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Abstract
Unilateral damage to sensorimotor cortical (SMC) regions can profoundly impair skilled reaching
function in the contralesional forelimb. Such damage also results in impairments and compensatory
changes in the less-affected/ipsilesional forelimb, but these effects remain poorly understood.
Furthermore, anesthetization of the ipsilesional hand in humans with cerebral infarcts has been
reported to produce transient functional improvements in the paretic hand [14,48]. One aim of this
study was to sensitively assay the bilateral effects of unilateral ischemic SMC damage on
performance of a unimanual skilled reaching task (the single pellet retrieval task) that rats had
acquired pre-operatively with each forelimb. The second aim was to determine whether partially
recovered contralesional reaching function is influenced by anesthetization of the ipsilesional
forelimb. Unilateral SMC lesions were found to result in transient ipsilesional impairments in
reaching success and significant ipsilesional abnormalities in reaching movements compared with
sham-operates. There were major contralesional reaching impairments which improved during a 4
week training period, but movements remained significantly abnormal. Anesthetization of the
ipsilesional forelimb with lidocaine at this time attenuated the contralesional movement
abnormalities. These findings indicate that unilateral ischemic SMC lesions impair skilled reaching
behavior in both forelimbs. Furthermore, after partial recovery in the contralesional forelimb,
additional improvements can be induced by transient anesthetization of the ipsilesional forelimb.
This is consistent with the effects of unilateral anesthetization in humans which have been attributed
to the modulation of competitive interhemispheric interactions. The present findings suggest that
such interactions are also likely to influence skilled reaching function in rats.
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1. Introduction
Unilateral lesions to sensorimotor cortical (SMC) regions in rats result in sensory and motor
impairments in the contralesional forelimb, including impairments in the fine movements used
in reaching and grasping [51,54]. Such damage also results in complex behavioral changes in
the “less-affected”, ipsilesional forelimb. Subtle deficits in the ipsilesional forelimb have been
documented using sensitive measures of skilled reaching movements [18,31,33]. Animals also
increase reliance on the ipsilesional forelimb for many behaviors including postural support
[25], coordinated limb placement during locomotion [45], reaching and food handling [54,
55] in a manner which compensates for impairments in the contralesional forelimb. Because
skilled reaching tests in rodents are thought to assay impairments homologous to upper
extremity impairments in humans with cerebral strokes, it seems important to understand the
nature of the functional impairments and improvements that occur in this task in rats. Whishaw
[55] found that recovery of reaching ability in the contralesional forelimb is dependent upon
whole-body compensatory changes and this includes compensatory ways of using the
ipsilesional forelimb to assist in movements of the impaired forelimb. However, it is unknown
whether compensation with the ipsilesional forelimb is a necessary chronic contributor to
improvements in reaching performance with the contralesional forelimb. Furthermore, recent
findings in humans suggest that sensory and motor function of one hand can be improved by
ischemic nerve block of the opposite hand [48,50]. This effect is thought to be due to
modulation of interhemispheric inhibition and it points to a potential target for therapeutic
interventions [49], but it is has not been established to occur in rats. Thus, one purpose of the
present study was to test whether partially recovered reaching performance with the
contralesional forelimb after unilateral SMC lesions is enhanced or impaired by peripheral
anesthetization of the ipsilesional limb.

Another purpose of the present study was to sensitively analyze bilateral changes in reaching
performance after unilateral SMC lesions. Focal SMC lesions can enhance skilled reaching in
a task that animals learn to perform with the ipsilesional forelimb after the lesion compared to
intact animals learning the same task [5,10,22,29]. This effect co-exists with subtle ipsilesional
abnormalities in the movements used for reaching [23] and may be linked to neuronal growth
promoting effects of denervation and enhanced excitability in the contralesional motor cortex
[3,5,10,22,23,29]. In humans, transient virtual lesions of the motor cortex created using
repetitive transcranial magnetic stimulation also enhance the performance of a motor task with
the ipsilesional hand [27,47]. However, Gonzalez et al. [18] found reductions in skilled
reaching success rates in the forelimb ipsilateral to relatively large unilateral frontal cortex
lesions using a task that the animals had acquired prior to the injury [see also 33,55]. It may
be that enhancement in ipsilesional forelimb reaching function can only be detected after small
lesions that do not produce very major ipsilesional deficits [23]. It is also possible that lesion-
induced facilitation in skill learning does not generalize to performance of skills that were well
learned prior to the injury, even after relatively small cortical lesions. This latter possibility
was tested in the present study.

