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Abstract

Phenytoin is recently rediscovered as a neuroprotective compound due to the positive results on structural endpoints in a clinical trial in
optic neuritis in multiple sclerosis patients. Data supporting its neuroprotective properties however originated already in the 30s of last century.
The relation between anticonvulsants, the protection of brain tissue and the influence of lack of oxygen on nervous tissue was conceptualized 80
years ago. The concepts ‘protection’ and ‘neuroprotection’ have been defined in various of ways and phenytoin was one of the first compounds
linked to this concept. However, anno 2018 there still are no neuroprotective compounds registered and available in the clinic. Furthermore, its
seems that there is no consensus on definitions for ‘neuroprotection’. We discuss literature on the neuro-protective properties of phenytoin and
analyze the various approaches and definitions of the concept neuroprotection.

Introduction

The idea of tissue protection in general and more specifically
neuroprotection can be traced back to the 30s of last century.
However, the first articles indexed in PubMed, using the
keywords ‘neuroprotection’ or ‘neuroprotective’ can be found
only 50 years later, and thus date from the late 80s [1,2].
Interestingly, after reviewing the literature, it seems that the
concept ‘neuroprotection’ often had and has an implicit container
function, understood by all explorers in the field. Still definitions
are scarce, although the terms ‘protection’ and ‘neuroprotection’
are used widely.

In 2016 phenytoin was proved to have explicit tissue
conserving neuro-retino-protective properties in a phase II
study in optic neuritis due to multiple sclerosis [3]. This can
be regarded as a milestone in ‘neuroprotection’ research. We
explored literature supporting phenytoin’s neuro-protective
properties and discussed the various ways researchers defined
the concepts of ‘protection’ and 'neuroprotection’.

Period 1: prelude: in vitro models, homogenized brain
tissue and cortical slides

The birth of the concept ‘neuroprotection’ can be
situated around the 30s of last century and was linked to the
pharmacological activity of the barbiturates, especially related
to their anticonvulsive properties. Early studies explored the
oxygen consumption in in vitro models, such as in homogenized

brain tissue and the influence of barbiturates on that parameter.

At that time is was known that the effect of convulsions on
the brain resulted in a reduction of the oxygen. The oxygen
consumption (Qo2) was one of the first biological read-outs
and was defined as microliter 02 consumed per milligrams dry
weight of tissue per hour, according to Warburg (1930); a related
read-out such as the respiratory quotient was also used [4,5].

In 1932 it was pointed out by the neurochemist Juda Hirsch
Quastel, (1899 -1987) that barbiturates in a model of minced
brain tissue, could significantly depress the oxygen uptake,
while other anesthetics, such as NO did not. 6 The same was
documented when brain slides were used, and the oxygen uptake
was reversible suppressed by barbiturates, after removing the
barbiturates, oxygen uptake increased again. A second parameter
explored was the inhibitory action of anesthetics like ether and
barbiturates on the oxidation of glucose or of lactate in minced
brain tissue. Barbiturates appeared to be active inhibitors of
the brain-oxygen consumption. Quastel assessed the effects of
barbiturates, such as phenobarbital in different models, and
found that a low dose of phenobarbital inhibited the respiration
of cortex slices by 40 % [6].

In these early days schizophrenia was still treated via
the induction of convulsions, for instance via the use of the
procunvulsant pentylenetetrazol (Metrazol). This method
was introduced by the Hungarian-American neurologist and
psychiatrist Ladislas ] Meduna in 1934. These convulsions led
to a reduction of the oxygen saturation of the blood to 42% [7].
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In the same period Lennox and Behnke from the Department
of Neurology at Harvard University Medical School, pointed
out that seizures in epileptic patients can be induced by letting
them breath air deficient in oxygen [8]. They are clearly quite
sensitive to such oxygen reduction. A convulsion occurred in
epileptic patients when the oxygen tension of the respired air
was reduced to around 10%, whereas unconsciousness occurs at
7% or lower in normal persons, without leading to convulsions.
Conversely Lennox and Behnke demonstrated that an increased
oxygen pressure diminished the number of seizures in an
epileptic patient, and their conclusion was: “Decreased oxygen
tension tends to precipitate and increased oxygen tension tends to
prevent petit mal seizures” [8].

In 1941, in a series of five isolated experiments using a model
of a perfused dog head, it was concluded that pentobarbital
could reduce both the oxygen and glucose uptake by the brain.
Tis led the authors to concluded that barbiturates inhibit the
metabolism of the brain [9]. The stage was now set for the
introduction of the concept neuroprotection.

