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Neurobiology of Disease

Efficacy of Rehabilitative Experience Declines with Time
after Focal Ischemic Brain Injury

Jeff Biernaskie, Garry Chernenko, and Dale Corbett

Division of Basic Medical Sciences, Faculty of Medicine, Memorial University of Newfoundland, St. John’s Campus, Newfoundland, Canada A1B 3V6

To maximize the effectiveness of rehabilitative therapies after stroke, it is critical to determine when the brain is most responsive (i.e.,
plastic) to sensorimotor experience after injury and to focus such efforts within this period. Here, we compared the efficacy of 5 weeks of
enriched rehabilitation (ER) initiated at 5 d (ER5), ER14, or ER30 after focal ischemia, as judged by functional outcome and neuromor-
phological change. ER5 provided marked improvement in skilled forelimb reaching ability and ladder-rung- and narrow-beam-walking
tasks and attenuated the stroke-induced reliance on the unaffected forepaw for postural support. ER14 provided improvement to a
somewhat lesser extent, whereas recovery was diminished after ER30 such that motor function did not differ from ischemic animals
exposed to social housing.

To examine potential neural substrates of the improved function, we examined dendritic morphology in the undamaged motor cortex
because our previous work (Biernaskie and Corbett, 2001) suggested that recovery was associated with enhanced dendritic growth in this
region. ER5 increased the number of branches and complexity of layer V neurons compared with both social housing and control animals.
Dendritic arbor after ER14 (although increased) and ER30 did not differ from those exposed to social housing. These data suggest that the
poststroke brain displays heightened sensitivity to rehabilitative experience early after the stroke but declines with time. These findings
have important implications for rehabilitation of stroke patients, many of whom experience considerable delays before therapy is

initiated.
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Introduction

Previous studies have demonstrated that induction of proteins is
associated with endogenous neural repair within the first 2 weeks
after an ischemic insult. For example, levels of the growth-
associated protein-43 (Stroemer et al., 1995; Kawamata et al.,
1996) and superior cervical ganglion-10 (McNeill et al., 1999) are
transiently elevated in areas surrounding and contralateral to the
infarct during the first few weeks after injury. Moreover, expres-
sion of growth-promoting factors such as nerve growth factor
(Dahlgvist et al., 1999) and basic fibroblast growth factor (bFGF)
(Speliotes et al., 1996) are altered in the weeks after ischemia.
These processes may engender the injured brain with greater
plasticity, and during this period, the brain may be optimally
responsive to rehabilitative experience.

After clinical stroke, commencement of physical rehabilita-
tion programs varies from days to several weeks after the insult.
Considering the time course of these endogenous neurorepara-
tive events, the efficacy of rehabilitative therapy may vary consid-
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erably depending on the time of its initiation. Therefore, it is
imperative to determine whether there is a period during which
the poststroke brain is most sensitive to physical rehabilitation to
maximize the functional gains from such therapy.

We demonstrated previously that enriched living conditions
in concert with daily rehabilitative reach training of the impaired
forelimb enhanced neuronal growth in the cortex contralateral to
the damaged hemisphere, which was associated with improved
forelimb function (Biernaskie and Corbett, 2001). In that study,
enriched rehabilitation (ER) was initiated 2 weeks after ischemic
injury. Here, we hypothesized that implementing rehabilitative
treatment earlier after the stroke, during this period of endoge-
nous repair and remodeling, would further enhance functional
outcome. To characterize this potential “critical period,” animals
received either social housing only or enriched rehabilitative
training initiated at 5 d (ER5), ER14, or ER30 after middle cere-
bral artery (MCA) occlusion. Animals were assessed on sensori-
motor function before treatment and 2 and 5 weeks after the
initiation of rehabilitative treatment. After 5 weeks of therapy,
dendritic morphology was examined within the motor cortex of
the intact hemisphere and dorsolateral striatum to determine
potential differences in neuronal reorganization.

Our hypothesis was confirmed such that early initiation of ER
(ER5) provided enhanced functional outcome relative to isch-
emic animals receiving delayed ER (ER30). Improved outcome
was also associated with greater dendritic complexity of layer V
neurons. These results suggest that the efficacy of rehabilitative
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therapy after stroke is influenced by the time of its commence-
ment. Extended delays may require more intense or longer dura-
tion therapy to achieve the same functional gains.

Materials and Methods

Subjects

Subjects were male Sprague Dawley rats (n = 40) weighing between 280
and 350 gm at the time of surgery. Animals were housed on a reverse 12
hr light/dark cycle. Behavioral testing was done during the dark phase.
They were provided with food and water ad libitum except during behav-
ioral training and testing periods. All animals were housed in standard
Plexiglas cages (two to three animals per cage) before and after surgery
except for those exposed to ER, which were transferred to large wire-
mesh (enrichment) cages (Biernaskie and Corbett, 2001), four to six
animals per cage at 5, 14, or 30 d after surgery, respectively. All proce-
dures were in accordance with guidelines set by the Canadian Council on
Animal Care and the Memorial University Animal Care Committee.

Surgical procedures

Anesthesia was induced using halothane (3% induction, 1% mainte-
nance) in 30% O, and 70% N,O. A midline incision was made, and a burr
hole was drilled in the skull overlying the dorsolateral parietal cortex. The
vasoconstrictive peptide endothelin-1 (ET-1; 120 pmol in 3 ul of 0.9%
saline) was stereotaxically applied to the MCA (proximal to the striatal
branches) to produce prolonged vasospasm and subsequent ischemic
injury (Sharkey et al., 1993; Biernaskie and Corbett, 2001; Biernaskie et
al., 2001). Stereotaxic coordinates were as follows: anteroposterior, +0.9
mm; mediolateral, —5.2 mm; dorsoventral, —8.7 mm. The needle re-
mained in place for 5 min to minimize backflow. Rectal temperature was
monitored and maintained between 36.5 and 37.5°C using a heated water
blanket for the duration of the surgery. Control animals included those
that underwent sham surgery consisting of either a 3 ul injection of saline
(n = 4) adjacent to the MCA or those that received a failed injection of
ET-1 (n = 4), resulting in ischemic injury restricted to the site of injection
(piriform cortex). Previous studies (Ward et al., 1998) as well as our own
(Biernaskie and Corbett, 2001; Biernaskie et al., 2001) have found that
because of anatomical variation of arterial vasculature in individual an-
imals and insufficient accuracy in the placement of the injection needle,
the success rate using this model for MCA occlusion is ~50-60%.
Therefore, to reduce the number of animals used for this study, those
animals with failed MCA occlusion and an absence of significant behav-
ioral impairment (=80% of training performance on staircase and
single-pellet reaching on days 3 and 4 after ischemia) were included as
controls.

