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4.1 INTRODUCTION

Each year 4.6 million people die from stroke worldwide and 75% of these cases
occur in industrialized countries.! In the U.S., stroke is the third leading cause of
mortality, with 4.7 million survivors, 15 to 30% of whom are left with permanent
disabilities and 20% of whom require long-term institutional care.? Significant social,
financial, and personal problems occur as a result of these disabilities.?> Stroke is a
generic term, encompassing a wide variety of vascular diseases affecting the nervous
system. Treatment of these diverse disease processes necessarily involves several
different approaches.

Because the brain relies completely on a constant supply of oxygen and glucose
for normal function, ischemic injury can occur rapidly if the delivery of these
substrates is impaired as a result of transient or permanent cessation of blood flow.
Such ischemic injury occurs in nearly 80% of stroke cases due to occlusion of either
a major proximal or cerebral artery, most commonly as a result of an embolus or
local thrombus. The remaining causes of stroke relate primarily to bleeding in or
around the brain.

Acute revascularization and neuroprotective strategies have been the two most
extensively studied specific approaches to the treatment of acute ischemic stroke.
Of the 178 controlled clinical trials of acute stroke therapies conducted in the past
century, only trials of intravenous tissue plasminogen activator (tPA) have been
sufficiently positive to lead to approval by the U.S. Food and Drug Administration.>*

Despite showing promise in preclinical studies, none of the more than 114 stroke
trials that examined more than 49 neuroprotective drugs have been positive.* This
discrepancy between preclinical data and the results of clinical trials illustrates the
significant challenge of translational neuroscience. These difficulties may have arisen
from the use of unsuitable preclinical animal models, inappropriate extrapolation of
preclinical data to human trials, or poor clinical trial design.>® However, these
multiple failures and experiences can provide useful information to help guide new
translational approaches to stroke therapy.

4.2 TYPES OF STROKES AND CEREBRAL ISCHEMIA
EVENTS

Causes of ischemic stroke include extracranial or intracranial steno-occlusive disease
affecting large- or medium-sized arteries most frequently related to atherosclerosis,
embolization from a cardiac or arterial source, and occlusion of small intracranial
vessels.” In up to 40% of cases, the cause is unknown or the stroke is due to multiple
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possible etiologies. Atherosclerosis occurs as a result of a complex series of pro-
cesses leading to arterial injury with cholesterol deposition. Atherosclerotic plaques
can provide a nidus for platelet aggregation and thrombus formation, or they can
rupture. They can then occlude the artery at the site of clot formation or lead to
emboli that can block a distal vessel.

A variety of cardiac conditions can lead to embolization. They include arterial
fibrillation, valvular heart disease, ventricular or septal aneurysm, and cardiomyo-
pathies. Small vessel intracranial disease is most frequently associated with hyper-
tension and leads to ischemia in the distribution of penetrating arteries, resulting in
so-called “lacunar” syndromes. A large number of other less common conditions
including arterial dissection, nonatherosclerotic vasculopathies, hypercoagulable
states, and hematological disorders can also lead to ischemic stroke.

Temporary focal ischemia (transient ischemic attacks or TIAs) may also occur.
TIAs are traditionally defined as producing neurological symptoms lasting less than
24 hours, but most are far shorter. They are not only harbingers of ischemic stroke,
but may also reflect cerebral infarction with transient symptoms (i.e., stroke with
rapid functional recovery).® Other less common causes of stroke include intracerebral
hemorrhage and subarachnoid hemorrhage (SAH).

SAH usually results from rupture of saccular aneurysms most commonly located
at branch points in major arteries at the base of the brain. SAH can cause the
subarachnoid space to fill with blood at nearly arterial pressure, resulting in direct
brain injury due to decreased perfusion of the brain. The presence of blood around
major vessels also can lead to delayed cerebral vasospasm (see Chapter 11), then to
delayed ischemic stroke due to vessel narrowing and lack of perfusion.’

In contrast to focal ischemia caused by arterial occlusion, global ischemia can
result from other types of conditions, such as cardiac arrest, near-drowning, or
hypotension. Depending on its severity and on other factors, less than 5 minutes of
global ischemia can be tolerated before lasting damage occurs.!® Cerebellar Purkinje
cells, CA1 hippocampal pyramidal neurons, and layers 3 and 5 of the neocortex are
relatively more vulnerable to global ischemia than other areas of the brain.!

4.3 CELLULAR CONSEQUENCES OF STROKE

Although the brain only comprises 2.5% of body weight, it accounts for nearly 25%
of basal metabolism. Neuronal function and survival are highly dependent on aerobic
metabolism.!! When a cerebral artery becomes occluded, the lack of oxygen and
glucose rapidly leads to neuronal death unless blood supply is restored. However,
before this final stage takes place, a cascade of multiple biochemical events is
initiated and includes the interactions of a number of different cells in the ischemic
area, including neurons, mitochondria, astrocytes, fibroblasts, smooth muscle cells,
endothelial cells, and blood components.'?>-'* The process begins with the impairment
of energetics required to maintain ionic gradients (see Figure 4.1).1> With the loss
of membrane potential, neurons and glia become depolarized,'® which in turn
activates voltage-dependent Ca?* channels. This activation leads to the release of
excitatory amino acids into the extracellular space.
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FIGURE 4.1 (See color insert following page 146.) Mechanisms of cell death. A typical
neuron is represented indicating a variety of perturbed physiological mechanisms leading to
cell death. These mechanisms include excess glutamate stimulation and secondary depolar-
ization (excitotoxicity); loss of substrate (oxygen or glucose); free radical formation, partic-
ularly following reoxygenation; apoptosis initiated by cytochrome C release from
mitochondria; and cell swelling induced by water influx.

