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1. Introduction

Cerebral infarction, generally referred to as stroke for practical purposes henceforth, is a
medical emergency that generates severe neurological deficits while compromising cardio-
vascular and respiratory function. Each year approximately 795,000 people experience a new
or recurrent stroke. This disease can be differentiated into two subcategories: hemorrhagic and
ischemic. The ischemic subgroup is responsible for up to 87% of all strokes [1]. This pathology
is of critical importance to healthcare professionals due to the fact that every 40 seconds
someone in the United States suffers a stroke [2]. Moreover, it is the fourth leading cause of
death in the US where 1 in every 18 deaths are stroke-related [2]. However, the mortality rate
of stroke is relatively low at 8.1% according to the most recent accepted statistics [2]. In
consequence, stroke is the leading cause of disability in the United States. Besides the direct
effect that stroke has on the economy (US $18.8 billion), it will indirectly generate an expen-
diture of US $2.21 trillion from now until 2050, on account of loss of earnings resulting from
the 26% of patients who suffer from a stroke that require assistance with activities in daily
living or institutionalization in nursing homes [2]. The epidemiological and economic impact
that stroke has on society demands the development of an effective treatment strategy during
the acute ischemic phase. Current therapies have been primarily aimed at the four cornerstones
of acute ischemic stroke (AIS): (1) the prevention and treatment of secondary complications;
(2) reperfusion strategies directed at arterial recanalization; (3) neuroprotective strategies
aimed at cellular and metabolic targets; and (4) the inhibition or modulation of the inflamma-
tory response. To date, the mainstay of treatment is arterial recanalization with recombinant
tissue plasminogen activator (rtPA), in conjunction with the early onset of an aspirin regimen.
It must be noted, however, that the great majority of stroke patients are not eligible for
thrombolysis with only around 5% receiving rtPA [3-5]; mainly because the use of intravenous
rtPA has many contraindications, a limited time window, and a moderate success rate. Most
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patients presenting to hospital stroke units have either a contraindication to rtPA therapy (e.g.
a bleeding diathesis, recent surgery, etc.) or, more commonly, are no longer within the time
frame for thrombolytic therapy. Although many initiatives to find therapies that will target
the other facets of AIS have been undertaken, most have failed. One area of particular interest
is that of neuroprotection. Several attempts to generate a neuroprotective drug that will reduce
ischemia-associated destruction of neuronal tissue improving the general outcome after AIS
have had dismal results. These drugs display a formidable benefit during the animal model
phase of research but have been unable to reproduce this effect in human clinical trials. These
interventions are aimed at treating stroke in its acute phases and preventing sequels that will
result in permanent disability. The ideal treatment of AIS begets a multistep approach:
necessary due to the fact that the pathophysiology of stroke is multi-mechanistic. This work
will present the current status of drug therapy in AIS and analyze the direction in which the
tield is moving. The aim of this review is to guide the reader through a general panorama of
interventional pharmacological treatment of AIS.

- Cytoprotective
- strategies aimed
at cellular and
metabolic

targets

Reperfusion strategies
directed at arterial
recanalization

Figure 1. Schematic visualization of the ideal therapeutic approach towards AlS. Due to the notorious failure of
interventional stroke research throughout the years it is essential for the field to reboot its attempts and abandon the
search for dubiously named “wonder drugs”. The optimal treatment for AIS will lie on effective prevention and if the
pathology cannot be prevented it will depend on an integral management. This therapeutic strategy must incorporate
and address all of the cornerstones of AlS.
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2. Etiology

Stroke is not only a multifactorial disease but also a gamma of different pathologies with
markedly varied etiology that manifest themselves in a clinically similar way. For this reason,
the accurate diagnosis of the stroke patient involves not only differentiating a stroke from other
diseases with comparable clinical features, but also determining the type of stroke and its
etiology.

Stroke can be classified as ischemic or hemorrhagic. The latter implies the rupture of intracra-
nial vessels leading, in a very generalized sense, to mass effect, compression, and inflammation
leading to neuronal death. The present chapter will be devoted entirely to the pathology that
is an acute ischemic stroke (AIS) and the treatment guidelines currently in use as well as novel
science in this field. In an effort to appropriately describe the etiology of AlSitis first necessary
to explain the different origins of the ischemia, namely: cardioembolic, atheroembolic,
atherothrombotic and miscellaneous.

Cardioembolic stroke is the most common and is characterized by the formation of a clot within
the cardiac chambers that is ejected and travels peripherally where it finally encounters and
lodges in a vessel of sufficiently small caliber obstructing blood flow distally. These emboli are
due tonumerous pathologies however, the great majority, approximately 75%, are due to atrial
fibrillation (AF) [6]. Patients with AF have increased blood residence time in the left atrium;
in those who are not adequately anticoagulated, platelet aggregation and coagulation may
occur within the atrium. Typically, when a patient with AF is cardioverted to sinus rhythm
the ejection fraction from the atria improves substantially increasing the probability that an
existing latent thrombus may be expelled into the aorta. Since the common carotid arteries—
and consequently the internal carotid arteries—are the most direct path, these emboli usually
travel into the cerebral vasculature where, upon obstructing irrigation to brain tissue, cause
an acute ischemic stroke. Other, less typical, causes of cardioembolic stroke include emboli
originating from thrombi forming on prosthetic or diseased heart valves, cardiac myxomas,
vegetations secondary to infectious endocarditis, among others, as well as the direct shunting
of venous thrombi to the systemic arterial vasculature by means of a patent foramen ovale.

Although, atheroembolic stroke has a clinical picture akin to that of cardioembolic stroke, the
etiology is substantially different. Patients with atheromatous plaques in the ascending aorta,
the arteries of the head and neck, or its tributaries, have damaged and reactive endothelial cells
in these vessels with exposed tissue factor, etc. This predisposes to the formation of unstable
thrombi in these regions. In certain circumstances, particularly during a valsalva maneuver—
usually associated with exertion or straining—the friable thrombus fractures releasing an
embolus which travels upstream and becomes embedded in the cerebral vasculature. Like-
wise, atheromatous plaques may rupture releasing a gelatinous cholesterol based substance,
which can also cause the embolization of the smaller arteries supplying the brain. Atheroem-
bolic stroke is particularly common in patients with dyslipidemias and is associated with low
levels of high-density lipoprotein (HDL) and high levels of low-density lipoproteins (LDL).

