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A novel approach to induction and rehabilitation
of deficits in forelimb function in a rat model of

ischemic stroke
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Aim: Constraint-induced movement therapy (CIMT), which forces use of the impaired arm following unilateral stroke, promotes func-
tional recovery in the clinic but animal models of CIMT have yielded mixed results. The aim of this study is to develop a refined
endothelin-1 (ET-1) model of focal ischemic injury in rats that resulted in reproducible, well-defined lesions and reliable upper extremity
impairments, and to determine if an appetitively motivated form of rehabilitation (voluntary forced use movement therapy; FUMT)

would accelerate post-ischemic motor recovery.

Methods: Male Sprague Dawley rats (3 months old) were given multiple intracerebral microinjections of ET-1 into the sensorimotor
cortex and dorsolateral striatum. Sham-operated rats received the same surgical procedure up to but not including the drill holes on
the skull. Functional deficits were assessed using two tests of forelimb placing, a forelimb postural reflex test, a forelimb asymmetry
test, and a horizontal ladder test. In a separate experiment ET-1 stroke rats were subjected to daily rehabilitation with FUMT or with a
control therapy beginning on post-surgery d 5. Performance and post-mortem analysis of lesion volume and regional BDNF expression

were measured.

Results: Following microinjections of ET-1 animals exhibited significant deficits in contralateral forelimb function on a variety of tests
compared with the sham group. These deficits persisted for up to 20 d with no mortality and were associated with consistent lesion
volumes. FUMT therapy resulted in a modest but significantly accelerated recovery in the forelimb function as compared with the
control therapy, but did not affect lesion size or BDNF expression in the ipsilesional hemisphere.

Conclusion: We conclude that refined ET-1 microinjection protocols and forcing use of the impaired forelimb in an appetitively
motivated paradigm may prove useful in developing strategies to study post-ischemic rehabilitation and neuroplasticity.
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Introduction
Upper extremity impairment represents one of the most debil-
itating and pervasive functional deficits following ischemic
stroke, and proper function of the arm and hand is important
for achieving independence following stroke. Chronic hemi-
paresis of the arm is likely due in part to the phenomenon of
learned non-use, which results from repeated failure with the
impaired arm immediately following injury, increased com-
pensation with the less affected arm, and eventual deteriora-
tion of representation to the affected arm!'l.

A promising rehabilitative technique aimed at improving
upper extremity impairment presently emerging is to con-
strain use of the unaffected arm, thereby forcing patients to use
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their affected limb that would normally become neglected" .
The mechanisms responsible for reinstatement of function in
‘constraint induced movement therapy’ (CIMT) are not well
understood, but likely involve discouraging learned non-use!,
thereby modulating post-ischemic neuroplasticity. Further
investigation into this phenomenon is warranted, and mecha-
nistic studies of CIMT, learned non-use, and post-ischemic
neuroplasticity require appropriate animal models.

Previous attempts to model CIMT in rodents have resulted
in discrepant results”""}, probably due to a combination of the
varied stroke models used and confounding effects of stress
when forelimb function is constrained in rodents. Models
of middle cerebral artery occlusion (MCAo), in which the
MCA is exposed and occluded permanently or temporarily
have conventionally been used to study post-ischemic senso-
rimotor impairment. However these methods often result in
large, inconsistently placed lesions and are often associated
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with a relatively high mortality rate"", unless accompanied

by labour-intensive post-operative care!'> "

, rendering them
inadequate for studying specifically localized deficits and/
or early interventions. To gain more specific control of lesion
location, reproducibility, and marked deficits to forelimb func-
tion, different rat models of focal ischemic stroke have been
developed™ . Permanent methods such as devasculariza-
[16]

tion"™ and photo-irradiation of blood vessels that supply the

forelimb region[lsl

affect surface tissue only (without accom-
panying damage to subcortical regions) and do not allow for
restoration of blood flow to the ischemic region. An alterna-
tive method is to biochemically and reversibly constrict local
vessels through administration of a vasoconstrictor such as
endothelin-1 (ET-1). Endothelin-1 reduces local blood flow to
produce ischemic injury, either when injected proximal to the

