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Abstract
Undeniable advances have been made in clinical and
experimental investigation into the pathophysiology, diagnosis, and treatment of cerebral ischemia. However,
with the exception of intravenous thrombolysis and
some neuroprotectors, such as citicoline, the majority of
the drugs successfully tested in experimental studies
have failed in clinical trials. Valuable lessons for the improvement of research methodology and appropriate
coordination of experimental and clinical research can
be learnt from the analysis of discrepancies between the
laboratory and clinic, which will allow us to increase the
power and cost-effectiveness of the studies. In addition,
this progress has opened the way for the investigation
of very promising new therapeutic strategies, such as
combined pharmacological and mechanical thrombolysis, thrombolysis and neuroprotection, or the combination of various neuroprotectors, antiapoptotic therapies,
and neurorestoration therapies, such as stem cell transplants.
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Thanks to important developments in experimental
and clinical investigation which have taken place in the
pathophysiology of cerebral ischemia in recent decades,
we now have a very extensive and increasingly precise
understanding of this area. This has allowed the identiﬁcation of a large proportion of the changes which take
place in the cells during ischemia and the determination
of their chronological proﬁle, leading to the detection of
the existence of potentially salvable tissue (ischemic penumbra) [1–5] and, secondarily, to the investigation of
therapeutic strategies and drugs (neuroprotectors) designed to inhibit the mediators of ischemic damage, with
the aim of protecting the cell and avoiding the development of an irreversible infarction [6–9]. In addition to the
various thrombolytic reperfusion therapies, a large number of potentially neuroprotective agents directed at different harmful factors in the ischemic cascade have been
investigated (table 1) [8–10]. Some have not shown any
efﬁcacy, or have produced an excess of adverse effects and
have not passed the animal research phase, but the majority of the substances which were successful in these experimental studies have failed in clinical trials. Currently,
only stroke units [11, 12] and intravenous (IV) thrombolysis with rtPA in selected patients during the ﬁrst 3 h
after the start of symptoms [13–16] have shown beneﬁcial
effect in the treatment of acute cerebral infarction with

María Alonso de Leciñana
Department of Neurology, University Hospital Ramón y Cajal
Ctra de Colmenar Km 9,100
ES–28034 Madrid (Spain)
Tel./Fax +34 670754255, E-Mail mariaalonsoleci@telefonica.net

Table 1. Neuroprotective drugs tested in the clinic

Calcium channel blockers

Nimodipine
Flunarizine
Isradipine

Calcium chelator

DP-b99

Sodium channel blockers

Fosphenytoin
Lubeluzole
619C89

Potassium channel opener

BMS-204352 (Maxipost)

Glutamate antagonists

AMPA antagonists
GYKI 52466
NBQX
YM90K
YM872 (Zonampanel)
ZK-200775(MPQX)
Kainate antagonist
SYM 2081
NMDA antagonists
Competitive NMDA antagonists
CGS 19755 (Selfotel)
NMDA channel blockers
Aptiganel (Cerestat)
CP-101,606 (Troxoprodil)
Dextrorphan
Dextromethorphan
Magnesium
Memantine
MK-801 (Dizolcipine)
NPS 1506
Remacemide
Glycine site antagonists
ACEA 1021 (Licostinel)
GV150526 (Gavestinel)
Polyamine site antagonists
Eliprodil
Ifenprodil

GABA agonists

Clomethiazole

Serotonin agonist

Bay x 3072 (Repinotan)

Free radical scavengers –
antioxidants

Ebselen
NXY-059 (Cerovive)
Tirilazad

Leukocyte adhesion
inhibitor

Anti-ICAM antibody (Enlimomab)
Hu23F2G (Rovelizumab)