Treatment conditions

After behavioral assessment on days 3 and 4 after stroke, animals with
similar behavioral impairments were grouped and randomly assigned to
one of four treatment conditions consisting of either social housing only
or ER. Ischemic animals that did not receive rehabilitative therapy (social
housing, n = 9) were housed in standard Plexiglas cages (two to three
animals per cage). Nonischemic control animals (n = 9) were also
housed in these social-housing conditions. The start of social-housing
treatment was considered to be 5 d after ischemia, and animals were
killed 40 d later (the same time course as ER5 animals).

Enriched rehabilitation. To examine the efficacy of rehabilitation at
different times, ER therapy was initiated at either 5 (n = 8), 14 (n = 7), or
30 (n = 7) d after the stroke. Enrichment consisted of four to six animals
being housed in large wire-mesh cages filled with a variety of objects
intended to stimulate general (bimanual) limb use. Procedures for reha-
bilitative reach training have been described previously (Biernaskie and
Corbett, 2001). Briefly, animals were exposed for 6 hr per day (5 d per
week) to a Plexiglas reaching apparatus filled with highly palatable mini
M&Ms (M&M/Mars, Hackettstown, NJ) used to encourage (rather than
force) coordinated use of the impaired forelimb. The design of the appa-
ratus prevented retrieval of pellets with the “good” limb. Socially housed
animals and operated controls did not receive ER but were fed the aver-
age daily intake (~10 gm/d) of M&Ms retrieved by animals during a
rehabilitation session. Notably, this amount of chocolate did not appear
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to have a stimulant effect, because animals reached vigorously at the
beginning of each rehabilitation session, but this was almost always fol-
lowed by a period of inactivity or sleep.

All animals were exposed to their respective treatment conditions and
then reassessed for behavioral impairment at 14 and 35 d after initiation
of treatment (regardless of when the treatment was initiated after stroke).
Animals were killed after completion of the behavioral testing (40 d after
initiation of treatment, regardless of start time) to examine the effects of
ischemia and the treatment condition on neuronal reorganization within
the undamaged hemisphere.

Behavioral assessment

Animals were trained before ischemic injury and tested on each of the
behavioral tests at days 3 and 4 after ischemia (before treatment) and
again after 14 and 35 d of either enriched rehabilitation (regardless of
start time) or social housing only. For the duration of behavioral training
and test periods, animals were food restricted to 12 gm/d. Body weights
were recorded every second day and did not fall below 85% of initial
weight.

Single-pellet reaching. This task has been modified from those de-
scribed previously (Peterson and Devine, 1963; Whishaw et al., 1991).
Forelimb reaching requires fine motor skill of both proximal and distal
musculature as well as sensation to successfully retrieve food pellets. The
single-pellet task examined both gross ability to retrieve pellets and
reaching accuracy, which is more sensitive to subtle impairments and
compensatory reaching strategies that may not be detected by other
reaching tests (i.e., the staircase test, described below). Animals were
trained for 18 d to reach through a 1.1-cm-wide vertical slot to obtain a
food pellet situated in a well 2 cm from the front of a Plexiglas box on a
shelf 3.5 cm high. The slot was positioned 1.4 cm from the left wall of the
reaching box to discourage use of the right (unaffected) paw (see Fig.
2 A). For each test session, animals reached for 25 mini M&Ms (presented
one ata time) and were filmed with a Sony (Tokyo, Japan) TRV17 digital
video camera for later analysis. Reaches were only considered successful
if the pellet was eaten, whereas failed attempts included all limb advances
resulting in a missed, displaced, or dropped pellet. Reaching success was
expressed as the number of successful retrievals (of 25 pellets presented).
Reaching accuracy was determined using the following equation: (num-
ber of successful reaches/total number of reaching attempts) X 100. It
should be noted that this task differed from the rehabilitative reach train-
ing task. During ER, animals reached into a trough filled with M&Ms
situated below the impaired paw. In contrast, the single pellet test re-
quired rats to reach to an elevated shelf directly in front of them for
M&Ms presented one at a time. One animal did not learn the single-pellet
reaching test and so was excluded from statistical analyses.

Staircase skilled reaching. In addition to the single-pellet reaching test,
the staircase reaching task was also used. This was done for a number of
reasons: First, to assess the animals’ ability to retrieve smaller pellets
(relative to the mini M&Ms) placed at varying distances away, likely
requiring fine digit control and reliance on sensory feedback. Second, we
wanted to examine reaching for objects with which they had not received
any previous experience (e.g., rehabilitative experience). Third, the loca-
tion of pellets (lateral, rather than in front of the rat) may be sensitive to
sensory impairment (i.e., neglect). Two weeks before surgery, animals
were trained (two 15 min trials per day for 12 d) to reach for pellets in the
staircase test (Montoya et al., 1993). Each staircase consisted of seven
steps with three food pellets (45 mg; Research Diets, New Brunswick, NJ)
situated on each step, and the number of pellets eaten per side was used as
a measure of forelimb reaching ability. The design of the apparatus pre-
vented any dropped pellets from being retrieved. Because impaired ani-
mals may “cheat” by using their tongue to retrieve pellets from the top
two steps of the staircase, reaching scores considered only the bottom five
steps, from which forelimb use was necessary for successful retrieval.
Animals were tested before surgery and then retested for reaching ability
at 3 and 4 d after ischemic injury but before ER treatment. Animals that
showed a mild staircase deficit (65—80% of training performance, which
did not meet criteria for ischemic or control groups) were excluded from
the experiment. All remaining subjects were retested on days 15-19 and
36—40 after initiation of enriched rehabilitation or social housing (re-
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gardless of start time). Each test period consisted of 10 trials (two trials
per day for 5 d), and the best three trials were averaged to obtain a
maximum level of reaching performance. Three animals did not meet
training criterion (minimum of 12 pellets retrieved) and so were ex-
cluded from analyses.

