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The goal of this chapter is to discuss the importance of preclinical evaluation of potential
therapies for neurological disorders in animal models that mimic the target human disorder as
a prelude to the translation of these into clinical trials. The scope of neurological and/or
neurosurgical disorders that could be considered herein includes both acute neurological insults
as well as chronic conditions such as epilepsy, neuropathic pain and the neurodegenerative
disorders, primarily Alzheimer’s disease, Parkinson’s disease and the motor neuron diseases,
mainly amyotrophic lateral sclerosis. Animal models for all of these conditions have been
devised and used to evaluate potential therapies. However, a single chapter cannot possibly do
justice to this wide range of disorders and associated models. Thus, in order to keep the subject
of neurological animal studies manageable, the focus of this chapter will be on models and
basic principles of preclinical evaluation of therapies in the context of acute neurological
injuries including stroke, cardiac arrest and cardiopulmonary resuscitation (CA/CPR),
traumatic brain injury (TBI) and spinal cord injury (SCI). These acute insults represent 4 of
the most catastrophic consequences that human beings can suffer. Furthermore, the discussion
of how to test therapies in models of these conditions will be couched primarily in relation to
pharmacological therapies. However, many, if not all principles that define a thorough
preclinical evaluation of drugs in animal models are in fact equally applicable to gene and
cellular transplant therapies.

There are approximately 750,000 strokes per year in the US, most, but certainly not all,
affecting the elderly population. About 85% of strokes are ischemic in nature, involving a
thromboembolic blockage of a brain artery; up to 15% of strokes are hemorrhagic. There are
2 types of hemorrhagic strokes: intracerebral hemorrhage (ICH) when blood is released into
brain parenchyma producing brain damage by triggering brain edema (swelling) and mass
effects, resulting in secondary ischemia within the brain tissue, and subarachnoid hemorrhage
(SAH) when blood is released into the subarachnoid space from an aneurysm ballooning out
from one of the major arteries, also causing a secondary ischemic insult from induction of
delayed cerebral vasospasm peaking at 4–7 days after SAH. There are about 30,000 aneurysmal
SAH per year in the US with a 2:1 female:male preponderance.

Cardiac arrest strikes about 600,000 people per year in the USA and leads to high mortality
and poor neurological outcome. Many survivors of CA/CPR have moderate to severe
neurological deficits many months following the event. Survival rates following CA/CPR have
not changed for decades despite improvements in resuscitation techniques. The lack of
effective treatment options to ameliorate reperfusion injury in the postresuscitation period
likely accounts for the disappointing survival rates. Recently, however, induction of mild
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hypothermia in unresponsive cardiac arrest survivors showed improved neurological outcome
and 6-month survival. This was the first demonstration in humans that development of brain
injury after CA/CPR could be positively influenced by a postischemic intervention.

There are an estimated 1.5 million cases per annum of TBI in the US, ranging from mild to
severe. Although most TBI cases are mild in severity, about 58,000 are severe (Glasgow Coma
Score: 3–8) and 64,000 moderate (Glasgow Coma Score: 9–12) and such individuals often
require intensive medical treatment and extended recovery periods. Further, there are about
11,000 new cases of SCI each year in the US with an overall prevalence of approximately
250,000. Although TBI and SCI affect active individuals of any age, most occur in young adults
in the second and third decades of life. Moreover, the majority of stroke, TBI and SCI patients
now survive their neurological insults due to improvements in emergency, neurological
intensive care and surgical treatments. Nevertheless, the need for intensive rehabilitation and
the reality of prolonged disability exacts a significant toll on the individual, his or her family
and society. Effective ways of maintaining or recovering function could markedly improve the
outlook for persons with these insults by enabling higher levels of independence and
productivity.

Goals of Drug Therapies for Acute Neurological Disorders
Neuroprotection

The focus for pharmacological intervention to preserve neurological function after these acute
central nervous system (CNS) injuries is based on the idea that most vascular and/or
neurodegeneration that follows these injuries is not due to the primary ischemic, hemorrhagic
or mechanical (that is, shearing of blood vessels and nerve cells) insults, but to secondary injury
events set in motion by the primary injury. For example, most SCI cases do not involve actual
physical transection of the cord, but the spinal cord is damaged as a result of a contusive,
compressive or stretch injury. Thereby, usually some portions of the ascending sensory and
descending motor tracts remain intact allowing for the possibility of neurological recovery.
During the first minutes and hours following injury, a secondary degenerative process is
initiated by the primary mechanical injury proportional to the magnitude of the initial insult.
Nevertheless, the initial anatomical continuity of the injured spinal cord and our present
knowledge of many factors involved in the secondary injury process have led to the hypothesis
that pharmacological treatments which interrupt the secondary cascade, if applied early, could
improve CNS tissue survival, and preserve the necessary anatomic substrates for functional
recovery to take place. The goal of ameliorating the secondary injury is referred to as
neuroprotection. Several reviews of poststroke, TBI or SCI secondary injury have been
published [1–5].

In SCI, the secondary events occur initially in central gray matter and then spread to the
surrounding white matter. The key issue in predicting recovery of function is the degree of
preservation of the ascending and descending white matter tracts. However, many of the
surviving white matter tracts do not conduct impulses due to posttraumatic demyelination or
incomplete remyelination (that is, dysmyelination). Therefore, the goal of neuroprotective
pharmacotherapy in SCI is to preserve as many of the white matter axons and as much of their
investing myelin as possible. In TBI, a key determinant in neurological recovery is also the
loss of axons. Based upon the often widespread loss of axons in injured brain, this phenomenon
is referred to as diffuse axonal injury. However, it should be realized that a significant factor
in influencing extent of neural injury both in TBI and SCI is a decrease in brain or spinal cord
microvascular perfusion (that is, secondary ischemia). When this occurs, the result is an
exacerbation of the injury process due to superimposed tissue ischemic hypoxia. Moreover,
deficiencies in CNS hypoperfusion can be aggravated by systemic hypotension and/or hypoxia.
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Thus, it is important to note that secondary injury involves both parenchymal and microvascular
events.