In contrast, atherothrombotic stroke predominates in those with dyslipidemia and comorbid
pathologies including systemic arterial hypertension and diabetes mellitus. In both diseases
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affliction of the smaller cerebral vessels beyond the first bifurcations after the circle of Willis
is more common rather than before the anastomosis at the same level as is typical of dyslipi-
demias. Arterial hypertension causes damage to the endothelium and also hypertrophy of the
medial muscular layer of the vessels leading to marked stenosis. Conversely, diabetes leads to
angiopathy of both the macrovasculature and microvasculature [7]. Although the microvas-
cular disease associated with hyperglycemia is a recognized factor in the development of
generalized brain ischemia itis a chronic degenerative disease rather than a precipitant of acute
ischemia. The macrovascular pathology associated with diabetes is less well understood;
notwithstanding, the correlation between increased stroke risk and diabetes mellitus is quite
established. The mechanism is believed to be multifactorial, probably due to the associated
metabolic syndrome, which involves the triad of dyslipidemia, hyperglycemia and hyperten-
sion leading to endothelial dysfunction, hypercoagulability and atheroma: all significant
stroke factors [8]. The clinical picture of atherothrombotic stroke is gradual in stark contrast
to embolic-type stokes and is characterized by repeated transient ischemic attacks (TIAs). The
pathogenesis involves the gradual development of atheromatous plaques in the medium
calliber arteries of the cerebral vasculature, namely the anterior cerebral, the middle cerebral
and the posterior cerebral arteries. Thrombus formation takes place in these dysfunctional
vessel walls and the lumen becomes reduced. It is unlikely that the lumen will become
completely obliterated through this process, however the unstable thrombus often shifts,
briefly obstructing the irrigation upstream leading to a TIA or a stroke in progress. Eventually
the obstruction is longer lasting leading to widespread or more permanent damage charac-
teristic of a completed stroke.

It is worth mentioning a fourth miscellaneous category, which groups all other causes of
ischemic stroke. Among the notable causes are dissections of neck or thoracic arteries leading
to a loss of perfusion to the brain. Moreover, pulmonary thrombosis similarly obstructs blood
return to the left heart and leads to brain ischemia. Non-thrombotic emboli, such as air, fat or
of tumoral origin can likewise lead to an AIS. These causes are relatively rare and together
account for less than 5% of AIS; nevertheless, the clinician should always consider investigat-
ing these as plausible causes when determining the origin of an atypical case [2]. The present
review shall, nonetheless omit further reference to miscellaneous causes of stroke.

Due to the marked difference in etiology and pathogenesis of these first three types of AIS, it
is wise to emphasize the necessity of an accurate diagnosis in order to specifically target
therapy to the cause of the stroke in an effort to minimize tissue damage and reduce the risk
of further strokes.

3. Risk factors

As previously mentioned AIS is a multifactorial and polycausative pathology and as such,
various factors interact to increase the risk of a stroke. However, research in this field has
led to the statistical determination of the influence of some of the most common risk factors
in an effort to prevent this all-too-common disease. Systemic arterial hypertension (HTN)
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is a well-recognized factor leading to stroke and is associated with a two-fold lifetime risk
of stroke. However, clarification of this statistic is necessary as HTN, although a strong risk
factor for ischemic atherothrombotic stroke as mentioned above, is more often linked to
hemorrhagic type strokes. Heart arrhythmias such as AF in particular, have a relative risk
for stroke of 5 and thus account for the great majority of cardioembolic stroke with nearly
25% of all strokes in 80-year olds and above being attributable to AF [2]. Smoking is
perhaps the most important modifiable risk factor. Smokers are two to four times more
likely to suffer a stroke, not to mention have a higher morbidity and mortality rate than
non-smokers after a stroke [2]. Moreover, the risk is dose dependent and upon cessation
of smoking the risk rapidly falls and after 20 years the risk is nearly that of a person who
has never smoked [2]. Additionally, a sedentary lifestyle is associated with a relative risk
for stroke of around 3 in contrast to a relative risk of less than 1 for persons who regular-
ly exercise [2]. Other somewhat modifiable risk factors include metabolic disorders:
dyslipidemias being a major contributor to stroke risk as the promote the formation of
atheroma and cause hematologic disturbances. Diabetes mellitus—with its associated
complications—obviously contributes and is a major risk factor; sleep apnea has a two-
fold to four-fold risk of stroke depending on the severity of the apnea [2].

Clearly, having knowledge of these risk factors is important when making an effort directed
at eliminating risk factors or reducing their impact as a means of prevention

4. Pathophysiology

The core of AIS pathophysiology is the complete interruption of cerebral blood flow (CBF)
leading to energy depletion and oxygen starvation with necrotic neuronal death within the
first couple of minutes. Modern day therapeutic strategies are aimed at arterial recanalization
in order to reestablish CBF. This rapid return to normal CBF is the turning point in salvaging
the surrounding tissue of the focal necrotic core. This area lies above the threshold of cell death
and below functional levels of CBF, and is commonly known as the penumbra. The penumbra
is the principal target of all pharmacological treatments in AIS. The goal of AIS therapeutics
is a strategy that will encompass the four cornerstones previously mentioned. The first step
depends on the prompt diagnosis of AIS and the treatment aimed at preventing and treating
secondary complications of the disease. The second is a fast and effective recanalization of the
occluded vessel (i.e. thrombolysis) in order to ameliorate the hypoperfusion of the penumbra.
Drugs that target arterial recanalization have the goal of quickly reestablishing CBF and
alleviating this area of ischemia allowing the tissue to return to homeostasis. Third, are specific
neuroprotective strategies that will intervene in the apoptotic cascade, excitotoxicity, reactive
oxygen species (ROS) production and lipid peroxidation further protecting the ischemic tissue
or reversing its damage. This branch of interventional AIS research is aimed at discovering
compounds that will allow the neural tissue to better survive this period of limited oxygen
and nutrients. The fourth and final step is to modulate the inflammatory response to abolish
the deleterious effects of unrestrained inflammation. This section will briefly delineate the most
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characteristic mechanisms of AIS pathophysiology in order to allow the reader to integrate the
mechanisms of action and therapeutic targets of each drug.

Immediately after CBF is interrupted, cells continue to need a constant supply of energy in the
form of adenosine triphosphate (ATP). The lack of perfusion decimates the concentration of
molecular oxygen forcing the cell to divert energy production from classic aerobic cellular
respiration towards anaerobic ATP synthesis (Figure 2A). This alternate metabolic route poses
several detriments when compared to homeostatic energy production: firstly, this pathway
results in a decrease in the yield of ATP per glucose molecule and, secondly, it creates lactic
acid as byproduct. The changes brought about by the energetic deficit and the shift in pH cause
energy-dependent ion channels to dysfunction [9]. The loss of ionic interchange alters the cells
polarity and inherently affects voltage-dependent mechanisms [10]. One such voltage-
dependent process is neurotransmitter release, particularly glutamate. This excitatory
neurotransmitter is highly abundant in the central nervous system and is the ligand for the N-
methyl-D-aspartate (NMDA), 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid
(AMPA) and kainate receptors [10]. After AIS the loss in ionic regulation causes the excessive
release of glutamate and impairs its reuptake: a process known as excitotoxicity [11]. The
pathway through which glutamate mediates this cytotoxic effect is mediated by calcium ions.
The binding of glutamate to its receptors activates the influx of calcium ions into the neuron
[12]. The increasing concentration of calcium ions, act as second messengers and overloads the
cell by activating intracellular phospholipases, nucleases and proteases. This battery of
enzymes degrades essential structures including the cell membrane, DNA, and intracellular
proteins [13]. Additionally, the disruption of the ionic gradient of extracellular sodium to
intracellular potassium, which relies on ATP-dependent channels, causes changes in the
osmotic potential of the cell. The influx of water causes lysis and cytotoxic edema; this reduces
the size of the extracellular space and accounts for some of the edema seen after stroke [13].
This state of stress results in the overactive production of ROS which overloads the cell's
antioxidant enzymes such as superoxide dismutase and the antioxidant vitamins A and E [14].
The inability to cope with the increased concentration of free radicals causes lipid peroxidation
of the cell membrane [15]. The ROS-mediated destruction of the cell membrane further
damages the cell and releases phospholipids into the microenvironment that act as precursors
in the production of arachidonic acid, which is further transformed into a variety of signaling
molecules [16]. Most notably, prostaglandins and leukotrienes are produced, which are
responsible for initiating the inflammatory response. The presence of ROS within the cell also
opens the mitochondrial permeability transition pore (MPTP), which allows the escape of
cytochrome C, a powerful trigger of apoptosis [17]. Other clinically relevant mechanisms of
degeneration are the activation of poly-ADP-ribose polymerase (PARP) [18] and cortical
spreading depression (CSD) [19]. When talking about AIS, there exists a secondary cascade of
degenerative effects known as reperfusion injury (Figure 2D). We recommend referring to the
provided source for a complete understanding of this phenomenon as it relates to arterial
recanalization [20]. The compound effect of this degenerative cascade that take place after AIS
results in the necrosis or apoptosis of the neuronal population within the penumbra in addition
to the already irreversably damaged necrotic core.
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Figure 2. A) The pathophysiology of stroke; B) The formation of the thrombus/embolus; C) The mechanism of action
of tPA; D) Reperfusion injury.
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5. Methodology

