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ABSTRACT. Turkstra LS, Holland AL, Bays GA. The
neuroscience of recovery and rehabilitation: what have we
learned from animal research? Arch Phys Med Rehabil 2003;
84:604-12.

Objectives: To encourage rehabilitation specialists to de-
velop a critical approach to the animal research literature that
is relevant to human neurorehabilitation and to encourage
clinicians to lend their perspectives to basic research.

Data Sources: Scientific publications cited in MEDLINE,
PubMed, and PsychlInfo, and professional presentations of leading
neuroscience researchers. The focus was on current publications
to 2001, with historical works included when appropriate.

Study Selection: Studies were selected based on their rele-
vance to the objectives.

Data Extraction: Reviewed study methodology and find-
ings and extracted key principles relevant to rehabilitation.

Data Synthesis: Many themes emerging from neuroscience
research are relevant to human rehabilitation, including issues
related to timing of intervention and recovery, and character-
istics of nervous system plasticity.

Conclusions: Although animal research has many limita-
tions, it provides a unique window on nervous system recovery
and has generated important directions for future human re-
search. Clinician involvement in basic animal research will
improve the extent to which results are relevant to human
rehabilitation and recovery.
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URING THE PAST SEVERAL years, there has been an

explosion of knowledge about neurologic injury and re-
covery. The primary vehicle for acquiring this knowledge has
been animal research, from in vitro studies of single cells to the
study of complex behaviors in whole organisms. Clearly, there
are limits to the application of these results to humans. Nev-
ertheless, animal studies have revealed principles that are crit-
ical to human study and provide directions for the study of
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human recovery and rehabilitation. In this article, we summa-
rize several of these principles and directions and discuss
potential limitations in their application to humans, particularly
to human recovery from language and cognitive deficits. This
information is intended to help readers become critical con-
sumers of the animal research literature in neuroscience. The
study focuses on the adult central nervous system (CNS) in the
subacute and chronic phase postinjury, when most rehabilita-
tion occurs. This article is an update and extension of an earlier
review of animal research that was relevant to aphasia.! We
include more recent developments and broaden the scope of the
article to include consideration of cognitive recovery in gen-
eral. Findings on recovery of sensory and motor function are
included when the underlying principles are relevant to recov-
ery of cognitive function.

WHAT WE HAVE LEARNED FROM ANIMAL
RESEARCH

Experience Changes the Brain at Any Age

In the introduction to his text on brain plasticity, Kolb?
described the life of a fictitious woman. When born, she “can
neither walk, nor talk, nor use a toilet” and “does not seem to
know anything.”2®®» As a young adult, after years of training,
she becomes a professional dancer and several years later
retires to raise children. In midlife, she returns to dance, and
resumes professional training and performing. Then she is
struck by a car and must relearn lost skills and knowledge.
Kolb’s description illustrates what he refers to as “one of the
most intriguing important properties of the human brain”2e9—
its capacity to change throughout the lifespan. Because of
plasticity, the human brain may respond to both external stim-
uli (eg, a dance instructor’s guidance) and internal stimuli (eg,
the cellular and molecular effects of injury).?

Kolb? pointed out 3 further key aspects of brain plasticity.
First, it permits us to maintain, and even improve, function in
the face of a gradual loss of neurons that begins prenatally.
Second, any single mechanism of plasticity is likely to underlie
more than 1 form of behavioral change so that, for example,
mechanisms such as cell migration and dendritic sprouting that
are involved in normal development may also be involved in
recovery after injury. Similarly, the mechanisms underlying
change in humans are likely to be similar to those in animals.
This latter assumption is the basis for extrapolating results from
animal research to humans. Third, as the brain changes, behav-
ior may also change. The refinement of behavior brings
changes in experiences, which in turn alter the brain. Frontal
lobe development permits self-regulation, which enhances
learning, which in turn changes the structure and function of
the brain. Motor development permits a child to explore the
world and to be exposed to stimuli that affect further brain
development. Thus, there is an ongoing process of modification
in both directions: experience to brain and brain to experience.
This complex interaction challenges our understanding of the
process of recovery and rehabilitation, and it underscores the
importance of considering behavioral experience (eg, therapy)
in any study of injury and recovery.
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Our knowledge of how, where, and when plasticity occurs
has been largely derived from animal research. Although the
notion that experience results in brain changes was suggested
as early as the beginning of the 20th century, it was not until
1948 that Konorski® proposed a mechanism that would explain
the changes. He postulated that sensory stimulation could alter
neurons and their connections, and that this alteration could be
brief or long lasting. Hebb* identified the synapse as the site of
this plasticity. He proposed that the use of a synapse strength-
ens that synapse selectively—that is, that there is activity-
dependent synaptic plasticity—but only when both the pre- and
postsynaptic neurons are simultaneously activated. Thus, the
strength of synaptic contacts is increased for simultaneously
active neurons but not for randomly firing neurons. It is now
thought that neural repair is dependent on both pre- and
postsynaptic activity. Repair requires not only regrowth and
other changes in the injured presynaptic neuron, but also fac-
tors secreted in a retrograde fashion from the target postsyn-
aptic neuron (eg, trophic factors) and factors present in the
cellular environment (eg, glial cells).3