For focal ischemic stroke, the goal is to limit the extent of the infarction by preventing
secondary injury in the partially perfused penumbral region surrounding the core of the infarct.
For CA/CPR, which involves a transient global ischemic insult, the aim is to prevent the
secondary degeneration of selectively vulnerable neuronal populations (for example, CA1
region of the hippocampus, layers 3, 5 and 6 of the cortex and intrinsic neurons of the caudate)
that are caused by a combination of the ischemic episode plus the reperfusion of the brain after
successful resuscitation (that is, reperfusion injury). In SAH, the main focus of attention has
been on finding pharmacological ways to prevent the delayed vasospasm phenomenon that
leads to secondary ischemic brain damage that might be focal or global in its extent. For ICH,
the goal is to limit the deleterious effects of the hematoma on the surrounding tissue by
preventing edema and ischemic damage.

Neurorestoration
Another approach to the treatment of acute neurological injuries involves the attempt to restore
lost neurological function once the extent of the acute injury to the brain or spinal cord and
associated neurological deficits has stabilized. Until a decade ago, it was firmly believed that
once the brain or spinal cord was damaged by the secondary injury process, there was little, if
any, capability for regeneration of axons and formation of new synapses to take place.
However, over the last several years, it has been discovered that the CNS is indeed capable of
significant structural and functional repair, plasticity and regeneration that might be
pharmacologically or otherwise enhanced. Approaches for accomplishing this include
reawakening the growth potential of the surviving neurons or antagonizing the multiple
inhibitory factors that interfere with axonal growth and synaptogenesis. Alternatively, cellular
replacement may be achievable in certain brain regions which possess nascent neural stem
cells. It is increasingly apparent that these endogenous stem cell populations in brain and spinal
cord might be pharmacologically stimulated to divide and differentiate into neuronal or
oligodendroglial precursor cell types and ultimately neurons and remyelinating
oligodendroglia, respectively. Indeed, the molecular mechanisms that control neurogenesis and
gliogenesis can be targets for pharmacological intervention. Several pharmacological
mechanisms can be targeted to enhance the function and/or structural plasticity of neuronal
pathways that survive the ravages of postischemic or posttraumatic secondary injury [6–9].

Acute Neurological Injury Models
A listing of the in vivo models of acute neurological injury (that is, ischemia, hemorrhage, TBI
and SCI) that have been or are currently being utilized for preclinical evaluation of
neuroprotective or neurorestorative agents are provided in table 1.

Focal Ischemic Stroke Models
Various stroke models have been developed during the past 20 years [10]. However, the main
ones in use today are the unilateral middle cerebral artery occlusion (MCAO) models used in
rats and mice. Since these models were first developed in the 1980s, the MCAO has been
variably induced by surgical ligation or cauterization via a small craniotomy over the middle
cerebral artery (MCA), passage of an intraluminal nylon suture up into the ipsilateral cerebral
circulation via the external carotid in the neck or via injection of a small autologous thrombus
into the common carotid artery. The latter 2 are the most commonly employed today, and the
thromboembolic paradigm is the most clinically relevant since the majority of human focal
ischemic strokes involve a thromboembolic occlusion of the MCA. The MCAO models come
in 2 varieties, temporary and permanent. The temporary MCAO involves removal of the

Hall and Traystman Page 3

Front Neurol Neurosci. Author manuscript; available in PMC 2010 January 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



vascular occlusion at varying times (30, 60, 90, 120 and 180 min) after the onset in order to
allow reperfusion of ischemic tissue to take place. This is accomplished by surgical removal
of the extraluminal or intraluminal occlusion device, and mimics either the instance where
spontaneous thrombus dissolution may take place during the first 3 h after the beginning of the
stroke due to activation of endogenous thrombolytic processes (believed to be a fairly rare
occurrence), or the situation in which tissue plasminogen activator (tPA) is used for the purpose
of dissolving the clot and restoring recirculation. Although removal of the vascular occlusion
and reestablishment of the normal cerebral circulation is an obviously desirable therapeutic
goal, it is well known that it can lead to reperfusion injury, caused by a burst of reactive oxygen
species in the previously ischemic brain tissue. Thus, there is a need for neuroprotective agents
to reduce the pathophysiological events from the initial ischemic insult and the subsequent
deleterious side effects of recirculation. Accordingly, the temporary MCAO models are most
useful for evaluating neuroprotective strategies that are used in conjunction with tPA and other
treatments to reestablish blood flow. The effectiveness of pharmacologic thrombolysis
decreases rapidly within 5 h of the onset of ischemia. Because of the narrow therapeutic
window, currently only a small fraction of ischemic stroke patients receive treatment.
Furthermore, MCAO animal studies have shown that reperfusion beyond the first 3 h does not
lessen the extent of ischemic damage. Thus, the temporary MCAO models, although widely
used in stroke research, actually have limited relevance to the majority of MCA territory
strokes.

Another variety of focal ischemic stroke model, the permanent MCAO, where the occlusion
is permanently left in place, may be a better model of the vast majority of strokes where
recirculation has not been reestablished either spontaneously or pharmacologically during the
critical first few hours after stroke onset. In this instance, the therapeutic goal is to reduce the
expansion of the ischemic damage from the severely ischemic core area into the surrounding
penumbral area. The ischemic penumbra is potentially salvageable for several hours due to its
partial circulation from collateral blood vessels. While the permanent MCAO version may be
the best option for preclinical evaluation of potential neuroprotective agents, testing of
compounds in the temporary MCAO paradigm is also recommended. In either model,
historically, investigators have used reductions in infarct size after short periods of observation
(that is, 7 days) as the primary endpoint. This is not an ideal outcome measure since infarct
size correlates poorly with functional outcome.

