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Introduction

As in many areas of biomedical research, “translational” and “preclinical” are now
commonplace terminology in the neurosciences. Spinal cord injury (SCI) is a more recent
area in which an active dialogue on translation has evolved (Sipski, 2003; Steeves et al.,
2004; Blight and Tuszynski, 2006; Fawcett et al., 2007; Longbrake et al., 2007), following
impressive advances in our understanding of the cellular and molecular biology of spinal
cord trauma, the models and functional outcomes, and the therapeutic targets that have been
identified (Tator, 2002; Hall and Springer, 2004; Kleitman, 2004; Kwon et al., 2005; Tsai
and Tator, 2005; Rossignol et al., 2007; Eftekharpour et al., 2008). As with other
neurological conditions, translational emphasis in SCI research underscores a growing sense
of urgency for moving experimental strategies forward (Tator, 2006).

Inherent in bench-to-bedside translational research has been the premise that preclinical (i.e.,
laboratory animal) studies can provide predictive indices of therapeutic potential in human
subjects, although this issue has been contested for many years (for reviews see Bracken,
2009a; van der Worp et al., 2010). An often cited example is the clinical disappointment of
neuroprotective strategies which showed significant benefits in animal studies but not in
human subjects (Hugenholtz, 2003; Lammertse, 2004; Hawryluk et al., 2008). Translational
difficulties, however, are not unique to the SCI field and have been experienced with far
more extensive endeavors in other neurological disorders, including stroke, traumatic brain
injury, and amyotrophic lateral sclerosis (Tolias and Bullock, 2004; Kazanis, 2005;
O'Collins et al., 2006; Benatar, 2007; Walmsley and Mir, 2007; Margulies and Hicks, 2009).
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A common message is that experimental designs must be improved to obtain the most
relevant data possible to warrant future clinical applications (Bracken, 2009b; van der Worp
et al., 2010). A recent survey of opinions from SCI investigators indicates the field is still
defining what constitutes ideal preclinical-translational designs and the level of evidence
required to justify advancement of novel treatments to humans (Kwon et al., 2010a, 2011a).

The following discussion expands upon several salient considerations related to
translational—preclinical experimentation in acute and chronic SCI as presented in this
volume by Dietz and Curt (see Chapter 29) and elsewhere by others (Steeves et al., 2004;
Dobkin, 2007; Kwon et al., 2010a, 20113, b; Tetzlaff et al., 2011). In that respect, this
review is not to prescribe a specific roadmap for designing clinically relevant laboratory
investigations. Rather, the objective is to raise further awareness of the fundamental
challenges and complexities of translational SCI research by exploring general preclinical
design issues, as well as others more specific to pharmacological and cellular interventions
for acute and chronic SCI. In this review, discussion is limited to single treatment
approaches though it is widely recognized that optimal benefits are more likely to result
from multiple strategies combined with rehabilitation. Periodic reappraisal of the preclinical
process is vital for further refinement and improved implementation of bench-to-beside, as
well as beside-to-bench, experiences in SCI.

The Translational Path

The descriptives “translational” and “preclinical” are frequently used interchangeably, as in
this review. However, it is important to appreciate the terms have distinct meanings in
different programmatic contexts. In principle, translation represents an evolving and flexible
process that is rooted in basic scientific discovery with defined intention to seek specific
clinical application (Fig. 26.1). Preclinical studies become an integral part of an applied
basic science continuum in which new laboratory findings are incrementally transformed
into clinical investigations (Hawk et al., 2008) by specific in vivo tests of efficacy and
safety, and lastly, final “product” development and manufacturing when required. By its
very nature, translational research is a bidirectional dynamic since clinical insights are
critical for shaping basic laboratory studies (Lane et al., 2008a; see also Chapter 29). In that
regard, “bench-to-bedside and back” should be the operative at many levels of biomedical
scientific pursuit. While translation is generally viewed relative to the human as the ultimate
endpoint, the process also provides license to incrementally advance studies of novel
interventions from one species to another at various preclinical milestones.

Translational bottlenecks and challenges have been addressed in several areas of biomedical
research. For example, the U.S. National Cancer Advisory Board established a working
group to review the National Cancer Institute's translational enterprise and define where
improvements could be made to facilitate more effective progression from discovery to
clinical trials (Hawk et al., 2008). Evolving from this endeavor was a flowchart, the
Developmental Pathways Concept (DPC), which incorporates decision points and feedback
loops that could be systematically engaged to achieve the final objective for cancer and
other clinical indications (Cheever et al., 2008; Dorfman et al., 2008a, b; Schilsky et al.,
2008; Srivastava et al., 2008). An adaptation of the DPC is presented in Figure 26.1 to
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underscore challenges of SCI translation. In some respects, preclinical design improvements
assume even greater significance in SCI than perhaps in many other areas of biomedical
research (see figure legend for discussion).

Overview of Core Translational Spinal Cord Injury Research Guidelines

Although issues related to translational research were discussed in early workshops dealing
with acute and chronic SCI (Hsu, 1992; Reier et al., 1994), the first formal white paper
(Anderson et al., 2005) was modeled after guidelines (Redmond and Freeman, 2001) mostly
related to neurodegenerative diseases and previously published by the practice committee of
the American Society for Neural Transplantation and Repair (renamed American Society for
Neural Therapy and Repair, www.asntr.org). The recommendations in the Anderson et al.
(2005) document, which have been elaborated upon by Blight and Tuszynski (2006),
centered on: (1) appropriate selection of animal models of SCI; (2) employment of
experimental approaches consistent with the treatment modality (e.g., sensory versus motor)
to be tested; (3) attention to safety issues; (4) definition of meaningful therapeutic outcomes;
and (5) the importance of manuscript peer review. A sixth item on that list is the need for
independent replication of promising therapies which identifies with the befuddling problem
of verification in SCI research being the exception rather than the rule (Pinzon et al., 2008a,
b; Steward et al., 2008; Lee et al., 2010b; Mann et al., 2010; Steward et al., 2012).

The following section is an overview of major considerations relating to the basic elements
of preclinical experimental design.

Basic Preclinical Experimental Design: Guideline Considerations

Species selection

The rat or mouse is frequently chosen for initial studies of SCI mechanisms and novel
therapeutics. Transgenic mice are unquestionably useful for investigating cellular,
molecular, and immunological responses to SCI (Steward et al., 1999; Kwon et al., 2002a;
Sroga et al., 2003; Rosenzweig and McDonald, 2004; Kigerl et al., 2006; Donnelly and
Popovich, 2008). However, unlike SCI in rats and other species, including the human,
contusion of the mouse spinal cord does not typically result in the formation of fluid-filled
cavities at the site of injury (Steward et al., 1999; Ma et al., 2001; Inman and Steward,
2003). For perhaps that reason alone, rats and higher species are viewed as offering more
relevant preclinical foundations (Blesch and Tuszynski, 2008; Kwon et al., 2011b).