Excitatory amino acids further accumulate because their presynaptic uptake
is energy dependent. This can lead to further injury in ischemic neurons that
otherwise might remain above the threshold of viability. Activation of excitatory
amino acid receptors leads to further sodium and calcium entry.!” Several different
types of excitatory amino acid receptors have been identified pharmacologically.
The N-methyl-D-aspartate (NMDA) receptors are gated channels that are highly
permeable to Ca?*. Ca?* accumulation is also triggered secondarily by Na* influx
through o-amino-e-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA)-,
kainate-, and NMDA-receptor gated channels through activation of voltage-gated
Ca? channels and reverse operation of the Na*/Ca?* exchanger.!”-!3

Na* and CI- enter the neurons via monovalent ion channels (such as AMPA- or
kainate-receptor gated channels) as a result of glutamate-mediated overactivation.
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Inhibitory neurotransmitters (primarily gamma aminobutyric acid [GABA]) are
important to slow the excitatory cascade; these neurotransmitters result in chloride
flux into cells. The overall effect of these changes in Na and Cl ionic gradients is
the passive influx of water leading to cellular edema.

At the same time, K* exits the neurons as part of the inhibitory currents following
action potentials. In conjunction with the accumulation of extracellular glutamate,
increased K* levels can promote repeated neuronal depolarizations in the penumbral
regions (see later discussion). These “peri-infarct depolarizations” are closely related
to hypoxic spreading depression or anoxic depolarization.'” Frequent neuronal depo-
larizations result in increased metabolic demands because of severe neuronal mem-
brane depolarization, further worsening ischemic injury and increasing the zone of
frank infarction.!'®20

The accumulation of calcium also initiates a cascade of processes leading to
delayed tissue damage. For example, calcium induces proteolytic enzymes, which
degrade cytoskeletal proteins. It activates enzymes that lead to the formation of free
radical species causing lipid peroxidation and membrane damage. Oxygen free
radicals can also promote inflammation and apoptosis. Mitochondria are significant
sources of oxygen free radicals that can damage mitochondrial membranes. Oxida-
tion impairs the function of mitochondrial proteins that participate in adenosine
triphosphate (ATP) production, electron transport, and H* extrusion.?! Accumulation
of calcium and free radical formation in mitochondria favors the formation of
permeability transition pores that induce cell death.??

Neurons permanently lose membrane potential when blood flow drops more
than 20% below normal for more than a very short period.?? This ischemic core
region is surrounded by an area known as the penumbra that is characterized by
more modest reductions in blood flow and associated with impaired neuronal func-
tion.2* Although the core of infarcted tissue is not salvageable, the ischemic penum-
bra partially preserves energy metabolism? that may be either reversible or may
proceed on to infarction as a result of the cascade of processes including those
previously discussed.?®

Programmed cell death (apoptosis) and excitotoxic necrosis can occur simulta-
neously in the ischemic brain.?’?® Apoptosis is a genetically regulated program in
which protein-cleaving enzymes known as caspases promote cell death. Caspases 1
and 3 seem to be the predominant proteins involved.?® Mitochondria release cyto-
chrome C, which induces apoptosis.? Several factors determine whether apoptotic
or delayed excitotoxic cell death predominates. The factors include the maturity of
the neurons, the extent of the injury, the availability of trophic support, and the
intracellular free calcium concentration.>

In addition to these mechanisms, the accumulation of free radicals and cal-
cium-activated intracellular second messenger systems produces inflammatory
mediators such as platelet-activating factor, tumor necrosis factor-o, and inter-
leukin-1B."3 These inflammatory mediators activate microglia and result in leu-
kocyte infiltration through an increase in endothelial adhesion molecules.?® As a
result of the interactions of complementary receptors on neutrophils and adhesion
molecules, the neutrophils adhere to the endothelium, travel through the vascular
wall, and enter the brain parenchyma. Post-ischemic inflammatory processes can
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also contribute to secondary neuronal injury and final infarct size3'3? through a
number of mechanisms including microvascular obstruction by neutrophils?? and
the production of toxic mediators.

Zinc may also be an important mediator of secondary neuronal injury. Under
normal physiological conditions, zinc modulates the action of NMDA-receptor
gated calcium channels and is critical for the action of several metalloenzymes and
transcription factors. Zinc is variably released from excitatory nerve terminal ves-
icles upon normal synaptic functioning. During ischemia, zinc is thought to be
excessively released across the plasma membrane through a number of mechanisms
including: activation of voltage-gated calcium channels, NMDA-receptor gated
channels, transport exchange for intracellular Na*, and Ca**-permeable AMPA
receptors.3* Zinc accumulates in neuronal cell bodies after its release from synaptic
terminals.>® The release of zinc causes apoptosis or necrosis, depending on the
extent of the exposure, possibly through direct inhibition of aerobic glycolysis and
depletion of energy.*

Preclinical animal studies show that the time between initiation of ischemia and
the delivery of a putative neuroprotective drug is critical.’*3° Depending on exper-
imental conditions, neurons occupying the bordering areas of the ischemic territory
may be able to survive up to 48 hours following ischemic insult.** However, the
therapeutic window is considerably shorter.