The goal of this review is threefold: the first is to clarify for the modern day clinician the
accepted stroke treatment guidelines currently in effect; the second is to analyze all clinical
trials that have concluded or are still underway; and the third is to analyze animal model
studies that have promising results using novel agents that have not been evaluated in a
clinical setting.

The systematic review had rigorous search criteria. Firstly, a review of all the accepted
guidelines was used to determine the clinical management of AIS. The latest guidelines were
published in 2007-2008 and remain in effect today due to the lack of an updated revision. The
guidelines that dictate the integral treatment of patients with AIS are those compiled by the
American Heart Association (AHA) in 2007, the European Stroke Organisation (ESO) Execu-
tive Committee and the National Institute of Health and Clinical Excellence (NICE) of the UK
completed in 2008. The latest systematic review on the treatment of AIS were published in by
the American College of Chest Physicians and is limited to antiplatelet and antithrombotic
management. To facilitate the readers” understanding of current drug therapy in AIS, only
recommendations with a level of evidence A-B and a class of I-II were included. In no way
does this study substitute the necessity to review the guidelines for the management of AIS in
a clinical setting, nor should these recommendations be used in contradiction to nationally
accepted practices or hospital protocol.

In order to compile all clinical trials underway, a thorough search of the U.S. National Institutes
of Health clinical trial database (www.clinicaltrials.gov), the Internet Stroke Center Trial
Registry (www.strokecenter.org/trials/) and the World Health Organization’s International
Clinical Trials Registry Platform Search Portal (www.apps.who.int/trialsearch/) was under-
taken. Due to the nature of the review, only pharmacological interventional randomized
controlled trials (RCT) were considered; this meant that all cell-based and physical (this
includes cryotherapy and electrical stimulation) therapies were excluded. Other criteria used
to refine the search were: trials that had not published preliminary results or had been
prematurely terminated, studies that did not evaluate functional outcome, the lack of statistical
significance against a placebo or control group, interventions outside the acute setting or those
that treated complications of AIS. To aid in the usefulness of this review, the studies excluded
by the previous criteria will be briefly mentioned in table format.

The third step consisted of searching for basic experimental research used in animal models
of AIS. A computerized search of the National Library of Medicine and the National Institutes
of Health MEDLINE database was performed using PubMed. Only published literature in
English from 2008 to 2012 was taken into consideration seeing as it was deemed chronologically
relevant. Since the objective of this literature revision decided to include only the most
promising therapies a strict exclusion criteria was drafted. Parameters of exclusion were
studies not performed in in vivo models, that had no functional outcome analysis, that did not
achieve a P <0.05, that used pre-AlIS treatment strategies and that used an invasive adminis-
tration route that would deem it clinically unfeasible.
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The organizational presentation of all existing and potential AIS treatments will help the field
by allowing the researcher to see what has and what hasn’t been done while introducing the
most cutting edge therapies already being studied.

6. Current treatment guidelines

In order to clarify this for the scientific community a systematic review of the existing literature
on the pharmacological treatment of AIS is presented below and, in an effort to facilitate the
application of the current guidelines in the clinical setting, a treatment algorithm summarizing
these recommendations is provided (Figure 3).

Currently the medical treatment approach of AIS focuses on the treatment of the immediate
acute phase in an effort to reduce the progression of the ischemia, followed simultaneously by
an attempt at revascularization and reperfusion of the brain parenchyma. Further treatment
includes the reduction of the damage and neuronal cell death caused by the ischemia and
subsequent metabolic cascade brought about by the abrupt reperfusion. This involves the use
of neuroprotective strategies and a pharmacological approach to reducing the inflammatory
response. Finally, treatment focuses on rehabilitation and retarding the progression of the
vascular disease as well as prevention of further strokes. To understand the medical treatment
strategies described above, following is provided a detailed description of the pharmacological
agents that are used in the treatment of AIS and the science behind these choices of medications.

7. Thrombolysis

The pinnacle of stroke therapy is without doubt thrombolysis and is rapidly becoming the
gold-standard treatment in AIS. The NINDS rtPA Stroke Study compared the use of intrave-
nous rtPA given within three hours after stroke onset versus placebo [21]. The rtPA-treated
group showed a significant neurological improvement when compared to the untreated
group. Despite a greater incidence of intracranial hemorrhage in the treatment group, both
treatments exhibited similar survival at three months. This expedited the approval of this
therapy by the US Food and Drug administration in 1996.

Recombinant tPA (rtPA) is a genetically synthesized tPA molecule that works in precisely the
same way as endogenous tPA. It catalyzes the cleavage of the zymogen plasminogen to yield
the active enzyme plasmin. Plasmin in turn is responsible for the degradation of the interlinked
fibrin monomers that make up the fibrin clot into soluble products. Endogenous tPA is usually
present in relatively small amounts and regulates the breakdown of fibrin plugs in vessels and
keeps coagulation in check. In turn, plasminogen activator inhibitor 1 (PAI-1) regulates the
activation of tPA, thus hindering the degradation of the fibrin clot. However, when rtPA is
administered by infusion, there is insufficient PAI-1 to control the action of tPA, hence
activated plasmin is produced in sufficient quantities to breakdown existing fibrin clots (Figure
2C). Perhaps paradoxically, rtPA has been shown to induce fibrinogen binding of platelets and
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platelet aggregation. Although thromboxanes were not shown to increase significantly in one
study, it is logical to assume that adjunctive therapy with antiplatelet agents such as aspirin
or some of the more novel drugs is a sensible approach to preventing rethrombosis after rtPA
therapy [22]. Another study showed that rtPA does in fact activate platelets but then in turn
is also responsible for inhibiting aggregation [23]. A more recent review on the subject
concludes that therapies should consider protecting from extensive activation of platelets after
tPA therapy [24].

