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PREFACE

ow suddenly life can change—nowhere more dramatically than

with a spinal cord injury: the robust young football player sud-

denly lying immobilized on the field; the child confined for life to
a wheelchair after diving into a shallow pond; the vacationing family with
a parent or child forever paralyzed after a skiing, bicycle, or car crash; the
soldier left quadriplegic after a sniper shot to his neck; or anyone’s acciden-
tal tumble down stairs or from a ladder. We have all witnessed the tragedy
of spinal cord injuries. It sometimes results from risky behavior, but most
injuries result from unforeseen accidents in an active, healthy life.

The time has come that we may be able to make a major change in how
we deal with this frightening personal and public health problem. Survival
from severe spinal cord injuries became a reality during and after World
War II with the introduction of antibiotics that controlled the infections of
the urinary tract and skin that had proved fatal in prior years. Subse-
quently, improved management with neck stabilization to minimize further
damage and better respiratory support, autonomic regulation, and other
supportive measures reduced the damage and improved the outlook for
survival. The invention of mechanical devices improved independence and
quality of life. These advances were largely in the fields of neurosurgery,
intensive care, and physical medicine.

These were significant advances, but they were made in an era when we
could not dream of actually addressing repair and regeneration. Those of us
who were trained in the 1950s and 1960s were taught that “the neurons
you are born with are all you ever get,” that axonal regeneration and
remyelination occurred only in the peripheral nervous system and not in the

X1
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central nervous system, and that damage to the spinal cord was irreversible.
New studies of regeneration and repair in the brains and spinal cords of
experimental animals have challenged these dogmas. Central nervous sys-
tem remyelination was recognized in the 1960s, the extension of central
axons was observed in the 1980s, and neurogenesis in adult life was discov-
ered in recent years. Enhancement of regeneration in the brain and spinal
cord has become a rational goal, but not an easy one. The processes of
regeneration are complex; there will likely be no magic bullet—such as
antibiotics—to lift us over this next barrier.

Nerve cells will need to be saved or replaced, the growth of their axons
will need to be not only stimulated but also guided, and connections to
distant neurons or muscle fibers will need to be assisted or preserved. In
addition, barriers or scars will need to be prevented or penetrated to
permit this regeneration. Solutions will require novel and creative think-
ing. It is a great and, indeed, exciting challenge to the neurobiologists
whose studies show increasingly greater promise. However, translation of
the findings from these cell culture studies and studies with laboratory
animals to humans with spinal cord injuries will need a new cadre of
clinician-investigators recruited from diverse clinical backgrounds—
neurology, clinical pharmacology, biomedical engineering, transplantation
medicine, neurosurgery, and rehabilitation medicine. Talent will need to
be joined to undertake these new tasks.

This report examines the field of spinal cord injury research and makes
recommendations on future directions for the field in general and for the
sponsors of the study, the New York State Spinal Cord Injury Research
Board, in particular. The committee consisted of individuals with diverse
backgrounds and opinions, but we all agreed that the problems were great
and that knowledge has advanced to a level where opportunities abound.

Dedicated work on the part of every committee member contributed to
this report. Further, the committee benefited from the expertise of the
consultants to the committee, Jesse Cedarbaum, Gerald Fischbach, and
Wise Young. Experts from across the country volunteered to speak in
symposia and give advice informally. The public and voluntary organiza-
tions participated. However, the acquisition of expertise in the field, the
compiling and sorting of data, the tireless organization and reorganization
of contents, and the optimistic enthusiasm of Catharyn Liverman, Bruce
Altevogt, Janet Joy, Kathleen Patchan, and Lora Taylor of the Institute of
Medicine staff were remarkable; they made this report possible. On behalf
of every committee member, I salute them.

Richard T. Johnson, M.D., Chair
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EXECUTIVE SUMMARY

pinal cord injuries occur unexpectedly. The normal events of life—

driving a car, diving into a lake, or walking down stairs—can sud-

denly result in a life-changing injury with physical and lifestyle con-
straints that totally reconfigure the realities of daily life. An estimated
11,000 spinal cord injuries occur each year in the United States, and 247,000
Americans are currently living with a spinal cord injury.

In the past several decades there has been significant progress in im-
proving patient survival and emergency care and in expanding the range of
rehabilitative options. During this same time period, the breadth and depth
of neuroscience discoveries relevant to spinal cord injury have widely ex-
panded the horizons of potential therapies. What once was dogma—that
the central nervous system cannot regenerate—has been dismissed. This
newly discovered potential for central nervous system (CNS) regeneration
and repair has opened up numerous therapeutic targets and opportunities.
Many current avenues of research suggest that a concerted research effort
on spinal cord injuries could result in important gains in restoring function
and improving quality of life.

Recognizing this wealth of new opportunity, the New York State Spi-
nal Cord Injury Research Board asked the Institute of Medicine (IOM) to
examine future research directions in spinal cord injury. The IOM was
asked not just to advise New York State on its research program, but to
look more broadly at research priorities for funders of spinal cord re-
search—federal and state agencies, academic organizations, pharmaceutical
and device companies, and nonprofit organizations. To accomplish this
task the IOM appointed a 13-member committee with expertise in basic

Copyright © National Academy of Sciences. All rights reserved.
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and clinical neuroscience research, trauma surgery, health care, biomedical
engineering, clinical research methods, and research management.

This report by the IOM Committee on Spinal Cord Injury provides a
broad overview of the current status of spinal cord injury research, exam-
ines the research and infrastructure needs, and provides recommendations
for advancing and accelerating progress in the treatment of spinal cord
injuries with particular attention to issues regarding translational research.
The committee also addresses the contributions that the New York State
program can make to complement the scientific efforts of other state, fed-
eral, and private supporters of research in this area.

DEFINING A CURE

Defining what constitutes a “cure” is an integral part of discussions on
future directions for spinal cord injury research. In large part, the general
public’s perception of a cure for spinal cord injury has been the restoration
of motor function, that is, restoration of the ability to walk. However, a
spinal cord injury affects many systems and functions of the body that are
vital to the health and well-being of the injured person. Neural control of
motor, sensory, autonomic, bowel, and bladder functions is compromised,
often leading to pain, pressure sores, infection, and diminished physiologi-
cal well-being.

After carefully considering input from the community of individuals
with spinal cord injuries, researchers, and clinicians, the committee decided
to take a broad approach to “defining a cure” and to frame its definition
around alleviating the multiple disabilities that result from spinal cord
injury.

Spinal cord injury research should focus on preventing the loss of func-
tion and on restoring lost functions—including sensory, motor, bowel, blad-
der, autonomic, and sexual functions—with the elimination of complica-
tions, particularly pain, spasticity, pressure sores (decubitus ulcers), and
depression, with the ultimate goal of fully restoring to the individual the
levels of activity and function that he or she had before injury.

By setting forth a set of goals for spinal cord injury research, the com-
mittee wishes to emphasize the different stages of the injury during which
interventions are needed and the multiple health impairments that affect an
individual’s daily quality of life and that require the development of effec-
tive therapeutic interventions.

IDENTIFYING RESEARCH DIRECTIONS

Spinal cord injury results in a cascading biological response ranging
from the changes in blood pressure and blood volume and hypoxia (reduc-

Copyright © National Academy of Sciences. All rights reserved.
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tion of oxygen supply) immediately after the injury is sustained to the
subsequent edema, inflammation, and necrotic and apoptotic cell death
and, later, to the formation of a glial scar, which can be a barrier to axon
regeneration. To regain sensory and motor function, to prevent and elimi-
nate pain, and to retrain and relearn motor tasks will almost certainly
demand different treatment strategies and a combination of therapies.

A number of therapeutic interventions for spinal cord injuries have
been explored over the past several decades. Advances have been made in
emergency medical treatment and in rehabilitation efforts, and there is an
increased understanding of the specific mechanisms and pathways that are
targets for therapeutic interventions. Additionally, recent advances in neu-
roscience research are opening up new opportunities for the development of
therapeutic approaches. Research toward addressing the consequences of
spinal cord injuries focuses on a natural progression of strategies: prevent-
ing further tissue loss, maintaining the health of living cells, replacing cells
that have died through apoptosis or necrosis, growing axons and ensuring
functional connections, and strengthening and reestablishing synapses that
restore the neural circuits required for functional recovery. These strategies
lead to a range of therapeutic targets and priorities for spinal cord injury
research (Table ES-1), each of which could theoretically be pursued to-
gether with others. For example, cell therapies that replace myelin could be
combined with agents such as neurotrophic factors that promote axon
regrowth.

One of the major challenges in developing combination therapies is
determining those specific therapies that are safe for use in combination
and that, in concert, will provide the greatest efficacy for the treatment of
spinal cord injuries. Although it is possible for different combinations of
drugs to be combined by trial and error, greater progress can be made if
specific research efforts are devoted to developing and implementing a
mechanism to select the most likely components that will be required for
combination therapies. This requires a strategic approach to screening and
assessing the potentials of the compounds and therapies to be used as
components of combination therapies.

Much remains to be learned about the basic biology of spinal cord
injuries and the numerous potential therapeutic targets involved in the
complex processes of maintaining cell and tissue viability and promoting
axonal growth and synaptic integrity that will result in improved and ap-
propriate function in individuals with spinal cord injuries. Adding to the
body of knowledge on neurological circuitry and mechanisms will be of
benefit not only to improving function after a spinal cord injury but also to
developing therapies for other neurological diseases and conditions.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE ES-1 Priorities for Spinal Cord Injury Research

Develop neuroprotection therapies: identify interventions that promote neuroprotective
mechanisms that preserve the spinal cord.

Promote axonal sprouting and growth: enhance understanding of the molecular
mechanisms that promote and inhibit axonal regeneration—including the roles of glia
(astrocytes and oligodendrocytes), scar formation, and inflammation and inhibitory
molecules—and develop therapeutic approaches to promote growth.

Steer axonal growth: determine the molecular mechanisms that direct axons to their
appropriate targets and regulate the formation and maintenance of appropriate
synaptic connections.

Reestablish essential neuronal and glial circuitry: advance the understanding of the
molecular mechanisms that regulate the formation and maintenance of the intricate
neuronal and glial circuitry, which controls the complex multimodal function of the
spinal cord, including autonomic, sensory, and motor functions. Increase knowledge of
the mechanisms that control locomotion, including the differences in the central
pattern generator between bipeds and quadrupeds.

Prevent acute and chronic complications: develop interventions that prevent and
reverse the evolution of events that lead to the wide range of outcomes that result
from chronic injury and disability after a spinal cord injury.

Maintain maximal potential for recovery: expand the understanding of the requirements for
proper postinjury care and rehabilitation that are needed to maintain the maximal potential
for full recovery.

Recommendation 5.1:! Increase Efforts to Develop Therapeutic
Interventions

The National Institutes of Health, other federal and state agencies,
nonprofit organizations, and the pharmaceutical and medical device
industries should increase research funding and efforts to develop thera-
peutic interventions that will prevent or reverse the physiological events
that lead to chronic disability and interventions that are applicable to
chronic spinal cord injuries. Specifically, research is needed to

¢ improve understanding of the basic mechanisms and identify suit-
able targets to promote neuroprotection, foster axonal growth, en-
hance axonal guidance, regulate the maintenance of appropriate synap-
tic connections, and reestablish functional neuronal and glial circuitry;
and

IFor ease of reference, the committee’s recommendations are numbered according to the
chapter of the main text in which they appear followed by the order in which they appear in
the chapter.
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¢ enhance understanding of proper postinjury care and rehabilita-
tion, such as retraining, relearning, and the use of neuroprostheses, to
create the groundwork required to maintain and enhance the maximal
potential for full recovery.

Recommendation 5.2: Develop a Strategic Plan for Combination
Therapeutic Approaches

The National Institute of Neurological Disorders and Stroke should
develop a strategic plan to screen and assess the potential for com-
pounds and therapies to be used in combination to treat acute and
chronic spinal cord injuries.

BOLSTERING THE RESEARCH INFRASTRUCTURE

Progress in spinal cord injury research depends on adequate research
funding and an adequate physical infrastructure for research; well-trained
and innovative investigators with career development opportunities; trans-
lational efforts that move the findings of preclinical studies to clinical trials
with humans, as safe and appropriate; and an environment that promotes
and encourages interdisciplinary collaboration. Foundations and other non-
profit organizations, state and federal governments, academic institutions,
and others are attempting to fund and conduct research on spinal cord
injuries. The National Institute of Neurological Disorders and Stroke sup-
ports an extensive extramural research program in spinal cord injuries and
should continue to devote resources to both extramural and intramural
research programs to build on these efforts. The pressing issue is how best
to improve the current organization of basic and clinical research—the
research infrastructure—to nurture and accelerate progress.

Key to accelerating progress in the treatment of spinal cord injuries is
the development of a coordinated, focused, and centralized network that
connects individual investigators, research programs, and research centers;
facilitates collaborative and replicative research projects; incorporates rel-
evant research from diverse fields; and builds on the unique strengths of
each research effort to move toward effective therapies. A research network
is of particular importance in spinal cord injury research because of the
emphasis on interdisciplinary research and the need for an organized and
systematic approach to examining potential combination therapies. This
dedicated focus on translational research would be spearheaded by the
Spinal Cord Injury Research Centers of Excellence (discussed below) and
would involve collaborations with all sites performing research relevant to
spinal cord injuries. Although online technologies greatly enhance the nearly
instantaneous sharing of ideas across the nation and globally, the research
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network envisioned by the committee would involve not only a strong
virtual component but also a structured plan for periodic and regular meet-
ings and workshops to set priorities and strengthen interactions.

As a basis for this network, the committee urges a strong commitment
by the federal government to designate and support Spinal Cord Injury
Research Centers of Excellence. This would involve the establishment of
new centers of excellence and the designation of several current spinal cord
injury research programs as Centers of Excellence. Several multidisciplinary
spinal cord injury research centers already exist, including the Miami Project
to Cure Paralysis, the Kentucky Spinal Cord Injury Research Center, the
Reeve-Irvine Research Center, and research centers funded by the National
Institutes of Health. The translational capacities of existing research centers
should be strengthened, and two to three additional research centers of
excellence should be established and sustained. Centers should be devel-
oped regionally to facilitate clinical trial networks. It is important that the
centers interface not only with state research programs and nonprofit orga-
nizations but also with U.S. Department of Veterans Affairs spinal cord
injury research centers as well as the Model Spinal Cord Injury Care System
clinics and patient care centers to broaden the potential research base for
clinical trials. A national effort to prioritize translational research on spinal
cord injuries would expand the capacity to explore and develop therapeutic
approaches.

Spinal cord injury is a multidisciplinary problem, and thus, spinal cord
injury research requires collaborations among scientists and clinicians with
diverse backgrounds. Therefore, a key component of the proposed Spinal
Cord Injury Research Centers of Excellence should be the capacity to pro-
vide an environment that encourages comprehensive interdisciplinary re-
search. The centers should bring together and support investigators from
multiple fields, including, but not limited to, neuroscience, cellular and
molecular biology, systems biology, immunology, engineering, bioengineer-
ing, biostatistics, epidemiology, and clinical medicine.

Recommendation 7.2: Establish Spinal Cord Injury Research Centers
of Excellence

The National Institutes of Health should designate and support five to
seven Spinal Cord Injury Research Centers of Excellence with adequate
resources to sustain multidisciplinary basic, translational, and clinical
research on spinal cord injuries. This would involve establishing two to
three new Centers of Excellence and designating three to four current
spinal cord injury research programs as Centers of Excellence.
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Recommendation 7.3: Establish a National Spinal Cord Injury
Research Network

The National Institutes of Health should be appropriately funded to
establish a National Spinal Cord Injury Research Network that would
coordinate and support the work of an expanded cadre of researchers.

STRENGTHENING NEW YORK STATE’S RESEARCH PROGRAM

Currently, 14 states have enacted legislation to fund spinal cord injury
research at an annual total level of funding of about $27 million. Many of
the states that fund spinal cord injury research do so through surcharges on
fines for traffic violations. Some state programs provide funding to specific
academic institutions to conduct research, and other states have developed
or have contributed to funding extensive spinal cord research centers in
their states. There is much that the states can learn from one another in
developing and strengthening their spinal cord injury research programs.

In 1998, New York State passed legislation to establish a new program
whose ambitious mission is to support research “towards a cure for [spinal
cord] injuries and their effects.” Funding for the program comes from a
surcharge on traffic violations, which is directed to the newly created Spinal
Cord Injury Research Trust Fund. The estimated annual funding of $8.5
million is the largest amount of state-designated funding for spinal cord
injury research. Its size and scope place the program in the position to
become a leader in spinal cord injury research. Furthermore, New York has
a strong biomedical and neuroscience research infrastructure that could be
drawn upon to build a strong research program in spinal cord injuries.

The program possesses several features that bode well for future
progress, including a sophisticated grant review structure (two tiered) and
scientific board, a strong translational component, multiple types of grants,
and an expansion capacity that could be realized by drawing on the unique
strengths of New York State’s biomedical research and clinical research
programs.

Opportunities to strengthen New York State’s program, to reduce the
administrative bureaucracy, and to bolster its impact also exist. The
committee’s recommendations focus on the following four areas:

¢ building and strengthening New York State’s research infra-
structure,

e developing a regional clinical trials center,

e restructuring the research funding and oversight processes, and

e ensuring independent evaluation of the progress that has been made
toward the stated mission of the New York State Spinal Cord Injury Re-
search Board.
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ACCELERATING PROGRESS

Progress in spinal cord injury research offers the potential to make
significant improvements in the lives of individuals with spinal cord inju-
ries. The challenges are to move research efforts forward in such a way as to
accelerate the translation of the findings from research in the laboratory to
clinical trials and then into clinical practice while ensuring patient safety
and effectiveness. Although few therapeutic interventions are ready for
clinical trials, the body of knowledge on the mechanisms underlying neu-
ronal injury and repair is increasing rapidly, and many potential therapies
show promise in in vitro studies and in studies with animals.

The committee believes that accelerating progress in spinal cord injury
research involves the following three key efforts that, in addition to the
recommendations for the New York State program, are the focus of the
committee’s recommendations (Box ES-1) and highlight the need for a
concerted national priority effort to find the best treatments for spinal cord
injuries.

Focus on increasing knowledge of basic neurobiology and therapeutic
approaches. Many research avenues remain to be examined in understand-
ing the biochemical mechanisms responsible for spinal cord injuries and
thus the targets of therapeutic interventions. Research is needed on the
processes involved in maintaining cellular viability and the therapeutic
targets for those processes, the mechanisms that promote and inhibit axon
regeneration, and the processes by which axons are directed to their ap-
propriate targets and that regulate the formation and maintenance of
appropriate and functional synaptic connections and circuitry. As no one
solution for spinal cord injuries likely exists, strategies need to be devel-
oped to provide an organized approach to testing and evaluating therapies
in combination.

To conduct this research, new and refined technologies are needed. In
addition, assessment measures need to be standardized to provide insights
into potential therapeutic interventions. Efforts are needed to improve ani-
mal models and assessment techniques, increase training efforts on the use
of standardized research tools and techniques, identify biomarkers that can
be used to monitor the progression of injury and recovery, improve imaging
technologies to provide a real-time means to assess spinal cord injuries, and
standardize outcome measures for preclinical studies.

Emphasize and coordinate translational multidisciplinary research and
clinical trials. Research on spinal cord injuries is now at the point at which
the biological targets and pathways that can be the focus of interventions
can be identified. The development of regional clinical trial networks, the
bolstering of collaborative efforts between basic and clinical researchers
through the development of research centers, as well as the development of

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11253.html

EXECUTIVE SUMMARY 9

a structured and focused research network will provide the opportunities to
develop safe and effective therapeutic interventions. It is important for the
pharmaceutical industry to be involved in these efforts and for collabora-
tive approaches to be developed among industry, academic, nonprofit, state,
and federal resources. Furthermore, it is critically important that ongoing
efforts in patient care and rehabilitation be coordinated with efforts di-
rected toward the development of therapeutic interventions for spinal cord
injuries.

Strengthen the research infrastructure and enhance training. High-qual-
ity neuroscience research has resulted in significant advances in understand-
ing neuronal injury and repair. By improving and bolstering the research
infrastructure through the development of research centers of excellence
and enhanced training efforts, scientists will be encouraged to collaborate
in efforts to accelerate research progress. It also offers the opportunity to
draw a large cadre of young basic neuroscientists into the field of spinal
cord injury research. Furthermore, it is important to establish a research
network that can provide the structure for collaborative initiatives and
multicenter clinical trials. Strengthening the research infrastructure will
attract additional top-notch researchers and their students to contribute to
research on these complex issues.

In acknowledging the opportunities ahead for spinal cord injury re-
search, care must also be taken not to minimize the challenges. Treating
spinal cord injury, particularly in the near term, will involve improving
functional deficits and quality of life. The complexity of the nervous sys-
tem, the varied nature of spinal cord injuries, and the severity of the loss of
function present real and significant hurdles to be overcome to reach the
ultimate goals of restoring total function. The urgent need to cure this
devastating condition should not tempt overly optimistic predictions of
recovery or time frames that cannot be met.

Neither the scientific community nor the community of individuals
with spinal cord injuries is content with the limited therapeutic options
currently available for the treatment of spinal cord injuries. There is an
obvious and urgent need to identify and test new interventions and to
accelerate the pace of research, particularly in moving laboratory findings
to clinical practice. Spinal cord injury involves serious and traumatic ad-
verse changes to the human body, and an extensive research effort is needed
to develop treatment approaches for the range of health outcomes faced by
individuals with spinal cord injuries.
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BOX ES-1
Summary of the Committee’s Recommendations

The following is a summary of the committee’s recommendations. Complete
text of each recommendation can be found in the corresponding chapters.

Focus on Increasing Knowledge of Basic Biology and
Therapeutic Approaches

Increase Efforts to Develop Therapeutic Interventions (Recommendation 5.1)
Specifically, research is needed to:

* improve understanding of the basic mechanisms and identify suitable tar-
gets to promote neuroprotection, foster axonal growth, enhance axonal guid-
ance, regulate the maintenance of appropriate synaptic connections, and rees-
tablish functional neuronal and glial circuitry; and

* enhance understanding of proper postinjury care and rehabilitation, such
as retraining, relearning, and the use of neuroprostheses, to create the ground-
work required to maintain and enhance the maximal potential for full recovery.

Develop a Strategic Plan for Combination Therapeutic Approaches
(Recommendation 5.2)
The National Institute of Neurological Disorders and Stroke should develop a
strategic plan to screen and assess the potential for compounds and therapies
to be used in combination to treat acute and chronic spinal cord injuries.

Bolster and Coordinate Research on Neuronal Injury and Repair
(Recommendation 7.1)
The National Institutes of Health should increase the funding for mechanisms
that encourage research coordination in neuronal injury and repair and
should actively develop and support cross-institute and cross-disciplinary work-
ing groups, as outlined in the NIH Blueprint for Neuroscience Research.

Improve and Standardize Research Tools and Assessment Techniques
(Recommendation 3.2)
Preclinical research tools and animal models should be developed and refined
to examine spinal cord injury progression and repair and assess the effective-
ness of therapeutic interventions. These preclinical tools and assessment pro-
tocols should be standardized for each type and each stage of spinal cord
injury.

Increase Training Efforts on Standardized Research Tools and Techniques
(Recommendation 3.1)
Spinal cord injury researchers should receive training in the use of standard-
ized animal models and evaluation techniques.
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Emphasize and Coordinate Translational Multidisciplinary
Research and Clinical Trials

Facilitate Clinical Trials (Recommendation 6.1)
Mechanisms should be implemented that will facilitate the implementation of
clinical trials while observing the established standards for the protection of
human subjects in clinical research, including:

* coordinating existing facilities and resources in acute care, chronic care,
and rehabilitation to support multicenter clinical trials,

* utilizing central institutional review board mechanisms,

» coordinating and expanding patient registries and databases to improve
mechanisms to conduct clinical trials and facilitate patient recruitment,

* developing a set of standardized clinical outcome measures, and

» designing clinical trials that are a multidisciplinary effort and should incor-
porate, as appropriate, small “n” methodologies for early-phase clinical trials.

Increase Industry Involvement (Recommendation 6.2)
Mechanisms should be explored that can be used to link federal, state, aca-
demic, and nonprofit efforts with those of industry with the goal of increasing
the investment and involvement of the private sector in the development of
therapeutic interventions for spinal cord injuries.

Strengthen the Research Infrastructure and Enhance
Training

Establish Spinal Cord Injury Research Centers of Excellence
(Recommendation 7.2)
The National Institutes of Health should designate and support five to seven
Spinal Cord Injury Research Centers of Excellence with adequate resources to
sustain multidisciplinary basic, translational, and clinical research on spinal cord
injuries.

Establish a National Spinal Cord Injury Research Network
(Recommendation 7.3)
The National Institutes of Health should be appropriately funded to establish a
National Spinal Cord Injury Research Network that would coordinate and sup-
port the work of an expanded cadre of researchers.

Increase Training and Career Development Opportunities
(Recommendation 7.4)
Resources should be designated to strengthen education programs for pre-
and postdoctoral training in spinal cord injury research.

* The National Institutes of Health Office of Science Education and the Na-
tional Institute of Neurological Disorders and Stroke should enhance training

and develop a training module on the functional complexity of the spinal cord
for neuroscience Ph.D. and medical students.

Continued

Copyright © National Academy of Sciences. All rights reserved.



http://www.nap.edu/catalog/11253.html

12 SPINAL CORD INJURY: PROGRESS, PROMISE, AND PRIORITIES

BOX ES-1 Continued

* The National Institutes of Health, state programs, and other research or-
ganizations should increase funding for training and career development op-
portunities for graduate and postdoctoral researchers interested in spinal cord
injury research.

Strengthen New York State’s Spinal Cord Injury Research
Program

Build and Strengthen New York State’s Research Infrastructure
(Recommendation 8.1)
The New York State Spinal Cord Injury Research Board should increase its
research infrastructure to meet the program’s mission. The Board should:

* develop and sustain a vigorous recruitment and training effort for funda-
mental and translational research;

* establish a coordinated statewide research network;

» cultivate formal linkages with researchers, programs, and biopharmaceu-
tical companies in the region to forge partnerships for basic, translational, and
clinical research; and

» establish regional core laboratory facilities.

Develop a Regional Clinical Trials Center (Recommendation 8.2)
The state of New York should use its unique strengths to establish a regional
clinical trials center. This center should:

* develop and coordinate multicenter clinical trials to examine therapies for
the treatment of spinal cord injuries;

* sponsor a clinical trial of decompression as an early intervention and clin-
ical trials of other therapies to be used during the acute phase of a spinal cord
injury by using the special opportunities offered by New York City’s geographic
location and the unique resources of its trauma centers; and

* manage a clinical trials clearinghouse.

Restructure Research Funding and Oversight Processes
(Recommendation 8.3)
The New York State Spinal Cord Injury Research Board should work with the
state of New York to reduce administrative burdens, improve the approval and
grant distribution processes, and establish a rapid-response funding mecha-
nism to capitalize on new research ideas.

Ensure Independent Evaluation (Recommendation 8.4)
The New York State Spinal Cord Injury Research Board should establish an
independent external review panel that meets periodically to rigorously assess
the program’s efforts toward its stated mission to cure spinal cord injuries.
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teenager diving into a shallow lake, a young mother in a car

accident on her way to work, a collapse of a workman’s scaffold-

ing, an elderly woman falling down a flight of stairs—spinal cord
injuries can happen to anyone at any time. Going from daily routine to a
life-changing spinal cord injury can put independent living in jeopardy and
totally reconfigure the realities of daily life. The events that cause spinal
cord injuries are sudden and unexpected; however, the resulting physical
and lifestyle constraints and limitations remain lifelong challenges.

Although advances in medicine and neuroscience have resulted in lim-
ited progress in developing therapeutic interventions for spinal cord inju-
ries, many current avenues of research suggest that a concerted research
effort on spinal cord injuries could result in important gains in restoring
function and improving quality of life. This report highlights the current
status of spinal cord injury research, examines the research and infrastruc-
ture needs, and provides recommendations for advancing and accelerating
progress in the treatment of spinal cord injuries.

The ancient Egyptians declared spinal cord injury as a condition “not
to be treated.” Early efforts to treat spinal cord injuries began to be devel-
oped by the Greek physician Hippocrates, who constructed several rudi-
mentary forms of traction using a board or ladder to immobilize the
patient’s back (Eltorai, 2002). Development of antiseptics and sterilization
techniques in the 1800s improved the rates of survival from surgery. How-
ever, it has been estimated that during World War I 90 percent of the
individuals who sustained a spinal cord injury died within 1 year of the
injury and only approximately 1 percent survived more than 20 years (Swain

13
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and Grundy, 2002). “Up until the 1940s, spinal cord injury was essentially
a death sentence. If the injury itself didn’t prove fatal, then the complica-
tions . . . became fatal” (Kreutz, 2004). Since then, the development of
antibiotics, improvements in general medical care, and advances in rehabili-
tation medicine and in technologies such as respirators have resulted in
gains in patient survival, care, and life expectancy. Although the life expect-
ancy for an individual with a spinal cord injury has improved dramatically,
it remains lower than that for the general population (Charlifue and
Lammertse, 2002).