Cylinder test of asymmetrical forelimb use. To examine the effect of
ischemia and treatment on spontaneous forelimb use during upright
postural support movements (Schallert et al., 1997), animals were placed
into a clear Plexiglas cylinder (20 cm in diameter) situated on a glass
tabletop and videotaped from below via an angled mirror. A single cyl-
inder test session was implemented 1 week before ischemia, at 4 d after
ischemia, and again 15 and 36 d after commencement of treatment. Each
session consisted of 5 min in the cylinder or a minimum of 30 upright
wall contacts. The number of forelimb wall contacts (single-limb con-
tacts and bilateral contacts) used for postural support was counted, and
the percentage of asymmetry of single-limb wall contacts [(ipsilateral/
ipsilateral + contralateral) X 100] was calculated. In addition, the per-
centage of bilateral limb contacts [bilateral/(ipsilateral + contralateral +
bilateral) X 100] at each test period was examined separately.

Beam-traversing task. Before surgery, animals were trained for 2 weeks
to cross a wooden beam into a darkened plastic tube fixed at the “finish
line.” The beam was 2.5 X 180 cm and was elevated to a height of 1 m
above the floor. Each test session consisted of four trials (two trials in
each direction) in which latency to cross the beam and the number of
forelimb and hindlimb foot faults were recorded. A fault was defined as
any foot slip off the top surface of the beam or any limb use on the side of
the beam. Four trials were averaged to give a mean foot fault score, and
testing was done 1 week before ischemia, on days 3 or 4 after ischemia,
and again at 15 and 36 d after commencement of treatment.

Ladder-rung walking. The ladder-rung walking test has been reported
to be sensitive in detecting long-term impairment in placement, step-
ping, and coordinated limb use during locomotion after various types of
brain injury (Metz and Whishaw, 2002). After 14 and 35 d of ER, a subset
of animals (ER5, n = 5; ER30, n = 5; social housing, n = 5; controls, n =
4) were examined for foot slip and errors in paw placement while travers-
ing a horizontal ladder with variably spaced rungs (Metz and Whishaw,
2002). Unfortunately, this test was not included in our test battery until
after the first group of animals had completed treatment (which by
chance contained the majority of ER14 animals). Therefore, the ER14
group is not included in the results of this task. This test has been shown
recently to be highly sensitive in assessing long-term forelimb and hind-
limb sensorimotor function and coordination as well as detecting com-
pensatory movement strategies (Metz and Whishaw, 2002). Because an-
imals had been trained in beam walking before surgery, extensive
training was not required to traverse the ladder. Before being tested,
animals were given two practice trials on an evenly spaced pattern of
rungs and then tested (four trials, twice in each direction) on an irregular
pattern of rungs that was varied for each test session. A 60 cm segment of
the ladder was video recorded and used for analysis of foot slips and
placement errors. Using a modification of a scoring system that has been
described previously (Metz and Whishaw, 2002), errors per step were
quantified for each of four trials and averaged for analysis. Forelimb and
hindlimb errors resulting in a limb falling through the plane of the bars
(misses, deep slips, or slight slips) were counted. Steps precluding and
following a stop were not counted. Errors were combined and expressed
as the number of errors per step and were averaged over four trials.

In addition, forelimb and hindpaw placement errors that did not result
in a slip were also examined. These consisted of replacement, correction,
or misplacement of the paw on the rung. The three types of paw place-
ment errors were combined, and placement error per step was averaged
over four trials.

Neuroanatomical procedures

Animals were transcardially perfused with 0.9% saline, and brains were
removed. Whole brains were immersed in a modified Golgi—Cox solu-
tion (Glaser and Van der Loos, 1981) for a period of 14 d before being
placed in a 30% sucrose solution for 2 d. Brains were sectioned at 250 um
with a vibratome, slide mounted on 2% gelatin-coated slides, and stained
according to methods described previously (Gibb and Kolb, 1998). Five
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animals were excluded from anatomical analyses because of poor stain-
ing quality (ER5, n = 5; ER14, n = 7; ER30, n = 7; social housing, n = 8;
controls, n = 7). Before examination, slides were coded to conceal ex-
perimental condition.

Dendritic analyses. Neuronal reconstructions were done as described
previously (Biernaskie and Corbett, 2001). Briefly, apical and basilar
dendrites of layer V pyramidal cells located within the forelimb motor
cortex (Neafsey et al., 1986) of the undamaged hemisphere were located
and drawn at 250 X magnification using the Neurolucida neuron tracing
system (Microbrightfield, Colchester, VT). Five cells were drawn for each
animal, and the apical and basilar dendritic trees were examined for: (1)
total dendritic length, (2) total number of branch segments, (3) centrif-
ugal branch ordering (Coleman and Riesen, 1968), and (4) spine density.
To be included in the study, pyramidal cells had to be completely impreg-
nated, visible in the plane of section, and unobstructed by other den-
drites, glial cells, or blood vessels.

Spine densities. Dendritic spine densities were examined within the
forelimb motor cortex (layer V pyramidal cells) and dorsolateral stria-
tum from the intact hemisphere. From each reconstructed layer V pyra-
midal cell, one terminal basilar (third order or greater) and one terminal
apical branch segment from the lower half of the apical tree were drawn.
From the dorsolateral striatum, seven terminal branches (each from dif-
ferent medium spiny neurons) were examined. To maintain consistency,
each dendritic branch was reconstructed in its entirety (between 50 and
100 wm in length) except for approximately the first 10 wm (from the last
bifurcation) and the last 10 um from the terminal tip. Pyramidal cell
reconstructions and dendritic segments were then analyzed using Neu-
roExplorer software (Microbrightfield). For striatal spine densities, seven
animals were excluded from anatomical analyses because of poor stain-
ing quality (ER5, n = 5; ER14, n = 5; ER30, n = 7; social housing, n = 8;
controls, n = 7).