[20]

MCA™), applied topically to the cortical surface™, injected

intracerebrally“s], or when used as a combination of intracere-

[21]

bral and topical application'™. Intracerebral injection of ET-1

permits the induction of ischemic injury to the forelimb senso-

[15, 17, 22]

rimotor cortex as well as subcortical regions allows for

gradual reperfusion of circulation over the course of several

hours!2® 2 2

, and is characterized by a low mortality rate com-
pared to MCAo0**!, making this method an attractive option
for studying post-ischemic rehabilitation.

The objectives of the current study were 1) to further
develop the endothelin-1 model of focal ischemic injury in
rats, resulting in reproducible, well-defined lesions and reli-
able and long-lasting upper extremity impairments associ-
ated with stroke, and 2) to test whether a novel appetitively
motivated model of therapy (voluntary forced use move-
ment therapy; FUMT) would accelerate post-ischemic motor
recovery. We found that by using microinjections of ET-1 in a
previously unreported set of stereotaxic coordinates we were
able to create reproducible lesions and deficits, and that the
novel approach of voluntary forced use results in modest but
consistent acceleration in functional recovery. The application
of these methods may prove useful in developing strategies to
study post-ischemic rehabilitative-dependent neuroplasticity.

Materials and methods

Experimental animals

Adult male Sprague-Dawley rats (Rattus norvegicus; n=20 for
Experiment 1; n=46 for Experiment 2) were purchased from
Charles River Laboratories (Montreal, Canada) and single
housed on a 12 h light/dark cycle. All procedures in Experi-
ment 2 took place during the dark cycle, as activity levels
affected animals’ participation in the rehabilitation. Animals
had ad libitum access to food and water, and weighed between
300-350 g at the time of surgery. All procedures were con-
ducted in accordance with the guidelines of the Canadian
Council for Animal Care and were approved in advance by
the University of Prince Edward Island Animal Care Commit-
tee.

Surgical procedures
Prior to surgery, rats were allocated to sham or stroke group,

wherein there was no difference in preoperative performance
on any of the behavioural tests to be used (data not shown).
Forelimb sensorimotor coordinates for ET-1 injections were
determined using the Rat Brain Atlas™ (Figure 1A). Prior to
the study, injection placement was verified using injections of
cresyl violet dye (not shown). Rats were placed into an induc-
tion chamber filled with 3.5% isoflurane in oxygen for 8 min;
anesthesia was maintained during surgery with 2% isoflurane.
Animals were mounted on a stereotaxic apparatus (David
Kopf Instruments, USA), with the skull level between bregma
and lambda. Local anesthetic (Xylocaine, AstraZeneca, Can-
ada) was applied topically, a midline scalpel incision was
made, and the scalp was retracted with clamps. Small holes
were drilled at injection locations (Table 1) using a stereo-
taxically mounted dental drill (Foredom Motor; Stoelting Co,
IL, USA). At each location, a 26 gauge 10 pL stereotaxically
mounted syringe was lowered into position and left undis-
turbed in the brain for 1 min. Endothelin-1 (CalBioChem; 400
pmol/uL dissolved in sterile water) was then injected 1 pL
at a flow rate of 0.5 pL/min, after which the needle was left
undisturbed for 4 min prior to being slowly retracted from
the brain. At the conclusion of surgery, the scalp was sutured
and the incision site was treated with topical anesthetic. Body
temperature was maintained at 36+0.2°C for the duration of
surgery using a heating pad. Following surgery, animals were
given subcutaneous injections of butorphanol (2.0 mg/kg;
Experiment 2 only), returned to their home cage, and allowed
to recover. A heating pad remained under the home cage
for 2 h post-surgery. Sham-operated rats received the same
surgical procedure up to but not including the drill holes,
and remained anesthetized for the same amount of time as
the ischemic animals to serve as a control for all aspects of the
experimental surgery.