Nitric oxide inhibitor

Lubeluzole

Opioid antagonists

Naloxone
Nalmefene

Membrane protectors

Citicoline
Piracetam

Growth factors

Fibroblast growth factor (bFGF)
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evidence level I. Many of the neuroprotective drugs which
have shown some efﬁcacy in clinical trials have side effects which outweigh the beneﬁt (calcium antagonists [10,
17, 18], lubeluzole [19, 20], magnesium [21]), while in
others the results are inconsistent (ebselen [22], piracetam [23], clomethiazole [24, 25]) or need to be conﬁrmed
with more trials (cerovive [10]). Some neuroprotectors,
such as citicoline, have reproduced the favorable results
from experimental studies in phase III clinical trials [26–
30]. The causes of discrepancies between the experimental and clinical studies are diverse and depend both on
the drugs studied and on the design of the experimental
models and the clinical studies [31–33]. Valuable lessons
have been learnt from the analysis of these discrepancies,
which will allow the systematics of research into the treatment of cerebral ischemia to be improved and much more
satisfactory results to be obtained in the near future [34,
35]. Developments in the understanding of the mechanisms involved in the ischemic damage, as well as the
important biotechnological advances which are currently
available for research, will contribute to this process.

Reasons for Discrepancies between the
Results of Clinical and Experimental Studies