According to all the recently published major guidelines, intravenous (IV) rtPA thrombolysis
is highly recommended in all eligible patients. The criteria for eligibility are however long and
strict which accounts for less than 10% of patients being eligible for IV thrombolysis with rtPA.
These criteria are summarized in Table 1 in Figure 3. Treatment should be started less than 3
hours from the onset of stroke symptoms, however the guidelines provided by the American
College of Chest Physicians recommend against the use of IV rtPA when infusion cannot be
started before 4.5 hours have transpired since symptom onset. This left a gray zone between
3 and 4.5 hours in which the benefit of using IV rtPA may, in most cases, outweigh the risks;
nevertheless, the evidence for this was not sufficiently strong for a fervent recommendation
to be made. Most recently, a study by a science advisory from the American Stroke Association
has declared that after reviewing the data from the ECASS-3 trial, sufficient evidence had
mounted to make a full recommendation for the use of IV rtPA if therapy was started within
4.5 hours of symptom onset [25].

Therapy with rtPA is given at a dose of 0.9 mg/kg IV without exceeding a maximum dose of
90 mg with 10% given as a loading bolus over 1 minute and the remainder as an infusion over
60 minutes. During the infusion and for one hour after concluding the infusion, the patient’s
vital signs should be monitored and neurological assessment done every 15 minutes. There-
after, observations should be carried out every 30 min for the next 6 hours and hourly afterward
until 24 hours have transpired since treatment.

Additionally, fibrinolytic therapy can be administered by the intra-arterial (IA) route directly
to the artery occluded by the thrombus. This however requires that the center have cerebral
angiography equipment and highly trained interventional neuroradiologist to carry out this
procedure. The use of IA rtPA therapy is recommended for patients who are no longer eligible
for IV infusion of rtPA due to the time-window restraints but are still within the 6-hour cutoff
time for IA treatment. Also, patients who are excluded from IV rtPA due to contraindications
such as recent surgery may be eligible for IA treatment instead in the case of occlusion of the
middle cerebral artery (MCA) or another proximal cerebral artery. Nevertheless, IA therapy
should not be considered an alternative to IV infusion when patients are eligible for the latter
[26,27]. The combination of IV/IA rtPA therapy is not recommended [25].

8. Antiplatelet therapy

Due to the thrombotic origin of AIS and the involvement of platelet aggregation in the
development of said thrombus, antiplatelet drugs play an obvious and pivotal role in the
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medical treatment. Perhaps the most widely used antiplatelet agent is non-steroidal anti-
inflammatory drugs (NSAID) acetylsalicylic acid, commonly referred to as aspirin, and its
many derivatives. Although both historically and currently used as an anti-inflammatory
drug, aspirin atlow doses is an avid inhibitor of platelet aggregation. The mechanism of action
of this medication is as dependent on its pharmacokinetics as its pharmacodynamics. As an
anti-inflammatory, aspirin must become distributed within the tissues and inside intracellular
compartment in order to effectively block the cyclooxygenases (COX) and thus the synthesis
of prostaglandins. This necessitates higher dosages in order to achieve a sufficiently high
concentration that falls within the therapeutic window. Conversely, in order to function as a
platelet anti-aggregant, aspirin requires significantly lower doses as it must only become
distributed within the intravascular compartment—in fact only in the portal circulation thus
being independent of systemic bioavailability. Needless to say, aspirin at anti-inflammatory
doses achieves a therapeutic effect on platelet binding, however, at antiplatelet doses aspirin
has a minimal effect on tissue cyclooxygenase and in consequence the adverse effects of NSAID
therapy on the gastric mucosa.

Aspirin binds and inhibits the platelet COX-1 irreversibly and consequently impairs the
production of prostaglandins and thromboxanes, noting thromboxane A, (TXA,) in particular.
The absence of TXA, leads to the reduction in the TXA,-mediated amplification of platelet
activation and thus hinders the platelet aggregation phenotype that includes morphological
changes and expression of the fibrinogen receptor necessary for platelet aggregation. Never-
theless, numerous other pathways for platelet activation exist, such as those mediated by
thrombin and epinephrine that can sufficiently promote the active phenotype and lead to
platelet plug formation in the vessel wall when subendothelial collagen and von Willebrand
factor (vWf) are exposed (Figure 2C).

Low-dose (50 — 100 mg daily) aspirin is prescribed typically as a prophylactic in the prevention
of cardiovascular and cerebrovascular disease. Taken daily, it effectively reduces platelet
efficiency despite adequate platelet concentration in the full blood count. Due to the irrever-
sible inactivation of platelet enzymes, adequate platelet function is only restored upon
production of new platelets after halting aspirin treatment. Since platelets have an average
lifespan of 10 days it is estimated that 10% of platelets are replaced every day; moreover for
proper hematological function it is required that approximately 20% of platelets be functional.
Thus, normal blood clotting is achieved two days after discontinuing a low-dose aspirin
regimen. Although high-dose aspirin (above 300 mg daily) provides a similar inhibition time
window of platelet function and recovery after cessation of treatment; nonetheless, the
incidence of gastrointestinal adverse effects (i.e. gastritis) is much higher than on low-dose
aspirin. However, if the formulation of high-dose aspirin includes an enteric coating, the
therapeutic time window and recovery are significantly prolonged. This effect however is not
seen with enteric-coated low-dose aspirin.

The role of aspirin in the prophylaxis of ischemic cerebrovascular events and stroke is well
accepted. Numerous studies and systematic reviews have shown a highly significant risk
reduction (13%) in the incidence of AIS when daily low-dose aspirin is taken without a greatly
significant increase in the incidence of hemorrhagic complications including stroke [28].
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Despite the well-recognized use of aspirin in prevention, its use in the initial treatment of AIS
is somewhat contested. According to the AHA Guidelines for the early management of adults
with ischemic stroke (2007), although aspirin therapy immediately after an AISis not standard,
starting aspirin within 48 hours of the onset of symptoms is routine in many centers and
according to studies poses “a modest but statistically significant benefit” [26]. Most recently,
in 2012, the American College of Chest Physician published a revised set of guidelines in which
starting aspirin at doses of between 160 and 325 mg daily within 48 hours of the onset of
symptoms is recommended [27]. The general consensus is that an initial 325 mg dose of aspirin
should be given to most patients suffering from a stroke or TIA within 24 hours of the onset
of stroke or as early as possible, but not before 24 hours have transpired since thrombolytic
therapy, except when contraindicated by evidence of intracranial hemorrhage, bleeding
diathesis, recent surgery and sensitivity to aspirin, among others. After the initial loading dose,
subsequent daily low-dose aspirin might be more adequate than the higher dose as there is no
evidence suggesting that the higher dose provides better protection from further strokes while
there is an associated higher risk of intracranial bleeding with the chronic use of high-dose
aspirin therapy in comparison with low-dose therapy.

The use of other antiplatelet medication such as clopidogrel, ticlopidine and dipyridamole has
not been as formally evaluated in trials, as has aspirin. The routine use of these drugs is not
recommended, however it is reasonable to suggest the use of, for example, clopidogrel at an
initial dose of 300 mg, as it will efficiently inhibit platelet aggregation, when aspirin is not
tolerated by the patient [29]. Likewise, a subsequent daily dose of 75 mg of clopidogrel will
maintain platelet aggregation at bay. Furthermore, the guidelines provided by the American
College of Chest Physicians recommend the use of aspirin in combination with dipyridamole
or clopidogrel over aspirin therapy alone [27].