Period 2:
convulsions

protection defined as reduction of

It seems that the term ‘protection’ first was used to refer
to the reduction of convulsions in models of epilepsy. Pollock
and Finkelman sought to find ‘protection’ against convulsions
induced by metrazol in a rabbit model [10]. They introduced
the principle ‘protective time’, the time period of absence
of convulsions after an intravenous injection of a certain
compound with potential anticonvulsant properties (metrazol),
in a pharmacological model of epilepsy. 10 Merritt, Putnam and
Bywater, some years later in 1945, discussed various synthetic
barbiturate derivatives and used the word ‘protection’ for
the sustained protection against electrical stimulation, by an
anticonvulsant drug [11]. Although they did not explicitly define
the term ‘protection’ they clearly referred to the anticonvulsant
activity of compounds.

In 1952, the anticonvulsants potency and toxicity of 8
different anticonvulsants in different rodent models were
explored. A dose-response experiment was conducted, “between
the limits of complete protection or toxicity and no protection or
toxicity” [12]. In order to qualify the responses the Protective
Index (PI) for anticonvulsants was introduced and defined as
the quotient of the desired endpoint in 50% of animals (ED-50)
and the dose eliciting evidence of minimal neurological toxicity
in 50% of animals (TD-50). The Protective Index (PI) was TD-
50/ED-50. This was the first clear and quantitive definition of
the concept protection as the Protective Index [12].

Protection in this period thus was defined related to the
reduction or absence of convulsions in models for epilepsy.
From now onwards we can identify in literature the concept of
the protective action of phenytoin in various papers and models,
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for instance as its protection against the effect of maximal
electroshock [13].

A new indication for phenytoin emerged in the 50s, also
related to the concept ofprotection: the prevention of cardiac
arrhythmia after myocardial infarction. Harris & Kokernot [14]
in 1950 pointed out that there were similarities between the
origins of delayed cardiac ectopic discharges following coronary
occlusion and focal epileptogenic discharges [14]. They
subsequently suggested that drugs that have proved effect in
preventing convulsions, might also suppress ectopic ventricular
discharges due to acute myocardial infarction. They could
prove that phenytoin (12.5mg/kg BW) produced such complete
cessation of ectopic activity. Based on this work and on further
observations in the clinic, phenytoin started to be used for its
“beneficial protective antiarrhythmic effect” [15].

Zeft et al. [15] explored the protective effect of phenytoin
on mortality after experimental myocardial infarction in pigs
and found that phenytoin at non-toxic dose could significantly
prolong survival time, and so a new parameter based on
protection was introduced in the 60s. 15 The ‘protective’ effect
in arrhythmia described in this indication was comparable to
the ‘protective’ effect in convulsions, in both indications the
‘protective’ effect was against aberrant electrical activity [16].

Period 3: protection defined as extended survival time

The third period started in the early 60s of last century
with experiments under the guidance of the first professor
of anaesthesiology in Denmark, Professor Ole Vilhelm Secher
(1918-1993). He explored the influence of barbiturates on the
resistance of mice to anoxia, and documented a longer survival
time in anoxic mice, anaesthetised with barbiturates compared
to unanaesthetised mice, exposed to the same low oxygen
concentrations. A depressing action of barbiturates on cerebral
oxygen consumption was presumed [17]. Some years later, the
protective action of the barbiturate thiopentone against the
effects of anoxia was reproduced in a new series of experiments.
A number of anesthetics were compared and survival time was
most prolonged by the barbiturate thiopental, while some other
anesthetics had much less or no effect, ruling out that anesthesia
per se was protective. Average survival time was doubled after
treatment with the barbiturate [18,19].

In 1964 two neurosurgeons introduced an elegant operation
technique in cats via reversible carotid occluding clamps and
discussed the best strategies to obtain ‘neuroprotection’ [20].
If the clamps remained in situ for 10 minutes, all cats died,
but when animals were pretreated with sodium pentobarbital
(12-10mg/kg BW), the mortality was reduced for more than
60%. Clearly the outcome parameter in this early study on
neuroprotection was ‘death’ or survival. The authors pointed
out that hypothermia could protect tissues from irreversible
damage caused by circulatory arrest, but that ‘chemical
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protection against ischemia ‘was a more feasible option. They
then discussed three classes of potential protective agents:

A. agents designed to maintain the patency of the
vasculature during the ischemia in order to insure complete
perfusion of the tissue following its termination,

B. inhibitors of cellular activity that would lower the
metabolic demands of the tissue during the ischemia, and

C. physiological compounds, added in excess of their
normal concentrations, to forestall the first irreversible
changes in the cells.