In this study, rats were trained to be proficient in a unimanual skilled reaching with each
forelimb. Endothelin-1, a vasoconstricting peptide, was then used to induce ischemic SMC
lesions of the forelimb representation region of one hemisphere. Quantitative and qualitative
changes in reaching performance were then assessed in each forelimb. To promote
improvements in the reaching function of the contralesional forelimb, rats received a period
of rehabilitative reach training of this limb, an approach that has previously been found to be
effective in improving function [7,13,37,42] and promoting reorganization of movement
representations in the peri-lesion cortex [28,36]. The ipsilesional forelimb was then
anesthetized to test its effects on reaching performance of the impaired forelimb. Figure 1
summarizes the experimental design.

O’Bryant et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2008 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Materials and Methods
2.1 Animals

Seventeen male Long-Evans hooded rats were used in this study. Rats were obtained at 1 month
of age from a breeding colony of the Animal Resources Center at the University of Texas at
Austin (n=7) or from Charles Rivers Laboratories (n=10). Rats were housed in clear Plexiglas
cages in pairs or triplets, were on a 12:12 h light:dark cycle and were given water ad libitum.
Rats were ~ 100 days old at the onset of training. Beginning a few days before training, rats
were restricted to 14-15 grams of chow per animal given at the end of each day to ensure that
they were not sated at the time of the reach training. Animals were assigned to two groups: one
group received unilateral ischemic lesions in the forelimb representation area of the motor
cortex (n=9) and the second group received a sham operation (n=8). The mean ± SEM weekly
weight change during the experiment was -0.27 ± 0.33 % in the lesion group and 1.58 ± 1.52%
in the sham group. Assignments were random with the exception that groups were matched as
closely as possible for pre-operative reaching performance and for breeding colony source.
The protocol for this study was approved by The University of Texas at Austin Animal Care
and Use Committee.

2.2 Surgeries
Unilateral ischemic lesions of the forelimb area of the SMC were made using endothelin-1
(ET-1), a vasoconstricting peptide, using methodology adapted from Fuxe et al. [15; see also
2,3]. Lesions were made contralateral to the forelimb rats preferred to use for reaching. Prior
to surgery, rats were anesthetized using Equithesin (approximately 140 mg/kg chloral hydrate
and 35 mg/kg sodium pentobarbital). Atropine (0.25 mg/kg) was also administered to negate
the depressive respiratory effects of Equithesin. The skull was removed between 1.5 mm
anterior and 2.5 mm posterior to bregma and 1.5 mm medial and 4.5 lateral to bregma. The
dura underlying the craniectomy was carefully removed and 80μM ET-1 (Peninsula
Laboratories, Inc.) was administered to the cortical surface with a Hamilton microsyringe. The
total amount of ET-1 administered was 4.0 μl, delivered in two 2.0 μl applications separated
by 2 min and followed by an 8 minute wait time, after which the skin was sutured. Sham animals
were treated to the same conditions up to the removal of skull. Craniectomies were not
performed in sham-operates because this procedure has been found to cause behavioral and
neurochemical asymmetries [1] and it was important in this study for this group to serve as
intact controls.

2.3 Reach Training and Testing on the Single Pellet Retrieval Task
Animals were trained on the single pellet retrieval task, adapted from Whishaw [32,52] and
others [19,39], as previously described by Bury and Jones [10]. The apparatus was a Plexiglas
reaching chamber (26cm long × 34 cm high × 16 cm wide) with a tall narrow window (1 cm
wide × 23 cm high) that was located in the middle of the 16 cm wide wall. The animals were
trained to reach with one forelimb through the window in order to retrieve a banana flavored
pellet (Bio-Serve, Inc., Frenchtown, NJ) placed in a well on a 3cm high shelf (Fig. 2). The well
was 1 cm from the window opening. In order to prevent the animal from scraping the food
pellet into the reaching chamber, a lip consisting of a 2mm diameter metal rod was placed on
the shelf in front of the window. Animals were trained pre-operatively to reach with each
forelimb. Previous research has shown that most rats develop a preferred limb for performing
unilateral reaching tasks [52]. The preferred limb was determined using shaping trials in which
rats were permitted to use either forelimb to retrieve centrally placed pellets. Once the animal
made 15 out of 20 reaches with one forelimb and, on the following day, made 10 consecutive
reaches with the same forelimb, this limb was designated as the animals’ preferred limb.
Shaping typically required 3-5 training sessions.
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Once a preferred limb was established, rats began training on this limb. A Plexiglas wall (34
cm high) was inserted into the reaching chamber ipsilateral to the preferred limb and pellets
were placed, one at a time, in a well positioned contralateral to this limb (aligned with the edge
of the reaching window). This configuration effectively enforced the use of the preferred
forelimb for reaching. Rats then received 16 consecutive days of training on the preferred
forelimb. They were then required to switch to using the non-preferred limb, by switching the
position of the wall and pellet, and were trained for 9 days. Each day’s training session consisted
of 60 trials or 15 minutes, whichever came first. For each trial, a pellet was placed in the well
and rats were permitted to make up to 5 attempts to retrieve it. Animals were prompted to turn
around before starting each new trial by placing a pellet at the back of the cage. Performance
was based on the percentage of successful retrievals per reach attempt. A successful reach was
one in which the animal grasped the pellet and ate it without dropping it. Unsuccessful reaches
included ones in which the pellet was missed, knocked from the well or dropped.