Most current stroke research with either the temporary or permanent MCAO models is carried
out in mice or rats. The primary endpoints are generally behavioral and in motor or neurological
function typically determined between 24 and 72 h after stroke onset, and sometimes after
longer periods of time. However, MCAO models have been developed and are occasionally
used in higher species including the cat, monkey and baboon; the use of these animal models
for neuroprotective drug evaluation carries considerable expense. Some investigators believe
that it is important to replicate pharmacological neuroprotective actions in these gyrencephalic
species prior to movement of the compound into human clinical trials. In actuality, there is no
solid comparative evidence that supports the notion that neuroprotective effects seen in rodent
stroke models are not predictive of human efficacy. Furthermore, there are presently no firm
data which support the commonly held idea that the therapeutic time window for a particular
neuroprotective mechanism in a rat stroke model (for example 1 h) may be longer in nonhuman
primates or humans (for example 6 h). On the contrary, the fact that various neuroprotective
compounds which demonstrated a rather limited (1–2 h) therapeutic window for reduction of
infarct size in rat MCAO models subsequently failed to improve outcome of stroke patients in
clinical trials where the treatment initiation time varied from 6 to 24 h is consistent with the
concept that the therapeutic window for neuroprotective effects may not be all that different
between rodents and primates. At least no difference has been firmly demonstrated.
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Cardiac Arrest/Resuscitation (Transient Global Ischemia) Models
Cardiac arrest produces immediate total body ischemia. Upon successful resuscitation, the
previously ischemic organs, including the globally ischemic brain, are reperfused with blood
and in the process suddenly flooded with oxygen. As noted before, this reperfusion/
reoxygenation, while essential for maintenance of life, can nevertheless result in reperfusion
injury. The combination of the ischemic insult plus the subsequent reperfusion injury
phenomenon can damage selectively vulnerable neurons in proportion to the duration of blood
flow interruption. The therapeutic goal is to mitigate this secondary neuronal injury which does
not become fully manifest until between 24 and 48 h and perhaps a month after the insult. The
most straightforward animal models involve the induction of a human-like cardiac arrest and
resuscitation within the next several minutes. Most such studies have been performed in dogs,
but rat, mouse and swine models are also utilized.

The vast majority of cardiac arrest/resuscitation neurologically focused studies utilize rodent
models of transient global cerebral ischemia without stopping and restarting the heart. This
general approach allows for cerebral ischemia like that occurring in cardiac arrest in humans
to be studied in isolation. Of the 3 commonly used transient global cerebral ischemia models,
the oldest is the gerbil bilateral carotid occlusion model. The gerbil brain has a high incidence
of an incomplete Circle of Willis due to lack of the posterior communicating arteries that in
other mammals connect the basilar to the carotid circulation. Therefore, 5 min of forebrain
ischemia followed by reperfusion in the gerbil leads to a selective loss of hippocampal CA1
neurons that is apparent by 48 h; 10–15 min results in broader hippocampal damage as well as
loss of cortical, striatal and nigrostriatal neurons [11,12]. The gerbil model has fallen out of
favor due to a high degree of interanimal variability based upon the fact that the circulatory
anomaly is inconsistent with some gerbils having one or both posterior communicating arteries.
Two other commonly used rat transient forebrain ischemia models are the 2-vessel occlusion
plus hypotension paradigm developed by Siesjo and colleagues nearly 25 years ago [13,14]
and the 4-vessel occlusion model which involves prior surgical cauterization of the vertebral
arteries followed by transient occlusion of both carotid arteries for 5–20 min [15,16]. Brief
episodes of forebrain ischemia (5–10 min) in either model produce selective hippocampal CA1
damage with longer episodes (10–20 min) producing additional damage in the cortex and
striatum. Efficacy of neuroprotective compounds in the transient forebrain ischemia models
suggests that these might be useful in cardiac arrest and resuscitation. However, confirmation
of efficacy should be obtained in an actual cardiac arrest resuscitation model with improved
survival, neurological recovery and a reduction in neuronal damage.

Hemorrhagic Stroke Models
As noted earlier, the 2 basic types of hemorrhagic strokes are ICH and SAH. For the former,
the approach is simply to inject a volume of the animal’s own blood directly into brain
parenchyma followed by an analysis of the volume of damage to the surrounding brain tissue.
In the latter, most models involve injection of a volume of autologous blood, withdrawn
immediately prior to SAH induction from the systemic circulation of the animal (for example,
pig, rat, cat, rabbit and dog), into the subarachnoid space via injection into the cisterna magna
or over one of the cerebral hemispheres via a small burr hole and puncture of the dura mater
covering the brain. Common endpoints for drug evaluation include measurement of blood-
brain barrier compromise or decreases in cerebral blood flow during the first several post-SAH
hours or the assessment of cerebral vasospasm by histological or arteriographic methods
between 2 and 7 days. A sophisticated SAH model involves the neurosurgical placement of an
autologous blood clot around the base of the MCA in monkeys followed by arteriographic and
histological ischemic damage measurements at 7 days. However, the cost of evaluating a
single-dose level of a drug for its ability to inhibit delayed cerebral vasospasm in that model
runs into the hundreds of thousands of dollars.
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Subdural Hematoma Model
The rat lacks an arachnoid membrane, and thus the rat version of the SAH model involving
injection of blood through the dura mater can also be thought of, and employed, as a subdural
hematoma model. When autologous, nonheparinized blood is injected through the dorsal burr
hole through the dura mater, it typically forms a clot over the dorsal surface of the brain
mimicking a posttraumatic subdural hematoma, similar to the management of human subdural
hematomas, the experimental protocol involves surgical removal of the clot at a specified time
followed by histological measurement of ischemic damage caused by the hematoma [17].

TBI Models
In vivo TBI models include 3 basic types: diffuse, focal and axonal injury (table 1) [18]. Of
the 3 diffuse injury models, the first is the rat fluid percussion TBI paradigm in which a transient
hydraulic pressure pulse is applied to the exposed dura mater either over the midline of the
brain or laterally over one of the hemispheres. The second is the rat impact-acceleration injury
model in which a 0.5 or 1.0 kg weight is dropped onto a steel helmet cemented onto the exposed
skull, and the third is the mouse weight-drop concussion paradigm. The pig or primate
rotational acceleration models are useful for studying the phenomenon of diffuse axonal injury.

