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Abstract

The causes of nigrostriatal neuron degeneration in Parkinson’s disease (PD) are not known, but it has been suggested that exogenou:s
or endogenous factors or neurotoxins may play a role. The degree of vulnerability to neurotoxins or other potential mediators of nigral
dopamine cell death is thought to be important in understanding Parkinson’s disease. In most animal models, the rate of terminal degeneration
and corresponding functional impairment is too rapid to investigate effectively either cell vulnerability or the potential benefits of some
neuroprotective treatments. In the present study, a new model of Parkinson’s disease is described that might help in addressing the issue
of nigral cell vulnerability and to evaluate interventions with clinical potential. 6-Hydroxydopamine (6-OHDA) was infused in escalating,
intrastriatal doses over several weeks. Control animals received multiple infusions of vehicle at the same volume. Behavioral testing was
carried out between each infusion, including forelimb-use and somatosensory function. A symptomatic threshold was established for each
animal, indicating the amount of neurotoxin required to induce a stable deficit. Oral administratioD@PA (Sinemet) ameliorated
limb-use asymmetries acutely. An immunocytochemical assay for tyrosine hydroxylase, a dopamine cell marker, revealed a partial loss of
immunoreactive cells in the substantia nigra. Animals that were co-administered methylphenidate (MPH), a dopamine transport inhibitor,
along with the 6-OHDA were spared from the behavioral and neurochemical effects of 6-OHDA, despite receiving more than twice as much
neurotoxin as controls. These data suggest that establishing a symptomatic threshold preclinically may help researchers evaluate potentia
treatments and model individual and group resistance to nigrostriatal insults.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ([23] as cited ir24,4]). When a sufficient number of neurons
have been lost, humans display readily detectable motor ab-
Parkinson’s disease (PD) is characterized by a progressivenormalities, including akinesia, resting tremor, and rigidity,
loss of dopamine (DA) neurons in the substantia nigra pars that worsen as the disease progre$4651]
compacta (SNc). This degeneration results in decreased DA A useful animal model of PD should resemble the disease
availability, primarily to the terminal regions in the striatum anatomically and symptomatically, and respond positively
to current treatmentfl 3]. Although the cause of most PD
_— cases is unknown, there are many substances that can be
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lesions of the nigrostriatal pathway by infusing a single, large male (350—-400 g) Long-Evans hooded rats were anesthetized
dose of 6-OHDA into the terminal region of the striatum with Equithesin (0.35c®{100g, i.p.), and atropine sulfate
has become a well-accepted method for testing treatment(0.4 mg/kg, s.c.) was administered to prevent mucus secre-
strategies [15,17,18,21,33,38,41] Unilateral delivery is tions that make breathing difficult. A single cannula (22
one advantage of this model; another is the existence ofgauge, Plastics One, Roanoke, VA) was permanently im-
a modestly long but practical window in which the cells planted, with the tip centered in the dorsal aspect of the
can be rescued. In humans, however, SNc cells degeneratstriatum just ventral to the corpus callosum (AP: +0.2, ML:
more slowly, and possibly intermittently, over the course =+3.5,DV:—3.0), and secured with surgical screws and dental
