1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Behav Neurosci. Author manuscript; available in PMC 2016 June 01.

-, HHS Public Access
«

Published in final edited form as:
Behav Neurosci. 2010 February ; 124(1): 124-132. d0i:10.1037/a0018457.

The “good” limb makes the “bad” limb worse: Experience-
dependent interhemispheric disruption of functional outcome
after cortical infarcts in rats

R.P. Allred!”, C.H. Cappellini2, and T.A. Jones!:2
1 Department of Psychology, University of Texas at Austin, Austin, TX

2 Institute for Neuroscience, University of Texas at Austin, Austin, TX

Abstract

Following stroke-like lesions to the sensorimotor cortex in rats, experience with the ipsi-to-lesion
(ipsilesional, “nonparetic”) forelimb worsens deficits in the contralesional (“paretic”) forelimb. We
tested whether the maladaptive effects of experience with the nonparetic limb are mediated
through callosal connections and the contralesional sensorimotor cortex. Adult male rats with
proficiency in skilled reaching with their dominant (for reaching) forelimb received ischemic
bilateral sensorimotor cortex lesions, or unilateral lesions with or without callosal transections.
After assessing dominant forelimb function (the paretic forelimb in rats with unilateral lesions),
animals were trained with their non-dominant/nonparetic forelimb or underwent control
procedures for 15 days. Animals were then tested with their dominant/paretic forelimb. In animals
with unilateral lesions only, nonparetic forelimb training worsened subsequent performance with
the paretic forelimb, as found previously. This effect was not found in animals with both callosal
transections and unilateral lesions. After bilateral lesions, training the non-dominant limb did not
worsen function of the dominant limb compared with controls. Thus, the maladaptive effects of
training the nonparetic limb on paretic forelimb function depend upon the contralesional cortex
and transcallosal projections. This suggests that this experience-dependent disruption of functional
recovery is mediated through interhemispheric connections of the sensorimotor cortex.
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Stroke affects approximately 795,000 Americans annually and accounts for one of every 18
deaths in the US (Lloyd-Jones etal., 2009y A prevalent problem after stroke is loss of
function in the hand and arm contralateral to the side of injury (the “paretic” side). As a
result, stroke survivors begin to rely on the ipsilesional side, despite the presence of mild
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impairment in this side. A now established treatment approach for upper arm impairments is
constraint induced movement therapy (CIMT; (Mark, Taub, & Morris, 2006. Taub, Uswatte,
Mark, & Morris, 2003 \yhere use of the paretic arm is encouraged through restraint of the
nonparetic hand for most waking hours. This is intended to counteract the effects of learned
nonuse of the paretic arm, which is thought to result from repeated experience with its
incompetence. Data from clinical trials indicate that this therapy can significantly improve
upper arm deficits (Wolf etal., 2006; Park, Wolf, Blanton, Winstein, Nichols-Larsen, 2008)_
Frequently, however, stroke survivors learn to use their nonparetic side in order to carry out
daily tasks (e.g., Dobkin, 2006). Though learning how to compensate with this body side
may convey immediate functional benefits, its long-term neural and behavioral
consequences are not well understood.

Unilateral sensorimotor cortex (SMC) damage in the caudal forelimb representation area in
rats results in sensory and motor impairments in the contralesional forelimb and a
compensatory reliance on the ipsilesional forelimb, mimicking some aspects of upper
extremity impairment and learned non-use in human stroke (e.g., Allred & Jones, 2004.
Bury & Jones, 2002. Hsu & Jones, 2005. Luke, Allred, & Jones, 2004). We use the terms
“nonparetic” and “paretic” to refer to the two limbs in this animal model to be consistent
with the clinical terminology used in reference to the weakness and partial loss of motor
function found after unilateral cerebral stroke.

Recently, we found that rats trained with their nonparetic forelimb early after unilateral
SMC damage have worsened motor function, decreased responsiveness to rehabilitative
training of the paretic forelimb and a reduced peri-lesion neuronal activation of FosB/AFosB
compared to rats without nonparetic forelimb training (Allred & Jones, 2008 Allred,
Maldonado, Hsu, & Jones, 2005y Thjs may indicate plasticity-inhibiting effects of the
nonparetic forelimb on the remaining cortex of the injured hemisphere, and that learning to
compensate with the nonparetic body side is limiting neural recovery mechanisms of the
paretic limb. However, the mechanisms underlying this effect are entirely unknown.