EXTENT AND COSTS

It is estimated that 11,000 spinal cord injuries occur each year in the
United States and that 247,000 Americans are living with a spinal cord
injury (NSCISC, 2004). Most individuals with spinal cord injuries are young
adults, primarily males (78.2 percent of cases since 2000) (NSCISC, 2004).
The average age at the time of injury has increased in recent years, from an
average of 28.6 years in 1979 to the current average of 38 years. Explana-
tions for this trend include greater numbers of injuries in the population
over 60 years of age (the percentage of individuals older than 60 years of
age at the time of injury increased from 4.7 percent before 1980 to 10.9
percent since 2000) and the general aging of the U.S. population (NSCISC,
2004). Only about 5 percent of spinal cord injuries occur in children,
usually as a result of traffic accidents or falls (Swain and Grundy, 2002).

Historical trends in spinal cord injury incidence in the United States
showed an increase from 22 per million population in the period from 1935
to 1944 to 71 per million population from 1975 to 1981. That rate has
fallen, however, to the current rate of approximately 40 incidents of spinal
cord injuries per million population each year, a rate that has remained
stable for the past 20 years (Sekhon and Fehlings, 2001; DeVivo, 2002).
These statistics indicate that unless new treatments or preventive measures
are developed, spinal cord injuries will likely continue to be the source of
severe disability and loss of function for thousands of Americans each year.

On the basis of reports to the National Spinal Cord Injury Statistical
Center (NSCISC), the major causes of spinal cord injuries in the United
States are motor vehicle crashes and traffic accidents (50.4 percent); fol-
lowed by falls (23.8 percent); violent acts (11.2 percent), primarily gunshot
wounds; and recreational sports activities (9.0 percent) (NSCISC, 2004).
Recent trends, however, show a decrease in work-related causes of injuries
and an increase in sports and recreational causes (Sekhon and Fehlings,
2001). Causes of injuries also vary between regions of the country and
between urban and rural locations. Table 1-1 provides NSCISC demo-
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TABLE 1-1 Demographics of Persons in the NSCISC Database by Year
of Injury

1973-1977 1995-1999
Gender (percent)
Male 82.7 79.5
Female 17.3 20.5
Age at Injury (percent)
1-15 7.7 3.0
16-30 61.6 42.1
31-45 17.7 28.1
46-60 8.8 15.1
61-75 3.6 8.5
76+ 0.7 3.2
Mean Age (yr) at Injury 28.2 36.5
Race or Ethnicity (percent)
Caucasian 76.8 62.2
African American 14.9 23.7
Hispanic 6.2 10.9
Asian American 0.8 2.2
Native American 1.3 0.3
Other Race 0.0 0.7

NOTE: The NSCISC database includes data from an estimated 13 percent of new spinal cord
injury cases in the United States. As of July 2004, the database contained information on
22,992 individuals who had sustained traumatic spinal cord injuries. Since 1973, 25 federally
funded Model Spinal Cord Injury Care Systems have contributed data to the NSCISC data-
base. Although the database has a large sample size and geographic diversity, it is not popula-
tion based.

SOURCE: Reprinted with permission, from DeVivo et al., 2002. Copyright 2002 by
Demos Medical Publishing.

graphic data for individuals with spinal cord injuries occurring in the peri-
ods from 1973 to 1977 and 1995 to 1999.

The nature and extent of spinal cord injuries vary widely, depending
on the site of the injury and its severity. Table 1-2 highlights the heteroge-
neous nature of the functional outcomes resulting from spinal cord inju-
ries. Each individual’s experience is unique in terms of the degree of
paralysis and pain, the extent of spasticity, and the therapies involved in
stabilizing autonomic system dysfunction. Therefore, how a spinal cord
injury impacts a person’s life is highly individualized. Injuries to the upper
sections of the spine nearest the head can result in quadriplegia (also
termed tetraplegia), with the individual losing motor and sensory func-
tions in the arms and legs, as well as bowel, bladder, chest, abdominal, and
diaphragm function. Injuries occurring in the lower areas of the spine may
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result in paraplegia (loss of movement and sensation in the lower body) or
the loss of specific functions.

An injury is categorized as complete if the patient has no sensory or
motor function below the level of injury and as incomplete if the patient has
such function (see Chapter 2). Data from the Model Spinal Cord Injury
System since 2000 show that the most frequent neurological category at
discharge is incomplete quadriplegia (34.3 percent), followed by complete
paraplegia (25.1 percent), complete quadriplegia (22.1 percent), and in-
complete paraplegia (17.5 percent) (NSCISC, 2004). Depending on the
extent of the injury, the individual can recover some function and sensation
(Levi, 2004). Many patients with complete paraplegia at 72 hours postinjury
do not regain any function (Maynard et al., 1979). Individuals with incom-
plete paraplegia or tetraplegia have higher rates of improvements in motor
function (Ditunno et al., 2000). An important prognostic factor is the
preservation of sensation, particularly in the anal area. In one study, 47
percent of patients with incomplete sensory function at 72 hours postinjury
and 87 percent of patients with incomplete motor function at 72 hours
postinjury recovered the ability to walk within a year (Maynard et al.,
1979).

The economic costs of spinal cord injuries largely depend on the sever-
ity of the injury and the nature of the resulting disability. The costs are
highest in the first year after injury, primarily because of emergency, hospi-
tal, and rehabilitation care costs. Data on hospital admissions show that the
average length of hospital stay in the acute care unit for patients with spinal
cord injuries declined from 25 days in 1974 to 15 days in 2002; over that
same period similar decreases were seen for stays in rehabilitation facilities
(a decrease from 115 days to 40 days) (NSCISC, 2004). An analysis of the
potential impacts of these reductions was not provided.

In 1996, the total annual cost of spinal cord injuries in the United States
was estimated to be $9.73 billion, including an estimated $2.6 billion in lost
productivity (Table 1-3) (Berkowitz et al., 1998). Of the total cost, first
year costs were estimated to be $2.58 billion. Individuals with spinal cord
injuries also incur significant costs for home and vehicle modifications,
equipment purchase, medications, and personal assistance services (Table
1-4), with an estimate of $244,000 for each individual’s first-year medical
and home modification costs (Berkowitz et al., 1998). Costs are higher for
those with more disabling injuries (Table 1-4).

In discussing the health outcomes from spinal cord injuries and their
associated costs, it is helpful to put these types of injuries into perspective
with other diseases and health conditions (Table 1-5). Spinal cord injuries,
although relatively infrequent health outcomes, impose heavy economic
costs on society, particularly as they often affect young people and severely
limit their productivity and quality of life. The economic costs to an indi-
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TABLE 1-3 Costs of Spinal Cord Injuries to Society (1996)

Service Costs ($ millions)

First-Year Costs

First-year medical and related costs 2,366.57
Initial home modifications 221.58
Total first-year costs 2,588.15
Annual Costs
Medical care (recurring) 1,624.86
Medications and supplies 449.02
Vehicle modifications 103.01
Home modifications (recurring) 67.83
Wheelchairs 235.60
Personal assistance 2,068.10
Total annual costs 4,548.42
Indirect Costs 2,591.11
Total Costs 9,727.68

SOURCE: Reprinted with permission, from Berkowitz et al., 1998. Copyright 1998 by Demos
Medical Publishing.

TABLE 1-4 Average Yearly Individual Expenses (2004 dollars)

First-Year Expenses for Each
Severity of Injury Expenses Subsequent Year
High tetraplegia (C1 to C4) $682,957 $122,334
Low tetraplegia (CS5 to C8) $441,025 $50,110
Paraplegia $249,549 $25,394
Incomplete motor function $201,273 $14,106

NOTE: C1 to C8 refer to the site of the injury on the cervical section of the spinal column (see
Chapter 2).
SOURCE: Reprinted with permission, from NSCISC, 2004. Copyright 2004 by NSCISC.

vidual over his or her lifetime can be as high as $2.7 million for someone
with high tetraplegia who is injured at 25 years of age (NSCISC, 2004). On
the other hand, the average age at diagnosis of many of the diseases that
affect the nervous system is older, resulting in lower lifetime costs. For
example, only 15 percent of those diagnosed with Parkinson’s disease are
younger than age 50. Of the individuals with Alzheimer’s disease, 3 percent
are between the ages of 65 to 74 at the time of diagnosis, whereas nearly
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TABLE 1-5 Comparison of the Extent and Costs of Selected
Neurological Conditions

Estimated Current  Estimated Annual Estimated Annual
Prevalence in Incidence in Cost to Society,
Injury or the U.S. the U.S. (number $ billions (year used
Disease (number of cases) of new cases per year) as base estimate)?
Spinal cord
injury 247,000 11,000 9.7 (1996)
Multiple
sclerosis 400,000 10,400b 20.0
Epilepsy 2,300,000 181,000 12.5 (1995)
Parkinson’s
disease 500,000 50,000 5.6
Alzheimer’s
disease 4,500,000 377,000 100.0 (1991)
Stroke 5,400,000 700,000¢ 56.8

aThe cost estimates were calculated by a variety of methods and with various years as their
basis. Most of the estimates include direct and indirect costs. Where available the year used as
the basis for the estimate is included in parentheses.

bThis number is based on the National Multiple Sclerosis Society estimate that 200 indi-
viduals are diagnosed each week with multiple sclerosis.

cIn any given year, 500,000 are first attacks and 200,000 are recurrent attacks.
SOURCES: Ernst and Hay, 1994; Berkowitz et al., 1998; Begley et al., 2000; Hebert et al.,
2001, 2003; National Multiple Sclerosis Society, 2004; NINDS, 2004; NSCISC, 2004; Ameri-
can Heart Association, 2005.

half of those age 85 and older may have the disease (Alzheimer’s Disease
Education & Referral Center, 2004). The average age for those who suffer
spinal cord injuries (28.6 years) is similar to that of individuals who are
diagnosed with multiple sclerosis or who suffer a brain trauma.

These economic costs are only a hint of the enormously devastating
physical, social, and emotional burdens that individuals and their families
face after a spinal cord injury. To have limited or no ability to walk, pick up
a coffee cup, or write with a pencil or pen and to face daily routines that
take many times longer than before the injury are a fraction of the hard-
ships and challenges that individuals living with spinal cord injuries con-
tinually encounter. With tenacity, creativity, and compassion, these
challenges have been and continue to be overcome by individuals living
with spinal cord injuries and their families. Furthermore, a number of
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nonprofit organizations work tirelessly to support individuals with spinal
cord injuries and their families and caregivers.

SPECTRUM OF PREVENTION TO TREATMENT

In delineating the scope of this report, it is useful to consider the frame-
work that has been developed in the field of injury prevention and control
to represent the injury process. Injury events are attributable to the uncon-
trolled release of physical energy (kinetic, chemical, thermal, electrical, or
radiation energy) (Haddon, 1968). In considering the events that result in
an injury, there are three temporal phases of injury causation: pre-event,
event, and postevent (Haddon, 1980). Each phase requires different types
of interventions to prevent or treat the resulting injury. In the pre-event
phase, efforts are focused on how to prevent the injury from occurring.
Examples of pre-event interventions include highway design improvements
and the construction of pedestrian crosswalks and overpasses. Research on
interventions in the second phase, when the injury is occurring, is focused
on the transfer of energy to the individual and the negation or minimization
of the injury. Second-phase interventions include the installation of airbags
in vehicles, the use of bicycle and motorcycle helmets, appropriate emer-
gency medical services at the time of injury, and rapid transfer and evacua-
tion to definitive care. These are active areas of research that have resulted
in innovations that have saved lives and reduced the severities of injuries,
including spinal cord injuries.

The third phase—the postevent phase of the injury—is the focus of this
report. After the injury has occurred, the goal is to minimize the damage
and restore the lost function and former quality of life. As described in
greater detail in Chapter 2, the acute-care phase of the injury—the short
period of time just after the injury has occurred—is a window of opportu-
nity to minimize the injury and prevent further damage or loss of function
from occurring. Once the patient is stabilized, there are opportunities for a
range of therapeutic interventions to improve or restore the lost function.
Developing acute and chronic care interventions is the challenge facing the
spinal cord injury research community.

DEFINING A CURE

Defining what constitutes a “cure” is an integral part of discussions on
future directions for spinal cord injury research. In large part, the general
public’s perception of a cure for spinal cord injury has been the restoration
of motor function—to walk. However, a spinal cord injury affects many
systems and functions of the body that are vital to the health and well-being
of the injured person. Neural control of motor, sensory, autonomic, bowel,
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and bladder functions are compromised, often leading to pain, pressure
sores, infection, and diminished physiological well-being.

After carefully considering input from individuals with spinal cord
injuries, researchers, and clinicians, the committee decided to take a broad
approach to “defining a cure” and to frame its definition around alleviating
the multiple disabilities that result from spinal cord injury.

Spinal cord injury research should focus on preventing the loss of
function and on restoring lost functions—including sensory, motor, bowel,
bladder, autonomic, and sexual functions—with the elimination of com-
plications, particularly pain, spasticity, pressure sores (decubitus ulcers),
and depression, with the ultimate goal of fully restoring the activity and
function of an individual to his or her preinjury levels.

By setting forth a set of goals for spinal cord injury research, the com-
mittee wishes to emphasize the different stages of the injury during which
interventions are needed and the multiple health impairments that affect an
individual’s daily quality of life and that require the development of effec-
tive therapeutic interventions (Figure 1-1).

Pain,
Spasticity

Bowel and
bladder
control

Motor
function

=/ Autonomic

function
(e.g., blood
pressure)

Sexual
function

Other

outcomes,
Sensory
pressure function
sores,

depression

FIGURE 1-1 Outcomes of spinal cord injuries.
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Walking again is not my “gold standard.” If I could take a pill and be
cured of paralysis and be able to walk, that is just fine. But I guarantee
you that in this chair I could keep up with any one of you going down the
street outside. My problem everyday is the little things. It is the pressure
sore. It is the dexterity. It is that kind of thing that I wish that we could
make progress as far as restoration of function is concerned.

— John Bollinger
Paralyzed Veterans of America

FROM CHALLENGES TO OPPORTUNITIES

Although breakthroughs in the biomedical sciences in the past 50 years
have resulted in medications and interventions for the treatment of many
health disorders and diseases, progress in treating spinal cord injuries has
been slow and uneven. However, a confluence of factors (described below)
now points to more rapid progress. Some of the hurdles that have stymied
progress in the past are now being overcome and other opportunities are
being realized. A few of these opportunities are highlighted below, and
these and others are further discussed throughout the report.

e Understanding the biology of the nervous system. For years it was
thought that neurons in mammals do not regenerate and that it was not
possible to initiate axonal growth. However, beginning in the 1980s, the
discovery that neurons in rat spinal cords could regenerate and make func-
tional connections and that regeneration could be enhanced with changes in
the environment of the damaged nerve cells opened possibilities to an array
of research approaches to the treatment of spinal cord injuries. Other recent
advances—including the ongoing elucidation of the biological blockers and
promoters of nerve regeneration—have continued to accelerate research
progress and move research closer toward clinical therapies

*  Emergency medical treatment. Emergency care for individuals with
spinal cord injuries has only recently reached a point at which rapid re-
sponse, standardized protocols for the immobilization and treatment of
neck injuries, and the training of emergency medical technicians have led to
increased survival rates and decreases in the number of complete spinal
cord injuries. More patients thus present to the emergency department with
residual function. Furthermore, the challenges of conducting clinical trials
of emergency care interventions may be beginning to be overcome with the
development of networks of trauma centers and the development of proto-
cols and standards for addressing informed-consent issues in emergency
situations.

®  Research tools and imaging techniques. Improved laboratory tech-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11253.html

26 SPINAL CORD INJURY: PROGRESS, PROMISE, AND PRIORITIES

niques and refined statistical methodologies are opening up opportunities
for more closely monitoring the effects of potential therapeutic interven-
tions. Furthermore, significant advances have made it possible to more
closely visualize neuronal growth and alterations in vivo and to identify
regions of damage to the spinal cord.

*  Leveraging progress in treating other conditions. Progress in other
fields of research may well be critical in advancing therapies for spinal
cord injuries. Insights into neuronal injury and repair are being gained
through research on neurodegenerative disorders, and research in other
areas (such as understanding the role of stem cell biology in cancer) may
prove important.

In acknowledging the opportunities ahead for spinal cord injury re-
search, care must also be taken not to minimize the challenges. Treating
spinal cord injury, particularly in the near term, will involve improving
functional deficits and quality of life. The complexity of the nervous sys-
tem, the varied nature of spinal cord injuries, and the severity of the loss of
function present real and significant hurdles to be overcome to reach the
ultimate goals of restoring total function. The urgent need to cure this
devastating condition should not tempt overly optimistic predictions of
recovery or time frames that cannot be met.

SCOPE AND ORGANIZATION OF THIS REPORT

In 1998 the state of New York established the New York State Spinal
Cord Injury Research Trust to focus on funding and coordinating research
on therapeutic interventions for spinal cord injuries (see Chapter 8). Mon-
ies for this fund are obtained from surcharges on fines for certain traffic
violations, as well as from gifts and donations. In 2002, the New York State
Spinal Cord Injury Research Board requested that the Institute of Medicine
(IOM) examine the current state of research on spinal cord injuries and
make recommendations on priorities for research efforts, particularly with
a focus on translational research and strategies to accelerate progress in this
field (Box 1-1).

The IOM appointed a 13-member committee with expertise in neuro-
science, clinical research, trauma surgery, health care, physiology, and bio-
medical engineering. The committee met four times during the course of its
work and held three workshops (Appendix A) to receive input on future
directions for spinal cord injury research. Additionally, the committee re-
ceived input from individuals with spinal cord injuries and from relevant
nonprofit organizations.

This report provides the committee’s recommendations for furthering
spinal cord injury research. Written for a broad audience that includes
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BOX 1-1
Statement of Task

Spinal cord injuries are a leading cause of major disability, and there is current-
ly no cure for such injuries. However, over the last several decades there has been
a steady flow of new scientific findings suggesting that spinal connections dam-
aged by injury can be functionally restored.

An Institute of Medicine committee will identify approaches and strategies that
offer the promise of accelerating the development of cures for spinal cord injuries.
Particular attention will be paid to strategies for translating the advances in neuro-
science and cell biology to clinical research and treatment. In addition, the study
will provide recommendations to its sponsor, the Health Department of the State of
New York and its Spinal Cord Injury Research Board, about how to best utilize its
resources to facilitate progress in translational spinal cord injury research.

The committee will:

(1) Review the state of the science relevant to curing spinal cord injuries, in-
cluding what is known about the postinjury pathophysiology in humans, as well as
relevant basic science and clinical concepts. The focus of the study will be on
methods to reduce paralysis and restore lost function, as opposed to rehabilitative
methods limited to maintaining function remaining after injury.

(2) Identify the gaps in knowledge and technological barriers that exist, as well
as areas that have the greatest potential to accelerate the development of cures
for spinal cord injuries. Related fields that may provide insights or promote
progress in the search for cures for spinal cord injuries will also be explored.

(3) Provide recommendations for short- and long-term strategies to fill the gaps
that exist in research relevant to curing spinal cord injury. The portfolios of major
funders of spinal cord injury research will be examined. The committee will identify
those research directions that are likely to have near-term impact on the field,
those efforts that are more likely to come to fruition at later times, and those efforts
that are more speculative, but likely to pay off if they succeed. Mechanisms that
can be used to encourage research in these areas will be explored and barriers to
progress will be identified.

(4) Define the unique strengths of New York State’s institutions and research-
ers in neurological, basic, clinical, and translational research on spinal cord inju-
ries. The committee will provide recommendations that consider the distinctive
contribution that can be made by New York’s Spinal Cord Injury Research Board
and Trust Fund to complement the efforts of other state, federal, and private
supporters of research aimed at stimulating the search for cures for spinal cord
injuries.

Copyright © National Academy of Sciences. All rights reserved.

individuals with spinal cord injuries, advocates, policy makers, researchers,
and clinicians, the report provides both broad overviews of the issues as
well as specific details on the science of spinal cord injury. Chapter 2
introduces the biology of spinal cord injury and the state of the science.
Chapter 3 focuses on advances in research technologies and tools. Chapter
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4 describes the current status of therapeutic interventions for spinal cord
injuries, and Chapter 5§ provides an overview of the progress that is being
made in neural repair and regeneration. Chapter 6 discusses the issues
involved in moving research from the laboratory to the bedside and particu-
larly addresses the challenges and opportunities for clinical trials on thera-
peutic interventions for spinal cord injuries. In Chapter 7, the committee
examines the research infrastructure and proposes recommendations for
accelerating progress in spinal cord injury research. Chapter 8 highlights
the state programs in spinal cord injury research and provides recommen-
dations to the New York State Spinal Cord Injury Research Board, the
sponsor of this study.
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PROGRESSION OF SPINAL CORD INJURY

njury to the spinal cord triggers a cascade of biological events that

unfold within seconds and that proceed for months or even years. The

events affect three major bodily systems: the nervous system, the im-
mune system, and the vascular system. These systems interact dynamically
as they respond to injury. Although some injurious responses heal and
promote the recovery of function, others leave a wave of tissue damage that
expands well beyond the original site of injury.

The choreography of tightly interwoven responses that lead to dysfunc-
tion is known as injury pathophysiology. The final outcome of serious
spinal cord injury is shattering: loss of reflexes, loss of sensation, and
paralysis (i.e., the loss of control over muscles and movement of the body).
Although much has been learned about the progression of spinal cord
injuries and the biochemical reactions and pathways that are involved in
the process, much remains to be explored. With understanding of injury
pathophysiology comes the ability to interfere with its progression, to har-
ness the regenerative potential of the spinal cord, to improve therapies, and
to create new ones.

This chapter on the biology of spinal cord injuries provides a broad
overview of spinal cord anatomy, injury types, and injury classification.
The chapter discusses the cellular and molecular events underlying the
body’s response to injury—both pathological and protective—and covers
the biological basis of pain, as well as functional losses involving muscles,
sensory organs, the bladder, and the bowel. The basic information in this
chapter serves as a backdrop for later chapters on therapeutic approaches.

30
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FIGURE 2-1 Cross section of the spinal cord.
SOURCE: Reprinted with permission, from Taber and Thomas, 1997. Copyright
2003 by F. A. Davis Company.

SPINAL CORD, NERVES, MUSCLES, AND THE SENSORY SYSTEM

The spinal cord is the elongated portion of the central nervous system
(CNS) that connects the brain to all muscles of the body and most sensory
nerves to the brain.! It is surrounded and protected by vertebrae, or the
spinal column. The outer edge of the spinal cord is the white matter (Figure
2-1), which contains the branching portions of nerve cells known as axons.
Wrapping around the axons is a fatty whitish substance called myelin,
which speeds up the nerve impulses from the brain to the rest of the body.
In addition to an axon, each nerve cell (or neuron) has a cell body, which is
its control center housing the nerve cell genes and other parts needed to

TExcept for the cranial nerves to the head and neck.
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produce energy and to make proteins. The cell bodies of neurons cluster
together in the gray matter of the spinal cord and are not located in the
white matter. Two regions of the gray matter are of special interest: the
ventral horn and the dorsal horn. The ventral horn contains the cell bodies
of motor neurons, which induce muscles to contract. The dorsal horn con-
tains the primary sensory pathways that transmit information from the skin
and muscles into the spinal cord and up to the brain. The cell bodies of
sensory neurons lie outside the spinal cord in a discrete cluster known as the
dorsal root ganglion.

Spinal Cord Anatomy as the Basis for Injury Classification

The term “spinal column” refers to the vertebral bones and discs that
collectively encase and protect the soft tissue of the spinal cord. The spinal
cord is made up of nerve tracts carrying signals back and forth between the
brain and the rest of the body. The spinal cord is traditionally divided into
four levels, beginning with the highest (most rostral) portion and ending
with the lowest (most caudal) portion: cervical, thoracic, lumbar, and sac-
ral (Figure 2-2). Each of the four levels of the spinal cord controls the
functions of a particular region of the body through a defined set of spinal
nerves that enter and exit the spinal nerve roots (Figure 2-1) through par-
ticular openings in the vertebrae. Injury at one level can often lead to the
loss of sensory and motor functions below that level because the injury
disrupts nerve conduction to and from the brain (Table 2-1).

On the basis of pathology, there are at least three general types of
spinal cord injuries: contusion, laceration, and solid cord injuries (Table
2-2). Contusion injuries, often of the cervical spine, are the most frequent
and can be simulated in the most widely used animal models (see Chapter
3). The type of spinal cord injury, as well as its level and severity, dictates its
functional impact and prognosis.

In an effort to systematize the classification of spinal cord injuries, the
American Spinal Injury Association (ASIA) developed in 1992 a uniform
and comprehensive way of assessing the level and extent of injury severity.
The ASIA International Standards for Neurological Classification are based
on the systematic examination of neurological function to assess any dete-
rioration or improvement in neurological function throughout the course of
the injury. The classification, which has prognostic, therapeutic, and re-
search value, has four components: (1) sensory and motor levels, (2) the
completeness of the injury, (3) the ASIA Impairment Scale, and (4) the zone
of partial preservation for complete injuries (ASIA, 2000).

The sensory and motor levels refer to the spinal location of the injury
and indicate the lowest (most caudal) segment with normal function. The
sensory level is identified after extensive testing of skin areas via light touch
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FIGURE 2-2 Functions controlled by nerves at different levels of the spine. Damage
at a particular level usually impairs the functions controlled by all nerves at lower
levels.
SOURCE: Reprinted with permission, from CRPF, 2002. Copyright 2002 from
CRPF.

and pinprick. Predefined regions of the skin covering the whole body, called
dermatomes, are each scored as having normal, impaired, or absent sensa-
tion. Similarly, the motor level is determined by manual testing and grading
of the strengths, on a scale of 0 to 5, of 10 muscle groups that control
different motor functions, including limb, bowel, and bladder functions.
Although the sensory and motor levels may differ somewhat, they both
come under an umbrella “neurological level,” which is defined as the most
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TABLE 2-1 Spinal Cord Levels and Areas of Control

Spinal Cord Spinal Cord Areas of Likely Condition

Section Levels Control After Injury

Cervical C1-C8 Head, neck, Tetraplegic
diaphragm, arms

Thoracic T1-T12 Chest, abdominal muscles  Paraplegic

Lumbar L1-L5 Hips, legs Paraplegic

Sacral §1-S5 Bowel, bladder, groin, Paraplegic

calves, buttocks, legs

aAn injury at a given level indicates that the portion of the spinal column beneath the site
of injury will likely be affected.
SOURCES: El Masry et al., 1996; ASIA, 2000; Young, 2002.

TABLE 2-2 Types of Spinal Cord Injuries

Type of Percentage of

Spinal Cord Injury Total Injuries Description

Contusion 25 to 40 Bruising, but not severing, of the
spinal cord

Laceration 25 Severing or tearing of the spinal
cord and introduction of connective
tissue into the spinal cord, typically
from gunshot or knife wounds

Solid cord injury 17 Axon injury and demyelination

SOURCES: Bunge et al., 1993, 1997; Harper et al., 1996; Hulsebosch, 2002.

caudal segment of the spinal cord with both normal sensory and motor
functions.

The completeness of the injury gives a strong indication and prognosis
of the severity of the injury, and it serves as the basis for the ASIA Impair-
ment Scale (described below). A complete injury relies on the detection of
any neurological function below the site of the injury (Levi, 2004), espe-
cially the loss of motor and sensory functions in the lowest sacral region of
the spinal cord (S4 and SS5), which supplies nerves to the anal and perineal
regions. Few people with a complete spinal cord injury regain the useful
function of this region (Levi, 2004). An incomplete injury, on the other

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11253.html

PROGRESSION OF SPINAL CORD INJURY 35

TABLE 2-3 ASIA Impairment Scale

ASIA Grade Level of Impairment

A No motor or sensory function preserved in the lowest sacral
segments (S4 and S§)

B Sensory but no motor function preserved, including the lowest
sacral segments (S4-S5)

C Motor function present below the injury, but the strengths of more
than half of the key muscles are graded < 3 of 5

D Motor function present below the injury, but the strengths of more
than half of the key muscles are graded 2 3 of 5

E Motor and sensory functions in key muscles and dermatomes are
normal

SOURCE: Reprinted with permission, from ASIA, 2000. Copyright 2000 by ASIA.

hand, leaves a person with some sensory or motor function below the site of
injury and in the lowest sacral region. It is important to assess sacral sensa-
tion when investigating the completeness of an injury, because there is the
potential for partial function to be preserved in this area and this may be
the only evidence of neurological function below an injury.

The ASIA Impairment Scale provides clinicians with a standard way of
grading the functional severity of a spinal cord injury (Table 2-3). The scale
has one grade for complete injuries (ASIA A), three others grades for in-
complete injuries (ASIA B through ASIA D), and another for no impairment
from the injury (ASIA E). To assign one of the three grades for incomplete
injuries (ASIA B through ASIA D), clinicians determine the degree of muscle
strength (on a scale from 0 to 5, with 0 being total paralysis and 5 being
active movement against full resistance) of the key muscles below the neu-
rological level of the injury. The assignment is based on the extent to which
more than half of the key muscles have a muscle strength grade of 3 or
higher.

The zone of partial preservation applies only to complete injuries (ASTA
A). Tt refers to the area of the spinal cord that still retains some motor or
sensory function above the level of S5 (and below the level of injury). For
example, a person might be classified as having a zone of partial preserva-
tion at T1 to T3, meaning that he or she has some degree of sensory or
motor function at that level of the thoracic spinal cord, even though the
injury is complete. A zone of partial preservation is likely due to the pres-
ence of intact fiber pathways. About 65 percent of individuals with neuro-
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logically complete injuries show some amount of tissue and axonal sparing
across the site of the lesion (Bunge et al., 1997).

