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Abstract

Unilateral administration of 6-hydroxydopamine (6-OHDA)

into the medial forebrain bundle (MFB) causes a loss of

dopamine (DA) in the ipsilateral striatum and contralateral

motor deficits. However, if a cast is placed on the ipsilateral

limb during the first 7 days following 6-OHDA infusion, forcing

the animal to use its contralateral limb, both the behavioral

and neurochemical deficits are reduced. Here, we examine

the effect of forced reliance on a forelimb during the 7 days

prior to ipsilateral infusion of 6-OHDA on the deficits charac-

teristic of this lesion model. Casted animals displayed no

behavioral asymmetries as measured 14–28 days postlesion

and a marked attenuation in the loss of striatal DA and its

metabolites at 30 days. In addition, animals receiving a uni-

lateral cast alone had an increase in glial cell-line derived

neurotrophic factor (GDNF) protein in the striatum corres-

ponding to the overused limb. GDNF increased within 1 day

after the onset of casting, peaked at 3 days, and returned to

baseline within 7 days. These results suggest that preinjury

forced limb-use can prevent the behavioral and neurochemi-

cal deficits to the subsequent administration of 6-OHDA and

that this may be due in part to neuroprotective effects of

GDNF.
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Parkinson’s disease (PD) is a neurological disorder charac-

terized by the degeneration of dopamine (DA) cells in the

substantia nigra. The loss of dopaminergic control over

striatal output neurons leads to a variety of neurological

deficits, including akinesia. Most current treatments for PD

are pharmacological, temporarily restoring dopaminergic

tone in the striatum, and therefore focus on alleviating

symptoms of the disorder. However, when the degree of DA

cell loss becomes too extensive, the efficacy of drug

treatment diminishes, and motor and psychiatric side-effects

become more problematic. Thus, it is essential to develop

strategies for slowing or preventing ongoing cell death in this

disorder.

Animal models of PD have been produced using the cate-

cholaminergic neurotoxin 6-hydroxydopamine (6-OHDA)

(Ungerstedt 1971; Zigmond and Keefe 1997). When deliv-

ered intracerebrally to rats, 6-OHDA causes selective loss of

DA neurons via oxidative stress, a proposed mechanism in

the pathogenesis of PD (Halliwell 2001), and a marked

impairment in limb use for movement initiation or skilled

motor functions (e.g. Marshall et al. 1974; Spirduso et al.

1985; Schallert et al. 1992; Miklyaeva and Whishaw 1996).

However, like patients with PD, 6-OHDA-lesioned rats can

show paradoxical kinesia. For example, they show transient

improvements in motor performance when placed in an ice

bath or exposed to a cat (Marshall et al. 1976), returned to

their home cage after exposure to an unfamiliar environment

(Schallert 1989), or placed in a deep pool of water (Marshall

et al. 1976; Keefe et al. 1989, 1990).
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Increases in physical activity levels throughout life have

been associated with a lower propensity to develop PD

(Sasco et al. 1992; Tsai et al. 2002). Additionally, constrain-

ing the non-impaired upper extremity in stroke patients,

thereby forcing use of the affected limb, improves the motor

function and increases the use of the affected limb (Taub

et al. 1999; Taub and Morris 2001; Sterr et al. 2002). There

is also limited evidence for efficacy of physical therapy

regimens in the treatment of PD (Toole et al. 1999).

We have recently shown that forcing animals to exercise

their impaired limb for 7 days beginning 0–3 days after the

unilateral administration of 6-OHDA can dramatically

attenuate both the behavioral and neurobiological effects of

the lesion (Tillerson et al. 2001, 2002). Although the

mechanism by which forced use ameliorates behavioral and

biochemical deficits is unknown, one hypothesis that can be

drawn from the literature is that forced use of the impaired

forelimb initiates a cascade of events that involves an

increase in the availability of key neurotrophic factors in the

brain. One such factor is glial cell line-derived neurotrophic

factor (GDNF).