of several year§21]. This pattern of cell loss is associated acrylic. A dummy cannula (Plastics One, Roanoke, VA) was
with the increasing loss of DA terminals. That is, an SNc attached to each guide cannula to prevent clogging. Animals
neuron may survive until a sufficient number of its terminals were allowed at least 1 week of post-operative recovery. Fol-
degenerate or fail to engage receptors left vacant by the losdowing surgery, awake animals € 12) were infused with the
of other terminals. A reasonable strategy for dealing with neurotoxin 6-OHDA every 3 days dependent on the appear-
PD would be to combine early detection with treatments that ance of a limb-use asymmetry (i.e., infusions occurred when
could stop or significantly slow its progression. The present there was no detectable asymmetry, if there was an asymme-
study developed an alternative animal model that involves try then the animal did not receive an infusion). For 6-OHDA
multiple, spaced exposures to 6-OHDA over an extended infusions, the animal was held by the experimenter, and an
period of time, leaving ample opportunity to titrate the injector needle (28 gauge, 5 mm, Plastics One, Roanoke, VA)
amount of neurotoxin based on sensitive behavioral markers.connected to PE 50 tubing (Clay Adams) and attached to a
To produce slow, intermittent degeneration of DA neurons, Hamilton gastight syringe (1 cthwas lowered into the in-
animals were injected intrastriatally with multiple, escalating dwelling cannula. A syringe pump infused the 6-OHDA at
doses of 6-OHDA over several weeks and tested for behav-a rate of Jul/min. An air bubble was introduced in the tub-
ioral impairment after each infusion. To validate the model, ing, far from the cannula, to track the infusion. The injector
animals were treated with Sinemet, the most common treat-needle was left in the brain for several minutes after the in-
ment for PD, after the lesion was established. In a separatefusion to allow for diffusion from the tip. The concentration
group of animals, the sensitivity of the model was tested us- of 6-OHDA increased with each injection (2.72, 5.44, 8.16,
ing the dopamine transport (DAT) inhibitor methylphenidate 10.88, and 13.60.g/2ul, calculated as free base) until the
(MPH). Sinemet should temporarily ameliorate motor im- animal displayed a stable deficit (14 consecutive days of im-
pairments whereas MPH should reduce the entry of neuro-pairment) in the limb-use asymmetry test. Control animals (
toxins such as 6-OHDA or MPTP into DA termind#s3,78] = 5) received multiple vehicle (ascorbic saline) infusions at
and increase the symptomatic threshold in 6-OHDA-treated the same volume as 6-OHDA-treated animals. Extensive pi-
animals. lot work indicated that non-escalating, successive, low-dose
infusions did not yield long-lasting behavioral deficits. Be-
cause limb-use asymmetry is positively correlated with the
level of DA depletion at a wide range of terminal loss, this test
was used to determine whether another injection was neces-
sary[78,83,84] A limb-use asymmetry score of greater than
10 was used as a minimum criterion for deciding whether
The goal of Experiment 1 was to establish an animal model there was a deficit representative of a partial DA depletion.
of PD that can determine an individual or group vulnerabil- Animals that displayed a stable score of 10 or above did not
ity to neurotoxic insult. Animals were exposed to multiple, receive another infusion of 6-OHDA.
spaced infusions of 6-OHDA and tested for behavioral im-
pairments following each dose. Limb-use asymmetry was 2.1.2. Limb-use asymmetry