One point of general agreement is that therapeutics showing efficacy in rodents, especially
those involving invasive procedures, must be validated in large animal models before
proceeding to clinical trial (Blight and Tuszynski, 2006). It has also been recognized that
rodent data often overestimate anticipated outcomes in human trials (Pritchard et al., 2010).
Even in the case of a noninvasive pharmacological agent, efficacy in the rodent alone is
thought to be insufficient grounds for initiating clinical tests in humans.

Whether nonhuman primate studies represent an absolute translational prerequisite is still a
matter of debate (Kwon et al., 2010a). One view argues the importance of scaling
experimental results with regenerative therapies relative to the distances of repair that would
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be required in the human spinal cord (Watson et al., 2009), which measures 43—-45 cm in
length (http://faculty.washington.edu/chudler/facts.html). In the case of in vivo gene or
intrathecal delivery of neurotrophic factors and other agents, diffusion distances in different
tissue microenvironments must also be carefully considered (Hendriks et al., 2004).
Consideration must also be given to the differences between rodents and nonhuman primates
have also been considered with regard to the location and function of the corticospinal tract,
which are similar in humans and macaque monkeys (Darian-Smith, 2007). Other studies
further underscore the valuable contribution these animals can provide to the translational
process (Glendinning et al., 1992; Leonard et al., 1992; Vierck et al., 2000; Weidner and
Tuszynski, 2002; Yang et al., 2006; Rosenzweig et al., 2009, 2010).

Depending upon the specific questions being addressed, other large animal models, such as
the cat (Tester and How-land, 2008; Cote et al., 2010) and mini-pig (Zurita et al., 2008; Lim
et al., 2010; Kuluz et al., 2010; Navarro et al., 2012; Guest et al., 2011; Wewetzer et al.,
2011), may serve as alternatives to nonhuman primates. Most notably, cat models of
contusion and compression injuries have a long preclinical history related to neuroprotection
and cell replacement therapies (Anderson et al., 1985; Hall and Braughler, 1986; Anderson
et al., 1995) as well as an extensive background of spinal neurophysiology and
neuroanatomical characterization. From a comparative perspective, the cat spinal cord is 34
cm, whereas that of the macaque is 17.5-28 cm in length. The locations of major intraspinal
pathways also are similar in these species, and the cat has forelimb behaviors for which a
neural circuitry has been identified (Pettersson et al., 2007).

Although the preclinical need for large animal model demonstrations of therapeutic efficacy
seems inescapable, there are critical issues to keep in mind. One is that absolute length of
the spinal cord may be less relevant than the distance and cross-sectional areas of individual
segments (Ko et al., 2004), as well as comparative features regarding spinal circuitry that
may affect therapeutic outcomes (Konya et al., 2008). To conclude that rodent studies have
no predictive value may be an overstatement because there are basic behaviors, such as
breathing, that have physiological and neuroanatomical signatures seen in other species
(Kastner and Gauthier, 2008; Lane et al., 2008a, b, 2009, 2011; Qiu et al., 2010).
Furthermore, many treatments shown to be effective in mice have later worked in humans
(e.g., enzastaurin, an anticancer drug), whereas others (e.g., Accutane) have worked in
rabbits, monkeys, and humans but not in rats and mice (Bracken, 2009a). Such examples
underscore dangers of generalizations when other fundamental anatomical features or
dynamics (e.g., pharmacokinetics, discussed below) may be more critical determinants of
translational outcomes than size or functional-neuroanatomical features alone.

Lastly, real-life SCI in cats and dogs can present translational opportunities beyond
traditional laboratory experiments (Laverty et al., 2004; Shapiro et al., 2005; Jeffery et al.,
2006; Smith and Jeffery, 2006). While the feasibility of performing veterinary tests of
experimental therapies on a large scale basis appears daunting, such studies are likely to be
more in the translational pipeline in the future. They will most likely require a substantial
consortium in order to achieve optimal fiscal and infrastructural conditions,
multidisciplinary expertise, and an adequate veterinary “patient” population for rigorous
statistical evaluations of outcomes.
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Choice of injury model

The merits and limitations of different lesion models have been extensively reviewed, and it
is difficult to rank one above the other without significant qualifications (Kwon et al.,
2002b; Courtine et al., 2007; Rossignol et al., 2009). In general, complete or partial spinal
transections are useful for demonstrating basic cellular and molecular principles that may
lead to new interventions (e.g., Liu et al., 2010). Selective lesions of spinal white matter, for
example, dorsal column or dorsolateral pathways and rat forelimb function (Schrimsher and
Reier, 1993; McKenna and Whishaw, 1999; Anderson et al., 2007), also offer opportunities
to explore spontaneous and therapeutically enhanced anatomical and functional plasticity
(e.g., Garcia-Alias et al., 2009). Such guided “knife-cut” lesions, however, are rarely
encountered in the clinical domain. Under such injury conditions, axonal growth through
regions of fibroglial scarring may be more demanding than in the case of anatomically
incomplete, contusion/compression SCls.

As illustrated elsewhere in this volume, three spinal contusion devices have been shown to
produce graded injuries in rats (Gruner, 1992; Stokes et al., 1992; Scheff et al., 2003) and
mice (Jakeman et al., 2000; Hill et al., 2009). In addition to the clip-compression injury
(Rivlin and Tator, 1978), many SCI researchers consider contusion and compression injuries
to be effective preclinical models, although these injuries still do not fully reproduce the
complex tissue dynamics, peripheral (i.e., root avulsions), and central pathologies associated
with human SCI (Dietz and Curt, 2006; Akhtar et al., 2008). The same may be said of more
selective lesion models (photochemical (Prado et al., 1987; Cameron et al., 1990; Bunge et
al., 1994; Piao et al., 2009); excitotoxic (Magnuson et al., 1999; Courtine et al., 2008); and
demyelinative (Loy et al., 2002a, b)) which have nonetheless been informative, especially
regarding motor and sensory consequences of spinal level-related gray matter loss and
regional primary demyelination. Irrespective of the injury chosen, many inherent
experimental variables (Table 26.1) make correspondence to human injuries difficult to
optimally obtain, although new approaches are being developed (Choo et al., 2009). Beyond
injury modeling, it is difficult to overlook many aspects of post-SCI care, bladder,
respiratory and endocrine complications that have general somatic consequences, surgical
intervention (e.g., spine stabilization, decompression), and management (e.g., medications)
that are rarely, if ever, incorporated into preclinical studies.

Functional outcomes, spinal level of interest, and safety

Novel treatments can be assessed with a variety of morphological, molecular, and
neurophysiological methods to complement behavioral outcomes, which are the principal
preclinical benchmarks of treatment efficacy. Accordingly, the choice of spinal level in
preclinical investigations is often decided by the primary functional modality being targeted.