Post-operatively, performance in both the ipsilesional and contralesional forelimb was
assessed. Animals were tested in probe trials of reaching performance with the less-affected,
ipsilesional limb (in sham-operates, the non-preferred limb) on day 3 and day 8 post-lesion.
More extensive testing of the ipsilesional limb was avoided because this has been found to
exacerbate functional deficits in the contralesional forelimb [6]. Rats were tested with the
contralesional (pre-operatively preferred) limb on day 10, prior to the onset of rehabilitative
training, three times during the rehabilitative training period (Days 15-17, 20-22 and 25-27
postoperatively) and then after the rehabilitative training period without (Days 29-32) and with
(Days 32-34) anesthetization of the ipsilesional forelimb (described below). To simplify the
presentation, the testing sessions are referred to as post-operative Days 16, 21, 26, 30 and 33.
The post-operative data are presented as the difference in performance compared with the last
pre-operative test day for each limb.

2.4 Post-Lesion Training on a Tray Reaching Task
To promote improved function of the impaired forelimb, rats under went 12 consecutive days
of rehabilitative training on a tray-reaching task beginning on post-lesion Day 11. This task
was used because it has previously been found to be effective in improving performance on
the single-pellet retrieval task of the forelimb contralateral to SMC lesions in comparison to
untrained controls [30]. In this task, 100 pellets were placed on an inclined tray and rats were
permitted to reach using the impaired (lesion group) or pre-operatively preferred (sham group)
forelimb for them for 10 minutes. The metal tray was 7.5 cm long × 5.2 cm high × 6 cm wide
and had a 25 degree incline toward the reaching window. The task uses the same Plexiglas
chamber with an inner chamber wall as used for the single-pellet retrieval task. Rats in both
groups were able to retrieve all 100 pellets in all but the first 2 days of tray reaching, when the
lesion group retrieved slightly less than this (98.2 ± 1.0, 99.9 ± 0.06 mean ± S.E.M pellets
retrieved on day 1 and 2 of training, respectively).

2.5 Anesthetization of the Ipsilesional Forelimb
Rats were assessed on the single pellet retrieval task (40 trials), using their contralesional/pre-
operatively preferred limb, after a subcutaneous injection of lidocaine (~0.2cc, 10 mg/ml) into
the proximal ipsilesional forelimb. The lidocaine test is based on the one used by Schallert et
al [44] and the dosage was based on a previous study by Bury and Jones [10]. The lidocaine
injections made the forelimb limp (Fig.2). Immediately following the lidocaine administration
animals were observed in their home cage to confirm that the injection sufficiently anesthetized
the ipsilesional forelimb to make it appear limp. Approximately 10 minutes after the lidocaine
injection, rats were observed in a transparent cylinder to verify that they were either completely
disusing or slipping when attempting to use the ipsilesional limb for upright postural support.
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Animals then received 40 trials on the single-pellet retrieval task. Postural support with the
anesthetized forelimb appeared highly abnormal in all animals during these trials.

2.6 Analysis of reaching movements
An adaptation of the Whishaw rating scale of reaching movements [18,53,56] was used to
analyze the movements used to perform the single pellet retrieval task. A Canon 3CCD digital
camera was used to videotape animals as they were reaching with the ipsilesional forelimb on
post-lesion Day 9 and with the contralesional forelimb during post-lesion week 4 (with and
without the non-trained/ipsilesional forelimb anesthetized). Animals’ reaching behavior was
assessed during 5 trials in which the animal successfully retrieved the pellet. The 10
components assessed were 1) Digits semi-flexed: the paw is aligned with the midline of the
body and digits are together, 2) Aim: the elbow is adducted and the forelimb is aligned with
the reaching window, 3) Advance: the head is lifted and the limb is advanced directly toward
the pellet, 4) Digits Open: the digits are extended and opened at the end of the advance, 5)
Pronation: the digits are open and the paw is directly over the pellet, 6) Grasp: digits are closed
to secure the pellet, 7) Withdrawal: the paw is withdrawn at a slight elevation through the
reaching window, 8) Supination I: the paw is dorsiflexed and supinated 90° as the limb is
withdrawn, 9) Supination II: the paw is supinated again by approximately 45° to bring the
pellet to the mouth, 10) Release: the digits are opened and the pellet is released into mouth.
The use of the inner chamber wall in the present study invalidates one movement component
(“digits to midline”) of the original Whishaw Rating Scale and this component was omitted
from the analysis. In addition “withdrawal” is an addition to the rating scale because
observations in other studies indicated that this is a movement in which the ipsilesional forelimb
sometimes provides assistance. Each movement was rated on a scale of 0 (normal), 0.5 (mildly
abnormal), or 1.0 (absent or highly abnormal). The mean score of the 5 trials was recorded for
each movement component. A cumulative score was also calculated by summing the 10
components into a score between 0 (no abnormalities) and 10 (severe abnormalities). In other
studies, we have seen the ipsilesional forelimb assist the contralesional forelimb in the
movements needed to withdraw the forelimb, supinate the wrist and to open the digits and
release the food pellet into the mouth (unpublished data). Therefore, during the movement
analysis of the contralesional forelimb, any movements made by the ipsilesional forelimb to
assist in withdrawal, supination I and II and release were also recorded.