Table 1. Coordinates for cortical and striatal microinjections.

Injection Stereotaxic coordinates (mm from bregma)
AP ML DV
Cortex injection 1 +2.5 -2.8 2.5
Cortex injection 2 +1.6 -2.8 2.5
Cortex injection 3 +0.9 -2.8 2.5
Cortex injection 4 +0.4 -2.8 2.5
Striatum injection +0.9 -3.7 -6.0

AP=anterior/posterior; ML=medial/lateral; DV=dorsal/ventral.

Behavioural tests of sensorimotor function

Several behavioural tests commonly employed to determine
sensorimotor deficits were used. For three weeks prior to sur-
gery, animals were handled daily and acclimated to all tests,
then pre-surgery scores were recorded. Following surgery,
animals were tested regularly until the end of the study at post
surgery day (PSD) 21. When using behavioural assessments,
“deficit’ was defined as a post-surgical performance signifi-
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Figure 1. Overview of the surgical procedure.
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(A) Approximate targeted infarct regions based on microinjection locations (in black; adapted from the

Rat Brain Atlas'®). (B) Gross assessment of the lesion. (C) Typical damage produced at targeted stereotaxic levels. (D) Volume of the total infarct, as
well as the cortical and striatal contribution. (E) Infarct distribution across stereotaxic levels. Error bars represent SEM. n=14 (ischemia), n=6 (sham).

cantly worse than sham control animals and ‘recovery” was
considered the point at which the animals returned to sham
level performance. In any instance where animals had recov-
ered at a particular time point, then had subsequent testing
days with impaired performance, ‘recovery’ was considered
the latest time point at which they would perform consistently
at sham level. All performance evaluations were conducted
by an experimenter blind to the surgical condition.

Forelimb placing tests

Two tests of forelimb placing were employed daily: tactile-
stimulated forelimb placing (TFP) and vibrissae-stimulated
forelimb placing (VFP). Rats were held by their torso, with 3
limbs secured and the forelimb to be tested hanging free. The
distal portion of the unrestrained forelimb or the correspond-
ing vibrissae was gently brushed against the edge of a table.
For each forelimb, the deficit was determined based on the
number of correct forelimb placements on the table top out of
5 attempts. Attempts that missed the tabletop or did not occur
within 2 s of stimulation were considered unsuccessful.

Forelimb postural reflex test

To test for deficits in forelimb postural reflex position daily
following surgery, animals were suspended by the base of the
tail 50 cm above their home cage, and slowly lowered. The
position of the contralesional forelimb was scored on a scale
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of 0 (forelimbs extending directly toward the cage; no deficit),
1 (extension of the forelimb at an angle; moderate deficit), or 2
(extension of the forelimb combined with twisting of the torso;
severe deficit).

Forelimb asymmetry test

Animals were tested for limb preference and asymmetry in
postural weight support during exploratory activity using the
Schallert cylinder test® on PSD 1, 3, 6, 10, 14, 18, and 21 (for
Experiment 2, the testing on PSD 3 was omitted). Rats were
placed inside a clear open-ended cylinder (25 cmx30 cm) and
allowed to rear and place their forepaws on the cylinder wall
15 times. A camera was stationed above the top of the cylin-
der to record forepaw usage during rearing and exploratory
behaviour. Videos were then analyzed to determine the num-
ber of forelimb wall contacts made. The percentage use of the
contralesional forelimb was determined using the following
formula:

100x (#contralesional touches+" #bilateral touches)/
total#touches

Horizontal ladder test

The horizontal ladder test was used (Experiment 2) as a meas-
ure of forelimb coordination on PSD 1, 6, 10, 14, 18, and 21.
Animals ran on the 1.5 m long ladder containing unevenly
spaced rungs (1-3 cm apart) for 3 trials. The average number



of foot slips made with the contralesional forelimb was deter-
mined by video analysis.