THREE PHASES OF SPINAL CORD INJURIES

A spinal cord injury immediately injures or kills cells, but it also causes
delayed damage and death to cells that survive the original trauma. The
biological response to a spinal cord injury is divided into three phases that
follow a distinct but somewhat overlapping temporal sequence: acute (sec-
onds to minutes after the injury), secondary (minutes to weeks after the
injury), and chronic (months to years after the injury). A general overview
of the three phases is presented in Table 2-4. Diverse groups of cells and
molecules from the nervous, immune, and vascular systems are involved in
each phase. Most participating cells reside in the spinal cord, but others
are summoned to the site of injury from the circulatory system (Table 2-5).
To carry out many of their functions, the cells depend on changes in gene
expression. As would be expected, injury triggers certain cells to up-regu-
late (increase expression) or down-regulate (decrease expression) genes
responsible for a host of proteins involved in inflammation, neurotrans-
mission, regrowth and repair, and other local responses to injury (Bareyre
and Schwab, 2003). The final pattern of sensory and motor losses from the

TABLE 2-4 Major Features of the Three Phases of Injury

Acute
(Seconds after Injury)

Secondary
(Minutes to Weeks)

Chronic
(Months to Years)

e Systemic hypotension
and spinal shock

e Hemorrhage

o Cell death from direct
insult or ischemia
(disruption of blood
supply)

¢ Edema (swelling)

® Vasospasm (reduction
in blood flow)

o Shifts in electrolytes

e Accumulation of
neurotransmitters

e Continued cell death

¢ Continued edema

¢ Continued shifts in
electrolytes

¢ Free-radical production

e Lipid peroxidation

¢ Neutrophil and
lymphocyte invasion and
release of cytokines

e Apoptosis (programmed
cell death)

e Calcium entry into cells

e Continued apoptosis
radiating from site of
injury

o Alteration of ion
channels and receptors

e Formation of fluid-filled
cavity

e Scarring of spinal cord
by glial cells

¢ Demyelination

® Regenerative processes,
including sprouting by
neurons

o Altered neurocircuits

e Syringomyelia

SOURCES: Sekhon and Fehlings, 2001; Hulsebosch, 2002.
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TABLE 2-5 Cell Types Involved in Spinal Cord Injuries

Cell Type

Function and Description

Neuron

Astrocyte
N (y N
SR

A

Oligodendrocyte
’ \

/

¢ Carries information within the brain to the
rest of the body by conducting electrical
signals from neuron to neuron

e Several functional types: motor neuron,
sensory neuron, autonomic neuron, and
interneuron

e A type of glial cell found in the CNS

e Sequesters potassium ions during neural
activity

® Removes excess neurotransmitters (e.g.,
glutamate and y-aminobutyric acid)

e Reacts to injury with hypertrophy and cell
division, an increase in protein filaments, and
formation of a glial scar

e A type of glial cell found in the CNS

e Forms myelin that insulates the neurons’
axons to expedite transmission of electrical
signals

® One oligodendrocyte myelinates multiple
axons

¢ Produces molecules, including Nogo-A, that
inhibit neurite outgrowth

¢ Found in the peripheral nervous system

e Forms myelin that insulates the neurons’
axons to expedite transmission of electrical
signals

e One Schwann cell myelinates only one axon

¢ Promotes neurite outgrowth

e Migrates into the spinal cord after injury

Continued
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TABLE 2-5 Continued

Cell Type Function and Description

Endothelial cell e Forms the lining of blood vessels

e Upon injury, up-regulates cell adhesion
molecules on the endothelial cell membrane,
which helps to recruit inflammatory cells to
the site

e When injured, releases cytokines and
chemokines, which contribute to inflammation

e Removes microbial intruders and tissue debris

e Emits substances that activate other
inflammatory cells and glial cells and that
injure neurons

e Migrates to area of injury and differentiates
into macrophages

¢ Releases inflammatory cytokines and free
radicals

e Emits growth factors

e Removes tissue debris

Microglia e Found in the CNS
e Has actions similar to those of macrophages
IS
ST

T-lymphocyte e Emits inflammatory cytokines
TR o Kills cells (cytotoxic killing)
e Neuroprotection in part by possible secretion

of growth factors

@

SOURCES: Reprinted with permission, from Lentz, 1971. Copyright 1971 by Elsevier, Inc.;
Dammann et al., 2001. Reprinted with permission from Elsevier; Reprinted with permission,
from Stimson, 2001. Copyright 2001 by Muscular Dystrophy Association; Reprinted with
permission, from Caceci and El-Shafey, 2002. Copyright 2002 by Caceci; Reprinted with
permission, from Merck & Co., Inc., 2004. Copyright 2004 by Merck & Co., Inc.; Reprinted
with permission, from Shier et al., 2004. Copyright 2004 by McGraw-Hill Higher Education.
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three phases of injury depends on which nerve cells and fiber tracts die,
which remain intact, and which regenerate or form new branching pat-
terns to compensate for the losses.

The elucidation of the distinct phases of injury—and the cellular and
molecular events underlying them—comes largely from animal models. As
events unfold, many of the cellular and molecular events designed to heal
the injury can paradoxically lead to further neuronal injury or death. The
site of injury may spread to adjacent areas of the spinal cord, sometimes
extending four spinal segments above and below the initial site (Crowe et
al., 1997; Liu et al., 1997). The affected area becomes filled with immune
cells, and a “scar” is formed. The details of the pathophysiology continue
to evolve.

Acute Phase

The acute phase, which begins within seconds of the injury, is marked
by systemic as well as local events (Tator et al., 1998; Hulsebosch, 2002).
The foremost systemic event, after a fleeting increase in blood pressure, is a
prolonged decrease in blood pressure (hypotension) that sometimes coin-
cides with a decrease in blood volume. Systemic hypoxia, a reduction of the
oxygen supply to the tissues, occurs if, during the injury, respiration is
compromised by airway obstruction or by paralysis of diaphragm muscles.
Failure of the spinal cord to function for the first 2 to 24 hours after injury,
a condition known as spinal shock, results from inadequate flow of oxygen
and nutrients into the tissue.

Numerous local events within the spinal cord occur immediately after
the injury and also contribute to spinal shock. Direct trauma from injury
causes necrosis (cell death) to spinal cord neurons and to the endothelial
cells lining the blood vessels of the spinal cord. The surviving neurons at the
site of injury respond with a procession of electrical impulses, known as
action potentials. Because action potentials require the influx and efflux of
ions across the neuron’s membrane, the barrage of action potentials creates
significant local shifts in ion levels. Higher ion levels are also produced by
the mechanical shearing of nerve cells, causing their membranes to rupture
and release their contents. Ion buildups can reach levels toxic enough to kill
nearby neurons. Similarly, the barrage of action potentials causes the re-
lease of excess amounts of neurotransmitters, which then accumulate in the
synapses between nerve cells. The accumulation of certain neurotransmit-
ters (e.g., glutamate) can cause the death of nearby neurons through a
mechanism called excitotoxicity (Faden and Simon, 1988). Neuron death,
by whatever mechanism, contributes to the losses of sensory, motor, and
autonomic functions that occur after spinal cord injury.

Direct trauma to the spinal cord causes its small blood vessels to hem-
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orrhage, consequently disrupting the blood-spinal cord barrier, which nor-
mally helps protect the CNS. Rapid bleeding into the normal fluid-filled
spaces of the spinal cord contributes to local edema. As the swelling within
the confined space of the vertebral canal continues, it impinges on and
further compromises nerve cells. Other important vascular changes are
vasospasm, which is a narrowing of the blood vessels that often decreases
blood flow by 80 percent (Anthes et al., 1996) and small-vessel thrombosis
(Koyanagi et al., 1993). These vascular perturbations result in ischemia
(i.e., deprivation of neurons and other cells of the oxygen and the other
nutrients that they need to survive). Perhaps because it is more vascularized,
the spinal cord’s gray matter (which contains neuron cell bodies) is far more
necrotic after injury than the white matter, which contains large tracts of
myelinated fibers (axons) that traverse up and down the spinal cord
(Wolman, 19635).

Secondary Phase

The secondary phase sets in minutes after injury and lasts for weeks.
During this phase the area of injury markedly expands. The secondary
phase features a continuation of some events from the acute phase—elec-
trolyte shifts, edema, and necrotic cell death—as well as novel ones, includ-
ing the formation of free radicals, delayed calcium influx, immune system
response (inflammation), and apoptotic cell death.

Formation of Free Radicals

Free-radical formation, usually from oxygen atoms, gives rise to a se-
ries of pathological reactions inside cells, including the breakdown of lipids
in the cell membrane, a process known as lipid peroxidation. The cell
tolerates some degree of lipid peroxidation, but if it is substantial, the cell
membrane becomes so disrupted that it bursts and dies. As it dies, the cell
spills its contents into the extracellular space, which then threaten neigh-
boring cells. For example, the spillage of the neurotransmitter glutamate
can cause the death of nearby cells. If free radical attack does not lyse
(burst) the cell membrane, it can invoke other types of damage. Free radi-
cals, for example, can also attack membrane enzymes, distort ion gradients
across the cell membrane, and damage genes.

The process of free-radical formation from oxygen begins in the mito-
chondria, a specialized portion of the cell devoted to converting oxygen
into energy-rich molecules. Injury brings an influx of calcium into the cell,
which can trigger the process of free-radical formation (Young, 1992).
Oxygen atoms lose one of their outermost electrons and become highly
reactive. To become more stable, they lure electrons from nearby atoms. In
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the case of lipid peroxidation, for example, free radicals draw an electron
from a lipid molecule, which in turn becomes less stable, thus launching a
chain reaction that ultimately leads to lysis of the membrane and death by
necrosis.

Delayed Calcium Influx

Although neurons require some intracellular calcium for their normal
function, too much calcium is injurious because it activates damaging en-
zymes and destructive processes and can trigger the formation of free radi-
cals. Some calcium enters neurons at the time of injury and contributes to
the acute phase of damage. An additional influx of calcium is triggered by
the acute injury and continues for hours afterwards. A particularly power-
ful mode of calcium influx within injured axons in white matter involves an
initial inward leakage of sodium due to the acute injury, which drives the
sodium-calcium exchanger to import damaging levels of calcium; this mul-
tistage cascade has been demonstrated within myelinated axons of the optic
nerve (Stys et al., 1992b) and the spinal cord (Imaizumi et al., 1997). This
delayed calcium influx is an important target for interventions because, by
blocking it, it is possible to reduce the degree of secondary damage to
myelinated spinal cord axons (Stys et al., 1992a).

Immune System Response

The inflammatory response to injury involves four major categories of
immune cells: neutrophils, monocytes, microglia, and T-lymphocytes
(Schnell et al., 1999; Bareyre and Schwab, 2003). The neutrophils are the
first immune cells to arrive at the site of injury. They are recruited there
from the circulatory system, especially by vascular endothelial cells, which
up-regulate and express adhesion molecules on their cell membranes to help
guide neutrophils to the site of injury. Once the neutrophils have entered
the spinal tissue, they remove microbial intruders and tissue debris. This is
accomplished in many ways, especially through the release of toxic mol-
ecules and antibacterial agents (e.g., myeloperoxidase). Neutrophils also
release cytokines, proteases, and free radicals, all of which activate other
inflammatory and glial cells for the inflammatory cascade that can ulti-
mately lead to neuron injury or death. Cytokines, which are soluble pro-
teins released by most types of inflammatory cells, act as signals between
immune cells and carry out immune functions. Neutrophils are the initial
dominant cells involved in the immune response.

Over the next 24 hours, microglia respond in earnest. Monocytes begin
to enter from the circulatory system and, after they penetrate the spinal
cord tissue, differentiate into macrophages. Microglia, on the other hand,
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actually reside within the spinal cord. Once these cells are activated, they
too remove degenerating fiber tracts and other tissue debris by phagocyto-
sis. They also secrete numerous cytokines, free radicals, and growth factors,
which, in turn, affect nearby cells in positive and negative ways (Lindholm
et al., 1992; Schnell et al., 1999; Anderson, 2002). The growth factors are
critical for neuron survival and tissue repair. However, free radicals and
proinflammatory cytokines contribute to expansion of the lesion, worsen-
ing the impact of the injury. Activation of macrophages and microglia is
sustained over the course of weeks.

The role of lymphocytes in spinal cord injuries is somewhat controver-
sial. Some argue that one type of lymphocyte (autoreactive T-lymphocytes)
have destructive properties: according to this schema they exacerbate injury
to axons and induce demyelination, leading to functional loss (Popovich
and Jones, 2003). Others argue that this lymphocyte is not pathological
but, rather, confers protection to the myelin-insulated neurons (Schwartz
and Kipnis, 2001; Kipnis et al., 2002). Protection of myelin also protects
the integrity of the axon that it insulates.

Apoptotic Cell Death

During the acute phase, the mechanical trauma to the spinal cord causes
cells to die instantaneously by necrosis, a process of cell swelling and then
cell membrane rupture. Within hours, however, another type of cell death
assumes center stage: apoptosis. This very active form of death afflicts
neurons, oligodendrocytes, astrocytes, and other cells of the spinal cord
after injury (Liu et al., 1997; Beattie et al., 2000). Apoptosis has been
detected in humans (Emery et al., 1998) and lasts for about one month in
animal models (Beattie et al., 2000). With apoptosis, cells do not swell
before death; rather, they condense and break apart into small fragments in
a very orderly process that requires energy and protein synthesis. These
fragments of the apoptotic cell are engulfed by other cells in a process that
prevents spillage of the dying cells’ contents and avoids elicitation of an
inflammatory response. Necrotic cell death, on the other hand, elicits in-
flammation and spills out neurotransmitters and other contents that build
to levels toxic enough to harm or kill nearby cells.

What triggers apoptosis after spinal cord injury? An answer to this
question would immediately open up new targets for treatments that could
prevent apoptosis from occurring. A major trigger appears to be the injury-
induced rush of calcium into cells (Young, 1992). Calcium influx activates
key enzymes inside the cell—the caspases and calpain—that break down
proteins in the internal cytoskeleton and membrane of the cell (Ray et al.,
2003). With the destruction of its structural integrity, the cell dies. Yet,
apoptosis of cortical motor neurons can occur after the axons centimeters
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away are severed by spinal cord injury, too far for the calcium to diffuse
(Hains et al., 2003a). Therefore, besides calcium influx, there are likely
other triggers of apoptosis in spinal cord injury.

Chronic Phase

The chronic phase of spinal cord injury sets in over a period of months
to years. The chronic phase is marked by the emergence of new types of
pathology at both the microlevel and the macrolevel (e.g., the formation of
a fluid-filled cavity or a glial scar). At the microlevel, the death of oligoden-
drocytes has an amplifying effect. Because most oligodendrocytes myelinate
(i.e., insulate) about 10 to 40 nerve axons, the loss of one oligodendrocyte
can leave many healthy nerve axons without conduction capacity. If nerve
conduction is stopped entirely, the spinal cord cannot transmit signals to
the brain and body, even though axons may be intact. Axons undergo
molecular changes, such as alteration of the ion channels that are normally
responsible for propagating electrical impulses through nerves (Waxman,
2001; Hains et al., 2003b). The combination of myelin loss and altered ion
channel function, among other changes, can lead to molecular changes in
the surviving neurons that can produce chronic pain in animals with experi-
mental spinal cord injuries. At the macrolevel, the lesion site becomes in-
creasingly devoid of normal tissue and begins to form a fluid-filled cavity or
a glial scar, or both. The cavity forms within a few weeks of injury in
animal models and may extend several segments above and below the site
of injury. The cavity creates a physical gap that blocks axon regrowth,
whereas the glial scar contains substances that inhibit axon regrowth.

Glial Scar Formation

Glial scarring (also known as reactive gliosis) creates an environment
that inhibits axon regeneration. The glial scar is an extracellular matrix that
contains astroyctes, microglia, and oligodendrocytes. It grows in size over
time, from weeks to months after the injury, but the groundwork is set
within hours of the injury. That is when the remnants of the acute phase—
myelin debris and damaged axons—begin to accumulate at the site of the
injury. The remnants begin to attract an array of different types of glial
cells, from oligodendrocytes and their precursors to activated microglia and
astrocytes. Astrocytes are most commonly found in the scar, and they are
tightly bound to one another (Fawcett and Asher, 1999). If the spinal cord
has been penetrated, meningeal cells, which normally form a protective
layer around the spinal cord, also accumulate at the lesion site. Each type of
cell expresses and/or releases a host of inhibitory molecules (Table 2-6).
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TABLE 2-6 Cells and Molecules That Inhibit Axon Regeneration

Cell Type Inhibitory Molecule

Oligodendrocyte NI-250 (Nogo-A)
Mpyelin-associated glycoprotein (MAG)
Oligodendrocyte myelin glycoprotein (OMGP)
Tenascin-R

Oligodendrocyte precursor NG2 (a proteoglycan)
DSD-1 or phosphacan (a proteoglycan)
Versican (a proteoglycan)

Astrocyte Tenascin
Brevican (a proteoglycan)
Neurocan (a proteoglycan)
NG2 (a proteoglycan)

Meningeal cell NG2
Semaphorins
Activated microglia Free radicals

Nitric oxide
Arachidonic acid derivatives

SOURCE: Fawcett and Asher, 1999.

The collective action of these inhibitory molecules is the prevention of axon
regeneration.

Oligodendrocytes, which are already at the scene because they myelinate
axons, express a potent inhibitor of axon growth, Nogo-A, on the exterior
surface of the cell membrane (Fournier et al., 2002). The vital importance
of Nogo-A was revealed by studies with an animal model that showed that
antibodies against this molecule, which block its action, promote some
regeneration of severed axons (Schnell and Schwab, 1990). The first glial
cells to arrive at the scene, within 3 to § days, are thought to be oligoden-
drocyte precursor cells, although no direct evidence of this has emerged.
Oligodendrocyte precursors are immature oligodendrocytes that are des-
tined, with further growth and differentiation, to become mature oligoden-
drocytes. At the scene they proliferate and release a variety of molecules
that block axon growth. Astrocytes also arrive at the injury site and begin
to undergo hypertrophy and divide.

Astrocytes form the bulk of the glial scar. In the scar, they are sur-
rounded by an extracellular matrix made up of several types of
proteoglycans, which are proteins on the outside of the cell membrane that
have sugar moieties attached to them. Proteoglycans are up-regulated and
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secreted by astrocytes themselves, and they directly inhibit axon growth
(Fawcett and Asher, 1999). The role of astrocytes has perplexed researchers
because, in addition to their inhibitory role, they can also play a growth-
promoting role under different circumstances (Jones et al., 2003).

Syringomyelia

Syringomyelia is a complication that arises as early as 2 months or as
late as 30 years after the injury. It results from the formation of a cyst in the
center of the spinal cord. This cyst expands and elongates over time, signifi-
cantly damaging the center of the spinal cord. About 4 percent of individu-
als with spinal cord injuries develop syringomyelia (Schurch et al., 1996;
Terre et al., 2000). Individuals with syringomyelia can present with mul-
tiple symptoms, including pain, weakness, headaches, and stiffness of the
limbs and the back. The pathogenesis of syringomyelia, however, is not
well understood. It may even lie dormant for many years before symptoms
arise. Detection was especially difficult because of the wide range of other
complications and sensory deficits that result from spinal cord injuries;
however, the advent of magnetic resonance imaging (MRI) technologies has
greatly enhanced the ability of clinicians to detect syringomyelia.

SPONTANEOUS HEALING

Often overlooked amid the litany of pathological changes that occur
after a spinal cord injury is the natural ability of the spinal cord to heal
itself. In fact, most individuals with spinal cord injuries, especially those
with incomplete injuries, show some degree of functional recovery, and
some show substantial degrees of recovery (Tator et al., 1998). Conven-
tional wisdom had been that although some recovery is possible, it is lim-
ited in time and extent. A change of thinking has emerged in recent years,
however. It is now well accepted that the spinal cord has the capacity to
recover in several unforeseen ways starting at about 24 hours after injury
and continuing for years. That capacity has become so well recognized that
new treatments are being designed to marshal its potential.

Mature nerve cells lack the capacity to divide once they are injured.
Whatever recovery of function that occurs naturally after a spinal cord
injury is largely the product of plasticity in the surviving neurons. Plasticity
is a generic term that denotes the body’s natural capacity to react to chang-
ing conditions in numerous ways, from regrowth to gene up-regulation.
The surviving neurons can adapt to compensate for injury; however, for
many years it was thought that within limits the axons of neurons in
mammals do not spontaneously regrow more than a few millimeters
(Raineteau and Schwab, 2001). However, groundbreaking discoveries in
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the early 1980s established that CNS axons have the intrinsic capacity for
regrowth over long distances, but they are actively inhibited by molecules in
their extracellular environment (Aguayo et al.,, 1982). The extracellular
environment may also lack molecules that promote or guide axon regrowth
to its correct target site. Thus, CNS axons can regrow if their immediate
environment is supportive. By contrast, peripheral nervous system axons
can and do regrow spontaneously due to the growth-promoting molecules
produced by Schwann cells.

Mechanisms Behind Natural Recovery of Function

After injury, the spinal cord can spontaneously recover to varying de-
grees through a variety of biological mechanisms (Table 2-7). The degree of
recovery depends on numerous factors, including the severity of the injury,
the individual’s age, the area of the spinal cord affected, the degree of
inhibition by astrocytes and oligodendrocytes, and other factors yet to be
identified. Knowledge of the biological basis of functional recovery comes
mostly from a host of animal models, although many of the intricate details
are still unknown. As described in greater detail in Chapter 5, many strate-
gies are being developed to facilitate these mechanisms of recovery, and
these are areas of intense research.

Recovery of function is first apparent within days after injury as a
result of recuperation from spinal shock. Some degree of remyelination
within the spinal cord can occur and may have a clinical impact.
Remyelination can occur in two different ways. The first is by Schwann
cells, which are myelinating cells normally found in the peripheral nervous
system, but after an injury they are able to migrate directly into the spinal
cord, where they can myelinate regrowing axons (Bunge and Wood, 2004).
Awareness of the role of Schwann cells has spawned an entire new line of
research on therapies involving the transplantation of a variety of cell types
(see Chapter 5).

The second means of possible remyelination is by oligodendrocyte pre-
cursor cells. Mature oligodendrocytes cannot divide or migrate. Yet, imma-

TABLE 2-7 Mechanisms of Spontaneous Recovery in the Spinal Cord

Remyelination by Schwann cells entering the spinal cord after injury
Remyelination by oligodendrocyte precursors

Recovery of conduction in demyelinated axons

Strengthening of existing synapses

Regrowth and sprouting of intact axons to form new circuits
Release of growth factors and guidance molecules

Shift of function to alternate circuits
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ture oligodendrocytes, already in the spinal cord, migrate short distances to
the site of injury, where they can differentiate into mature oligodendrocytes
and produce myelin (Gensert and Goldman, 1997). It bears remembering,
however, that oligodendrocyte precursor cells can also mature into oligo-
dendrocytes that do the opposite: inhibit axon regrowth through the release
of inhibitory substances (see above). What triggers their development into
inhibitory cells versus beneficial cells is not yet known.

It is also possible that demyelinated axons within the injured spinal
cord may reorganize at the molecular level to acquire the ability to conduct
nerve impulses without myelin insulation. This type of recovery is known to
occur not only in animal models but also in humans with multiple sclerosis,
in whom demyelinated spinal cord axons produce additional sodium chan-
nels to support impulse conduction after damage to the myelin (Craner et
al., 2004).

Limited regrowth of axons and sprouting of new branches from the tips
of existing axons to form new synapses are part of yet another mechanism
of functional recovery (Raineteau and Schwab, 2001). The fact that limited
regrowth and sprouting do occur reveals that axons possess the capacity for
some degree of regrowth, a capacity that can be cultivated with better
knowledge of what governs it. Numerous studies with animals have dem-
onstrated the ways in which axonal regrowth from central neurons can be
improved, particularly across the area of injury. Research indicates that,
after injury, the surviving cells continue to produce certain molecules and
release them into the extracellular milieu that bathes the sprouting axons.
Some of the molecules are growth factors—members of a family of mol-
ecules called neurotrophins (Raineteau and Schwab, 2001). Others are guid-
ance molecules that guide axons to their destination (Walsh and Doherty,
1997; Willson et al., 2002). This area of research is still in its early phases,
and much of the information on axonal guidance gained to date involves
the developing nervous system. Research is needed to determine if the same
or similar mechanisms are involved in axon guidance following injury in

the adult CNS.

BIOLOGICAL BASES OF FUNCTIONAL LOSSES

No daily activity can be taken for granted for someone with a spinal
cord injury. A range of functions—getting out of bed, walking, dressing,
eating, controlling the bladder and the bowel, and breathing—can be se-
verely compromised, and their loss has a staggering effect. To develop the
technological or medical means to restore function and to improve quality
of life, it is vital to understand the neurological basis of dysfunction. The
emphasis in this section is on the nervous system’s role in generating move-
ments and how injury to the spinal cord results in functional loss.
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Spinal Cord Injury Disruption of Motor Pathways

The initiation and regulation of movements require a complex set of
events that integrate information from many regions of the brain, brain
stem, and spinal cord (Figure 2-3). When an action potential is generated in
the brain, it travels along axons and down the spinal cord via the corti-
cospinal tract to the motor neurons at speeds upwards of 100 meters per
second, resulting in contraction of a muscle and a movement. However,
before it reaches the motor neurons, the information is modulated by neu-
rons found in the basal ganglia, cerebellum, and brain stem. When the
signals finally reach the motor neurons, these specialized nerve cells provide
the final conduit for the transmission of the signals to muscles throughout
the body, stimulating muscles to contract. Thus, an injury or disruption to
the motor pathways leading to and from the brain could cause a patient to
lose motor function.

Differences in Degree of Cortical Control on Motor Function

The circuitry between the primary motor cortex and the motor neurons
of the ventral horn of the spinal cord is very complex. Many regions of the
CNS, including the basal ganglia, cerebellum, and brain stem, help regulate
movements (Figure 2-3). The degree of cortical control varies depending on
the motor function. For example, movement of the fingers requires more
integration from the brain than gross movement of the legs, which relies
more on circuitry confined to the spinal cord. The majority of the signals
from the brain are transmitted along bundles of axons that make up the
corticospinal tract, which connects the primary motor cortex in the brain to
the motor neurons in the ventral horn of the spinal cord. The motor neu-
rons in turn transmit the information from the ventral horn directly to the
muscle. Motor control of most other body parts involves additional cir-
cuitry, or connections, between the primary motor cortex and the motor
neurons. Signals are transmitted either from the primary motor cortex to
intermediate layers within the spinal cord to modulate the tone or reflex
gain and to cause direct contraction of the muscles or through intermediate
processing stages in the midbrain or pons of the brain stem.

In addition to regulating voluntary movements, neurons in the descend-
ing motor tracts traveling from the brain down to the spinal cord are also
responsible for regulating the smooth muscles of internal organs. Descend-
ing motor tracts also contain neurons associated with the autonomic ner-
vous system, which regulates blood pressure, body temperature, and the
body’s response to stress.
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FIGURE 2-3 Initiation and regulation of movements.

Control of movements involves a complex network of connections. Signals com-
manding the initiation of a movement are generated in the primary motor cortex of
the brain. These signals are modulated before they reach the muscle. They are
modulated through an intricate circuit in the basal ganglia and thalamus, which
regulate the initiation of movements and help coordinate movements. Information
from muscle contractions is also transmitted back to the brain through sensory
receptors. This information is also used to provide feedback and to modify the
movements.

SOURCE: Adapted from Kandel et al., 1991.

Feedback Control of Movements

Critical feedback from sensory nerve endings located on muscles is
transferred to the spinal cord via the sensory roots and dorsal horn to the
brain, resulting in involuntary modulation of movements. This component
of the sensory system is called proprioception. It is responsible for immedi-
ately varying the degree of muscle contraction in response to incoming
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information regarding external stimuli. When individuals lose their pro-
prioception, they are unable to freely move and interact comfortably with
the external environment (see Box 5-1).

A subset of the sensory neurons located in the spinal cord is also
responsible for establishing the circuitry that controls simple reflex reac-
tions, such as the knee-jerk reflex that doctors test by tapping a hammer on
a patient’s knee. This sensory information bypasses ascending information
to the brain and is conveyed directly to lower motor neurons, resulting in
involuntary or reflex movements.

Role of the Central Pattern Generator in Humans

Experiments performed by Shik, Severin, and Orlovsky in the 1960s
provided evidence of a central pattern generator (CPG), which is a complex
circuit of neurons responsible for coordinated rhythmic muscle activity,
such as locomotion (Shik et al., 1969). In these experiments, the brain stem
of a cat was transected so that no information could travel from the brain
to the spinal cord. Surprisingly, following this surgery, cats were still able to
stand on their own and could be induced to walk (Box 2-1). Similar results
have been observed in rats and mice that have had their spinal cords
transected. Therefore, it was concluded that the CPG is located in the spinal
cord of these animals and does not require input from the brain.

If the CPG is located in the spinal cord and does not require any input
from the brain, why is it that most individuals with spinal cord injuries and
a complete transection of the spinal cord cannot walk? The function and
control of the CPG in Old World primates and humans may be different
from those in animals that walk on four feet, like cats and dogs (i.e., bipeds
versus quadrapeds) (Vilensky and O’Connor, 1998). Humans and other
bipeds may have more cortical dominance integrated into the locomotor
circuitry than quadrapeds (Fulton and Keller, 1932), which may explain
why the recovery of rhythmic locomotor activity is not commonly observed
in primates and humans with complete spinal cord injuries (Kuhn, 1950;
Bussel et al., 1996; Vilensky and O’Connor, 1998). However, because of
the limitations of performing invasive experiments with primates and hu-
mans, it is difficult to verify the significance of the cortical circuitry. The
complexity of the cortical regulation of the CPG in humans and primates
compared with that in cats and rodents demonstrates a potential area of
concern for the translation of the results from experiments performed with
laboratory animals to humans.