Brain Design Permits Plasticity

Humans have larger brains than mammals of comparable
size and also are capable of more complex brain functions. This
is not because human brains have more neurons per kilogram
than other animals. Rockel et al® compared the number and
density of cortical neurons in human, macaque, cat, rat, and
mouse brains. The measures were taken between the pial layer
and the white matter, in sections corresponding to the typical
width of functional columns in the cerebral cortex. They found
that, with the exception of the visual cortex, the number of
neurons in each section was the same through the thickness of
the cortex and across species, although the total surface area
was greatest in humans. The numbers and proportions of cell
types also were relatively constant. The major difference was
the pattern of afferent and efferent fiber connections among
regions. Rockel hypothesized that the greater thickness of
cortex in larger animals such as humans was “due largely to the
more numerous and extensive dendritic and axonal ramifica-
tions, because with an increase in area of cortex by one square
centimeter there will be several million more cells with
axons.”6(m23%)

There are 2 major implications in these findings. One is that
functional connections, rather than raw numbers of neurons,
determine computational power. The ability to modify these
connections is the basis for learning throughout the lifespan.
The second implication is that, at least in theory, many sections
of the brain possess the basic cell types to perform the func-
tions of other sections, although the distribution and organiza-
tion of cell types may differ. What is required for functional
substitution to occur is the establishment of connections. The
connections existing at the time of injury develop over a
lifetime of genetic programming and experience, and thus are
likely to be resistant to change. However, as many researchers
have shown, both functional and anatomic changes are
possible.

Plasticity in the normal CNS. There are several mecha-
nisms by which the brain is modified in normal animals. Many
experiments, beginning with those of Hebb* (see Kolb?) have
shown that experience increases the number and density of
synapses on dendrites (synaptogenesis), dendritic length, and
synapse size. These changes may make it possible for animals
to adapt to tasks other than those chosen for training. That is,
improvements in 1 task may generalize to novel, related tasks.
For example, Kolb et al (unpublished data, 1995) found that
rats trained on a task with 1 paw showed increased dendritic

materials in homologous regions in both hemispheres, which
did not differ from the changes found in rats trained with 2
paws. Thus, experience may “prime” the brain to improve
future learning.

Another mechanism of plasticity in the normal nervous
system is long-term potentiation (LTP), which was proposed
by Bliss and Lomo.” Through repeated stimulation of input
pathways to the hippocampus in rabbits, they discovered that a
rapid, brief sequence of excitatory pulses enhanced synaptic
efficacy that could last for hours. The mechanism by which
synapses were strengthened was related to Hebb’s* original
hypothesis, that 1is, “neurons that fire together wire
together.”8®73D In other words, when a presynaptic neuron is
active and at the same time a postsynaptic neuron is stimulated
by other inputs, the synapse formed by these 2 neurons is
strengthened. LTP may be an important mechanism underlying
the plastic changes that occur during acquisition of new learn-
ing and memory. When a presynaptic neuron is strongly active,
and a postsynaptic neuron is only weakly activated by other
inputs, the strength of the synapse between the 2 neurons is
weakened. This phenomenon is referred to as long-term de-
pression, that is, “neurons that fire out of sync lose their
link.”8®73D A discussion of the molecular mechanisms of LTP
and long-term depression is beyond the scope of this article. In
brief, these long-term changes may be related to factors such as
insertion of new receptors into the synaptic membrane,® and the
release of chemicals such as nitric oxide (NO) after binding of
glutamate to its N-methyl-p-aspartate (NMDA) receptor.?

Recently, through the use of imaging techniques, plasticity
has been shown in developing humans. For example, Pascual-
Leone et al'® showed that the finger representations in the
dominant primary motor cortex of blind individuals who had
read braille from childhood or young adulthood differed sig-
nificantly from those of individuals who were blinded in adult-
hood and were not proficient braille readers. Blind braille
readers also have superior tactile spatial ability, corresponding
with an increased size of the cortical representation for fingers
of the reading hand.!" Imaging studies comparing children and
adults have shown plasticity in the course of normal develop-
ment. For example, children who perform verbal fluency tasks
recruit more widespread areas of cortex than do adults, includ-
ing greater frontal activation that may relate to the process of
establishing semantic networks.!?