Infarct measurement. Every third Golgi-stained section through the
extent of the brain was examined microscopically to determine regions of
injury. Tissue was considered damaged when there was an absence of
neuronal cell bodies or dendritic processes. Sections were digitized, and
the area of (intact) remaining cortical and striatal tissue (caudate—puta-
men) from each hemisphere was traced using NIH Image software. The
percentage of remaining cortical and striatal tissue within the ischemic
hemisphere (relative to the nonischemic hemisphere) was calculated for
each brain.

Statistics

All behavioral data were analyzed using repeated-measures ANOVA or
two-factor ANOVA where appropriate. Dendritic arbors and spine den-
sities were analyzed by averaging all cells per animal (or branches for
spine densities). ANOVA analyses were used to ascertain effects of isch-
emic injury or ischemic injury combined with ER (regardless of start
time) on dendritic morphology relative to controls. Group differences
were ascertained using Fisher’s PLSD post hoc comparisons where appro-
priate. Where indicated, specific planned comparisons were made using
unpaired Student’s ¢ tests to determine an effect of ER versus social
housing. A p value of <0.05 was considered significant.

Results

Infarct measurement

Figure 1 depicts the areas typically damaged after ET-1-induced
MCA occlusion. ANOVA did not show any effect of treatment on
the amount of remaining striatal (F;,q = 0.332; p = 0.802),
cortical (F3 ,5) = 0.402; p = 0.753), or total (cortex and striatum)
remaining (F; ,5) = 0.157; p = 0.924) tissue. Mean values of the
percentage of remaining cortical or striatal tissue for each group
are shown in Table 1. Examination of actual infarct sizes (as
opposed to percentages of intact hemisphere) also showed no
group differences in size of injury (data not shown).

Single-pellet reaching
Figure 2 A depicts a rat in the single-pellet reaching task. Animals
were presented with 25 food pellets, and the number of successful
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Figure 1. Typical areas of infarction resulting from endothelin-1-induced middle cerebral
artery occlusion. Coordinates are relative to bregma (in millimeters). Adapted from Paxinos and
Watson (1997).

Table 1. Percentage volume of remaining tissue compared with the undamaged
hemisphere

ER5 ER14 ER30 Social housing
Cortex 61.8 £ 6.6 683 £ 7.7 56.1 +9.78 63.1 =64
Striatum 423+ 149 30.6 = 6.3 336 105 297 =57

Percentage volume of remaining tissue did not statistically differ between various treatment groups. Data are
means = SE.

reaches and the percentage of accuracy were determined. Figure
2 B shows the results of successful reaches over the course of the
experiment. Repeated-measures ANOVA confirmed a significant
effect of both treatment group (F, 34, = 12.01; p < 0.0001) and
day (F5100) = 77.98; p < 0.0001) as well as a group by day
interaction (F,, 14, = 4.55; p < 0.0001). All animals were com-
parable in their ability to retrieve pellets before ischemia, but
MCA occlusion resulted in a marked impairment in both number
of successful retrievals (p < 0.001) and accuracy (p < 0.001).
Control animals remained consistent throughout the duration of
the experiment and performed significantly better than ischemic
animals (regardless of treatment) at all time points ( p < 0.05).
No differences were observed between treatment groups at 4 d
after ischemia (i.e., before treatment; p = 0.46). MCA occlusion
produced various impairments in reaching. Although qualitative
assessment was not done, ischemic injury typically resulted in a
postural shift and impairments in limb extension (resulting in
many shortened reaches), aim, and supination—pronation of the
paw during grasping and release of the pellet into the mouth. In
addition, animals frequently exhibited sensory impairments,
whereby the animal chased the pellet with its snout after success-
ful retrieval. Animals also successfully grasped a pellet and re-
tracted the paw, but rather than transporting the pellet to the
mouth, subsequently placed the paw back on the floor of the cage
for support while still clutching the pellet (seemingly unaware of
the pellet within the paw). Several animals from each ischemic
group exhibited such sensory abnormalities that persisted for the
duration of the experiment regardless of treatment.

Skilled reaching ability was assessed again after 14 and 35 d of
social housing or after ER initiated at 5, 14, or 30 d after stroke.
After 14 d, all groups showed slight but nonsignificant improve-
ments in the number of successful reaches. However, by 35 d after
treatment, both ER5 and ER14 animals improved further and
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retrieved significantly more pellets than ischemic animals ex-
posed to social housing only (p < 0.01). In contrast, animals
beginning therapy at 1 month (ER30) did not improve to the
same extent and were similar to socially housed animals. In fact,
ER30 animals retrieved significantly fewer pellets than ER5 ani-
mals ( p < 0.05) when tested after 5 weeks of therapy.

Treatment efficacy was further discriminated by examining
reaching accuracy, which accounts for the number of reaching
attempts an animal makes to retrieve each pellet (Fig. 2C).
Repeated-measures ANOVA revealed an effect of treatment
group (F, 34 = 9.789; p < 0.0001) and day (F 5, = 11.114;
p < 0.0001), but group by day interaction was not significant
(F1a,102) = 2.955; p = 0.0665). As expected, ischemic injury se-
verely reduced accuracy in skilled reaching compared with con-
trol animals before treatment ( p < 0.0001). Most ischemic ani-
mals could not extend the limb far enough to make contact with
the pellet, resulting in a series of shortened reaches or additional
attempts as a result of aiming errors. Exposure to enriched reha-
bilitation for 14 d, regardless of start time, did not improve reach-
ing accuracy. However, examination after 35 d revealed that ER5
animals showed marked functional gains compared with both
ER30 and social-housing animals ( p < 0.05). Thus, ER5 animals
were able to obtain more pellets and do so in a more efficient
manner (i.e., with fewer attempts). ER14 animals also showed a
strong trend for improved accuracy relative to social-housing
(p = 0.09) animals. By delaying the start of rehabilitation, the
effectiveness of rehabilitation was diminished such that ER30
animals were only slightly more accurate than socially housed
animals.