Reflecting a history of emphasis on paraplegia and locomotor deficits, thoracic SCI has been
the predominant experimental model which has led to significant advances in post-SCI
rehabilitation based on the concept of activity-dependent neuroplasticity and the potential
for activating circuits below the level of injury (for reviews, see Wolpaw and Tennissen,
2001; Edgerton et al., 2004; Behrman et al., 2005; Teng et al., 2006; Harkema, 2008; Dietz,
2009). Furthermore, innovative bioengineering technologies to exploit and enhance the
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function of these spinal circuitries are emerging (Edgerton and Roy, 2009; Gerasimenko et
al., 2010; Bamford and Mushahwark, 2011). The history of this bench-to-bedside transition
(reviewed in Wolpaw and Tennissen, 2001) reflects an interesting exception to two
fundamental translational considerations discussed above — species selection and use of
clinically relevant injuries. Specifically, treadmill walking following partial or complete
spinalization essentially began with studies of a higher-order species, the cat, which remains
an important, preclinical model for locomotor training (Frigon and Rossignol, 2008).
Furthermore, the clinical advance of locomotor training was largely based upon complete
spinal cord transection, though human application has focused mostly on adults with
anatomically and functionally incomplete spinal injuries (Dobkin et al., 2007). While these
investigations were in motion prior to the formulation of any specific guideline
considerations, it serves as an important example of consistency with what might be
regarded as basic requirements for moving forward novel, noninvasive interventions with
minimal risks.

Other experimental design issues regarding spinal levels of interest and motor outcomes
have emerged due especially to increasing attention on what is of greatest functional
importance to those with spinal injuries (Anderson, 2004). First, the spinal level at which a
treatment approach is studied should be consistent with the SCI population to which it will
be directed (see Fig. 26.1). This relates to functional modalities of interest as well as
evaluation of potential therapeutic risks. The thoracic spinal cord has been proposed to be
the most prudent region for initial clinical trials of invasive procedures (Fawcett, 2002) since
unforeseen complications are less likely to result in further major consequences. This view
assumes, however, that cough and posture, which are controlled by thoracic spinal motor
circuits, are unlikely to be placed at risk by an invasive approach. Few experimental studies
(Jefferson et al., 2010) have considered such vital aspects of thoracic SCI. In contrast,
cervical SCI models offer greater opportunities for investigating efficacy and safety (Lee et
al., 2010b) in terms of segmental functions such as forelimb behavior (Anderson et al.,
2009) and respiration (Lane et al., 2008a). In addition, pathways and neural circuits
associated with these functions have been described (McKenna et al., 2000; Anderson et al.,
2007; Lane et al., 2008b; Lane, 2011). A more generic safety concern relevant to all spinal
levels is the risk of inducing or enhancing pain (e.g., Hofstetter et al., 2005). Therefore,
preclinical studies in which procedural and biological safety are rigorously evaluated have
as much, if not more, scientific importance as investigations exploring treatment efficacy
and underlying mechanisms.

Injury severity

Because the overall magnitude of many human SCI cases exceeds experimental lesion
intensities, tests applied to severe contusion injuries are recommended for preclinical testing
of novel therapies (Blesch and Tuszynski, 2008). While some investigators are developing a
nonhuman primate spinal contusion model, this may be problematic if severe contusion or
compression lesions are ultimately deemed necessary. Such injuries in monkeys are rare
(Bresnahan et al., 1976, 1991; lwanami et al., 2005) and further nonhuman primate SCI
model development and application will most certainly require demanding protocols,
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extensive collaboration, considerable oversight, and major investments of fiscal and
infrastructural resources (Courtine et al., 2007; Blesch and Tuszynski, 2008).

Modeling severe bilateral contusion injuries, especially at mid- to upper cervical levels, even
in rats and mice, is challenging given potential consequences to vital functions. On the other
hand, less severe injuries will not fully replicate the magnitude of functional losses seen in
humans. For example, neither bladder nor major sensory (i.e., pain) complications have been
reported thus far following moderate C5-7/8 bilateral contusions in rats (Anderson et al.,
2009) and reproducing ventilator dependency in any animal model for long-term study is not
logistically or ethically practical. Differences in injury severity or symmetry, as well as
contusion versus compression injuries, may further dictate histopathological features of SCI.
Notably, demyelination and remyelination of spared fibers has been observed with moderate
midline thoracic contusions, but to our knowledge, no demonstration of extensive post-SCI
primary demyelination has been reported after less severe bilateral cervical contusions. Such
pathology, however, could be more likely following severe unilateral cervical contusions or
compression-type injuries, as in some examples of human SCI pathology (Guest et al.,
2005).

Clinical heterogeneity and experimental therapeutic robustness

One of many clinically relevant issues to factor into laboratory experiments is the
tremendous heterogeneity of the human SCI population in terms of genetics, sex, age, pre-
existing health conditions, clinical logistics, and required medications (Dobkin, 2007;
Blesch and Tuszynski, 2008). By default logic, preclinical designs should build upon clinical
realities as much as possible (Kleitman, 2004; Blesch and Tuszynski, 2008). One of the
deficiencies in SCI research is that such clinical-to-basic science feedback is still far from
optimal.

A related demand on preclinical modeling is to provide compelling evidence for efficacy in
the form of functional outcomes that can retain significance in the face of tremendous
variables in the human SCI population. Such measures of therapeutic robustness are often
lacking in the basic science literature (Kwon et al., 2011c). Papers published in high impact
journals often report a p < 0.05 level of statistical significance for treatment effects
observed. Yet, the degree of actual behavioral improvement may be minimal or relatively
meaningless to the animal's species-specific functions. Reasons for failed replications are
likely to be numerous (e.g., Bunge and Pearse, 2012; Guth, 2012; Simard and Gerzanich,
2012). One possible explanation is that originally observed therapeutic effects or proposed
mechanisms (Kim et al., 2003; Simonen et al., 2003; Zheng et al., 2003; Lee et al., 2010c)
may not have been sufficient to endure other biological variables, even in the same species
under analogous experimental conditions.

Therefore, central to preclinical design is the question to what degree statistically significant
efficacy data from a controlled animal study effectively reflect the meaningful biological
significance and reproducibility one would like to obtain in a diverse human population
(Kwon et al., 2010a)? Ideally, translation at any level of preclinical investigation should
demonstrate, in a double-blinded fashion, therapeutic efficacy in more than one type of
injury severity and in different strains or species, with attention given to age, gender, dose-
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responses, and rates or persistence of therapeutic improvement (Kleitman, 2004; Anderson
et al., 2005). Such data, however, are not mandated by the U.S. Food and Drug
Adminstration (FDA). Efficacy related to thoracic injuries and hindlimb locomotion may not
result when applied to cervical injuries and evaluated relative to functional modalities with
significant upper and lower motor neuron components (Lee et al., 2010b).