2.7 Measurement of Forelimb Asymmetry
The Schallert cylinder test [45] was used to measure asymmetrical forelimb use for postural
support to verify that the lesions resulted in increased reliance on the ipsilesional forelimb.
Animals were placed in the Plexiglas cylinder (19 cm diameter) and digitally video-recorded
for 2 minutes. The cylinder encourages animals to explore the environment in an upright
position in which they support themselves and move along the cylinder wall using the forepaws.
This sensitively reveals asymmetries in the use of the forepaws for postural-support. In slow-
motion playbacks, each instance of forelimb use was recorded. The asymmetry score was
calculated by the formula: (ipsilateral + 1/2 simultaneous bilateral use) / total limb use × 100.

2.8 Histology and Lesion Analysis
On post-lesion day 46-51, rats were given a lethal overdose of sodium pentobarbital and
transcardially perfused with 0.1M sodium phosphate buffer, followed by a fixative solution
containing 4% paraformaldehyde in the same buffer. Brains were removed and placed in the
fixative solution and were sliced on a vibratome within 24 hours of removal. Six rostral to
caudal tissue sections were taken and stored in 0.1M sodium phosphate buffer and saline. One
set of 50-μm coronal sections was Nissl stained with Toluidine Blue and used to determine
lesion placement and size.
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The volume of remaining cortex in the SMC region was measured to indirectly determine lesion
size. The area of the remaining cortex from sections within the SMC region were obtained
using Neurolucida perimeter tracing software (Microbrightfield, Inc.) at a final magnification
of X 17. A total of six sections, 400 μm apart, moving in a caudal direction were measured
beginning with the appearance of the head of the caudate. The Cavalieri method [20] was used
to calculate volume as the product of the summed areas and the distance between section planes
(400 μm). The extent and placement of each lesion was also reconstructed onto schematic
cortical coronal sections adapted from Paxinos and Watson [38].

2.9 Statistical Analyses
To analyze the reaching and cylinder test data, SPSS (SPSS, Inc.) program for general linear
models for repeated measures analysis of variance (ANOVA) was used to determine the effects
of Day, Group and Group by Day interactions. Post hoc T tests were used to further analyze
reaching data. The apriori α level for all comparisons was 0.05. To analyze the reaching
movement analysis data, SPSS general linear model multivariate analysis was used. Bivariate
correlations were used to assess the relationship between reaching performance and cortical
volume.

3. Results
3.1 Lesion Reconstruction and Volume

Figure 3 shows the reconstruction of the unilateral endothelin-1 induced lesions aimed at the
forelimb area of the sensorimotor cortex. All lesions appeared to result in major damage in the
forelimb area of the SMC. Most of the animals had cortical damage that extended deep into
layer V. Two of the animals had damage that extended into the corpus callosum. It appeared
that no animals had any direct damage to the striatum.

Volume measurements of the remaining SMC revealed a loss of volume in the infarcted
hemisphere compared with sham-operates. For the lesion group, the mean ± SEM remaining
SMC region volume in mm3 was 90.60 ± 1.96 in the damaged hemisphere and the
interhemispheric difference in volume (contra - ipsi) in the SMC region was -13.15 ± 3.20,
which was significantly reduced compared with sham operates (P=.001). In the sham-control
group, the volume of this region of sensorimotor cortex was 103.06 ± 1.87 in the hemisphere
contralateral to the preferred forelimb and the interhemispheric cortical volume difference in
the SMC region was 0.71 ± 1.80.

3.2 Pre-Lesion Skilled Reaching Performance
Rats in the lesion and sham groups were matched as closely as possible for pre-lesion success
rates with both forelimbs on the skilled reaching task, as shown in Figure 4. Using repeated
measures ANOVAs, there were significant effects of Day for both the preferred (F(15,225)
=6.37, P=.001) and non-preferred (F(8,120)=7.99, P<.00000001) forelimbs reflecting that,
over time, rats improved in their reaching performance. There was no significant Group or
Group by Day interaction effects in pre-operative reaching performance with either forelimb
between the pre-sham and pre-lesion groups (P’s > 0.05).