Plasticity after injury. Evidence of functional reorganiza-
tion after injury was first presented in 1950 by Glees and
Cole.'? Using electric stimulation techniques, they showed that
somatotopic maps in the primary motor cortex changed after
unilateral cortical stroke in the macaque monkey. More re-
cently, Nudo et al'# used the technique of intracranial micro-
stimulation in adult nonhuman primates to demonstrate soma-
totopic reorganization after focal lesions and retraining. They
trained 4 monkeys on a pellet retrieval task, mapped the pri-
mary motor cortex (M1) somatotopic representation, then in-
farcted the hand area of M1 by using a microcoagulation
technique. They then remapped the area after 3 to 4 weeks of
training on the pellet task. The resulting maps were compared
with those of monkeys that had not received “rehabilitation.”
The group found that training increased the size of the hand
representation in the perilesional region of M1, whereas mon-
keys that had no training showed a decrease. The researchers
concluded that “in the absence of postinjury rehabilitative
therapy, the surrounding tissue undergoes a further territorial
loss in the functional representation of the affected body
part.”14®179 In other words, “use it or lose it.”

Arch Phys Med Rehabil Vol 84, April 2003
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The Nature of Experience Influences the Nature
of Change

Kilgard and Merzenich'> proposed that experience is neces-
sary but not sufficient to induce plasticity. They noted that
learning was as related to the behavioral importance of the
stimulus as it was to its frequency of occurrence, so that a
stimulus that is relevant to the organism (like the scent of a
potential mate or the location of food) may be learned in a
single trial. They argued that for functional reorganization to
occur, it is necessary to “mark” the importance of a stimulus
with input from limbic and paralimbic structures. Kilgard and
Merzenich!s tested this hypothesis by examining the effect of
nucleus basalis stimulation on learning. One third of the nu-
cleus basalis projections to the cerebral cortex are cholinergic
and, based on evidence that acetylcholine is important in learn-
ing, Kilgard and Merzenich predicted that this cholinergic
input would mark the importance of the stimuli. The research-
ers paired electric stimulation of the nucleus basalis with au-
ditory stimuli in adult rats and measured the resulting changes
in the tonotopic representation of the auditory cortex. The
tone-stimulation pairing occurred every 8 to 40 seconds, 300 to
400 times a day for 20 to 25 days. They observed significant
reorganization of tonotopic maps, with an increase in the
number of cells responding to the training stimulus. Reorgani-
zation was significantly greater than when stimuli were pre-
sented without the cholinergic stimulation.

Kilgard and Merzenich'> suggested that their findings rep-
resented the type of plasticity that permits adults to recover
from CNS injury. The results also suggest that rehabilitation
may be more successful if the tasks and stimuli are important
to the person. This is another example of how experience
changes the brain (ie, so that some things have more behavioral
importance than others), which in turn changes the effects of
experience.

Many animal studies have shown that the extent and direc-
tion of recovery depends on the environment and the nature of
the training stimuli. Hamm et al'¢ studied the effects of an
enriched environment on recovery from lateral fluid percussion
injury in the rat. This injury is a common animal model of
traumatic brain injury (TBI) and replicates characteristics of
TBI such as diffuse axonal injury.!” In this study, rats that
received either a sham injury (ie, surgery and anesthesia with-
out injury) or lateral fluid percussion injury were randomized to
either an enriched environment or a standard cage environ-
ment. The enriched environment included features such as toys,
group housing, and a variety of food (including cookies). After
about 2 weeks, all animals were tested in the Morris water
maze, a test of spatial memory that requires the animal to find
a platform submerged in opaque water, by using visual cues
located around the perimeter of the water maze. The injured
rats that recovered in an enriched environment performed no
differently than the sham-injured rats and significantly better
than the injured rats in the standard cage group. The enriched
environment did not affect the performance of sham-injured
rats. In other words, environmental enrichment had an effect
specifically on rats with an impaired nervous system. Hamm et
al concluded that, “Although generalization of these results to
human TBI must be approached with caution, it seems that
appropriate environmental stimulation during rehabilitation
may have a positive influence on the recovery of function after
injury.”16®4 They also commented that behavioral interven-
tions, unlike pharmacologic interventions, did not have nega-
tive side effects.

Animal research has shown that failure to participate in
rehabilitation may have adverse effects on recovery. Taub et
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al's:1° tested the hypothesis that nonhuman primates learn to
avoid using an injured limb, based on negative experiences in
the early phase after an injury, and that this early “learned
nonuse” prohibited later functional recovery of the affected
limb. In these early studies, Taub et al deafferented the limbs
of nonhuman primates, an injury that leads to transient weak-
ness of a limb. They found that although the potential for motor
behavior improved over time, the animals permanently ceased
to attempt to use the injured limb. However, if the animal’s
intact limb was restrained during the chronic period postinjury
and a shaping technique was used to teach functional move-
ments, the animal learned to use the injured limb in its normal
activities. Taub et al replicated these findings in studies of
hemiparetic human stroke patients,'®-2° and recently reported in
an interview that they had used the techniques of limb restraint,
forced use, and shaping therapy in more than 200 stroke
patients in rehabilitation.?! The benefits of forced use are
significantly greater than the benefits of a similarly intensive
intervention that was based on neurodevelopmental therapy in
a blinded, randomized clinical trial of 66 chronic stroke pa-
tients.?? Thus, the effects are unlikely to be attributable to
intensity of rehabilitation alone.