Understanding of the pathophysiological mechanisms involved in ischemic
injury led numerous research groups to develop possible treatments targeting various
steps of the cascade. Over the past 10 to 15 years, several animal models of both
focal and global ischemia have been developed in attempts to simulate the neuro-
pathological consequences of human stroke. The majority of the early treatments
sought to modulate the initial metabolic events following ischemia, in particular
excitotoxic mechanisms by using a variety of NMDA receptor antagonists and
calcium channel blockers.!>#! Free-radical scavengers, caspase inhibitors and GABA
agonists have also been evaluated. Although results in animal models are promising,
all attempts to translate these findings into an efficacious clinical treatment have
failed.+>+

4.4 PROBLEMS IN TRANSLATION OF STROKE
TREATMENTS FROM BENCH TO BEDSIDE

Aside from the neuroanatomical, pathophysiological, pharmacokinetic, and genetic
differences among laboratory animals (in particular rodents) and humans, funda-
mental differences also exist in the designs of preclinical studies and clinical trials:*
(1) treatment window following stroke, (2) target area of the brain (gray versus white
matter), (3) duration of drug treatment, (4) pharmacokinetics, and (5) outcome
measures. Laboratory studies are tightly controlled; whereas, human clinical trials
involve heterogeneous subjects. Because no approach has yet been successful, the
type of preclinical studies that are sufficient to warrant proceeding to clinical trials
remains uncertain.
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4.4.1 ANIMAL MODELS OF ISCHEMIC STROKE

A variety of animal models have been used to study ischemic stroke to evaluate
potential therapies.*> The most frequently used models of global ischemia involve
either bilateral carotid artery occlusion in gerbils or bilateral carotid occlusion with
hypotension or four-vessel occlusion in rats. Models of focal ischemia have been
developed in a number of animal species and can involve transient or permanent
arterial occlusion.

The damage following permanent occlusion results in an ischemic core area
surrounded by a penumbral region of varying size. The middle cerebral artery (MCA)
occlusion model is among the most commonly employed.*® An intraluminal thread
is used to cause the vessel occlusion and can be withdrawn after 1 to 2 hours to
mimic reperfusion or can be left in place to cause permanent occlusion. Experimental
factors such as trauma, temperature regulation, stress, and anesthetic use (some of
which can have neuroprotective effects alone or in combination with experimental
drugs*’) may complicate interpretation of the results.

Animal models have greatly aided our understanding of the ischemic penumbra
and other pathophysiological mechanisms of stroke.*® Although the results from
animal experiments have provided the principles guiding the design of human clinical
trials, the results should be used with caution.

Many laboratory animal models are intended to explain basic pathophysiological
mechanisms of ischemia and have not been validated for predicting drug efficacy
in humans. This is because of a number of important differences between animal
models and human strokes. For example, the infarct volume resulting from occlusion
in animal models is both uniform and reproducible, and therefore does not necessitate
the need for large sample numbers. Experimental conditions such as body temper-
ature, glucose levels, blood pressure, acid-base balance, and oxygenation are tightly
regulated and may alter an animal’s response to an ischemic insult. In contrast,
human stroke is a highly variable clinical condition as a result of differences in
location, cause, severity, and reversibility. Stroke types vary considerably in humans
(cortical, mixed cortical-subcortical, pure subcortical, white matter, or ischemic and
hemorrhagic strokes).

Most animal stroke models use lissencephalic species such as rodents (humans
are gyrencephalic). Animal models do not generally consider co-morbid disease
states such as diabetes, hypertension, and infections.** Humans typically receive
a number of different drugs to treat co-morbid conditions that alter the underlying
milieu as compared to experimental conditions. In addition, animals used in stroke
models are most commonly young as compared to the typically aged human who
is afflicted with stroke. All these variables limit extrapolation from the animal
results, even when a study considers the same stroke type in preclinical and
clinical situations.

Changes in some of the methodology used in laboratory models can make them
more relevant to human stroke. First, the occlusion should be transient so as to
enable entry of the drug to the site of injury. This would also better reflect the
condition in humans in which varying degrees of perfusion are reestablished through
collaterals or clot lysis. Drugs should be evaluated in a number of animal species
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and models to support the generalizability of their purported effects. Allocation of
treatment and outcome assessment should be blinded or masked to avoid potential
bias. Experiments should be carried out in aged animals to match the human ages
commonly observed in stroke patients. Assessment of functional behavioral out-
comes in addition to structural outcomes, such as volume of infarction, is essential
because functional outcome is the basis of clinical trial assessment. Outcome assess-
ment should be delayed as long as feasible based on animal species. Human trials
generally conduct outcome assessments at least 3 months after stroke.

4.4.2 TiMme WINDOWS OF TREATMENT

With the advent of thrombolytic therapy, stroke is now considered an emergency
condition with the same priority as acute myocardial infarction. Many hospitals have
developed acute stroke teams, and communities are being organized to facilitate the
rapid transportation of stroke patients to appropriate facilities. In addition, efforts
have been made to increase public and professional awareness of stroke. People at
risk of stroke and their families and friends should be alerted to the common
symptoms of stroke.*

Unlike rigorously controlled preclinical studies, the time taken to arrive at a
hospital following stroke and therefore the time at which the patient is available for
treatment after the actual onset of ischemia varies. Between 1995 and 1999, the
median time to entry into an acute stroke clinical trial was 14.3 hours, compared to
a median permitted entry window of 12 hours.* Past studies suggest that irreversible
focal injury takes place after only a few minutes and is complete after 6 hours.!°
Although individuals may have salvageable tissue up to 6 hours or longer following
a stroke, the progression of damage varies among patients and depends on collateral
circulation and other factors.>

The failures of past neuroprotectant trials may have in part been due to the
administration of the putative neuroprotectants after irreversible injury had occurred.
Therefore, potential neuroprotectants must be tested at realistic time points in pre-
clinical studies, but at time intervals longer than minutes. A drug that is efficacious
in animal models only if given immediately after arterial occlusion is unlikely to
be of benefit. For example NXY-059, a novel nitrone, is effective when admin-
istered 3 to 6 hours following recirculation in transient focal MCA occlusion
models’! and at 4 hours in permanent focal MCA occlusion models.>? Therefore,
it would not be reasonable to initially test this drug in humans beyond 6 hours.