For the induction of focal TBIs, a controlled cortical impact model is widely used in either rats
or mice and involves the infliction of a contusion injury through a small craniotomy. The
magnitude of the injury is generally varied by the depth of the cortical indentation (usually
0.5–1.0 mm in mice and 1.0–2.0 mm in rats). The controlled cortical impact model mimics
TBI-induced brain contusions, although a recent study has shown that the subsequent
neurodegeneration is not as focal as generally thought [19]. A relatively new in vivo model
utilizing a controlled stretch of the optic nerve in mice has been developed to examine the
effects of stretch injury on axons.

SCI Models
Many SCI paradigms have been developed over the past 100 years. As shown in table 1, for
evaluation of neuroprotective agents, the current rodent models use contusion, compression,
ischemic and excitotoxic injury mechanisms. By far, the contusion models predominate in the
experimental acute SCI field, and in particular the New York University [20] and University
of Kentucky [21] controlled contusion devices dominate acute SCI research. For investigations
of axonal regeneration in the injured spinal cord, either complete transaction or hemisection
of the spinal cord or dorsal roots (rhizotomy) followed by histological assessments of axonal
growth across the lesion site is used. Assessment of neurological recovery in rat SCI models
most commonly employs the Basso/Beattie/Bresnahan locomotor recovery assessment tool
(BBB Score) [22]. However, a variety of other motor recovery assessment tools are also often
employed along with the BBB scoring system.

Pediatric Stroke and TBI Models
Ischemic brain injury and TBI occur in children and adults, and there is an alarming incidence
of neonatal and pediatric stroke and TBI [23,24]. Over the past several years, there has been
an increasing realization that the response of the brain to ischemic brain injury or TBI in infants
and children differs from the adult brain in regards to pathophysiology, secondary injury
processes, cell death mechanisms (for example, necrotic vs. apoptotic), susceptibility of
different brain regions and the capacity for plasticity and recovery [23–26]. This has prompted
the development of stroke and TBI models in immature animals that are either uniquely
designed for younger animals or are scaled-down versions of adult stroke or TBI models in
either rodents or larger animals [23,25–29]. Clearly, the development of therapies for acute
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neurological insults in the pediatric population should be preceded by studies of these in models
employing immature animals.

What Have Previous Clinical Trials of Neuroprotective Agents Taught Us
about the Needs for Preclinical Drug Evaluation in Animal Models?

In the early 1980s, pharmaceutical companies began developing neuroprotective drugs for the
acute treatment of stroke and CNS injury. Eventually, many compounds made their way into
large double-blind multicenter phase III clinical trials for stroke (ischemic and SAH), TBI and/
or SCI. These efforts, which dominated neuroprotective clinical trials in the late 1980s and
1990s, were primarily directed at 3 general pharmacological mechanistic strategies to interrupt
secondary injury processes: (1) inhibition of glutamate-mediated excitotoxicity [glutamate
receptor antagonists and γ-amino-butyric acid (GABA) agonists], (2) reduction of intracellular
calcium overload (L-type calcium channel blockers) and (3) interruption of reactive oxygen-
mediated damage (free radical scavengers/antioxidants). Unfortunately, despite the multiple
trials and literally hundreds of thousands of patients studied, little clinical benefit has resulted
from these efforts as briefly reviewed below.

Glutamate Receptor Antagonists
Multiple glutamate receptor antagonists were taken into phase II and III trials, including the
competitive NMDA receptor antagonists selfotel (CGS 19755) and aptiganel (CNS 1102)
which block the binding of glutamate to its receptor complex recognition site, eliprodil which
blocks the polyamine site and CP-101606 which blocks the NR2B subunit on the NMDA
receptor complex. None of these produced a statistically significant improvement in
neurological recovery in TBI or ischemic stroke trials [30,31].

GABA Receptor Agonists
Another mechanism for countering glutamate excitotoxicity is to increase GABA-mediated
inhibitory transmission with the administration of GABA receptor agonists. This approach
resulted in the clinical evaluation of the GABA partial agonist compound chlomethiazole in a
phase III stroke trial. However, no significant beneficial effect was demonstrated [30,31].

Calcium Channel Blockers
Accumulation of intracellular calcium plays a major role in secondary injury after CNS injury
or stroke. One mechanism for postinsult calcium overload involves depolarization-induced
entry via voltage-dependent L-type channels. Accordingly, the first neuroprotective approach
to be tested in phase III clinical trials in TBI or stroke was the competitive L-type calcium
channel blocker, nimodipine, which was entered into the clinical trials in the late 1970s. In 2
different phase III multicenter TBI (moderate and severe) trials [32] and a single-stroke trial
[31], no overall benefit was revealed with nimodipine treatment. However, retrospective
analysis of the TBI trials has revealed that nimodipine may improve outcome in patients with
traumatic SAH (tSAH) [32]. This is not an insignificant finding since about half of all patients
with severe TBI, have tSAH as part of the pathophysiology. Furthermore, nimodipine has been
shown to produce a slight, but significant increase in survival in aneurysmal SAH patients and
have been approved in most countries for the treatment of that condition. Indeed, nimodipine
represents the first agent to be approved for neuroprotective use even though much of its effect
is probably mediated via protection of the microvasculature and vasodilation-mediated
improvements in cerebral blood flow. Due to a manifestation of its microvascular vasodilation,
the compound must be used with care, since it can lower arterial and cerebral perfusion
pressures which can exacerbate posttraumatic, postischemic or post-SAH secondary brain
injury.
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Free Radical Scavengers
In order to interrupt reactive oxygen damage, the polyethylene conjugated form of the
superoxide radical scavenger Cu/Zn superoxide dismutase (PEG-SOD) was evaluated in trials
conducted in moderate and severe TBI patients. Although a positive trend was found in an
initial small phase II trial [33], subsequent phase III trials failed to show any enhancement of
neurological recovery [34].