Following unilateral brain injury there are abnormalities in interhemispheric activity that are
associated with reduced functional outcome. For example, after visual cortex lesions in cats,
there is increased activity in contralesional regions. Visual neglect to stimuli presented in the
contralesional field can be reduced with transient lesions of the contralateral cortex
(Rushmore, Valero-Cabre, Lonber, Hilgetag, Payne, 2006; Ward & Cohen, 2004).
Interhemispheric inhibition (as measured using a paired-pulse transcranial magnetic
stimulation protocol) from the contralesional to the lesion hemisphere is increased following
stroke in humans (Duque etal., 2005; Murase, Duque, Mazzocchio, & Cohen, 2004; see also
Perez & Cohen, 2009) and this is correlated with deficits in motor performance (Murase et
al., 2004). In functional magnetic resonance imaging (fMRI) studies, better functional
outcome tends to correspond with more normal lateralized cortical activity during hand
movements (reviewed in Cramer, 2008) |t seems logical to think that experience with the
ipsilesional body side may also further disrupt interhemispheric activity and contribute to
worsened recovery.
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The present studies were designed to test whether the maladaptive effects of nonparetic
forelimb experience are mediated by the contralesional SMC and intercortical connections.
If so, then loss of these intercortical connections, which can be induced with partial
transections of the corpus callosum (BUrY etal., 2000y should mitigate the maladaptive
effect of nonparetic forelimb experience on functional recovery of the paretic forelimb.
Furthermore, the effect should not be found in animals with bilateral SMC lesions.

Forty-four, 6 to 7 month old adult male Long-Evans rats were housed in pairs on a 12:12
light/dark cycle in standard laboratory cages. Animals were provided with standardized
housing supplementation (a 10.5 cm diameter PVVC pipe, small wooden objects, and
cardboard paper rolls). At the beginning of each experiment, animals were fed a restricted
diet of 16-19g/day/rat standard rat chow so that they were motivated to perform the skilled
reaching task. Animal protocols were approved by the University of Texas Institutional
Animal Care and Use Committee.

Experimental Designs

Experiment 1—This study was designed to test whether the nonparetic forelimb training
effects on paretic forelimb function depend upon callosal projections of the sensorimotor
cortex (SMC). If so, then the impairing effects of nonparetic forelimb training on skilled
motor behavior in the paretic limb should be present in animals with an intact corpus
callosum, but absent or reduced if callosal connections of the SMC are partially severed by
transection (CCX). Rats were divided into 4 groups based on post-operative contralesional
forelimb reaching deficits: two groups received control procedures (Cont, n = 7; CCX_Cont,
n = 10) and two groups received training of the nonparetic, ipsilesional limb (NonParT, n =
7; CCX_NonParT, n =9).

Experiment 2—This study was designed to test whether the worsening of paretic limb
function by training the other limb depends upon the contralesional cortex. If so, then the
effect should not be found in animals with bilateral sensorimotor cortex (SMC) damage. It
was hypothesized that animals with bilateral SMC damage trained with their non-dominant
(for the task) forelimb (Bilat_ND, n = 6) would perform at a similar level with their
dominant (for the task) forelimb compared to animals receiving control procedures
(Bilat_Cont, n = 5). Figure 1 outlines the experimental designs.

Ischemic Sensorimotor Cortex (SMC) Lesions

All animals were given unilateral SMC lesions opposite their dominant-for-reaching
forelimb (Experiment 1) or in both hemispheres (Experiment 2) using the endothelin-1
(ET-1) method, which results in localized transient ischemia (Fuxe etal., 1997. Adkins,
Voorhies, & Jones, 2004) ' Animals were anesthetized with i.p. injections of ketamine
(10mg/kg) and xylazine (120mg/kg) and maintained under a surgical plane of anesthesia
throughout the procedure, with ketamine boosters when necessary. A craniectomy was made
by connecting four drill holes (A/P: -1.0, +2.0, M/L: 2.0, 4.5) and dura was removed just
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prior to topical application of 3.0 pl (Experiment 1) or 4.0 pl (Experiment 2) of ET-1 (80
pmol, American Peptide, Inc.). (Animals in Experiment 2 received a greater amount of ET-1
to ensure that the lesions were large enough to adequately test the importance of the non-
dominant SMC in dominant forelimb recovery.) Animals were then left undisturbed for 10
minutes before suturing. Buprenorphine (10mg/kg), an analgesic, was administered
subcutaneously post-surgery when the animal began to arise from anesthesia. Behavioral
assessment of reaching ability began 5 days after surgeries. For animals with corpus
callosum transections (see below), ET-1 was applied to the cortical surface directly
following the completion of the transection. Animals in Experiment 2 received bilateral
craniectomies, and ET-1 was applied to one cortex and then immediately to the other cortex,
with the first side chosen randomly.