Forced use movement therapy

Animals were acclimated to and trained to use commercially
available clear plastic pet activity balls (29 cm diameter; Super
Pet, USA). Prior to the initiation of the study, ability to move
the balls was assessed to verify that all ball movement (initiat-
ing, propelling, changing direction, and stopping) required
the use of both forelimbs. Therefore, animals were forced to
evoke use of the impaired forelimb when engaging in post-
surgical rehabilitation. Training took place with six exposures
over two weeks, and began with exposure to stationary balls,
gradually progressing to increasingly non-stationary periods
of time, and resulting in a final assessment of ability to engage
in the rehabilitation. A small number of animals (1=4, ie, 8.7%)
were not able to manipulate the balls following this train-
ing regimen and were subsequently disqualified from being
assigned to a FUMT group. These animals were randomly
assigned to receive either Sham or Stroke followed by control
therapy. Following surgery, rats were randomly assigned
to receive FUMT (n=11 stroke; n=12 sham), or Control (n=11
stroke; n=12 sham) beginning on PSD 5. Rehabilitation ses-
sions lasted for 30 min each day (during the dark phase of the
light/dark cycle), during which the animals were free to move
voluntarily around an enclosed 8 m? arena. Sessions were
video recorded and analysed to determine the amount of time
spent moving during each 30 min period. Videos were scored
by an experimenter blind to the surgical condition and to the
test day of each animal. Control therapy consisted of placing
rats into stationary balls for 30 min each day.

Histology and infarct quantification

Following behavioural testing, rats were deeply anesthetised
and decapitated. For infarct quantification only (Experiment
1), brains were quickly removed to 250 mL of 10% phosphate
buffered neutral formalin for 72 h, sectioned (150 um) using a
Vibratome 1000 plus (Vibratome Co, St Louis, USA), mounted
on slides and stained using 0.1% cresyl violet. Photographs
(Canon EOS DS6041 camera) of every second section (ie, 300
pm apart) were then assessed for infarct damage using Image J
software (Image J, National Institutes of Health, USA) by over-
laying each experimental section on a corresponding template
section and tracing the area of injury. Ischemic injury was
defined as pallor, abnormal architecture of the brain tissue,
and apparent neuronal necrosis determined by a lack of cresyl
violet staining!””.
by summing the area of damaged tissue recorded from each

The volume of brain injury was determined

section (both striatal and cortical) and multiplying that value
by the distance between the measured sections™!.

For infarct quantification accompanied by immunohisto-
chemistry (Experiment 2), rats were perfused transcardially
with phosphate buffered saline (PBS), followed by 4% para-
formaldehyde. Brains were extracted, post-fixed for a further

24 h in 4% paraformaldehyde, then permeated with 30% suc-
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rose in PBS for 72 h (or until they were no longer floating in
the solution). They were then cryoprotected using Cryomatrix
(Thermo Scientific, USA), and stored at -80°C until use. Some
brains (n=4/group) were sectioned (10 um) for immunohisto-
chemical analysis with sections taken from intact tissue caudal
and rostral to the damage, as well as anterior, middle, and
posterior sections of the infarct itself (at +4.1, +2.3, +0.5, -1.3,
and -3.1 mm from bregma). Remaining sections were taken
at 100 pm and used for cresyl violet staining. All other brains
were completely sectioned at 100 um for cresyl violet staining
only. Tissue was sectioned using a Cryostat (Thermo Scien-
tific, USA) and mounted on slides, dried overnight, and stored
at -20°C until use. Infarct quantification was performed as
described above.