3.3 Lesion Effects on Reaching with the Ipsilesional Forelimb
As shown on Figure 5A, after unilateral SMC lesions, there was a transient decrease in reaching
success rates with the ipsilesional forelimb compared with pre-lesion performance. Using a
repeated measures ANOVA, there were significant effects of Group by Day (F(1,15)=4.82,
P=.044) and Day (F(1,15)=11.64, P=.004) but no significant main effect of Group (F(1,15)=.
676, P=.424). In post hoc analyses, the difference in reaching performance between the sham-
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operated and lesion groups on post-lesion day 3 failed to reach significance (P=.16). However,
in the lesion group, there was a significant difference between post-operative day 3 and both
day 0 (pre-operative, P=.038) and day 8 (P=.005), whereas the sham-operated group did not
show a significant difference in reaching performance between days.

As shown on Figure 6 and Table 1, the SMC lesions also resulted in significant abnormalities
in movements of the ipsilesional forelimb. As assessed on day 9 post-lesion, lesion animals
had an increase in the cumulative movement abnormality score based on an adaptation of
Whishaw’s Rating Scale. A one-way ANOVA revealed a significant increase in the movement
abnormality score in the lesion group compared to the sham group in the ipsilesional limb (F
(1,16)=8.25, P=.012). Multivariate analyses including each movement component as a
dependent variable revealed a significant increase in abnormalities in digits semi-flexed (P=.
041) and pronation (P=.011), but not the other movement components, in the lesion group
compared to the sham group.

3.4 Lesion Effects on Reaching with the Contralesional Forelimb
As first assessed on post-lesion Day 10, rats with a unilateral lesion had significant impairments
in contralesional reaching performance in the single pellet retrieval task compared to the sham-
operated group (Fig. 5B). The greatest severity of impairment was evident on Day 10. In
repeated measures ANOVA, there was a significant effect of Group (F(4,60)=5.02, P=.041)
but no significant Group by Day interaction effect (F(1,15)=.73, P=.576). There was also a
significant effect of Day (F(4,60)=5.05, P=.001), which reflects that both the sham-operated
and the lesion animals improved in the reaching performance over the days of testing (during
which time they were receiving training on the tray reaching task).

As shown in Figure 6 and Table 1, SMC lesions also resulted in major abnormalities in reaching
movements in the contralesional forelimb as assessed using the Whishaw Rating Scale during
post-lesion week 4. In One-Way ANOVA, lesion animals had a significantly higher cumulative
movement abnormality score than the sham group (F(1,16)=45.69, P=.000006). Multivariate
analysis revealed significantly greater abnormalities in the lesion group compared to the sham
group in the following individual movement components: digits semi-flexed (P=.007), aim
(P=.047), grasp (P=.003), withdrawal (P=.004), and release (P=.000000002). In rats with
lesions, there was a significantly greater cumulative abnormality score during performance
with the contralesional forelimb compared to the ipsilesional forelimb (P=.001). However,
there was also a significant difference in the cumulative abnormality score in sham-operates
reaching with the preferred versus non-preferred forelimb (P=.004). Nevertheless, the
magnitude of the difference between the contralesional and the ipsilesional cumulative
movement abnormality score in the lesion group was significantly greater than the interlimb
difference in sham-operates (P=.031). In lesion rats, the mean ± SEM percentage of trials in
which the ipsilesional forelimb was observed assisting the contralesional forelimb in the
retrieval and/or consumption of the banana pellet was 23.33 ± 11.13. In sham-operates the
percentage of trials in which the non-trained limb was observed assisting the trained limb was
16.67 ± 10.04. There was no significant difference between lesion and sham operates in the
frequency of non-trained forelimb assistance (P=.46).

3.5 Effects of Anesthetizing the Ipsilesional Forelimb on Reaching with the Impaired Forelimb
Lidocaine was peripherally administered to the ipsilesional limb to anesthetize it and then the
reaching performance of the contralesional limb was assessed. As shown in Figure 5B, neither
group had a significant change in reaching performance as a result of lidocaine injection into
the ipsilesional and/or non-reaching forelimb compared with the prior test of performance (t-
test for Day 30 versus 33: P =.474 lesion group, P=.998 sham group).
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As shown on Figure 6, following peripheral administration of lidocaine into the ipsilesional/
non-reaching forelimb, both the lesion (P=.032) and sham (P=.005) group had significantly
reduced cumulative movement abnormality scores with the unanesthetized forelimb compared
to the pre-lidocaine assessment of this limb. There was no difference in the magnitude of the
change in the cumulative movement abnormality scores in the lesion versus sham-operate
group (P=.926). However, there were some group difference in the specific movements most
affected (Table 1). Multivariate analyses revealed a significant decrease in abnormalities in
the individual movement components pre-lidocaine versus post-lidocaine. This was found in
the sham group in advance (P=.025) and supination II (P=.002) and in the lesion group in
withdrawal (P=.012). As with the pre-lidocaine test, ANOVA revealed a significant difference
between the sham and lesion group in the cumulative movement abnormality score during the
lidocaine test (F(1,16)=19.19, P=.001).