A bigger development program was undertaken with the 21-aminosteroid lipid peroxidation
inhibitor tirilazad. Tirilazad was extensively evaluated in animal models of SCI, TBI, ischemic
stroke and SAH, and shown to exert a variety of neuroprotective and vasoprotective effects
[35,36]. Based upon these preclinical studies, clinical trials of tirilazad were conducted in TBI
[34,37], SAH [38], ischemic stroke [30,31] and SCI [39]. In TBI, an initial North American
trial of 1,100 patients comparing tirilazad treatment with placebo for 5 days, either initiated 4
h after injury, ended with such a confounding randomization imbalance that no meaningful
efficacy analysis could be extracted. In contrast, a successfully completed European phase III
trial failed to show an overall effect in moderately and severely injured patients. However, post
hoc analysis revealed that the compound significantly improved survival in both moderately
and severely injured male patients with tSAH [37]. This beneficial effect in the tSAH subgroup,
which represents about half of severe TBIs, was not surprising, since the drug had previously
been shown to improve recovery and survival in a phase III trial in aneurysmal SAH patients
[38]. Interestingly, this effect in tSAH and aneurysmal SAH was mainly apparent in male
patients. This gender difference was found to be partially due to a faster rate of metabolism of
the drug in females. Nevertheless, subsequent female-only trials with higher tirilazad doses
that were calculated to duplicate the exposure levels in males did not reveal the same level of
efficacy as seen in male patients, although beneficial effects were apparent in the more severe
SAH females [40,41]. The issue of gender differences in neuroprotective drug responsiveness
clouds the interpretation of tirilazad’s as well as other drugs’ neuroprotective efficacy.

Tirilazad was also extensively evaluated in 4 different phase III stroke trials [30,31]. The first
2 (TESS I in Europe and RANTTAS I in the US) evaluated the effects of 6 mg/kg intravenously
per day for 3 days with treatment beginning within 6 h after onset of the stroke. No effect was
seen on 3- or 6-month outcome. Two subsequent higher dose trials (10 mg/kg per day in males;
15 mg/kg per day in females) were conducted. The first of these, the European TESS II which
included patients enrolled within the first 6 h of the stroke, was stopped prematurely due to a
significant increase in morbidity and mortality in the high-dose tirilazad group. Prudence
dictated the simultaneous cessation of the parallel US high-dose RANTTAS II trial. However,
subsequent analysis of the 3-month recovery scores of the approximately 100 patients who had
already been enrolled in RANTTAS II revealed a nearly significant improvement in
neurological recovery. The only difference between the 2 trials was that in TESS II, the
enrollment window was 6 h, whereas in RANTTAS II, treatment began within 4 h. The
contrasting results of TESS II and RANTTAS II indicate that tirilazad may be effective in
stroke patients if given in the first 4 h, but may in fact be harmful if delayed until 6 h. Another
issue besides the therapeutic window is the issue of how long to maintain treatment. The
decision to treat stroke patients in all tirilazad trials for 72 h was based on the limits of safety
rather than on a demonstration of the benefits of such lengthy treatment in preclinical stroke
models [35]. The toxicity of the drug in TESS II indicates that it is possible to overtreat with
the drug. Thus, the possibility exists that a shorter treatment duration may have yielded more
positive results. The fact that neither the optimum therapeutic window nor the optimal treatment
duration were ever determined for tirilazad or any other neuroprotective drug prior to their
being advanced into clinical trials for TBI or stroke may have played a role in the failures of
NMDA antagonists, the calcium channel blocker nimodipine and the antioxidants PEG-SOD
and tirilazad in achieving an overall beneficial effect.
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Most recently, the nitrone-based free radical scavenger NXY-059, which had been more
thoroughly tested in stroke models than any previous stroke-directed neuroprotective
compound [42], was evaluated in phase III trials in ischemic stroke. Although an initial trial
showed an apparent benefit [43], a subsequent larger trial failed to confirm the efficacy of the
drug [44].

This brief history of neuroprotective drug discovery and development over the past 20–25 years
could be fairly characterized as a series of often high profile and expensive failures. Although
these have largely dampened the enthusiasm of the pharmaceutical industry for this therapeutic
area, much has been learned from them that could, and should, serve as a roadmap for future
efforts aimed at pharmacological neuroprotection and improved neurological recovery after
stroke, TBI and SCI. Postmortem analyses of mistakes made in stroke [30,31] and TBI [32]
drug development have been published and a careful reading of them reveals a host of
shortcomings in past preclinical testing of candidate neuroprotective agents and in clinical trial
design and conduct that need to be addressed in the future. A summary is provided in table 2.

First of all, the discovery of the first generation of neuroprotective agents including glutamate
receptor antagonists, calcium channel blockers and antioxidants occurred prior to the
elucidation of an adequate understanding of the intricacies of the targeted secondary injury
mechanisms. In each case, there was an inadequate knowledge of the time course and
interrelationships of these events, their therapeutic windows for effective treatment
intervention and how these were either similar or different between species, injury models,
genders as well as between animals and humans. In the case of reactive oxygen mechanisms,
our knowledge of the key reactive oxygen species as well as their sources and cellular targets
was inadequate to guide the design of optimum antioxidant neuroprotective compounds.
Secondly, the preclinical efficacy testing of compounds was often woefully inadequate and
even naïve. From this experience, we can derive several lessons that need to be considered in
preclinical evaluations of neuroprotective agents so that the chance of translational success in
clinical trials is maximized.

Issues that Need to Be Addressed in Preclinical Neuroprotective or
Neurorestorative Drug Evaluation
Neuroprotective Drug Evaluation

The following issues/questions need to be addressed in preclinical evaluation of drugs for acute
neuroprotection.

1. A thorough demonstration of the time course of the target pathophysiological
mechanism in relevant animal models is necessary to determine when treatment needs
to begin and how long it must be maintained. This must be done in both male and
female animals based upon several studies showing that the magnitude and duration
of post-ischemic and posttraumatic pathophysiology may differ greatly between
genders in certain models [45–50].

2. A rigorous dose-response analysis in regards to effects on the target mechanism,
ability to reduce posttraumatic neurodegeneration and improve behavioral and
neurological recovery is necessary.