Immunohistochemistry

Expression of brain derived neurotrophic factor (BDNF)
was determined as follows. Slides were subjected to antigen
retrieval (90°C for 20 min) then washed in PBS, quenched
with 3% H,O, for 20 min, and blocked (5% goat serum) for
2 h. They were then incubated with primary antibody against
BDNF for 48 h (diluted 1:500; AB1779; Millipore, USA),
washed in PBS (3x15 min), and incubated with secondary anti-
body (BA1000; Vector Laboratories, USA) for 1 h. Slides were
treated with avidin biotin complex (ABC; Vector Laboratories,
USA) and visualized using diaminobenzidine solution (DAB;
Vector Laboratories, USA). Negative controls were prepared
by omitting the primary antibody. Following immunohisto-
chemical staining, slides were counterstained with hematoxy-
lin to visualize the cell nuclei.

BDNF expression in various regions of interest in the ipsile-
sional and contralesional hemisphere (and corresponding
regions of sham sections) was quantified by calculating the
percentage of cells in each region expressing the protein of
interest [(#BDNF positive cells/total#cells)x100]. Sections
were examined in 8 regions: three along the edge of the corti-
cal infarct, one in the area of the striatal infarct border, and the
4 equivalent regions of the contralesional hemisphere.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
(v5.00). Data were analyzed with multiple factor [sham versus
stroke; post surgery day; FUMT versus Control (Experiment 2
only)] ANOVAs with subsequent planned Bonferroni post-hoc
comparisons. In Experiment 2, Sham groups receiving FUMT
and Control did not differ in any outcome measure and were
therefore combined for analyses. In both experiments ‘recov-
ery’ was considered the point at which the animals returned
to sham level performance. In any instance where animals
had recovered at a particular time point, then had subsequent
testing days with impaired performance, ‘recovery” was con-
sidered the latest time point at which they would perform con-
sistently at sham level. Comparisons of lesion volume were
performed with t-tests. Significance was considered P-value
below 0.05.

Acta Pharmacologica Sinica
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Results

Experiment 1: Development and validation of the model
Histology

A total of five intracerebral injections of ET-1 were adminis-
tered in this study, targeting brain regions previously shown
to be responsible for forelimb sensorimotor function, includ-
ing sensorimotor cortex and dorsolateral striatum (Figure 1A).
Gross anatomy of the brains upon removal from the skull
revealed visible infarcts on the sensorimotor region (Figure
1B). Brains were then sectioned for complete analysis of the
infarct at various stereotaxic levels; a representation of typical
damage at each level is presented in Figure 1C. The average
volume of ischemic damage resulting from this injection pro-
tocol was 21.31+4.81 mm?® (cortical) and 13.36+3.36 mm® (stri-
atal), giving a combined total damage volume of 37.23+7.69
mm® (Figure 1D). The infarct spread and concentration at
various stereotaxic levels are presented in Figure 1E.

Behavioural tests

Forelimb placing tests

Prior to surgery, all animals were able to successfully place
5/5 times in response to both tactile and vibrissae stimula-
tion. Following ET-1 surgery, the ipsilateral placing response
remained intact (not shown) and there was a significant
impairment in contralateral tactile-stimulated placing
[PSD1=0.2+0.2 (SEM)] until PSD 19 (P<0.05) compared to
sham animals (Figure 2A). Similarly ET-1 surgery resulted in
a significant impairment in contralateral forelimb placing in
response to vibrissae stimulation [PSD1=0+0 (SEM)] compared
to sham control animals until PSD 20 (Figure 2B).

Forelimb postural reflex

Prior to surgery, stroke and sham animals all received a
score of 0 in the forelimb postural reflex test. Following sur-
gery there was a deficit in postural reflex in stroke animals
[PSD1=0.93+0.16 (SEM)], which remained significant for 11 d
post surgery (Figure 2C).

Cylinder test of asymmetry

To assess differences in the use of the contralateral forelimb,
the cylinder test was used to evoke and analyze percent fore-
limb usage. Sham and stroke groups performed similarly
prior to surgery, relying on the contralesional forelimb for
exploring and weight bearing approximately half of the time
[61.5%+2.8% (SEM) and 49.1%+3.8%, respectively]. Follow-
ing ET-1 surgery, animals that received stroke demonstrated a
consistent tendency to rely more on their ipsilateral forelimb
[PSD1=39.1%%4.7%], although this difference was not signifi-
cant (P>0.05; Figure 2D).