Corpus Callosum Transections

Transections were made using methods that focus callosal lesions in the region of the
interhemispheric projections of the SMC (Bury etal., 2000. Bury & Jones, 2002 g 5
control, midline skull between A/P —2.0 to +1.5 mm relative to Bregma was thinned and
removed in all animals in Experiment 1. To prevent mechanical damage, the electrode was
not lowered into the brain of Cont or NonParT animals. For those animals receiving a
transection (CCX_Cont, CCX_NonParT), the dura and sagittal sinus were pushed to the side
and a size 00 ethyl cyanocrylate coated insect pin with an exposed tip was lowered 4.7 mm
into the brain at —1.5 mm posterior to Bregma. The side of approach was opposite the SMC
lesion. After lowering, 0.7 mV of anodal current was passed through the electrode while it
was moved rostrally to Bregma over 9 seconds. The electrode was then raised 0.7 mm and
current was again passed while the electrode was moved rostrally 1 mm anterior to Bregma
over 6 seconds.

Single Pellet Retrieval Task

Reach training was carried out as previously described (Allred & Jones, 2008, Hsu & Jones,
2005, Maldonado, Allred, Felthauser, & Jones, 2005) agapted from Whishaw and others

(Miklyaeva & Whishaw, 1996; Whishaw, 1992; Whishaw, Pellis, & Gorny, 1992)_ Briefly,

for shaping, animals were placed in a Plexiglas reaching chamber with their cage mate for
10 minutes. Forty-five mg banana flavored pellets (Bioserve, Inc.) were dropped into the
chamber and placed on a 3 cm high shelf located outside of the reaching chamber (see
Figure 1). On each subsequent day animals were placed into the reaching chamber alone for
10 minutes and permitted to reach for pellets on the shelf. Once a limb of preference was
established (15 of 20 reach attempts made with same forelimb), this was considered the
dominant-for-reaching limb and, the next day the task was configured so that they could
only successfully reach pellets with the dominant forelimb. A Plexiglas wall was placed
ipsilaterally to the reaching limb and pellets were placed in a shallow well 1 cm from the
center window for 30 trials or 10 minutes, whichever came first. To discourage tongue use, a
small 2 mm diameter drill bit was adhered to the platform where it made contact with the
reaching chamber. Pre-operatively, animals were trained to a proficient level (= 50%
success/reach attempt).
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On each trial, animals were given up to 5 reach attempts to obtain a single pellet. Trials
concluded when the pellet was knocked from its well or greater than 5 reach attempts took
place (failures), the pellet was retrieved but dropped inside the chamber before consumption
(drop), or the pellet was retrieved and taken directly to the mouth (success). Post-operative
non-dominant (nonparetic in Exp. 1) limb training was for 60 trials/day for 15 days. Post-
operative performance was calculated based on % successful retrievals (success + drops/total
reach attempts). Reach training focused on the paretic/dominant forelimb was used to assay
the initial effects of the lesions and the effects of experience with the other limb (see Figure
1). Pre-operatively and during the post-operative paretic/dominant forelimb assessment and
training periods, animals received up to 30 trials per day for either 9 days (Experiment 1) or
13 days (Experiment 2).

Reach training focused on the nonparetic/non-dominant forelimb was used as an
experimental manipulation. Post-operative reach training of the non-dominant (nonparetic in
Experiment 1) side was for 60 trials/day for 15 days. (The larger number of trials in this
phase was intended to ensure its robustness as an experimental manipulation, which may
vary with training intensity (Allred etal., 2008y animals in control conditions were placed
in a reaching chamber, without an inner wall, and given banana flavored food pellets on the
cage floor at approximately the same rate as trained animals.

Schallert Cylinder Test

To test forelimb use asymmetries, the Schallert cylinder test (Schallert, skozlowski, Humm,
& Cocke, 1997) was used pre-operatively and post-operatively. Animals were placed into a
19 cm diameter Plexiglas cylinder for approximately 2 minutes to encourage upright
postural support behaviors. Use of the forelimbs (ipsilateral, contralateral, or bilateral) on
the cylinder walls was recorded from slow motion playbacks of videotape. Percent use of the
non-dominant forelimb was calculated based on: no. of non-dominant touches/sum of all
touches.

Histology and Lesion Evaluation

At the conclusion of each experiment, animals were overdosed with sodium pentobarbital
(100mg/kg) and perfused transcardially with .1M phosphate buffer and 4%
paraformaldehyde in the same buffer. Brains were removed and sliced coronally with a
vibratome into 50pm thick sections collected in six alternating sets. Sliced brains were
stored in cryoprotectant at 4 C°. One set of sections was immediately mounted onto gelatin-
coated slides and stained with toluidine blue, a Nissl stain.