4.4.3 EARLY vs. LATE OutcOME DEFINITION

Preclinical studies have commonly used histological endpoints to assess therapeutic
efficacy. These histological outcomes (i.e., reduction in infarct size) have been
generally assessed between 48 and 96 hours. However, ischemic injury can continue
to develop for weeks or even months.>* As a result, early histological endpoints can
lead to erroneous conclusions. For example, MK-801 appeared to reduce infarct size
at 3 days following ischemic insult but the benefit was not significant after 4 weeks.>*
A number of other drugs including SNX-111 (N-type calcium channel antagonist),
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NBQX (AMPA antagonist), and flavopiridol (cyclin-dependent kinase inhibitor)
showed potential neuroprotection 1 week following ischemia, but had no effect if
the assessment was carried out 4 weeks post-insult.3>-¢

In comparison to preclinical animal studies in which injury is assessed histo-
logically at early time points, clinical trials rely on behavioral and functional out-
comes at later stages (generally at 3 months following stroke)*>’ to assess the
effectiveness of intervention. Early behavioral assessments are suggested to be more
predictive than histological endpoints.’® For example, some drugs may be effective
in improving functional outcome but may not reduce the resulting infarct size,
suggesting that the drugs are acting via other mechanisms.

Such mechanisms may include stimulation of neuronal sprouting and protection
against retrograde neuronal death.>*® Therefore, in addition to infarct size assess-
ments, preclinical studies should include functional measures of motor, sensory or
cognitive deficits in order to gauge the therapeutic efficacy.®’9> A large variety of
tests have been developed for this purpose (see Gladstone et al.* for references).
Recent preclinical studies have employed complex behavioral tasks as endpoints for
determining whether the treatment in question will aid in the reduction of ischemia-
related disability.>64

4.4.4 REeGIONAL DIFrereNCES IN TARGET AREAS OF BRAIN

Preclinical neuroprotectant studies have targeted the ischemic penumbra. However,
in some patients the penumbra may only account for a small percentage of the total
infarct volume. To increase the likelihood of detecting a drug effect, clinical studies
should target patients with sufficiently large penumbrae.®® However, the optimal way
of detecting the penumbra in the context of a clinical trial has not been fully estab-
lished, and no treatment has been proven efficacious with the use of this approach.

Past clinical trials tended to treat stroke as a single disease entity. Only 62 (35%)
of the 178 published stroke trials specified a particular stroke territory (e.g., carotid
artery, MCA).* The majority of drug therapies tested in animal models targeted gray
matter. In comparison to the rodent brain, the human brain contains a higher pro-
portion of white matter (including axons) that may not be salvageable using thera-
peutic agents that only target gray matter.5-%’ Approximately a third of strokes
involve deep white matter and may not respond to neuroprotective therapy. It is
therefore possible that potentially successful neuroprotectants have failed due to the
inclusion of patients with white matter injuries in clinical trials. Clinical trials should
limit selection to patients most likely to benefit. This is particularly important for
Phase II clinical trials that provide data critical for a decision to proceed with or
defer a large Phase III efficacy study.’

4.4.5 PHARMACOKINETICS, SAFETY ISSUES, AND APPROPRIATE
DosING

In order for a drug to be effective as a neuroprotectant, it must satisfy a number of
criteria. First, it must be able to reach the target region and cells within the brain.
Because the blood-brain barrier (BBB) is often damaged by the ischemia to variable
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extents at different times, some drugs normally excluded from the brain may still
be able to reach target tissue, but this is likely to be variable.

Drugs that can cross the BBB may in some conditions have preferred access,
depending on diffusion and vascular stasis; to cross the BBB, a drug must be lipid-
soluble and have a molecular weight below 500 Da.®® Recombinant proteins, mon-
oclonal antibodies, gene therapy, and antisense drugs, all of which could serve as
potential neuroprotectants, are too large to cross from the systemic circulation into
the brain and may require direct infusion into the brain for effective delivery. Because
no gene or drug targeting strategies are clinically available, drug testing is now
limited to small lipid-soluble drugs that represent only 2% of all potential candidates
for drug development.®®

However, even this limited class of drugs may still exhibit poor access to the
critical brain regions targeted. Because of the vascular occlusion, access to the
ischemic region is likely to be reduced. Thus, directly sampling the area of brain
targeted for drug levels may be a critical control to evaluate whether access into
the critical region is possible. After this critical initial point is established, mech-
anisms of action may be thoroughly assessed by histological and behavioral
outcomes.

Dosing is another important consideration. The neuroprotectant dose of a drug
in animal models may result in intolerable toxicity in humans. Testing these drugs
at doses below those required for efficacy in animal models is less likely to be
successful in humans. Duration of treatment must also be considered. Although a
drug exhibits neuroprotective properties after a single dose, multiple doses over the
period in which the infarct is evolving may or may not increase its clinical effi-
cacy.®®7° The lengths of treatment have varied from a single injection, to continuous
infusions, to several doses extending 3 months after a stroke.®® Full dose response
studies must be performed to avoid problems associated with an inverted U-shaped
dose response curve.”!