Experiment 2: Effects of FUMT rehabilitation

While FUMT was the main independent variable in the
present study, we were interested in evaluating whether the
activity level of ET-1 stroke animals would be influenced by
ischemia. All animals spent an equal amount of time moving
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Figure 2. Effects of the ET-1 microinjection protocol on various tests of
contralesional forelimb function in Experiment 1. (A) Tactile-stimulated
forelimb placing test of reflexive paw placement following physical stimula-
tion. (B) Vibrissae-stimulated forelimb placing test of reflexive paw place-
ment following physical-sensory stimulation. (C) Forelimb postural reflex
test of reaching for a flat surface during descent. (D) Cylinder test of
forelimb use for upright support. Error bars represent SEM. n=14 (stroke),
n=6 (sham); °P<0.05 relative to sham.

during the 30 min rehabilitation sessions on any given day
(P>0.05), however the amount of time declined steadily over
the course of the study from 18 min on PSD 5 to 12 min by
PSD 21 in both groups (P<0.0001; Figure 3).
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Figure 3. Rehabilitation intensity. Mean (£SEM) time (min) spent mov-
ing the exercise ball each day during 30 min of rehabilitation. On PSD 5,
Sham animals spent 18+1.5 min (SEM) engaging in the voluntary forced
movement, while ET-1 animals spent 19+1.5 min (SEM) moving. At PSD
21, both groups spent 12+1.7 min moving. n=11 (stroke); n=12 (sham).

Behavioural tests

Forelimb placing tests

Prior to surgery, all animals had equivalent performance
on both the tactile-stimulated placing test and the vibrissae-
stimulated placing test, scoring 5/5 without error. Following
surgery, all ischemic animals had a significant functional defi-
cit compared to sham animals beginning on PSD 1 [0.09+.09
(SEM) for both groups on tactile-stimulated placing; 0.45+0.48
Control and 0.09+0.09 for FUMT on vibrissae-stimulated plac-
ing]. Rats receiving FUMT recovered (ie, were not signifi-
cantly different from shams; see Methods above) 5 d sooner
than animals receiving control therapy (Control) (PSD 16 vs
21, respectively) on the tactile-stimulated test (Figure 4A), but
not on the vibrissae-stimulated test (PSD 21 vs 18; data not
shown).

Forelimb postural reflex

Prior to surgery, all animals scored ‘0" or no deficit on the
forelimb postural reflex test. Following surgery, animals from
both ischemic groups showed a significant deficit [Stroke/
Control=0.940.1 (SEM); Stroke/ FUMT=1.0+0.1; P<0.001]. Ani-
mals in the FUMT group were significantly impaired until
PSD 19, while those from the Control group were impaired
until PSD 20 (Figure 4B).

Cylinder test of asymmetry

Before surgery, all animals used the contralesional forelimb
for approximately 50% of exploratory movement while rearing
in the cylinder. Following surgery, ischemic animals showed
a significant decrease in the percent usage of the contral-
ateral limb [Stroke/Control=26.3%+2.9% (SEM); Stroke/
FUMT=39.3%%4.8%; P<0.05] that recovered (ie, was not signifi-
cantly different from sham performance) by PSD 14 in FUMT
rats, while control therapy animals did not recover until PSD
21 (Figure 4C).