Muscle Spasticity as a Result of Altered Activity in Motor Neurons

Spasticity is a state of increased muscular tone, often with heightened
stretch reflexes. In severe cases, spasticity causes chronic pain, flexion
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BOX 2-1
Rhythmic Motor Activity in Cats Is
Independent of Brain Stimulation

At the turn of the 20th century, Charles Scott Sherrington and T. Graham Brown
published two seminal papers that demonstrated the capacity of the spinal cord in
cats and dogs to generate rhythmic motor activity (Brown, 1914). Sherrington’s
experiment provided evidence that dogs and cats were still able to generate rhyth-
mic movements elicited from their hind limbs weeks after their spinal cords were
severed. Later, in the 1960s, further insight was garnered when the work of three
Russian scientists, M. K. Shik, F. V. Severin, and G. N. Orlovsky, and one Swedish
scientist, Sten Griller, showed that when a portion of the brain stem of a cat was
cut across the middle—thus severing any connections between the brain and the
spinal cord—the cat was still capable of standing. Furthermore, if a specific region
of the brain stem was stimulated, the cats could be induced to walk on a treadmill,
and alternating bursts of muscle activity could be recorded in extensors and flexors
in conjunction with walking (Shik et al., 1966). These series of experiments led to
the conclusion that each limb is controlled by a central pattern generator (CPG) in
the spinal cord, which controls rhythmic motor activity, including walking.

Cerebral

Cerebellum hemisphere

\ TS
Spinal cord TS %
R T T T T T T e T T T T T e T e e e e poseeeepeeyspyeymsm s B/t o T
- site of
Nerves to hind legs Nerves to forelegs lesion

Flexors

\_/ Stimulating electrode

Extensors

Stance Swing

O O

Shik and colleagues experimented with a cat whose brain stem was severed
but that was still able to walk on a treadmill when a specific region of the brain stem
was stimulated. The top of the figure shows the brain and the spinal cord. The
muscle activity recorded from the flexors and extensors demonstrates that they
are contracting and relaxing at opposite times from each other, consistent with
normal function.

SOURCE: Reprinted with permission, from Dowling, 2001. Copyright 2001 by Sinauer Associ-
ates, Inc.

Copyright © National Academy of Sciences. All rights reserved.



http://www.nap.edu/catalog/11253.html

52 SPINAL CORD INJURY: PROGRESS, PROMISE, AND PRIORITIES

contractures, decubitus ulcers,? and bone fractures (Nance, 1999). Muscle
spasticity frequently occurs after spinal cord injuries, with one study find-
ing 78 percent of individuals experiencing spasticity after they were dis-
charged from the hospital (Maynard et al., 1990).

The precise causes of muscle spasticity are not well understood. Most
studies point to the greater excitability of motor neurons, with several
possible causes (Burchiel and Hsu, 2001). One is thought to be decreased
inhibitory input from the brain to spinal cord motor neurons through direct
or indirect (via spinal cord interneuron) connections. For nearly a century,
the lower motor neuron has been described as the “final common path-
way” to muscles because of the thousands of neurons that converge on it.
Some of those neurons are inhibitory, whereas others are excitatory. A
single motor neuron can receive a direct or an indirect input from several
regions of the brain and from sensory neurons. The array of inputs is
critical for the modulation and fine-tuning of motor neuron control of
muscles. If inhibitory input to the motor neuron is destroyed or reduced as
a result of a spinal cord injury, the balance weighs in favor of heightened
excitability and firing of motor neurons.

The spasticity that occurs with a spinal cord injury may also be pro-
duced by other mechanisms. One is a by-product of injury-induced sprout-
ing. The new synapses formed by surviving axons (see below) may be too
excitatory in nature. They might arise from motor pathways that descend
from the brain, from ascending sensory pathways, or from the many syn-
apses between the interneurons that form an intricate local circuitry within
the spinal cord. Continual sensory feedback from muscles (such as for the
detection of muscle length) is indispensable for the production of graded
movements. If stretch reflexes are altered in individuals with spinal cord
injuries, the lack of appropriate feedback may lead to spastic muscle con-
tractions.

Spasticity may also be produced by pathological alterations in the elec-
trical properties of the motor neurons themselves, including changes in
sodium channel type, number, and distribution (Hiersemenzel et al., 2000)
and alterations in neurotransmitter reuptake by glial cells.

Pain and Its Causation

Pain is a common and debilitating outcome of spinal cord injuries.
Most studies find that 60 to 80 percent of individuals report chronic pain
after a spinal cord injury. More precise estimates have been hindered by a

2Decubitus ulcers, or pressure ulcers, of the skin form over bony parts of the body, usually
from prolonged pressure in patients and individuals who are not able to move around easily.
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lack of uniform definitions and a comprehensive classification system
(Burchiel and Hsu, 2001). The lack of definitions was addressed in 2000
with the release of a proposed scheme by the International Association for
the Study of Pain for characterization of the pain associated with spinal
cord injuries. By using those new definitions, a prospective study of 100
people found that 5 years after injury, 81 percent reported pain (of all
types), and 58 percent reported that their pain was “severe or excruciat-
ing” (Siddall et al., 2003). The impact of chronic pain may be so great—
deterioration of quality of life, ability to function, self-image, and care
delivery—that depression and thoughts of suicide are common (Cairns et
al., 1996).

The new classification system organizes spinal cord injury pain under
two broad categories—nociceptive and neuropathic—along with five sub-
classifications (each of which has further clinical subtypes and possible
pathologies; see Table 2-8). Nociceptive pain arises from an external source
(e.g., a noxious stimulus and consequent tissue damage), whereas neuro-
pathic pain arises from the pathological changes occurring within sensory
neurons or pathways. The two types of nociceptive pain—musculoskeletal
and visceral—were reported by 59 and 5 percent of patients, respectively, in
the prospective trial cited above (Siddall et al., 2003). Of the three types of
neuropathic pain, 41 percent of patients reported at-level neuropathic pain,
whereas 34 percent reported below-level neuropathic pain (Siddall et al.,
2003).

Nociceptive pain is the dull and aching pains that one encounters when
a limb is broken or when one has lower back pain. Painful stimuli are
registered by specialized sensory cells known as nociceptors. Nociceptors,
which are intact with this type of pain, respond to local damage to non-
neural tissues (e.g., bone, muscles, and ligaments).

Neuropathic pain, on the other hand, is produced by direct damage to
neural tissue. It is described as a sharp, shooting, burning, or electrical type
of pain. Sensory neurons and pathways undergo physiological alterations;
they may become exquisitely sensitive, firing off impulses out of proportion
to the stimulus (hyperesthesia) or even without an external trigger whatso-
ever. They may register the light touch of a feather as an unpleasant burn-
ing sensation (dysesthesia) instead of a pleasant one.

Nociceptive pain and neuropathic pain have distinct causes and, as a
result, distinct treatments. Because nociceptive pain arises from tissue dam-
age and not from nerve pathology, it is often treated with standard thera-
pies, most commonly physical therapy, various pain medications, and
surgical therapy. Neuropathic pain is more difficult to treat, partly because
its mechanisms are still being uncovered. The distinction between the two
types of pain, however, is not always clear-cut (Bryce and Ragnarsson,
2002). Over time, nociceptive pain can lead to the sensitization of spinal
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TABLE 2-8 Classification of Pain from Spinal Cord Injury

Broad Type Broad System Specific Structure or
(Tier 1) (Tier 2) Pathology (Tier 3)
Nociceptive Musculoskeletal ® Bone, joint, muscle trauma,

or inflammation
e Mechanical instability
® Muscle spasm
e Secondary overuse syndromes

Visceral ¢ Renal calculus, bowel,
sphincter dysfunction, etc.
e Dysreflexive headache

Neuropathic Above level e Compressive mononeuropathies
of injury e Complex regional pain syndromes
At level of injury ® Nerve root compression (including

cauda equina)

e Syringomyelia

e Spinal cord trauma or ischemia
(transitional zone, etc.)

¢ Dual-level cord and root trauma
(double lesion syndrome)

Below level of injury e Spinal cord trauma or ischemia
(central dysesthesia syndrome)

SOURCE: Vierck et al., 2000.

cord neurons, which leads to neuropathic pain. Sensitization represents an
increased response to a standard stimulus, and it is manifest as hypersensi-
tivity to pain (Woolf and Mannion, 1999).

Much of what is known about the pathophysiology of the pain that
occurs after a spinal cord injury comes from studies with a host of animal
models of different types of injuries. Although much remains to be learned,
some of the intensively studied mechanisms underlying spinal cord pain
include the following (Yezierski, 2000):

e loss or disruption of descending pathways from the brain that
normally inhibit the sensory input as it enters the spinal cord;

® increases in pain neurotransmitter3 or receptor levels through up-
regulated gene expression;

3Neurotransmitters and neuromodulators commonly involved in excitatory pain pathways
include glutamate, substance P, aspartate, galinin, brain-derived neurotrophic factor, and
calcitonin gene-related peptide.
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e changes in the types or numbers of ion channels in sensory neurons
and pathways that render them more excitable (Hains et al., 2003b);

e sprouting of sensory fibers entering the spinal cord;

e alterations in post-receptor signal transduction mechanisms; and

e switching of the identities of sensory fibers from non-pain fibers to
pain fibers (Bryce and Ragnarsson, 2002; Hulsebosch, 2002).

Many of these mechanisms also apply to other pain conditions not
associated with spinal cord injuries (Woolf and Mannion, 1999).

The brain plays a large role in modulating and interpreting the sensa-
tion of pain, so much so that experts describe pain as an “experience”
rather than a sensation. Multiple areas of the cerebral cortex process pain
information relayed there by a certain tract in the spinal cord, which re-
ceives its information from incoming peripheral nerves. The brain, in turn,
modulates the incoming messages through several descending pathways
from nuclei in the midbrain, including the periaqueductal gray.

Biological Causes of Bladder Dysfunction

Three common types of bladder dysfunction accompany spinal cord
injuries, depending on the level of the injury (Kaplan et al., 1991). Under-
standing of the types of dysfunction first requires some understanding of
the anatomy of the bladder and its control by the spinal cord and the brain.
Two main muscle groups surrounding the bladder control urination: the
detrusor muscle, which controls bladder contraction, and the external
sphincter muscles at the base of the bladder, which control bladder out-
flow. The two muscles normally work reciprocal to one another: the detru-
sor muscle contracts while the sphincter muscles relax, allowing urine to
flow from the bladder. Because each is fed by separate nerves, their coordi-
nation—i.e., detrusor muscle contraction with sphincter muscle relaxation—
is integrated at a higher level, which, in this case, is performed by the pons
region of the brain. That portion of the brain sends its axons to the sacral
region of the spinal cord (52 and S3), which also receives sensory input
from the bladder (via the pelvic nerve) about bladder distention. When the
pelvic nerve conveys the message that the bladder is full, the information is
relayed up to the pons, which then coordinates the motor messages neces-
sary to empty the bladder. This process is called the voiding reflex.

In individuals with complete spinal cord injuries above the level of the
sacral cord, disruption of the pathway from the spinal cord to the brain can
lead to bladder problems related to the lack of coordination between the
detrusor and the sphincter muscles (see below). If the sacral cord or the
cauda equina is injured directly, the bladder detrusor muscle becomes flac-
cid—a condition known as areflexia. The detrusor muscle loses its ability to
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contract and can be readily stretched. Large volumes of urine overfill the
bladder and back up to the kidneys (Kaplan et al., 1991).

Two common types of bladder conditions occur in individuals with
spinal cord injuries at levels above the sacral cord. The first is detrusor
hyperreflexia, in which the bladder is overreactive. As the bladder fills with
small volumes of urine, the detrusor muscle contracts prematurely, causing
frequent urination. Research with animals suggests that part of the patho-
logical process occurs in the sensory nerves coming from the bladder. Sen-
sory fibers normally carrying other types of information actually switch
their functioning: they become sensitive to bladder distention and trigger
bladder detrusor contraction (de Groat, 19935). This form of sensory plas-
ticity is mediated by changes in electrical properties of C fibers, a particular
type of sensory neuron (Yoshimura, 1999).

Less is known about the biological basis of the second type of bladder
dysfunction, detrusor-sphincter dyssynergia. This condition is marked by
involuntary contractions of the sphincter muscles, which prevent urine from
leaving the bladder. It can occur with the loss of the reciprocal relationship
between detrusor muscle contraction and sphincter muscle relaxation. One
hypothesis is that the condition is related to the reduced activity of the
neurotransmitter nitric oxide in sphincter muscles. Nitric oxide is involved
in relaxation of the sphincter. Reduced levels would therefore increase
sphincter contraction (Mamas et al., 2003). Detrusor-sphincter dyssynergia
can also arise from lesions to the pontine reticular nucleus and the reticular
formation (Sakakibara et al., 1996).

Bowel Function Disruption

Bowel dysfunction frequently occurs after a spinal cord injury because
the brain and spinal cord have major roles in stool elimination. Although
the movement of feces down the length of the bowel is partly controlled by
independent neurocircuits that reside within the bowel,* the brain and
spinal cord are essential for voluntary control over defecation. Loss of
bowel function is so deeply distressing and embarrassing to individuals
with spinal cord injuries that it affects their social interactions and their
willingness to engage in sexual activities.

The impact of a spinal cord injury on voluntary control of the bowel is
known as neurogenic bowel. Neurogenic bowel comes in two types—
reflexic and areflexic—depending on the location of the injury. Reflexic

“When the bowel wall is stretched, the local neurocircuits cause the muscles above the
stretched area to constrict, whereas those below the stretched area are induced to relax, thus
propelling feces down the bowel toward the anus.
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bowel, or upper motor neuron bowel, is the result of injuries above the
sacral cord. Reflexic bowel brings constipation and an inability to defecate
by conscious effort. The anal sphincter muscle remains tight and can be
stimulated manually to induce defecation. Areflexic bowel, or lower motor
neuron bowel, results from injuries at or below the sacral cord. It also
causes constipation and incontinence. The anal sphincter becomes so flac-
cid that it is incapable of being manually stimulated to induce defecation.
Both types of neurogenic bowel carry the risk of serious complications,
including bowel obstruction, colorectal distention, and a life-threatening
rise in blood pressure triggered by a distended bladder or bowel.

Control of Sexual Function by the Spinal Cord and Brain

Many aspects of human sexuality are under reflexive control by various
centers in the spinal cord, most frequently in the sacral and in the thoracic
and lumbar regions. The site and extent of injury are thus key determinants
of sexual function. Several brain regions—most notably, the limbic system
and the hypothalamus—also contribute to sexual function by exerting some
degree of control over neuronal centers located in the spinal cord, especially
sexual drive or inhibition. A large proportion of men and women with
spinal cord injuries report reduced sexual desire (Alexander et al., 1993;
Sipski and Alexander, 1993) and reduced fertility (Elliot, 2002). Male infer-
tility appears to be the result of abnormalities in semen, especially low
sperm motility and viability and increased numbers of leukocytes (Randall
et al., 2003).

For men, the sexual response includes three separate functions: erec-
tion, ejaculation, and orgasm. Erection has two descriptive types, both of
which are controlled by distinct spinal cord reflexes. Psychogenic (or men-
tally induced) erection is controlled by the T11 to L2 segments of the spinal
cord, whereas reflexogenic erections are mediated by the sacral cord. Ejacu-
lation is a more complex process, with two stages mediated by the region
from T10 to S4, which controls certain sympathetic, parasympathetic, and
somatic nerves. A physiological component of an orgasm is rhythmic pelvic
floor contractions and other smooth-muscle contractions mediated by sac-
ral regions of the spinal cord. The experience of orgasm as pleasurable
depends on processing and interpretation by the brain. Damage to the
relevant spinal cord centers or disruption of connections to the brain can
thus lead to various types of sexual dysfunction. Dysfunction in the urinary
or the gastrointestinal system also has a bearing on ejaculation and orgasm,
as does an individual’s mental state, such as depression or anxiety (Elliot,
2002).

For women, the sexual response depends on arousal and orgasm. Sexual
arousal involves vaginal lubrication; swelling of the clitoris; and increases
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in heart rate, respiratory rate, and blood pressure. Vaginal lubrication has
two types, psychogenic or reflexive, which are controlled by the regions of
the spinal cord from T10 to L2 and S2 to S35, respectively. Orgasm has been
directly investigated in laboratory-based studies with women with spinal
cord injuries. Overall, only 52 percent of women with spinal cord injuries
were able to stimulate themselves to orgasm, regardless of the nature of
their injury (Sipski, 2001). Women with injuries of the sacral cord were
significantly less likely to reach orgasm than women with spinal cord inju-
ries at other, higher levels. Researchers therefore postulate that an intact
sacral reflex is necessary for orgasm (Sipski, 2001; Benevento and Sipski,
2002).

SUMMARY

Although much progress has been made, especially in the past 25 years,
in understanding the basic biology of the nervous system and the complex
pathways in the pathophysiology of spinal cord injuries that involve the
immune, vascular, and nervous systems, much remains to be learned. As
emphasized in the following chapters, this basic research is the underpin-
ning of progress that will be made in developing therapeutic interventions.

Many research avenues remain to be examined to understand the bio-
chemical mechanisms responsible for spinal cord injuries and thus the tar-
gets for the development of therapeutic interventions. Research is needed
on the processes involved in cellular death and the immediate sequelae of
apoptotic and necrotic cell death. The molecular mechanisms that promote
and inhibit axonal regeneration need to be further explored, as do the
molecular mechanisms that direct axons to their appropriate targets and
regulate the formation and maintenance of appropriate and functional syn-
aptic connections and circuitry.

Moving this research forward involves opportunities and challenges
that are not isolated to spinal cord injury research. Rather, this research has
far-reaching potential to both inform and be informed by many other fields
of research and the efforts that are under way to examine other neurologi-
cal diseases and conditions.
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TooLs FOR ASSESSING SPINAL CORD
INJURY AND REPAIR

ecause the spinal cord is encased in the protective armor of the

vertebrae, investigation of the site of the injury or the effects of

potential therapies has required the development of a diverse set of
research tools. In the past 40 years the rapid progress in the technologies
available to perform experiments has largely been responsible for the great
strides that have been made in understanding the basic principles of neuro-
science. Studies with animal models have been instrumental in the rapid
development of neuroscience and understanding of the biology of the spi-
nal cord. The advent of cell culture techniques has provided a means to
isolate and grow cells. Researchers can now isolate specific molecules and
proteins and examine their roles in neuronal injury and repair in labora-
tory animals that mimic human spinal cord injuries. Recent advances in
imaging techniques and methods for investigation of the actions of genes
have advanced the understanding of spinal cord injuries even further. They
also provide researchers with the tools that they need to examine changes
in the spinal cord at the molecular and structural levels, for example,
improving knowledge of the inhibitory conditions that serve as barriers to
neuronal regeneration.

This chapter describes the important genetic and in vitro tools that
have been developed to advance spinal cord injury research; the key animal
models that are used to mimic human spinal cord injuries and the major
limitations of the existing animal models; and the outcome measures that
have been developed to assess spinal cord injuries and the effectiveness of
experimental therapies, including the development of imaging technologies.
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MOLECULAR, GENETIC, AND IN VITRO TOOLS

Techniques have been developed that allow researchers to isolate and
grow populations of neurons to investigate the effects of specific proteins
and molecules on neuronal injury and repair. Neurons can be grown in
isolation or with glial cells such as oligodendrocytes or Schwann cells to
study the processes of axonal outgrowth and myelination. Investigators use
molecular biology-based techniques, such as DNA or protein analysis, that
can be used to easily visualize or analyze outcomes.

Demonstrating the power of a cell culture experiment, the simple
growth-cone turning assay led to the discovery that altering various mol-
ecules inside the growing axon regulates protein and cyclic nucleotide
activities, which, in turn, can convert an axon’s response to a growth-
inhibiting molecule from one of repulsion to one of attraction (Song et al.,
1998). When this application is applied to regenerating axons in the rat
spinal cord, investigators showed that the regrowth of transected neurons
has the potential to be enhanced considerably (Neumann et al., 2002; Qiu
et al., 2002). Furthermore, the recent elucidation of the signaling pathways
responsible for this switch in response may lead to the discovery of a
strategy for enhancing axon regeneration (Wen et al., 2004).

Often, in vitro assays can be used in experiments with animal models,
thus allowing researchers to verify and examine the effects detected in vitro
to be evaluated in a more complex system. For example, chondroitin sulfate
proteoglycans were found to inhibit neurite outgrowth in in vitro experi-
ments (Snow et al., 1990). Analysis with animal models demonstrated that
the levels of these proteoglycans are enhanced, or up-regulated, during
central nervous system (CNS) injury (Snow et al., 1990) and led to the
development of a strategy to break down these substances and promote the
regrowth of axons in the intact rat spinal cord after an injury (Bradbury et
al., 2002).

Animal Models for Molecular and Genetic Studies

Models consisting of multiple-transgenic animals have been developed
to investigate molecular mechanisms and to identify the molecules critical
for specific processes (Table 3-1). These models provide a better under-
standing of the genetic and molecular basis by which spinal cord circuits,
specific neuronal subtypes, and synapses are formed (Shirasaki and Pfaff,
2002; Lanuza et al., 2004). For example, by studying the development of
the nervous system of the fruit fly (Drosophila melanogaster), researchers
have identified numerous molecules that can regulate the growth of the
axon and the formation of neuronal connections (Vaessin et al., 1991; Kidd
et al., 1998; Kraut et al., 2001; Jin, 2002). This information should provide
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TABLE 3-1 Animal Models Commonly Used to Identify Genes Involved
in Axon Growth and Circuit Formation

Animal Technique(s) Primary Utility

Fruit fly Transgenic Identify and investigate molecular
expression patterns; perform genetic
experiments to identify the molecules
involved in axon growth and guidance
and the reformation of neuronal
connections

Worm Transgenic Identify and investigate molecular
expression patterns and perform genetic
experiments

Fish Transgenic, transection, Examine motor control and the central
pattern generator after transection of the
spinal cord and investigate axonal
regeneration models

Mouse Transgenic, imaging Identify and investigate molecular
expression patterns; perform genetic
experiments to identify the molecules
involved in axon growth and guidance
and the reformation of neuronal
connections; examine cellular and
molecular basis of spinal cord circuits

the insights needed to reconstruct effective circuits once axonal regenera-
tion has been achieved.

ANIMAL MODELS OF SPINAL CORD INJURY

Animal models allow in-depth investigation of the anatomical and
molecular changes that occur in response to a spinal cord injury at a level of
detail that would not be possible or ethical in studies with humans. These
insights are critical for the design and interpretation of the results of studies
with humans. Without the knowledge gleaned from studies with animals,
the spinal cord would remain the equivalent of a black box and therapies
aimed at restoring function would be limited. For example, experiments
with rodents demonstrated that the neurons in the spinal cord are able to
regenerate after an injury (Richardson et al., 1980; Xu et al., 19935).

Researchers have developed a variety of animal models that mimic
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different attributes associated with spinal cord injuries. Depending on the
purpose of the study and the specific aspect of the injury to be investigated,
researchers determine which animal model most closely replicates the in-
jury in humans (Tables 3-2 and 3-3). In 2000, the International Spinal
Research Trust published guidelines that describe four characteristics that
are required for an optimal model of spinal cord injury (Ramer et al.,
2000):

¢ The nature and the extent of the lesion should be precisely defined.
If there is doubt about the extent of a lesion or whether axons have been
spared, then interpretations of regeneration can be misleading.

* A histological method should be available to detect the growth of
axons through the lesion.

* A method should be available to analyze the functional synaptic
transmission beyond the lesion by measuring the electrical activity that
neurons use to communicate with one another.

® A behavioral measure should be available that is capable of detect-
ing restoration of known circuits.

It is important to examine therapies in a system that best mimics the
condition of the individual with a spinal cord injury. For example, therapies
designed for individuals with chronic conditions should not be tested in
animal models immediately after the animal has received the injury but
should be tested only after the animal is in the chronic stage of the injury
(Kwon et al., 2002a; Houle and Tessler, 2003; Kleitman, 2004). Further-

TABLE 3-2 Value of Animal Models for Spinal Cord Injury Research

e Allows in-depth investigation of the anatomical changes that occur in response to
an injury

e Regeneration of axonal tracts between the brain and the spinal cord can be studied
in detail

e Individual components of the complex neural circuitry required for sensory
perception and motor control can be examined

e Factors that influence DNA and proteins can be characterized
e Provides a means to examine the effects of specific genes

e DProvides a tool to identify and test the efficacies of potential therapeutic agents and
targets

e Identifies clinical end points that can be used to assess the efficacies of therapeutic
agents
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TABLE 3-3 Ciriteria for Choosing an Ideal Animal Model

e Ability to match the behavioral complication to a morphology deficit

e Similarities and differences between the anatomy and cellular composition of the
animal and human spinal cord

e Similarity of the whole injury process, including genetic changes and progression, to
that observed in humans

e Similarities and differences between the timing of the stages of injury and life cycle
in animals and humans

e Similarities and differences in the genetic backgrounds of the animal strains and
species that may influence the response and recovery from a spinal cord injury

¢ Economics of the model, including the costs of care and feeding, and regulations

SOURCE: Croft, 2002.

more, each type of spinal cord injury (Chapter 2) is different and presents
its own set of challenges; therefore, each requires its own standard animal
model that reliably mimics the complications experienced by individuals
with that type of spinal cord injury.

A number of animal models have been developed, including models
that mimic compression, contusion, and transection (Table 3-4). Blunt con-
tusion injuries account for 30 to 40 percent of all human spinal cord
injuries (Hulsebosch, 2002); thus, the contusion model provides an impor-
tant tool that researchers can use to examine the neuropathology of the
injury and to test the efficacies of different therapeutic agents. In 1978, the
clip compression technique was developed by researchers to simulate the
continual pressure and displacement of the spinal cord common in spinal
cord injuries, which is not reproduced in contusion injuries (Rivlin and
Tator, 1978). This procedure has provided researchers with a great deal of
information about the pathophysiology of the spinal cord during the acute
stages of the injury; the timing, necessity, and effectiveness of releasing the
pressure from the spinal cord; and potential therapies (Kwon et al., 2002b).
To target and eliminate particular groups of neurons, methods that gener-
ate microlesions (Magavi et al., 2000) and that leave the vast majority of
the nervous system intact have been developed. Using this strategy, the
functional consequences that result from losing the nerve groups can be
systematically examined. Researchers are determining the neuronal popula-
tions responsible for specific spinal cord injury deficits, including the root
causes of chronic pain (Gorman et al., 2001).
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TABLE 3-4 Commonly Used Animal Models of Spinal Cord Injury

Animal and Injury Modeled Primary Utility and Potential Issues
Primate o Test the safety and efficacies of therapies
transection e Determine the role of the central pattern

generator in bipedal animals

¢ Ethical complications with the use of primates

e High cost of animal maintenance

¢ Limited number of animals that can be
prepared for experimentation

e Spatial arrangement of the tracts differs from
that in humans

Cat ¢ Examine and define spinal cord circuitry and
contusion, the central pattern generator
transection e Central pattern generator may have different

amounts of brain regulation compared with
that in humans

e Spatial arrangement of the tracts differs from
that in humans

e Chromosomes and genes are organized
differently from those in humans

Mouse ¢ Investigate molecular and anatomical changes
contusion, that occur in response to injury; however,
compression, mice respond differently than humans to
transection, spinal cord injury
transgenic, e Examine specific molecular targets for
microlesion potential therapeutic targets
formation ® Modify genes to test the effect on restoration

or loss of function

¢ Difficult to assess upper extremity function

e Genetic variability in injury response,
including scar formation

¢ Differences in scale size of spinal cord
between mice and humans

e Spatial arrangement of the tracts differs
between mice and humans

e Chromosomes and genes are organized
differently from those in humans

Rat ¢ Investigate molecular and anatomical changes
contusion, that occur in response to injury
compression, e Difficult to assess upper extremity function
transection, ¢ Differences in scale size of spinal cord in rats
microlesion versus humans
formation e Chromosomes and genes are organized

differently from those in humans

NOTE: Contusion refers to a bruising of the spinal cord. Transection models are used to
simulate lacerations to the spinal cord. Transgenic refers to modification of the animal’s
genetic profile, which is done by deleting or modifying existing genes or introducing a novel
gene.
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Issues Regarding Animal Models

Mimicking Transection and Compression Injuries

To make certain that the results from transection experiments are cor-
rectly interpreted and to minimize the variability in results, it is important
that transection methods be standardized and that control animals be pre-
pared at the same time that the experimental animals are treated. For
example, to ensure that the recovery of function is due to axonal regenera-
tion and not spared spinal cord circuitry, researchers must precisely per-
form transections of the spinal cord and must be sure that the axons
projecting from the neurons are completely severed. If not all of the axons
are severed, sparing and sprouting from uninjured axons become issues. It
is important to note that damage to the dura mater as a result of a penetrat-
ing injury (including experimental transection) provides a route for the
invasion of fibroblasts into the injury site (Zhang et al., 1996, 2004).
Furthermore, in mice, there is extensive invasion of fibroblasts even with-
out damage to the dura and the fibroblasts participate in the formation of a
tissue matrix that is supportive for regeneration of at least some types of
CNS axons. Following penetrating injuries, the potential contribution of
fibroblasts (positive or negative) must be considered in evaluating experi-
mental interventions to promote repair and functional recovery

By virtue of the means by which compression injuries occur, there is a
large amount of variability in the severities of spinal cord injuries. How-
ever, when initial compression studies are performed, it is important to be
able to study a large population of animals that have the exact same initial
injury characteristics before the experimental therapeutic intervention. Pro-
tocols have been developed to help minimize the variability in injury from
animal to animal. Three impactors are widely accepted as standard meth-
ods for the delivery of contusion injuries to rodents: the Ohio State Univer-
sity (OSU) impactor, the Infinite Horizons device, and the Multicenter
Animal Spinal Cord Injury Study (MASCIS) impactor (Bresnahan et al.,
1987; Noyes, 1987; Kwo et al., 1989; Gruner, 1992; Young, 2002).