3.6 Increased Reliance on the Ipsilesional Forelimb for Postural Support Behavior
Unilateral SMC lesions resulted in an increased reliance on the ipsilesional forelimb in the
Schallert cylinder test. Pre-operatively, the asymmetry score (%ipsi + ½ bilateral use/ total use
observations) was 48.89 ± 4.58 in the lesion group and 46.67 ± 2.76 in the sham group. Post-
operatively (Day 4), the asymmetry score was 73.52 ± 4.43 in the lesion group and 51.67 ±
2.64 in the sham group. A repeated measures ANOVA revealed a significant Group (F(1,15)
=26.64, P<.001) and Group by Day effect (F(2,30)=3.40, P=.047) and post-hoc analysis
indicated significantly increased asymmetry in the lesion group compared with the sham-
operates at the post-operative (P = .001), but not pre-operative time point.

4. Discussion
In summary, unilateral ischemic lesions of the forelimb representation region of the SMC
resulted in major reaching impairments and movement abnormalities in the contralesional
forelimb and less major, but significant, impairments in the ipsilesional limb on a skilled
reaching task that had been well-learned with both forelimbs prior to the injury. Peripheral
anesthetization of the ipsilesional/non-preferred forelimb failed to have a significant effect on
reaching success rates with the impaired forelimb, but it significantly decreased movement
abnormalities in the unanesthetized forelimb in both the sham and lesion group.

The ipsilesional effects of the SMC lesions were revealed as a minor, transient, reduction in
reaching success rates and more notable abnormalities in reaching movements. These
ipsilesional effects are consistent with the findings of Gonzalez et al. [18] in which rats that
pre-operatively learned a skilled reaching task had reduced success rates and movement
abnormalities in the ipsilesional forelimb following unilateral ischemic lesions of the motor
cortex produced by pial strip or of the laterofrontal cortex following distal middle cerebral
artery occlusion (MCAO). The impairments in the present study appear to be more minor and
transient compared to the findings in Gonzalez et al. [18] which might be attributed to the
differences in methods of lesion induction, lesion size and the reaching task. Nevertheless, both
of these studies suggest that a previously acquired motor skill is disrupted in the ipsilesional
forelimb following unilateral cerebral infarcts. Lidocaine injections into the motor cortex have
also been found to impair reaching function in the ipsilateral forelimb of intact animals and to
reinstate deficits in an impaired forelimb when injected contralateral to unilateral MCAO [8].

The ipsilateral ventral corticospinal tract provides about 5% of the corticospinal tract and may
contribute to movements of the ipsilateral body side. However, this pathway seems unlikely
to be a major contributor to the ipsilesional impairments found in the present study because
Whishaw and Metz [56] found that unilateral corticospinal tract lesions at the medullary level,
rostral to the decussation, produced no impairments in reaching with the ipsilateral forelimb.
Another potential explanation is that unilateral lesions result in degenerative effects in the
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contralateral cortex that disrupt the neural circuits contributing to the performance of pre-
learned motor movements and/or movement sequences. The forelimb representation regions
of either hemisphere are interconnected via transcallosal fibers [e.g., 4,21] and denervation of
transcallosal fibers is associated with reactive astrocytic changes [9,17,34] and loss of axonal
processes [26] in the cortex. Partial deafferentation causes cellular and structural changes, such
as increases in neurotrophic factors [24] and reactive synaptogenesis [12]. Unilateral cortical
lesions also result in increased excitability in the contralateral cortex [40,41,46,58]. It is
possible that these relatively subtle degenerative effects and excitability changes disrupt
previously established motor skills while facilitating acquisition of new skills. Compared to
intact animals, unilateral lesions of the SMC also result in better performance of a skilled
reaching task that rats learned after the lesion [5,10,22,29]. This effect was muted in animals
with larger lesions and greater of ipsilesional movement abnormalities [23].

Consistent with many previous studies [33,51,54], unilateral SMC lesions resulted in reaching
impairments of the contralesional forelimb. By Day 32, rats had returned to pre-lesion reaching
success levels with the contralesional forelimb. However, analysis using Whishaw’s rating
scale of reaching movements revealed movement abnormalities compared to the sham-
operated group at this time point, also consistent with previous findings [16,55,57].
Anesthetization of the ipsilesional/non-preferred forelimb at this stage partially normalized
movements in the other limb on this rating scale in both groups of rats. It did not interfere with
reaching performance of the contralesional limb as would be expected if animals had been
significantly relying on the anesthetized limb for compensation. The overt use of this limb to
assist in movements made with the contralesional forelimb, such as assistance in limb
withdrawal and release of the pellet into the mouth, was not significantly increased in frequency
relative to sham operates at this time point (Day 32-34 post infarct). The ipsilesional/non-
reaching forelimb continued to be used for postural support in both lesion and sham-operates,
as animals stand on this limb while reaching with the other forelimb. This postural support was
highly abnormal after lidocaine administration indicating that it is unlikely to be an important
contributor to successful reaching (at least in this task design, see Miklyaeva et al. [32]). It
cannot be ruled out that any detriment of having the non-reaching forelimb anesthetized is
masked by the enhancing effect of unilateral anesthetization or that there is a rapid development
of alternative compensatory strategies. However, the failure to observe increased use of the
ipsilesional forelimb to aid the contralesional limb in movements used during reaching provides
further support that the recovered contralesional reaching ability is likely to be largely
independent of the contribution of ongoing ipsilesional compensation.