9. Anticoagulant therapy

Anticoagulants are a heterogeneous group of pharmacological agents that by interacting with
the coagulation cascade disrupt the formation of the fibrin mesh that forms the scaffold of the
clot. When in homeostasis, the blood elements that participate in this process are kept at check
thus preventing the formation of a blood clot in situ, or thrombus, inside the blood vessels.
Although a comprehensive review of the coagulation cascade would be beyond the scope of
this text some knowledge is prerequisite in order to adequately comprehend the pharmacology
of these drugs. In simplistic terms, coagulation is activated by two somewhat distinct processes
that ultimately lead to a common pathway that results in the activation of prothrombin to
thrombin, which in turn converts fibrinogen to fibrin and the formation of the clot thereof. The
extrinsic pathway involves the rapid activation of the cascade when clotting factors are
exposed to tissue factor (TF) after damage of the vessel endothelium. Alternatively, the
intrinsic, or contact activation pathway is triggered by the formation of cascade complexes on
collagen after tissue damage. This leads to the eventual activation of the common pathway,
although experts now believe that the action of TF is required for the adequate amplification
and eventual formation of the thrombus [30]. Anticoagulants interfere with the cascade in
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distinct ways: the coumarinic anticoagulants like warfarin inhibit phylloquinone (Vitamin K)
epoxide reductase and as a consequence render useless the clotting factors II, VII, IX and X
that depend on Vitamin K as a cofactor. This action can be assessed by measuring the action
of the extrinsic pathway by means of the time required for coagulation after addition of TF in
vitro a test known as the prothrombin time (PT) or its normalized equivalent to normal values,
the international normalized ratio (INR). Conversely, heparin, another common anticoagulant
with numerous variants, activates antithrombin and hence inactivates thrombin and halts
coagulation at its final stages. Similarly, this is measured in vitro by the activated partial
thromboplastin time test, which evaluates the efficiency of the contact activation pathway.
Prolongation of the normal times in both instances is interpreted as impaired coagulation.

As with antiplatelet therapy, a distinction between the use of anticoagulants for the prevention
of AIS or TIA and that of anticoagulation as a means of treatment in the initial stages post-AIS
must be made. Likewise, the incidence of an early recurrence of stroke is considered a
complication of AIS and although technically speaking anticoagulants are prescribed prophy-
lactically for this reason, this is considered a standard treatment in the acute phase of stroke
and not actual preventive therapy. The use of anticoagulants in the prevention of AISis beyond
the scope of this review, however it must be noted that their use is widespread and is generally
accepted. The use of oral coumarinics, such as warfarin, in the prevention of complications of
atrial fibrillation such as AIS is common practice.

On the other hand, the use of anticoagulants in the first stages of AIS has been tried with
little success. Both the International Stroke Trial and the consensus panel assembled by the
National Institute of Neurological Disorders and Stroke (NINDS) recommend against the
use of anticoagulants such as heparin within 24 hours of treatment with rtPA [26,27]. This
is due to the marked increase in symptomatic intracranial hemorrhage seen in the trials
testing anticoagulants for AIS. Additional trials testing the benefits of other anticoagu-
lants yielded less than acceptable results for the low-molecular weight (LMW) heparins
dalteparin (compared to aspirin), certoparin, nadroparin and danaparoid [31]. The out-
come was particularly dire for those with moderate to severe strokes (National Institutes
of Health Stroke Scale (NIHSS) scores of >15). One trial did however show that heparin
administered with the first 3 hours after the onset of stroke improved the outcome
significantly. However, since the time-window for the treatment is similar to that of rtPA
it is necessary to compare these treatment options, as the concomitant use is not an option.
Currently no anticoagulant is recommended in the treatment of the acute stages of AIS
nevertheless, there is an interest in the development of a safe anticoagulant that can be co-
administered with thrombolytics in order to reduce the risk of re-thrombosis. Additional-
ly, coumarinics have not been tested for use in the acute treatment of stroke as these are
mainly oral agents and are therefore reserved for long-term treatment such as in prophylax-
is of first or subsequent events. Patients with cardioembolic stroke need to receive oral
prophylactic anticoagulation particularly when associated with AF. Initiation must be
delayed to avoid the risk of intracranial bleeding: patients with mild stroke or TIA (NIHSS
scores of <10) may be started on warfarin, or newer agents such as dabigatran, titrating
dose to an INR between 2.0 and 3.0 after 48 hours if there is no contraindication. Patients
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with moderate to severe strokes should not receive anticoagulants after 2 to 4 weeks have
elapsed [32].

10. Neuroprotective therapy

Despite widespread interest in this field and the amount of published studies, none have
passed clinical trials with the same observable effect seen in animal models. The AHA
guideline published in 2007 deemed that at present there are no neuroprotective agents that
have shown to reduce tissue damage and improve the neurological outcome of AIS. The
committee determined the inexistence of a potential neuroprotective drug with a Class III,
Level of Evidence A [26]. Up till now, the recommendations have not changed. Clinical
and/or federal authorities have not approved the use of any neuroprotective compound in the
management of AIS. The main reason for the inability of these drugs to produce a marked
benefit in clinical trials when they are so successful in animal models remains elusive; however
in the coming sections several limitations will be described.

11. The state of current science

Drug discovery in the area of interventional AIS research is one of the largest fields in science.
Everyday thousands of papers are published trying new or old compounds with a variety of
different analysis techniques. The search criteria for this review returned 20,416 papers that
commented on possible therapeutic pharmacological interventions in AIS. The exclusion
criterion that was employed drastically reduced the database of studies; however the result
was still 213 different treatments that are currently being investigated. In order to make this
review of greater value only the treatments that have been evaluated by several groups and
are closer to the clinic have been included. The following are the most remarkable pharmaco-
logical agents currently being considered as treatment for AIS. However, so that the review
does not lose the general panorama, several tables have been elaborated in order for the reader
to have easy access to supplementary information if necessary.

12. Thrombolytics

The elevated risk of complications after administration of tPA such as hemorrhagic transfor-
mation has triggered the search for safer fibrinolytics. Desmoteplase is a plasminogen activator
isolated from the saliva of bats. It is currently undergoing clinical trials because it has proven
to be more fibrin-selective than recombinant tPA. The secondary effects of tPA such as
neurotoxicity and inducing the dysfunction of the blood-brain barrier (BBB) are also bypassed
with desmoteplase. The Desmoteplase in Acute Ischemic Stroke (DIAS) trials are now in their
third and fourth session and they are ongoing (DIAS 3 and 4). Preliminary results suggest that
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desmoteplase was associated with higher percentages of recanalization and neurological
outcomes against a placebo. However, the therapeutic window being evaluated is 3-9 hours,
highly similar to tPA [33]. Tenecteplase is a recombinant protein designed from the alteplase
molecule, but it is modified at three sites. These modifications make it more fibrin-specific as
opposed to tPA and targets the plasminogen within the thrombus allowing for more localized
fibrinolysis. The clinical trials for this compound have been slow and mostly terminated, only
arriving to phase II. Preliminary results did not yield convincing data compared to controls
[34]. There are many limitations to thrombolytic therapy and these mainly reside in the
hemorrhagic complications they may cause. The purpose of these is to reestablish CBF by
means of arterial recanalization with the goal of saving the penumbra. An interesting alterna-
tive to this is mechanical thrombectomy but pharmacological thrombolytics should further be
sought because they do not require a highly specialized team and may be administered in the
emergency ward. These characteristics have made and continue making thrombolytics a
promising area of research.