2. Materials and methods

2.1. Experiment 1

examined immediately following the administration of oral
Sinemet (-DOPA:Carbidopa) 2 weeks following the last 6-
OHDA infusion to test whether limb-use impairments could
be reversed similar to the typical effects of antiparkinson
drugs given to PD patients.

2.1.1. Subjects and surgery

All experimental procedures were performed in accor-
dance with the University of Texas Animal Care and Use
Committee. Prior to surgery, animals were tamed by fre-
quent handling and tested for limb preference with the limb-
use asymmetry teq5,83,84] Cannulae were implanted

Limb-use asymmetrf36,71,75]was measured 2 days af-
ter each 6-OHDA infusion. Forelimb-use during explorative
activity was analyzed by videotaping rats in a transparent
cylinder (20 cm diameter and 30 cm height) for 3—10 min de-
pending on the degree of movement maintained during the
trial. A mirror placed behind the cylinder at an angle enabled
the rater to record forelimb movements when the animal was
turned away from the camera. The cylindrical shape encour-
aged vertical exploration of the walls with the forelimbs, as
well as landing activity. The cylinder was high enough that
the animal could not reach the top edge by rearing, and wide
enough to permit a 2 cm space between the tip of the snout

in the hemisphere opposite the preferred limb. Seventeenand the base of the tail when the animal was at rest. A blinded
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experimenter scored all trials using a VCR with slow-motion termine whether animals showed a bias for the stimulus on
and frame-by-frame capabilities. the forelimb unaffected by the injury. If the animal showed
Several behaviors were scored to determine the extent ofan 80% or greater preference for removing the stimulus from
the forelimb-use asymmetry displayed by the animal. These the nonimpaired forelimb first, it was then tested to determine
behaviors were recorded during vertical movements along thethe magnitude of the somatosensory asymmetry.
wall and for landings after a rear, and included independent The psychophysical method of limits was adopted in
and simultaneous use of the left and/or right forelimb for the magnitude of asymmetry phase of the test. That is, the
contacting the wall during a full rear and landing following size of the impaired limb stimulug)(was progressively in-
a rear. If an experimenter could not determine whether one creased over trials and the size of the nonimpaired limb stim-
limb was being used independently or simultaneously, that ulus (N) was simultaneously decreased by an equal amount
movement was not scored. (14.1 mn?). Thus, a sufficient increase in thél ratio caused
Behaviors were expressed in terms of percent independent reversal of the original bias if the rat began to respond first
use of each forelimb (ipsilateral and contralateral) or use of to the stimulus placed on the impaired limb. THHN ratio
both forelimbs (simultaneous weight support or alternating necessary to reverse the initial bias is proportional to the de-
stepping along vertical surfaces) relative to the total number gree of injury[2,70,77] Seven levels of stimulus pairs were
of limb-use observations for movements along the wall and used.
while landing (e.g., [contralateral/(ipsilateral + contralateral
+ both limb-use observationsy 100 = % contralateral). 2.1.5. Validation with Sinemet
Wall and landing ratios were averaged together for scores  Sinemet (-DOPA:Carbidopa) is effective in the early
thatreflected an equal contribution from asymmetries in both. stages of PD and was used here to validate the model. Af-
Averaging these scores corrected for variability in the number ter demonstrating a stable deficit on the limb-use asymmetry
of wall versus landing movements among animals or betweentest, a subset of 6-OHDA-infused € 7) and vehicle-infused
groups. A single overall limb-use asymmetry score that in- (n = 3) animals was given Sinemet-DOPA:Carbidopa, 4:1
cluded the percent impaired forelimb movements subtractedratio) suspended in 2% methylcellulose. The drug was ad-
from the percent nonimpaired forelimb movements averaged ministered orally through infant feeding tubes at a dose of
for wall behavior and landing behavior (ipsi minus contra 20 mg/kg[48]. After receiving the drug, the animals were
score) was used to determine whether another injection wastested for limb-use asymmetry. Because Sinemet lasts ap-
needed. The minimum score defining a deficit for an individ- proximately 3 to 4 h, they were videotaped at different time
ual animal was 10. points during a 4 h period (prior to Sinemet, 30, 60, 180, and
240 min after administration).
2.1.3. Movement initiation
Movement initiation was measured in each animal 1 day 2.1.6. Drug-induced rotation
after 6-OHDA injections. To test forelimb movement initia- At least 1 week after Sinemet testing, all animals were
tion, stepping movements made with the ipsilateral and con- administered amphetamine (3—5 mg/ml, i.p.) or (2 days later)
tralateral forelimbs were assessed using an isolated forelimbapomorphine (0.25 mg/ml, s.d86] and tested for turning
akinesiateq7,58,74,75,83,84The ratwas held byitstorso  response. Animals received the drug and 20 min later were
with its hindlimbs and one forelimb lifted above the surface placed into a large bowl where the number and direction of
of a table so that the weight of its body was supported by rotations were videotaped for 10 min and later scored.
one forelimb alone. The number of self-initiated steps made
in a 10s trial was recorded for each forelimb for two trials 2.1.7. Tyrosine hydroxylase immunocytochemistry
and then averaged. To account for individual differences in  Immunocytochemical labeling for the DA cell marker
the number of steps made between animals, ipsi minus contrayrosine hydroxylase (TH) was used to estimate the extent of

scores were calculatg¢@d4]. 6-OHDA-induced lesion$37,90] Animals were sacrificed
with CO, for 2 weeks following drug-induced rotation
2.1.4. Magnitude of somatosensory asymmetry testing and their brains were rapidly removed and immersed