GDNF has been shown to be a potent survival factor for

DA neurons (Lin et al. 1993). Moreover, administration of

exogenous GDNF or a viral vector containing the GDNF

gene is known to protect DA neurons from the neurotoxic

effects of 6-OHDA in vitro (Gong et al. 1999; Kramer et al.

1999; Schatz et al. 1999) and the behavioral and neurotoxic

effects in vivo (Hoffer et al. 1994; Kearns and Gash 1995;

Choi-Lundberg et al. 1998; Akerud et al. 1999). Although

levels of GDNF protein decrease markedly after develop-

ment, there is evidence that GDNF can increase after

experience, such as an enriched environment (Young et al.

1999). We therefore reasoned that forced-use might increase

the expression of endogenous GDNF and attenuate the

effects of 6-OHDA.

Materials and methods

Animals

Male rats weighing 350–450 g were used throughout these

experiments. All animals were housed two per cage and maintained

on 12 h light/dark cycle with food and water available ad libitum.

All procedures were in strict accordance with the guidelines for the

NIH Care and Use of Laboratory Animals and were approved by the

Institutional Animal Care and Use Committees at the University of

Texas and the University of Pittsburgh. The studies reported here

of the effects of casting on the behavioral and neurochemical effects

of 6-OHDA were carried out in hooded Long-Evans rats (Charles

River Laboratories, Wilmington, MA, USA), whereas studies of

GDNF were carried out with Sprague–Dawley rats (Hilltop

Laboratory Animals, Scottsdale, PA, USA). A small pilot study

indicated that the neuroprotective effects of casting seen with the

Long–Evans strain (see Figs 1–3) were comparable to those seen

with Sprague–Dawley strain (see legend to Fig. 4). In addition,

previous investigators also have found that found forced exercise

has the same effect on 6-OHDA lesioned rats from the Long–Evans

and Sprague–Dawley strains (Moroz et al. 2002; Tillerson et al.

2003).

Preoperative and surgical procedures

Seven days prior to surgery animals were randomly assigned to one

of four groups. Sham-lesioned/casted animals (n ¼ 3) received a

Fig. 1 (a) Effects of prior forced limb use on forelimb use asymmetry

after 6-OHDA. Unilateral casting of a forelimb prior to ipsilateral infu-

sion of 6-OHDA into the MFB prevented the limb use asymmetry

associated with unilateral 6-OHDA lesion. Sham-lesioned animals (d)

showed no asymmetry of limb use whereas animals receiving 6-OHDA

into the MFB without a cast (j) showed a significant asymmetry of

limb use (*p < 0.01 versus sham-lesioned animals). Animals that

received a cast prior to 6-OHDA infusion (m) displayed a significant

decrease in limb use asymmetry (*p < 0.01 versus lesioned animals).

All values are expressed as mean asymmetry score ± SEM.

(b) Effects of prior forced limb use on forelimb akinesia after 6-OHDA.

Forelimb akinesia was prevented by unilateral casting prior to ipsilat-

eral 6-OHDA infusion into the MFB. Sham-lesioned animals showed

no significant akinetic behavior. 6-OHDA-lesioned animals that were

not fitted with a cast displayed significant akinetic behavior when

compared with sham-lesioned animals (*p < 0.01). This akinetic

behavior was prevented in casted/lesioned animals (*p < 0.01,

lesioned versus casted/lesioned) and comparable to behavior

observed in sham-lesioned animals. All values are expressed as mean

asymmetry score ± SEM.
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cast for the 7 days prior to the sham lesion; sham-lesioned animals

(n ¼ 2) received a sham lesion alone; lesioned animals (n ¼ 9)

received unilateral 6-OHDA alone, whereas casted/lesioned animals

(n ¼ 7) received a cast on one limb for 7 days prior to being given

an ipsilateral infusion of 6-OHDA into the medial forebrain bundle

(MFB).