13. Combination therapies with thrombolytics

Thrombus formation depends on the function of several platelet surface proteins and blood-
borne proteins (Figure 2B). A particularly important glycoprotein is IIb/Illa, which aids in
platelet aggregation. To optimize the function of fibrinolysis with tPA and further prevent
thrombus formation, a combination scheme with GP IIb/IIIa inhibitors after administration of
tPA was started. The Combined Approach to Lysis Utilizing Eptifibatide and rTPA (CLEAR)
trial evaluated the use of eptifibatide within the therapeutic window of tPA. The preliminary
data suggested that rtPA alone further improved the functional outcome as compared to the
combination. The trial was restructured and is now in phase II, known as CLEAR-ER [35].
Other compounds that display synergistic effects with rtPA are matrix metalloproteinase
inhibitors, free radical scavengers, NMDA receptor antagonists, AMPA receptor antagonists,
antioxidants, anti-inflammatory agents, and antiplatelet drugs [93].

14. Antithrombotic therapies

Drugs that are aimed at preventing the further formation of thrombi are called antithrombotics.
Ancrod is isolated from the venom of a pit viper [36]. This molecule degrades fibrinogen
instead of fibrin as opposed to thrombolytics. Another example of a fibrinogen-depleting agent
is an enzyme found also in snake venom known as batroxobin. Both of these agents have been
taken to clinical trials with dismal results. In the preliminary results of ancrod in the Stroke
Treatment with Ancrod Trial (STAT) it was suggested that there was a marked reduction in
the frequency of symptomatic intracerebral hemorrhage in the group treated with ancrod. A
revision of this trial was held by the European STAT database and they concluded that the
study showed a lack of efficacy as it did not improve the outcome when administered 6 hours
after symptom onset. Batroxobin trials concluded that it could effectively reduce the risk of
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recurrent stroke in patients with hyperfibrinogemia [37]. The true potential of fibrinogen-
depleting agents has yet to be seen, but for now they are not considered a promising therapy.

15. Neuroprotection

15.1. Metal chelators

The prolyl hydroxylase inhibitor, deferoxamine mesylate is also an iron ion chelator. This
molecule prevents the formation of hydroxyl radicals by neutralizing the reactive iron ions. It
also upregulates and stabilizes the transcriptional activator hypoxia-inducible factor-1 (HIF-1)
which is responsible for the transcription of several survival genes. The chelator is being
studied in the Membrane-Activated Chelator Stroke Intervention (MACSI) trial and has had
positive preliminary results [38]. Another metal chelator is DP-b99, which chelates zinc ions.
Increased concentrations of zinc are known to be neurotoxic and it is also a cofactor in many
degenerative processes. It is currently being studied alongside deferoxamine in the MACSI
phase III trial with a intravenous administration route [39].

15.2. Growth factors

Erythropoyetin (EPO), a 30-kDa glycoprotein that is in charge of erythropoiesis by means of
proliferation, maturation and survival of erythroid progenitor cells [40], was able to reduce
infarct volumes and improve motor and memory functions, in rodent models of focal cerebral
ischemia. A meta-analysis on the subject suggests that higher doses of EPO are linked to smaller
infarct volumes and significant improvement of limb function; however, the effects are time-
dependant, having almost no effect on infarct volume and limb function when administered
6 hours after stroke onset [41]. In addition, EPO was able to increase actively proliferating
oligodendrocyte progenitor cells in the peripheral white matter zones and in the subventricular
zone 7 days after stroke onset, but was unable to prevent the loss of myelinating oligoden-
drocytes. Nonetheless, a significant rise in myelinating oligodendrocytes and myelinated
axons in the peripheral white matter area was observed 28 and 42 days after stroke onset and
an improved recovery was also seen in a 6 week long time period, therefore increasing EPO’s
potential as a therapeutic agent in stroke [42]. On the other hand, Neuro-EPO, a nonerythro-
poietic variant of EPO, emerges as a potential therapeutic agent for stroke. Contrary to EPO,
Neuro-EPO has the advantage of being available in an intranasal absorption route, has a short
plasma half-life due to its low sialic acid content, and lacks erythropoietic activity [43].
Rodriguez-Cruz and colleagues, achieved a higher neuroprotective effect with intranasal
Neuro-EPO, than the one obtained after intraperitoneal injection of EPO in gerbil models of
stroke; this was evidenced by a better neurological state and functional cognitive improve-
ment, as well as a protection of the temporal cortex, thalamus and the CA3 region of the
hippocampus [44]. Inmunoglobulin G-EPO (IgG-EPO) fusion protein is another re-engineered
form of EPO that is fused to a heavy chain of a chimeric monoclonal antibody that is directed
against the mouse transferring receptor. This form of EPO is able to easily penetrate the BBB
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when compared to original EPO and showed to reduce the hemispheric stroke volume 81%
and the neural deficit 78% when administered in high doses (1.0 mg/kg) [45].

Granulocyte colony-stimulating factor was able to enhance not only leptomeningeal collateral
growth in an ischemic stroke model, but also circulating blood monocytes and effectively
reduced the infarct volume [46]. Granulocyte macrophage colony-stimulating factor (GM-
CSF), has obtained similar results as the above when evaluated in adult mice models of cerebral
ischemia [47]. A 6-week treatment with GM-CSF accomplished a complete recovery of cerebral
blood flow and cerebrovascular capacity together with integrity of hippocampal hypoxia-
vulnerable neurons in rat models of ischemia; a significantly higher number of arterioles in
parenchymal and leptomeningeal regions were also observed [48].

15.3. Immunomodulators

Copolymer-1 (Cop-1) is a synthetic copolymer that suppresses encephalitogenic processes
through an immunological cross-reactivity with myelin basic protein (MBP) [49]. Cop-1, also
known as glatiramer acetate or its brand name Copaxone, has been FDA-approved for its use
in multiple sclerosis and has shown neuroprotective effects in immune-based neurological
pathologies [50] such as stroke. Cop-1 has been able to induce an environment with an
adequate balance of Th1 and Th2 that tend to protect the brain tissue. The modulation of innate
immunity, blockage of antigen presentation by MHC molecules and T cell receptor antagonism
have also been proposed as probable neuroprotective mechanisms [51, 52]. Rina Aharoni and
co-workers demonstrated infiltrating Th 2/3 cells” ability to induce an important expression of
both neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), and the potent
anti-inflammatory cytokines, interleukin-10 (IL-10) and transforming growth factor 3 (TGFf3),
by Cop-1-specific T cells in situ. All of these molecules play an important role on the protective
and regenerative effects of Cop-1 [49]. Cop-1's action in cerebral ischemia was evaluated by
our group in a transient MCAO model. Results showed a significant reduction in percentage
of infarct volume, significant improvement on neurological recovery and higher tissue
preservation when compared to control groups [53]. Cop-1’s ability of acting on various
mechanisms that present themselves after ischemic insult makes it a strong therapy to be used
in stroke [54, 55]. The supporting evidence that has been obtained with the use of Cop-1 calls
for more investigation in order to evaluate its overall potential. Poly-YE is a high molecular
weight copolymer that has shown to have the ability of downregulating regulatory T cell
activity and stimulating yd T cells in vitro [56]. Poly-YE was used in an ischemic stroke model
to enhance a spontaneous response of effector T cells recognizing antigens. In this study poly-
YE not only generated a better clinical and behavioral outcome, but also induced neuropro-
tection and increased neurogenesis in the hippocampus and cerebral cortex. The beneficial
effects in this study were observed even with administration of poly-YE up to 24 hours after
ischemic stroke [57]. The long therapeutic window makes poly-YE a potential candidate for
clinical use, however further research is needed. T cell-based therapeutic vaccination with
MBP-derived peptides with attenuated pathogenic properties has also been proven effective
in spinal cord injury in rats [58]. Recently; the neuroprotective effect of agents that stimulate
toll-like receptor 9 (TLRY), such as K-type cytosine-guanine-rich DNA oligonucleotides was
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reported. These compounds induce tolerance (precondition) to ischemic brain injury. The
beneficial effects of this therapy have been shown in both mice and nonhuman primate models
of stroke [59]. Although further evaluation is needed, TLR9 agonists can be a possible strategy

