical stimulation can also be applied
to other seizure modifying circuits such as the anterior thalamus, SNR, STN, or other brainstem
sites, may also offer a means of aborting seizures. More research is necessary, however, because
the effects of stimulation are not well understood. In one report, for example, stimulation of
the anterior thalamus significantly exacerbated seizures in a rat model of chronic limbic
epilepsy (Lado, 2006). Neurostimulation, however, is only one approach to focally modifying
brain circuits. Alternative technologies may use implantable drug infusion systems to regulate
the seizure onset zone or the activity of nuclear targets capable of regulating seizure spread,
onset, or termination (Ludvig et al., 2006).

In summary, it can be reasonably hoped that unraveling the mechanisms that result in seizure
termination will lead us to novel treatments for patients with epilepsy. It can also be hoped that
further investigation of how seizures end will describe fundamental mechanisms at work in
the brain and will have implications for other disease states and for our understanding of brain
function.
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Figure 1.
Schematic diagram indicating the potential sites of action of seizure terminating mechanisms.
SNR, substantia nigra pars reticulate; STN, subthalamic nucleus; SC, superior colliculus; Th,
thalamus; RAS, reticular activating system.
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