Staircase reaching test

The staircase test showed a significant effect of treatment group
(Fla,32) = 16.64; p < 0.001), an effect of day (F(5 ,,, = 64.26; p <
0.001), and an interaction of treatment group and test day
(F(3.06) = 6.53; p = 0.001). Ischemic injury resulted in a signifi-
cant reduction in pellets retrieved compared with controls before
treatment ( p < 0.0001), but there was no difference between
ischemic groups (p > 0.05). As depicted in Figure 3, post hoc
analyses revealed no group differences after 14 d of ER (p >
0.05). However, after 35 d of therapy, ER5 animals were able to
retrieve a greater numbers of pellets relative to socially housed
animals (p < 0.05) and also showed a strong trend relative to
ER30 animals (p = 0.08). ER14 was not statistically different
compared with ER30 or social housing only.

Beam-walking test

Figure 4 illustrates the mean numbers of foot faults (slips and
placement errors combined) when traversing an elevated narrow
beam. Repeated-measures ANOVA showed a significant effect of
condition (F, 3¢ = 4.628; p < 0.005) and of day (F3 ;4g) = 31.40;
P < 0.0001) as well as a condition by day interaction (F(;, 108y =
2.471; p < 0.007). Ischemic injury resulted in a significant im-
pairment in all groups relative to controls ( p < 0.05). At 14d, a
pronounced improvement was observed in ER5 and ER14 ani-
mals ( p < 0.05), and a trend for improvement was observed in
ER30 animals ( p = 0.08) relative to socially housed animals. This
improvement persisted in ER5 and ER14 animals after 35 d of
therapy, whereas ER30 animals declined in performance (differ-
ent from ER14 animals and controls; p < 0.05). Social housing
provided minimal recovery, and these animals remained signifi-
cantly impaired relative to controls at all poststroke time points
(p < 0.05).
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Figure 2.
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below the impaired limb is shown. Because rats were able to lick pellets from the top two steps,
reaching scores only included the bottom five steps of the staircase. All ischemic groups were
severely impaired on days 3 and 4 after ischemia (before treatment; p << 0.001) relative to
controls. Although there was no difference between ischemic groups before treatment or after
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Cylinder test

Animals did not exhibit asymmetrical use of the forelimbs during
postural support before ischemic injury. After surgery, all isch-
emic animals developed a reliance on the ipsilateral limb for pos-
tural support that persisted for the duration of the experiment.
For single-limb contacts (Fig. 5A), repeated-measures ANOVA
verified a main effect of group (F, 3¢ = 6.743; p < 0.005), day
(F3,08y = 30.03; p < 0.0001), and group by day interaction

—— ER5

——O—— ERM
— 0 ER30
2 ——-—-¥-——  Social housing
- - - - Control
w
w
+
E 15 4
fael
=
2]
2
=
3
a 1
]
L
%
C
S o
.5 —
=
0 | T | 1

I
Training Pre- 14d 35d
treatment ———
Post-treatment

Figure 4. Narrow-beam-walking task. Four days after ischemia (before treatment), all
groups made a greater number of foot slips relative to controls ( p << 0.01). ER provided a
marked reduction in the number of foot faults when initiated at either 5 or 14 d after the stroke.
After 14d, ER (regardless of start time) reduced foot slips compared with social housing, and this
improvement persisted after 35 d in ER5 and ER14 animals. ER5, n = 8;ER14,n = 7;ER30,n =
7; social housing, n = 9; controls, n = 9. *p << 0.01, different from controls; 'p < 0.05,
different from ER5 and ER14; *p < 0.01, different from ER14.

(F12,108) = 3.89; p < 0.0001). Surprisingly, this reliance declined
in ER5 animals, did not differ from controls after 35 d of treat-
ment ( p > 0.05), and was significantly reduced relative to ER30
and social-housing animals after 14 ( p < 0.05) but not after 35 d
of treatment. ER14 animals also showed less forelimb asymmetry
after 14 d compared with ER30 animals ( p < 0.05). ER14, ER30,
and socially housed animals were significantly more dependent
on the ipsilateral limb at all poststroke test times relative to con-
trol animals ( p < 0.05).

Bilateral limb contacts were also markedly reduced after isch-
emia (Fig. 5B). Before surgery, ~40-50% of postural support
movements were bilateral, and after ischemia, this declined to
~25%. A significant effect of treatment group (F 4 36) = 3.10; p <
0.03) and day (F 3,05y = 17.66; p < 0.0001) as well as a group by
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day interaction (F,, j4g) = 1.96; p < 0.04)
was observed for bilateral limb use. Sur- —DO—— ERS ———¥———  Social housing
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Figure 6A shows the number of errors per  © Training Pre- 14d  35d Training Pre  14d  35d
step made while walking across an irregu- treatment ————— treatment ———— —
lar pattern of metal rungs after 14 and 35d Post-treatment ostrireatmen
of treatment. Repeated-measures ANOVA Figure 5. Cylinder test of forelimb use during upright postural support. 4, Ischemia resulted in an increased preference for

confirmed an effect of treatment condition
(F3,15) = 11.63; p < 0.001). Surprisingly,
ER5 animals performed comparably to
control animals at 14 and 35 d after treat-
ment. However, despite enriched housing,
the error rate for ER30 animals was in-
creased compared with ER5 animals ( p <
0.05) and approached significance compared with control ani-
mals (p = 0.09). Interestingly, by 35 d after treatment, ER30
animals had recovered to ER5 and control levels. Animals ex-
posed to social housing were significantly impaired relative to
both ER5 and control animals (p < 0.05) after 14 d, and this
impairment persisted after 35 d of treatment ( p < 0.004).

Incorrect paw placements that did not result in a slip (i.e.,
replacements, corrections, and partial placements) were also ex-
amined and are shown in Figure 6 B. These three types of errors
were combined for each trial, and the number of errors per step
was calculated for each trial and averaged. Repeated-measures
ANOVA reflected an effect of group (F5 5 = 4.58; p < 0.02) but
no effect of day (F(, ;5) = 1.57; p = 0.23) or interaction (F; ;5 =
0.80; p = 0.51). After 14 d, ER5 animals performed similarly to
control animals ( p = 0.56) and had significantly decreased error
rates compared with ER30 and social-housing animals (p <
0.05). After 35 d of treatment, all ischemic groups (ER5, ER30,
and social-housing animals) had improved. Despite this im-
provement, ischemic groups still committed more errors relative
to controls, but this difference was not significant.