Recently, the model of Taub was applied to the rehabilitation
of individuals with aphasia. Pulvermuller et al?* treated indi-
viduals with chronic aphasia with intensive massed practice of
oral language stimuli over a 2-week period, restricting re-
sponses to spoken language only in several interactive com-
munication tasks. This intensive training was associated with
significant improvements on standard tests and self-ratings as
well as other ratings of communication in daily living. It is not
clear whether the observed changes resulted from the forced
use of spoken speech (as opposed to training word-finding
strategies), or to the intensity of the treatment itself. Nonethe-
less, it is an interesting (and testable) attempt to provide a
linguistic analog to the motor work described above.

The negative effects of nonuse also have been docu-
mented?*?7 in a series of studies by Feeney et al beginning in the
1980s. These researchers observed severe delays in recovery in
animals that were either physically or chemically restrained
(via Haldol [haloperidol]) in the acute phase after unilateral
middle cerebral artery occlusion. Restrained animals were sig-
nificantly delayed in recovery relative to animals that partici-
pated in “rehabilitation,” with the greatest delays seen in ani-
mals that were both chemically and physically restrained. This
research and Taub’s previously cited research show the suc-
cessful transfer of knowledge from the animal laboratory to the
human clinic.

Timing Is Everything

The research of Taub et al'8-2° suggests that intervention in
the chronic stage postinjury may be most effective if it is
delivered with high intensity over a relatively brief period.
Other temporal factors also influence the effects of experience.
These include the age or developmental stage of the animal,
and how soon after injury the experience occurs.

Age effects. There is evidence that an enriched environ-
ment is beneficial to adult animals that are recovering from
injury; however, the same may not be true in the case of injury
to developing nervous systems. Shieh et al?® studied the effects
of rearing in an enriched environment on recovery from lateral
fluid percussion injury in young rats. They found that the
occipital cortex of injured rats from the enriched environment
showed increased dendritic density (ie, greater length and num-
ber of dendrites) but no increase in dendritic branching. In
other words, the increase in neural outgrowth was not accom-
panied by an increase in functional connections. There also was
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no significant improvement in behavior. The authors noted that
lateral fluid percussion injury had induced NMDA-receptor
dysfunction, and that NMDA-receptor activation is involved in
the process of pruning in the CNS during development. Thus,
they speculated that the combination of lateral fluid percussion
injury and environmental enrichment early in life could stim-
ulate dendritic outgrowth without appropriate pruning.

The fact that environmental enrichment did not enhance
recovery in young animals may appear to contradict current
thinking that early intervention improves outcome in acquired
neurogenic communication disorders in children. It must be
remembered, however, that the human analog of the Hamm
paradigm is probably intensive sensory stimulation in the acute
stage after a traumatic injury, which likewise is not associated
with improved outcome in humans.?®

Age effects on recovery may reflect normal changes in the
CNS throughout the lifespan. For example, research in animal
models has shown that, in the developing nervous system,
neurotransmitters play a qualitatively different role in addition
to the role of the classical synaptic transmission seen in adult
nervous systems.>® During development, these chemicals act
over greater distances and are involved in the formation of
different regions of the brain.® Thus, models of injury and
recovery, including those that address catecholamine and ex-
citatory amino acid effects, may fail to capture essential pro-
cesses in developing systems. Further, treatments that are ef-
fective in adult animals (eg, glutamate antagonism) may, in
fact, interfere with normal neural development.3!

At the other end of the age spectrum, factors that have no
influence on young, healthy nervous systems may have adverse
effects on the aging brain. To illustrate, Stuntz et al3? reported
that administrating aspartame in the drinking water of aged rats
had detrimental effects on their recovery from sensorimotor
functions after cortical lesions. In young, healthy rats, the
neurotoxic effects of aspartame are mitigated by the blood-
brain barrier. Stuntz suggested that age-related changes in the
blood-brain barrier reduced the brain’s ability to buffer those
effects.

Effects of time postinjury. Schallert et al>* reported ad-
verse effects of intervention in the early stage after injury.
Schallert stated that 2 opposing processes occur during recov-
ery: neural compensation mechanisms, which improve func-
tion, and secondary, injury-initiated, neurodegenerative pro-
cesses that interfere with recovery. These secondary processes
are biochemical and physiologic changes that are initiated by
the injury and may continue for hours or days afterward.?+35
Schallert suggested that behavioral strategies aimed at improv-
ing compensation may exacerbate secondary injury. They
found that lesions of the rat sensorimotor cortex induced in-
creased growth and complexity of dendritic connections in the
contralateral homotopic somatosensory cortex, if the animal
was free to use both the affected and unaffected limbs. This is
an example of neural compensation. However, if the unaffected
limb was restrained and the animal was forced to use the
affected limb, there was an “overuse” injury. That is, there was
no growth of dendrites and the lesion size increased, an exam-
ple of secondary neurodegenerative injury.

