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A number of widely different animal seizure models have been employed in
the search for new and novel anticonvulsant drugs useful for the tratment of
human epilepsy. At present, no single laboratory test will, in itself, establish
the presence or absence of anticonvulsant activity or fully predict the clinical
potential of a test substance. Of the many available animal models, the maxi-
mal electroshock (MES) and subcutaneous pentylenetetrazol (scPTZ) tests still
represent the most commonly employed models for the routine screening and
identification of new anticonvulsant drugs. This chapter will briefly describe
how these two tests are conducted, their limitations and how they have con-
tributed in the past and to the present day anticonvulsant drug discovery pro-
cess.
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Historical Perspective

The MES test has been employed extensively in
the search for new anticonvulsant substances ever
since Putnam and Merritt (1937) successfully
identified phenytoin in a systematic screening
program (see [5] for historical discussion and re-
ferences). Their discovery of phenytoin and its
subsequent success in epileptic patients for whom
the barbiturates or bromides were largely ineffec-
tive demonstrated that it was possible to discover
new clinically effective drugs using an experi-
mental animal model. Subsequently, Everett and
Richards [1] demonstrated that pentylenetetrazol-
induced threshold seizures could be blocked by

trimethadione and phencbarbital but not by phen-
ytoin. Goodman and colleagues [3] later demon-
strated that phenytoin and phenobarbital but not
trimethadione could modify MES seizures. This
observation, coupled with those of Everett and
Richards [1] suggested that the two seizures tests
(i.e., MES and pentylenetetrazol) could be used
selectively to identify drugs effective against
maximal versus threshold seizures. A critical link
between experimental seizure models and human
seizure disorders was provided by Lennox [7]
when he demonstrated that trimethadione was ef-
fective in decreasing or preventing petit mal at-
tacks in 50 patients and was ineffective or wor-
sened grand mal attacks in 10 patients. Thus, the
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correlation between anticonvulsant efficacy in hu-
man seizure disorders and maximal and threshold
seizures in animal models was established.

For the last 20 years, the Anticonvulsant Drug
Development Program of the National Institute of
Neurological Disorders and Stroke has routinely
employed these two tests in its early identification
procedures. As discussed below, this is due in part
to their somewhat predictive nature.

The Tests

The MES and scPTZ tests are routinely conduct-
ed with either mice or rats. There are advantages
and disadvantages associated with both species
that are beyond the scope of this chapter and
which have been described elsewhere [9, 10, 15,
16].

For the MES test, individual animals receive an
electrical stimulus that is delivered through either
corneal or pinneal electrodes for 0.2 sec duration
and is of sufficient intensity to induce a maximal
or tonic extension seizure of the hindlimbs (e.g.,
50 mA in mice and 150 mA in rats). Typically,
this stimulus is 5 to 10 times higher than the
threshold current necessary to evoke a tonic ex-
tension seizure. This test measures the ability of
a drug to abolish the tonic extensor component of
the seizure and is routinely conducted at the pre-
determined time of peak effect following oral or
intraperitoneal administration of a test substance
[171.

Pentylenetetrazol administered subcutaneously, is
routinely employed to produce a minimal clonic
seizure of the vibrissae and/or forelimbs which
persists for at least five seconds. Typically, a dose
of PTZ sufficient to induce seizure activity in 97%
of the animals challenged (CD97) is administered
subcutaneously to mice (85 mg/kg) or rats (70 mg/
kg) at the time of peak effect of the investigation-
al agent (see [10] and [17] for specific details).
Animals are then observed over the next thirty
minutes for the presence or absence of clonic sei-
zure activity. Thus, this test measures the ability
of a drug to prevent a threshold clonic seizure.

Resultant Seizures and Pharmacological
Profiles

The induction of a MES seizure with a supramax-
imal current delivered via corneal electrodes re-
sults in a behavioral seizure in rats that is char-
acterized by tonic extension of both forelimbs and
hindlimbs. Tonic extension is followed by brief
episodes of clonic activity of the forelimbs and
hindlimbs which is followed by a prolonged pos-
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tictal period lasting several minutes. Stimulation
of the brain via corneal electrodes also results in
a higly characteristic electrographic seizure which
is generalized from the anterior to the posterior
surface of the brain. The electroencephalograph
displays high frequency, high amplitude spiking
activity which correlates with the behavioral sei-
zure.

One disadvantage associated with the use of rats,
as opposed to mice, in the MES test is that not all
rats will display a full hindlimb tonic extension
seizure in response to a supramaximal stimula-
tion. The incidence of nonresponders in Sprague-
Dawley derived, albino rats is approximately 15%
but can increase markedly with increasing age and
seasonal variations [17]. Thus, it is necessary to
prescreen all rats the day before a drug trial to
identify and eliminate the nonresponders from the
experimental group.

Drugs are said to be effective in the MES model
when they are found to block the hindlimb tonic
extensor component of the seizure. Thus, it is not
necessary or even expected that they will block the
secondary clonic activity which follows tonic ex-
tension.