Physiological Differences between Rodents and
Humans
Neuroanatomical, pathophysiological, and metabolic
differences exist between the rat, which is the animal
most often used in preclinical studies of neuroprotective
therapies, and humans, and these may explain in part why
the results of experimental studies are generally more favorable. The thresholds of regional cerebral blood ﬂow
below which certain cellular functions are lost and death
due to necrosis eventually occurs are different, as is the
chronological development of cell damage in the penumbra zone, which implies differences in the duration of the
‘window of opportunity’ for certain therapeutic options
[5]. The great efﬁcacy of the collateral circulation in the
rat [31] provides a natural defense against focal ischemia
in these animals, and this may allow the more effective
contribution of systemically administered neuroprotective drugs in the penumbra zone. Although the metabolic
differences between rodents and large mammals are well
known, there are very few studies comparing the pharmacokinetics of any compound in experimental animals and
humans, or the dosing equivalents for obtaining a certain
effect. It is not uncommon for drugs under investigation
in cerebral ischemia to present different tissue distribu-
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tion, clearance, or hepatic metabolism among species, so
that the concentrations achieved in the brain tissue of
humans may be different from those achieved in animals,
and as such, less effective. In most cases, dose-response
curves are not obtained before the drugs are studied in
clinical trials. Comparatively, much higher doses are used
in smaller animals [36] than those used in clinical trials.
Differences between Experimental Cerebral
Infarction and Spontaneous Brain Infarction in
Patients Included in Clinical Trials
Although animal models try to reproduce ischemic
stroke as closely as possible, there are inevitable differences derived from the experimental model itself. The
objective of an experimental model is to achieve homogeneous and reproducible lesions with minimum variability, with the aim of maximizing reliability and providing results. To achieve this, all variables which can inﬂuence the extent and progression of the lesion, such as
physiological parameters (cranial and body temperature,
blood pressure, glycemia, blood gases, pH), age, sex of the
animals, location of arterial occlusion, and exact time of
administration of treatments, are controlled. In clinical
practice it is impossible to obtain similarly homogeneous
groups of patients with cerebral infarction which are large
enough for the performance of reliable studies, so clinical
trials group together patients with infarctions in different
localizations, of different extent and etiologies, as well as
patients with advanced age and multiple concomitant
diseases and therapies. In these patients administration
of the drug is carried out over a less precise range of time
than in animal studies, and it is not possible to control
the physiological parameters with such precision. This
heterogeneity reduces the power of the studies and makes
it difﬁcult to obtain results with a sufﬁcient level of signiﬁcance. In addition, in the majority of the animal models of focal ischemia, infarctions are produced in the brain
cortex and, in any case, the evaluation of any neuroprotector is usually limited to its effect on the gray matter.
Since the pathophysiology of ischemia in the white matter differs in some aspects [37], it may be possible that an
effective neuroprotector in cortical infarctions would be
ineffective in lacunar or subcortical infarctions, which are
very common in humans and widely represented in clinical study populations.
The target of the therapeutic effect of a neuroprotector
drug is the potentially recoverable tissue in the ischemic
penumbra zone. The maintenance of homeostasis and
homogeneity of the lesion which is obtained in animal
models are ideal conditions for the presence of an area of
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penumbra. However, in patients in clinical trials it is not
known whether recoverable tissue is present or not, and
the clinical heterogeneity of the subjects suggests that cases with different amounts of tissue in penumbra and with
different chances of recovery are included. If there is no
penumbra tissue and the whole area of brain affected by
the focal ischemia is irreversibly damaged, it is unlikely
that the neuroprotectors will provide any beneﬁt. If the
presence and amount of recoverable tissue in candidates
for clinical trials of neuroprotectors could be determined,
it would allow the selection of optimal cases for receiving
the drug, excluding those who, due to an irreversible lesion, would not beneﬁt from the treatment. In this way,
it would be easier to demonstrate the action of a determined drug, and the conclusions drawn with regard to its
efﬁcacy would be more reliable.
Reasons Attributable to the Methodology of
Experimental Studies and Clinical Trials
One of the most important aspects of experimental
and clinical research is the study design. This must be appropriate for the objective under investigation so the costeffectiveness of the study can be optimized. Although
both types of investigation represent two closely related
phases in the development of therapies for cerebral ischemia, they are not carried out in a coordinated fashion,
and experimental studies are not often designed so that
their results can later be extrapolated to the clinic. Similarly, when clinical trials are planned to test the beneﬁt of
a certain drug, the methodology used in experimental
studies which showed beneﬁt is rarely resembled. Most
often clinical trials are not adapted to conditions in which
the drug has previously been studied (with regard to type
of infarction treated, time of administration of the drug,
duration of treatment, dosing, endpoints, timing of evaluations), giving way to completely different studies for
which the prior experimental phase is not valid.
In the phase of experimental investigation, the most
appropriate model must be chosen. There are various
models of focal cerebral ischemia [31]. The ones most
frequently used at present are the model of middle cerebral artery ligation after craniotomy [38, 39], the intraluminal occlusion model, inserting a ﬁlament via the internal carotid artery [40] and the model of occlusion with
autologous blood clot emboli [41, 42]. The former produces very homogeneous cortical lesions but it is traumatic and not very ‘physiological’, as it does not resemble
human stroke. It is very useful in pathophysiological studies of ischemia, thanks to its lack of variability, and can
be very useful in the study of neuroprotective agents for
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demonstrating a certain effect on the lesion, but its results
will be hard to reproduce in clinical trial for all the reasons