Several factors may influence the doses required for therapeutic treatment. If
given by constant intravenous infusion, a lipid-soluble drug will accumulate in the
cerebral tissues faster than a hydrophilic drug and will take longer to clear from the
tissues. This delay may lead to increased toxicity. Therefore, plasma-level calcula-
tions may overestimate the levels needed for in vivo activity. Other considerations
include the receptor-binding properties of the drug that will determine the loading
dose and the need for maintenance infusion, the clearance and volume of distribution
of the drug, and its therapeutic index.®

The duration of therapy is also influenced by side effects the drug might produce
and pathophysiological changes following the stroke. For example, the more potent
NMDA antagonists produce psychomimetic effects that might preclude the drug
from administration over days to weeks.?®” As a result of the loss of autoregulation
in acute stroke, drugs that produce hemodynamic effects may increase or decrease
cerebral blood flow which in turn could exacerbate edema or worsen ischemia.
Moderate increases in blood pressure, however, could be beneficial in improving
blood flow and local perfusion.®® In addition, these drugs may be used to increase
the initial time window during which longer lasting drugs may be administered.*¢
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4.4.6 CriNicAL OUTCOME MEASURES AND STATISTICAL ISSUES WITH
CLINICAL TRIALS

A variety of measures have been used to assess outcomes in clinical stroke trials.
Less than half of the published clinical trials utilized validated outcome measures
and only 17% indicated primary endpoint.* The choice of outcome measures can
play a fundamental role in whether a therapeutic agent is deemed successful %72
Outcome can be assessed at the level of impairment (NIH Stroke Scale), disability
(Barthel Index), or social handicap (Rankin Index). In addition, although they are
not yet widely employed, scales that incorporate quality-of-life assessment and
pharmacoeconomic analysis can be used as secondary outcome measures.”® Final
outcome assessments are generally carried out at least 3 months after stroke as
recovery has usually reached a plateau by that time.

The use of a dichotomous division of a continuous scale may help determine
whether a patient has achieved a clinically significant benefit.”> Global statistics can
take into account multiple assessment scales and can be used to provide overall
assessments of benefits.”* The National Institute of Neurological Disorders and
Stroke’s rtPA trial’> utilized this approach.

Statistical power is an important consideration for clinical trial design. Studies
must have sufficient statistical power to ensure that a lack of a treatment effect results
from a lack of biological effect of the intervention and is not due to insufficient
sample size. Kidwell et al.* calculated the sample sizes required for a 5% reduction
in the proportion of patients dead or disabled at 6 months as 3148 (reduction from
60% to 55%; 80% power, alpha = 0.05). The mean sample size per trial of the 178
controlled clinical trials for acute ischemic stroke performed up until 1999 was 415
patients. The mean sample size for neuroprotective trials was 186 patients (median
69). Potentially efficacious drugs might have been abandoned because of a type II
statistical error.* The Stroke Therapy Academic Industry Roundtable has developed
a series of recommendations for translating preclinical studies into clinical trials
based on these reviews and other considerations.>576

4.4.7 CunicAL TRIALS

Following successful outcomes in animal models, a drug may be assessed further
in human clinical trials that consist of three phases. Phase I trials are conducted in
healthy volunteers to determine whether untoward toxicity is present and to evaluate
the maximal tolerated dose. Phase II studies are performed in persons who have the
disease and include questions focused on dose finding, safety, and potential efficacy.
Phase III trials are large-scale studies with sufficient statistical power to assess
efficacy.”

Phase I trials are often conducted in young healthy volunteers. In contrast, stroke
patients are most frequently elderly, where age-related changes in cerebral dynamics
and vasculature can significantly affect toxicity as well as pharmacokinetics and
regional cerebral blood flow. Therefore, the inclusion of healthy elderly patients in
Phase I trials may help avoid under-recognition of potential side effects in the
eventual target population.”
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Phase II and I1I trials are sometimes combined to reduce the numbers of patients
who need to be included and save time.”’ This results in having to use preclinical
and Phase I data to develop a protocol for clinical efficacy.” Phase II trials are
sometimes divided into Ila and IIb studies.® Phase Ila studies often focus on pro-
viding initial toxicity data and exploring dosing and pharmacokinetic issues. Phase
IIb trials are important for refining patient selection, dose, route, timing, duration
of therapy, and for better understanding of side effects, pharmacokinetics, and drug
interactions.®

4.5 FUTURE POTENTIAL TREATMENTS AND
OPPORTUNITY TIME WINDOWS

The consequences of acute ischemic injury evolve over time, and drug treatments
corresponding to various successive events within the ischemic cascade may be
developed in the future. A “cocktail” of therapies may need to be developed and
tested to address these potential overlapping therapeutic windows.® Combination
therapy may also reduce the dose-limiting toxicity encountered in the use of single
agents if multiple agents can be administered at lower doses. In some cases, the
administration of a second drug may improve the action of the first. For example,
the combination of a thrombolytic agent and a neuroprotectant may increase the
chances of the latter drug reaching the site of injury within the required time
window.”3

Combination therapy may also offer synergistic effects. For example, the admin-
istration of insulin with the noncompetitive NMDA antagonist, dizocilpine, in dia-
betic rats following ischemia resulted in additive neuroprotective effects.”® However,
testing combined administration of unproven drugs provides additional challenges
for clinical trial design.6

Some stroke treatments are more appropriate at one time period in the evolution
of stroke than at others. Three time periods will be considered here. The first is
minutes to hours, the second is hours to days, and the third is days to months.