Genetic Variability Between and Among Species

Although it is important to test therapeutic interventions in animals
before they can become established treatments in the clinic, genetic differ-
ences between animal species can potentially result in different responses to
spinal cord injuries or treatments. For example, in response to injury, hu-
mans and rats develop a cavity in the spinal cord, but this does not occur in
mice (although the precise cellular and molecular bases for this are not yet
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BOX 3-1
The Story of Nogo-Knockout Mice:
Cooperation, Collaboration, and Genetic Variability

Three groups of investigators recently used the gene-knockout strategy to ex-
amine whether Nogo, a potential inhibitor of axon growth (see Chapter 2), was
responsible for preventing neuronal regeneration after an injury (Steward et al.,
2003). Researchers coordinated their research efforts and published their findings
in papers published in the same issue of the journal. Each group removed a spe-
cific part of a mouse’s chromosome that is responsible for Nogo, with the hypoth-
esis that if Nogo is responsible for inhibiting neurons from growing, then its removal
would facilitate regeneration after a spinal cord injury. However, the experiments
found contradictory results. One study reported that the loss of Nogo increased the
extent of neuronal regeneration, as predicted (but only in young mice), and the
second study reported a more modest enhancement; however, the third group did
not find any significant difference (Kim et al., 2003; Simonen et al., 2003; Zheng et
al., 2003). The various results could have been due to differences in the ages and
the genetic backgrounds of the mice, the strategy used to delete the Nogo gene,
and the compensatory changes in other genes. In order to better understand the
differences in these results, two of the groups have set up a collaboration to share
their mice and perform their own analyses. This example demonstrates the value
of genetic techniques, the importance of consistency in experimental design, the
need to replicate experimental results, and the value of collaborative and collegial
interactions between research groups.

well understood). In amphibians, regeneration readily occurs directly
through the glial scar.

Different strains of the same animal species may respond differently to
spinal cord trauma. For example, the nature and the extent of the second-
ary injury and wound healing vary in different strains of mice (Inman et al.,
2002). Although these differences in responses between strains and species
complicate comparison of the results of studies with different animal spe-
cies, they may provide important insights about the specific genes that
affect postinjury signaling cascades (Inman et al., 2002). Furthermore, the
differences observed in experiments with the Nogo gene (Box 3-1) provide
important lessons about the necessity to replicate experiments.

Scale

The human spinal cord is more than four times as long as the rat’s
entire CNS (brain and spinal cord). Figure 3-1 demonstrates the difference
in size between the entire CNS of a rat and the caudal end of a human
spinal cord. A contusion or transection trauma in humans can affect up-
wards of 2 to 3 centimeters of the spinal cord, which is approximately 10
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FIGURE 3-1 Size discrepancy between the rat and the human spinal cords.

The human spinal cord is more than four times as long as the entire CNS of the rat.
(A) A caudal segment of the human spinal cord, including the cauda equina. The
human cauda equina is approximately the same length as the entire CNS of a rat,
which includes its brain. (B) The diameter of the human spinal cord is also much
larger than that of the rat spinal cord. Twenty slices of a rat spinal cord can fit
inside one slice of a human cord.

SOURCE: Reprinted with permission, from Dobkin and Havton, 2004. Copyright
2004 from Annual Reviews.

times the length of the 1 to 3 millimeters often affected by contusion inju-
ries in rats (Metz et al., 2000). Consequently, regeneration of nerve fibers
over a few vertebral segments in a rat—which can result in the restoration
of function—is equivalent to only a fraction of the distance that is needed to
restore function in humans (Dobkin and Havton, 2004). Furthermore, be-
cause neurons from both species demonstrate the same degree of spontane-
ous sprouting of their axons, approximately 2 millimeters (von Meyenburg
et al., 1998), there are added complexities in promoting sufficient axon
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growth in humans (Dobkin and Havton, 2004). Although parts of the
white matter of the human spinal cord are almost as large as the entire
diameter of the rat spinal cord (Figure 3-1), there is no significant difference
in the capacity for oligodendrocyte precursor cells to migrate to remyelinate
axons in rats and humans.

One of the issues regarding the differences in scale between smaller
laboratory animals and humans that has been discussed is the extent to
which testing is needed in primate models. Depending on the treatment, it
may be advisable to examine the efficacies of some cell therapies in pri-
mates. However, there are also limitations in the use of non-human pri-
mates for mimicking human responses. For example, some types of monkeys
have specific antibodies that can attack and inhibit the survival of human
cells. Additionally, the bioavailability and metabolism of anti-rejection
drugs in non-human primates and humans differ significantly. Therefore,
rodents have frequently been used as the preferred model to study the
efficacies of new immunosuppressive agents because of similarities in me-
tabolism between rodents and humans. In addition, experiments are some-
times performed in rabbits and cats, which have larger spinal cords and are
also less expensive and easier to maintain than primates. Furthermore, few
tests have been developed to assess changes in spinal cord recovery in
nonhuman primates. The committee believes that every therapy need not
necessarily be tested in primates before clinical trials are performed with
humans and that tests with primates be limited to those that will answer
questions that are best explored only with non-human primate models.

Next Steps

The promise accorded by the methodical testing of therapies with ani-
mal models is beginning to pay off. Scientists have identified numerous
inhibitory molecules and receptors that prevent the regeneration of neurons
in the spinal cord and have clarified the pathways by which the inhibitory
response can be modulated.

Additional resources and tools are still needed in some areas, however.
Animal models need to be developed for solid spinal cord injuries, as they
account for a significant portion of human spinal cord injuries (Hulsebosch,
2002). Primate models of contusion injury are particularly needed, as well
as standard animal models for cervical spinal cord injuries. Furthermore,
there is no standard laboratory animal model that spinal cord injury re-
searchers can use to examine fine motor control of the upper extremities or
the loss of the sensory modality proprioception, which is responsible for
limb position and immediately varying the degree of muscle contraction in
response to external stimuli. When individuals with spinal cord injuries lose
their proprioception, they are unable to move freely and interact comfort-
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ably with the external environment (see Box 5-1). Therefore, the develop-
ment of a standard animal model that mimics the loss of proprioception
will facilitate the development of therapies in a timely fashion.

It is important that researchers use standardized animal models and
that they use them consistently. The National Institute of Neurological
Disorders and Stroke (NINDS), in recognition of the need to train research-
ers who work on spinal cord injuries, collaborated with Ohio State Univer-
sity to design a course that emphasizes competency in the technical
approaches required for standard animal care and treatment and experi-
mental design (Ohio State University, 2004). In addition, the University of
California at Irvine has developed a similar course. These courses provide
researchers with the opportunity to be trained to use the same standards for
animal research. By training multiple researchers to use standard tech-
niques, consistent animal injury models can be implemented. These models
will increase the extent to which research results can be compared and
improve the extent to which animal models can be used to predict clinical
outcomes in humans.

OUTCOME MEASURES USED TO ASSESS
INJURY AND RECOVERY

Because of the variations in the severity and the nature of the outcomes
that individuals with spinal cord injuries experience, it is often difficult for
health care professionals and researchers to assess the success of a particu-
lar intervention. Similarly, it is difficult for preclinical researchers to consis-
tently assess progress in laboratory animal experiments and to determine
the amount of progress, if any, that results from natural recovery, drug
therapy, surgical intervention, or rehabilitation.

Outcome Measures Used to Assess Spinal Cord Injury in Animal Models

Tests developed to examine the recovery of function in laboratory
animals have been designed primarily to examine motor function (Table
3-5; Appendix D). However, to accelerate the translation of research in
other areas, including sexual function, bladder and bowel control, and
chronic pain relief, standard tests need to be developed to assess experi-
mental therapies for each of these major complications (Widerstrom-Noga
and Turk, 2003).

Researchers use a standard scale, the Basso, Beattie, and Bresnahan
(BBB) scale, to assess the recovery of motor function in rats (Basso et al.,
1995). The foundation of the BBB scale is the assessment of hind-limb
movements in rats with spinal cord injuries. The 21-point BBB scale is
sensitive enough that small gains in motor function are reflected in changes
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TABLE 3-5 Tools Used to Assess Spinal Cord Injuries in Laboratory
Animals

Functional recovery

Basso, Beattie, and Bresnahan (BBB) scale, an open-field locomotor test for rats

e Is based on 5-point Tarlov scale

Analyzes hind-limb movements of a rat in an open field

Is a 21-point scale used to assess locomotor coordination

Rates parameters such as joint movements, the ability for weight support, limb

coordination, foot placement, and gait stability

Small changes in tissue correlate to large changes on the scale

e Assesses walking, not other movements requiring coordinated spinal cord
activity

e Does not assess pain, bowel, bladder, or sexual function

Basso Mouse Scale (BMS), an open-field locomotor test for mice

e Is an adaptation of rat BBB scale to examine the recovery of hind-limb
locomotor function

e Assesses walking, not other movements requiring coordinated spinal cord
activity

e Does not assess pain, bowel, bladder, or sexual function

Neuronal activity assessment by electrophysiology

e Assesses MEPs or SSEP

e  Stimulates corresponding cortical areas of the brain and records response in
target nerves to see if connections are still functional

Correlates to impairment of locomotor activity

Is noninvasive

Neuronal activity may not correlate with functional changes

Hard to assess subtle but critical improvements to circuitry

Does not directly assess pain, bowel, bladder, or sexual function

Forepaw withdrawal

e Investigates recovery of heat perception

e  The forepaw is placed on a heat block and the time that it takes for the
animal to withdraw it is measured

e  Forepaw withdrawal requires motor function

e  Does not assess pain, bowel, bladder, or sexual function

Directed forepaw reaching

e Looks at coordinated limb and muscle movement

e Requires rats to reach under a barrier and pick up food with forepaws
e  Limited scale for assessment

e Does not assess pain, bowel, bladder, or sexual function

Morphological assessment of recovery
Histology
e Is used to look at the morphology of axons and assess the degree of tissue

sparing, injury, and recovery
Continued
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TABLE 3-5 Continued

e Is used for anterograde and retrograde tracing of axons: a substance is
injected above or below the location of the injury to determine if the neuron
transports it up past the injury location

e Uses electron microscopy to look at the morphology of the spinal cord at very
high resolution

e  Uses antibody staining to determine the protein distribution in cells

e Assessments cannot be made in real time

e  Cannot be performed with living animals

Real-time imaging of the spinal cord

e Uses MRI, CT, and PET, which are safe, noninvasive methods that provide
detailed images of hard-to-view areas of the spine

e Resolution is not high enough to detect changes to individual cells

Genetically encoded reporter molecules

e Axon regrowth and formation of functional connections are visualized by use
of genetically encoded reporter molecules in intact animal models or in
isolated spinal cord preparations

e Requires a correlation to improvements in physiological function

NOTE: Abbreviations: BBB = Basso, Beattie, and Bresnahan; BMS = Basso Mouse Scale; CT =
computed tomography; MEPs = motor evoked potential; MRI = magnetic resonance imaging;
PET = positron emission tomography; SSEP = somatosensory evoked potential.

in the outcome score. However, the scale has several limitations as it as-
sesses only the functional recovery of the hind limbs and not other elements
of fine motor control that are required for coordinated activity regulated by
the spinal cord; does not examine the recovery of sensory modalities, in-
cluding pain and temperature sensations; does not assess other complica-
tions that arise as a result of spinal cord injuries, including bowel and
bladder function, pain, or sexual capacity; and is not linear.

Outcome Measures Used to Assess Spinal Cord Injury in Humans

Clinicians have available more than 30 assessment tests and surveys
that they can use to examine individuals with spinal cord injuries (see
Appendix D), including the American Spinal Injury Association (ASIA)
scale and measures that assess all the major complications associated with
spinal cord injuries. As discussed in further detail in Chapter 5, each of
these measures assesses a specific aspect of recovery from spinal cord injury
or evaluates the individual’s quality of life and is not designed to examine
all the major complications that arise because of a spinal cord injury.
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MONITORING REAL-TIME PROGRESSION OF
SPINAL CORD INJURIES

Biomarkers

It is hoped that in the near future biomarkers will be available for
diagnosis or prediction of the clinical course of an individual after a spinal
cord injury; however, no biomarkers are currently available to identify the
changes occurring in the cells in the living spinal cord, such as neurite
outgrowth, cell death, or changes in gene expression. Researchers have
identified a large number of potential biomarkers (Table 3-6) and are devel-
oping practical methods to assess changes to those markers that could be
used in the clinical setting. Once biomarkers are available and validated,
they could be used to aid researchers and clinicians with making a diagnosis
and establishing a prognosis, monitoring changes over time, and evaluating
therapeutic interventions.

Trauma to the spinal cord affects a large number of biochemical cas-
cades and reactions, but specific details about the genes involved in these
processes are not well understood. Most of these changes are reflected by
changes in mRNA and protein levels (Table 3-7). Since mRNA is copied, or
transcribed, from DNA and provides the transcript that the cell uses to
synthesize new proteins, analysis of mRNA or protein levels could reveal
information about changes in cellular events. Advances in microarray tech-
nologies over the last decade have made it possible for researchers to exam-
ine the expression patterns of hundreds, if not thousands, of genes at the
same time by comparing changes in gene activity in spinal cord samples
from healthy and injured individuals. Using biomarkers, microarrays, and
other tools, investigators have started to assess the complexity of the bio-
logical response to spinal cord injury. The full potential uses of biomarkers
for spinal cord injury research include the following:

*  Diagnosis and prognosis. The expression profile of a biomarker,
especially proteins, could provide clinicians with information that aids in
establishment of a diagnosis and a prognosis of a patient’s injury. For
instance, the progression of multiple sclerosis (MS) can be determined by
examining the levels of a major myelin component, myelin basic protein,
whose concentration increases in the cerebrospinal fluid in response to a
demyelinating episode. Experiments with laboratory animals have identi-
fied similar gene expression fluctuations in response to spinal cord injuries.
For example, the onset of the acute immune response is characterized by
increases in the levels of the interleukin-6 protein (Segal et al., 1997; Carmel
et al.,, 2001; Song et al., 2001; Nesic et al., 2002), whereas apoptosis, or the
controlled death of cells that begins in the secondary stage of the injury, is
regulated, in part, by changes in the levels of the Fas protein (Li et al., 2000;
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TABLE 3-6 Criteria for Determining and Validating a Biomarker Used to
Monitor Spinal Cord Injury Progression and Recovery of Function

Necessary properties of a e Describe a biological process that changes
progression marker with the progression of the disease or recovery
e Correlate with clinical deterioration

Necessary properties of a ¢ Objective (i.e., it should be amenable to a
biomarker measure used as a blinded or a centralized assessment)
progression indicator e Reproducible (i.e., repeat measurements of the

progression indicator for the same patient
should be highly correlated)

e Specific to changes in progression indicator;
otherwise, the effects of other changes in the
biomarker (e.g., compensatory changes related to
drugs used to treat the injury or to agent under
study in a clinical trial) should be known so that
suitable adjustments in the analysis of clinical
trial data can be made

e Low signal-to-noise ratio for the biomarker
measure

e Safe and tolerable and should not require
maneuvers that could unblind the study

Other desirable properties of e Relatively inexpensive and easy to use

a biomarker measure used as e Capable of being used in repeated studies with a
a progression indicator particular individual with a spinal cord injury
Data needed to support the use ¢ Data from longitudinal studies should be

of progression indicator or available for a sufficient number of individuals
biomarker measurement for with spinal cord injuries to allow an informative
application to a clinical trial assessment of the distributional properties (e.g.,
for study of spinal cord injury mean and variance) of the progression measure
progression over periods of time pertinent to future clinical

trials; such data are needed to allow calculation
of the sample size and power for trials to
evaluate the effects of specific treatments on
spinal cord injury progression

NOTE: This table is based on recommendations for the development of biomarkers for use in
monitoring the progression of Parkinson’s disease.
SOURCE: Adapted from Brooks et al., 2003.

Casha et al., 2001). Thus, identification of specific fluctuations in the levels
of proteins like interleukin-6 and Fas could inform clinicians about changes
in an individual’s level of injury.

*  Treatment guidance. Analysis of gene expression during the course
of the injury and recovery could provide clinicians with detailed informa-
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tion about the molecular events that are responsible for changes in spinal
cord reorganization that occur over time. With this knowledge, physicians
might be able to avoid preventable complications and specifically target
ongoing events when they treat spinal cord injuries.

*  Outcomes assessment. Biological expression data that are corre-
lated to functional improvement, such as increased locomotion, improved
bowel function, or reduced spasticity, may provide helpful means of assess-
ing beneficial or harmful changes to the spinal cord that may be missed
when the primary clinical end points are behavioral. The development of
biomarkers that are specific for neuronal cell death, myelination, or nerve
regeneration would be beneficial to both basic researchers and clinicians.

®  Potential therapeutic targets. The analysis of changes in specific
gene products that are up- and down-regulated in response to a spinal cord
injury could also provide researchers with a tool to identify specific targets
that could be used for future drug development. Understanding of the
molecular and cellular mechanisms involved in spinal cord injuries may
permit identification of specific targets for therapeutic benefit.

Traditionally, biomarkers were identified by examining candidate genes
involved in cellular events that occur as a result of a spinal cord injury and
looking for other genes that were associated with the function of the candi-
date gene. This strategy led to the identification of many candidate genes,
such as the Nogo gene and several of the interleukin genes, which have
helped define the biological processes affected by a spinal cord injury.
Although the individual process of identifying genes involved in a spinal
cord injury has been critical for advancing the research, the process is also
intrinsically biased and limited in its scope because of its dependence on
previous detailed knowledge about the biological system under study. An-
other limitation is that changes in individual biomarkers may be induced by
events other than spinal cord injuries. For example, the activities of the
immediate-early genes c-fos and c-jun have been correlated to neurite out-
growth, but they are also involved in many other processes, including can-
cer metastasis. Therefore, for a single biomarker to provide sufficient
predictive value, it must be specific to spinal cord injuries and provide a
sensitive measure for the assessment of the process being examined. Conse-
quently, changes in multiple genes will need to be assessed to understand
gene responses specifically related to spinal cord injuries as is true in assess-
ing breast cancer (Hollon, 2002).

Protein Expression Profiles of Spinal Cord Injury

Because the body contains more than 1 million proteins that regulate
metabolism and disease (Watkins, 2001), proteomic techniques that ana-
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TABLE 3-7 Changes in Gene Expression After Spinal Cord Injury, by

Stage of Injury

Gene
Function Primary Stage Secondary Stage Chronic Stage
Apoptosis Caspases, c-jun, p53, Caspases, c-jun, None
Fas, FasL, CD9S, NF-xB, HSP70
rho
Growth and Vimentin, TGFp, Vimentin, TGF, Vimentin, TrkB,

differentiation

Inflammation

Regulation of
ion transport

Protection of
neurons

Communication
between neurons

ANIA-6

IL-6, IL-1B, IGFs,
SOCS, MCP-1
(IESR-JE), ICAM-1,
iNOS, GFAP, IL-4r,
COX-2,

IL-2Ro, HSP27

Ca2+ ATPase (-)

None

SNAP-25 (-),
syntaxins (-),
glutamate receptors

VGF, BDNF, TrkB (-)

IL-6, IL-1, IGFs, SOCS,
MCP-1 (IESR-JE),
ICAM-1, iNOS, GFAP,
TNF receptor,

COX-3 (-), HSP27

Ca2+ ATPase (-), K*
channels, Na*
channels (=), Na*/K*
ATPase (-)

Metallothionein I and
I, survival motoneuron

SNAP-25 (-), syntaxins
(=), synapsins (=),
somatostatin (-),
GABA transporters (),
glutamate receptors,
GABA receptors (-),
glutamate transporter

BMPs

IL-6, IL-1B, IGFs,
HSP27

Ca2+ ATPase (-)

Metallothionein 1
and II

GABA receptors

lyze changes to individual or multiple proteins have the potential to provide
investigators with information about cellular responses to spinal cord inju-
ries. For example, Western blotting and immunohistochemistry allow in-
vestigators to examine modifications to a protein’s structure that may
change its activity and cellular distribution.

Protein arrays, like DNA arrays, allow researchers to screen simulta-
neously many proteins for changes in expression levels that result from the
onset of a disease or a therapeutic approach. However, protein arrays are
not as encompassing as DNA arrays. Current protein array technology only
allows about 10 percent of a cell’s total proteome to be represented on an
array (2,000 to 3,000 proteins can be represented on a protein array,
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TABLE 3-7 Continued
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Gene
Function Primary Stage Secondary Stage Chronic Stage
Repair and Nestin, JAK, STAT, Nestin, vimentin, Semaphorin,

regeneration of c-fos

dynamin (=), c-fos

GAS-7, epithelins 1

neurons and glia and 2, platelet

factor 4
Proteins that PDE, CaM PDE, MAP kinases, None
relay exterior kinases (-) CaM kinases (-)
information to
the nucleus
Proteins that None MOG (-), None
generate and neurofilaments,
maintain cellular LAMP (-),
structure MAP-2, tau (=)
Regulation of Fra-1, NGFI-A Fra-1, NGFI-A None

DNA synthesis

NOTE: Analysis of proteomic and DNA gene array studies identified significant changes in
gene expression in response to a spinal cord injury. Classification of these genes into specific
functions provides further insight into the processes that are changing. All genes are up-
regulated unless a “(-)” notation is presented, in which case the gene is down-regulated.
SOURCES: Bregman et al., 1997; Segal et al., 1997; Li et al., 2000; Saito et al., 2000;
Carmel et al., 2001; Casha et al., 2001; Fan et al., 2001; Song et al., 2001; Zurita et
al., 2001; Bareyre et al., 2002; Nesic et al., 2002; Shibuya et al., 2002; Tachibana et
al., 2002; Bareyre and Schwab, 2003; Di Giovanni et al., 2003; Dubreuil et al., 2003;
Liu et al., 2003; Haberkorn et al., 2004.

whereas 47,000 genes can be represented on a DNA array). Such arrays
could be tailored to the specific aspect of spinal cord injury being studied.
In addition, advances in mass spectrometry now make it possible to charac-
terize the levels and even the phosphorylation state of many hundreds of
proteins, allowing greater insights into the specific activities of proteins.

Issues in Developing Biomarkers for Spinal Cord Injury

It is extremely difficult to obtain samples of mRNA or protein directly
from spinal cord tissue without inducing further complications. The most
practical sources of mRNA and protein are serum and cerebrospinal fluid.
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However, a spinal tap—an invasive procedure, which requires the insertion
of a special needle through the lumbar vertebral spine into the fluid space
that surrounds the spinal cord—must be performed to obtain cerebrospinal
fluid. Although serum is easier to collect by drawing blood samples, its
analysis is complicated by the high concentration of several proteins (e.g.,
albumin, immunoglobulin G, and transferrin) that constitute approximately
80 percent of total serum proteins. These high background levels make it
difficult to sieve through and detect changes in the levels of proteins that are
present at low concentrations. Once a sample is obtained, issues about the
usefulness of the contents remain. The mRNA derived from neurons and
glia is not very abundant and degrades rapidly. Also, because serum and
cerebrospinal fluid are indirect sources of spinal cord mRNA and proteins,
the overall numbers of genes that are associated with spinal cord injuries
are not well represented. Furthermore, the proteins that are present are
typically restricted to those found on the exteriors of cells and the small
intracellular concentrations of mRNA and proteins that are released when
a cell dies, which further limits the pool of biomarkers that can be analyzed.
Efforts are thus needed to improve the processes for detecting potential
biomarkers.

Next Steps in Biomarker Development

Experimental therapies developed in the laboratory take as long as 7 to
15 years to enter into the clinic (Lakhani and Ashworth, 2001). To expedite
this transition, spinal cord injury researchers should use strategies devel-
oped in other fields, including MS, Alzheimer’s disease, and cancer biology.
For example, clinical studies for MS and brain metastasis have been estab-
lished to analyze changes in protein levels in the serum and cerebrospinal
fluid. These trials could provide the framework for biomarker studies in-
volving individuals with spinal cord injuries.

In 2000, the National Cancer Institute established the Early Detection
Research Network (EDRN) to guide the process of biomarker discovery in
an effort to produce a useful population-screening tool (Kutkat and
Srivastava, 2001). This network consists of three laboratory components:
biomarker discovery laboratories, biomarker validation laboratories, and
clinical epidemiological centers. EDRN also helped to establish standards
for the development and evaluation of biomarkers and guide the process of
biomarker discovery related to cancer biology. Using EDRN as a model, the
spinal cord injury community can transfer many of the recommendations
and strategies developed to facilitate progress on cancer research for spinal
cord injury research. In 2001 and 2004 NINDS issued two program an-
nouncements that focused on advancing proteome arrays and identifying
clinical biomarkers (NINDS, 2001a, 2004); these are not specifically fo-
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cused on spinal cord injuries but do offer potential for advances in this area.
Additionally, NINDS put out a request for proposals (NINDS, 2001b) for
studies designed to define gene expression profiles following traumatic spi-
nal cord injuries.

Because the technologies used to identify biological markers can detect
small but significant changes in gene expression, they are sensitive to slight
variations in protocol. In fact, the gene profiles obtained from experimental
studies are affected by differences in the instruments used to analyze the
samples and by small changes in the ways in which samples are collected
(e.g., the relative time after injury that tissue is collected, the location of the
injury, and the quantity of the specimen) (Bareyre and Schwab, 2003). A
standard set of methods is needed to minimize variability and maximize
reproducibility (Bareyre and Schwab, 2003).

Visualizing the Living Spinal Cord

The spinal cord is embedded in bone and is surrounded by cerebrospi-
nal fluid, which precludes direct visualization. The advent of neuroimaging
techniques has allowed investigators to visualize the spinal cord so that they
can begin to study the progression of spinal cord injuries. Magnetic reso-
nance imaging (MRI) and computed tomography (CT) provide real-time
information about the state of the injury and recovery. Moreover, imaging
is noninvasive and the same region of the spinal cord can be repeatedly
visualized to identify changes occurring over time. Imaging technologies,
biomarkers, and molecular genetic technologies are being combined to pro-
vide researchers with powerful tools to monitor the progression of the
injury and recovery through the visualization of specific molecular markers
that define cellular events and functional changes.

MRI is a safe and noninvasive method of evaluating the spinal cord
that provides detailed pictures of hard-to-view areas of the spine, including
the spinal canal, vertebra, and soft tissue (Levitski et al., 1999). Clinicians
use MRI after an individual has an acute spinal cord trauma to visualize the
location and the extent of the spinal cord trauma and compressive lesions
(e.g., blood clots) (AANS/CNS, 2002). It is superior to positron emission
tomography (PET), CT, and other imaging technologies for the detection of
abscesses or other masses near the spinal cord and is used to monitor
patients with chronic compression injuries. However, imaging technologies
have practical limits in the setting of acute spinal cord traumas, as a patient
may not be stable enough to enter an MRI machine or may have other
medical priorities that take precedence over receiving a detailed image of
the spinal cord.

Functional MRI (fMRI) can provide second-by-second images of the
brain to reveal changes in neuronal activity in response to different sensory
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stimuli and mental tasks. It allows researchers and clinicians to study the
changes in injured neuronal circuits. However, fMRI relies on the meta-
bolic changes that occur in response to neural activity and the images
obtained by fMRI are not a direct measure of neural activity. Therefore,
caution should be placed on interpretation of the accuracies of the spatial
maps generated by fMRI (Ugurbil et al., 2003). The National Institutes of
Health has recommended that fMRI techniques be developed to assess the
degree of loss and recovery of sensation in rodents with contusion injuries
to their spinal cords (Hofstetter et al., 2003; NINDS, 2004).

Radiologists use CT scans as a standard procedure to clarify areas of
clinical concern (Youmans, 1996; AANS/CNS, 2002). Although MRI is
better suited for analyzing the soft tissue of the spinal cord, the strength of
using CT scans is in investigating the bone structure and detecting fractures
of the vertebrae (Figure 3-2). Helical CT scans offer advantages over tradi-
tional radiology X-rays due to their speed in accruing the images and
increased accuracy (4.5 minutes and 98.5 percent, respectively, for helical
CT compared with 25 minutes and 43 percent, respectively, for X-rays).
Therefore, in conjunction with MRI, CT scans provide useful tools for
emergency clinicians (Nunez et al., 1994).

FIGURE 3-2 MRI (A) and CT (B) of an injured spinal cord. Imaging of a spinal
cord contusion injury by MRI and CT helps to reveal different aspects of the
injury. The MRI image on the left reveals the soft spinal cord and bone, whereas
the CT scan image on the right clearly delineates bone structures.