Somatosensory asymmetry was measured 1 day after 6in 10% Acrolein (Aldrich) in 0.1 M potassium phosphate
OHDA injections. Asymmetry was assessed using a bilat- buffer solution (KPBS, pH 7.2) overnight. They were
eral tactile stimulation tedfr2,76,77] Animals were first then transferred to 20% sucrose in 0.1 M KPBS for 48 h.
tested to indicate the presence of a somatosensory asymmePost-fixed brains were sectioned on a freezing microtome.
try. This was done by removing the animal from the home Forty-micrometer sections were taken at a sequence of 1/3
cage and attaching adhesive stimuli (Avery adhesive-backedthroughout the substantia nigra. Sections were washed in
labels, 113 mrf) to the distal-radial aspect of each forelimb 0.05M Tris-buffered saline (TBS, pH 7.6) several times and
in random order. After being returned to the home cage, ratsthen washed in 1% sodium borohydride to remove remaining
contacted and removed the stimuli one at a time. The orderaldehydes. Sections were preincubated in a blocking solution
and latency of stimulus contact and removal was recordedcontaining 20% normal goat serum (NGS), 0.3% Triton
for each of five trials. The order of contact was used to de- X-100, and 0.3% hydrogen peroxide in 0.05 M Tris-buffered
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saline. Sections were transferred to a primary wash contain-age and increase the symptomatic threshold for these animals
ing primary antiserum (mouse anti-tyrosine hydroxylase, [77].

1:20,000; Sigma, St. Louis, MO), 2% NGS, and 0.3% Triton

X-100 for 48h at 20C. Subsequent primary incubation 2.2.1. Subjects, surgery, and behavioral testing

sections were washed in TBS and incubated in a secondary Thirty-two animals received the same cannula implan-
antibody solution containing biotinylated goat anti-mouse tation surgery, infusion criteria, and behavioral testing as
IgG (Vector, Burlingame, CA), 2% NGS, and 0.3% Triton in Experiment 1. Of these, three groups of rats received a
X-100 in TBS for 45 min. Sections were then transferred to co-treatment of methylphenidate (0.6, 1, or 2.5 mg/kg, i.p.)
a tertiary solution (Vectastain ABC Elite) in TBS for another 15 min prior to each intrastriatal 6-OHDA infusion. Groups
45min. Visualization was done with diaminobenzidine were labeled “No MPH” 1§ = 14), “0.6 MPH” (h = 6), “1.0
(0.5mg/ml, Sigma) and 0.05% hydrogen peroxide in TBS MPH” (n=7), and “2.5 MPH” 6 = 5). Animals in the No

for 10 min. Sections were then mounted onto gelatin-coated MPH group received a pre-treatment of vehicle (i.p.) 15 min

slides and coverslipped with Permount. before 6-OHDA. Testing of movement initiation, somatosen-
sory asymmetry, and limb-use asymmetry was carried out
2.1.8. Substantia nigra cell counts within 3 days after each 6-OHDA infusion, and drug-induced