3. A correlation of neuroprotective action with plasma and CNS tissue
pharmacokinetics; that is, a definition of the effective neuroprotective concentration
and a dosing protocol that is adequate to maintain the therapeutic concentration for
as long as the target secondary injury mechanism is active is needed.
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4. A comparison of single- versus multiple-dose regimens in order to establish optimum
treatment regimen (intravenous bolus plus infusion make the most sense) should be
undertaken.

5. A determination of the therapeutic window in order to know how early treatment must
begin is necessary. It has been argued that even if a particular agent only has a 1-hour
window in a rat stroke, TBI or SCI model, the window in humans with the
corresponding condition is likely to be much longer. However, there is little evidence
to support this assumption. Consequently, clinical trial design should take the
preclinical therapeutic window definition for a particular agent seriously in regards
to how soon the compound may need to be given to patients. With this in mind, a
failure to demonstrate a clinically practical therapeutic window for a particular agent
in an animal model may mean that this agent and its corresponding secondary injury
mechanism may be too short to be effectively addressed in real world therapeutics.

6. The above-mentioned parameters dose response, optimum treatment duration and
therapeutic window are most likely to vary between TBI, ischemic stroke, cardiac
arrest/resuscitation, SAH and SCI models.

7. A comparison of the neuroprotective pharmacology (dose response, optimum
treatment duration and therapeutic window) in multiple injury models (focal versus
diffuse TBI) in order to determine whether the agent in question only works in certain
types of injuries is needed.

8. A comparison of the neuroprotective pharmacology in male versus female animals is
necessary.

9. A determination of pharmacodynamic and pharmacokinetic interactions with other
commonly used ancillary treatments (anticonvulsants, minor and major tranquilizers)
should be undertaken.

10. Health characteristics of animals must be taken into consideration. While much has
been learned from preclinical ischemia studies concerning mechanisms of injury and
neuroprotection, it must be considered that the animal models of ischemia do not
closely mimic the human disease. In most cases, animals that are studied are usually
young, normal, healthy animals, whereas humans suffering the diseases/disorders
mentioned often have other existing morbidities, such as age, hypertension, diabetes,
myocardial infarction, arrhythmias or other ongoing disease processes. These ongoing
disease processes likely alter how and when therapies may be effective.

For a further discussion of the ideal characterization of an acute neuroprotective agent, the
reader is referred to the chapter by del Zoppo et al. [this vol., pp. 34–38] which discusses the
STAIR criteria for preclinical evaluation of therapies for acute stroke.

Neurorestorative Drug Evaluation
The issues/questions discussed above for testing of neuroprotective drugs are equally relevant
to neurorestorative drug evaluation:

1. A definition of the time course of endogenous repair mechanisms (trophic and growth
factor expression, growth-associated protein expression) is necessary.

2. A rigorous dose-response analysis in regards to effects on the target mechanism and
ability to improve behavioral and neurological recovery is required.

3. A correlation of neurorestorative action with plasma and CNS tissue
pharmacokinetics is needed; that is, a definition of the effective neurorestorative
concentration, be it cellular or pharmacologic, and a dosing protocol that is adequate
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to maintain the therapeutic concentration for as long as it is needed to maximize the
behavioral recovery improvement.

4. Optimum treatment regimen should be established (Is chronic short-term treatment
all that is required?).

5. A determination of the therapeutic window is necessary in order to know how early
treatment must begin.

6. A comparison of the neurorestorative pharmacology and cellular therapy (dose-
response, optimum treatment duration and therapeutic window) in multiple injury
models (focal vs. diffuse TBI) is required in order to determine whether the agent in
question only works in certain types of injuries.

7. A comparison of the neurorestorative approach in male versus female animals is
needed.

8. A determination of pharmacodynamic and pharmacokinetic interactions with other
commonly used ancillary treatments (anticonvulsants, minor and major tranquilizers)
should be undertaken.

Gene and Cellular Therapies
The principles and needed therapeutic definitions outlined above for neuroprotective or
neurorestorative drugs are equally applicable to the preclinical evaluation of gene or cellular
therapies for either acute neurological injuries or chronic neurodegenerative conditions. What
is the ideal number of gene copies or cells needed to achieve the best effect (that is, dose)?
What is the ideal timing for gene vector administration or cellular transplant (that is, therapeutic
window)? Is a single administration all that is required or is repeated administration or
transplant needed in order to maximize efficacy (that is, optimum duration of treatment)? Do
gender-based hormonal differences or ancillary drug treatments make a difference in the
response to gene administration or transplant survival and proliferation?

Utility of Transgenic and Gene Knockout Models for Preclinical Therapeutic
Evaluation

The development of transgenic and genetic knockout (KO) technologies in mice (and to some
extent in rats) has provided important tools that have helped to identify and validate the
importance of certain secondary injury mechanisms as well as genes that control neuronal
repair, plasticity and axonal regeneration. These have been employed extensively over the past
decade in neurological research. For example, the importance of oxidative damage mechanisms
in acute neurological injury models has been confirmed by the demonstration that if one
increases the expression of certain antioxidant genes (such as Cu,Zn superoxide dismutase) by
incorporation of multiple copies of that gene into the mouse genome, this results in a decreased
sensitivity to ischemic or traumatic insults [51]. Alternatively, genetic knockout of the same
antioxidant gene increased vulnerability of the CNS to the same injuries [51]. However, certain
caveats are often cited in regards to the use and interpretation of genetically modified mice.
One of the main ones is that the overexpression or KO of a gene does not necessarily occur in
isolation. Changes in one gene may lead to upstream or downstream changes in the expression
of other genes which play a role in the phenotype of the model.