Neither dendritic outgrowth nor lesions occurred in intact
animals, leading Schallert to hypothesize that the injury sensi-
tized the brain to both secondary injury and use-dependent
compensatory neural growth. In fact, others have shown that a
lesion to the nervous system sensitizes it to both compensatory
and degenerative influences. For example, if a spinal cord
injury (SCI) is preceded by a peripheral nerve injury, the latter
injury acts as a “conditioning” lesion, increasing axonal regen-
eration and the expression of growth factors when the spinal

cord is later injured®® and increasing the proportion of regen-
erating fibers in a spinal cord graft.3” These early factors do not
appear to be present in the chronic stage after injury, because
Schallert found no effect of overuse if the uninjured limb was
restrained after the first 7 days, suggesting that these use-
dependent mechanisms are transient. This explains the appar-
ent inconsistency between the benefits of forced use reported
by Taub et al,'3-2° who studied animals and humans in the
chronic stage, and the adverse effects of forced use reported by
Schallert,?? who studied humans and animals in the acute stage.

In a subsequent study, Humm et al®*® showed that the dam-
aging effects of early overuse were mediated by NMDA-
receptor activity. They further proposed that the neurotransmit-
ter, glutamate, which binds to and activates the NMDA
receptor, might be involved in this secondary exaggeration of
injury. Although glutamate is critical to normal cell function,
excessive release of glutamate is known to occur after injury,
with neurotoxic effects (see reviews by Seisjo** and
Kochanek??). Humm?® hypothesized that high glutamate levels
were induced in the perilesional area, leading to the destruction
of nonfunctioning but still viable cells. In support of this
hypothesis, animals that were given an NMDA antagonist,
MK-801, showed no increase in lesion size. In fact, animals
that were restrained and given MK-801 in the acute stage
postinjury had the best outcome because they were forced to
use the injured limb but avoided adverse effects on lesion size
or dendritic growth. From a clinical perspective, Schallert
concluded that, in the acute stage after injury, “behavior, in-
cluding neurological assessment, might affect neural events . . .
[as] the behavioral tests themselves might alter the process of
recovery.”33®239 This is further evidence that behavioral inter-
vention may have a powerful influence on outcome—in either
a positive or a negative direction.

Effects of preinjury training. In research on SCI in the cat,
Tillakaratne et al,*® Edgerton et al,*' and de Leon et al*> have
shown that preinjury skill level interacts with the effects of
rehabilitation on recovery. In a series of related studies, these
researchers showed recovery of stepping after spinal cord tran-
section, when cats were provided with appropriate sensory
stimulation and weight-bearing opportunities. They found,
however, that drugs such as strychnine (a glycine agonist)
improved stepping only of nontrained or poorly stepping cats,
and had no effect on performance of cats that were trained in
the stepping task preinjury. Although there are critical differ-
ences between spinal cord and brain structure and function, the
results suggest an important characteristic to consider in animal
models of brain injury and recovery. That is, as the saying
goes: “It’s not just the brain injury, but the brain you bring to
the injury.” The effects of premorbid cognitive function have
been documented in human studies,*3-44 but often are not mod-
eled in animal studies of recovery and rehabilitation, because
animals are trained to homogeneous criteria preinjury.

Neurogenesis as a Possible Experience-Dependent Change
in the CNS

In the last decade, neuroscientists have revised the long-held
notion that adult mammalian neurons do not divide and repro-
duce. Animal research across several species has now shown
that events such as neurogenesis and cellular migration, previ-
ously considered unique to embryonic developmental phases,
persist in specific regions of the adult mammalian brain, pri-
marily in the olfactory system and the hippocampus.*> Neuro-
blasts, the precursors to neurons, divide in the subventricular
zone in the adult rat, and these progenitor cells migrate to the
olfactory bulb and differentiate into neurons with functional
connections.*® Also in the adult rat, new granule cell neurons
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are generated in the hippocampal dentate gyrus.*” This gener-
ation of hippocampal granule cells in adulthood has recently
been shown in primates and in humans.*® The functional sig-
nificance of neurogenesis in the adult is still hotly debated (eg,
see discussion in Rakic*?).

Research with animals has begun to suggest factors that may
induce or enhance adult mammalian neurogenesis and promote
cell survival. Factors identified to date include exposure to
enriched environments,>*>! physical activity,5! associative
learning,3? and stimulation sufficient to induce long-term po-
tentiation.*> Lesions to the hippocampus also have been found
to stimulate the production of precursor cells in the lesioned
area.>?