TH immunoreactive (TH-IR) cells in the substantia rotation with amphetamine and apomorphine was measured
nigra pars compacta were counted using camera lucidaat least 2 weeks following the last 6-OHDA infusion. At the
(10x objective) techniques. Approximately eight sections end of the experiment the animals were sacrificed and their
(representing Figs. 39-44%9] throughout the substantia brains stained by immunocytochemistry for tyrosine hydrox-
nigra were counted for each rat. The area was defined byylase.
specific landmarks in the region. Visualization of the cerebral
peduncle and medial terminal nucleus of the accessory optic2.2.2. Statistics
tract defined the medial border and excluded TH-IR cellsin A one-way ANOVA was used to compare the cumula-
the ventral tegmental area from being counted. The lateraltive 6-OHDA received by each group (No MPH, 0.6 MPH,
border was defined by the lateral terminal nucleus of the 1.0 MPH, and 2.5 MPH). For limb-use asymmetry, move-
accessory optic tract. The slides were coded so the persomment initiation, and drug rotation, a one-way ANOVA was
counting the cells was blind to experimental conditions. Cell used to compare groups (No MPH, 0.6 MPH, 1.0 MPH, and
counts were added across sections and percent depletio2.5 MPH), followed by Fisher's LSD post hoc tests. Mag-
was determined for each animal. This method can result nitude of asymmetry was analyzed using Mann-Whitbley
in an over-estimation of tyrosine hydroxylase cell counts; For histological evaluation, TH-IR cell bodies in the substan-
therefore, percent depletion scores were calculated by the fol-tia nigra were counted throughout the region for the right and
lowing formula: [100— ([number of cells on the denervated left hemispheres. Percent remaining TH-IR positive neuron
side/the number of cells on the intact side]L00)]. The per- scores were compared using a one-way ANOVA followed by
cent depletion controls for cell number variability between Fisher’s LSD post hoc tests.
animals due to the staining procedure or number of sections
included.

3. Results
2.1.9. Statistics

Limb-use asymmetry and movement initiation were an- 3.1. Experiment 1
alyzed using a 2x 3 mixed design ANOVA comparing
groups (vehicle- and 6-OHDA-infused; between groups mea- 3.1.1. 6-OHDA required to induce behavioral deficit
sure) across time (pre-injection, threshold, and last injection;  The mean£S.E.M.) cumulative amount of 6-OHDA (ex-
within groups measure) with Fisher’s Least Significant Dif- pressed as free base) required to impart a stable behavioral
ference (LSD) post hoc test. Magnitude of asymmetry and deficit was 29.47£4.56)g and the mean number of injec-
drug-induced rotation scores were analyzed using the Mann-tions needed was 3.8%(0.26) over 11.55£0.79) days (each
WhitneyU test. Plannetltests of limb-use asymmetry scores infusion being 3 days apart). A total of 17 animals (6-OHDA
were used at each time point prior to (0) and 30, 60, 180, and= 12, vehicle = 5) were included in the analysis. Threshold
240 min after oral Sinemet testing to compare 6-OHDA- and levels were measured by calculating the highest cumulative

vehicle-infused animals. amount of 6-OHDA delivered (i.e., tolerated) without the
presence of a behavioral deficit. The mean threshold level
2.2. Experiment 2 was 18.59 £3.54)ug (Fig. 1). The average highest single

dose of 6-OHDA that failed to produce a stable behavioral
The goal of Experiment 2 was to test the effects of the deficit was 8.16.g. This is a dose that, in previous studies
DAT inhibitor, MPH, when co-administered with 6-OHDA. in our lab and others, consistently causes severe and stable
Because 6-OHDA enters the cell via DAT, it was hypothe- behavioral deficits when infused into the 6-OHDA-naive rat
sized that MPH would prevent 6-OHDA-induced cell dam- brain.
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group, ipsi-bias scores were significantly higher following the
last injection of 6-OHDA compared to pre-injection scores
(P < 0.01;Fig. 2A).

3.1.3. Movement initiation

The average number of steps prior to 6-OHDA infusions
was 5.69 £0.39) for the ipsi limb and 5.64#0.32) for the
contra limb. After the last infusion of 6-OHDA, mean ini-
tiation steps were 6.31H0.43) for the ipsi limb and 2.92
(£0.49) for the contra limb. Ipsi minus contra scores for 6-
OHDA-treated animals were Q£0.28) pre-6-OHDA, 1.77
(£0.98) threshold, and 2.04tQ.73) last infusion. Vehicle-
infused scores were0.3 (+0.66),—1.3 (+£1.83), and-1.5
(+0.69) for the same time points, respectively. ANOVA
showed a significant effect of group wiff(1,15) = 6.13,
P <0.05. Fisher's LSD indicated a significant increase in ipsi
100 minus contra scores for the last injection of 6-OHDA com-
pared to the last injection of vehicl®  0.01). Within the
6-OHDA-infused group, ipsi minus contra scores were Sig-
nificantly higher after the lastinjection of 6-OHDA compared
to pre-injection scored(< 0.05;Fig. 2B).