The volume of remaining cortex in the SMC region was measured by tracing seven 50um
(between 2.2 mm anterior to and 0.80 mm posterior to Bregma) coronal Nissl stained
sections using Neurolucida (Microbrightfield Inc.) perimeter tracing software at 17X
magnification. Moving caudally, the first section containing the head of the caudate was
chosen and subsequent sections were 600 pm apart. olume was obtained by applying the

formula: XA*section thickness where XA is the total area summed across all sections
(Gundersen et al., 1988y
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Statistical Analyses

Results

All statistical analyses were carried out using SPSS statistical software (SPSS, Inc) with a
priori planned comparisons. We chose to perform planned comparisons rather than an
omnibus ANOVA comparing all 4 groups as literature has shown that a priori designs are a
more powerful approach to test specific planned (prior to the experiment) comparisons (e.g.,
Kuehne, 1993. Benton, 1989, DuRapau, 1988) The comparisons were designed to test
whether reaching performance in the dominant/paretic forelimb testing period was: 1)
affected by prior nonparetic limb training after unilateral lesions alone (Cont vs. NonParT)
and 2) affected by prior nonparetic limb training after unilateral lesions with callosal
transections (CCX_Cont vs. CCX_NonParT) and 3) affected by prior non-dominant limb
training after bilateral lesions (Bilat_Cont vs. Bilat_ND). This analysis plan tests the effects
of the primary behavioral manipulation (training the non-dominant/nonparetic limb) by only
comparing groups with similar injuries to one another, which avoids potential complications
in the interpretations related to differences in injury extent.

Performance during the nonparetic forelimb training period was also compared between
NonParT and CCX_NonParT. Behavioral analyses were performed with repeated-measures
ANOVAs and student's t tests. Volume analyses were performed with one-way ANOVAS or
paired sample t-tests. All data are expressed as means + SEM. Effects were considered
significant at p < .05. Three rats in the CCX_Cont group (Experiment 1) had particularly
large damage resulting from the callosal transection procedure. Excluding these animals did
not change statistical outcome on behavioral measures and therefore they remained in the
study, however they are considered separately, as described below.

Corpus Callosum Transections Mitigate the Negative Impact of Nonparetic Forelimb

Experience

After unilateral SMC lesions (Experiment 1), there was no difference in acquisition of the
skilled reaching task with the nonparetic forelimb in rats with or without callosal
transections (F(1, 15) < 1.0, p > .05, Fig. 2A). Consistent with previous findings, this
nonparetic forelimb training led rats with SMC lesions to perform significantly worse than
Cont rats when later trained with their paretic forelimb (F(1,12) = 5.82, p < .05, Figure 2B).
A significant group by day interaction effect was also found (F(8,96) = 2.13, p < .05) and
subsequent post-hoc analyses for day revealed significant differences on days 4 through 8
(F's>5.0, p's <.05) and day 9 (F = 4.74, p = .05). However, in rats with both unilateral
lesions and transections of the corpus callosum, there was no significant effect of the
nonparetic/ipsilesional forelimb training on the paretic forelimb (F(1,17) = 1.44, p > .05);
CCX_Cont vs. CCX_NonParT, Figure 2C) though there was a tendency for CCX_Cont rats
to perform better than CCX_NonParT rats. These results cannot be explained by differences
in reaching activity of the paretic forelimb. There was no significant group or group by day
interaction for the number of reach attempts made with the paretic limb over the days of
training this limb.
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Transections did not result in significant deficits in reaching behavior in the paretic forelimb.
As measured on day 5 post-lesion, rats without transections had a 57.1 + 7.83% reduction
from pre-operative performance levels whereas rats with both unilateral lesions and callosal
transections had a 53.3 + 7.21% drop from pre-operative baseline (Figures 2B-C).
CCX_NonParT rats tended to perform better than NonParT rats with their paretic forelimb,
however this effect failed to reach significance (F(1,14) = 1.25, p > .05).

Lack of Non-dominant Forelimb Training Effects after Bilateral SMC Lesions

Non-dominant forelimb training after bilateral lesions did not worsen subsequent
performance with the dominant forelimb compared to control rats (F(1,9) < 1.0, p > .05,
Figure 3). Animals with bilateral lesions also did not differ in the number of reach attempts
made with the dominant limb during this training period (Bilat ND = 37.27 + 0.85;
Bilat_Cont = 35.67 + 1.36, means £ SEM).

In addition to the lesion-induced deficits in the dominant limb, rats with bilateral lesions
tended to perform poorly during the non-dominant forelimb training period (Fig. 3A)
compared to animals in Experiment 1 (as expected because, unlike Experiment 1, this limb
was contralateral to a SMC lesion).

Training the Non-dominant/Nonparetic Forelimb Led to its Perseverative Use

Rats with nonparetic forelimb training attempted to use this limb more than controls during
the subsequent paretic limb training period (even though the apparatus was configured to
only permit successful retrievals with the paretic limb). However, perseverative reaching
with the nonparetic forelimb cannot explain the worsening of function of the paretic
forelimb in NonParT compared to controls, because this perseverance effect was also found
in rats with callosal transections and bilateral SMC lesions.