NO, a cellular messenger and unconventional neurotransmit-
ter, is currently the leading candidate to be the messenger
molecule involved in long-term potentiation, the mechanism
believed to underlie hippocampal learning and memory. As a
gaseous, diffusable neurotransmitter, NO is not bound by the
synaptic pathways that other neurotransmitters must follow and
is able to coordinate cellular signaling among populations of
neurons.> In addition to its role as a possible mediator of
synaptic plasticity, it has been recently proposed that NO is
active in neurogenesis.> In preliminary support of this hypoth-
esis, neurons that express the neuronal isoform NO synthase
have been located in areas where neurogenesis occurs in the
adult mouse brain. Thus, possible sources of NO have been
identified in the vicinity of neuronal progenitor cells in an
animal model.

For neurogenesis to occur in a mature nervous system,
several steps are necessary: the cell must survive, the axon
must regrow, and the axon must remyelinate and form func-
tional synaptic connections.’ The characterization of factors
that could influence each of these steps has been a major focus
of recent research on nervous system recovery. Through stud-
ies in whole animal models, as well as through cell culture and
molecular models, key strategies for regeneration have been
identified. These strategies include neurotrophic factor deliv-
ery, removal of growth inhibitors, manipulation of intracellular
signaling, and manipulation of the nervous system immune
response.”> This research has considerable promise; however,
there is currently little direct evidence that neurogenesis plays
a significant role in either experience-dependent changes in
behavior or behavioral recovery after CNS injury.

The recent identification of factors that inhibit the regener-
ation of injured axons may eventually allow increased neural
recovery after injury to the CNS. Researchers have recently,
through molecular cloning, identified a protein in the myelin
cells of the CNS that may actually inhibit axonal regeneration
after CNS injury.>->% This protein, know as Nogo, is notably
absent from the peripheral nervous system in which axonal
regeneration and functional recovery occur naturally after in-
jury.>® An antibody known as IN-1 was created to recognize
and disrupt the Nogo inhibitory protein, and it has allowed
axonal regrowth and some functional recovery when applied to
CNS lesions in animals.®® In related research, Huang et al®'
created an antiserum to CNS myelin by injecting mice with a
CNS myelin preparation. This antiserum decreased myelin
inhibition and increased axon growth in vitro and also allowed
extensive regrowth of injured corticospinal tract axons when
used as a “myelin vaccine” in mice. As inhibitory factors such
as Nogo are identified, their receptors found, and their roles in
inhibition of axonal regrowth understood, it may become pos-
sible to therapeutically promote recovery of injury in the CNS
through disruption of this myelin-dependent inhibition of
recovery.>
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Animal research also has led the way in the area of neural
tissue transplantation. Gage et al®? transplanted basal forebrain
neurons, known to degenerate in Alzheimer’s disease, into
near-senile, aging rats. These rats had a significant increase in
spatial memory after transplantation. Freed et al®> and Olson®*
showed a similar effect with transplantation of catecholamin-
ergic cells into rats with experimentally induced Parkinson’s
disease. This transplantation treatment largely eliminated the
rigidity, tremor, and paucity of movement that was exhibited
by the rats before cellular therapy. Progress in this area has
been remarkable, and discoveries are beginning to be applied to
humans in a limited fashion. For example, the immune re-
sponse to fetal tissue transplants has been studied in humans
with Parkinson’s disease who received fetal nigral cell im-
plants,®> and fetal cell implants and clones from nonfetal cell
lines have been considered for the treatment of ischemic hip-
pocampal injury in humans, based on positive results in rats
and other animal models.®¢

Plastic Changes Require Repetition and Maintenance

The work of Nudo et al,’* Kilgard and Merzenich,'S and
others has shown the importance of repetition in inducing brain
changes. Repetition also is important in maintaining such
changes. This principle is illustrated by the work of Pascual-
Leone et al.®” Pascual-Leone used transcranial magnetic stim-
ulation (TMS) to generate cortical maps of the hand muscles in
blind people who were proficient braille readers and used
braille in their work. Pascual-Leone found that the maps
changed in size, depending on whether the subjects had been
working for a 6-hour period or had taken the day off from
work. This result may be intuitive for those who have taken
music or dance lessons, but who have then not practiced for a
period of time. From a clinical perspective, it suggests a source
of evidence to support the need for consistent practice to
maintain gains in therapy.

The “Recovered” Brain Remains Sensitive to Drug and
Other Effects

Dixon et al®® studied the effect of drugs on the recovery of
memory after lateral fluid percussion injury in adult rats. The
rats initially showed severe impairments in performance on the
Morris water maze task, but recovered over a period of several
weeks until their performance did not differ significantly from
that of sham-injured rats. At 35 days postinjury, the rats were
administered scopolamine, a muscarinic cholinergic receptor
antagonist, to test the hypothesis that a deficit in acetylcholine
has a role in the memory impairments commonly observed
after TBL. Scopolamine decreased maze performance to the
levels observed immediately postinjury, although there was no
effect on the performance of sham-injured rats. In other words,
the injured rats appeared to be functioning normally, yet were
vulnerable to drug effects.

