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Abstract

The relevance of careful behavioral measures and manipu-
lations in animal research on neural plasticity and brain
damage has become increasingly clear. Recent research in
adult rats indicates that an understanding of neural restruc-
turing after brain damage requires an understanding of how
it is influenced by postinjury behavioral experiences. Other
research indicates that optimizing pharmacological and
other treatments for brain damage may require their com-
bination with rehabilitative training. Assessing the efficacy
of a treatment approach in animal models requires the use of
sensitive behavioral measures of functional outcome. In re-
search on restorative plasticity after brain damage, proce-
dures for handling and housing rats should promote the
quality of behavioral measures and manipulations.
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Introduction

rain damage resulting from traumatic head injuries

and strokes is a leading cause of death and long-term

disability. The societal impact of brain damage, its
monetary costs, and its impact on brain damage survivors
and caregivers are enormous. Each year, approximately 1.5
million Americans sustain traumatic brain damage (Thur-
man et al. 1999) and more than 600 thousand have a new or
recurrent stroke (AHA 2002). There are currently approxi-
mately 5.3 million survivors of traumatic brain damage and
4.6 million stroke survivors in the United States. Within the
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upcoming decades, brain damage resulting from stroke is
expected to become an even larger problem given the aging
of our population and that the odds of having a stroke in-
crease with age (e.g., Lakatta 2002; Williams 2001).

Stroke can cause a rapid and devastating amount of
damage to the brain as a result of a cessation of the blood
supply, resulting from a blockage or a rupture of vascula-
ture. Secondary damage results from neuroinflammatory re-
sponses, excitotoxicity, mitochondrial dysfunction,
disruptions of calcium homeostasis, and other severe alter-
ations in normal cellular function (reviewed in Choi 1995;
Martin 2001; Mattson et al. 2000; Sattler and Tymianski
2001). The loss of neurons and their connections (“syn-
apses”) by these processes results in impairments in the
functions previously controlled by the damaged region(s).
For example, damage to the region of the cerebral cortex
that controls motor function is associated with impairments
in movement. Damage to regions of the posterior cortex
leads to decrements in visual ability. Brain regions that are
interconnected with the region of direct damage (e.g., con-
nected cortical and subcortical regions) are also affected.
Even neurons very remote from the site of the stroke must
adapt to the degeneration of a portion of their synaptic input
and/or output. If the extent of the damage is great, full
recovery of behavioral function is unlikely.

In research aimed at improving stroke outcome, two
major approaches are used for reducing the functional im-
pairments incurred by stroke. The first approach is to try to
reduce the damage resulting from the initial and secondary
cascades of cell death after the stroke onset (e.g., Kermer et
al. 1999; Phan et al. 2002). This approach has been a major
focus of research since the mid-1980s and has resulted in
the development of a few promising treatments, including
treatment with tissue plasminogen activator (reviewed in
Goldstein 2001). However, these treatments must be admin-
istered within a very limited time window (typically the first
few hours) after the stroke onset to be effective, which
excludes many people with strokes. Even of those under-
going acute stroke treatments, many will be left with suffi-
ciently severe impairments to warrant additional treatment.
The need to develop therapies that are effective when ad-
ministered in the weeks to years after stroke clearly remains.

A second major research approach is to promote reor-
ganization of remaining brain tissue and neural circuitry so
that the lost function becomes side-stepped by the reorga-
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nized brain. Several promising areas of research along these
lines include the provision of substances that promote the
growth of new neural processes (“neurotropic factors” or
“growth factors”), various other pharmacological ap-
proaches to enhance neural plasticity, and the insertion of
neural progenitor cells into the brain (reviewed in Johansson
2000; Nishino and Borlongan 2000; Papadopoulos et al.
2002; Ren et al. 2001). However, such treatments are lim-
ited if the brain cannot be made to form new neural con-
nections that are functionally beneficial. This problem
would appear to be almost insurmountable at this time,
given that neuroscientists are far from understanding most
of the brain’s circuitry at the level of individual synapses;
however, the problem seems less hopeless if one considers
that the brain continuously modifies its neural circuitry in a
functionally appropriate manner. It has apparently evolved
to do so in response to changes in behavioral experience,
including learning. This type of naturally occurring neural
plasticity is, in our view, the key to making the brain reor-
ganize in a functionally appropriate manner after strokes
and other types of brain damage.