In Experiment 1, all animals with nonparetic forelimb training made futile reaches with this
forelimb (mean = 20.10 £ 2.87 reaches) on the first day of the paretic forelimb training
period. This compares with only one reach attempt made by only one animal in the Cont
group. This effect did not vary significantly as a result of corpus callosum transections. All
animals in the CCX_NonParT group made reach attempts with the nonparetic limb on the
first day of the switch in sides (23.67 = 4.65 reaches). In contrast, 4 of 10 rats in the
CCX_Cont group made nonparetic reach attempts (1.9 + 0.95 attempts on day 1 averaged
over all animals in this group). The number of reaches with the nonparetic forelimb in these
groups significantly declined over days of paretic forelimb training and, by day 4, the
NonParT groups were no longer significantly different from Cont in this measure.

Consistent with data from Experiment 1, animals trained with their non-dominant forelimb
after bilateral lesions in Experiment 2 also made significantly more reaches with this limb
(mean = 22.0 £ 4.51 reaches) on the first day of dominant limb training compared to
Bilat_Cont animals (mean = 6.6 £ 1.78 reaches, p < .05). Reach attempt number with this
limb significantly declined over days of training, though in contrast to Experiment 1,
animals in both groups (n = 6, Bilat_ND; n =3, Bilat_Cont) were still making reach attempts
with this limb on day 13 of dominant limb training (Bilat ND = 7.2 + 2.03; Bilat_Cont =2
+0.95).
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This perseverance effect was not linked with success levels on the skilled reaching task
during the earlier nonparetic/non-dominant forelimb training period. There were no
significant correlations in either experiment between nonparetic/non-dominant forelimb
success levels and the number of reach attempts made with this forelimb during the
subsequent paretic/dominant training period (r's < .5, p's > .05). Furthermore, there was no
relationship between the severity of the perseverance and paretic/dominant forelimb
performance in any group (NonParT, CCX_NonParT, or Bilat_ND, r's < .6, p's > .05).

Unilateral, but not Bilateral, Lesions Resulted in Postural Support Asymmetries

Consistent with previous findings (Allred & Jones, 2004; Allred et al., 2008; Barth, Jones, &

Schallert, 1990y ynilateral, but not bilateral, SMC lesions increased reliance on one forelimb
(i.e., the nonparetic forelimb in Experiment 1) as measured on the Schallert cylinder test.
Before the unilateral lesions, rats used the to-be-nonparetic forelimb solely for 36.47

+ 2.12% of wall touches and after the lesions they used it for 57.92 + 2.68% (calculated as
%ipsilesional/(ipsi+contra+bilateral)). There were no significant differences in the initial
post-lesion effects in rats with transections versus no transections (57.54 + 3.81% and 58.44
+3.94%, respectively). Also consistent with previous findings (Allred etal., 2005y training
the nonparetic forelimb tended to increase reliance on this forelimb compared with controls
(61.43 £ 3.16 vs. 55.12 + 3.67%), however, this failed to reach significance (F(1,12) = 3.61,
p = .11). This same tendency was not found in animals with transections (CCX_NonParT =
53.73 £ 5.69%; CCX_Cont = 54.23 *+ 6.39%) and it was also not found in animals with
bilateral lesions (Bilat ND = 41.38 + 5.03%; Bilat_Cont = 40.0 £ 2.36%).

Differences in Injuries Do Not Explain Differential Effects of Nonparetic/Non-dominant
Limb Training

Sensorimotor cortex lesions—SMC lesions produced damage to the forelimb
representation area in the region between approximately 2.7 mm rostral and 0.8 mm caudal
to bregma (Figure 4). Lesions also frequently resulted in some superficial white matter
damage directly below the lesion (72% of animals in Exp. 1; 55% of animals in Exp. 2). The
striatum was considered damaged if the lesions penetrated the white matter under the
lesions. With this criterion, striatal damage was incurred in approximately one third of the
rats (38% of animals in Exp. 1; 36% of animals in Exp. 2). However, more than superficial
striatal damage was not found in any animal.

Placement and extent of SMC lesions were similar between groups within experiments. All
animals with unilateral lesions had a significantly smaller dominant hemisphere (due to the
lesion) compared to the non-dominant hemisphere (NonParT, t(6) = —4.15, p <.01; Cont,
t(6) = —4.74, p < .01; CCX_NonParT, t(8) = -5.03, p < .01; CCX_Cont, t(9) = -4.93,p <.
01). There was no difference between groups in either experiment in volume of remaining
SMC of the dominant hemisphere (Table 1) though animals with bilateral lesions in
Experiment 2 tended to have larger lesions than animals with the unilateral lesions in
Experiment 1 (as was intended due to the larger amount of endothelin-1 used in Experiment
2).
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Callosal transections—All transections resulted in some damage to the corpus callosum
between A/P +1.2 and —0.3 relative to Bregma. Most transections also produced damage to
the septal nucleus (n = 8, CCX_NonParT; n =9, CCX_Cont; See Fig. 4). In four brains,
complete dorsal to ventral transections were not found in any single coronal plane, but major
superficial damage was evident in several coronal planes between A/P 0.7 and —0.3 mm
relative to Bregma. These variations in callosal injury characteristics were not clearly linked
to differences in reaching performance with either limb.