mentioned above. On the other hand, the intraluminal
occlusion models, particularly the model with clot embolism, are more similar to cerebral infarction due to arterial embolism in humans. It gives way to very extensive
lesions of widely varying size which affect basal ganglia
and the cortex and cause high mortality. This model is
very attractive for the study of neuroprotectors, particularly in combination with pharmacological thrombolysis,
but it has the inconvenience of being much less cost-effective due to the variability of the lesions and high mortality.
In experimental studies, drugs are administered very
early, in some cases even before the infarction is produced, while in clinical studies treatment may be delayed
by up to 24 h, and in any case is administered over a much
more variable time range [8–10]. Although the therapeutic window for different drugs varies according to their
mechanism of action, and individual differences also exist depending on factors such as the efﬁcacy of collateral
circulation or physiological parameters (blood pressure,
glycemia, temperature), in general, the earlier a neuroprotective agent is administered, the greater the probability
that it will be effective [43, 44]. For the results to be superposable, the drug administration protocols in the clinic and laboratory should be more similar and better
adapted to the presence or absence of penumbra and to
the mechanism of action of the drug.
It is also very important to choose carefully the parameters which will be used for the evaluation of the lesion
and action of the study drug on this lesion, as well as the
moment in the process in which these markers are measured. In most animal studies, histological parameters
(size of lesion, neuronal death) [45] or biochemical parameters (quantiﬁcation of markers, such as glutamate
and caspases [46] and other mediators of ischemia-induced damage) in plasma, cerebrospinal ﬂuid, or tissue
are used [31, 32, 47]. Motor, cognitive or behavior deﬁcits, evaluated using validated scales, and mortality due
to brain damage have been used only recently as efﬁcacy
endpoints [48–51]. On the other hand, the results of clinical studies are just based on scales for the evaluation of
neurological or functional deﬁcits and on mortality. In
addition, the evaluation is made after periods of evolution which are short in experimental studies (days) and
long in clinical studies (months). The experimental studies should evaluate combined endpoints which can be
extrapolated to clinical trials, since the results will be
much more robust and more easily reproducible and reli-
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ability of the experiments will be increased. One single
marker may not be sensitive to the effect of a neuroprotector even though it is effective (false-negative result), or
on the contrary, the marker may be affected by the mechanism of action of the drug, without this being translated
into clinical effect (false-positive result). In the case of
experiments based only on histological criteria, particularly if they are measured at the early stages, the conclusions must be considered with caution, due to the fact that
the tissue appears morphologically intact; this does not
signify that it is functioning or that it will not develop a
lesion later on [39, 52]. For this reason it is important to
include neurological and functional evaluation using
scales in the animal models and to carry out the evaluation later than is currently done, to ensure that the evolution of the process is complete and that a result will not
change over time [53].
Reasons Attributable to Pharmacology, Mechanism
of Action, and Administration Protocol of the
Compounds Studied
The efﬁcacy of a neuroprotector depends on its capacity to inhibit the mediators of the ischemic cascade and
the processes which lead to different forms of neuronal
death [1, 2, 54]. The demonstration of this efﬁcacy in any
study, whether experimental or clinical, depends, among
other factors mentioned, on whether the administration
protocol (treatment initiation, administration regimen,
duration of treatment, dosing) is appropriate for the
mechanism of action and the pharmacological properties
of the drug under investigation [32, 55]. In practice, these
aspects are not taken sufﬁciently into consideration. For
example, the activation of excitatory amino acids and
cytosolic calcium overload are changes which occur very
early on in the ischemic cascade and their damaging effects take place very quickly. For this reason, excitatory
amino acid antagonists and calcium antagonists should
be administered very early for them to have any beneﬁcial
effect, but it would not be necessary to maintain treatment for long. This is done in experimental studies carried out with these types of drugs, but not in clinical trials
which have studied them. This explains in part the beneﬁcial effects demonstrated in animals which have not
been obtained in humans [8, 9, 18, 19, 41, 56]. On the
other hand, other disorders, such as inﬂammation or different proapoptotic mechanisms, are responsible for cell
damage later on, and as such, an anti-inﬂammatory or
anti-apoptotic drug would have a longer therapeutic window and would probably require a longer period of administration [57, 58]. In addition, acute treatment could
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delay, but not avoid, cell death unless continued for a sufﬁcient period of time (depending on the drug used) [55],
but in many clinical trials treatment is only continued for
a few hours or days after the stroke. In animals, although
the treatment is not lengthy, the evaluation of the lesion
is made much earlier than in humans, which favors a
positive result, since the possibility of a subsequent deterioration is avoided.
In the ischemic cascade, the pathophysiological disorders responsible for the progression of the cerebral injury
are related in such a way that they all participate in the
production and action of the others. This suggests that the
isolated inhibition of one of them, particularly one of the
earlier ones, would not be particularly useful, since other
lesion-producing mechanisms would be strengthened. In
addition, depending on the characteristics of the cerebral
infarction which we want to treat (presence or absence of
penumbra, time of evolution, presence or absence of reperfusion, collateral circulation efﬁcacy), a drug with a
certain mechanism of action may or may not be useful.
Consequently, it seems logical that it would be more effective to act by simultaneously inhibiting several steps
in the ischemic cascade, or else by protecting the target
organ more speciﬁcally (cell membrane, organelle membrane, nucleus, DNA, etc.).
Finally, the pharmacological interactions of a compound are not considered in animals, as they are studied
in isolation (while patients in clinical trials are usually on
multiple medications), and neither is drug toxicity considered, which may overcome the neuroprotective effect
in humans.