Animals in the casted groups were fitted with plaster of Paris

casts to immobilize the forelimb in a naturally retracted position

against the sternum (Jones and Schallert 1994). At the end of the

7-day casting period, all animals were anesthetized with Equithesin

(25 mg/kg pentobarbital and 150 mg/kg chloral hydrate, intraperi-

toneally), the casts were removed (if present), and the animals were

prepared for surgery. Animals began to use the previously casted

forelimb immediately upon awakening from surgery. Thirty minutes

prior to surgery, animals were given desipramine (15 mg/kg,

intraperitoneally), an inhibitor of norepinephrine uptake that serves

to block the entry of 6-OHDA into noradrenergic neurons. 6-OHDA

(10 lg in 4 lL of 0.9% NaCl, 0.02% ascorbic acid) was infused

(0.5 lL/min) into either the right or left MFB (the side ipsilateral to

the cast; 3.3 mm posterior, ± 1.7 mm lateral of bregma, and 9 mm

ventral to dura) (Paxinos and Watson 1982). Sham-lesioned animals

received all surgical procedures up to but not including lowering of

infusion cannulae.

Behavioral assessment

One week before and 2–4 week after lesioning, animals were

assessed for forelimb asymmetry and akinesia. The extent of

asymmetry in the forelimbs during exploratory movements was
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Fig. 4 Effects of forced limb use on striatal GDNF levels. GDNF

protein levels increased in a unilateral and time-dependent manner

during unilateral casting. This increase was significant (*p < 0.05) at

24 and 72 h after the cast was placed on the animal. The increase in

GDNF was only observed in the striatum corresponding to the non-

casted, overused limb. All results are expressed as a mean percent of

contralateral side ± SEM which was 0.31 ± 0.04 ng/mg wet tissue

weight for GDNF. These studies were carried out with a Sprague–

Dawley strain of rats, whereas the experiments reported in Figs 1–3

used a Long–Evans strain. However, in a small pilot study (n ¼ 2–3/

group), we observed that the altered strain showed comparable

neuroprotective effects of casting, with respect to apomorphine-

induced rotational behavior (sham, 0.06 ± 0.07 rotations/min;

lesioned 3.27 ± 0.27; casted/lesioned, ) 0.07 ± 0.17) and neuro-

chemical changes (sham, 94.20% of control ± 23.87%; lesioned,

8.86% ± 0.57%; casted/lesioned, 62.29% ± 9.16). This strain-inde-

pendence of exercise-induced protection against 6-OHDA-induced

toxicity is consistent with findings from other labs (see Materials and

methods).
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Fig. 3 Effects of prior forced limb use on striatal DA and its metabo-

lites after 6-OHDA. Animals in the lesioned group showed a significant

loss of DA and DOPAC when compared with sham-lesioned (DA,

0.84 ± 3.6%; DOPAC, 11 ± 5%, lesioned values; *p < 0.01) and

casted/lesioned (DA, 47 ± 25%; DOPAC, 81 ± 21%; *p < 0.05) ani-

mals. This loss was attenuated in casted/lesioned animals such that

no significant difference was detected between sham-lesioned and

casted/lesioned animals. All results are expressed as mean percent of

control ± SEM, which were 2.7 ± 0.34 ng/20 lL for DA, 1.2 ± 0.16 ng/

20 lL for DOPAC.
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Fig. 2 Effects of prior forced limb use on apomorphine-induced rota-

tional behavior after 6-OHDA. Pre-6-OHDA forced limb use attenuated

apomorphine-induced rotations. Sham-lesioned animals did not exhibit

contralateral rotational behavior in response to apomorphine. 6-OHDA

infusion increased the number of contralateral rotations in lesioned-

animals (*p < 0.05, lesioned versus sham-lesioned). Forcing reliance

on a forelimb prior to contralateral infusion of 6-OHDA greatly

attenuated apomorphine-induced rotational behavior (*p < 0.05,

lesioned versus casted/lesioned animals). All values are expressed as

mean rotations ± SEM.
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determined by videotaping rats in a clear Plexiglass cylinder (20 cm

diameter; 30 cm high) for 3 min and later analyzing a slow motion

version of the tape (Schallert and Tillerson 2000; Tillerson et al.