Cumulative 6-OHDA (ug)

Pre-Symptomatic Symptomatic

(A)

o
[—3
T

60 |
3.1.4. Magnitude of somatosensory asymmetry
40 Somatosensory asymmetry scores for 6-OHDA-treated
i animals were 0.63#0.41) pre-6-OHDA, 1.46 £0.64)
threshold, and 3.0%0.73) last infusion. The scores for
vehicle-infused animals were 1.3-1.3), 0.6 ¢0.37), and
0.6 (#0.49) for the same time points, respectively. Mann-
Whitney U indicated a significant increase in the magnitude
00 i 2 3 4 3 3 7 of asymmetry of the 6-OHDA group after the last infusion
group compared to that of the vehicle group after its last infu-
B) Number of 6-OHDA Injections sion (P < 0.05). Within the 6-OHDA group there was a signif-
icantincrease in magnitude of asymmetry from pre-injection

Fig. 1. (A) Cumulative 6-OHDA required to induce a deficit in limb-use . . i
asymmetry. The pre-symptomatic bar represents how much neurotoxin an-t0 the last infusion of 6'OHDAF\6 <0.05;Fig. ZC)

imals received just before displaying a deficit (i.e., threshold). The symp-
tomatic bar represents how much neurotoxin was required to induce a stable3.1.5. Validation with Sinemet

deficit. (B) Scatter plot illustrating the number of injections required to in- At least 2 weeks following the last infusion of 6-OHDA,
duce a limb-use asymmetry in each animal receiving intrastriatal infusions a subset of animals that displayed a deficit on the limb-use
of 6-OHDA. : . . )
asymmetry test was given the antiparkinson drug Sinemet
(L-DOPA:Carbidopa). Ten rats (6-OHDA = 7, vehicle = 3)
3.1.2. Limb-use asymmetry received 20 mg/kg oral Sinemet and were tested for limb-use
The meant S.E.M. limb-use asymmetry scores for 6- asymmetry prior to and then 30, 60, 180, and 240 min after
OHDA-treated animals were-3.2 (£3.66) pre-6-OHDA, drug administration for approximately 3 min at each inter-
—1.59 @3.94) threshold, and 29.274+-4.45) last infu- val. Planned comparisons revealed a significant difference
sion needed for stable deficit. Limb-use asymmetry scoresbetween 6-OHDA-infused and vehicle-infused groups at the
for vehicle-infused animals were11.26 &4.43),—17.97 0 and 30 mintime point${< 0.01 and® < 0.05, respectively),
(£8.20), and—11.62 (8.46) at each time point, respec- demonstrating an ipsilateral limb-use bias for 6-OHDA an-
tively. ANOVA indicated a significant main effect of group, imals. There was a significant reduction in limb-use asym-
F(1,15) = 30.71,P < 0.01. 6-OHDA-infused animals had metry within the 6-OHDA group at the 60 and 180 min time
significantly higher ipsi minus contra scores, indicating an points @ < 0.05;Fig. 3A).
ipsilateral limb-use bias. There was a main effect of time
with F(2,30) = 6.03P <0.01 and a significant group-by-time  3.1.6. Drug-induced rotation
interactionF(2,30) = 4.32P < 0.05. Post hoc tests (Fisher’s Two weeks after Sinemet testing, all animals received
LSD, corrected) showed a significant increase in ipsi bias af- injections of amphetamine (3-5mg/kg, i.p.), were placed
ter the last injection for 6-OHDA-infused animals compared in a standard rotation-behavior bowl and the number and
to vehicle-infused animald?(< 0.01). Within the 6-OHDA direction of rotations were calculated in a 10 min sample.