Dendritic morphology within the undamaged motor system
Dendritic morphology of forelimb motor cortex

To examine the effects of early or delayed rehabilitative therapy
on neural connectivity after stroke, we examined the dendritic
morphology of layer V pyramidal cells within the forelimb motor
cortex of the undamaged hemisphere. These neurons include
those that project to the forelimb region of the rat spinal cord
(Coleman and Riesen, 1968), striatum (Gerfen, 1989), and red
nucleus (Giuffrida et al., 1991), collectively contributing to fore-
limb movement. Also, they are sensitive to experience in the nor-
mal brain (Greenough et al., 1985) and to rehabilitative experi-
ence after injury (Jones et al.,, 1999; Biernaskie and Corbett,
2001).

ipsilateral limb use that persisted for the duration of the experiment in all groups ( p << 0.05). Interestingly, ER5 reduced
ipsilateral limb preference to control levels, which was not observed in ER14, ER30, or social housing. B, Bilateral limb use was
reduced after ischemia. Surprisingly, ER5 animals returned to control levels after 35 d of treatment. In contrast, ER14, ER30, and
socially housed animals persistently used fewer bilateral contacts for upright weight support. ERS, n = 8; ER14,n = 7;ER30,n =
7; social housing, n = 9; controls, n = 9. *p < 0.05 from controls; Tp < 0.05 from ERS; °p << 0.05 from ER14.
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Figure6. Ladder-rung walking test. A, ER5 animals showed a significant reduction in errors
per step while traversing an irregular pattern of rungs compared with both ER30 and social-
housing animals. ER30 resulted in a delayed improvement that reached control levels by 35 d
after treatment. A persistent impairment was observed in socially housed animals. B, Foot
placement errors were significantly elevated at 14 d after treatment. After 35 d of therapy, all
ischemic groups made a greater number of placement errors compared with controls, although
this did not reach significance. ER5, n = 5; ER30, n = 5; social housing, n = 5; controls,n = 4.
*p << 0.05 relative to controls; 'p < 0.05 different from ERS; 5p < 0.05 relative to ER30.

Dendritic length

Reconstructed cells were measured for total dendritic length, to-
tal number of dendritic branches, and complexity of dendritic
arbors (branch order). Ischemic injury alone did not significantly
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Figure7.  Dendritic branching in the undamaged motor cortex. A, Complexity of the basilar

dendriticarbor for layer V pyramidal cells was analyzed by branch order, an indicator of increas-
ing numbers of branch bifurcations from the cell body. ERS elevated the number of higher-order
branches relative to all other groups. ER5 resulted in significant elevations at fourth-order,
fifth-order, and sixth-order branches compared with controls. Also, early rehabilitation en-
hanced the dendritic branch number relative to delayed ER; ER5 was different from ER14 (at
fifth- and sixth-order branches) and ER30 (at fourth-, fifth-, and sixth-order branches). B, Total
dendritic length per cell in ER5, ER14, and ER30 animals was increased relative to controls;
however, there was no change in length resulting from the ischemic insult. ER5, n = 5; ER14,
n=7;ER30,n = 7;social housing, n = 8; controls,n = 7.*p << 0.05 from controls; ’p << 0.05
from ER14; 5p << 0.05 from ER30; p << 0.05 from social housing.

alter dendritic length compared with control levels (F(, 55, =
2.011; p = 0.165); however, ischemia combined with ER resulted
in a significant elevation in dendritic length (F; ,,, = 3.85; p <
0.03) compared with controls (Fig. 7B). Post hoc group compar-
isons confirmed that ER5 (p < 0.005) and ER14 (p < 0.02)
significantly increased basilar length relative to controls. This was
not observed after ER30 (p = 0.113) or in ischemic animals
exposed to social housing ( p = 0.81). Early initiation of ER (ER5)
did not increase dendritic length compared with ER14 ( p = 0.50)
or ER30 (p = 0.11).

Number of dendritic branches

Ischemic injury alone did not affect the total number of basilar
dendritic branches (F(; 55y = 2.23; p = 0.14), but ER treatment
after ischemia did increase branches (F; ,,) = 4.224; p < 0.02)
compared with controls. However, only ER5 produced an in-
crease in the total number of branches relative to controls ( p <
0.02). Similarly, ER5 animals showed elevated branches com-
pared with ER30 ( p < 0.05) and social-housing (¢, = 2.13;p <
0.05) animals. No differences were observed between ER14 and
ER30 animals (p = 0.63), and delayed ER animals (ER14 or
ER30) did not increase the number of dendritic branches com-
pared with social-housing animals ( p > 0.69).

Dendritic complexity

Complexity of the dendritic arbor was analyzed using branch-
order analysis and is shown in Figure 7A. Ischemic injury did not
affect the number of branches at any order ( p > 0.20) compared
with controls; however, ANOVA revealed that ischemia followed
by ER resulted in a significant elevation in branches at fourth-
order (F; 5,y = 3.24; p < 0.05), fifth-order (F; ,) = 4.58; p <
0.02), and sixth-order (F 3 ,,, = 2.95; p < 0.05) branches. Post hoc
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Figure8. Size of infarction correlates with dendritic length in the undamaged motor cortex.
Decreasing amounts of remaining cortical (A) or total (B) tissue (cortical and striatal) after
ischemicinjury resulted in greater dendritic length of layer V pyramidal cells in the undamaged
motor cortex. Cortical tissue, R2 = 0.209, p = 0.0192; total remaining tissue, RZ = 0.212,p =
0.0054.

group comparisons revealed that ER5 animals had increased
fourth-order (p < 0.01), fifth-order (p < 0.003), and sixth-
order ( p < 0.01) branches compared with control animals. The
effect of ER on dendritic growth seemed to be timing dependent,
because ER14 and ER30 animals failed to produce a significant
change in branch numbers at any order relative to the control
group (p > 0.05). Indeed, the earliest exposure to ER (ER5)
increased fifth-order (p < 0.04) and sixth-order (p < 0.03)
branches relative to ER14. Moreover, a comparison of ER5 with
ER30 animals demonstrated a significant increase at fourth-order
(p <0.02), fifth-order ( p < 0.02), and sixth-order ( p < 0.05)
branches. Finally, we also compared the ER5 animals with so-
cially housed animals and found that ER5 was increased at
fourth-order (f,,, = 2.2; p < 0.05) and sixth-order (¢,,, = 2.6;
p < 0.03) branches. Ischemic animals exposed to social housing
did not differ from ER14 or ER30 animals at any branch order.