2001, 2002; Cenci et al. 2002). We assessed the amount of time

animals made independent use of the impaired forelimb, the

independent use of the non-impaired forelimb, and the simultaneous

use of both limbs (including alternating steps) for support and

weight shifting movements along the walls. For a single score, these

values were converted to percentages and the percent independent

use of the non-impaired forelimb was subtracted from the percent

independent use of the impaired forelimb. To assess forelimb

akinesia, animals were held with their hindquarters suspended and

allowed to initiate stepping movements in a 10-min period. Stepping

movements were assessed for both limbs and an asymmetry score

was computed: [(ipsilateral steps/ipsilateral plus contralateral steps)

– (contralateral steps/ipsilateral plus contralateral steps)] (Schallert

and Tillerson 2000; Schallert et al. 1992; Cenci et al. 2002). Three-

week postlesion animals received apomorphine (0.5 mg/kg, subcu-

taneously), were placed in a 37-cm diameter plastic bowl and

rotations were counted over a 90-min period to estimate the extent

of denervation induced up-regulation of DA receptors (Ungerstedt

1971).

Neurochemical assessment

Dopamine assay

Thirty days postlesion, animals from sham-lesioned, sham-lesioned/

casted, lesioned, and casted/lesioned groups were killed, brains were

removed, and a section of the striatum from 1 to 2 mm anterior of

bregma was dissected from both the ipsilateral and contralateral

hemispheres. Dissected striata were assayed using minor modifica-

tions of previous methods (Smith et al. 2002). Striatal tissue was

suspended in 0.1 M HClO2 containing 347 lM NaHSO3 and 134 lM

Na2EDTA, homogenized and centrifuged at 16 000 g for 20 min at

4�C, and the supernatant was removed. Tissue samples were assayed

for DA and 3,4-dihydroxyphenylacetic acid (DOPAC) by injecting

a 20-lL aliquot of the sample onto a Symmetry C18 column

(3.9 · 140 mm, Waters Corporation, Milford, MA, USA). The

mobile phase consisted of 50 mM H2NaPO4, 0.72 mM sodium octyl

sulfate, 0.075 mM Na2EDTA and 16% methanol (v/v), pH 2.7. The

mobile phase was pumped through the system at 0.7 mL/min using a

Shimadzu LC-10AD pump (Shimadzu Corp., Columbia, MD, USA).

Analyses were detected coulometrically using an ESA Coulochem

Model 4100 A detector, an ESA Model 5010 conditioning cell, and

an ESA Model 5014B microdialysis cell (ESA, Inc., Chelmsford,

MA, USA). The settings for detection were E1 ¼ + 0.26 V,

E2 ¼ + 0.28 V, and guard cell ¼ + 0.4 V. The limits of detection

for DA and DOPAC were in the femtomole range.

GDNF assay

Thirty-three male Sprague–Dawley rats were casted and decapitated

1–10 days after placement of the cast, and the striata were removed,

homogenized in lysis buffer containing 137 mM NaCl, 20 mM Tris-

HCl (pH 8.0), 1% NP40, 10% glycerol, 1 mM phenylmethylsulfonyl

fluoride (10 lg/mL), and 0.5 mM sodium vanadate. Homogenate

was then centrifuged at 12 000 g for 20 min at 4�C, supernatant was
removed, acid-treated with 1 M HCl (1 lL/10 lL of sample), and

then neutralized with 1 M NaOH (1 lL/10 lL of sample), respect-

ively, to increase the sensitivity of the assay (Okragly and Haak-

Frendscho 1997). Samples were assayed for GDNF using an ELISA

kit (Promega Corporation, Madison, WI, USA) according to the

protocol provided. GDNF values were compared with those

observed in uncasted animals.

Statistical analysis

Neurochemical, trophic factor, and rotational behavior data were

analyzed using a one-way ANOVA, and post-hoc analyses were

carried out using Bonferonni-corrected multiple comparison tests. A

two-way repeated measures ANOVA was used to analyze all other

behavioral data. Post-hoc analyses were performed using Bon-

feronni-corrected multiple comparison tests.