Callosal transections were made using a side of approach opposite the SMC lesions and, as
intended, there was no damage from the electrode track evident in the cortex of the dominant
hemisphere (the side of the SMC lesions) in any animal. However, despite being matched for
initial impairment levels and despite similarity in white matter damage, in histological
analysis, the CCX_Cont group was found to have significantly more cortical tissue loss in
the side of the transection procedure compared to the CCX_NonParT group (F(1,18) = 6.31,
p < .05). This is unlikely to contribute to the results because the matched groups had similar
deficits in the paretic forelimb as measured 5 days post-operatively (CCX_NonParT = 54.26
+ 9.54% drop from pre-operative levels; CCX_Cont = 52.20 £ 10.79% drop from pre-
operative levels) as a result of matching groups for initial impairment levels. Furthermore,
the transected groups were not different on the first day of paretic forelimb training (see
Figure 2C). Finally, in secondary analyses of the behavioral results, excluding animals with
larger cortical tissue loss on the side of the transection approach did not change statistical
outcome on behavioral measures. For example, when 3 animals with the largest cortical
damage in the CCX_Cont group were excluded such that, in the remaining animals, the
cortical volume (91.78 + 1.15 mm3) was similar to that of CCX_NonParT (Table 1), this
resulted in little effect on mean values of reaching success during the paretic limb training
period. In another example, the subgroup of CCX_Cont (excluding the three animals with
the largest cortical damage) performed at 17.43 + 6.38% of preoperative levels on paretic
limb training days 7-9, which was similar to the inclusive group and to CCX_NonParT
(Figure 2C). The subgroup of CCX_Cont continued to be non-significant compared with
CCX_NonParT (F(1,14) < 1.0, p = .85). Furthermore, there was no correlation between
transection-associated cortical injury and paretic limb performance in either group (r's < .5,
p's > .05). Thus, there is no clear relationship between this secondary cortical damage and
the attenuation of the nonparetic (NonParT) limb training effects by CCX.

Discussion

The present results add more support to the finding that learning a skilled motor task with
the nonparetic forelimb worsens performance and re-learning with the paretic forelimb
(Allred et al., 2005. Allred & Jones, 2008 Thijs maladaptive effect was absent in animals
with transections of the corpus callosum. Furthermore, the effect was not reproduced in rats
with bilateral lesions of the sensorimotor cortex that underwent equivalent sequential
training of the two limbs. These data suggest an involvement of both the SMC of the
contralesional hemisphere and of transcallosal projections in the maladaptive effects of
nonparetic forelimb training on the function of the paretic forelimb.
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This present study identifies a circuit that is required for the maladaptive effects of training
the nonparetic limb, but the mechanisms remain to be uncovered. Reorganization in peri-
lesion cortex is thought to be important for recovery of the paretic side after unilateral
damage in both humans and animal models (e.g., KIeim, Barbay, & Nudo, 1998. Cramer,
2008). Previously, we found that nonparetic forelimb training disrupts the perilesion
neuronal expression of FosB/AFosB resulting from paretic limb training (Allred & Jones,
2008). AFosB is a cumulatively expressed transcription factor involved in instigating
structural plasticity (McClung etal., 2004y that js Jikely to be sensitive to the repetitive
practice involved in re-acquisition of the skilled reaching task with the paretic limb. Thus, it
is possible that activity-dependent plasticity in perilesion cortex is disrupted by experience
with the nonparetic forelimb.

Several other lines of evidence suggest that one hemisphere and body side can constrain
activity and plasticity in the other, even in intact animals. Unilateral deprivation of sensory
input in one arm (Floel etal., 2004), forelimb (O‘Bryant, Bernier, & Jones, 2007)’ eye (Iny,
Heynen, Sklar and Bear, 2006y o whisker pad (L1 €t al-, 2005y enhances somotosensory and
motor abilities and experience-dependent plasticity (Glazewski et al., 2007) of the non-
deprived side. Lidocaine inactivation of primary motor cortex in rats results in an expansion
of the motor map in the contralateral hemisphere (Maggiolini, Viaro, & Franchi, 2008 ¢
may be that this “normal” constraint is exaggerated after unilateral lesions and further
exaggerated by experience with the nonparetic limb, and that these effects can be attenuated
when transcallosal connections are severed. Unilateral lesions or transient inactivation of
cortex are known to alter activity in the other hemisphere (L1, Réma & Ebner, 2005, Clarey,

Tweedale & Calford, 1996y For example, there is increased excitability in the homotopic
contralesional cortex (e.g., Que, Schiene, Witte, & ZiIIes,1999; Witte, Bidmon, Schiene,