Postinjury treatment intervals

In general, the distinctions between acute and chronic SCI are somewhat arbitrary and often
dependent upon the type of intervention and pathophysiological mechanism (s) being
addressed. As a rule, acute injuries are targeted by pharmacological and cellular strategies
aimed at cell and tissue rescue. Often, however, other experimental approaches to promote
tissue repair are introduced at the time of injury when opportunities for rendering the lesion
environment more permissive to axonal growth seem greatest (Houle and Tessler, 2003).
Some early post-injury approaches, however, are not ones that can be realistically applied to
humans.

The acute injury neuroprotection treatment window in animals and humans (not considering
spine stabilization and decompression procedures) can range from 8 to 12 hours and even as
much as 1-3 days after injury (Fawcett et al., 2007; Kwon et al., 2010a). Identification of
definitive biomarkers, as some laboratories have begun to pursue (Shaw et al., 2005; Chen
and Springer, 2009; Kwon et al., 2010b), may provide even greater resolution.

Intermediate to the acute and chronic post-SCI milestones is the “subacute” or “recovery”
phase (Young, 1996), to which the term “early chronic” has been added (e.g., Salazar et al.,
2010). By most standards, subacute treatments are ones initiated beyond 3 days after injury,
such as those addressing progressive cyst formation, demyelination, protracted inflammatory
responses, and axonal die-back among others. The greater challenge, however, is to pinpoint
when an injury transitions from subacute to chronic in order to appropriately scale
preclinical studies to the human condition. Some maintain from experimental and clinical
perspectives that “chronic” is when a stable lesion environment is established and
spontaneous behavioral recovery plateaus (Houle and Tessler, 2003). Some microarray data
support that view (Velardo et al., 2004). These criteria are satisfied beginning 4-5 weeks
post contusion injury in rats (Noble and Wrathall, 1989; Basso et al., 1996). One report (Hill
et al., 2001) has been cited, however, as suggesting even longer postoperative intervals
before “chronic” is truly applicable. In humans, however, the timing of conversions from
ASIA A to improved ASIA levels is variable and may occur over a year or more (Fawcett et
al., 2007). Accordingly, many favor a minimum postinjury delay of 6-12 weeks for testing
treatments directed at chronic SCI. Some even suggest delays of a year may be necessary
(Kwon et al., 2010a). The latter would seem more reasonable for studies involving higher
order species with a longer lifespan than that of the rodent. Otherwise aging would become a
significant variable.

Definition of therapeutic mechanism

From a regulatory perspective, demonstration of mechanism is not generally required for
Investigational New Drug approvals. Nevertheless, it is important for preclinical studies to
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identify as much as possible the basis for any therapeutic effect to advance beyond what
otherwise would represent phenomenology. Without such background information, the
outcome of an initial clinical study would be difficult to interpret. This concern would only
be offset by extraordinary and unequivocal positive results. Appreciation for potential
mechanisms also would define how likely it is the preclinical evidence will serve as a
predictor of clinical relevance (Kleitman, 2004).

Special Design Considerations for Acute/Subacute Preclinical Spinal Cord

Injury Studies

Reflections on early translation in spinal cord injury

The National Acute Spinal Cord Injury Study (NASCIS I-111) (Bracken et al., 1984, 1990,
1997) and subsequent Sygen Multicenter Acute Spinal Cord Injury Study (SMASCIS)
(Geisler et al., 1991, 2001) are two ground-breaking experiences in clinical SCI research
(for detailed discussions of the designs and outcomes, see Hall and Springer, 2004;
Lammertse, 2004; Hawryluk et al., 2008) that provide important opportunities for exploring
how the above preclinical issues may relate to clinical outcomes. An immediate translational
consideration is that NASCIS | (Bracken et al., 1984), which tested the neuroprotective
efficacy of two doses of methylprednisolone sodium succinate (MP), was largely based on
extrapolations of clinical data showing glucocorticoid-mediated reductions in peritumoral
brain edema and the prevalent use of corticosteroids for treating acute SCI. Likewise, the
rationale for a pilot Sygen (Fidia Parmaceutical, Abano Terme, Italy) study (Geisler et al.,
1990), testing the benefits of GM-1 (monosialote-trahexosylganglioside), was derived
mostly from peripheral nerve and brain injury experiments and in vitro observations
indicating gangliosides could enhance axonal growth (Kalia and DiPalma, 1982; Toffano et
al., 1984). Only one peer-reviewed study, reporting a remarkable effect of ganglioside
treatment following complete transection of the rat spinal cord (Bose et al., 1986), preceded
the Sygen trial. Only four peer-reviewed experimental studies of ganglioside effects after
SCI appeared up to 2001 when the Sygen trial ended.

Experimental SCI models played a more prominent role in the designs of NASCIS Il and IlI.
Prior to initiation of NASCIS 11, animal studies were showing that much higher MP doses
than used in NASCIS | were required to obtain meaningful levels of efficacy (Hall and
Braughler, 1981, 1982; Braughler and Hall, 1983; Hall et al., 1992). NASCIS Il was thus
designed in accordance with effective experimental dosing regimens which demonstrated (in
contrast with NASCIS 1) a statistically significant, albeit relatively modest, therapeutic
effect.

Early preclinical benchmarks

Species—In contrast with mice and rats, as now being the primary animal models in most
current SCI studies, cats, dogs, and monkeys were typically employed prior to NASCIS |1
(Means et al., 1981). The first contusion SCI rat models did not begin appearing until the
mid- to late 1980s (Noble and Wrathall, 1985, 1989), between NASCIS Il and I1I.
Variability in experimental outcomes between laboratories was already recognized as a
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major problem (reviewed in Means et al., 1981) due to several design issues still being
discussed today.

Injury Model and Severity—The bulk of acute SCI data supporting NASCIS 1l and 111
derived primarily from contusion or static-load compression injuries in the cat.
Unfortunately, detailed anatomical assessments of the injuries were rare (Eidelberg et al.,
19764, b; Means et al., 1981). It is possible that comparable experiments today would
require far more detailed longitudinal characterization and standardization of lesion
consistency within and between groups.

Functional Outcomes, Spinal Level of Interest, and Safety—With locomotion
being the sole functional emphasis, investigators used either general neurological
assessments or a Tarlov scoring method which only provided a gross impression of
neurological status. The most definitive demonstrations of MP efficacy were obtained from
two studies in which vertebral L2 level compression injuries were made in cats and
locomotor recovery was evaluated using a scoring method that rated eight measures of
general standing or walking, three of running, and five for stair climbing (Means et al.,
1981; Braughler et al., 1987). Both studies were conducted in a blinded fashion and showed
an MP treatment effect, but only the Braughler et al. study involved randomization.

Experimental Therapeutic Robustness—Of 10 papers published up to 1980, seven
showed some indication of improved tissue sparing or functional recovery following
corticosteroid treatment. Due to differences in hindlimb functional assessments, the type of
injury models used and other experimental variables, no definitive conclusions could be
reached (Means et al., 1981). Later studies (Demopoulos et al., 1982; Anderson et al., 1985;
Braughler et al., 1987; Young et al., 1988; Yang et al., 2003) provided more consistent
demonstrations of neuroprotective effects.