Results

Effect of casting prior to injury on effects of unilateral

6-OHDA on forelimb rearing and akinesia

Animals casted prior to 6-OHDA infusion showed reductions

in forelimb asymmetry (Fig. 1a) and akinesia (Fig. 1b)

normally associated with unilateral 6-OHDA lesions. The

casted sham group and non-casted sham group showed no

significant difference in asymmetric behaviors, therefore

these groups were pooled for further analysis (F1,11 ¼ 2.336;

p > 0.05). Analysis of variance indicated an overall group

effect for forelimb asymmetry (F2,47 ¼ 8.74; p < 0.01) and

forelimb akinesia (F2,39 ¼ 48.33; p < 0.01). Post-hoc ana-

lysis of these behavioral measures indicated significant

attenuation of asymmetric behavior in animals casted prior

to infusion of 6-OHDA when compared with animals that

received 6-OHDA alone (p < 0.01).

Effect of casting on apomorphine-induced turning

normally associated with unilateral 6-OHDA

Casting-induced attenuation of the effects of 6-OHDA-

induced forelimb rearing and akinesia might conceivably be

caused by compensatory changes in pathways that parallel

the nigrostriatal DA projection. Thus, we also used a third

behavioral test, apomorphine-induced turning. This phenom-

enon depends on a large (> 90%) reduction in the availability

of DA at DA receptors (Ungerstedt 1971). We observed that

contralateral turning in response to apomorphine was mark-

edly attenuated by casting prior to injury when compared

with animals receiving a 6-OHDA alone (F2,18 ¼ 19.32;

p < 0.01; Fig. 2).

Effect of casting prior to injury on 6-OHDA-induced

changes in DA and DOPAC in the striatum

There was no significant difference in striatal DA and

DOPAC content between sham-lesioned animals therefore

data from these groups were pooled for further analysis

(F2,2 ¼ 1.276; p > 0.05). A one-way ANOVA revealed a

significant group effect for both DA and DOPAC content

[DA: (F2,18 ¼ 10.03; p < 0.01); DOPAC: (F2,18 ¼ 11.16;
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p < 0.01)]. 6-OHDA alone resulted in an almost complete

loss of both striatal DA and DOPAC content compared with

levels observed in sham-lesioned animals (Fig. 3; p < 0.01,

shams versus 6-OHDA alone). Post hoc analysis revealed a

significant attenuation of the loss of striatal DA and DOPAC

content in animals casted prior to lesion when compared with

animals receiving lesion alone (p < 0.05). No significant

changes in striatal DA or DOPAC content were observed

between groups in the non-lesioned hemisphere relative.

Effect of casting on striatal GDNF

Finally, we examined the profile of striatal GDNF protein

levels during and after forced limb-use in Sprague–Dawley

animals that were not subjected to 6-OHDA. A one-way

ANOVA revealed GDNF levels significantly increased in the

striatum corresponding to the overused limb compared with

non-casted control animals (F2,28 ¼ 5.934; p < 0.01),

whereas GDNF levels in the opposite hemisphere were

unchanged. Post hoc analysis indicated this increase was

time dependent, increasing significantly above control 24 h

and 3 days after placement of the cast (p < 0.05) and

returned to near baseline levels on day 7 (Fig. 4).

Discussion

Unilateral infusion of 6-OHDA along the MFB causes

degeneration of DA neurons in the ipsilateral substantia nigra

and loss of striatal DA and DOPAC content. This loss of

striatal DA produces a number of motor deficits that include a

tendency to limit the use of the contralateral limb during

rearing, contralateral akinesia, and contraversive turning in

response to the systemic administration of apomorphine

(Ungerstedt 1971; Marshall and Ungerstedt 1977; Schallert

and Tillerson 2000). In this study we report three observations.

First, placing a cast on an animal for 7 days prior to the

ipsilateral infusion of 6-OHDA prevented the development of

behavioral deficits characteristic of this lesion model. Second,

casting prior to injury greatly attenuated the loss of striatal DA.

Third, casting prior to injury caused a significant but transient

increase in striatal GDNF. These data extend our previous

findings (Tillerson et al. 2001, 2002), indicating that casting

the unimpaired forelimb for 7 days prior to and following

6-OHDA infusion protects against 6-OHDA toxicity.