4.5.1 PosT-STROKE (TiIME FRAME OF MINUTES TO HOURS)

Neuroprotective therapies in the ischemic core will be helpful only if the blood
supply to the ischemic brain can be reestablished. Hypoperfusion in the core and
penumbra accounts for a greater proportion of the resulting injury than the subse-
quent degradative processes that occur in the penumbral region.”” In addition to
avoiding relative hypotension, the primary treatment for hypoperfusion is the use of
interventions with the potential to restore flow, such as the use of a clot lysing drug
(tPA, for example).

Other approaches include mechanical clot disruption and the use of suction
devices, lasers, and ultrasound.?® Although intravenous rt-PA remains the only FDA-
approved thrombolytic drug therapy for stroke,” other drugs including both long-
used and novel thrombolytics and glycoprotein IIb/ITla receptor antagonists are being
evaluated.?! Even if the blood vessels can be reopened, there is a risk of hemorrhagic
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infarction following reperfusion into ischemic areas. Thus, early reestablishment of
blood supply is critical if possible.

4.5.2 Post-STROKE (TiIME FRAME OF HOURS TO DAYS)
4.5.2.1 Neuroimaging Techniques

Positron emission tomography (PET), diffusion—perfusion magnetic resonance imag-
ing (MRI), and computerized tomography (CT) perfusion are now used to identify
patients with potentially salvageable penumbral regions. In one study, the penumbral
region accounted for 18% of the final infarct volume; the remaining 82% of the
affected brain tissure was critically hypoperfused (70%) or sufficiently perfused
(12%).” PET, the “gold standard” is not logistically feasible to guide urgent clinical
treatment because it is not widely available and requires considerable set-up time.
MRI techniques such as diffusion—perfusion weighted imaging, MR spectroscopy,
and CT perfusion may prove more useful in detecting salvageable brain as part of
routine clinical practice.”-#? Because of person-to-person variations in collateral blood
supplies, the use of neuroimaging may also allow the use of treatments that are not
based solely on time since stroke onset.32-84

4.5.2.2 Receptor Antagonists, Calpain Inhibitors, and Free
Radical Scavengers

Several other drugs intended to limit ischemic injury are being developed. The
combination of NMDA antagonists with AMPA or kainate receptor antagonists may
confer protection to oligodendrocytes and GABAergic neurons with Ca?*-permeable
AMPA receptors.® Toxicity can severely limit the clinical efficacy of otherwise
useful treatment approaches. This applies to many drugs aimed at blocking excito-
toxicity. Developing more targeted drugs may limit side effects. For example, ifen-
prodil acts on NR2B-containing NMDA receptors and they are expressed in greater
proportions in the forebrain compared to the hindbrain.3*# Therefore, it is anticipated
that its psychometric side effects might be reduced as compared to other drugs of
this class.

Calpains are also receiving attention because they are proteolytic enzymes acti-
vated by calcium and may be potential targets for therapeutic agents. Calpains are
activated following ischemia and break down cytoskeletal proteins such as spectrin.
Calpain inhibitors including AK275, AK295, and MDL 28,170 are neuroprotective
following ischemia in rats.8-8 MDL 28,170 reduced infarct volume when adminis-
treed up to 6 hours following MCA occlusion.®

A number of potential therapeutic agents have been developed to reduce reper-
fusion-related injuries that involve the accumulation of oxygen free-radicals and
inflammatory cells. The agents include superoxide dismutase, catalase, glutathione,
iron chelators, vitamin E, alphaphenyl nitrogen (PBN), dimethylthiourea, oxypu-
rinol, and tirilazad mesylate. They may act by reducing cytotoxic and vasogenic
brain edema, aiding in Ca?>* homeostasis reestablishment, and antagonizing
glutamate excitotoxicity.® Some have been tested in clinical trials, but none has yet
proven efficacious.
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One of the consequences of oxygen free radical formation is the destruction of
single-strand DNA. This leads to the activation of poly (ADP-ribose) polymerase
(PARP), a repair enzyme that depletes cellular nicotinamide adenine dinucleotide
(NAD*) and ATP.® Studies that eliminated the PARP gene or administered PARP
inhibitors showed reduced infarction following ischemia.®® However, the PARP
enzyme may be important in DNA repair and genomic stability, particularly after
partial DNA disruption from ischemia. It has also been hypothesized that because
PARP activation involves NAD* that then depletes the metabolic pool of NADH,
enhancing the pool of NAD* may contribute to enhanced cell functioning. Several
papers have suggested that direct nicotinamide treatment may be effective at replet-
ing the pool of metabolic NADH and also facilitating the repair processes of PARP.

4.5.2.3 Anti-Apoptosis/Necrosis Agents

Drug therapies (cycloheximide and anisomycin) have also been developed to
inhibit apoptosis and have demonstrated neuroprotection in focal and global models
of ischemia.’*! Thought to act through this mechanism, a caspase-3 inhibitor [N-
benzyloxycarbonyl-Asp(Ome)-Glu(Ome)-Val-Asp(Ome)-fluoromethylketone or z-
DEVD.FMK] reduced infarct size following transient ischemia.!!