SOURCE: Reprinted with permission, from AANS, 1999. Copyright 1999 from
AANS.
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Unlike MRI, fMRI, and CT scans, PET scans detect and localize spe-
cific naturally occurring proteins; molecules, such as sugars and water; and
other substances, such as neurotransmitters, which have been modified to
emit radioactive energy.

At present, PET scans are not commonly used in the clinic to assess
spinal cord injuries. However, as discussed below, the technology has much
potential to provide researchers and clinicians with a means by which to
visualize changes in gene expression in the spinal cord.

Next Steps: Future Imaging Technologies

Imaging technologies provide clinicians with important tools to gauge
the responses of patients to different therapies (Jacobs et al., 2003). The
creation of sensitive assays that merge image-based technologies with
biomarker research will allow investigators and clinicians to use specific
tracers to localize molecular, genetic, and cellular processes in real time,
thus providing further insight into the biological processes that affect the
progression of the injury (Blasberg and Gelovani, 2002).

As of January 20035, no clinical studies in the United States were specifi-
cally examining the use of imaging marker technologies for the study of
spinal cord injuries. In comparison, markers are used to assess the state of
MS and Alzheimer’s disease and imaging techniques are used to monitor
the effects of different treatments for these conditions. For example, imag-
ing assays are being developed to visualize specific neurotransmitter levels
and to determine if they are involved in memory loss (Brown et al., 2003).

The Future of Magnetic Resonance Technology

In animals with syringomyelia, diffusion-weighted MRI, which is sensi-
tive to the diffusion or random motion of water molecules in tissue, can
detect cystic lesions in the gray matter of the spinal cord (Schwartz et al.,
1999). The increased sensitivity offered by diffusion-weighted MRI will
enable physicians to detect specific complications of spinal cord injuries
sooner, thus increasing the potential for treatment.

Magnetic resonance technology can be adapted to provide more than
diagnostic information about the structural changes occurring in response
to a spinal cord injury. In 2001, Bulte and colleagues used magnetic reso-
nance to track oligodendrocyte stem cells that were prelabeled with super
paramagnetic iron oxide nanocomposites, which are small beads invisible
to the naked eye that can be detected by MR technology (Bulte et al., 1999,
2001). Using this approach, the investigators were able to track the real-
time migration and integration of these oligodendrocyte stem cells for up to
6 weeks in the same animal, which is important for distinguishing the
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efficacies of endogenous cells versus those of the exogenous transplanted
stem cells.

The Future of PET Scans

PET scan technology is being developed to inform clinicians about
whether drugs can bind to the appropriate targets. For example, clinicians
are using PET scans to determine if treatments are effective by looking at
the uptake of glucose, which tumors need to nourish their growth (Van den
Abbeele and Badawi, 2002; Pollack, 2004). These effects can be observed
before structural changes in the tumor can be detected.

Two caveats about the use of PET scans must be kept in mind. First,
current technology does not have enough resolution to allow complete
visualization through the entire diameter of the spinal cord. Furthermore,
the current spatial resolution of commercial PET scanners is 4 mm but 2.5
mm resolution has been achieved in research instruments that use motion
compensation. Second, information obtained from PET scans is based on
metabolic events that correlate to neural activity and may not directly
correspond to the location where the changes in activity are occurring.
Therefore, the images generated by PET scans could be misleading because
they may not accurately represent the spatial specificities of the changes
(Ugurbil et al., 2003). However, refinements to PET scans could provide
important information about the cellular states of the injury, such as gene
activation or suppression in response to the injury; this would provide
physicians with the ability to quantify responses to different spinal cord
injury treatments (Brooks et al., 2003) and to identify functional changes
before the onset of structural changes identifiable by MRI (National PET
Scan Management, LLC, 2004). PET ligands have been developed that can
detect glucose metabolism, inflammation, and receptor abundance, includ-
ing agents that track the N-methyl-p-aspartate (NMDA) receptor activity
and proteases. PET measures very different process than does MRI whose
spatial resolution is superior. However, PET contrast resolution for identi-
fication of proteins can be hundreds of times greater than MRI depending
on the target. The potentials of PET for assessing the severity of injury and
the responses to therapy await application of high resolution systems with
recently developed radiopharmaceuticals.

Tracking Recovery with PET and Magnetic Resonance

Improvements to PET and MR technologies enable investigators to
visualize the molecular signatures of damage and repair to the CNS. In an
attempt to examine the activities of specific neuronal circuits, imaging mark-
ers that mimic neurotransmitters and receptors that are nonradioactive are
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being created, including the iron analog annexin V (Schellenberger et al.,
2002), the fluorescent marker Cy5.5 (Petrovsky et al., 2003), and markers
that do not become active until they reach their target. Future modification
and adaptation of these technologies could be used to examine specific
stages of regeneration, including those designed to detect neurite outgrowth,
astrocyte scarring, oligodendrocyte myelination, and immunological
response.

Transgenic Animals: Following the Labeled Cell

At present it is difficult to follow the path of cell transplants (such as
stem cells, Schwann cells, and olfactory ensheathing cells) in the living
spinal cord; therefore, it is difficult to draw conclusions about the efficacy
of an experiment with such cells. Continued advancement of imaging tech-
niques will provide a mechanism by which investigators and clinicians can
assess the integration of grafted tissue or cells into the preexisting neuronal
network or monitor the response to gene therapy by tracking the transgene
location. Transgenic animal models have thus been developed. Specific
populations of cells in these animals are genetically engineered to be fluo-
rescent or to emit a fluorescent signal when they are functionally activated.
Such approaches, which use two-photon confocal imaging to detect the
signal, can be directly applied to spinal cord preparations in vitro and
administered to intact mice and rats. With improvements in the current
technology, the use and improvement of near-infrared markers might also
provide researchers with a means to monitor the progression of a spinal
cord injury and recovery in laboratory animals.

Multidisciplinary Research and Bringing Molecular Imaging to the Clinic

The promise of molecular imaging technologies can be realized only if
the technologies can be successfully transferred to the clinical setting. The
transfer of these technologies will require cross-disciplinary collaborations
and multidisciplinary research efforts among molecular and cellular biolo-
gists, imaging scientists, nanotechnologists, and clinicians. A review article
by Massoud and Gambhir (2003) identified the following goals for the
transfer of molecular imaging technologies from the research laboratory to
the clinic:

* develop noninvasive in vivo imaging methods that detect specific
cellular and molecular processes, such as gene expression and protein-
protein interactions;

* monitor multiple molecular events in concert;

* monitor the trafficking and targeting of cells;
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e optimize drug and gene therapies;
* image drug effects at the molecular and cellular levels; and
® assess the molecular pathology of disease progression.

Achieving these goals and translating those achievements into reliable
clinical technologies will be critical steps toward the treatment and diagno-
sis of spinal cord injuries at the molecular level. To achieve these objec-
tives, continued advances need to be made to overcome the challenges of
biocompatibility, probe delivery, and high-resolution signal detection
(Mahmood and Weissleder, 2002).

Cross-disciplinary collaboration and multidisciplinary research is
needed to bring together molecular and cellular biologists, imaging scien-
tists, nanotechnologists, and clinicians to reach these goals (Blasberg and
Gelovani, 2002). Many of the imaging techniques used to examine the
CNS were designed to visualize brain tumors or to assess Alzheimer’s
disease, Parkinson’s disease, and MS. These resources and technologies
can be applied or can provide models for spinal cord injury research. For
instance, investigators are examining the utility of using multiphoton im-
aging techniques to monitor the progression of senile plaques in mice that
model Alzheimer’s disease (Christie et al., 2001). This technology could
also be modified to assess and monitor the progression of the glial scar
formation that results from spinal cord injuries.

The cancer research field not only has led the way in developing tech-
nologies but also has helped to establish research centers that have been
critical in creating a means for translating imaging technologies into the
clinic. In particular, the National Cancer Institute has developed two pro-
grams: the Small Animal Imaging Resources Program (SAIRP) and the In
Vivo Cellular and Molecular Imaging Centers (ICMIC) Program. These
programs, along with support mechanisms sponsored by the National Insti-
tute of Biomedical Imaging and Engineering, provide mechanisms and model
systems that can be used to promote the cooperative development of new
imaging systems for spinal cord injury research and treatment.

RECOMMENDATIONS

Recommendation 3.1: Increase Training Efforts on Standardized Re-
search Tools and Techniques

Spinal cord injury researchers should receive training in the use of
standardized animal models and evaluation techniques. Pre- and post-
doctoral fellowship training programs focused on spinal cord injury
research should require participation in courses designed to train inves-
tigators on the appropriate use of the available tools and techniques.
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Recommendation 3.2: Improve and Standardize Research Tools and
Assessment Techniques

Preclinical research tools and animal models should be developed and
refined to examine spinal cord injury progression and repair and assess
the effectiveness of therapeutic interventions. These preclinical tools
and assessment protocols should be standardized for each type
and each stage of spinal cord injury. Particular emphasis should be
placed on:

e improving imaging technologies to allow real-time assessment of
the current state and progression of the injury;

¢ identifying biomarkers that can be used to monitor the progres-
sion of the injury and recovery;

¢ developing additional animal models to explore the progression
of spinal cord injury and repair;

¢ establishing standardized sets of functional outcome measures for
the evaluation of experimental therapies for each type and each stage of
spinal cord injury in animal models; and

e enhancing functional assessment techniques to examine motor
function as well as secondary complications, including pain and depres-
sion of the immune system.
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s a result of recent advances in science and technology, individuals

with a spinal cord injury have improved survival rates, increased

opportunities for independent living, and longer life spans—all dif-
ficult to imagine possible even a few decades ago. Beginning at the accident
scene, immobilization of the spine prevents or reduces the severity of a
spinal cord injury, and advances in emergency response have improved the
medical care for other urgent and life-threatening problems often associ-
ated with spinal cord injuries, including significant blood loss, blocked
respiratory pathways, major head or body system trauma, and a dramatic
drop in blood pressure. Improvements in rehabilitative care and treatment
options have also provided significant functional enhancement and im-
proved daily function.

Organized according to the stage of the injury and the targets for
therapeutic intervention, this chapter describes the current standards of
care and the treatment options for reducing the sequelae and secondary
complications associated with spinal cord injuries, including improving
sexual, bowel, and bladder functions; minimizing pulmonary embolisms,
depression, and spasticity; alleviating pain; and enhancing function. The
following chapter provides details of the progress that is being made in
neuronal repair and regeneration and discusses the committee’s recommen-
dations for moving forward in developing therapeutic interventions.

CURRENT STANDARDS OF CARE

Clinical practice guidelines are used in all areas of medicine to promote
the best available treatments backed by scientific evidence. Given the com-
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plexity of spinal cord injuries, only a limited number of guidelines have
been developed or are under development. Clinical practice guidelines for
spinal cord injuries have come largely from two professional groups, both
of which rated the evidence by similar criteria to arrive at formal treatment
recommendations. Guidelines from the American Association of Neuro-
logical Surgeons and the Congress of Neurological Surgeons (AANS/CNS)
deal with acute care, and those developed by the Consortium for Spinal
Cord Medicine deal with acute and chronic care (Table 4-1) (PVA, 2002).
Other groups have developed additional evidence-based clinical guidelines
(AHRQ, 1998). Panels accord the greatest weight to evidence from ran-
domized, prospective, controlled clinical trials and the least weight to evi-
dence from case reports describing one or more patients who improved
with treatment. A lack of clinical guidelines for a particular treatment does

TABLE 4-1 Clinical Practice Guidelines for Treatment of Spinal Cord
Injury

Current Guidelines

Acute Care

e Acute management of autonomic dysreflexia: Individuals with spinal cord
injury presenting to health care facilities (1997, 2001)4

e Pressure ulcer prevention and treatment following spinal cord injury: A
clinical practice guideline for health-care professionals (2000)4

e  Diagnosis of occipital condyle fractures by computed tomography (CT)
imaging

e Isolated fractures of the axis in adults®

e Management of pediatric cervical spinal injuries?

Chronic Care

e Neurogenic bowel management in adults with spinal cord injury (1998)4

e  Depression following spinal cord injury: A clinical practice guideline for
primary care physicians (1998)4

e Outcomes following traumatic spinal cord injury: Clinical practice guidelines
for health-care professionals (1999)4

e Prevention of thromboembolism in spinal cord injury (19974, 20020)

Guidelines Under Development

e  Respiratory management?
Preservation of the upper extremity function?
Bladder management?
Acute management of spinal cord injury?
Sexuality and reproductive health?
Treatment of spasticity?

aConsortium for Spinal Cord Medicine.

bAmerican Association of Neurological Surgeons and the Congress of Neurological
Surgeons.
SOURCES: Apuzzo, 2002; PVA, 1998, 2000, 2001, 2002.
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not mean that the treatment is ineffective; rather, some treatments have not
been entered into clinical trials to examine efficacy.

THERAPIES FOR ACUTE INJURIES

Acute care begins at the scene of an injury, continues through transport
of the patient, and ends with early evaluation and care at a trauma center.
The complex medical challenges faced in treating patients who suffer a
spinal cord injury begin at the injury scene where often the patient not only
needs to be immobilized because of concerns about a spinal cord injury but
also requires immediate attention for other urgent and life-threatening prob-
lems: significant blood loss, blocked respiratory pathways, major head or
body system trauma, or a dramatic drop in blood pressure. One indicator
of the progress that has been made in acute care is that patients increasingly
arrive at the emergency department with less severe injuries. Most patients
(55 percent) in the 1970s came to regional centers with complete spinal
cord injuries, whereas today approximately 39 percent arrive with com-
plete injuries (AANS/CNS, 2002a). The transformation to less severe injury
is most likely the result of improved emergency medical services (EMS) at
the accident scene and more careful handling and patient care during trans-
port (Garfin et al., 1989). Apart from immobilization at the accident scene,
few therapies for acute spinal cord injuries have been proven to be effective
and safe.

Immobilization at the Scene and Transport to Acute Care

At the scene of the injury, the primary considerations related to the
spinal cord injury are to stabilize the spine and to ensure rapid transport to
the nearest acute-care facility. These goals are vital to preventing further
injury, considering that it has been estimated that in the past between 3 and
25 percent of spinal cord injuries took place after the initial trauma, either
during transport or early in the course of patient evaluation (Hachen, 1974).
In the United States, the practice of immobilizing the neck and spine of all
trauma patients at the scene has become nearly universal. Immobilization at
the scene is supported by clinical experience and by biomechanical evidence
that it reduces the pathological motion of the spinal column.

A major improvement in EMS arrival and transport times has led in
recent decades to striking decreases in rates of mortality, injury severity,
complications, and lengths of hospital stays (Hachen, 1974; Tator et al.,
1993). In the mid-1990s, a large clinical trial conducted in multiple states
noted the rapid times of EMS arrival at the scene (e.g., 4 minutes for 25
percent of cases) and arrival to the first emergency department in about 1
hour (Geisler et al., 2001). The elapsed time from the injury to the arrival at

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11253.html

98 SPINAL CORD INJURY: PROGRESS, PROMISE, AND PRIORITIES

a specialized trauma center averaged 6.2 hours. Also, the quality of the care
administered during transport has improved. Before 1968, many deaths
took place in transit as a result of inadequate respiratory or cardiovascular
support. Current treatment guidelines call for rapid transport to the closest
facility with the capacity to evaluate and treat spinal cord injuries (AANS/
CNS, 2002c¢).

Despite the progress in care at the scene of the injury, there are as yet no
demonstrably effective pharmacological therapies that can be administered
at the scene or during transport. Further attention needs to be given to the
development of acute-care therapeutic interventions and to evaluation of
other emergency response efforts that might improve patient outcomes,
such as methods to relieve compression of the spinal cord and prevent
further cell death, edema, and ischemia.

Decompression of the Spinal Cord

Decompression of the spinal cord, if it is performed during the appro-
priate time window, may provide a benefit to individuals with spinal cord
injuries. In many patients, surgery is performed soon after the injury to
remove the tissue debris, bone, disc, and fluid that compress the spinal
cord. The goal is to alleviate pressure and to improve the circulation of
blood and cerebrospinal fluid, particularly for those with central cervical
spinal cord injuries (Dobkin and Havton, 2004). Yet there are many un-
knowns about the value and timing of this procedure. Studies of decom-
pression in rodents after a spinal cord injury demonstrate that the longer
compression of the spinal cord exists, the worse the prognosis for neuro-
logical recovery (Dimar et al., 1999).

A meta-analysis found that although decompression clearly improves
neurological recovery in animal models, the findings for humans are less
impressive (Fehlings et al., 2001). Studies favoring decompression have
mostly been case studies, which are less robust types of analyses than
randomized controlled trials. No prospective clinical trials of the benefits
and risks of decompression have been conducted. Furthermore, in the stud-
ies that have already been completed, the timing of surgery was not uni-
form, so the optimal timing remains unknown. Nevertheless, the best
indication about timing comes from a large case series that found that the
greatest benefits were obtained when decompression was performed within
6 hours of the injury (Aebi et al., 1986). Some evidence, on the other hand,
indicates that decompression of the spinal cord may be harmful and is best
avoided, as long as the individuals are provided with nonsurgical therapies
(Fehlings et al., 2001). Weighing the evidence as a whole, two professional
groups adopted the position that decompression does not constitute the
standard of care but should remain an option (Silber and Vaccaro, 2001;
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AANS/CNS, 2002c¢). The Christopher Reeve Paralysis Foundation is in the
process of developing an international clinical trials network (see Chapter
6) and is examining the feasibility of performing a clinical trial to examine
the optimal timing for spinal cord decompression.

Neuroprotection

Several human clinical trials of potential neuroprotective therapies af-
ter spinal cord injury were conducted in the 1980s and 1990s (Mirza and
Chapman, 2001); however, none of these conclusively demonstrated a ben-
efit for increasing function after a spinal cord injury. The most high profile
clinical trials were of the medications methylprednisolone and the ganglio-
side GM-1. After careful review of the results by two separate panels,
neither of the two medications received endorsement as a standard of care
(Fehlings and Spine Focus Panel, 2001; AANS/CNS, 2002c).

The three clinical trials of methylprednisolone, a corticosteroid, were
sponsored by the National Acute Spinal Cord Injury Study (NASCIS)
(Bracken et al., 1984, 1990, 1997). The trials were launched after it was
reported that methylprednisolone preserved neurological function in ani-
mal models by inhibiting ischemia, axon degeneration, and inflammation,
among other effects. The first human clinical trial in the early 1980s com-
pared high- versus low-dose methylprednisolone (Bracken et al., 1984); the
second clinical trial compared the effects of methylprednisolone with those
of another agent and a placebo (Bracken et al., 1990); and the third clinical
trial compared the timing of methylprednisolone treatment (Bracken et al.,
1997). Concerns have been raised about the robustness of the statistical
analyses and the heterogeneity of the populations with spinal cord injuries
used in the studies, which made it difficult to compare due to differences in
the baseline characteristics of the study populations (Bracken and Holford,
2002) (see Chapter 6 and Appendix E). Consequently, it has been stated
that the data describing improved recovery from methylprednisolone treat-
ment are weak and that the improvements observed may represent random
events (Hurlbert, 2000). In some cases the trials documented serious side
effects, the most prominent of which were higher infection rates, respira-
tory complications, and gastrointestinal hemorrhage.

Another pharmacological therapy, the ganglioside GM-1, a lipid that is
abundant in mammalian central nervous system membranes, was also re-
ported to show improvement in animal models but has not been found to
be useful in humans. Its potential therapeutic value was suggested by its
ability to prevent apoptosis and to induce neuronal sprouting in animal
models. However, the findings from a large-scale clinical trial were negative
when the results for the treated group were compared with individuals who
received placebo (AANS/CNS, 2002c¢).
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Similarly, experiments with rodents (Behrmann et al., 1994) and cats
(Faden et al., 1981) have demonstrated that thyrotropin-releasing hormone
(TRH) can significantly improve long-term motor recovery after a spinal
cord injury. However, a large-scale randomized clinical trial designed to
examine the effects of TRH analogs in individuals with acute spinal cord
injuries was not fully completed (Pitts et al., 1995), and such an evaluation
has not been revisited.

TREATING COMPLICATIONS OF SPINAL CORD INJURIES

Prevention or Elimination of Chronic Pain

Chronic pain, one of the most common sequelae of spinal cord injuries,
is not adequately controlled by currently available treatments. Inadequately
controlled pain not only erodes quality of life, functioning, and mood but
also can lead to depression and, most tragically, suicide (Hulsebosch, 2003;
Finnerup and Jensen, 2004). Some clinicians have been slow to recognize
that chronic pain is real, has serious consequences, and should not be
dismissed as grounds for psychiatric referral (Hulsebosch, 2003).

To assist with the development of treatments for the chronic pain
associated with spinal cord injuries, an International Association for the
Study of Pain task force was formed to define distinct categories and sources
of pain (Vierck et al., 2000). Two categories were defined: at-level neuro-
pathic pain and below-level neuropathic pain. At-level neuropathic pain is
correlated to the amount of damage to the gray matter above and below the
primary injury site (Yezierski, 2000) and the amount of secondary cellular
damage caused by the release of neurotransmitters (glutamate and N-
methyl-p-aspartate [NMDA]) (Tator and Fehlings, 1991) and inflamma-
tory cytokines (Bethea et al., 1998; Vierck et al., 2000). Below-level neuro-
pathic pain is associated with axonal disruption, loss, or damage along the
spinothalamic tract (Bowsher, 1996).

Experts in spinal cord injury-associated pain consider the development
of pain therapies to be a major and feasible research priority, considering
the body of research that has been amassed over the past 10 years about
pain mechanisms in individuals with spinal cord injuries, as well as related
research on other forms of neuropathic pain. Neuropathic pain, as ex-
plained in Chapter 2, results from direct damage to neural tissue, whereas
nociceptive pain is caused by damage to nonneural tissues (bone, muscles,
and ligaments). Nociceptive pain is what most healthy people are familiar
with, and it is more treatable and controllable with standard pain therapies
like anti-inflammatory agents and analgesics. Neuropathic pain is often
treated with antidepressants and anticonvulsants, but their efficacies spe-
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cifically for the treatment of spinal cord injury-associated pain are weak
(Finnerup and Jensen, 2004).

Few randomized controlled clinical trials of pain therapies for individu-
als with spinal cord injuries have been published in the medical literature,
and none of the trials that have been conducted found commonly used pain
therapies to be highly effective (Table 4-2) (Finnerup and Jensen, 2004).
Explicit guidelines for the treatment of both pain and spasticity (see the
next section) for clinicians and caregivers are lacking. However, evidence is
accumulating that opioid agents given in combination with other agents
may have therapeutic value (Mao et al., 1995; Wiesenfeld-Hallin et al.,
1997; von Heijne et al., 2000).

The use of some therapies that encourage axonal elongation may be
inadvisable because they could also cause chronic pain. For example, in
addition to promoting axon regrowth, brain-derived neurotrophic factor
has been found to elicit pain (Kerr et al., 1999), likely by enhancing synap-
tic input into the superficial dorsal horn, where nociceptive pain processing

TABLE 4-2 Randomized Controlled Trials of Pharmacological
Treatments for Pain in Individuals with Spinal Cord Injuries

Number of
Patients

Active Drug Tested Outcome Reference
Valproate 20 No effect Drewes et al., 1994
Gabapentin 7 No effect Tai et al., 2002
Lamotrigine 22 No effect Finnerup et al., 2002
Amitriptyline 84 No effect Cardenas et al., 2002
Trazodone 18 No effect Davidoff et al., 1987

hydrochloride
Lidocaine 21 Better than placebo  Loubser and Donovan, 1991
Lidocaine 10 Better than placebo  Attal et al., 2000
Mexiletine 11 No effect Chiou-Tan et al., 1999
Morphine 9 No effect Attal et al., 2002
Morphine 15 No effect Sidall et al., 2000
Clonidine 15 No effect Sidall et al., 2000
Morphine and 15 Better than placebo  Sidall et al., 2000

clonidine
Ketamine 9 Better than placebo  Eide et al., 1995
Alfentanil 9 Better than placebo  Eide et al., 1995
Propofol 8 Better than placebo ~ Canavero et al., 1995
Baclofen 7 Better than placebo  Herman et al., 1992

SOURCE: Adapted from Finnerup and Jensen, 2004.
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takes place (Garraway et al., 2003). Primary sensory neurons (also known
as primary afferents) in the spinal cord convey pain information from the
primary sensory neuron to the brain. After a spinal cord injury, these
neurons become hyperexcitable; namely, they fire more readily than before
the injury. To explain hyperexcitability, a recent study with animals re-
vealed that projection neurons possess more sodium channels of a particu-
lar type (Na,1.3) (Hains et al., 2003). Strategies to reduce the formation of
this sodium channel may reduce hyperexcitability and pain. Furthermore,
suppression of the activation of a key enzyme, known as MAP kinase,
which aids the transmission of signals from the projection neuron’s mem-
brane to its nucleus (Kawasaki et al., 2004), may prevent the onset of pain.

Relief of Spasticity

Spasticity refers to the debilitating muscle spasms and other types of
increased muscle tone that occur after a spinal cord injury. Spasticity is
similar to pain in that both are highly common after spinal cord injuries
and have multiple possible mechanisms that might account for their onset
(see Chapter 2). The key difference between them is that spasticity results
from the heightened activity of reflex pathways (proprioceptive sensory
neurons and motor neurons), whereas pain reflects the heightened activities
of pain pathways.

Spasticity affects, to various degrees, the vast majority of people with
spinal cord injury (Kaplan et al., 1991). Treatment begins with stretching
and other rehabilitation techniques. If it remains uncontrolled, drug inter-
ventions are used, and if it is severe, the treatment is surgery and adminis-
tration of the drug baclofen by implanted pumps (Kirshblum, 1999).
Baclofen and tizanidine have inhibitory effects on motor neurons because
their actions mimic that of the inhibitory neurotransmitter y-aminobutyric
acid (GABA). No treatment for spasticity is uniformly successful or pro-
vides a complete cure, most likely because of spasticity’s multiple underly-
ing causes, but it can be controlled in many individuals (Burchiel and Hsu,
2001). The drug fampridine, a potassium channel blocker, appears to
alleviate some degree of spasticity and is being evaluated in clinical trials.
One of the issues in the development of drugs used to control spasticity is
that they may have the undesirable effect of inhibiting spontaneous activ-
ity that might be necessary for axon regrowth (McDonald and Becker,
2003) and may deprive patients of useful muscle contraction.

Thromboembolism

Thromboembolism is a potentially life-threatening condition frequently
encountered in the early weeks after a spinal cord injury. Deep vein throm-
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boses (DVTs) are blood clots that form deep within the veins, usually in the
legs and thighs, and result from slowed or halted blood flow (venous stasis)
in immobilized individuals with spinal cord injuries. The most feared com-
plication of DVT is pulmonary embolism, which can bring sudden death.
Pulmonary embolism occurs when a blood clot within a deep vein dislodges
and travels to the pulmonary artery, where it obstructs the passage of
oxygenated blood to the rest of the body. Widespread adoption of preven-
tive regimens in the early 1990s decreased the incidence of DVT in indi-
viduals with spinal cord injuries in acute care or rehabilitation from 14 to
9.8 percent and the incidence of pulmonary embolism from nearly 4 to 2.6
percent (Chen et al., 1999).

Today, the incidences of both DVTs and pulmonary embolism have
declined because of greater awareness of the conditions and several con-
trolled clinical trials that found that combination strategies are effective in
preventing DVT and pulmonary embolism. A panel rating the quality of
evidence found several treatment modalities that warranted designation as
a standard of care because they had been found to be effective in con-
trolled clinical trials (AANS/CNS, 2002b). The standards for preventing
DVT call for prophylactic treatment with low-molecular-weight heparins
(an anticoagulant) or adjusted-dose heparin, the use of rotating beds, or a
combination of these modalities. Low-dose heparin, in combination with
compression stockings or electrical stimulation, is also recommended as a
standard of care. High doses of heparin have been found to lead to higher
incidence of bleeding. Several other preventive treatments were also listed
as options for care (AANS/CNS, 2002c¢).

Bladder Dysfunction

Bladder dysfunction affects virtually all individuals with spinal cord
injuries (see Chapter 2). Its treatment depends on the site and the type of
injury, including the extent of sacral injury. Three types of bladder prob-
lems are common after a spinal cord injury. The first, flaccid bladder,
results from injury to the sacral cord, which controls reflexive contraction
of the bladder. The injury leaves the bladder’s detrusor muscle incapable of
being contracted and thus causes urine to back up in the kidneys. The
treatment is intermittent catheterization, in which a tube is inserted into the
bladder to permit passive drainage at regularly scheduled intervals to pre-
vent urine from overfilling the bladder. Bladder overfill causes damage to
the bladder wall and heightens the risk of infection (Burns et al., 2001). In
order to reduce the incidence of urinary tract infections, intermittent cath-
eterization should be performed by the patient (Cardenas and Mayo, 1987).

The other two types of dysfunction are detrusor hyperreflexia and
detrusor-sphincter dyssynergia. The goal of treating detrusor hyperreflexia
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is to prevent incontinence. Treatment of detrusor-sphincter dyssynergia
is aimed at ensuring adequate drainage, low-pressure storage, and low-
pressure voiding. Both of these bladder conditions can be treated with
anticholinergic or other types of medications that suppress contraction of
the detrusor muscles. However, in many cases these medications do not
suppress contractions. Bladder augmentation (augmentation cystoplasty) is
often recommended for patients who have destrusor hyperreflexia or re-
duced compliance that fails to respond to anticholinergics (Sidi et al., 1990).
New treatments have been introduced for these conditions, including phar-
macological therapies to reduce the hyperactivity of the detrusor muscle
(such as botulinum toxin or capsaicin) and functional electrical stimulation
(see below). For example, a Food and Drug Administration (FDA)-
approved device, known as the Vocare bladder system, uses surgically im-
planted electrodes to stimulate the sacral nerves controlling bladder func-
tion. The patient manually controls the stimulator using an external
transmitting device. The benefits of these therapies have yet to be fully
investigated (Burns et al., 2001). In another strategy, male patients may
undergo sphincterotomy or stent placement to use the hyperreflexia to
empty the bladder. The Consortium for Spinal Cord Medicine will soon be
describing the strength of the evidence in a clinical practice guideline under
development.