New Goals in the Development of
Neuroprotective Therapies against Cerebral
Ischemia

In consideration of the discussions in the previous sections, it is easy to understand the discrepancies between
experimental studies and clinical studies, and that in
some cases the absence of positive results in the clinic
does not indicate lack of efﬁcacy, rather the inability of
studies to demonstrate it. For this reason we should not
give up investigation for the development of effective
neuroprotective agents. Research into the pathophysiology, diagnosis, and therapeutics of cerebral ischemia has
never been better and new advances are constantly being
produced to smooth the path. The absence of success does
not necessarily imply failure; rather it contributes to the
advance of science, in such a way that very valuable les-
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sons can be learned from the analysis of the lack of concordance between the results of experimental and clinical
investigation, which can be used to continue this advance
successfully. For this it is necessary to establish two fundamental goals: the improvement of the investigational
methodology and the study of new therapeutic strategies.

Improvements in Investigational Methodology and
Clinical Trial Design
The objectives to be achieved summarize the different
aspects discussed throughout this article. Despite the
known differences between humans and animals, the laboratory must be considered as a phase prior to the clinic
in the development of neuroprotective drugs and experimental and clinical studies must be carried out in a coordinated fashion. This implies that reproducible animal
models of focal cerebral ischemia, which mimic as far as
possible cerebral infarction in humans, must be selected
and designed in such a way that results can later be extrapolated to facilitate their scrutiny in clinical trials. The
parameters for measuring the seriousness of the experimental infarction and the action of the drug under investigation must be combined to increase sensitivity and
speciﬁcity, and to make them more similar to the clinic.
Scales for performance status must be included in addition to histological or biochemical markers. For the same
reason, the evaluation must be made later in experimental studies, with longer survival times than those usually
considered. The clinical trials should study more homogeneous patient groups, particularly with regard to the
localization and size of infarction, concomitant disease
and physiological variables at the time of treatment, and
it would be desirable to study larger sample sizes. The
early phase clinical trials studying drugs with proven efﬁcacy in animal models should reproduce the experimental conditions in which the drug was studied, including
strictly only those subjects who fulﬁlled these conditions.
The demonstration of the presence of recoverable tissue,
by the identiﬁcation of an area of salvageable penumbra
before administration of the drug and exclusion of patients with no evidence of this, would improve the costeffectiveness of clinical trials. Sensitive techniques, such
as perfusion-diffusion mismatch detection on MRI or
CT, are available for this [59]. However, some authors
maintain that this is only useful if it does not involve a
delay in the administration of treatment, since this may
reduce its efﬁcacy [34]. Drugs must be administered as
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soon as possible, although the demonstration of the presence of an area of penumbra would justify later administration. The currently ongoing DEFUSE (DiffusionWeighted Imaging Evaluation for Understanding Stroke
Evolution) [60] and EPITHET (Echoplanar Imaging
Thrombolysis Evaluation Trial) [61] studies have the objective of evaluating the usefulness of diffusion-perfusion
resonance for the identiﬁcation of predictive patterns
of favorable evolution after thrombolysis with rtPA between 3 and 6 h after the onset of symptoms. The recently completed DIAS (Desmoteplase in Acute Stroke) and
DEDAS (Dose Escalation of Desmoteplase in Acute
Stroke) studies use the presence of mismatch as criteria
for the selection of patients as candidates for treatment
with desmoteplase up to 9 h after stroke [62, 63].
The regime of administration of the drug and the duration of treatment should be adapted to its mechanism
of action. The therapeutic window should be determined
before phase III trials are begun. As far as possible, the
clinical study should select patients whose characteristics
allow us to assume that they will beneﬁt from the mechanism of action of the study drug. The doses administered
in humans should be the equivalent to those studied in
animals. For this we must know the pharmacokinetic
characteristics and the dose-response curve of the compounds studied in humans. The toxic effects of the drugs
in animals must be evaluated before they are tested in the
clinic.