To summarize, ER after ischemic injury (but not social hous-
ing) resulted in enhanced dendritic growth in the undamaged
hemisphere. However, ER5 significantly increased dendritic
length and branch number relative to ER14 and even further
compared with ER30, indicating that the intact motor cortex is
more sensitive to rehabilitative experience initiated earlier rather
than later after an ischemic insult.

Dendritic growth was also examined in relation to infarct size.
Regression analysis revealed a relationship between infarct size
and the amount of total dendritic length of layer V pyramidal
cells (cortical tissue, R* = 0.209, p = 0.0192; total remaining
tissue, R? = 0.212, p = 0.0054). That is, increasing infarct size
resulted in increased dendritic length within the undamaged mo-
tor cortex (Fig. 8). This indicates that not only does rehabilitative
experience influence neuromorphological remodeling but so
does the size or spatial distribution of the ischemic injury itself.

Spine densities

Layer V pyramidal cells

ANOVA showed no effect of ischemic injury on apical (F 4 50y =
0.454; p = 0.77) or basilar (F, 55y = 0.40; p = 0.81) spine densi-
ties of layer V pyramidal cells within the intact motor cortex.
Similarly, application of ER at any time after ischemic injury
failed to produce a significant change in either apical or basilar
spine densities ( p > 0.05). It is worth noting that there appeared
to be an abundance of multiheaded spines as well as long thin
spines lacking a defined spine head, perhaps indicating morpho-
logical spine changes rather than an increase in the number of
spines. Nevertheless, the finding that ER5 (and to a lesser extent
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ER14) enhanced dendritic growth of layer V pyramidal cells with-
out a decrease in spine density suggests that new spines are added
to these dendritic extensions, ultimately increasing synaptic con-
nectivity within the motor cortex.

Dorsolateral striatum

Spine densities were also assessed from terminal branches of me-
dium spiny neurons within the dorsolateral striatum of the intact
hemisphere. ANOVA confirmed no effect of ischemic injury
(F1,30) = 1.31;p = 0.261) or ischemia followed by ER (F 3 ,,, =
0.777; p = 0.52) on striatal spine densities.

Discussion

The goal of the present study was to determine whether there
exists a critical period after stroke during which the brain is most
responsive to rehabilitative therapy. Our results confirm our hy-
pothesis that initiating rehabilitation earlier (e.g., 5 d) rather than
later (e.g., 30 d) provides significantly greater functional com-
pensation—recovery and enhanced structural plasticity within the
undamaged motor cortex.

Earlier initiation enhances efficacy of rehabilitation

Our findings are supported by previous work (Barbay etal., 2001)
demonstrating a time-dependent, rehabilitation-induced map
reorganization after ischemic injury in primates. Earlier rehabil-
itation resulted in greater preservation of forelimb cortical maps
compared with similar treatment initiated later. This is consistent
with the idea that the remaining cortical tissues (ipsilateral and
contralateral to the infarct) are most responsive to rehabilitative
training early after a stroke, and that this effect declines with time.
Our results demonstrate the functional consequence of this sen-
sitivity. ER5 animals were significantly improved in skilled fore-
limb reaching and in tests of coordinated forelimb use during
locomotor activity (narrow-beam and ladder-rung walking) rel-
ative to animals that received the same therapy beginning 1
month later. ER5 animals also showed qualitative gains such that
reaching accuracy and affected-limb use during postural support
were both improved. In contrast, ER30 animals did not differ
from social-housing animals on any task, with the exception of
ladder-rung walking, although this improvement was delayed
relative to ERS5. Itis also noteworthy that shorter delays to therapy
(e.g., 14 d) provided moderate functional gains in reaching ability
and beam walking compared with social housing.

Early rehabilitation (ER5) does not exacerbate infarct size or
behavioral impairment

Several previous studies noted an exacerbation of injury and
worsened overall outcome after excessive use of the impaired
limbs (i.e., by casting or enrichment) beginning immediately af-
ter the injury (Kozlowski et al., 1996; Risedal et al., 1999). Other
studies report that despite exacerbation of ischemic injury, im-
mediate exposure to environmental enrichment improves func-
tional outcome (Risedal et al., 1999; Farrell et al., 2001), perhaps
as a result of removing functionally abnormal neurons. Here we
failed to observe any exacerbation of injury after ER5, and recov-
ery was maximized when compared with ER14 and ER30. During
the first week after injury, tissue surrounding the infarct becomes
hyperexcitable (Neumann Haefelin and Witte, 2000). Excessive
sensorimotor activation too early after the insult may exacerbate
injury through a use-dependent, NMDA-mediated process
(Humm et al., 1999). The virulence of this process may dissipate
over days, explaining why rehabilitative experience (i.e., acro-
batic or reach training) beginning 3-5 d after insult does not
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worsen injury size or behavioral outcome (Nudo et al., 1996;
Jones et al., 1999).

Dendritic morphology within the undamaged hemisphere

ER initiated early after ischemic stroke resulted in a marked in-
crease in dendritic growth and complexity that corresponded to
improved function of the affected forelimb and hindlimb not
observed in ER30 and socially housed animals. The amount of
dendritic growth in the undamaged motor cortex was associated
with both lesion size and improved functional outcome. Neuro-
nal reorganization within this region likely reflects unmasking
and reorganization of ipsilateral corticospinal projections (Lee
and van Donkelaar, 1995) or axonal sprouting and formation of
novel subcortical projections (Kawamata et al., 1997; Chen et al.,
2002; Papadopoulos et al., 2002). Although it is conceivable that
recovery could be supported by the minimal ipsilateral (un-
crossed) projections from the undamaged motor cortex to cervi-
cal spinal cord, it is more likely that the corticofugal sprouting
from the undamaged motor cortex to the red nucleus (on the
affected side) is contributing to improved function (Chen et al.,
2002; Papadopoulos et al., 2002). Indeed, Emerick et al. (2003)
showed that after cortical injury combined with IN-1 (an anti-
body against Nogo-A) infusion, microstimulation of the undam-
aged motor cortex evoked a greater number of movements of the
ipsilateral (affected) forepaw. Furthermore, functional imaging
studies in human stroke subjects report altered patterns of acti-
vation in both the damaged and undamaged motor cortices dur-
ing movement of the affected limb (Cramer et al., 1997;
Cuadrado et al.,, 1999; Kopp et al., 1999; Feydy et al., 2002;
Johansen-Berg et al., 2002). Moreover, in recovering stroke pa-
tients, Johansen-Berg et al. (2002) showed that disruption of ip-
silateral motor activation using transcranial motor stimulation
reduced reaction times in a finger movement task, providing di-
rect evidence for an expanding functional role of the undamaged
motor system after severe ischemic infarction.