In a related experiment, Kozlowski et al®® examined the
effects of ethanol, a known NMDA-receptor antagonist, on
recovery after brain injury in adult rats. They made lesions in
the area of the forelimb representation of the rat sensorimotor
cortex, causing significant postural and sensorimotor deficits.
When the rats had recovered physical function, the researchers
introduced ethanol into their diets, which caused a chronic
reinstatement of previous lesion-induced deficits. In addition,
ethanol ingestion prevented the pruning of sprouting dendrites,
a process that typically is observed during recovery in the
hemisphere contralateral to the lesion. Lesion-induced den-
dritic pruning may be important in the recovery process and is
mediated by NMDA-receptor activity, as discussed in relation
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to lateral fluid percussion injury in developing rats. Kozlow-
ski®® suggested that the antagonistic action of ethanol at
NMDA receptors may prevent normal postlesion dendritic
pruning, contributing to the reinstatement of physical deficits.
This is an important finding, given the frequency with which
humans are intoxicated at the time they sustain a TBI.

A FEW CAVEATS IN THE APPLICATION OF
ANIMAL RESEARCH TO HUMANS

Animal Injury Models Versus Human Injury

In general, patterns of neural development and cell structure
found in animals such as rats parallel those found in humans.
Nevertheless, there are a few key differences that limit the
extent to which nonprimate animal research may be extrapo-
lated to humans. First, the time course of neural and other
development varies across species. For example, although hu-
mans and rats both have neural proliferation and migration, cell
differentiation, synaptogenesis, gliogenesis, and myelination
into adulthood, the proportion of neurogenesis that is complete
by birth is greater in humans.3° The gestational period for a rat
is approximately 3 weeks, and rat adolescence is reached
between postnatal days 35 and 45. This time scale differs
substantially from the human time scale, and must be consid-
ered in any discussion of processes such as recovery and
response to rehabilitation. Few studies have explicitly ad-
dressed these differences in developmental time course relative
to recovery from CNS injury, although the information is
critical for the application of animal findings to humans.

A second key difference is that although the gross regional
development of the brains of rats and humans is similar, there
are differences in the development of specific regions.?® For
example, rats have a larger olfactory system, consistent with
their environmental needs, and humans have a relatively larger
proportion of the brain dedicated to neocortex and the visual
system. The proportion of the brain allocated to association
cortex, particularly in the frontal and temporal lobes, increases
across species from smaller animals to humans.”® The impor-
tance of the limbic system and hindbrain decrease accordingly.
Rats also have a lissencephalic (smooth) brain, which may not
respond to mechanical injury in the same way as the gyrence-
phalic (convoluted) human brain. The most appropriate animal
model is the nonhuman primate, which is highly similar to the
human in brain structure and function. However, because of
political pressure and the expense and care required, research
on recovery from acquired CNS lesions in nonhuman primates
is relatively rare.

Other factors limit the ability to extrapolate animal data to
humans. Animal studies are done in a highly controlled envi-
ronment, with relative homogeneity in lesion characteristics,
animal characteristics (genotypes, phenotypes), and experi-
ences. Typically, premorbid measures are taken, and premorbid
environments also are controlled. Animals may undergo hun-
dreds or thousands of repetitions of a task, as in the study by
Kilgard and Merzenich,'s without intervening activities that
may influence the treatment outcome. Thus, the animal situa-
tion is usually highly dissimilar to that encountered by human
patients.

Recently, Kochanek”! noted that animal research on TBI had
modeled only the clinical situation of the young male construc-
tion worker (ie, drop-weight models are popular, animals tend
to be young males). Kochanek also argued that current models
fail to capture most of the complexity of human TBI, including
premorbid genetics and experience, the effects of injury in
women, the relatively short laboratory time course compared
with the typical rehabilitation time course, and secondary com-

plications like herniation (see discussion in Meythaler et al’?).
The same may be said of research on other CNS disorders.
Experimental tasks used in animal research also may fail to
replicate important behavioral outcomes from CNS injury.
Tasks such as the Morris water maze have limited resemblance
to activities of humans (with the possible exception of sailors
who are swept overboard), and do not address cognitive im-
pairments that are most handicapping after human injury, in-
cluding impairments in language, declarative memory, and
executive function.

A major element of human clinical recovery that is not
addressed in most animal studies is rehabilitation. Although
even the earliest research on plasticity in the CNS considers the
role of experience, animal research on recovery has just begun
to consider rehabilitation in any detail. When retraining has
been considered, the results are unequivocal: experience, par-
ticularly specific experience related to the injured systems, may
have a significant positive impact on recovery.”> The comments
of Barker and Dunnett,”® regarding motor function after neu-
rotransplantation, may be applied in general to animal research:

We need to consider not only the anatomic connectivity

needed to reconstruct the damaged circuitry, but also the

relearning and retraining of the normal adult’s rich reper-
toire of motor skills and habits. This is the realm of the
rehabilitation specialists, who have to this point not been
active participants in existing transplantation programs.