The functional improvements resulting from peripheral anesthetization are consistent with
research in humans in which anesthetization of one hand in healthy subjects [50] or of the non-
paretic hand of human stroke survivors [14,48] using ischemic nerve block is found to result
in transient sensory and motor functional improvements of the non-anesthetized hand.
Furthermore, this effect is associated with increased somatosensory evoked potentials
contralateral to the non-anesthetized hand [50]. These authors have suggested that these effects
may occur because the loss of sensory input from one hand decreases interhemispheric
competition and inhibitory interactions [35,49; see also Clarey et al. [11]]. In the present study,
although the magnitude of reduction in the cumulative movement abnormality score was
similar in the lesion versus sham group, there were differences in the specific movements most
affected by the anesthetization. Furthermore, in both groups some movements were relatively
unaffected by the lidocaine injection, such as the abnormalities in grasp and release in the lesion
group. These differences cannot be easily attributed to the magnitude of the pre-anesthesia
abnormality score, to distal versus proximal movements or to phases of the reach. A better
understanding of the neural mechanisms of these effects may shed light on why some
movement abnormalities are most sensitive to the effects of peripheral anesthetization.
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The failure to finding reductions in reaching success following anesthetization of the
ipsilesional forelimb should not be taken to suggest that compensatory use of the ipsilesional
forelimb is not an important contributor during earlier phases of recovery on this task.
Previously, rats have been reported to use this forelimb in compensatory ways to assist the
contralesional/reaching forelimb in earlier post-lesion periods [55]. It is also likely that larger
lesions than produced in the present study promote greater reliance on the ipsilesional forelimb.
Restraining the ipsilesional forelimb in a sling early after large (but not small) lesions of the
motor cortex during practice of the reaching task was been found to impair reaching
performance [55]. Thus, anesthetization of the ipsilesional forelimb at an earlier time point
might have impaired skilled reaching function, especially in animals with more severe
contralesional impairments. Thus, if there are facilitating effects of forelimb anesthetization at
earlier time points post-injury, these may require alternative measures to detect. It is also
possible that the extensive pre-operative training, or the 2 post-injury probe sessions of
performance with the ipsilesional limb, tended to suppress the rats’ tendency to use this
forelimb in a different way in the reaching apparatus, i.e., to assist movements of the
contralesional forelimb.

In conclusion, unilateral ischemic SMC lesions of the forelimb representation region resulted
in minor ipsilesional and more considerable contralesional impairments in skilled reaching
performance that had been established prior to the injury. Anesthetization the ipsilesional
forelimb did not interfere with the reaching performance of the contralesional forelimb
suggesting that, at least at later stages of recovery after relatively small cortical infarcts, it is
possible for reaching movements in the contralesional forelimb to recover in this task without
ongoing compensatory reliance on the ipsilesional forelimb. The finding that skilled reaching
movements were, instead, partially normalized by anesthetization of the other forelimb
indicates that the interhemispheric and bimanual effects of peripheral anesthetization reported
in humans most likely extend to rat reaching function. This seems important in light of recent
findings indicating competitive interactions between the hemispheres that become unbalanced
by unilateral brain damage and which might be targeted for therapeutic interventions [43,47,
48,49]. The present results suggest that rat models of skilled reaching may be useful for
studying the role of interhemispheric interactions in recovery of somatomotor function after
unilateral brain damage.
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Figure 1.
Schematic diagram illustrating the experimental design and the time course of behavioral
testing.
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Figure 2.
Single pellet retrieval task. Sequential photographs of a rat A) aiming, B) grasping, C)
retrieving and D) eating a palatable food pellet (arrow). E) White arrow shows the ipsilesional
forelimb following anesthetization.
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Figure 3.
Reconstruction of the extent and placement of focal unilateral forelimb region SMC lesions.
The areas in black (common) are regions of damage common to all FLsmc lesions, areas in
dark gray (representative) is a representative lesion and the areas in light gray show the largest
extent of all SMC lesions combined (range). The numbers on the right indicates the
approximate coordinate in mm relative to bregma.
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Figure 4.
Pre-operative performance on the single pellet retrieval task on the to-be-contralesional and
to-be-ipsilesional forelimbs. Rats were trained to criterion using each forelimb and groups were
matched for reaching performance prior to surgery. Data are means ± S.E.M.
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Figure 5.
Post-operative reaching performance on the single pellet retrieval task using the ipsilesional
(A) and contralesional (B) forelimb. There was a significant decrease in reaching performance
of the ipsilesional forelimb on day 3 († P<.05), but not day 8, after SMC lesions compared to
pre-operative performance. The contralesional forelimb was also impaired compared to shams
as assessed on post-lesion day 10 (* P<.05). Contralesional performance improved over days
of rehabilitative training. Anesthetization of the ipsilesional forelimb (the non-trained limb of
shams) did not significantly change reaching success. Black arrow indicates onset of
rehabilitative training. Data are means ± S.E.M.
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Figure 6.
Cumulative movement abnormality scores in the ipsilesional and contralesional forelimbs. In
the ipsilesional limb the cumulative abnormality score was significantly different between
lesion and sham groups (* P=.012). As expected, unilateral lesions resulted in significant
movement abnormalities in the contralesional forelimb compared with the sham group (*P<.
002). Anesthetization of the ipsilesional/non-trained forelimb significantly reduced the
abnormality score of the unanesthetized forelimb in both groups (†P<. 05 pre- vs. post-
lidocaine).