An increasingly employed contemporary strategy for controlling genetic overexpression or KO
is through the use of gene constructs that include a switch for regulation of the temporal
expression of the gene in question via activation or inhibition of the promoter region of the
gene. This strategy, referred to as conditional overexpression or more commonly conditional
KO, typically involves a genetic response element (switch) that can be triggered to turn off
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gene expression upon administration of a drug. The most common one is the TET-OFF switch
which shuts off the expression of the target gene upon administration of the tetracycline
compound doxycycline via the drinking water. Cessation of doxycycline administration usually
allows the gene to come back on. This technology is being increasingly applied in neurological
research. For instance, conditional KO mice are being used to explore the role of certain matrix
proteins in TBI models [52] and the effects of altered neurofilament expression in neuronal
structure and function [53], just to name 2 examples. This approach lessens the problem seen
in nonconditional transgenic and KO mice in which the chronic change in one gene may cause
changes in other genes such that the phenotype is not specifically related to the changes in
expression of the target gene. Moreover, the conditional on-off approach allows for the
manipulation of genes, whereas if they were knocked out permanently in the mouse, the result
would be embryonic or early postnatal lethality.

In addition to the control of the temporal expression of a gene, it is now possible to specifically
manipulate the expression of a particular gene in specific brain regions. This region-specific
KO is accomplished by use of the Cre recombinase (also known as Cre-Lox) technology in
which mice are first generated with an inducible tissue-specific promoter for expression of Cre.
These mice are crossed with a second mouse line in which the gene of interest can be knocked
in by flanked Cre recognition sequences known as Lox-P sites. The target gene in the resulting
double transgenic mouse is then induced through administration of a drug [54]. One recent
application of this technology involved an examination of the role of vascular endothelial
growth factor in regulating brain angiogenesis and neuronal apoptotic cell death [55]. Lastly,
it is now possible to develop conditional KO mice in which a gene of interest can be knocked
out in a particular cell type such as in astrocytes [56] or endothelial cells [57].

Although there may be some applications of genetically modified mice in drug testing, these
technologies are mainly useful for identifying the physiological or pathophysiological role of
certain candidate genes and validation of potential neuroprotective or neurorestorative
therapeutic targets.

Outcome Measures in Preclinical Models
A multitude of physiological, neurophysiological, neurochemical, histological, imaging and
behavioral outcome measures have been employed in animal models of acute neurological
injury. The choice of endpoints depends upon the species, the particular acute insult, the main
pathophysiological elements, whether the therapeutic approach is neuroprotective or
neurorestorative and whether the target mechanism is known and measurable. In general, the
preclinical evaluation of potential therapies should include multiple endpoints. Table 3 lists
the main endpoints/outcome measures and their timing range that have been employed for
therapeutic efficacy evaluation in models of the different types of acute neurological insults.

Restrictions and Ethical Considerations in Animal Studies
Animal modeling in the acute neurological injury arena is associated with a higher degree of
relevance for therapeutic evaluation due to the fact that the current stable of models are able
to reliably replicate human traumatic, ischemic or hemorrhagic neurological injuries. In other
words, the animal models are closer to the human condition. This has been achieved largely
as a result of our fairly well-established understanding of the pathophysiology and
neuropathology of human stroke, TBI and SCI, epilepsy, Alzheimer’s disease and Parkinson’s
disease. Thus, the rationale for the use of animal models in the discovery of therapeutic
approaches for these diseases is strong even though there are lingering questions about the
similarity in the pathophysiological time courses in mice and rats versus humans. In sharp
contrast, animal modeling of many of the psychiatric disorders currently involves guesswork
and assumptions. Psychiatric disease models can at best emulate a particular aspect, but not
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the complete symptom complex seen for example in schizophrenia, depression or anxiety.
However, despite the arguably greater validity of acute CNS injury models, because they each
involve surgical preparation and inflicting damage to the brain or spinal cord, there is the
possibility of pain and distress which must be considered and minimized by appropriate use
of analgesics and other veterinary care. As with all types of animal models, approval for the
use of CNS injury paradigms requires careful review by veterinary staff and an Institutional
Animal Care and Use Committee to insure that the models are being used by competent
investigators and that that the methods have been refined to minimize distress, alleviate pain
and reduce the number of animals necessary for the conduct of good scientific evaluation. In
regards to pain assessment and minimization, table 4 provides a pain assessment scale for use
in mouse or rat CNS injury paradigms. Figure 1 shows an algorithm that can be used for pain
management, should the pain assessment indicate that analgesic intervention is needed;
however, it is exceedingly rare that analgesia is required. Moreover, although neither of the
analgesics listed – carprofen, a nonsteroidal anti-inflammatory agent and buprenorphine, a κ-
opoid receptor agonist – have been specifically examined in acute neurological injury models,
other NSAIDS and κ-agonists have been shown to produce neuroprotective effects. Thus, the
use of these analgesic agents might potentially complicate acute neuroprotection studies.
However, current National Research Council Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research (2003) dictate that pain assessments and
pharmacological analgesia be available should particular animals require it. The guidelines
also call for the responsible minimization of the number of animals used. Concerning the
responsible reduction of the number of mice, rats or other animals used in preclinical evaluation
of therapies for acute neurological injuries, all models covered in this chapter have a long record
of published use employing a variety of short-term and longer-term endpoints. Consultation
of this literature can provide a clear idea of the variability and required sample sizes that are
needed in the hands of experienced investigators.

Summary
This chapter on the role of animal studies in preclinical therapeutic evaluation has been set
within the context of acute ischemic, hemorrhagic and traumatic injuries. Although there has
been a long list of translational failures in regards to neuroprotective drugs for ischemic stroke
and TBI, this experience has provided us with several valuable lessons in regards to what we
did wrong in past efforts and what we need to do better to achieve translational success in the
future. Among these lessons is the knowledge that preclinical evaluation of drugs, gene
therapies and cellular transplantation in animal models needs to be thorough and define the
optimal treatment parameters, that is, dose, timing, duration, gender differences in
responsiveness and how other pharmacological treatments may positively or negatively impact
neuroprotective or neurorestorative efficacy. Subsequent to a thorough preclinical evaluation,
clinical trial design needs to carefully consider and take full advantage of the therapeutic
parameters derived from animal studies. Although preclinical evaluation in animal models
needs to be thorough and statistically rigorous, careful consideration of animal welfare and
minimization of sample sizes should not be ignored in the process.
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Fig. 1.
Analgesic flow chart for rodents after cranial surgery.
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Table 1

In vivo models employed for discovery of neuroprotective and neurorestorative agents