An important finding was that greater tissue infarction pro-
duced more dendritic growth in the undamaged motor cortex,
indicating that the pattern of neuronal reorganization after isch-
emia seems to be dependent on the size and distribution of the
injury. This is consistent with a recent longitudinal clinical study
reporting that if the primary motor cortex (M1) was intact, re-
cruitment of the undamaged hemisphere was transient, whereas
if M1 was damaged, compensatory recruitment of the undam-
aged hemisphere persisted (e.g., sensorimotor cortex, premotor
area) (Feydy et al., 2002). In some cases, infarct size may also be
reflected by functional impairment. It has been suggested that the
incidence of bilateral motor activation is dependent on initial
impairment (Johansen-Berg et al., 2002; for review, see Calautti
and Baron, 2003). Small cortical lesions may induce remodeling
in adjacent regions, which possess similar projection patterns and
thus more efficiently compensate for impaired function. In con-
trast, large infarcts affecting multiple structures may involve
more widespread reorganization in adjacent and remote regions
(i.e., the undamaged hemisphere), recruiting less efficient projec-
tions and ultimately limiting functional recovery. Interestingly,
most human imaging studies demonstrate that in patients with
the greatest functional recovery, movement-induced activation
patterns have returned to the affected hemisphere (contralateral
to the impaired limb) (Calautti and Baron, 2003). However, with
increasing infarct size, reinstatement of tissues surrounding the
infarct may not be possible, thus resulting in persistent activation
of the undamaged hemisphere. The ER-induced dendritic
growth observed within the undamaged motor system of ER5
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animals may reflect an enhanced plasticity, supporting persistent
recruitment, or alternatively may contribute to a transient but
necessary process, leading to the reorganization and subsequent
reinstatement of viable tissues within the affected hemisphere
(Calautti and Baron, 2003).

Despite the moderate improvement provided by ER14, only
dendritic length (not complexity) was significantly increased rel-
ative to control animals, as it had been in our previous study
(Biernaskie and Corbett, 2001). Any delay (relative to ER5) may
dampen the efficacy of rehabilitation, thereby requiring longer
duration or more intensive therapy. Our original study applied 9
weeks of ER, as opposed to 5 weeks here, which may account for
the lessened functional gains and dendritic plasticity observed in
the latter. Furthermore, both control and no treatment groups
differed in the two studies. In our previous study, both ischemic
animals receiving no treatment and control animals were singly
housed, whereas social housing was used here. Social housing has
been shown to produce changes in brain morphology (Connor et
al., 1982) and improve recovery (Risedal et al., 2002) relative to
isolated animals. It is possible that the social-housing conditions
implemented here may have enhanced dendritic complexity,
thereby reducing the anatomical differences between ER14 and
untreated ischemic animals observed in our previous study (Bier-
naskie and Corbett, 2001).

Increased spine densities have been associated with greater
synaptic connectivity and enhanced functional recovery (Kolb et
al., 1997). Despite the behavioral improvement and dendritic
growth observed in ER5 animals, there was no change in layer V
spine densities. Similarly, Johansson and Belichenko (2002) re-
ported that environmental enrichment elevated layer V spines in
normal animals but not when enrichment was applied after MCA
occlusion. Interestingly, enrichment after ischemic injury did el-
evate spine densities in layers IT and III (Belichenko et al., 2001).
Together, our data suggest that early ER after ischemic injury
enhances dendritic growth of layer V neurons; because the addi-
tional dendritic material maintains a similar spine density, the
net effect would be an increase in the number of spines per cell
and ultimately greater synaptic connectivity. The observed
changes also support the idea of laminar-specific morphological
plasticity after either injury or behavioral experience (Adkins et
al., 2002). Unfortunately, in this study, examination of individual
spine morphologies was not possible. Finally, although spine
densities remained constant, it is also possible that the distribu-
tion of transient versus stable spines (Trachtenberg et al., 2002)
was altered by ischemic injury and ER and should be addressed in
future studies.

Potential mechanisms shaping the critical period

Transient expression of various neurotrophic factors may deter-
mine the boundaries of this critical period. In nonischemic re-
gions, bFGF (Speliotes et al., 1996) and NGF mRNA are tran-
siently altered after focal ischemia and can be influenced further
by behavioral experience (Humm et al., 1997; Dahlqvist et al.,
1999). For example, restricting use of the impaired forelimb after
cortical injury inhibited astrocytic expression of bFGF in sur-
rounding tissues (Humm et al., 1997), suggesting that activation
of the compromised motor system is critical for expression of
growth-promoting molecules.

The critical period may also be defined by the early hyperex-
citability that occurs in tissues ipsilateral and contralateral to the
ischemic infarct, which subsequently dissipates over several
weeks (Buchkremer-Ratzmann et al., 1996; Neumann Haefelin
and Witte, 2000). Increased excitability coincides with the period
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during which commencement of ER produces greatest recovery.
Pharmacological prevention of hyperexcitability during the first
3 weeks after brain injury (but not later) delays recovery (Schal-
lert et al., 1986), suggesting that this excitable state may support
processes of recovery.

In summary, our results suggest that the poststroke brain is in
a state of heightened sensitivity to behavioral experience reminis-
cent of the critical periods during development of the visual sys-
tem (Hubel et al., 1977). Initiating rehabilitative therapy early
after the stroke provided significant functional gains and en-
hanced structural plasticity relative to the same treatment de-
layed by 1 month. This suggests that delaying commencement of
rehabilitation may reduce the efficacy of treatment, ultimately
limiting functional recovery in stroke patients.
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