New Therapeutic Strategies under Development:
Combined Therapies
Combination of IV Thrombolysis with Techniques
Aimed at Increasing the Efﬁcacy and Speed of
Reperfusion
The efﬁcacy of IV thrombolysis, when the recommendations for administration are followed, has been sufﬁciently well proven [13–16]. Nevertheless, its use is limited by its short therapeutic window and by the complications derived fundamentally from the risk of bleeding and
possible injury from reperfusion. On the other hand, in
some cases, IV thrombolysis is not effective for reperfusion and, in addition, post-rtPA rethrombosis has been
described [64]. The problem of the short therapeutic window could be resolved as described above, by the identiﬁcation of patients with persistent diffusion/perfusion
mismatch later than 3 h after the onset of symptoms and
in any case, aiming for reperfusion as fast as possible. The
risk of bleeding depends, among other factors such as
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drug dose, patient age, blood pressure or glycemia [65],
fundamentally on the extent of the lesion, which in turn
depends on the duration of the occlusion and on the efﬁcacy of the collateral circulation [66]. For all these reasons, to improve the beneﬁt of IV thrombolysis, it appears
to be necessary to improve the speed of taking actions for
initiation of treatment and to increase the reperfusion
ability of the drugs. In addition to the combination of IV
and intra-arterial thrombolysis [67, 68], the combination
of pharmacological thrombolysis together with different
forms of mechanical thrombolysis, such as the transcranial application of ultrasound in the CLOTBUST trial
[69] or the disruption and extraction of the clot using intra-arterial devices in the MERCI studies [70], seems to
be useful. Studies are being carried out in phase I and II
to see if it is possible to improve the thrombolytic capacity and to avoid rethrombosis by combining IV rtPA with
other antithrombotics, such as the GIIb/IIIa inhibitors,
abciximab [71], and eptiﬁbatide [72], and the direct
thrombin inhibitor, argatroban [73]. Experimental studies show that it is possible to inhibit the matrix metalloproteases to reduce the bleeding complications associated
with thrombolysis [74].
Combination of Thrombolysis and Neuroprotection
According to the pathophysiology of cerebral ischemia, the treatment regime which theoretically would
allow the extent and seriousness of cerebral infarction
to be reduced to the maximum would be the combination of thrombolysis for restoring the blood ﬂow as soon
as possible, together with effective neuroprotection for
the inhibition of injury-causing mediators due to ischemia-reperfusion. The demonstration of this hypothesis
necessarily requires the identiﬁcation of an effective
neuroprotector, proven in clinical trials, which can be
administered concomitantly with thrombolysis, investigation of the efﬁcacy in preclinical experimental studies,
identiﬁcation of the optimal treatment regime, and assessment of the clinical utility of the combination. Various experimental studies show that the combination
of thrombolysis with neuroprotectors (citicoline, MK801, tirilazad, NBQX, anti-CD18) produces beneﬁcial
effects superior to those obtained with monotherapy
[75–80]. There are also clinical trials in combined therapy (lubeluzole, clomethiazole) [81, 82] which have not
shown efﬁcacy. The reasons for this may be those discussed throughout this paper. The currently ongoing
ARTIST+ study investigates the combination of the glutamate AMPA receptor antagonist, YM872, with IV
rtPA [83].
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Fig. 1. Size of lesion, expressed as percent-