The authors were quite visionary and were the first in
literature to suggest exploring the influence of modulating
physiological pathways as ways to protect tissue. This approach
hasonly berealized in the beginning of this age, when the autacoid
palmitoylethanolamide was found to be such neuroprotective
compound [21].

Period 4: reduction of infarction volume and new
surrogate endpoints

The modern period started in the late 50s early 60s and
new studies in the field of neuroprotection emerged, focused on
the salvation of brain tissue and other tissues using surrogate
endpoints to quantify the degree of ‘protection’. New surrogate
read-outs related to neuroprotection were developed, starting In
the late 50s, such as the electrocorticograph and cortical blood
flow measurements, based on the delayed clearance of injected
krypton-85. Such surrogate endpoints helped to evaluate the
neuroprotective efficacy of interventions such as infusions of
heparin in stroke models [22,23].

In this same period new experimental infarction models
for the brain were developed, based on selective clipping of
the middle cerebral artery, for instance using the Mayfield clip
[24]. Such procedures became possible due to the development
of the operating microscope in the 60s. In order to quantify the
negative impact on brain tissue, volumes of cerebral infarction
were measured. In a cat model, following on clipping the middle
cerebral artery, the average volume of infarction was 3.73cc. The
size of this infarction in survivors however never exceeded a
volume of 0.5cc in size [25]. In experimentally induced cerebral
infarctionsinacanine model, the administration of pentobarbital,
one hour after the arterial occlusion, could significantly reduce
infarct volume [26]. Such neuroprotection was also described
after administering phenytoin both in animal models, as well as
in case series at that time at the clinic of Antonio Aldrete at the
University of Colorado School of Medicine, USA [27,28].

A different kind of protective effect at the cellular level was
reported in 1972, intraperitoneal applied phenytoin, one hour
prior to the intravenous injection of the pancreatoxic compound
alloxan, prevents pancreatic beta-cell necrosis [29]. In the
same early 70s, it was established that there was an unifying
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mechanism behind the protective properties of phenytoin: the
underlying basis for membrane irritability induced by hypoxia
was seen to be relate to the buildup of intracellular sodium
concentrations. Phenytoin seemed to have a stabilizing influence
on virtually all excitable membranes, via the prevention of this
increase of sodium concentration in cells, induced by hypoxia
[30].

Discussion

The concepts ‘protection’ and ‘neuroprotection’ have been
analyzed in the period since the 30s of last century up to the
recent milestone papers, where fenytoin was found to be
retinoprotective in multiple sclerosis patients. 3 We could
identify four distinct periods with a different focus on (neuro)
protection. During the prelude period (period 1) in the 30s of
last century, the anticonvulsant activity of barbiturates and
phenytoin started to become well established. In this period
researchers used various in vitro models, homogenized brain
tissue and cortical slides to document resistance of tissue against
anoxic and hypoxic environments. Oxygen consumption (Qo2)
was one of the parameters used, however, the term ‘protection’
or ‘neuroprotection’ was not explicitly used in this period.The
concept neuroprotection can be found in literature from the 40s
onwards. It was initially linked to protection against convulsions
due to anticonvulsants (by barbiturates and phenytoin), and
thus was based on a clinical endpoint (period 2). Subsequently,
in the early 60s, in animal experiments it was documented that
phenytoin could reduce mortality due to anoxia or hypoxia.
The major endpoint in those days pointing to ‘protection’ was
‘survival time’ (period 3).

A new era of experimental neurology started around that
time, with the emergence of new methods, like the operating
microscope entering the laboratory and clinic. Quantitative
endpoints based on volumetric measurements of tissue salvation
became established (period 4). Protective effects of phenytoin
were defined on cellular levels, tissue and organ levels. An
unifying hypothesis for the mechanism of action of phenytoin
became established, based on its prevention of intracellular
sodium increase. Studies on retinoprotection started in the clinic
in the early 70s, when the protective effect on clinical endpoints
were described for phenytoin in optic neuritis and glaucoma.
This led to a recent clinical phase II proof of concept study,
supporting phenytoin’sretina-sparing effect in optic neuritis in
multiple sclerosis patients.

Neuroprotection has been defined differently since the 30s of
lastcentury,and definitions were linked to effects on physiological
and functional parameters, on the levels of cells, tissues and
organs, and on the clinical level. As there is consistent evidence in
all groups of outcome parameters, it is recommended for further
studies to especially focus on structural endpoints,as primary
surrogate endpoints, especially since the sensitivity of clinical
endpoints is mostly much less compared to these structural
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endpoints. Phenytoin has been explored for its properties during
a period of 70 years and consistently, throughout times, it was
found to be a neuroprotective compound.
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