Horizontal ladder test
Prior to surgery all animals were able to cross the ladder with
minimal number of foot slips [0.4+0.4 (SEM)]. Following sur-
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Figure 4. Effects of the ET-1 microinjection protocol on various tests of
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forelimb placing test. (B) Forelimb postural reflex test. (C) Cylinder test. (D)
Horizontal ladder test. Error bars represent SEM. n=11 (stroke groups),
n=24 (combined sham group); °P<0.05 relative to sham.

gery, the number of foot slips with the contralateral forelimb
was significantly greater in both the ischemia groups [Stroke/
Control=1.940.4; Stroke/FUMT=1.6£0.3; P<0.001) relative to
sham. This impairment had recovered by PSD 6 in FUMT ani-
mals, but not until PSD 10 in Control animals (Figure 4D).
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Histology and immunohistochemistry
Cresyl violet histology for infarct quantification revealed that
there was no significant difference in the total infarct volume
between groups. Animals receiving control therapy had
infarcts measuring 12.2+3.0 mm® while FUMT animals had
infarcts measuring 10.7+2.0 mm® (P>0.05; data not shown).
The proportion of cells expressing BDNF was determined
from a total of 8 areas of interest encompassing both the
ipsilesional and contralesional hemispheres (see Materials
and methods). In the ipsilesional hemisphere, there was an
increase in the percent cells expressing BDNF in animals that
had undergone the ET-1 surgery [Sham=31.6%+2.7% (SEM)
compared to Stroke=40.1%%3.4%; P<0.05; Figure 5], however
this ratio remained unaffected by rehabilitative therapy. In
the contralesional hemisphere there were no significant dif-
ferences in percent BDNF expression although there was a
tendency for stroke animals to have greater percent expres-
sion [Sham=32.2%%4.8% (SEM); Stroke=41.0%%2.2%; P>0.05;
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Figure 5. BDNF expression. (A) Representative images of BDNF expres-
sion in the ipsi- and contralesional hemisphere. (B) Quantification of the
percent cells expressing BDNF in stroke and sham treated rats. Follow-
ing surgery, Sham animals showed BDNF expression from 31.6%+2.7%
(SEM) cells, compared to Stroke animals with 40.1%+3.4% expressing the
protein. In the contralesional hemisphere there were no significant dif-
ferences in percent BDNF expression, although there was a tendency for
stroke animals to have greater percent expression [Sham=32.2%+4.8%
(SEM); Stroke=41.0%+2.2%; P>0.05). n=4;°P<0.05.
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Discussion
Mechanistic studies of neurorehabilitation require the use of
a stroke model that results in consistent, well-defined lesions,
and that preserves sufficient neural substrate to support
neuroplastic events. This study was performed to determine
whether multiple, low volume injections of ET-1 at previously
unreported coordinates would result in appropriate lesions for
this purpose. We then used this injection protocol to study a
novel, appetitively motivated model of forced use movement
therapy to rehabilitate upper extremity impairment.

Relative to more traditional models of focal ischemia, the
ET-1 multi-injection model is an understudied method for
inducing experimental stroke. Recent studies have begun to
evaluate the use of this model to generate permanent histo-
pathological damage to forelimb regions of the brain as well
as impairment of forelimb function on a number of established
sensorimotor tests!"> 7 %24

distinct ET-1 injection protocols to produce ischemic damage
15,17, 21]

. While several labs have employed
to forelimb regions of the brain! , no surgical standard
currently exists. In the current experimental series, our first
objective was to evaluate a modified ET-1 microinjection
protocol using tests of forelimb sensorimotor function and
histological assessments of the resulting infarct. Our results
demonstrated that the ET-1 multi-injection protocol employed
produced reproducible lesions to brain areas that control
forelimb function (Figure 1), specifically, the forelimb sen-
sorimotor cortex and lateral striatum. Resulting infarcts were
highly reproducible, were notably smaller than those previ-
ously reported using similar methods™ while still producing
reasonably long-lasting functional deficits (Figure 2), thereby
preserving more neural tissue to support potential neuroplas-
tic changes. It is possible that a larger stroke injury would
have produced longer-lasting deficits that would improve
opportunities for detecting accelerated recovery, but on the
other hand a larger infarct could compromise rehabilitation by
destroying excess neural substrate. We believe, therefore, that
the current protocol represents a good compromise of these
variables and has considerable potential as a surgical standard
for post-ischemic neuroplasticity and rehabilitation studies.
Upper extremity impairment following stroke represents
one of the most common disabilities in stroke survivors™ .,
A presently emerging rehabilitation therapy, CIMT, results
in marked functional recovery in stroke patients. To better
understand the mechanisms underlying recovery following
CIMT, a number of experimental studies have attempted to
force use of the impaired forelimb using animal models. Fol-
lowing photothrombosis, forced use of the affected arm by
plaster casting did not accelerate motor recovery"”, perhaps
due to the lack of a strong behavioural pressure to use the
free limb that CIMT patients encounter during treatment.
Similarly, constraint of the unaffected forelimb as a singular
approach following striatal hemorrhagic stroke was insuffi-
cient to accelerate recovery, however when combined with
exercises that forced use of the unconstrained, impaired fore-