Postinjury Treatment Intervals—One striking deficiency in the preclinical MP process
was that no definitive treatment window was established experimentally. Based on animal
studies of SCI pathophysiology, however, it was appreciated that optimal efficacy was most
likely dependent on rapid initiation of MP administration.

Lessons from NASCIS

Important perspectives can be derived from the preclinical process contributing to the
NASCIS trials. First, a theoretical basis was established supporting the potential benefits of
MP. There is no question that membrane lipid peroxidation is a major, though not sole,
contributor to secondary tissue damage post-SCI. As such, it is a biologically robust
mechanism that has been independently demonstrated by many laboratories. The fact that a
single intervention was not optimal may reflect the need to identify a “gatekeeper” for paths
leading to apoptosis or, as many now recognize, a rational combinatorial approach.
Although often challenged (Fehlings, 2001; Hurlbert, 2001; Hugenholtz, 2003), the fact that
an MP effect was even detected in NASCIS Il was the product of an important dialogue
between basic scientists and clinicians that groomed the design of that study in which higher
doses of MP were used to approximate the theoretical threshold for efficacy (Bracken et al.,
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1990). In that regard, it is hard to deny that animal studies at the time had some positive
impact on a human application. It is equally difficult to categorically refute that the NASCIS
outcomes, though modest, were not in register with experimental data. The failure of
NASCIS Il and 111 to show profoundly improved recoveries in patients may reflect that
neurological recovery indicated in the cat (Means et al., 1981; Braughler et al., 1987) was
relatively modest when compared to the level of treatment efficacy a human would require.

Another factor that may have limited the degree of protective efficacy was the fact that
decompression/spinal stabilization surgery was not undertaken in patients enrolled in
NASCIS Il or NASCIS |11 until days to weeks after injury. This could be critical, since it is
now increasingly believed that early surgery to decompress the spinal cord, if needed,
should be done within the first 24 hours (Fehlings and Perrin, 2005). Indeed, if the injured
spinal cord remains compressed, thus reducing spinal cord blood flow, this would impair
delivery of the neuroprotective drug to the injured tissue as well as continuing the
mechanical injury to the cord, both of which would make it difficult at best for a
neuroprotective drug to have the best chance to exert an effect.

Raising the bar in acute spinal cord injury experimental design

Studies of MP did not halt with conclusion of NASCIS I11, and more recent experiments are
the subject of an extensive literature review addressing problems in translating animal data
to human applications (Akhtar et al., 2009). This review is commendable in showing the mix
of conflicting results obtained in recent MP acute SCI studies along with many cogent
problems in study designs coupled with other issues the author raised in a previous review
on animal modeling (Akhtar et al., 2008) (summarized in Table 26.1). However, other
essential design considerations that warrant significant attention in order to enhance the
translational fidelity of preclinical data are not mentioned.

Pharmacological Dynamics and Drug Delivery—A need exists to more critically
assess human and animal pharmacological dynamics, especially under normal and injury/
disease conditions, in order to circumvent false negatives in experimental and clinical trials.
Accordingly, another significant strength of the experimental data contributing to the
NASCIS Il and 111 trials was the focus on pharmacokinetics (Hall and Springer, 2004).
Unfortunately, such analyses of the pharmacodynamics of MP and many other candidate
neuroprotective substances are lacking for many species. This issue has been cited as one of
the probable reasons for failed translations in stroke (Braeuninger and Kleinschnitz, 2009)
and thereby illustrates the universal need for detailed pharmacological evaluations, including
dose-response studies, as an intricate part of the overall preclinical design process. Many of
the acute SCI studies with MP in rats subsequent to NASCIS 11 have simply extrapolated the
cat doses without considering the fact that the pharmacokinetics and dose-response could be
substantially different in these species. In addition, some rat studies have used one or two
doses instead of the 24- or 48-hour dosing regimen used in the cat. Lastly, some studies gave
the drug IP instead of 1V, with the former resulting in much lower peak plasma and tissue
levels than what occurs with an IV bolus.
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Functional-Anatomical Outcome Measures—A publication by Goldberger et al.
(1990) represents the earliest recognition of the need for more rigorous behavioral outcome
measures in SCI research. Unfortunately, it can still be critically argued that existing indices
of neuroprotective success are not ideal by being mostly limited to ratios of white versus
gray matter sparing and the popular Basso-Bresnahan-Beattie (BBB) or Basso Mouse Scale
(BMS) locomotor scoring systems (Basso, 2004; Basso et al., 1995, 2006). Many
physiological, neurophysiological, neurochemical, histological, imaging and behavioral
outcome measures are presently available that can provide more comprehensive, quantitative
assessments of motor, autonomic, and sensory functions at different spinal levels. There are
also methods available for assessing neuroprotection relative to specific functions and their
underlying motor neuron and intraspinal substrate circuits using conventional (McKenna et
al., 2000) and, when feasible, transneuronal (Bareyre et al., 2004; Lane et al., 2008b, 2009;
Duale et al., 2009, 2010) retrograde tracing in combination with anterograde tracing.

It is generally viewed that post-SCI function is largely dependent upon anatomical sparing
and the degree to which ascending and descending white matter tract continuity is preserved,
as well as oligodendroglial survival and the integrity of myelin sheaths (Blight, 1985;
Kakulas, 2004; McTigue and Tripathi, 2008). White matter rescue in terms of axonal and/or
myelin integrity seems logically critical to improved ambulatory outcomes after thoracic
SCI. However, this perspective does not hold entirely true when considering the combined
upper- and lower motor neuron pathology following injuries at the level of the cervical and
lumbar enlargements along with other potential substrates for neuroplasticity (Bareyre et al.,
2004) that could be affected by segmental gray matter (i.e., motor neurons and related
interneuronal circuits) damage (Steencken et al., 2009). Relative sparing of white and gray
matter can provide a useful screening index of neuroprotective efficacy, but its value can
become greatly diminished when employing this approach to interpret results in a specific
functional context (see below).

Subacute/Chronic Injury Experimental Design Issues

The special design considerations for neuroprotection also apply to single or combinatorial
interventions for subacute and chronic SCI. For example, pharmacokinetic analyses are
equally essential for testing the efficacy of compounds that can reinstate the growth potential
of surviving neurons, induce recruitment of endogenous neural stem cells, or interfere with
molecular mechanisms that impede regeneration or plasticity (Hall and Traystman, 2009).
Other approaches involving invasive procedures lead to a spectrum of preclinical issues
ranging from underlying rationales for the treatments being tested to a host of intraoperative
logistics, including attention to tissue biomechanical properties (Guest et al., 2011). This
section will briefly highlight some immediate biological and technical considerations with
selected focus on stem cell applications and modulation of the inhibitory glial scar
microenvironment. Both are areas of current interest and at different phases of the
translational pipeline.