It is our assumption that the ability of casting to protect

against the behavioral effects of 6-OHDA results from the

casting-induced attenuation of the loss of DA. The strongest

support from this assumption comes from the ability of

casting to greatly reduce the apomorphine-induced rotation

normally associated with unilateral lesions of the nigrostriatal

DA projections. Our working hypothesis is that the casting-

induced attenuation of the loss of striatal DA was, in turn, a

result of an exercise-induced increase in GDNF in the region

that subsequently received 6-OHDA. The neuroprotective

effects of GDNF are well known (see Introduction).

Although GDNF had declined to baseline prior to 6-OHDA

infusion, this does not preclude GDNF as a possible

participant in the neuroprotective effects of forced limb-

use. Indeed, previous investigators have shown that exogen-

ous GDNF can be neuroprotective if administered as much as

7 days prior to 6-OHDA (Kearns and Gash 1995; Choi-

Lundberg et al. 1998), and in those experiments it is unlikely

that levels of this trophic factor were still elevated at the time

of toxin administration.

To be effective, GDNF would need to act on its receptor

complex, thereby initiating a signaling cascade that produces

cytoplasmic and/or translational changes in DA neurons. It is

possible that these downstream effects of GDNF are

activated after the protein has returned to baseline levels.

Moreover, extracellular signal regulated kinase (ERK), a

downstream effector of GDNF, has been shown to be

activated after exercise, and to remain elevated for up to

1 month (Shen et al. 2001).

Although we have focused our initial attention on GDNF,

there are many other factors that may play a role in the

casting-induced protection that we observed. Exercise,

primarily running, has been shown to increase brain-derived

neurotrophic factor (BDNF) and nerve growth factor (NGF)

(Neeper et al. 1996), fibroblast growth factor-2 (FGF-2)

(Gomez-Pinilla et al. 1995), and insulin-like growth factor 1

(IGF-1) (Carro et al. 2001) in certain regions of the CNS,

particularly the hippocampus. Although there are no previous

reports on the effects of exercise on trophic factors in the

striatum, each of these factors has potent trophic activity

towards DA neurons (Hyman et al. 1991; Altar et al. 1992;

Lin et al. 1993; Winkler et al. 1996) and, where examined,

has been shown to protect against the neurotoxic effects of

6-OHDA (Hoffer et al. 1994; Kearns and Gash 1995;

Levivier et al. 1995; Choi-Lundberg et al. 1998; Akerud

et al. 1999; Gong et al. 1999; Kramer et al. 1999; Schatz

et al. 1999; Shults et al. 2000; Wang et al. 2002). For

example, rats exposed to enriched environments, exercise

regimens, dietary restriction, and learning tasks all show an

increase in protein and mRNA levels of trophic factors in the

brain (Neeper et al. 1995; Gomez-Pinilla et al. 1998;

Torasdotter et al. 1998; Pham et al. 1999; Young et al.

1999; Duan et al. 2001). Many of these environmental

changes are protective against hippocampal damage incurred

from insults, such as ischemia, and it has been proposed that

this neuroprotection is driven by increases in trophic factors

(Duan et al. 2001; Young et al. 1999). Moreover, it seems

likely that more than one factor will ultimately be found to be

responsible for exercise-induced protection. In this regard,

we note that FGF-2, one of the trophic factors shown to be

up-regulated by exercise (Gomez-Pinilla et al. 1995), has also

been shown in vitro to induce expression of both GDNF and

BDNF (Suter-Crazzolara and Unsicker 1996; Kwon 1997).

In conclusion, these data suggest that forced limb-use is

protective against subsequent injury to the nigrostriatal DA
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system and this protection is accompanied by increases in

striatal GDNF. These findings provide further evidence that

physical therapy may be beneficial to patients with PD, as

well as the possibility that exercise throughout life may

protect against development of PD. In fact, our group has

recently shown that forced use is not only protective but that

lack of use may exacerbate damage associated with

6-OHDA, indicating that motor weakness early in the

disorder may be an exacerbating factor (Tillerson et al.

2002). As early detection methods are developed, physical

activity may be an important factor in slowing or even

halting the neurodegenerative cascade associated with PD.
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