Neuronal apoptosis inhibitor protein (NAIP), a novel anti-apoptotic gene, is a
group II (3 and 7) caspase inhibitor that may be able to reduce apoptosis.®? Other
inhibitors such as N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (Z-
VAD.FMK) and N-benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyl ketone (z-
DEVD.FMK) that are not caspase selective and also block cathepsins reduce behav-
ioral and cellular deficits as well as infarct volume following focal ischemia.3393:94

A combination of anti-apoptotic and antinecrotic therapies may be advantageous.
For example, the combined administration of dextrorphan and cycloheximide
reduced infarct volume following transient ischemia (MCAO) in rats by 87%, which
was greater than the reduction resulting from the use of either agent alone (~65%).%
Another example of combination therapy is the use of MK-801 and z-VAD.fmk,
which also reduced infarct size following ischemia.? It has been suggested, however,
that if necrosis is reduced, apoptosis may become unmasked or promoted.*

4.5.2.4 Zinc Toxicity Treatment

Zinc toxicity following stroke is another potential area of therapeutic application.
One consequence of zinc exposure is an increase in dihydroxy-acetone phosphate,
a glycolytic intermediate, that in turn causes a decrease in neuronal ATP levels. It
has been suggested that the administration of pyruvate, an energy substrate, can help
ease the ATP loss. It has been postulated that the failure of calcium channel antag-
onists may in part be due to perturbations in zinc levels following ischemic injury.
The reduction of zinc release from nerve terminals may be accomplished by a dietary
restriction of zinc.!! Other approaches to lessening the toxic effects of zinc could
include the upregulation of both metallothioneins and cellular zinc extrusion trans-
porters and the implementation of mechanisms that prevent energy metabolism
interference.’® Unfortunately, clinical trials targeting zinc have also failed.
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4.5.2.5 Anti-Inflammatory Treatments

Neurons have been the primary targets of neuroprotective strategies. However, white
matter and axons are also damaged following ischemia. Astrocytes may be injured
as a result of the release of inflammatory mediators following ischemic insult as
well as zinc toxicity.”” Axons and oligodendrocytes are thought to incur damage as
a consequence of calcium influx through the Na*/Ca?* exchanger and AMPA receptor
over-stimulation, respectively.”® The release of glutamate via reverse Na* -glutamate
transport may also contribute to oligodendrocyte damage.%

Potential therapeutic targets may involve interfering with various steps of the
inflammatory cascades. For example, microvascular occlusion may be reduced
by the inhibition of leukocyte adherence to blood vessels in the ischemic area.
Other strategies include directing antibodies toward molecules such as intercel-
lular adhesion molecule-1 (ICAM-1)* and inhibiting the release of proinflam-
matory cytokines from astrocytes and microglia such as interleukin-1p (IL-1B)
or tumor necrosis factor-o. (TNF-a). The use of statins and estrogens may also
have the potential to reduce injury following ischemic insult through upregulation
of endothelial nitric oxide synthase'® and antioxidant and trophic mechanisms,'®!
respectively.

The use of growth factors may also be beneficial in treating ischemic injury and
promoting functional recovery. Exogenous compounds such as nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophins 4/5 (NT-4/5), basic
fibroblast growth factor, and insulin-like growth factor-1 (IGF-1) can all reduce
injuries in rats subjected to cerebral ischemia.*® One clinical trial of fibroblast growth
factor (FGF) was stopped because of toxicity.

The inflammatory response is initiated and regulated by the complement system
that consists of a number of cascades. The complement system causes injury in
animal models of ischemia through the production of anaphylotoxins C3a and C5a
and endothelial cell adhesion molecule upregulation.!”? The complement cascade
offers several sites of potential therapeutic intervention. For example, soluble com-
plement receptor-1 (sCR1), a strong inhibitor of complement activation, reduced
neurological deficits and decreased platelet and polymorphonuclear leukocytes
(PMN) accumulations following MCAO and reperfusion in mice.'%

Protein kinase C increases both the vesicular release of glutamate and neuronal
excitability.!®* Pretreatment with agents such as staurosporine, a broad-spectrum
protein kinase inhibitor'® and 1-(5-isoquinolinesulfonyl)-2-methylpiperazine dihy-
drochloride (H-7)'% decreased neuronal cell death following global cerebral
ischemia and the accumulation of extracellular glutamate, respectively.

The mitogen-activated protein (MAP) kinase pathways may also be activated
during ischemia. These include the c-Jun NH,-terminal kinases (JNKs), p38 kinases,
and extracellular signal-regulated kinases (ERKs). The p38 inhibitor, SB203580,
administered as a pretreatment reduced neuronal death in a global model of
ischemia.!”” However, following transient focal ischemia, it was not effective.!® The
PD98059 ERK inhibitor also given as a pretreatment decreased the volume of
infarction following transient focal ischemia.!%
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4.5.2.6 Hypothermia

In addition to the plethora of pharmacological agents that may provide therapeutic
benefits following stroke, physiological variables can be manipulated to confer
protection. Hypothermia has been studied for the past 50 years because of its
protective benefits'® and has been used to protect organs during cardiovascular and
neurosurgical procedures. In the case of stroke, reduced body temperatures in
patients admitted to hospitals resulted in both lower mortality rates and improved
functional outcomes.!'*!"" Among the potential mechanisms by which hypothermia
offers protection are: reduction in metabolic rate, thereby delaying the depletion of
high-energy phosphates, inhibition of excitatory neurotransmitter release and oxygen
radical production, decrease in intracranial pressure and anti-convulsant activity, and
suppression of initiation of spreading depression (see Clifton et al. and Bernard and
Buist!!2113 for references).