Redecker, & Hagemann, 2000. Witte & Stoll, 1997y ‘ryrthermore, in humans, an abnormal

inhibitory drive from the contralesional motor cortex to the damaged hemisphere is found in
stroke patients preceding voluntary paretic hand movement (Murase et al., 2004y

Individuals with severe hemiplegic cerebral palsy develop an increase in ipsilateral
corticospinal projections from the “intact” hemisphere, which EYre and colleagues (2007)
conclude may be competitively displacing contralateral projections from the infarcted cortex
thereby making impairments worse. This raises the possibility that the experience with the
nonparetic limb confiscates circuits that might otherwise mediate recovery of the paretic
limb. If so, the role of callosal fibers in such a confiscation, and the timing of their
involvement remains to be established. Training one forelimb in rats results in increases in
synapses (Luke etal., 2004y anq dendrites in the hemisphere opposite the trained limb
(Greenough etal., 1985; Bury and Jones, 2002; Allred and Jones, 2004) and involves
mechanisms similar to long-term potentiation (LTP; Rioult-Pedotti, Friedman, & Donoghue,
2000, Monfils & Teskey, 2004y The LTP-like changes have been found to be specific to the
contra-to-training hemisphere (Rioult—Petdotti etal., 2000; Monfils & Teskey, 2004).
Furthermore, after unilateral SMC lesions, the training-related neuroplastic effects are
enhanced in the cortex opposite the lesions (BUrY & Jones, 2002. Jones, 1999. Jones, Chu,
Grande, & Gregory, 1999. Luke et al., 2004y anq this is linked with an increased capacity to
learn a motor skills task with the nonparetic forelimb (Allred & Jones, 2004. Bury & Jones,
2002, Hsu & Jones, 2006y However, some bilateral dendritic growth of layer 11/111
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pyramidal neurons has been observed after unilateral training in intact animals (Greenough,
Withers, & Larson, 1989). If such ipsi-to-training neural plasticity occurs in perilesion
cortex, this might reduce the ability to create further changes by training the paretic
forelimb.

Rats trained with the nonparetic limb also perseverated in the attempt to use this forelimb
after switching to the paretic forelimb, despite the task configuration making reaches with
this limb futile. However, this effect cannot be responsible for exacerbating deficits in the
paretic limb as it was seen in all animals with nonparetic/non-dominant training, including
those with corpus callosum transections and bilateral lesions. Furthermore in correlation
analyses, it was not associated with deficits in paretic forelimb skilled reaching performance.
This suggests that use of the nonparetic forelimb while the paretic forelimb is being used'is
not necessarily maladaptive. This adds to earlier findings that training rats to reach with both
forelimbs after unilateral lesions does not worsen paretic forelimb function (Allred & Jones,
2008). Furthermore, the task learned with the nonparetic forelimb does not have to be one
that was originally performed with the paretic side. In rats naive to the reaching task prior to
the lesions, post-lesion training of the nonparetic forelimb results in a pronounced deficit in
learning this task later with the paretic forelimb compared with controls (Allred etal., 2005y
This may indicate that establishment of pre-injury dominance for the task is not a critical
factor in this effect.

While all rats did show some motor recovery with training of the paretic forelimb, the rate of
relearning was slowed greatly after nonparetic limb training compared to control rats. It is
possible that longer training of the paretic forelimb could overcome the maladaptive effects
of prior nonparetic forelimb experience and learned disuse of the paretic forelimb.
Furthermore, though the effect was not significant, there was a tendency for rats to perform
worse with the paretic limb after nonparetic limb training even in callosally transected rats.
This could be because the transection approach reduces, rather than eliminates, callosal
fibers, but it might also indicate that there are at least some non-callosally mediated effects
of this behavioral manipulation. Additionally, CCX_NonParT had a tendency to perform
better with their paretic forelimb compared to NonParT rats. This effect may have failed to
attain significance because the transections used in this study were partial and most likely
did not completely obliterate interhemipsheric communication.

Following unilateral SMC lesions, even in the absence of any training, animals begin to rely
more on their nonparetic forelimb. Compensatory reliance on this side for postural support is
evident in home cage observations (70nes & Schallert, 1992) a4 it may be that these self-
taught behaviors are also limiting recovery of the paretic forelimb. By training them in a
skilled motor task that is not performed in the home cage environment, we may be
exaggerating these effects. Nevertheless, the nonparetic limb training effects have been
found to generalize to non-reaching behaviors, including coordinated forelimb placement in
a grid walking task and postural support in upright exploratory movements (AAllred & Jones,
2008). Motor skill training with the nonparetic limb in animals with unilateral lesions may
therefore induce a greater use of this limb, at a cost of disuse of the paretic forelimb.
However, in the present study, this postural support effect failed to reach significance, in
contrast with previous findings. A more sensitive measurement of forelimb use for postural
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support may reveal greater experience-dependent effects in asymmetrical forelimb use for
postural support behaviors.