Limb-Use Asymmetry
(Ipsi-Contra)
[
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S
T
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Fig. 2. Effects of 6-OHDA on behavior. (A) Limb-use asymmetry: on av-
erage, 6-OHDA animals did not display a deficit after receiving 18.59
(£3.54).g of 6-OHDA (threshold) but did show a significant deficit af-
ter 29.47 £4.56)n.g, P < 0.01 compared to the vehicle group and to their
own pre-infusion and threshold scores. (B) Movement initiation: 6-OHDA
animals displayed a significant impairment at threshold levels and following
29.47 &4.56).g of 6-OHDA, P < 0.01 compared to the vehicle group and
their own pre-infusion scores. (C) Magnitude of asymmetry: 6-OHDA an-
imals displayed a significant somatosensory deficit after 294756).g
6-OHDA, P < 0.01 compared to the vehicle group and their own pre-infusion
scores. The symbol (*) represents significantly different from the vehicle
group and ) represents significantly different from pre-infusion scores.
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Fig. 3. Sinemet and amphetamine effects. (A) Following multiple infusions
of 6-OHDA, a subset of impaired animals was administered oral Sinemet (
DOPA:Carbidopa, 20 mg/kg) and tested for limb-use asymmetry. Animals
were tested prior to (0) and 30, 60, 180 and 240 min after administration. The
symbol (*) represents a significant difference from the vehicle-infused group
and from the 6-OHDA-infused group at 60 and 180 nir<(0.05) and f)
represents a significant difference from time zero (no Sinefet}).05. (B)
Amphetamine rotation: animals receiving an average of 294756).g of
6-OHDA rotated significantly more than vehicle-infused animls,0.01.

Two days following amphetamine testing, animals were
given an injection of apomorphine (0.25mg/kg, s.c.) and
rotations were calculated in a similar manner. The mean
number of rotations in response to amphetamine was 41.5
(£9.03) in a 10-min sample for the 6-OHDA-infused
group and 1.4 £0.68) for the vehicle-infused group
(Fig. 3B). Mann-WhitneyU showed a significant difference
between 6-OHDA-infused compared to vehicle-infused
animals P < 0.01). Animals did not rotate to apomor-
phine, confirming that the model reflects non-severe DA
depletion.

3.1.7. Tyrosine hydroxylase immunocytochemistry

The mean percent of TH-IR cell depletion for animals
receiving multiple infusions of 6-OHDAN(= 6) was 34.75
(£10.62). This level of depletion demonstrates a partial loss
of TH-IR neurons in the substantia nigfag. 4). There was
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no correlation in the DA-depleted animals between level of
TH-IR and amount of 6-OHDA tolerated € 0.16, ns).

3.2. Experiment 2

3.2.1. 6-OHDA required to induce behavioral deficit

The mean £S.E.M.) cumulative amount of neurotoxin
tolerated by each group was 24.483.00).g for No MPH,
28.11 ¢11.05)pg for 0.6 MPH, 65.28 £3.85).g for 1.0
MPH, and 58.21 £7.91)pg for 2.5 MPH. The 1.0 and
2.5 mg/kg MPH groups tolerated, and therefore received, sig-
nificantly more 6-OHDA than No MPH and 0.6 MPH ani-
mals,F(3,28) = 13.44P < 0.01 Fig. 5. Behaviorally, both
1.0 and 2.5 mg/kg MPH animals showed a reduction or ab-
sence in limb-use asymmetry, movement initiation deficits,
and somatosensory asymmetry following the last infusion of
6-OHDA. No MPH animals showed significant deficits in
all three tests despite the fact that animals in the 1.0 and
2.5mg/kg MPH groups received over twice as much neuro-
toxin as they did.
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Fig.4. TH-IR andlimb-use asymmetry. (A) Mean limb-use asymmetry score
(left) and corresponding mean percent TH-IR cell loss (right) after multiple
infusions of 6-OHDA. (B) A scatter plot of the correlation between limb-use
asymmetry scores and TH-IR positive neurons in the substantia migra (
0.74, ns).
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erated for animals receiving No MPH (vehicle injection), 0.6 mg/kg (0.6
MPH), 1.0 mg/kg (1.0 MPH), or 2.5 mg/kg methylphenidate (1-2.5 MPH).
The 1.0 and 2.5mg/kg MPH group tolerated significantly more 6-OHDA
compared to No MPH, despite having little or no behavioral impairment.
The symbol (*) represent® < 0.01 compared to No MPH animals. (B)
Mean limb-use asymmetry scores at each injection of 6-OHDA.