Temperatures of 32 to 34°C have been demonstrated in animal models to be
safe and produce a minimum number of side effects.!!?!4115 In patients who suffer
hypothermic side effects such as platelet dysfunction, rebound hyperthermia, and
pneumonia,''® a combination of more modest reductions in temperature (2 to 3°C)
with neuroprotective drug therapies may be more effective. The efficacy of hypoth-
ermia seems to depend on the length of its application following ischemic injury.
Hippocampal CA1 cells are protected when the duration of hypothermia is increased
from 12 to 24 hours.!"-!" The time window between the onset of ischemia and
irreversible cell injury increases as the duration of hypothermia is increased.'?
Preliminary clinical trials of hypothermia are promising.!2!:122

In contrast to hypothermia, any increases in brain temperature above normal
(37°C) following stroke can exacerbate ischemic injury.'?>!2* Hyperthermia in stroke
patients is associated with increases in morbidity and mortality rates.'?>!2¢ Hyper-
thermia has also been shown to interfere with the actions of therapeutic agents such
as MK-801 and thrombolytic treatments.'?” Fevers must be treated aggressively in
patients with ischemic stroke.”

4.5.2.7 Hyperglycemia Treatment

Hyperglycemia, another physiological variable that can be manipulated in the
clinical environment, has been associated with poor outcomes following strokes
in animal studies and clinical trials. The multicenter Trial of ORG 10172 in Acute
Stroke Treatment (TOAST) found that higher blood glucose levels resulted in worse
outcomes (odds ratio: 0.82 for every 100 mg/dL increase in glucose; p = 0.03).128
Hyperglycemia increases cerebral lactate concentrations, causes neuronal and glial
damage, and increases infarct volume.!?*-13! Pre-ischemic hyperglycemia also
increases extracellular glutamate concentrations during ischemia, which results in
exacerbated cell damage in the neocortex.!® In contrast, relative hypoglycemia in
the presence of permanent focal ischemia results in a smaller infarct volume as
compared to severe hyperglycemic conditions.!* Insulin was neuroprotective in a
number of animal studies following global and focal ischemia (see Kagansky et al.!*3
for references). IGF-1 has also demonstrated neuroprotective properties.!3*
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The Glucose Insulin in Stroke Trial is examining the potential protective effects
of the combined administration of glucose, potassium, and insulin (GKI) in stroke
patients with mild to moderate hyperglycemia. Results from the pilot study indicate
a slightly lower mortality rate in GKI patients compared to controls (28 versus 32%)."
During the first 24 hours of hospitalization following stroke, hyperglycemia should
be avoided by excluding the administration of dextrose-containing solutions. By
consensus, the upper limit of glucose concentration range in all patients should be
maintained at <300 mg/dL.”

4.5.3 Post-STROKE (TIME FRAME OF DAYS TO MONTHS)

A number of therapeutic approaches can be employed in the days or months after
stroke.* In addition to drugs aimed at secondary prevention, orally active drugs may
eventually be developed to confer long-lasting neuroprotection in persons at risk for
recurrent stroke.®® Pharmacological strategies designed to facilitate the recovery
process are also under investigation. For example, amphetamine enhances sensory
and motor function following ischemia.'*> Other drugs such as yohimbine,!3¢ phe-
nylpropanolamine,'3” and methylphenidate'*® enhance motor recovery following
brain injury as a result of their effects on norepinephrine.

However, drugs that decrease norepinephrine release such as clonidine hydro-
chloride (02-adrenergic receptor agonist), prazosin, and phenoxybenzamine (oul-
adrenergic receptor antagonists) interfere with motor recovery following brain
injury.'?® Therefore, the use of certain drugs given for nonstroke morbidities should
be avoided because they may interfere with long-term stroke outcomes.'®

Other novel approaches aimed at improving post-stroke recovery include stem
cell transplantation and gene therapy (see Chapter 2). In rat models of stroke, the
transplantation of cultured neuronal cells improved motor and cognitive deficits and
was safe.!40:141 Ap initial trial was conducted in humans. Cultured neurons (human
precursor cell lines differentiated into neurons) were injected into the area of inf-
arction. No major adverse consequences appeared as long as 12 to 18 months
following transplantation, but clinical benefit remains uncertain.'4?

Physiotherapeutic approaches are central in reducing mortality and improving
long-term outcomes. Patient mobilization can also help to reduce the occurrence of
pneumonia and secondary thromboembolic events.'** A variety of new physiother-
apeutic approaches are under investigation including constraint-induced therapy,
robot-assistive training, and supported treadmill training.'#*

4.5.4 SurcicAL TREATMENT OPTIONS

Although this discussion has focused on medical interventions, surgical treatments
are also being explored for stroke treatment. For example, hemicraniectomy (removal
of the skull and dura on one side of the head for decompression of the brain) may
be useful in patients at risk for herniation after nondominant hemisphere stroke.!?!
Intensive care management of patients with acute ischemic stroke is also evolving
(see Chapter 13). For example, the potential impact of monitoring physiological

* Internet Stroke Center: www.strokecenter.org.
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parameters such as brain tissue oxygenation are being explored, together with aggres-
sive hyperdynamic therapy to enhance blood flow into ischemic regions and collat-
eral formation.

4.6 CONCLUSIONS

Stroke remains one of the leading causes of death and disability worldwide. Attempts
to develop effective drug therapies for stroke-related brain damage have been fraught
with difficulties. A number of issues must be addressed before successful results
from preclinical studies can be translated to the treatment of stroke patients. Valuable
lessons learned from past failures can be used to increase the chances of producing
efficacious drug therapies for stroke. Many promising avenues of stroke treatment
remain, but enhancing their delivery to the vascular-compromised brain remains a
further challenge for the future.
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