The present results provide further support that learning new ways of using the nonparetic
limb to compensate for impairments can be detrimental to recovery of function with the
paretic forelimb (Allred & Jones, 2008, Allred et al., 2005) anq probably exacerbate learned
nonuse or learned bad use (Taub etal., 2003; Alaverdashvili et al., 2008). The exact
mechanism(s) mediating this effect are still unknown; however, data from this study point to
interhemispheric involvement and disruptive behavioral experience on recovery. The
maladaptive effects of experience with the nonparetic body side may need to be overcome
with treatment approaches, such as CIMT (Taub etal., 2003y 5 facilitating stimulation of
the perilesion cortex (Adkins-l\/luir & Jones, 2003; Plow, Carey, Nudo & Pascual-Leone,
2009). However, the optimal application of these strategies might be improved with a better
understanding of the exact neural mechanisms of the present phenomenon, including the
time periods in which intercortical interference is high. Though the present results indicate
that the effect is mediated by intercortical connections, further investigation is needed to
isolate the time period of their involvement as well as to understand exactly fowthey are
disrupting the function of the paretic forelimb. A better understanding of the phenomenon
seems likely to illuminate processes involved in neglect and learned nonuse.
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Figure 1. Experimental Design
A. Schematic of the reaching chamber. The inner chamber wall and pellet placement are

adjusted to train the left versus right limb. This chamber is configured for reaching with the
right forelimb. B. A rat aiming and reaching for a banana flavored food pellet. C. Unilateral
SMC lesion and corresponding non-paretic (ipsilesional) and paretic (contralesional)
forelimbs. Transections of the corpus callosum are not depicted. D. Bilateral SMC lesions
and corresponding non-dominant- and dominant-for-reaching forelimbs. E. Time line of
experimental procedures. Transections, in Experiment 1, were given at the same time as
ischemic lesions.
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Figure 2. Nonparetic forelimb training worsens performance of the paretic forelimb in rats
without corpus callosum transections

A. Performance during the period of training of the nonparetic, ipsilesional, limb (NonParT)
after unilateral SMC lesions in rats with or without callosal transections (CCX). There was
no significant difference in acquisition of the skilled reaching task with the nonparetic
forelimb between these two groups. The first day of nonparetic limb training was 6 days
after lesions. B. After training the nonparetic limb, NonParT rats had major deficits in the
paretic, contralesional forelimb compared to control animals. C. In contrast, in rats with
unilateral SMC lesions and callosum transections performance with the paretic forelimb was
not significantly affected by prior nonparetic forelimb training. Day 1 of the paretic limb
training period in B and C corresponds to 22 days after the lesions. Data in panels B and C
were calculated as %][(pre-operative- postoperative)/preoperative] successful retrievals per
reach attempt. Data in all figures are means = SEM. * p <.05.
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Figure 3. Non-dominant forelimb training in rats with bilateral SMC lesions does not worsen
performance of the dominant forelimb

A. Non-dominant limb learning curve of rats with bilateral lesions (Experiment 2). Rats that
had learned the task with the dominant limb were learning it for the first time with the non-
dominant limb after the lesion. The first training day was 6 days post-lesion. B. Rats with
bilateral lesions had a similar rate of re-acquisition of the skilled reaching task with their
dominant forelimb regardless of whether they received earlier post-lesion training with the
non-dominant forelimb (Bilat_ND) or earlier control procedures (Bilat_Cont). Panel B
shows %[ (pre-operative-postoperative)/preoperative] successful retrievals per reach attempt.
The first dominant limb training day in panel B was 22 days after lesions. Note the
differences in scales in comparison to Figure 2.
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Figure 4. Representative lesions and callosal transections
A. Experiment 1, representative lesion and corpus callosum transection. B. Representative

lesion from Experiment 2. Scale bars for low magnification images in panels A and B are 1
mm. Scale bar in inset is 250um. * indicates SMC damage.
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Table 1

Sensorimotor Cortex Volume (mm3).

Experiment1l  Lesion/Dominant Hemisphere  No-Lesion/Non-Dominant Hemisphere

Cont 84.51(2.68) 95.43(1.61)
NonParT 82.11(3.28) 95.61(1.11)
CCX_Cont 82.53(1.22) 88.63(179)
CCX_NonParT 83.52(2.07) 94.38(1.36)

Experiment2  Lesion/Dominant Hemisphere  Lesion/Non-Dominant Hemisphere

Bilat_Cont 80.85(2.63) 81.96(5.25)
Bilat_ND 76.61(1.29) 81.30(5.94)
Note. Data are means with SE in ().

*
p < .05, significantly different from CCX_NonParT.
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