We might expect, though, that they (you) have much to

offer, and the marriage of rehabilitation and neurobiolog-

ical disciplines may pave the way to marked improve-
ments in present strategies for therapy.’3®24%

Thus, clinicians may have an important role in the direction
of animal research. Although animal studies currently may not
replicate important aspects of human rehabilitation and recov-
ery, they do suggest directions for human study and offer
opportunities for fruitful collaboration.

Plasticity Does Not Equal Improvement in Functional
Outcome

In many studies of injury and recovery, it is difficult to
document physiologic or functional benefits associated with
anatomic changes. It is possible to demonstrate such benefits
conclusively in animal research by correlating behavioral
change with anatomic evidence, using techniques such as stain-
ing or labeling of neurons, or reinjury. For example, Ramer et
al”* studied the effect of intrathecal neurotrophic factor admin-
istration on sensory axon regrowth in the CNS. They judged
outcome by measuring specific behaviors that were linked to
the functions of the lesioned axons, followed by reinjury to
show reinstatement of impairments related to those behaviors.
In this way, they showed both physical regrowth of sensory
axons and the importance of this regrowth to the whole
organism.

In a review of current research on injury and recovery,
Horner and Gage> emphasized the need to tie cellular events to
behavioral recovery, and noted that functional benefits had not
been shown in many studies that showed positive effects at the
cellular and system level. Examples included studies of cell
replacement (eg, fetal tissue implants), neurotrophic factor
stimulation, and manipulation of intracellular signaling (eg,
blocking glutamate or calcium after injury). Treatments that are
effective for in vitro or animal models may have adverse or
even lethal consequences for humans. For example, the high-
affinity glutamate antagonist MK-801 has psychomimetic ef-
fects in humans and has caused vacuolization of the cingulate
gyrus and retrosplenial cortex in rats,”> and administration of
the most effective calcium channel antagonist probably would
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result in death. Other treatments may be safe for humans but
show no significant benefit in clinical trials. Thus, many po-
tential treatments have yet to demonstrate functional benefits in
clinical populations.

Imaging the Live Human Versus Animal Research

The major resurgence of interest in plasticity and recovery
has been prompted in part by the availability of techniques to
study these processes in live humans with and without injuries.
Techniques such as TMS, functional magnetic resonance im-
aging, and positron emission tomography have permitted re-
searchers to ask questions in human research that cannot be
asked in animal research, particularly questions related to lan-
guage. As Small stated, “By their very nature, language func-
tions have qualitatively different brain representations than
sensorimotor functions . . . (and do not) map straightforwardly
to the environment.”7¢®228) Thus, the results of studies of
sensory and motor function in animals may have limited rele-
vance to the processes involved in language rehabilitation and
recovery. This is probably also true of processes involved in
the rehabilitation of other higher cognitive functions.

By using human in vivo imaging, it is possible to study
changes in brain organization over time in populations such as
persons with aphasia who are in rehabilitation””-78 or patients
who are dysphagic after having unilateral stroke.” Such studies
provide insights into mechanisms of recovery (eg, ipsilateral vs
contralateral compensation vs “unmasking” of new cortical
networks).

Given the possibility of studying live humans, one might ask
what role animal studies will play in the future of rehabilitation
and recovery research. Animal research remains critical to our
understanding of the basic mechanisms of injury and recovery.
Animal research may occur at a level of analysis that is not
possible in an in vivo human model, and methods such as
reinjury and randomization of treatment are not ethically ac-
ceptable for human research. This is particularly relevant for
rehabilitation studies that involve drug treatments. It may seem
odd to await animal studies to confirm what we have been
observing for centuries in humans, but the use of animal
models permits tight control of factors that may confound the
outcomes in human studies. The control that is routinely ob-
tained in animal studies may never be achieved in human
research, given the complexities inherent in working with peo-
ple who are active participants in the recovery process. Thus,
animal research is likely to remain a major influence on the
development of rehabilitation science, and it is in our best
interests to remain current with advances in this area.

CONCLUSION

We have presented basic neuroscience concepts in terms
understandable to rehabilitation specialists; however, collabo-
ration between rehabilitation specialists and basic neuroscien-
tists is rapidly becoming a 2-way street. As rehabilitation
specialists, we are well positioned to contribute to the evolution
of clinical neuroscience research, particularly with regard to
the construction of rehabilitation paradigms and the measure-
ment of functional outcome. Given the rapid pace of develop-
ments, this contribution requires that we stay current with
major themes and results in animal research, and appreciate the
possibilities and challenges in their application to human re-
covery and rehabilitation.

Clinicians are well positioned to test concepts derived from
animal studies in clinical practice, with the ultimate goal of
maximizing the potential benefits of rehabilitation and elimi-
nating interventions that may have no results or negative con-
sequences for the individual. Animal research has shown that
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the brain is a flexible, plastic system that is highly sensitive to
experience after injury, and that changes in brain circuitry
require maintenance if an individual is to achieve lasting ben-
efits. These findings are compelling and should guide clinical
decision making in the future.
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