limb, functional recovery could be promoted”. Moreover,

73432 or nonspecific!'® ¢!

exposure of rats to task-specific!
forelimb activity post-ischemia can improve functional out-
comes. Notably, some experimental models of forced limb use
in rodents have resulted in increased damage and worsened

functional recovery™ ¥,

The reasons for these discrepancies
are unclear, but probably involve interactions between the
stroke model used, the intensity of forced use, and the stress
inherent in restraint. In an attempt to overcome these prob-
lems we combined the new ET-1 stroke model with a form of
rehabilitation that is appetitively motivated rather than aver-
sive. To our knowledge this is the first time that activity balls
(or equivalents) have been used following stroke or as a form
of appetitively motivated forced use. Although not described
in detail, pet activity balls were employed by Moroz et al*” to
measure ipsilateral rotation induced by amphetamine admin-
istration following 6-hydroxydopamine lesions, but the use
of activity balls for post-ischemic rehabilitation has not been
previously described.

The behavioural tests used in the second experiment
revealed that the voluntary FUMT caused a modest signifi-
cant acceleration in functional recovery using several assess-
ments of forelimb function (Figure 4), without exacerbating
damage. In addition to the tests presented herein, it would
be interesting to evaluate the effect of FUMT on skilled fore-
limb reaching, for example by using a pellet-retrieval task.
Rehabilitation, however, did not affect the expression of the
neurotrophin BDNF (Figure 5). When we evaluated the aver-
age amount of time rats engaged in movement therapy (Figure
3), it was clear that while rats performed well in the task at
first, there was declining engagement in the therapy through-
out the duration of the study [from Sham=18+1.5 min (SEM)
and Stroke=19+1.5 min (SEM) at PSD 5 to 12+1.7 min for both
groups at PSD 21] . This may explain why recovery was only
mildly affected. Rehabilitation is believed to be most effect-
ive when it is of increasing intensity, both in clinical®’ and
experimental™ studies, and rats given free access to running
wheels for several hours per day naturally increase their activ-

ity over time!**l,

It is possible that as animals in the present
study became increasingly accustomed to the rehabilitation,
they became disinterested during the daily 30 min sessions.
Increasing stimulation around the room during the sessions,
and/or breaking the movement sessions into multiple shorter
sessions, might increase participation. It was interesting
to note, however, that the amount of time spent rolling the
exercise ball did not differ between ischemic and control rats
(Figure 3). Navigation of the ball around the arena requires
the use of all four limbs. Thus, despite marked deficits on con-
tralesional forelimb function on multiple tests (Figures 2 and
4) ischemic rats could use that limb during rehabilitation. The
reasons for this apparent contradiction are unclear and war-
rant further investigation.

In summary, we have reported that the use of a new
endothelin-1 microinjection protocol results in reproducible
lesions and deficits that are appropriate for studying rehabili-
tation of upper extremity impairment. Furthermore, a novel
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approach to voluntary forced use therapy in rats results in
modest but consistent accelerations in functional recovery.
The further refinement and application of these methods may
prove useful in developing strategies to study post-ischemic
rehabilitation and neuroplasticity.
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