Neurogenic Bowel Treatment

Neurogenic bowel, the absence of voluntary control over stool elimina-
tion, affects the vast majority of individuals with spinal cord injuries. Some
studies have found that as many as 95 percent of individuals with spinal
cord injuries require at least one therapeutic procedure so that they can
defecate (Glickman and Kamm, 1996). The majority of individuals with
spinal cord injuries rate bowel dysfunction as a major life-limiting problem
(Kirk et al., 1997). Before they leave the hospital, most patients are taught
how to care for neurogenic bowel. Care is designed to regularize bowel
movements and prevent constipation, incontinence, other gastrointestinal
symptoms, and serious complications from impacted bowels (see the sec-
tion on autonomic dysreflexia below). It consists of a program with several
components that are individualized to patients with one of two types of
neurogenic bowel: reflexic bowel and areflexic bowel. Both types require
dietary fiber and fluid intake, oral medications, and rectal suppositories.
Treatments help to stimulate the transport of stool through the bowels and
hold moisture within the stool. Key differences in treating reflexive bowel
versus areflexic bowel include the type of rectal stimulant, the consistency
of the stool, and the frequency of bowel care. Clinical practice guidelines
for the management of neurogenic bowel were developed in 1998 (Spinal
Cord Medicine Consortium, 1998).
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Autonomic Dysreflexia

Autonomic dysreflexia is a potentially lethal complication of a spinal
cord injury that affects people with injuries at or above the thoracic level
(usually T6 or above). The condition is manifest by severe headache (caused
by an abrupt elevation of blood pressure), hypertension, profuse sweating,
and activation of other autonomic reflexes. Symptoms come from over-
activity of the autonomic (involuntary) nervous system cells in the spinal
cord because of the blocked nerve impulses from the brain that normally
keep these cells under restraint. The most frequent triggers of autonomic
dysreflexia are an impacted bowel or an overfull bladder. The overactive
sympathetic nerve and its branches cause a narrowing of the blood vessels,
which, in turn, dramatically elevates blood pressure. Death from seizures,
stroke, and abnormal heart beat rhythm can ensue if autonomic dysreflexia
is not urgently treated.

Because autonomic dysreflexia is most often set off by bladder disten-
tion or bowel impaction, many individuals with spinal cord injuries have
learned means of self-care to avoid emergency treatment by sitting upright
to check urinary drainage or empty their bowel. An array of nonpharma-
cological and pharmacological agents are also available for emergency medi-
cal treatment (PVA, 2001).

Pressure Ulcers

Pressure ulcers are a highly frequent and serious complication of a
spinal cord injury that affect physical, psychological, and social function-
ing. Ulcers are lesions caused by unrelieved pressure (if the force is perpen-
dicular) or shear (if the force is tangential) to the tissue surface. The constant
pressure can also interfere with the pressure in the capillaries and can
therefore affect the exchange and elimination of nutrients and metabolites.
Prolonged circulatory interference ultimately leads to cell death. In severe
cases, individuals can develop a severe internal infection (septic shock),
which can lead to organ failure. Stage I lesions are marked by discoloration
and changes in tissue consistency on the skin surface, whereas the most
serious lesions, stage IV lesions, are marked by extensive tissue necrosis and
damage to muscle, bone, or supporting structures. About 32 percent of
individuals with spinal cord injuries admitted to specialized care centers
have been reported to develop pressure ulcers during the acute care stage,
and at 2 years of follow-up the prevalence of pressure ulcers was 8.9
percent (Yarkony and Heinemann, 1995). The Consortium for Spinal Cord
Medicine’s clinical practice guideline advocates a range of prevention strat-
egies, including the avoidance of prolonged positional immobilization, use
of support devices on beds and wheelchairs, and dietary changes. Treat-
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ments include a range of cleansing strategies, debridement, and surgery for
deep stage Il or stage IV ulcers. The use of electrical stimulation to enhance
healing of stage III or stage IV pressure ulcers is also recommended, on the
basis of data from three randomized controlled clinical trials (PVA, 2000).

Treatment of Sexual Dysfunction and Fertility

Male Sexual Dysfunction and Fertility

Treatment research has largely focused on erectile dysfunction rather
than the other two components of male sexual function, ejaculation and
orgasm. The greatest strides have been with oral medications for erectile
dysfunction. Although most men with spinal cord injuries have erections,
their quality is often not sufficient to sustain intercourse. Sildenafil
(Viagra), which has been available since 1998, has been shown to have a
high degree of efficacy, with up to 94 percent of men with spinal cord
injuries in one study reporting improved erections and intercourse (Derry
et al., 2002). Other new drugs with pharmacological and side effect pro-
files somewhat different from those of sildenafil have also become avail-
able (Anderson et al., 2004). Oral medications are now considered the first
line of therapy and have largely supplanted less safe, more cumbersome,
and costly treatments, such as penile prostheses (Benevento and Sipski,
2002). Local erectogenic neurotransmitters administered by injection, topi-
cal, or urethal forms are in development (Elliot, 2002).

Fertility problems, which are common in men with spinal cord inju-
ries, result from poor sperm quality or ejaculatory dysfunction. Much
progress has been made in enhancing male fertility through the develop-
ment of penile vibratory stimulation, which has become routine for men
with spinal cord injuries who wish to have children (Benevento and Sipski,
2002). Vibratory stimulation is considered preferable to another treat-
ment, electroejaculation, because it is less invasive and may be performed
at home or in a clinic setting. Studies have shown that nearly all men given
one of these two treatments successfully ejaculate, after which approxi-
mately one-third of the couples achieved pregnancies (Sonksen et al., 1997).
However, this success rate is still largely dependent on overcoming the low
sperm quality in men with spinal cord injuries, which often requires very
invasive forms of assisted reproduction, ranging from artificial insemina-
tion to in vitro fertilization and intracytoplasmic sperm injection.

Female Sexual Dysfunction and Fertility

Sexual dysfunction in women with spinal cord injuries received scant
attention until the 1990s. The problems include insufficient vaginal secre-
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tions and failure to reach orgasm (especially in women with sacral injuries)
(Benevento and Sipski, 2002). Women with spinal cord injuries benefit
from sildenafil, which promotes increased subjective arousal (Sipski et al.,
2000). In the trial, the drug worked most effectively when it was combined
with manual or visual stimulation, and there were few adverse effects.

Fertility is generally preserved in women with spinal cord injuries
(Charlifue et al., 1992), primarily because it does not rely on spinal circuits.
Rather, fertility is controlled by the hypothalamic release of hormones that
stimulate the ovaries. Pregnant women with spinal cord injuries tend to
have babies with lower birth weights and tend to have more complications
during pregnancy and delivery, including bladder and bowel problems,
autonomic hyperreflexia, decubitus ulcers, urinary tract infections, edema,
anemia, spotting, fatigue, cardiac irregularity, and preeclampsia (Charlifue
et al., 1992; Jackson and Wadley, 1999).

Treatment of Bone Disorders

The reduced mobility and other pathological changes that occur in
individuals with spinal cord injuries often lead to decreases in bone density
(hence, a greater risk of bone fractures) and heterotopic ossification. The
latter refers to the formation of bone in soft tissues near paralyzed joints.
Bone density loss, particularly in the lower limbs, occurs during the first 6
months after the injury and then plateaus over the next 12 to 16 months
(Demirel et al., 1998). The drug alendronate (Fosamax) has recently been
found in a 2-year clinical trial to stop bone density loss at all bone sites at
which measurements were taken (Zehnder et al., 2004). The drug, a
bisphosphonate, works by inhibiting bone resorption by osteoclasts.

Heterotopic ossification can range from an incidental finding on an X-
ray to massive bone formation surrounding a joint, producing total ankylo-
sis. The most common location is the hips. Heterotopic ossification is treated
with range-of-motion exercises, the drug etidronate, nonsteroidal anti-
inflammatory drugs (NSAIDs), and irradiation. The use of NSAIDs, espe-
cially within the first 2 months of an injury, has been found to reduce the
incidence of heterotopic ossification by a factor of 2 to 3 (Banovac et al.,
2004). Severe cases are treated surgically, and the chance of recurrence may
be reduced by the use of the nonsurgical therapies listed above.

Depression

Depression after a spinal cord injury is common and disabling. A key
longitudinal study was conducted to track more than 100 individuals with
spinal cord injuries for 2 years after discharge from the hospital (Kennedy
and Rogers, 2000). It found that nearly 30 percent of the individuals were
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depressed at the time of discharge; the rate of depression then dropped,
before climbing over the next 6 months. Rates peaked at 60 percent by
year’s end and then declined to 16 percent by the end of the second year.
The treatment of depression in any group of individuals with a chronic
physical illness, particularly those with spinal cord injuries, is expected to
reduce unnecessary suffering and disability and to motivate adherence to
complex programs of self-care, rehabilitation, and treatment.

Effective treatments are available for depression (APA, 1994). In 1998,
the Consortium for Spinal Cord Medicine published a clinical practice
guideline detailing specific steps for assessment, diagnosis, and treatment of
depression (PVA, 1998).

RETRAINING AND RELEARNING MOTOR TASKS

The plasticity of the nervous system, or the nervous system’s ability to
adapt and reorganize itself, sometimes allows the body to partially recover
some of the motor function lost as a result of a spinal cord injury. As
described throughout this report, a great deal of the research and clinical
effort has been focused on restoring lost motor function through pharma-
cological or surgical methods. However, physical training and rehabilita-
tion techniques and neuroprostheses also provide individuals with
additional tools that they can use to recover from a spinal cord injury.

Body Weight Support Training

It is important that patients do not overcompensate with motor func-
tion that has been spared, thus limiting the capacity of the nervous system
to adapt (Barbeau, 2003). Therefore, body weight support techniques have
been developed that assist in locomotion, while minimizing compensation.
One therapy that is used to improve walking in individuals in both the
acute and the chronic stages of their injuries is body weight-supported
treadmill training. During this therapy, individuals are placed in a harness
to unload between 0 and 50 percent of their weight and are then put on a
treadmill to simulate walking (Wernig et al., 1995, 1998; Protas et al.,
2001; Dobkin et al., 2003a). Therapists then systematically reduce the
amount of weight support, while training patients to walk on the treadmill
at faster speeds.

Although this technique is promising, it is still unclear how effective
body weight support treadmill training is at improving function in individu-
als with incomplete chronic spinal cord injuries. It is believed that body
weight-supported training enhances the relearning of motor skills in the
presence of spared pathways and facilitates the remaining pathways to
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relearn to interpret the complex sensory information associated with walk-
ing (Wernig et al., 1995; Harkema et al., 1997; Hulsebosch, 2002; Dietz
and Harkema, 2004; Edgerton et al., 2004). These therapies produce a
wide range of biochemical and physiological changes in the nervous system
and musculature. Long term improvement in electromyogram (EMG) activ-
ity in paralytic legs has been observed (Wirz et al., 2001), which has been
correlated to functional reorganization of neuronal centers in both the
brain (Dobkin, 2000) and residual pathways in the spinal cord (Dietz and
Harkema, 2004). Levels of neurotransmitters also change their levels in
response to body weight support training (Edgerton et al., 2001). However,
it is not clear if the observed physiological changes correlate with improve-
ments in muscle control and function. To confirm these preliminary find-
ings, an ongoing prospective large scale randomized clinical trial (The Spinal
Cord Injury Locomotor Trial) has been designed to evaluate body weight-
supported treadmill training and to compare that therapy with conven-
tional physical therapy (Dobkin et al., 2003a,b). This study consists of two
groups of patients, an experimental group that received body weight sup-
port and gait training, and a control group that received conventional
standing and mobility training. Results from this study have not yet been
published in a peer review journal; however, preliminary findings suggest
that the treatment group was not associated with any improvement in the
outcome measures compared to the “standard of care” gait training pro-
vided to the control group (Dobkin et al., 2003b, 2004). Three additional
clinical trials are under way (NIH, 2004). Preliminary results from one of
these phase II studies suggest that aggressive treadmill training may facili-
tate functional improvements, but this trial has not been completed and
these results have yet to be published in a peer-reviewed journal
(Hulsebosch, 2002).

A major difficulty with body weight support treadmill training is the
effort required by therapists to guide the movements of individuals’ legs
(Hesse, 1999). Therefore, a number of approaches have been developed to
assist, including robotic-assistive stepping devices such as the Lokomat
(Hocoma AG, Volketswil Germany), in which the movements of an
individual’s legs are controlled by a preprogrammed physiological gait
pattern. Other rhythmic leg exercises can be achieved with modified exer-
cise bicycles.

A related approach is to incorporate functional electrical stimulation
(see below) in combination with body weight-supported walking in indi-
viduals with incomplete injuries (ASIA C) (Postans et al., 2004). One study
has demonstrated improvements in interlimb coordination with the use of
afferent electrical stimulation during treadmill training (Field-Fote, 2001).
Individuals with spinal cord injuries will likely receive the greatest benefit
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by combining body weight-supported treadmill training with other ap-
proaches, such as robotic devices (Dobkin and Havton, 2004), drugs, and
surgery.

Functional Electrical Stimulation

Functional electrical stimulation (FES) is the approach most commonly
used to artificially improve muscle function. FES devices have two key
components: a control unit and stimulating electrodes. The control unit
translates commands from voluntary movements or sensors into signals
that are sent to the stimulating electrodes, which are taped onto the skin or
surgically positioned near the specific nerves that innervate muscle groups
(Bhadra et al., 2001). The stimulating electrodes provide mild shocks to
muscle groups, causing them to contract (Barbeau et al., 2002). These
contractions help maintain muscle mass and can initiate muscle move-
ments, such as controlling movements of the hands or legs (Peckham et al.,
2002). Modulating the magnitude of the stimulus parameters affects the
strength of the muscle contraction and coordinated functional movements
can be generated by controlling the relative stimulation strengths of collec-
tions of muscles (Dobkin and Havton, 2004).

FES is used in multiple ways to improve function, including cardiovas-
cular conditioning, improving gait control and speed, restoring hand con-
trol and breathing, and controlling bowel and bladder function. FDA has
approved neuroprostheses for the restoration of hand function, bowel and
bladder control, and breathing, and clinicians at many spinal cord injury
centers are trained in their use. In addition, an FDA-approved walking
system uses a nonimplanted FES and an FES cycle ergometric device that
allow periodic exercise of paralyzed leg muscles.

As noted earlier in the chapter, electrical stimulation for bladder func-
tion control involves a neuroprosthesis sold in the United States as Vocare.
It is an FDA-approved medical device that provides the user with the ability
to void upon demand as a result of the stimulation provided by the im-
planted device. Electrodes are placed on the sacral roots either intradurally
(which is the most popular location in Europe) or extradurally (which is the
location used more frequently in the United States). Voiding of the bladder
is controlled by an implanted radio receiver controlled by an external de-
vice that delivers energy and control to the implant. This system allows
individuals with spinal cord injuries to manage difficult bladder problems
and drain many urine management devices (catheters and condoms). It also
reduces the incidence of bladder infections. The device has been implanted
in more than 1,500 patients around the world, and 90 percent of those with
the implant reportedly used it 4 to 6 days per week. Thus, the cost of the
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device compared with that of conventional care is recovered in about 7
years (Creasey and Dahlberg, 2001).

FDA has approved a neuroprosthesis for hand control, called Free-
hand, which provides two grasping patterns to individuals with C5 or Cé6
tetraplegia. It consists of a stimulator-receiver implanted in the chest and
eight electrodes implanted at the motor points of hand and forearm muscles.
Shoulder movement is used to proportionally control the degree of hand
opening and closing. Fifty-one individuals with C5 or C6 tetraplegia were
enrolled in a multicenter clinical study of the safety, effectiveness, and
clinical impact of the Freehand system (Peckham et al., 2001). The results
showed that the neuroprosthesis increased the pinch force of every subject,
and it enabled 98 percent of the participants to grasp and move more
objects in a standardized grasp-release test. An advanced system is under
clinical investigation. This advanced system provides greater upper limb
function and incorporates implanted control methods, thereby eliminating
the need for the external shoulder sensor.

Tendon transfer surgery is often used either alone or in conjunction
with neural prostheses (Kirshblum, 2004) for upper-extremity locomotion.
This surgical procedure involves transferring one or more tendons of
muscles with retained voluntary function to restore lost movements. The
procedure is reversible and generally restores function equivalent to that
provided by one or two spinal roots. Enhanced function is provided through
additional stimulation channels, which are used to activate the muscles of
the hand for fine control, elbow extension, and hand rotation. This system
has been implanted in seven subjects (Peckham et al., 2002). An advanced
neuroprosthesis that uses an implantable controller for restoration of hand
and upper-arm control has been demonstrated to improve finger control in
a group of individuals and has improved their performance of activities of
daily living (Hobby et al., 2001). Recently, one participant received im-
plants in both arms to further improve function.

For respiratory control, electrical stimulation can be used to stimulate
the phrenic nerve, which controls the contractions of the diaphragm
muscles. This technique, known as phrenic nerve pacing, was introduced in
the 1960s (Escher et al., 1966). Phrenic pacing systems have allowed users
to decrease or even discontinue the use of mechanical respirators and en-
able more normal breathing. The technique has been applied to more than
1,000 patients worldwide and has become a clinically accepted intervention
in selected individuals (DiMarco, 1999). An alternative to direct stimula-
tion of the phrenic nerve has also been developed. It is less invasive, as
electrodes are implanted laparoscopically into the diaphragm (DiMarco et
al., 2002; Onders et al., 2004). To date, 10 individuals have received the
implant, and 9 of these individuals have been able to comfortably tolerate
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extended periods (hours) of respirator-free pacing. If the utility of the de-
vice is confirmed in additional individuals, diaphragm pacing with intra-
muscular electrodes placed by laparoscopic surgery may provide a less
invasive and less costly alternative to conventional phrenic nerve pacing.

The objective of some lower-extremity FES systems is to enable indi-
viduals with paraplegia to stand and transfer themselves. The functional
goals associated with standing include reaching for high objects, having
face-to-face interactions with other people, and transferring between sur-
faces independently or with minimal assistance. At present there are no
commercial or FDA-approved systems for FES-aided standing; however,
one implantable system has reached the multicenter clinical trial stage of
development (Davis et al., 2001).

The only FDA-approved FES system for ambulation available is a sur-
face stimulation system (Parastep). Individuals with paraplegia wear a
microprocessor-stimulator unit at the waist and use a walker with controls
built into the handles. This system allows these individuals to stand and
walk with a reciprocal gait for limited distances. Use of the system has
additional medical benefits, such as providing increased blood flow to the
lower extremities, a lower heart rate at subpeak work intensities, increased
muscle mass, and reduced spasticity and also has psychological benefits
(Klose et al., 1997; Graupe and Kohn, 1998).

FES devices can also be used to maintain an individual’s muscle fitness
and potentially encourage the recovery of function. Decreased muscle mass
is a secondary condition that, if left untreated, can diminish the potential
for complete recovery. A common cause of muscle atrophy is the loss of
motor neurons in the spinal cord that drive muscle contraction. Other,
usually less severe but more widespread atrophy occurs over time because
of the disuse of paralyzed but still innervated muscles. FES can help reverse
disuse atrophy by stimulating muscle activity, but it relies on intact nerve-
muscle connections and cannot easily be used to stimulate denervated
muscles.

FES devices have received a mixed reception from both clinicians and
individuals with spinal cord injuries. Originally, the controllers and stimu-
lating electrodes were large and cumbersome and did not provide very fine
control; however, technological advances are leading to reductions in the
sizes of these devices and reductions in the numbers of surgical procedures
required for implementation. In addition, the implanted electrodes have
improved reliabilities and longevities. Some individuals with spinal cord
injuries and their clinicians are dissuaded from using FES devices because of
the surgical procedures required to implant the systems and, in the case of
Vocare, the additional damage to the nervous system that results from the
requirement to transect some of the sensory nerves that enter the spinal
cord (Creasey et al., 2001). However, the potential benefit to an individual’s
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quality of life and the decreased health care costs over the lifetime of the
individual likely offset the large initial expense of FES devices (Creasey et
al., 2000).

Considerable research and development have been invested in the de-
velopment of computer-controlled FES devices (Taylor et al., 2002), and
future advances are likely to be linked to advances in technologies and their
appropriate application to individuals with spinal cord injuries. For ex-
ample, numerous electrode interfaces that provide more selective activation
of nerves will provide finer movements. Others use physiological principles
to block neural firing and will be used to block pain and suppress spasticity.
Additionally, smaller stimulators are being developed. These will provide
individuals with devices that can be fully implanted.

There is also a considerable effort to develop brain-computer interfaces
that can be used to convert thoughts into electrical signals that can control
and stimulate muscles (Friehs et al., 2004). These interfaces are most likely
to initially have impact on the most severely disabled individuals who have
lost other communication channels, but retain the ability to control their
cortical firing. Cortical control may be used for control of the environment
and for communication by such individuals, and may also be used as an
interface for robotic manipulators and FES systems. Current approaches
include, from least invasive to most, extracting control information from
the electroencephalogram (Keirn and Aunon, 1990; Wolpaw and
McFarland, 2004), placing electrodes subcranially over the brain, or plac-
ing electrodes into the brain. Research on all approaches is ongoing both in
animal models and in patients, and two-dimensional control of cursors on
a monitor screen has been demonstrated. Additional technologies are being
developed to assist individuals with spinal cord injuries that severely restrict
their movements, including an eyeglass-type infrared-controlled computer
interface (Chen et al., 1999) and a wireless environmental control system
using Morse code (Yang et al., 2003).

The overall acceptance of implantable neuroprostheses in upper ex-
tremity functional restoration has been very good, with over 80 percent of
patients achieving regular use of the devices (Peckham et al., 2001). In
addition, more than 95 percent of those who received implants reported
satisfaction with the neuroprosthesis (Polacek et al., 1999). Neuroprothesis
devices, such as the Freehand system, also have the potential to reduce the
overall cost of care for spinal cord injured people (Creasey et al., 2000).
Although it has been a difficult challenge, some insurance companies and
the U.S. Department of Veterans Affairs reimburse individuals for associ-
ated costs. Ensuring that such benefits become available to individuals with
spinal cord injuries in the future will require an effective delivery model,
which requires collaboration between various clinical specialties (physical
medicine and rehabilitation physicians, hand surgeons, and therapists) to
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identify individuals who would benefit from neuroprotheses, as well as
greater knowledge within the spinal cord injury community of the availabil-
ity and benefits of neuroprotheses. However, the development of FES prod-
ucts, like pharmaceuticals, presents a financial challenge to companies, and
this challenge may constrain the future development of such systems
(Cavuoto, 2002; Dobkin and Havton, 2004).
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PROGRESS TOWARD NEURONAL
REPAIR AND REGENERATION

s is apparent from the information presented in the previous chap-

ter, in the past several decades there has been significant progress in

improving patient survival and emergency care and in expanding
the range of rehabilitative options. During this same time period, the breadth
and depth of neuroscience discoveries relevant to spinal cord injury have
widely expanded the horizons of potential therapies. What once was
dogma—that the central nervous system cannot regenerate—has been dis-
missed. This newly discovered potential for central nervous system (CNS)
regeneration and repair has opened up numerous therapeutic targets and
opportunities.

The new challenge facing researchers is to harness the expanding knowl-
edge to develop effective treatments to protect and repair the spinal cord
and improve or restore altered and lost function. To address this challenge,
researchers must focus on a set of strategies to prevent further tissue loss,
maintain the health of living cells and replace cells that have died through
apoptosis or necrosis, grow axons and ensure functional connections, and
reestablish synapses that restore the neural circuits required for functional
recovery.

This chapter highlights the inroads that are being made in experimental
settings to develop therapies that will reduce the effects of acute, secondary,
and chronic injury and eventually provide cures. As research proceeds to
refine and improve current therapies, it also generates creative approaches
for curing spinal cord injuries. The research strategies and therapeutic ap-
proaches described here will both benefit from and inform basic and clini-
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cal research efforts from many related fields of neuroscience, bioengineer-
ing, and rehabilitative research.

ACUTE INJURY

Reduction of Edema and Free-Radical Attack

A complex series of biochemical reactions that cause ischemia and
edema, followed by necrosis and inflammation, occur as a result of a spinal
cord injury. Each reaction could provide a target for early intervention and
treatment. The key is to pick out, from among the myriad of reactions, the
dominant and most specific players and then target them for treatment.

Many different therapeutic approaches have been tested in vitro or
with animal models of spinal cord injury (Table 5-1). Some are aimed at

TABLE 5-1 Examples of Strategies to Reduce the Effects of Acute Spinal
Cord Injuries Tested with Animal Models

Strategy Examples of Therapeutic Classes or Agents

Reduce ischemia * Antivasospasm agents
Protein kinase inhibitors
Steroids
Prevent disruption to the blood-spinal cord
barrier
e Mild to moderate regional
hypothermia

Reduce calcium influx e Blockers of ion channels or exchangers

Reduce edema and formation e Antioxidant enzymes, including free-radical

of free radicals scavengers (e.g., superoxide dismutase,
glutathione peroxidase, catalase, and
melatonin)

e Inhibitors of nitric oxide synthase

Control inflammation or e Steroids and other anti-inflammatories (e.g.,
enhance protective immunity COX-2 inhibitors and anti-inflammatory
cytokines)

e Activated macrophages and monocytes

e Inhibitors of immune cell infiltration of the CNS

e Antibodies against integrin on the vascular
surface to prevent egress of neutrophils

Reduce tissue loss e Cell transplantation (e.g., Schwann cells and
olfactory ensheathing cells)
e Increase intercellular cyclic AMP levels
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TABLE 5-2 Strategies to Block Cell Death

Block formation of free radicals

Block key proteases (e.g., caspases and calpain)
Block cytochrome ¢ release

Block glutamate receptors

Promote adequate circulation

Combination (multipotential) therapies

SOURCE: Dobkin and Havton, 2004.

reducing ischemia (from the onset of injury), some are aimed at later events,
and some are aimed at more than one event.

An emerging strategy, based on more than a decade of study with
animal models, takes aim at the formation of free radicals, a crucial step in
the onset of necrosis and apoptosis (see the next section) (Table 5-2)
(Sugawara and Chan, 2003). Parallel lines of research on stroke and other
neurological conditions are being conducted, with opportunities for col-
laborative efforts.

Control of Inflammation or Enhancement of Protective Immunity

The immune system’s response to injury has both protective and dam-
aging effects, depending on the cell type, location, and concentration; the
timing of the injury; and a host of other factors. One strategy that has been
examined is to boost the protective effects of the immune system by inject-
ing animals with T cells that inhibit a protein found in myelin (Hauben et
al., 2000). This strategy was found to result in the death of fewer nerve
cells. In another attempt to strengthen the immune response, macrophages
were implanted into rats at the site of the lesion and distally into the
parenchyma (Rapalino et al., 1998). The macrophages were derived from
fractions of blood enriched with peripheral blood monocytes incubated
with segments of sciatic nerve. Rats injected with the activated macro-
phages showed improved axon regrowth and motor function. A clinical
trial based on the results of the work by Rapalino and colleagues was then
initiated (Bomstein et al., 2003; Proneuron Biotechnologies, 2004), and a
multisite phase II clinical trial is now being conducted; the results have not
yet been published.

One contrasting strategy—to blunt the damaging effects of the immune
system—is potentially possible with immunosuppressant drugs, such as
cyclosporin A and FK506 (tacrolimus). Transplant surgeons have used im-
munosuppressants to prevent organ rejection for many years, and in recent
years these agents have successfully been used as neuroprotective agents in
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animal models of stroke and traumatic brain injury (Kaminska et al., 2004).
The drugs are now being tested in animals with spinal cord injuries (Madsen
et al., 1998; Bavetta et al., 1999; Diaz-Ruiz et al., 1999, 2000; Nottingham
et al., 2002; Akgun et al., 2004). Although their mechanisms of action are
not fully known, they may reduce glial cell responses and inflammation
(Kaminska et al., 2004).

One promising therapy is based on a set of experiments designed to
decrease the infiltration of neutrophils and to delay the entry of mono-
cytes into the spinal cord after an injury (Gris et al., 2004). After a spinal
cord injury, monocytes and neutrophils bind to a specific protein, VCAM-
1, or the CD11d subunit of the CD11d/CD18 integrin on the interior of
blood vessels and then egress into the spinal cord. These actions contribute
to the inflammatory response and cause considerable secondary damage.
Antibodies to VCAM-1 have been developed (Mabon et al., 2000) and
have been found to significantly reduce the numbers of macrophages and
neutrophils at the site of injury when they are administered to rodents after
a spinal cord injury. Rats that received this antibody also showed im-
proved proprioception and locomotion, significant decreases in autonomic
dysreflexia, and less pain (Mabon et al., 2000; Bao et al., 2004). If the
results of these experiments are validated, this therapy could be success-
fully translated into a clinical trial.