Drugs can modify the MES seizure pattern by
several different mechanisms. For example, they
can stabilize the neuronal membrane or decrease
the tendency for neurons to discharge repetitively
by altering the threshold for focal seizure dis-
charge or they can decrease the spread of a sei-
zure discharge from the focus [20]. Because the
stimulus employed in the MES test is several ti-
mes greater (supramaximal) than that required to
produce a tonic extension seizure, a drug which
acts primarily by raising seizure threshold is not
likely to prevent tonic extension in this model.
Thus, the MES test is primarily thought to detect
drugs which act by preventing seizure spread.
Numerous technical, biological, and pharmacoki-
netic factors have been identified which can
“qualitatively” affect the results obtained in a
drug-testing trial and these have been described
elsewhere [9] and [17]. However, it is noteworthy
that while these factors are not likely to contri-
bute to “missing” a MES-active drug, they may
certainly contribute to erroneous conclusions re-
garding potency and duration of action of an ac-
tive drug.

The behavioral seizure which results from the
subcutaneous administration of PTZ is markedly
different from that of a MES seizure. Depending
on the dose administered, PTZ can produce my-
oclonic jerks, repeated clonic seizures of the vi-
brissae, forelimbs and hindlimbs without loss of
righting reflex, clonic seizures of the limbs with
loss of righting reflex, and loss of righting reflex
followed by tonic extension of the forelimbs and
hindlimbs {10]. This is particularly important be-
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cause these different endpoints have been shown
to be associated with different pharmacological
profiles [10, 13]. For example, phenytoin and
ethosuximide, two drugs with markedly different
clinical profiles, are both effective against tonic
extension seizures induced by scPTZ [13]. Etho-
suximide is effective because it raises the thres-
hold for a tonic extension seizure and phenytoin
because it prevents seizure spread. Drugs screened
by the Anticonvulsant Drug Development pro-
gram, are said to be effective in the scPTZ test if
they block only the clonic seizure which typically
follows myoclonic jerks. This is an important
point because, by choosing an inappropriate en-
dopoint, a rather discriminating threshold model
can be converted into a nondiscriminating seizure
test [13].

The EEG of a PTZ treated animal is character-
ized by 6-7 Hz spike and wave discharges which
correlate with the behavioral seizure. With minor
exceptions, drugs which are effective against ge-
neralized absence seizures in humans are also ef-
fective against scPTZ seizures in animals. Thus,
ethosuximide, trimethadione, and valproate are
effective in this model; whereas phenytoin and
carbamazepine are ineffective against pure clonic
seizures [13] and [17].

Discussion

When conducted properly the MES and scPTZ
tests are probably the best validated of all the ex-
perimental models available for evaluating anti-
convulsant drugs and provide the most useful in-
formation concerning the potential clinical utility
of an investigational agent. Unlike animal seizure
models developed in later years, the MES and
PTZ tests have both been validated in human stu-
dies. In these studies, the EEG and resultant be-
havioral seizure following electroconvulsive shock
therapy and PTZ administration were demonstrat-
ed to be remarkably similar to that recorded in
animals (see [14], [18] and [19] for discussion).
Likewise, phenytoin was shown to block selec-
tively electroconvulsive shock-induced tonic ex-
tension [18] but not PTZ-induced seizures {2]. In
a similar manner, drugs like trimethadione were
found ineffective against electroconvulsive shock-
induced tonic extension [18]. This early demon-
stration in man led to the ultimate inclusion of
these two tests into the screening protocol of the
Anticonvulsant Drug Development Program [6].

Results obtained over the last five decades of an-
ticonvulsant drug testing have demonstrated that,
with minor exceptions, substances which obtund
the tonic extension component of MES seizures
(e.g., phenytoin) have been found to be clinically

useful for the management of generalized tonic-
clonic seizures; whereas substances which prev-
ent clonic seizures induced by pentylenetetrazol
(e.g., ethosuximide) have been found to be useful
for the treatment of generalized absence seizures.
Likewise, compounds which are effective against
both seizure types (e.g., valproate) have been
found to be effective against both human seizure
disorders.

The majority of currently available anticonvulsant
drugs are thought to exert their anticonvulsant ef-
fect by: (1) delaying recovery of sodium channel
activation; (2) reducing low-threshold (T-type)
calcium currents; or (3) enhancing GABA, re-
ceptor-mediated inhibition [11]. In general, most
of the prototype anticonvulsant drugs with de-
monstrated clinically efficacy against generalized
tonic-clonic seizures (phenytoin, carbamazepine,
and valproate) have been found to reduce sus-
tained high-frequency repetitive firing of action
potentials through an effect on sodium channels.
Drugs that are effective clinically against gener-
alized absence seizures (ethosuximide, trimetha-
dione and valproate) have been shown to reduce
low-threshold calcium currents of the T-type.
Drugs most effective against myoclonic seizures
(barbiturates and benzodiazepines) enhance GA-
BA ,-mediated inhibition (for further discussion,
see [11]. From this discussion, one might reason-
ably expect “pure” MES-active compounds to re-
duce sodium channel activity and “pure” scPTZ-
active compounds to reduce T-type calcium chan-
nel currents. Furthermore, those drugs with a
broad anticonvulsant profile in animal models
might be expected to possess multiple mechan-
isms of action.