It is likely that one can capitalize on the brain’s neuro-
plastic responses to learning to promote neural reorganiza-
tion and to improve behavioral function after brain damage.
We briefly review the research supporting this idea below.
A central component of this research in animals is the use of
sensitive behavioral manipulations and measures. Thus, we
conclude this review with a discussion of care and handling
practices in promotion of this research in rats.

Experience-dependent Neural Plasticity

The brain undergoes continuous modification of its neural
connections throughout the lifespan of an animal (reviewed
in Black et al. 1997). During development, the appropriate
types of experience during sensitive stages are required to
shape the architecture of neural connections. In many mam-
mals, including humans, synapses have been found to be
overproduced in the developing cortex by approximately
twice the number found in adults. The partial loss of syn-
apses is driven by competitive processes (i.e., the selective
maintenance of synapses that are effectively activated by
behavioral experience and the loss of poorly activated ones).
For example, experience with binocularly detected visual
patterns is a critical force driving the connectivity in the
visual cortex (reviewed in Crowley and Katz 2002). If this
experience is not available during development, normal vi-
sual cortical development and visual function can be per-
manently lost. Similar experience-dependent processes have
been found to occur during the development of other ca-
pacities (e.g., audition and somatosensation).

Behavioral experience continues to modify the brain
throughout adulthood. There is a wealth of data now to
indicate that adult animals, including humans, undergo
brain changes as a result of learning. For example, learning
new motor skills is associated with changes in the motor
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cortex and cerebellum, including the growth neuronal den-
drites (the sites of most synaptic inputs) (Kleim et al. 1997;
Withers and Greenough 1989), the addition of synaptic con-
nections (Black et al. 1990; Kleim et al. 2002), changes in
patterns of neural activity (Kleim et al. 1998; Nudo et al.
1996; Plautz et al. 2000), increases in cortical thickness
(Anderson et al. 2002), and, in humans, increased cortical
activity as detected using functional magnetic resonance
imaging (Elbert et al. 1995; Karni et al. 1998). Rats socially
housed either as adults or as juveniles within complex en-
vironments (environments filled with toys and other objects
to explore and manipulate) have a thicker cortex, increased
synapse number per neuron, more vasculature, more glial
(non-neuronal) cell processes, and increases in several plas-
ticity-related molecules in the visual cortex compared with
animals housed in pairs or individually in standard labora-
tory cages (reviewed in Black et al. 1997; Rosenzweig and
Bennet 1996). For many morphological variables, social
housing in standard laboratory cages results in effects that
are intermediate between those of complex-housed and in-
dividually caged rats (e.g., Turner and Greenough 1985).
Complex environment housing also promotes the survival
of new neurons produced in the hippocampus of adult ani-
mals (mice and rats) (Kempermann et al. 1997; Nilsson et
al. 1999). In later stages of life, behavioral experience can
offset age-related losses of neural structure and function
(e.g., Coq and Xerri 2001; Green et al. 1983; Nakamura et
al. 1999).

Not all significant behavioral experiences promote neu-
ronal growth. Although an extensive discussion of the topic
is beyond the scope of this article, the negative side to the
sensitivity of the brain to experience is its response to severe
or chronic stress. One example of this response is the re-
sulting loss of dendrites and suppression of neurogenesis in
the hippocampus (reviewed in McEwen 2001).

Understanding experience-dependent neural plasticity is
important for brain damage research in part because indi-
viduals that survive brain damage may undergo some of the
most significant behavioral changes of their adult life. For
example, individuals with sufficient damage to the sensory
and motor cortex of the left hemisphere (a very common site
of damage incurred by strokes) have impairments in move-
ment and sensation of the right body side. It may be nec-
essary for these individuals to learn to rely on the left hand
to eat, write, and type. If walking is possible, they may
develop whole body postural adjustments to accomplish it.

It is also important to understand how changes in be-
havior can be used to drive functional restructuring after
brain damage. Several lines of recent research indicate that
postinjury behavioral experiences are important contribu-
tors to neural restructuring after brain damage. The behav-
ioral changes that contribute to brain reorganization after
brain damage can be loosely grouped into two categories:
(1) changes an animal develops in an effort to compensate
for lesion-induced impairments, and (2) changes induced
using rehabilitative training.