Transplantation and preclinical guideline issues

Rationales—Therapeutic targets for cell transplantation therapies include: (1)
neuroprotection (Kocsis, 2009); (2) providing compatible substrates for axonal growth
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(Bunge and Pearse, 2003; Bunge, 2008); (3) presentation of genetically modified or naive
cells expressing neurotrophic factors (Sasaki et al., 2009; Brock et al., 2010); (4)
introduction of myelinogenic cells or their precursors (Kocsis et al., 2004; Sharp and
Keirstead, 2009; Cao et al., 2010); and (5) neuronal replacement (Reier, 2004). Among
many neural and non-neural cell types available, Schwann cells (SCs), olfactory ensheathing
cells (OECs), autologous macrophages, mesenchymal precursor cells (MPCs), embryonic
stem cells (ESCs), and embryonic or adult neural precursor cells (NPCs) have been the more
extensively investigated. Unfortunately, compelling preclinical demonstrations of
functionally significant and reproducible efficacy are lacking for all these cell types after in
vivo testing either as monotherapies or in combination with other treatments (Tetzlaff et al.,
2011; Snyder and Teng, 2012).

Although sound rationales underlie the therapeutic goals for each cell type, some lines of
reasoning are more compelling than others. One that is still the subject of debate is the
extent and frequency of post-SCI primary demyelination in the human (Bunge et al., 1993;
Kakulas, 1999; Norenberg et al., 2004; Guest et al., 2005). Advanced magnetic resonance
(MR) protocols (e.g., diffusor tensor imaging) may ultimately resolve this question (Cohen-
Adad et al., 2011) and thus establish a more substantial basis for testing cells with the
explicit purpose of promoting remyelination of spared axons.

Likewise, neuronal replacement is often raised as a generic goal of stem cell applications.
Yet, as noted earlier, the relevance of gray matter loss and repair is poorly appreciated
(Reier et al., 2002; Reier, 2004). Specific references to stem cells for neuronal replacement
after SCI frequently default to motor neuron loss. However, an extensive literature
demonstrates that interneurons are vital to shaping motor neuron outputs and rhythm
generation (Brownstone and Wilson, 2008; Jankowska, 2008; Hart and Giszter, 2010).
Discrete excitotoxic lesions of spinal gray matter can also lead to chronic pain as well as
severe locomotor deficits, even when white matter and specific motor neuron pools are
substantially preserved (Magnuson et al., 1999; Vierck et al., 2000). Restoration of inter-/
intrasegmental circuits or reestablishment of gray matter continuity via interneuronal
replacement may thus be necessary for optimal functional recoveries even when significant
white matter repair is achieved.

To repair a functionally defined intraspinal circuit requires knowing what cell types it is
made up of, along with their location, distribution, and patterns of connectivity. With rare
exceptions discussed later, little is known about the composition and organization of
functionally defined intraspinal circuits. Even the extensively investigated hindlimb spinal
locomotor pattern generator circuitry is still largely theoretical in terms of its
pharmacological and neuroanatomical configuration (Rossignol et al., 2009). To
convincingly demonstrate functional contributions of neuronal precursors will require
characterizations of donor cells at various molecular and pharmacological levels, along with
demonstration of their afferent and efferent connectivity with an identified intraspinal
circuitry. Such details, while seemingly beyond regulatory consideration, may be essential
for appreciating how different neuronal populations can affect functional recovery or
plasticity (White et al., 2010).
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Species and Cell Sources—Inherent to cell-based therapies is tremendous variability in
cell sources, their intrinsic properties, and tissue culture methods, among many other
variables. Autologous cells are the ideal and could include adult MPCs, SCs, and OECs, not
to mention inducible pluripotent stem cell derivatives. To assume, however, that the “same”
general cell type in each individual shares equivalent properties would be unrealistic given
genetic and other variables. This consideration clearly applies to MPCs, which offer many
potential therapeutic benefits and delivery advantages. Unfortunately, the experimental and
human data are disparate and difficult to interpret (Tetzlaff et al., 2011). Before the clinical
potential of these cells can be fully determined, investigations of MPCs will need to
incorporate more rigorous characterizations of these complex cells under conditions
reflected by the above preclinical design discussion.

It is now becoming more questionable whether findings obtained in rodents can be
extrapolated to humans and whether donor cells derived from rodents are similar in their
therapeutic properties to same cell type(s) in the human. A recent review has indicated that
OECs and SCs display species-specific properties and requirements for expansion in vitro.
Porcine and primate SCs and OECs are more equivalent to those in the human than their
rodent counterparts (Wewetzer et al., 2011). The predictive merits of rodent studies may
thus need to be reevaluated. As in the case of promising neuroprotective agents, comparative
examinations of different cells in the same animal/injury model are needed to determine
whether one cellular therapeutic is better than another.

While human-to-rat or mouse xenograft studies are commonly accepted as indices of
therapeutic efficacy, how such donor cells behave in the rodent may be significantly
different in a human injury setting, especially when considering the substantial
immunosuppression required. One basic issue to be more systematically investigated is to
what extent human neurons establish morphologically and electrophysiologically bona fide
synaptic interactions with nonhuman neurons in a preclinical small or large animal xenograft
model (Ishibashi et al., 2004; Cummings et al., 2005; Gao et al., 2007; Yan et al., 2007,
Nasonkin et al., 2009). Otherwise, functional outcomes involving human-to-nonhuman
xenograft approaches have to default mostly to neurotrophic and/or anti-inflammatory
effects.

Immunosuppression—Graft rejection in any region of the CNS is often a major concern
since many stem cell applications are based on allogeneic sources. Presently, there are no
established standards for defining the best immunosuppression protocols with the fewest
possible contraindications (Barker and Widner, 2004). Some reports suggest neural
precursors are not highly immunogenic and do not require immunosuppression (Lim et al.,
2010). In fact, a recently initiated trial (Pilot Investigation of Stem Cells in Stroke) in
Glasgow (ReNeuron, Ltd.) is not employing any form of immunosuppression for that
reason. Yet, there are other lines of evidence showing that modulation of the immune system
can lead to improved NSC survival (Saino et al., 2010). Intermediate to these observations
are findings suggesting only temporary immunosuppression is necessary (\Wennersten et al.,
2006). At another extreme are MSCs which some publications demonstrate as having
endogenous immunosuppressive capabilities affecting both T and B cell activation (Uccelli
etal., 2007).
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Current clinical trials for amyotrophic lateral sclerosis (NeuralStem, Inc.) and SCI (Geron
Corp.) are said to be employing two different immunosuppression protocols (i.e., number
and type of drugs used, doses, and duration of treatment) based on solid organ
transplantation experiences which may not apply to certain neural or non-neural cellular
grafts within the CNS. Systematic comparative studies to optimize graft survival via
immunomodulation are necessary preclinical investigations with high impact on
translational applications of cell-based therapies.