for stroke.
Tirilazad Neurotrophins Calpain inhibitors
Glutamate antagonists Barbiturates Gangliosides
Beta adrenergic receptor blockers Aminophylline Vasopressors
Anti-ICAM antibodies Lubeluzole Fosphenytoin
Basic Fibroblast Growth Factor Enlimomab Glycine antagonists
Naftidrofuryl Nimodipine Prostacyclins
Neutrophil inhibiting factor Flunarizine Opioid antagonists

Table 2. Neuroprotective drugs that have been clinically tested and have failed to improve AlS outcome

15.4. Free radical scavengers

Antioxidant nitrone-derived free radical trapping agents have lately received attention due to
their therapeutic benefit [60]. The Stroke-Acute Ischemic NXY Treatment (SAINT-I) study,
used NXY-059, in a phase 3 clinical trial and found this agent to reduce disability at 90 days
when administered within 6 hours of stroke onset, but failed to markedly improve neurological
functioning [61]. Nonetheless, the SAINT-II trial, a larger trial that sought to support SAINT-
I trial results, concluded that NXY-059 is ineffective for acute ischemic stroke when adminis-
tered 6 hours after onset [62]. Despite the stated, studies have shown that NXY-059, when
administered 4 hours after stroke onset, was able to reduce BBB permeability, which is
damaged by the ischemic insult. Reestablishing the BBB helps restore the brain endothelium
and ameliorate endothelium-induced damage [63]. Moreover, NXY-059 was shown to be
neuroprotective and safe in acute stroke patients at higher concentrations than the used in
experimental models when administered 4 hours after insult [64]. NXY-059 is a potential stroke
therapy agent but needs to go through further investigations that will help define its thera-
peutic window and dose regimens. NOX4 is a nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase type 4 that plays an important role in oxidative stress generation in cerebral
ischemia; such action was supported when a significant improvement of long-term neurolog-
ical outcome and reduced mortality was achieved when a NOX4 inhibitor, VAS2870, was
applied several hours after ischemia induction. Effects were as protective as NOX4 deficient
mice, further supporting their protective potential [65].
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Agent Mechanism of action Reference
Glutamate oxaloacetate transaminase Intravascular catabolic enzyme of glutamate [66]
Prostaglandin E1 Antiapoptotic properties [67]
Lithium Antiapoptotic properties [68]
Sigma-1 receptor agonists Inhibition of inducible nitric oxide synthase [69]
Fingolimod (FTY720) Sphingosine-1-phosphate receptor agonist [70,71]
Opioid receptor agonists (Biphalin) Inhibits postsynaptic potentials by lowering presynaptic Ca2* [72]
Cinnamophillin Thromboxane A, receptor antagonist [73]
Hawthorn extract Antioxidant properties by incrementing glutathione levels [74,75]
Dichlorobenzamil Sodium and/or calcium exchanger inhibitor [76]
Cilostazol Inhibitor of type Il phosphodiesterase, antiplatelet agent [77]
Magnesium sulfate Inhibits the release of excitatory neurotransmitters [78,79]
Arundic acid (ONO-2506) Astrocyte-modulating agent, inhibits S-100b protein synthesis [80]
Repinotan Serotonin or 5-Hydroxytryptophan (5-HT) 1A receptor agonist [81]
Pioglitazone Peroxisome proliferator-activated receptor (PPAR)-y agonist [82]
NADPH oxidase type 4 (NOX4) Inhibits enzyme that is major source of oxidative stress [65]
inhibitor
C-Phycocyanin Antioxidant [83]
Ginsenoside Rd (Panax ginseng) Antioxidant and anti-inflammatory [84]
MFG-E8 Lactadherin glycoprotein that exerts tissue protection [85]
YC-1 Hypoxia-inducible factor (HIF-1) inhibitor [86]
Gelsolin Actin- and calcium-binding protein [87]

Table 3. Promising agents that are currently searching for clinical trial approval

16. Conclusion

16.1. Failure of clinical trials

Current science has very little to offer in the treatment of AIS. The guidelines available to
the practicing clinician are limited and largely antiquated. The reason why these have not
changed in the last 30 years is primarily because the field has made very little progress.
This is not to say that the scientific community has stopped the search for an integral
therapy for ischemic stroke, but there seems to be an error in translation. The main mistakes
lie in the experimental model of stroke and the study design of both the preclinical and

clinical phases of research.
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16.2. Comorbidities

Adapting animal models to fit the human paradigm is an essential part of methodological
design. However, these always seem to have limitations. Studies are designed to use young
healthy animals from a homogenous population. However, in the clinical setting this is exactly
the opposite. The population of individuals who suffer stroke are much older and almost all
have comorbidities that either triggered the stroke (e.g. AF), or worsen the outcome (e.g.
diabetes mellitus).

16.3. Stroke types

The research model of stroke that is most commonly used is middle cerebral artery occlusion
(MCADo) with a filament; this model better represents ischemia-reperfusion after thrombolysis.
The onset of stroke is carefully monitored and the duration of ischemia is also controlled. The
reproducibility of a MCA ischemic stroke of the same duration across the study population
provides for an incredibly standard sample size. The onset of AIS is highly variable with
occlusion occurring in any vessel of both anterior and posterior circulation. Added to the
variability in the type of stroke there are also differences in the anatomical conformation of the
brain in rodents to humans. Humans have about 50% white matter and rodents have 10% [3,
88]. The majority of neuroprotective drugs are aimed at saving the neuronal soma, which
constitutes the grey matter. In human studies many patients have a high frequency of sub-
cortical damage and diffuse white matter ischemic lesions. This may suggest that grey matter-
targeted neuroprotection benefits rodent brains more than it would a human. Attempt to
neutralize this have been made by recent publications. The study used gyrencephalic non-
human primates, which have the most similar cerebral structure to humans [89].

16.4. Reperfusion

As mentioned above, the model that is predominately used is MCAo. This model includes
reperfusion after a time of ischemia; better emulating arterial recanalization after treatment
with tPA. However, only about 2 to 5 % of patients with AIS receive this therapy [3]; and if
patients do receive thrombolytics only a 30 % recanalization is observed after 6 hours of tPA
infusion [90]. This model of reperfusion allows for better post-stroke CBF and allowing the
adequate distribution of the drug. Also reperfusion injury causes BBB dysfunction allowing
molecules that normally do not penetrate the BBB to enter into the brain.