Researchers and clinicians have also explored the possibility of cooling
the spinal cord. The purpose of this treatment is to minimize the damage
caused by apoptosis and the secondary effects of inflammation (Dimar et
al., 1999). This approach, which uses extreme levels of total body hypo-
thermia, was extensively studied in the 1960s and 1970s but lost favor in
the 1980s because of potential adverse effects, including kidney failure
(Inamasu et al., 2003). However, new methods of introducing mild hypo-
thermia have been developed, and hypothermia treatment is once again
being considered as a potential treatment for traumatic brain injuries and
spinal cord injuries (Dietrich et al., 1994; Yu et al., 2000). Of particular
interest are techniques that are under development to precisely control
hypothermia to the area of injury beyond several hours (Robertson et al.,
1986; Kida et al., 1994; Marsala et al., 1997; Dimar et al., 2000).

In patients with cardiovascular and traumatic brain injuries, mild to
moderate hypothermia has been reported to improve outcomes (Marion et
al., 1997; Jiang et al., 2000; Hypothermia After Cardiac Arrest Study
Group, 2002; Bernard et al., 2002). Two studies have examined the efficacy
of spinal cord cooling in 18 patients with complete spinal cord injuries
(Bricolo et al., 1976; Hansebout et al., 1984). Each of those studies demon-
strated that the patients had rates of recovery of sensory and motor func-
tions that were better than expected (Koons et al., 1972; Tator and Deecke,
1973; Negrin, 1975); however, in the 20 years that have followed there has
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been a limited number of clinical trials that have examined this treatment,
but they do appear to support the benefit of hypothermia. A 2003 review of
all published laboratory experiments of induced hypothermia for the treat-
ment of traumatic spinal cord injuries showed that it offers no benefit for
severe injuries but does result in improvements in functional outcomes in
individuals with mild to moderate traumatic spinal cord injuries (Inamasu
et al., 2003). Induced hypothermia has also been demonstrated to provide
functional improvement in rats with ischemic spinal cord injuries (Dimar et
al., 2000).

SECONDARY INJURY

Rescue of Neural Tissue at Risk of Apoptotic Cell Death

Neurons near the site of injury may be spared during the acute phase of
injury, but they are at risk of dying during the secondary phase. Thus,
another target of therapies for spinal cord injuries is to suppress the wave of
apoptotic cell death that expands the scope of injury well beyond its origi-
nal site. Apoptosis involves a complex sequence of biochemical reactions
launched inside the cell by a variety of signals, including excessive calcium
influx (see Chapter 2). A range of strategies is being tested to prevent
apoptosis, primarily in animal models. The strategies fall under the um-
brella term neuroprotection, because their goal is to shore up the nervous
system’s defenses against the cascade of biochemical threads. Some strate-
gies (e.g., inhibition of free radicals) may block not only apoptosis but also
necrosis (Kondo et al., 1997). To add to the complexity, the death of the
cell can also lead to the death of an adjacent cell; for example, apoptosis of
oligodendrocytes may also induce death of the neurons that they ensheath
or adjacent astrocytes (Hulsebosch, 2002). Apoptosis depends heavily on
caspases, a group of intracellular proteins that cleave and thereby disable
other proteins. Of this group of proteins, caspase-3 and caspase-9 are
thought to be dominant players in spinal cord injury-induced apoptosis
(Eldadah and Faden, 2000). Inhibition of caspases may therefore be key to
preventing apoptosis. Several clinical trials of caspase inhibitors for the
treatment of other illnesses are under way (NIH, 2004).

Another protease, calpain, also plays a role earlier in the biochemical
cascade that leads to spinal cord injury-induced apoptosis and thus repre-
sents another target for the treatment of spinal cord injuries. Calpain inhi-
bition has successfully prevented neuron death in animal models of spinal
cord injury (Ray et al., 2003). Finally, a drug already on the market, the
antibiotic minocycline, may alleviate the impact of a spinal cord injury by
inhibiting the release of cytochrome ¢ (Teng et al., 2004), a molecule also
associated with apoptosis (Di Giovanni et al., 2003).
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Glutamate, a neurotransmitter that is released in excess amounts dur-
ing a spinal cord injury, can cause potassium to enter the cell, resulting in
the death of nearby neurons by necrosis or apoptosis. Glutamate, however,
must first bind to receptor proteins that also act as potassium and calcium
gates before these ions can enter neurons. Researchers have studied drugs
that block glutamate receptors in the hope of preventing excess potassium
and calcium from entering and killing the neuron (Lea and Faden, 2003).
The results of human clinical trials of glutamate receptor blockade outside
the field of spinal cord injury, however, have been disappointing, with little
evidence of efficacy (Muir and Lees, 2003). Some blocking strategies have
induced rather than prevented cell death (Lea and Faden, 2003). The key to
neuroprotection may be more selective targeting of glutamate receptor sub-
types, some of which are responsible for activation (e.g., metabotropic
glutamate receptors) and others of which are responsible for inhibition
(e.g., ionotropic glutamate receptors) (Lea and Faden, 2003; Movsesyan et
al., 2004).

The effects of erythropoietin in mediating tissue protection after a spi-
nal cord injury have also been explored in laboratory experiments. Erythro-
poietin is a protein that is primarily responsible for stimulating red blood
cell production; however, in animals given erythropoietin immediately after
a spinal cord injury, the rate of survival of the neurons responsible for
controlling movements increased and the treatment resulted in benefits to
neurological function (Celik et al., 2002; Brines et al., 2004). Ongoing
studies are attempting to replicate and further explore this approach.

Restoration of Trophic Support

Neurons need more than oxygen to survive and flourish. Their suste-
nance depends on trophic factors, which are small proteins secreted by
neighboring cells that come into contact with neuronal cell bodies, den-
drites, and areas along the length of the axons. Several trophic factors have
successfully been introduced by injection or by minipumps in animal mod-
els of spinal cord injury: brain-derived neurotrophic factor (BDNF), neu-
rotrophic factor-3 (NT-3), glial-derived neurotrophic factor (GDNF), nerve
growth factor (NGF), and fibroblast growth factor (FGF), among others
(Xu et al., 1995a; Bamber et al., 2001; Jones et al., 2001; Schwab, 2002).
The key is to ensure the delivery of the most appropriate factors, as differ-
ent classes of neurons depend on different trophic factors and some trophic
factors may have deleterious effects, such as inducing sensory neurons to
become hypersensitive to pain (Krenz and Weaver, 2000). Also key is place-
ment of the appropriate factor at the best anatomical site to deliver levels
high enough and continuously enough to keep neurons alive and promote
their regrowth. Methods of delivering trophic factors include transplanta-
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tion to the site of injury of cells that have been genetically engineered to
release high concentrations of growth factors (Conner et al., 2001; Grill et
al., 1997; Menei et al., 1998). Investigators have also found that combina-
tion therapy may be the most effective. For example, in a multipronged
effort to rescue neurons and promote their regrowth, marrow stromal cells
delivered in combination with growth factors and cyclic AMP have been
found to be more effective than each individual treatment alone (Lu et al.,
2004).

CHRONIC INJURY

Removal of Barriers to Axon Regrowth

After spinal cord injury there are many barriers that prevent the re-
growth of axons. Several experimental therapeutic strategies take aim
at these events, including treatment with antibodies directed to growth-
inhibiting molecules (Schnell and Schwab, 1990), the use of mechanisms to
interfere with the signaling pathways activated by inhibitory molecules (Cai
et al., 1999), prevention or removal of the glial scar (Stichel et al., 1999),
enzyme treatment to remove inhibitory proteoglycan molecules (Bradbury
et al., 2002), transplantation of growth-promoting cells (Xu et al., 1995b,
1997; McDonald et al., 1999), and administration of growth-promoting
molecules (Ramer et al., 2000).

A glial scar is a pathological hallmark of the chronic phase of injury.
The scar may physically block axonal penetration or may release inhibitory
molecules that block axon regrowth (Fawcett and Asher, 1999; Silver and
Miller, 2004). Wholesale efforts to disrupt the scar by removing glial cells
altogether or stopping them from proliferating produce widespread
excitotoxicity and complications that arise due to the loss of certain neu-
rotrophic factors (Fawcett and Asher, 1999). Furthermore, elimination of
glial cells removes their positive role in nervous system recovery.

Several approaches to reducing the impact of the scar have been tested
with animal models. The most promising of these approaches may be block-
ade or degradation of the inhibitory molecules rather than destruction of
the glial cells that produce and secrete them. One experiment targeted the
large class of inhibitors known as chondroitin sulfate proteoglycans (CSPGs)
(Bradbury et al., 2002). Molecules of this class are up-regulated by the
injury and are released by astrocytes within the glial scar. CSPGs are soluble
molecules that, once released, contribute to a meshwork around neurons
known as the extracellular matrix. CSPGs have been found to block axon
regrowth both in vitro and in animal models (Fawcett and Asher, 1999;
Silver and Miller, 2004) by increasing the activity of the enzyme protein
kinase C (PKC) (Sivasankaran et al., 2004). It has been shown that the
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administration of PKC inhibitors to rats with spinal cord injuries improves
axon regeneration and myelination (Sivasankaran et al., 2004). In another
rodent model, researchers degraded CSPGs by administering an enzyme,
chondroitinase ABC. Administration of this enzyme promoted the regrowth
of axons from spinal cord neurons into grafts of peripheral nerve into the
spinal cord (Yick et al., 2004) and growth of CNS axons from grafts of
Schwann cells into the spinal cord (Chau et al., 2004). The enzyme treat-
ment also improved locomotion and proprioception (Bradbury et al., 2002;
Yick et al., 2004).

Schwab (2004) and colleagues pioneered another line of research with
animal models that targets the inhibitory molecule Nogo-A, which is ex-
pressed on the surface of myelin-forming oligodendrocytes. In 1990, it had
been shown that antibodies to Nogo-A led to the regrowth of injured axons
over long distances (Schnell and Schwab, 1990). A decade later, after the
gene for Nogo-A had been cloned, the researchers developed a safer and
more focused strategy: production of large quantities of a partially human-
ized version of a fragment of the antibody in vitro and then injection of this
new antibody as a pure reagent (Brosamle et al., 2000). The results of
experiments with mice that lack the Nogo gene (a strategy known as gene
knockout) examining axon regrowth and improved gait after injury have
varied (Kim et al., 2003). However, experiments performed with rats have
shown that injection of the Nogo antibody promotes long-distance axonal
regeneration and functional regeneration (Brosamle et al., 2000). A clinical
trial of the Nogo antibody is being planned.

Because Nogo-A and other inhibitory agents exert their effects through
the Nogo receptor, a protein that sits on the external membrane of axons,
blockade of the Nogo receptor is another potential way to boost regrowth.
GrandPre and colleagues (2002) applied the small peptide NEP1-40 to the
injured spinal cord. NEP1-40 binds to, but fails to activate, the Nogo
receptor. Those investigators found that receptor blockade leads to sub-
stantial regrowth of the disrupted axons. Because Nogo-A and other inhibi-
tory substances (e.g., myelin-associated glycoprotein) act through the same
receptor, receptor blockade has the advantage of simultaneously inhibiting
more than one inhibitory substance. A follow-up experiment successfully
adapted NEP1-40 for injection up to 2 weeks after a spinal cord injury,
with some recovery of locomotion (Li and Strittmatter, 2003).

A related strategy being explored would target Nogo inhibition at the
growing tip of the axon. Once the Nogo receptor is activated, it works
through several intermediate reactions within the cell, known as signaling
pathways, to block axon regrowth. When researchers targeted one of those
intermediate reactions, and thus interrupted the signaling pathway, they
found axon regrowth and the recovery of function (Fournier et al., 2003).
This treatment was with an agent that inhibited Rho-associated kinase
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(ROCK), an enzyme that appears to dismantle the cell’s internal scaffolding
necessary for the growing tip of the axon (Amano et al., 2000). By inhibit-
ing its destructive action, researchers believe that they can prevent the
collapse of the growing tip and thus promote axonal extension. A phase I/
II clinical trial is currently under way to evaluate the safety, pharmacokinet-
ics, and efficacy of an antagonist to ROCK, Cethrin, in promoting
neurogeneration and neuroprotection.

Promotion of Axon Regrowth and Guidance

For most of the last century, the dogma was that regrowth of nerve
axons occurred only in the peripheral nervous system and not in the CNS.
Landmark experiments in the early 1980s revolutionized thinking about
nerve cells’ capacity for long-distance regeneration. The experiments showed
that CNS axon regrowth and connectivity could occur if the CNS environ-
ment was changed to match that normally present in peripheral nerves
(David and Aguayo, 1981; Keirstead et al., 1989). The previous section
highlighted techniques used to overcome the inhibitory environment. This
section highlights the axon itself and what treatments might directly boost
its regrowth. In reality, the distinction between eliminating the inhibitory
effects of glial cells and promoting axon regrowth is blurred, and the tech-
niques are closely intertwined.

The promotion of axon regrowth depends, first, on saving the entire
neuron from apoptotic cell death (see above). Survival of the whole cell and
then promotion of axon regrowth depend on the presence of growth factors
in the immediate environment. The majority of these projections remain
very short and local to the immediate site of injury. For unknown reasons,
however, some fibers are capable of growing long distances around the
lesion site. Nevertheless, axon regrowth does not result in improved func-
tion unless the axons can stimulate and inhibit the correct cellular target,
whether it is in the brain, the spinal cord, or the periphery. If incorrect
synapses are formed, pain and spasticity rather than restoration of normal
walking and other functions can ensue.

Axon regrowth can also be stimulated by a variety of growth factors
and other agents that enhance growth. Agents found to be successful in
animal models are the purine nucleotide inosine (Benowitz et al., 1999) and
cyclic AMP (Neumann et al., 2002; Qiu et al., 2002). Elevation of cyclic
AMP levels by prevention of its normal breakdown can also induce re-
growth (Pearse et al., 2004). Whether these agents work directly on the
growing tip or more indirectly through the cell’s nucleus is not fully known.

Axon regrowth may be necessary, but not sufficient, to regenerate a
functional neuronal circuit capable of controlling movements or respond-
ing to stimuli. It is also critical that the regrowing axons find their correct
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target cells. During the normal development of an embryo, axons need to
be guided to their appropriate targets through the combination of actions
of attractive and repulsive axon guidance molecules, such as netrins,
semaphorins, slits, and ephrins. Many of these guidance molecules arise
from glia (astrocytes and oligodendrocytes), which act as guideposts, and
intermediate target cells that steer a growing axon to its appropriate target
(Chotard and Salecker, 2004). Each of these molecules also has at least one
complementary receptor on the axon. When the guidance molecule and
receptor interact, the receptor transmits a signal to the growing axon to
either keep growing or avoid the area. These groups of molecules act in
complex ways to guide developing axons. Axon guidance relies on the
interplay of many different guidance molecules and receptors. Furthermore,
the concentration gradients of the molecules also significantly influence the
effects of the molecules on steering the axon in a specific direction.

The complexity of this mechanism is also underscored by the example
of diffusible netrin molecules that, depending on the receptor on the axon
with which they interact, can act as either an attractant molecule (Keino-
Masu et al., 1996) or a repulsive molecule (Leonardo et al., 1997). Much
information has been garnered about how these molecules affect axonal
targeting in the developing nervous system; however, studies are under way
to determine whether injured axons in the adult CNS are able to reexpress
their receptors for these guidance molecules and whether the axonal targets
can once again express their guidance cues (Koeberle and Bahr, 2004).
Studies to date demonstrate that the expression patterns of many guidance
molecules and receptors are the same during nervous system development
and after an injury; but some are very different, and these differences could
have important consequences on the correct targeting of a growing axon.
For instance, the level of expression of a specific class of ephrins (ephrin-Bs)
appears to be decreased in the brain, which could limit reinnervation by
regenerating axons (Hindges et al., 2002). To overcome this, methods are
being developed to examine the effectiveness of using gene therapy strate-
gies and scaffolds (discussed below) to express different combinations of
guidance molecules. These guidance molecules could be used as physical
conduits that promote regrowth (Dobkin and Havton, 2004).

Gene Therapy

Gene therapy is another treatment strategy that has great potential to
provide the injured spinal cord with the specific gene products—proteins—
that it needs to promote functional recovery. Gene therapy is not a current
treatment for spinal cord injuries but is being studied with animal models of
spinal cord injury. The concept is to transfer into the spinal cord a gene
encoding a therapeutic protein, such as a growth factor or an axon guid-
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ance molecule, or to transplant cells modified to incorporate the gene.
When the gene is expressed, the cell makes the desired protein. An advan-
tage of gene therapy over cell replacement therapy is that a specific gene or
set of genes can be introduced and the amount (or dose) of the protein can
be controlled, which is extremely important in maintaining the fine balance
of natural proteins surrounding injured nerve cells and helping guide their
growth or regrowth toward target cells in the brain or spinal cord. One of
the greatest problems with most therapies is that the dose cannot be readily
fine-tuned at the site of injury or along the path of the regrowing axons.
Gene therapy can potentially overcome that obstacle.

Gene therapy can be used to modulate the amount of protein in a
number of ways. One method is to introduce a second gene called a pro-
moter gene along with the therapeutic gene. The promoter gene’s purpose is
to turn the therapeutic gene on and off. The promoter gene’s action can also
be regulated, for example, with a well-tolerated drug. In one novel ex-
ample, researchers inserted a promoter gene responsive to the drug tetracy-
cline next to the therapeutic gene, which in this case was the gene for NGF.
To activate the production of NGF, the researchers then added a drug
similar to tetracycline to the mice’s drinking water. Once it was consumed,
the drug turned on the promoter gene, which, in turn, drove the expression
of NGF (Blesch et al., 2001). When the researchers wished to minimize or
stop the production of NGF, they reduced the dose or removed the drug
from the drinking water, thus regulating the amount of NGF needed to
stimulate axonal growth.

Research to date has focused on the introduction of genes for growth
factors (FGF and GDNF) and neurotrophins (BDNF, NGF, NT-3, and NT-
4/5). These therapeutic genes are first inserted into fibroblasts (skin cells) in
a culture dish. The genetically modified fibroblasts are then implanted
directly into the injured area of the spinal cord (a technique known as ex
vivo gene therapy). Although most of the research has focused on fibro-
blasts, other types of cells can be genetically modified, such as stem cells,
oligodendrocytes, and Schwann cells. A similar strategy for introducing
genes that is being explored is gene therapy. A few important issues for
both these strategies are the types of genes to be introduced, how expres-
sion of the gene can be limited to specific cell types (which is normally done
by using specific gene promoters such as GFAP for astrocytes), and how the
gene can be introduced into the cell. One common method of introducing
genes is through the use of viruses, but this method can be problematic,
because some viruses (such as retroviruses) can only be inserted into divid-
ing cells and most neurons do not divide. Other viruses are used because
they specifically target the nervous system, or they can be used to introduce
genes into nondividing neurons, but they may also attract a more general
immune response that has its own detrimental effects.
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Using gene therapy, spinal cord injury researchers have succeeded in
introducing growth factors that have led to some recovery of function in
rodent models (Blesch and Tuszynski, 2004; Hendriks et al., 2004). The
experiments have thus far established the potential value of gene therapy,
which can be used alone or in combination with other therapies.

Bridging Gaps with Transplantation

Spinal cord injury not only leaves a glial cell scar but also leaves a
physical gap. As early as 1906, a peripheral nerve was transplanted into the
brain to see if CNS axons would regrow in an environment that was known
to be supportive of axonal growth in the peripheral nervous system. Seven
decades later, Richardson and colleagues (1980) found that months after
they inserted a segment of a peripheral nerve into a gap in the spinal cord,
the cut axons had regrown into the implanted nerve from both stumps of
the severed spinal cord. This technique has been validated in studies with
optic nerve neurons, which travel long distances between the eye and the
brain. When peripheral nerve grafts were attached to the optic nerve stump,
retinal axons were induced to regenerate long distances within the grafts
and were capable of making functional connections when the grafts ended
near their correct targets in the brain (Carter et al., 1989). Similar tech-
niques have been used in the spinal cord. For example, researchers have
induced some neuronal regeneration by transplanting peripheral nerve and
Schwann cells inside a polymer tube to fill a complete or partial gap in the
spinal cords (Bunge, 2001). Today, scientists are continuing to develop a
number of different types of bridges that consist not only of peripheral
nerves or Schwann cells, but also olfactory ensheathing cells (OECs), stem
cells, marrow stromal cells, trophic factors, biomaterials, or some combina-
tion thereof.

A new generation of scaffolds is being developed for the broad field of
tissue engineering (Holmes, 2002). The ideal scaffold for use in the repair of
a spinal cord injury would be attractive to regenerating axons, a physical
conduit for entry and exit, nontoxic and nonimmunogenic, versatile enough
to house a wide range of drugs or cell types, and degradable over a time
window sufficient for regrowth (Geller and Fawcett, 2002). The types of
materials that may potentially be used as scaffolds include naturally occur-
ring materials (e.g., collagen), organic polymers, and inorganic materials.
Even more innovative scaffolds are materials that are injected as liquids and
that then self-assemble into fibers with diameters of less than 1 micrometer
(Silva et al., 2004).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/11253.html

PROGRESS TOWARD NEURONAL REPAIR AND REGENERATION 133

Restoration of Impulse Conduction in Demyelinated Axons

Healthy nerve cells transmit information by conducting impulses along
the lengths of their membranes. Impulses are carried by the movement of
charged particles (ions) through cellular channels in the axonal membrane,
the most prominent being positively charged sodium (Na*) and potassium
(K*) ions. This process is facilitated by the myelin sheath, which acts as an
insulator to expedite impulse transmission. Myelin is often destroyed by the
injury, although nerve axons may remain intact, and so several therapeutic
strategies take aim at the surviving axons by endowing them with the
capacity to transmit impulses in the absence of myelin (Chudler, 2004).

One approach is to transplant cells capable of myelination into demy-
elinated lesions (Kocsis et al., 2002, 2004). Several studies with animal
models of spinal cord injury have provided evidence that implanted
Schwann cells (cultured and purified) can remyelinate demyelinated axons,
restore conduction, and improve function (Bunge and Wood, 2004).

Restoration of functional conduction across the membrane is still pos-
sible, without myelin, by altering channel activity. The drug 4-amino-
pyridine (fampridine) has been found to be effective in improving
conduction in demyelinated axons in animal models (Shi and Blight, 1997).
However, the results obtained with a sustained-release form of the drug in
human clinical trials have been only modest. One trial showed negative
results (van der Bruggen et al., 2001), but other small trials showed some
improvements in individuals’ motor function and sensory function
(pinprick and light touch) and reductions in spasticity (muscle tone) and
pain (Qiao et al., 1997; Potter et al., 1998). The results for the two pri-
mary end points—spasticity and global impression of functioning—of the
largest and most recent clinical trial (a phase III trial) did not reach statis-
tical significance, according to the sponsor’s website (the results are not yet
published). The study did show, however, a positive trend toward less
spasticity (Acorda Therapeutics, 2004; Hayes et al., 2004).

Another therapeutic approach is to target sodium channels in a sub-
type-specific manner. When axons within the spinal cord are demyelin-
ated, as in individuals with multiple sclerosis, the body inserts new sodium
channels into the membrane of axons that have lost their myelin (Craner et
al., 2004a,b). This is one example of plasticity, the body’s natural way of
trying to adapt to changed conditions and compensating for lost
function. Plasticity is not always beneficial, however. Neurons have 10
distinct sodium channels, each of which has different physiological proper-
ties. This represents a subtlety of neuronal design that permits different
types of neurons to produce different patterns of impulses within the ner-
vous system (Waxman, 2000). Some types of channels produce background
levels of activity that can be interpreted by the brain as pain, whereas
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others allow large fluxes of sodium that can trigger axonal degeneration.
The development of medications that selectively enhance or inhibit the
actions of specific subtypes of sodium channels may make it possible to
adjust the balance of the channels to preserve normal axon function with-
out silencing them.

Restoration of Sensory Function

The loss of sensory modalities can be as debilitating as the loss of motor
function. Although sensory function was not previously a substantial focus
of spinal cord injury research, scientists are now making progress in under-
standing what contributes to the loss of sensation and developing treat-
ments to restore sensory modalities, including touch, temperature, pain,
proprioception, and feedback control of movements.

Proprioception is an often overlooked sensation that is critical in coor-
dinating walking and other movements (Box 5-1). Muscles and joints have
special sensory neurons designed to signal the CNS about muscle length,
the velocity of movements, and the load (or force) being applied. This
sensory input is continually used to convey positional sense (awareness of
position of the body in space), to trigger spinal reflexes, and to prepare for
effective control over movement. Sensory neurons carrying proprioceptive
information course from the muscles and joints directly into the spinal
cord. There they project to motor neurons in the spinal cord or they course
to the brain (through several synapses). The fibers forming the first part of
the pathway, from the muscles to the spinal cord, appear to possess recep-

BOX 5-1
A Personal Perspective on the Loss of Proprioception

One of the defects of spinal cord injury not often discussed or appreciated is
loss of proprioception. As a C5-6 quadriplegic, | have no sense of where my lower
limbs are placed and a minimal sense of the positioning of my upper extremities. |
can move my arms and legs and can actually walk with braces and someone
making sure | don't fall over because of proprioception/balance. | move my legs
particularly only if | can see where they are and where they are going. | literally
cannot move my legs without visual sensing of position. | expect that lack of prop-
rioception is an important aspect of motor function and its return after spinal cord
injury is an important aspect of regaining function.

—Robert Schimke, Professor Emeritus
of Biology, Stanford University
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tors for a specific neurotrophic factor known as NT-3 (McMahon et al.,
1994).

In one of the first experiments of its kind, researchers applied NT-3
directly onto the spinal cords of rats (intrathecally) whose sensory fibers
had been cut near the entry point into the spinal cord. The cut end of the
nerve regrew into the spinal cord and reconnected with target cells at the
appropriate level. Not only were the new synapses anatomically correct,
but proprioceptive functioning was restored behaviorally and physiologi-
cally (Ramer et al., 2002). In a separate set of experiments, patients with a
disease that causes demyelination in the peripheral nervous system were
given NT-3. This treatment led to improved sensation, a return of the
reflexes, and peripheral axon regeneration (Sahenk, 2003). Thus, there is a
need to explore the use of neurotrophic factors for promotion of the re-
growth of the sensory fibers.

STEM CELLS AND OTHER CELL-BASED THERAPIES

Cell-based therapies hold great potential as a means of replacing cells
and restoring function that has been lost because of a disease or an injury.
The application of cell-based therapies to spinal cord injuries is a natural
outgrowth of research in other fields, such as cancer, diabetes, and heart
disease. Hematopoietic stem cell-based therapies are now being used rou-
tinely to treat certain cancers and are being tested for use in regenerative
medicine, for example, to replace insulin-secreting cells destroyed by juve-
nile diabetes or muscle cells destroyed by heart attacks. Therapies are being
developed to restore function in individuals with spinal cord injuries by
transplanting many different types of cells, including Schwann cells and
OEC:s to restore nerve conduction, genetically engineered cells to restore
trophic support and support regrowth, and stem cells that have the capacity
to improve function through a number of mechanisms (Hulsebosch, 2002).

The Promise of Schwann Cells and Olfactory Ensheathing Cells

For more than a decade, researchers have known that Schwann cells,
the ensheathing cells ordinarily found only in the peripheral nervous sys-
tem, migrate into the spinal cord after it is injured. Thus, Schwann cells
may be used in potential therapies for spinal cord injuries whether they are
endogenous or transplanted (Bunge and Wood, 2004). There they may help
stimulate axonal growth and myelinate the newly grown axons. The use of
Schwann cells is attractive because they are readily accessible and prolifer-
ate rapidly in cell culture—up to 100,000 times—and do not trigger an
immune response, as long as the individual’s own Schwann cells are used.
One problem, however, is that regrowing axons do not exit and grow
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substantially beyond the site of the Schwann cell implant without the use of
other interventions. This problem has led to research focusing on combina-
tion strategies, discussed later in this chapter, and has spurred the use of
another type of ensheathing cell, OECs. These are specialized types of glial
cells that wrap bundles of sensory nerve fibers as they extend from the
olfactory mucosa of the nose to the brain’s olfactory center (the olfactory
bulb) into the outer layer of the olfactory bulb (for a review, see Raisman,
2001). One role of OECs is to form channels to guide the axonal growth of
olfactory neurons from the nose to the brain (Williams et al., 2004). Olfac-
tory neurons are unusual because they are continually being replenished by
stem cells in the nasal mucosa throughout adulthood. Axons of the new
neurons need to be steered toward their destination by the OECs. Although
OECs do not normally myelinate individual axons in vivo, they can become
myelinating cells when they are grown in tissue culture under certain condi-
tions (Devon and Doucette, 1992). As a result, OECs are viewed as prime
candidates to guide axon regrowth and to replace the myelin in the axons of
individuals with spinal cord injuries.

Several experiments have found that when cultured OECs are implanted
into an injured spinal cord, they support the regrowth of axons over long
distances and restore function (Li et al., 1997, 1998; Ramon-Cueto et al.,
1998, 2000; Radtke et al., 2004). Compared to Schwann cells, OECs were
not as effective, after implantation into a contused spinal cord, in inducing
long-distance axon regrowth and myelination and improving locomotion
(Takami et al., 2002), although they may not have survived well in the
lesion milieu. An advantage of OECs is that they intermingle more readily
with astrocytes and may be more migratory in the spinal cord than Schwann
cells. The disadvantages of OECs are that they do not readily expand in
large numbers when they are cultured and are not as readily accessible as
Schwann cells. Internationally researchers are attempting to implant fetal
olfactory cells into individuals with spinal cord in