Transplantation Logistics—In addition to many biological considerations, preclinical
designs should also attend to technical aspects of intraspinal transplantation (Guest et al.,
2011). Cellular delivery dynamics and locations, however, will depend upon the therapeutic
goals of the procedure. Likewise, the mode of delivery will identify with the intervention's
objective(s) and where cells are to be introduced. A significant delivery emphasis is on
combining cells with various biomaterial scaffolds (Teng et al., 2002; Stokols and
Tuszynski, 2004; Straley et al., 2010). Given all the experimental variability already noted,
the challenge will be to identify the most effective cell-matrix combination and perhaps to
further augment donor cell survivability via controlled drug release (Yu et al., 2009).

Circumventing the growth-inhibitory molecular and cellular microenvironments

As discussed elsewhere in this volume (see Chapter 35), chondroitin sulfate proteoglycans
(CSPGs) are associated with the scar that develops following stab (McKeon et al., 1991;
Tang et al., 2003), partial transection (Jones et al., 2003; Tester and Howland, 2008), and
contusion-type injuries (Lemons et al., 1999; laci et al., 2007; Iseda et al., 2008). CSPGs are
arguably among the more potent growth-inhibiting molecules associated with CNS scar
formation (Busch and Silver, 2007). Accordingly, use of chondroitinase ABC (ChABC) to
cleave chondroitin sulfate glycosaminoglycans (CS-GAGs) following SCI is receiving
significant attention as an approach for translation. The growing literature on the use of
chondroitinase following SCI shows a robust effect with respect to testing chondroitinase
across laboratories, multiple partial transection models, and evidence of translation to a
larger mammalian species. A recent review (Bradbury and Carter, 2010) nicely summarizes
anatomical and functional evidence from experimental animal work suggesting this bacterial
enzyme from Proteus vulgaris has significant therapeutic potential. Studies, however, have
been conducted primarily using partial transection models in rats and many assess
anatomical changes only. Although outcomes associated with ChABC application in these
models are promising and consistent, few studies use contusion-type lesions and the results
from those reports are mixed (Caggiano et al., 2005; Iseda et al., 2008; Harris et al., 2010;
Jakeman et al., 2011). Confounding interpretation of discrepancies in the literature relate to
several factors, including dosing and the delivery route of ChABC. Reported doses range
from 0.006 U to 0.60 U and from single to continuous application across multiple weeks.
Further, due to ChABC's thermal sensitivity at body temperature (Tester et al., 2007; Lee et
al., 2010a), studies using mini-pumps unintentionally deliver relatively inactive enzyme
after 1-3 days. Studies using repeated doses through externalized or subcutaneous injectable
ports avoid this issue (Bradbury et al., 2002; Tester and Howland, 2008). Standard dose-
response studies have yet to be done. Recent reports of temperature stabilization of ChABC
by trehalose (Lee et al., 2010a), and use of other biocompatible materials for stabilization
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and release (Hyatt et al., 2010; Lee et al., 2010a), appear to reveal important new tools, but
these are virtually untested. Further, identification of protein modifications to enhance
ChABC secretion from mammalian cells (Muir et al., 2010), as well as a CS hydrolase in
higher organisms, have been identified (Kaneiwa et al., 2010).

Despite various delivery methods, little is known about the areal extent of cleavage and how
it impacts anatomical or functional plasticity. The importance of delivery location is
suggested by the promotion of anatomical, but not functional, plasticity following intraspinal
injections of ChABC rostral or caudal to the site of injury (Tom and Houle, 2008) and local
axonal sprouting following injection into distant denervated targets (Massey et al., 2008).

With few exceptions (Garcia-Alias et al., 2008; Tom et al., 2009; Karimi-Abdolrezaee et al.,
2010; Carter et al., 2011), most studies have investigated the impact of chondroitinase ABC
by initiating delivery immediately post-injury. Understanding delayed treatment effects is
important not only for individuals with chronic injuries, but also to mimic any short period
(e.g., a day) that might be necessary to initiate a surgical intervention following injury
(Garcia-Alias et al., 2008). Surgical intervention timing may also impact outcome, as the
immune and blood-spinal cord barrier environment of the injured spinal cord may affect
ChABC repair (Kigerl et al., 2009).

To better understand functional benefits that may be derived from anatomical plasticity
ChABC treatment has been scaled up to a larger mammal — the cat (Tester and Howland,
2008) — which offers a glimpse at translation across species. A feature of this work, not
dissimilar to other studies, is the extensive training required for some behavioral
assessments which can likely introduce a “training effect” (Kigerl et al., 2009). This could
be critical for translation as a combination of training and chondroitinase may enhance
recovery over either alone (Garcia-Alias et al., 2009).

Preclinical Guidelines and Clinical Trials Past and Present

It is daunting to envision a single laboratory or even a consortium being capable of
achieving all the benchmarks discussed without substantially slowing the translational
process. However, an overview of past clinical translations raises questions as to whether
earlier efforts may have fared better and been more informative had some experimental
design objectives discussed here been adopted. The same view applies to more recent
studies directed at neuroprotection and repair (for review, see Kwon et al., 2011c).

All the more recently ended or ongoing trials listed in Table 26.2 share similar shortcomings
in their preclinical foundations relative to the design issues discussed. All but one went to
clinical trial without a large animal study. The majority of preclinical investigations relied
on the BBB locomotor scale as the primary outcome measure, and in some cases when other
measures were used, they were grossly substandard. Prior to or shortly after formal initiation
of the Phase | Novartis trial in 2006, different lines of evidence (Anderson et al., 1985; Hall
and Braughler, 1986; Schnell and Schwab, 1990, 1993; Bregman et al., 1995; Brosamle et
al., 2000; Merkler et al., 2001; Fiedler et al., 2002; Raineteau et al., 2002; Liebscher et al.,
2005; Pettersson et al., 2007) indicated, with one exception (Bareyre et al., 2004), that
functional blocking of Nogo-A could lead to increased axonal growth and motor
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improvements (Zorner and Schwab, 2010). Other trials were launched on the basis of far
fewer preclinical demonstrations of a therapeutic benefit. Given that the target human SCI
population would largely represent individuals who have sustained cervical contusion/
compression injuries, it is noteworthy that such SCIs were not employed in pre-Novartis
trial studies. The same was the case with the Cethrin trial, for which the only published
contusion study prior to its initiation showed negative results. With the exception of a recent
article (Lee et al., 2010b), neuroprotection in an experimental cervical SCI model has not
been investigated. The reader is referred to Kwon et al. (2010a) for more detailed discussion
of these trials. A concern beyond preclinical design is that clinical trials presently focus on
one therapeutic intervention, despite universal recognition that combinatorial therapies are
likely to be necessary (e.g., van den Brand et al., 2012).

Summary and Conclusions

With increasing emphasis on accelerating SCI translational research, the issue thus becomes
one of striking a balance between ideal versus optimized preclinical progressions and timely
bench-to-bedside translations. Currently, there are no satisfactory solutions; however,
demonstration of therapeutic robustness is a preclinical design feature which the SCI
research community recognizes as being critical to judicious translation (Kwon et al.,
2011b) and which can be adopted to preclinical studies in both the academic and corporate
sectors.