age, in an experimental model of embolic
cerebral infarction in rats. CT = Citicoline;
CT-rtPA = combination of citicoline before
rtPA; rtPA-CT = combination of citicoline
after rtPA. * Signiﬁcant difference (p =
0.027, Mann-Whitney test).
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To obtain the desired efﬁcacy of combined therapy, it
is necessary to identify the most effective administration
regime. Two possibilities are proposed: (1) administering
the neuroprotector before reperfusion to delay progression to irreversible infarction in the penumbra zone and
to prolong the therapeutic window for thrombolysis;
(2) administering the neuroprotector, once reperfusion
has been carried out, to improve the penetration of the
neuroprotector in the penumbra zone, and to inhibit ischemia-perfusion damage. Once again, we must say that the
best regimen in each case will depend on the mechanism
of action of the neuroprotective drug. In our laboratory we have shown that the combination of citicoline
(250 mg/24 h for 3 days by the intraperitoneal route) started after thrombolysis with rtPA (5 mg/kg IV) reduces the
size of the lesion in an embolic cerebral infarction model
in rats more effectively than citicoline or rtPA alone, or
than the combination of citicoline before rtPA at the same
doses (ﬁnal results in publication) [84, 85] (ﬁg. 1).
Combination of Neuroprotectors with Different
Mechanisms of Action
Taking into account the hypothesis that the simultaneous inhibition of various steps in the ischemic cascade
may protect the brain tissue more efﬁciently against ischemia, animal studies have been carried out with combinations of neuroprotective drugs with different mechanisms of action [45, 86–89] and with hypothermia [90].
These experimental studies offer promising results, which
should be tested in the clinic.
Combination therapy offers new treatment possibilities. In addition to possibly being useful for widening the
therapeutic window, it would allow the design of ‘a la

Experimental Investigation of New Stroke
Therapies

Control

rtPA

CT
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carte’ treatment, with the sequential administration of
drugs using a protocol adapted to the clinical picture and
progress of each patient. However, there remains much
to be investigated before this goal can be achieved.

Antiapoptotic Treatments
The understanding of mechanisms of delayed neuronal death after focal ischemia and the possibility that the
cells in the penumbra zone which escape necrosis ﬁnally
die due to apoptosis [58, 91] leads inevitably to the investigation of antiapoptotic therapies such as cycloheximide
or caspase inhibitors. These could be particularly useful
in subjects in advanced stages of evolution, since theoretically their window of opportunity would be wider, and
could be used in association with other neuroprotectors
to avoid delayed cell death after inhibiting necrosis. Selective gene expression, which would contribute to apoptosis programming, may even possibly be modiﬁed. Although its utility has been demonstrated in animals [92,
93], there remains a lot to be learnt about the role of apoptosis in human stroke and about the possibility and utility of manipulating it for therapeutic objectives.

‘Neurorestauration’ or ‘Neurorepair’ Therapies
The traditional concept of stroke as a dramatic disease
about which nothing could be done changed radically
with improvements in prevention and later with the development of effective treatment in the acute phase.
However, taking into account that stroke causes disabling
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sequelae in a high percentage of cases, it is necessary to
go further and ﬁnd restorative therapies which can be
combined with the different techniques of ‘traditional’
rehabilitation, for improving the possibilities of functional recovery in the subacute and chronic stages. It has been
shown that growth factors are expressed after stroke and
that neuroplasticity is possible. This can make way for
the formation of new dendritic ramiﬁcations in viable
neurons, new synapses, and even neurogenesis [94, 95].
The objective of the new neurorestoration therapies is to
strengthen this plasticity.
Stem cell transplant represents an interesting therapeutic perspective. Transplants of stem cells of different
origin may contribute to repair by transforming into neural tissue or else by the liberation in situ of growth factors
which facilitate the local formation of speciﬁc stem cells,

as well as neurogenesis and synaptogenesis. There is evidence in animal models that stem cells administered intravenously and intraarterially or else locally by intraventricular or intraparenchymatous injection can implant
themselves in the area of the lesion and give way to the
repair mechanisms, improving functional recovery in animals undergoing cerebral ischemia [96–99]. There is also
a phase I study in humans [100], but a wider experimental basis is required for developing the clinical research
phase.
In conclusion, we can conﬁrm that, despite the apparent lack of success of the various neuroprotective drugs
tested in acute stroke, important advances have been
made in the understanding and improvements in methodology which offer a good overall panorama for the future of research in the treatment of cerebral ischemia.
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