16.5. Time window

The many syndromes seen secondary to vessel occlusion make the diagnosis of AIS difficult
for the untrained eye. This heterogeneous presentation makes the arrival of emergency
medical services volatile and the time that it takes for these patients to get to a stroke unit
hospital is normally greater than 3 hours. In animal models, the administration of the agent
is controlled and normally takes place immediately after the onset of stroke. The study of
clinically unrealistic time windows for drugs is a major limitation when these are taken
into human trials.



Pharmacological Treatment of Acute Ischemic Stroke
http://dx.doi.org/10.5772/53774

16.6. Neurological outcome measures

The criteria used to evaluate stroke varies greatly among basic and clinical research. In animal
models the beneficial effect of an agent is measured by the change in size of the infarct zone
through image analysis of histological slices. This morphohistological analysis of stroke is a
very objective way of measuring a subjective parameter. The size of infarction can have a milieu
of functional effects that varies greatly from subject to subject. In this case, the best way to
evaluate stroke recovery is a functional outcome measure. This is the case for AIS in the clinic,
the scales of the NIHSS, Barthel index, and Modified Rankin Scale all evaluate changes in the
function, and not form, of the ischemic zone.

16.7. Study design

Most studies seen in the field are surrounded by heterogeneity and publication bias. Most
preclinical studies do not perform randomized, double-blinded designs as opposed to clinical
trials that do. In an attempt to standardize this, the Stroke Therapy Academic Industry
Roundtable (STAIR) criterion drafted a set of recommendations [91]. The STAIR documents
have the goal of smoothing the transition from the bench to the clinic and only the NXY-059
trial has rigorously adhered to them. The beneficial results observed in that trial suggest that
the adherence to the STAIR criterion provide better translation into human studies.

17. Direction of future therapies

Increasingly many drugs are currently being tested as potential therapies in AIS. Most of these
have demonstrated promising results in the preclinical phases of research and will probably
never see the bedside. With every failed attempt at discovering an effective drug compound
to treat stroke, the regulations to monitor which ones make it to the clinical setting will become
stricter. A step in this direction is the STAIR criteria; these will unify the way in which science
is conducted. The adherence to these recommendations allows for better drugs to reach
patients but may also limit potentially beneficial drugs from ever passing the preclinical phase.
Most neuroprotectants are designed to target one pathway of the multimechanistic patho-
physiology of AIS. This reductionist approach to treatment yields modest results. A recent
systematic review and meta-analysis by O’Collins and collaborators analyzed combination
therapy in comparison to single treatments [92]. The study included 126 different treatments
used in the management of animal models of AIS. Single treatments improved neurological
score by 12 % in comparison to controls; when used in combination with a second therapy it
improved that efficacy by an additional 25 %. In a separate analysis, combining thrombolysis
with another compound extended the therapeutic window from 4.4 to 8 hours in animal
models. This incredibly useful review suggests that the best approach to AIS therapy is in fact
a combination scheme. A treatment strategy that will target most of the damaging mechanisms
of stroke will perhaps allow the field to overcome the bench-to-bedside gap.
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Strategies for Intracellular Delivery of Therapeutics

Cell-Penetrating Peptides (CPP)

Liposomes

Nanospheres

Figure 4. Neuron-specific strategies of drug delivery. Several molecules have been created or modified to be able
to carry therapeutic compounds and home in on the target tissue. These strategies reduce secondary adverse side ef-
fects by decreasing the systemic concentration and increasing it at the site where it is needed.

One of the main problems of drug design in AIS is making the molecules small enough to
diffuse across the BBB and reach the target tissue. In the case of NXY-059, the molecule
disufenton sodium had very little BBB penetration and was limited to exerting its effect on the
endothelium and neurovascular unit [93]. This particular limitation could be the culprit of why
only modest beneficial effects were observed. In an attempt to increase the concentration of
drugs that reach the target tissue, researchers have designed nanoparticles that will home in
on the stressed neurons in the penumbra. These myriad molecules such as: virus, liposomes,
nanospheres, and cell-penetrating peptides will target specific cell populations and spare
secondary systemic effects. A very promising therapeutic strategy is cell-penetrating peptides
(CPP). These use cell-specific homing proteins (cargo) such as viral surface proteins like trans-
activator of transcription (Tat) and they are conjugated with proteins that will block intracel-
lular protein-protein interactions (effector) (see Figure 5). Cook and collaborators recently
published an example of this. They sidestepped several model limitations by using a gyren-
cephalic non-human primate that has a brain that shows genetic, anatomical and behavioral
similarities to human brains [88]. In this study, they tested the neuroprotective effect of
postsynaptic density protein-95 (PSD-95) inhibitors. These compounds uncouple PSD-95 from
neurotoxic signaling pathways and results in increased neuroprotection. However, these
inhibitors have limited transport into the cell, so in order to improve the effect they used a
CPP. The following CPP was used: Tat-NR2B9c, comprising the nine carboxy-terminal amino
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acids of the N-methyl-D-aspartate receptor (NMDAR) NR2B subunit fused to the 11-mer
HIV-1 Tat protein transduction domain. The results demonstrated that PSD-95 inhibitor CPP
exert neuroprotection and improve the functional outcome seen after AIS. Another positive
detail of this study is that it adhered completely to the STAIR criteria. The promising results
seen with CPP suggest that they will soon be introduced into the clinical testing phase. Please
refer to Figure 5 for more examples of CPPs that exert neuroprotective effects in AIS.

Basic Structure of a Cell-Penetrating
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Figure 5. Cell-penetrating peptides and their role in AIS. The basic structure of a CPP includes a cell-specific target-
ing peptide coupled with an effector protein that once inside the cell will exert a protein-protein interaction. This in-
teraction will either activate or inactivate certain metabolic processes and will confer neuroprotection to the ischemic
penumbral neuron. Adapted from [94].

This review had the goal of jumpstarting drug discovery in AIS by providing a panorama of
the field at present. Enormous strides have been made and shall continue to be made, but in
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order to focus our efforts and produce a revolutionary novel therapy in the foreseeable future
several steps should be taken. This work urges the researchers of the field to become familiar-
ized with the STAIR criteria and design all experiments in interventional stroke research
around it. This will allow all publications to become more homogenous and if a truly promising
compound or combination is discovered the distance from the bench-to-bedside will be
shortened. The finality of this is to benefit as many people as possible in the shortest time
available. The authors suggest that targeted molecules will result in better treatments by
limiting adverse side effects at non-target sites. With the literature provided it should be
considered that combination therapies hold greater promise than single therapies. The
adherence to the STAIR criteria recommends that multiple types of stroke models be used and
larger animals be sought. Also, strict analysis of pharmacodynamics and pharmacokinetic
parameters shall be done on all experimental agents. The authors hope that with these steps
being followed throughout the scientific community the cure for AISis close athand. However,
until that moment comes the cornerstone of treatment is prevention. Possible therapies aimed
at preventing the initial AIS will yield the highest benefits in neurological outcome; more
research in this area is required.
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