Neural Plasticity and
Behavioral Compensation

It has long been appreciated that much of the recovery of
function after brain damage is due to the development of
compensatory behavioral strategies that circumvent impair-
ments (e.g., Gazzaniga 1966; Gentile et al. 1978; Whishaw
2000). Our research indicates that the “normal” course of
postinjury neuronal restructuring is also, in part, a conse-
quence of such lesion-induced behavioral changes. This
process is modeled in adult Long-Evans hooded rats that
sustain unilateral damage to the forelimb representation re-
gion of the somatic-sensory and motor cortex (Figure 1A).
This region is homologous to an area that is commonly
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Figure 1 (A) Schematic representation of a rat brain showing the
placement of unilateral lesions in the sensorimotor cortex. MI,
primary motor cortex; SI, primary somatic-sensory cortex; FL,
forelimb representation region. These lesions result in impairments
in the forelimb opposite the lesions, and (B) the development of a
compensatory reliance on the nonimpaired forelimb for the pos-
tural support behaviors used to explore vertical and horizontal
surfaces. These postural support behaviors have been chosen for
quantification because they are extremely common behaviors ex-
pressed by the rats whenever they are active. (C) Percentage of use
of the forelimb ipsilateral and contralateral to the lesion and si-
multaneous use of both forelimbs (bilateral) for upright postural
support behaviors. Intact animals typically have symmetrical use
of the forelimbs. After the unilateral lesions, there is a major
increase in the use of the ipsilateral (nonimpaired) forelimb, and
this effect is very enduring. Data are from Gregory AD, Jones TA.
1998. Long-term synaptic-structural plasticity in the motor cortex
opposite unilateral sensorimotor cortical damage in adult rats. Soc
Neurosci Abstr 24:436.
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damaged by strokes affecting the middle cerebral artery in
humans. Damage to this region in rats results in impair-
ments in the forelimb opposite the lesion on a variety of
tests of sensorimotor function. Rats are still capable of using
the impaired forelimb (e.g., for grooming and eating); how-
ever, sensitive behavioral measures indicate impaired re-
sponsiveness to somatic sensory stimulation and
impairments in the use of this limb for postural support and
coordinated forelimb placement during locomotion (e.g.,
Barth et al. 1990; Schallert et al. 1997, 2000).

In addition to lesion-induced impairments, another strik-
ing behavioral effect of the lesions is the development of
compensatory behavioral changes (Jones and Schallert
1992). Rats “spontaneously” develop a hyper-reliance on
the nonimpaired forelimb (ipsilateral to the lesion) for nor-
mal postural support behaviors, such as forelimb use for
upright exploratory behaviors around the homecage (Figure
1, B and C). These compensatory behaviors are so effective
in permitting exploratory behaviors in the brain damaged
rats that within a few days after the injury, observers not
extremely familiar with rat postural-motor behaviors would
probably perceive the animals to be normal.

These unilateral lesions also result in remarkable neu-
roanatomical changes in the motor cortex opposite and ho-
motopic to the lesions. Over time after the lesions, there is
a sequence of changes in the neuronal and non-neuronal
(glial) cells in this region (Figure 2). Early after the lesions,

Astrocytes
{FGF-2, GFAP}

Sham lavels

0 710 14-18 o T 120

Days After Lesion
Evidence of axonal degeneration
and dendritic restructuring

Structural evidence of
enhanced synaptic efficacy

Figure 2 Approximate time course of morphological changes in
the motor cortex opposite the lesions. (A) Astrocyte (a subtype of
glial cell) immunostained with glial fibrillary acidic protein
(GFAP). (B) Dendritic processes of a pyramidal neuron in the
motor cortex. (C) Synaptic connection including an axonal (a) and
dendritic (d) process. (D) Unilateral lesions of the sensorimotor
cortex result in a sequence of glial and neuronal changes, including
increases in the astrocytic expression of the neurotropic factor
fibroblast growth factor-2 (FGF-2) GFAP increases in dendritic
processes and increases in synapse number per neuron. See text for
details.
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