O’Bryant et al. Page 19

Behav Brain Res. Author manuscript; available in PMC 2008 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

O’Bryant et al. Page 20
Ta

bl
e 

1
Ip

si
le

si
on

al
C

on
tr

al
es

io
na

l
C

on
tr

al
es

io
na

l I
ps

i a
ne

st
he

tiz
ed

M
ov

em
en

t C
at

eg
or

y
Sh

am
Le

si
on

Sh
am

Le
si

on
Sh

am
Le

si
on

1)
 D

ig
its

 S
em

i-F
le

xe
d

.0
3 

± 
.0

2
*  .2

8 
± 

.1
1

.2
6 

± 
.1

2
*  .7

6 
± 

.1
3

.0
3 

± 
.0

3
.4

6 
± 

.1
5

2)
 A

im
.0

1 
± 

.0
1

.1
1 

± 
.0

7
.1

0 
± 

.0
6

*  .2
9 

± 
.0

7
.0

4 
± 

.0
3

.1
8 

± 
.0

8
3)

 A
dv

an
ce

.0
4 

± 
.0

2
.0

2 
± 

.0
2

.0
6 

± 
.0

2
.1

3 
± 

.0
5

†  
.0

0 
± 

.0
0

.0
4 

± 
.0

2
4)

 D
ig

its
 O

pe
n

.0
0 

± 
.0

0
.0

0 
± 

.0
0

.0
0 

± 
.0

0
.0

0 
± 

.0
0

.0
0 

± 
.0

0
.0

0 
± 

.0
0

5)
 P

ro
na

tio
n

.2
8 

± 
.1

0
*  .6

4 
± 

.0
8

.6
2 

± 
.1

0
.7

9 
± 

.0
9

.3
5 

± 
.0

9
.7

0 
± 

.1
1

6)
 G

ra
sp

.1
0 

± 
.0

5
.1

3 
± 

.0
3

.1
2 

± 
.0

2
*  .2

9 
± 

.0
5

.0
1 

± 
.0

4
.2

0 
± 

.0
5

7)
 W

ith
dr

aw
al

.1
0 

± 
.0

3
.1

2 
± 

.0
4

.1
2 

± 
.0

4
*  .3

4 
± 

.0
6

.0
9 

± 
.0

5
†  

.1
7 

± 
.0

3
8)

 S
up

in
at

io
n 

I
.0

0 
± 

.0
0

.0
0 

± 
.0

0
.0

0 
± 

.0
0

.0
7 

± 
.0

5
.0

0 
± 

.0
0

.0
6 

± 
.0

3
9)

 S
up

in
at

io
n 

II
.1

4 
± 

.0
0

.1
8 

± 
.0

9
.3

8 
± 

.0
9

.6
1 

± 
.1

4
†  

.0
3 

± 
.0

3
.4

3 
± 

.1
4

10
) R

el
ea

se
.2

1 
± 

.1
0

.4
4 

± 
.1

1
.1

6 
± 

.0
7

*  .6
6 

± 
.1

3
.2

5 
± 

.1
2

.7
3 

± 
.0

9

D
at

a 
ar

e 
± 

SE
M

,

* p<
.0

5 
si

gn
ifi

ca
nt

ly
 d

iff
er

en
t f

ro
m

 sh
am

,

† p<
.0

5 
si

gn
ifi

ca
nt

ly
 d

iff
er

en
t f

ro
m

 u
na

ne
st

he
tiz

ed
.

Behav Brain Res. Author manuscript; available in PMC 2008 June 12.