As discussed, “robustness” has broad implications, and is therefore inherent to all other
guideline considerations reviewed in this chapter. A basic example, as noted above, would
be demonstration of functionally meaningful, not just statistical, degrees of efficacy.
Showing reproducibility of a therapeutic effect under different injury conditions (e.g., spinal
level, lesion severities, and multiple lesion types) would also increase the predictability of a
treatment being effective in the clinical setting. In addition, while results in mice and rats
can still provide important proofs of principle, showing efficacy in a large animal model of
Cl is necessary to establish a measure of therapeutic benefit and, perhaps even more
importantly, another measure of therapeutic robustness. Independent verification of
promising therapies is in many respects the most important of all the suggested preclinical
criteria for translation, given the limited success in formal replications thus far. Again,
successful replications, though very difficult to perform precisely, would provide another
compelling indication of therapeutic robustness.

Aside from the basic design issues reviewed, we have taken the liberty of exploring other
experimental variables relating to acute and chronic SCI experimentation that could
significantly strengthen future pre-clinical studies. Using neuroprotection as an example,
conclusions about a drug's efficacy without careful pharmacokinetic analyses are debatable.
Furthermore, with many sophisticated functional measures now available, there is reason to
move beyond locomotor screening data and white-gray matter ratios to showing a drug's
contribution to sparing of specific functions with more specific anatomical correlates. Some
of the better outcome measures, anatomical and functional, are laborious and time-
consuming. Many experimental studies is they often resort to the most expeditious outcome
measures. Unfortunately, much of this is driven by publication and funding pressures.
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Where shortcomings in preclinical foundations are most apparent is revealed by review of
past and current clinical trials with cell replacement therapies. While cellular transplantation
offers viable therapeutic options, there are many practical and biological issues that have yet
to be resolved in a rigorous manner. Significant interest is in using these cells to promote
remyelination of spared white matter, yet the magnitude of primary demyelination is poorly
understood both in animal experiments and human SCI. Advanced imaging and other
approaches are likely to shed important light on this issue. In terms of neuronal replacement,
nothing is known, for example, about the number of neurotransmitter phenotypes that are
necessary for reconstructing intraspinal circuits. In fact, little attention has been given to the
fundamental issue of gray matter repair. Initial clinical studies have or are currently testing
stem cells of various types during the subacute post-SCI interval. Neuroprotection is an
underlying rationale that has not been adequately proven in reported preclinical studies.
Independent replications are also lacking. Lastly, the didactics of cell delivery and
immunosuppression are as important as the biology of the repair intervention. These aspects
of cellular replacement are very much in their infancy.

What is self-evident from this review is that “translation” is easier said than done. While
emphasis is on improving preclinical design, it would be short-sighted to conclude that this
alone is the problem, since the impact of preclinical data also depends on the design and
conduct of the resulting clinical study. The decision to move forward with a novel therapy
requires multiple considerations, not the least of which should be the desire to improve the
quality of life for individuals who have sustained SCI. Unquestionably, it is the
responsibility of the scientific community at large, whether in the academic, federal/private
funding, or corporate sectors, to ensure that efforts are made to establish the strongest
preclinical foundations possible. Otherwise, a history of disappointing translational
experiences is likely to be perpetuated.

The design issues presented in this review are intended to provide a framework for further
evaluation of the preclinical translational process. Without more concerted efforts to
implement widely accepted suggestions for improved preclinical design with consideration
of clinical realities, the general perception in translational neuroscience that “everything
works in animals and nothing in humans” will remain more of a conceptual postulate rather
than a statement of fact or testable hypothesis.
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TRANSLATIONAL SPINAL CORD INJURY RESEARCH
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Fig. 26.1.
An adaptation of the National Cancer Institute's translational path flowchart illustrates major

phases in the transition from basic science discovery to early clinical trials. The main feature
of this algorithm is that decision points are present at various levels of preclinical
development; these allow for periodic evaluation of the status of a new treatment modality
and the choice to move forward, or to return to an earlier stage for additional refinements.
The development of supporting tools or technologies runs in parallel with the establishment
of a new treatment modality. Suggestions for enhanced preclinical design discussed in this
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chapter identify with those two paths. Presently, such a model for translational spinal cord
injury (SCI) research does not exist, and clinical trials — past and present — evolve far less
systematically. (Adapted from Schilsky RL, Gordon G, Gilmer TM et al. (2008). The
Translational Research Working Group developmental pathway for anticancer agents (drugs
or biologics). Clin Cancer Res 14: 5685.)
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A. Injury consider ations contributing to different pathophysiologies and conditions

Animal model

Human subject

Type and extent of injury
Pathology

Initial lesion location

Laminectomy

Anesthesia and pharmaceuticals

Environmental stresses

Patient care

Controlled injury, often targeted
Lack of cavitation in mice

Dorsal impact, vascular damage
“Pretreatment” as occurs prior to SCI
In some sense mimics decompression

Present before, during and after injury Affects physiological
parameters including blood pH, arterial pO,

Likely to impact lesion size and thus functional outcomes
Analgesics

Handling, crede, cage conditions

Animal Ethics Committee-driven

Uncontrolled, multitrauma and
comorbidities

Cavitation, root avulsion, spine
fracture/dislocation, bone fragment

Ventral impact, vascular damage
Decompression post injury

None

Hospital environment,
immobilization, psychological
considerations

Best practice, individualized care

B. Interpretational considerations

Animal model

Human subject

Surrogate markers of function

Assessments of functional ability

Apparent tissue-sparing does not provide a full
picture of neuronal and axonal compromise, and
therefore functional ability

Anatomical plasticity may not necessarily lead to
positive functional change

Incomplete representation of function
Often have low clinical relevance (poor surrogate
of human behavior)

Comparative functional/behavioral differences  Use of tail in performing motor tasks

Other comparative species differences

Quadrupedal or inconsistent bipedal locomotion

Comparative anatomical, physiological,
pathological and genetic differences

Limited CSF or blood biomarkers
MR is a poor predictor of outcome

ASIA scale reflects loss of function
Often focus on task completion or
speed

Rarely differentiate between
compensation and recovery

Bipedal locomotion

C. Additional experimental considerations

Design and implementation is highly variable between and within laboratories

Randomization is often inconsistent and investigator blinding absent

Monitoring of vitals (e.g., blood pressure) is rare during experimental injuries

Functional assessments and periodic testing are not consistent across laboratories

Post-injury management of animals with regards to housing, support care, handling is different across laboratories

*

Based on reviews published by Akhtar et al. (2008, 2009). Many inherent and inescapable differences exist between experimental and human
spinal cord injury that place significant demand on the robustness of preclinical data. Attention to other experimental considerations could lead to
greater standardization of preclinical studies between laboratories.

MRI, magnetic resonance imaging; SCI, spinal cord injury; CSF, cerebrospinal fluid.
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