Based on our current understanding, one would
not expect a drug that is thought to reduce T-type
calcium currents to block MES-induced seizures
nor would one expect a sodium channel blocker
to be active against scPTZ seizures. Beyond this,
little can be said about the molecular mechanism
of action of drugs which prevent seizures induced
by MES or pentylenetetrazol. For this reason, the
MES and scPTZ tests are generally thought to be
useful for identifying compounds which act by
limiting seizure spread and raising seizure thres-
hold, respectively [17].

Clearly, an ideal model of epilepsy would be able
to predict the clinical utility of a newly identified
anticonvulsant drug. However, none of the pre-
sent models can predict with absolute certainty
whether a drug will be successful in human stu-
dies. Only after a drug has demonstrated efficacy
in the clinic will one begin to appreciate its ov-
erall anticonvulsant potential. This is not to say
that animal models are unimportant to the discov-
ery process. However, it does emphasize the wis-
dom of demonstrating that the models employed
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TABLE 1. Anticonvulsant profile and proposed mechanism of action of newly released and investigatio-

nal anticonvulsants.

Experimental Model
MES scPTZ Mechanism of Action
CPPene + - NMDA antagonist
Felbamate + + I SRF?% modulate SI-Glycine receptor®
Gabapentin + - | L-amino acid transport
Lamotrigine + - 1 Na | EAAC release
Loreclezole + + T GABA?
Losigamone + + T GABA
Vigabatrin + +/— 1 GABA by blocking metabolism
Remacemide + - NMDA antagonist?
Topiramate + - | SRF; 1 GABA
Tiagabine — + 1 GABA by | uptake
Zonisamide + - ? Na+* B

(+) active; (—}) inactive

2 SRF - sustained repetitive firing
b Sl - strychnine insensitive

¢ EAA - excitatory amino acid

in an anticonvulsant discovery program are not
missing mechanistically novel anticonvulsant
drugs. A number of investigational anticonvul-
sants currently in clinical development appear to
possess novel mechanisms of action (Table 1) and
some have shown significant promise in epileptic
patients. Moreover, all of these agents have been
found to possess activity against MES-and/or
scPTZ induced seizures. Albeit, the GABA tran-
saminase inhibitor gamma vinyl GABA was ori-
ginally found to be inactive against both MES and
scPTZ. However, it was found to be active in both
tests when appropriate consideration was given to
its proposed mechanism of action. For example,
the time of peak effect of gamma vinyl GABA in
most models is between 24 and 48 hours. This
long time to peak effect reflects the slow yet ir-
reversible inhibition of GABA transaminase and
subsequent increase in brain GABA concentra-
tions.

It is important to note that there are a number of
factors unrelated to the inherent mechanism of
action of a drug that can contribute to whether it
will be effective in a particular seizure model.
Besides time of peak effect, other factors might
include inadequate absorption following oral ad-
ministration, inability to cross the blood-brain-

Sommario

barrier, and species-dependent differences in drug
metabolism (for further discussion, see [8]. These
and other factors can all contribute to “missing”
an active drug in a primary screen and every at-
tempt should be made to control for their influ-
ence.

In summary, the MES and scPTZ tests have sur-
vived the test of time. The resultant seizures from
maximal electroshock stimulation and subcuta-
neously administered PTZ are higly reproducible
and have well-defined endpoints. The MES test
possesses a pharmacological profile in laboratory
animal and human studies which is consistent with
human generalized tonic-clonic seizures, while the
scPTZ test correlates well with generalized abs-
ence seizures.

When appropriate consideration is given to cer-
tain pharmacokinetic parameters, all of the inves-
tigational anticonvulsants under development have
been found active in one or both of these models.
Thus, it is possible to identify mechanistically
novel anticonvulsants with these two tests. Be-
cause of this, the MES and scPTZ tests represent
two highly appropriate first screens for any anti-
convulsant discovery program. Such an approach
would not be expected to limit further studies in
other seizure models.

Numerosi modelli animali di crisi epilettiche sono stati impiegati per ricercare nuovi farmaci antiepi-
lettici utili per il trattamento delle epilessie umane. Attualmente nessuno dei tests di laboratorio é in
grado, da solo, di stabilire il valore entiepilettico di una determinata sostanza o di predirne ['utilita
clinica. Tra i molti modelli animali disponibili quelli piss comunemente impiegati per selezionare nuovi
SJarmaci antiepilettici sono il test di risposta all’elettroshock massimale (MES) e alla somministrazione
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subcutanea di pentilenetetrazolo (scPTZ). 1l presente capitolo passa in rassegna la metodologia dei
due tests, le loro limitazioni e il contributo che essi hanno fornito in passato e tutt’ora forniscono alla
scoperta di nuovi farmaci antiepilettici.
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