Stroke (focal ischemia)

   Rat, mouse, cat or monkey temporary MCAO-microclip or intraluminal suture for 30 min to 2 h

   Rat or mouse permanent MCAO-electrocoagulation or intraluminal suture

Cardiac arrest/resuscitation (transient global ischemia)

   Rat 2-vessel (bilateral carotid) occlusion plus hypotension for 5–30 min

   Rat 4-vessel occlusion for 5–30 min (permanent bilateral vertebral artery electocoagulation followed 24 h
   later with transient bilateral carotid occlusion)

   Gerbil bilateral carotid occlusion for 5–15 min

   Swine or canine cardiac arrest/resuscitation model with varying duration of arrest

Hemorrhagic stroke models (SAH or ICH)

   Rabbit, cat or dog intra-cisterna magna injection of autologous blood

   Rat intracranial injection of autologous blood via dorsolateral cranial burr hole

   Monkey SAH via surgical placement of autologous blood clot around base of MCA

   Rat striatal ICH

TBI

   Diffuse

   Rat or mouse fluid percussion – can be combined with hypotension or hypoxia

   Rat impact acceleration – can be combined with hypotension or hypoxia

   Mouse weight drop

   Pig or primate rotational acceleration (nonimpact)

   Focal

   Rat or mouse controlled cortical impact

   Axonal

   Mouse optic nerve stretch

Subdural hematoma

   Rat intracranial injection of autologous blood via dorsolateral cranial burr hole (same as SAH model)

SCI

   Weight drop contusion

   Wrathall device and model

   Rat New York University (MASCIS) device and model

   Rat Ohio State University (ESCID) device and model

   Rat or mouse University of Kentucky (Infinite Horizons) device and model

   Compression

   Rat aneurysm clip compression (Fehlings and Tator model)

   Cat weight compression (Anderson model)

   Combination contusion and compression
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   Rat contusion followed by placement of Teflon wedges underneath vertebrae

   Ischemic injury

   Rabbit balloon in descending aorta inflated transiently above level of lumbar spinal arteries

   Rat laser photoablation (Rose Bengal dye intravenously)

   Excitotoxic injury

   Kainic, quisqualic or ibotinic acid or dynorphin spinal cord microinjection

   Regeneration models

   Spinal cord transection, resection or hemisection

   Dorsal rhizotomy
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Table 2

Reasons for past failures in neuroprotective drug discovery and development

Inadequate understanding of secondary injury mechanisms

   Lack of definition of time course of glutamate receptor functional changes

   Lack of definition of the sources and spatial and temporal characteristics of reactive oxygen
   generation → inability to rationally determine therapeutic window and optimum treatment
   duration

   Lack of understanding of the interrelationship of secondary injury mechanisms

   Focus on secondary injury mechanisms with short therapeutic windows → need to identify
   and target injury mechanisms with longer therapeutic windows

   Lack of understanding of the relative therapeutic windows in animal models and humans; is
   the time course of secondary injury in mice, rats and men similar?

Inadequate preclinical testing

   Lack of testing in multiple models

   Failure to compare efficacy in male and female animals

   Incomplete dose response and definition of therapeutic plasma levels

   Incomplete definition of therapeutic window

   Lack of definition of pharmacokinetics, timing of needed maintenance dosing and optimum
   treatment duration

Poor clinical trial design

   Gross mismatch between preclinical and clinical testing

   Imprecise outcome scales (Glasgow Coma Scale; Glasgow Outcome Scale; ASIA scale, NIH
   stroke scale)

   Lumping of all kinds of ischemic strokes or moderate and severe TBIs

   Lack of identification and a priori plan to analyze subgroups (tSAH; MCA territory strokes)

   Lack of biomarker to follow the progression of the pathophysiology and monitor mechanistic
   drug effects

   Lack of standardization of neurorehabilitation protocols
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Table 3

Endpoints and outcome measures commonly employed in in vivo models for discovery of neuroprotective and
neurorestorative agents

Indication Endpoints/outcome measures Timing

Stroke (focal ischemia) Metabolic imaging (PET, MRS) minute → hours

Neurochemical or immunohistochemical
mechanistic markers

minute → hours

Physiological – CBF, edema minute → hours

Infarct size – histological or by MRI 24 h → 7 days

Behavioral recovery – multiple scales 24 h → 7 days

Cardiac arrest/resuscitation
(transient global ischemia)

Metabolic imaging (PET, MRS) minute → hours

Neurochemical or immunohistochemical
mechanistic markers

minute → hours

Physiological – CBF minute → hours

Neurophysiological – evoked potential,
EEG

minute → hours

Histological assessment of neuronal loss 3 h → 7 days (sometimes
longer

Survival and behavioral recovery 24 h → 7 days
(sometimes longer)

Hemorrhagic stroke models
(SAH or ICH)

Physiological – CBF, BBB opening, edema minute → hours

Neurochemical or immunohistochemical
mechanistic markers

minute → hours

Biochemical measurements in SAH clot 1 → 7 days

Cerebral vasospasm – angiography 48 h → 7 days

Histological assessment of ischemic
damage

48 h → 7 days

TBI Metabolic imaging (PET, MRS) minute → hours

Neurochemical or immunohistochemical
mechanistic markers

minute → hours

Physiological – CBF, BBB opening, edema minute → hours

Histological assessment of neuronal/
axonal loss

24 h → 7 days

Behavioral recovery – motor and cognitive
scales

48 h → 28 days

Subdural hematoma Metabolic imaging (PET, MRS) minute → hours

Neurochemical or immunohistochemical
mechanistic markers

minute → hours

Physiological – CBF, BBB opening, edema minute → hours

Histological assessment of neuronal/
axonal loss

24 h → 7 days

SCI Neurochemical or immunohistochemical minute → hours
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Indication Endpoints/outcome measures Timing
mechanistic markers

Physiological – SCBF minute → hours

Neurophysiological – sensory or motor
evoked potentials

minute → hours → days
42 days

Histological assessment of neuronal/
axonal loss 42 days

Locomotor recovery
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