3.2.2. Limb-use asymmetry

Average limb-use asymmetry scores after the last infu-
sion were 32.10£4.23) for No MPH, 27.69 £6.0) for
0.6 mg/kg MPH, and 13.1G43.17) for 1.0 mg/kg MPH, and
16.64 &3.16) for 2.5mg/kg MPH animals. ANOVA indi-
cated a significant main effect of grotg3,28) = 3.99,P
< 0.05. Limb-use asymmetry scores were higher in the No
MPH group after the last injection, compared to the 1.0 and
2.5mg/kg MPH groupsK < 0.05;Fig. 6A).

3.2.3. Movement initiation

Movement initiation scores after the last infusion were
3.82 @0.96) for No MPH, 1.58 £0.94) for 0.6 mg/kg
MPH, —0.5 (#0.82) for 1.0 mg/kg MPH, and 0.3H0.49)
for 2.5 mg/kg MPH animals. ANOVA indicated a significant
main effect of groupF(3,28) = 4.34,P < 0.05. Movement
initiation deficits were higher in the No MPH group after the
lastinjection compared to the 1.0 and 2.5 mg/kg MPH groups
(P < 0.05;Fig. 6B).
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Fig. 6. MPH effects on behavior. (A) Despite receiving twice as much 6-OHDA, the 1.0 and 2.5 MPH groups’ limb-use asymmetry scores were significantly
reduced compared to the No MPH group. (B) No MPH animals displayed a significant impairment in movement initiation compared to the 1.0 and 2.5 mg/kg
MPH animals. (C) 2.5 MPH mg/kg animals displayed a reduced somatosensory asymmetry compared to No MPH animals. (C) The No MPH group rotated
significantly more than 1.0 and 2.5 mg/kgMPH animals. The symbol (*) repreBen01 compared to No MPH animals.

3.2.4. Magnitude of somatosensory asymmetry MPH. ANOVA showed that the No MPH group had sig-
Average magnitudes of asymmetry scores after the lastnificantly fewer remaining TH-IR neurons compared to the

infusion were 3.0 £0.98) for No MPH, 2.08 £1.25) for 1.0 and 2.5 MPH combined grouf® < 0.05 indicating

0.6 mg/kg MPH, 0.7940.63) for 1.0 mg/kg MPH, and 0.1  an estimated sparing of DA neurons by MPH co-treatment

(£0.1) for 2.5 mg/kg MPH animals. Mann-Whitn&yindi- (Figs. 7 and 8

cated that somatosensory asymmetry scores were higher in

the No MPH group after the last injection compared to the

2.5 mg/kg MPH groupR < 0.05;Fig. 6C). 4. Discussion

3.2.5. Drug-induced rotation The results of this study show that unilateral terminal de-
Following behavioral testing, all animals received injec- generation, induced by escalating, multiple infusions of 6-
tions of amphetamine (3—5mg/kg, i.p.) and the number and OHDA into the striatum, produces subtle behavioral impair-
direction of rotations were calculated in a 10 min sample. ments and a partial loss of the TH-IR neurons in the SNc.
The mean number of rotations in response to amphetamineFunctionally, animals displayed significant deficits in limb-
was 42.7748.43) for No MPH, 18.334£9.95) for 0.6 mg/kg use asymmetry, movement initiation, and somatosensory
MPH, 7.33 ¢-4.77) for 1.0 mg/kg MPH, and 5.5H2.75) for asymmetry. Animals rotated in response to amphetamine but

the 2.5 mg/kg MPH animals={g. 6D). No-MPH animalsro-  not to apomorphine, which is consistent with partial lesions
tated significantly more than those in the 1.0 and 2.5 MPH of the nigrostriatal pathwajjl,38,45] A unique aspect of this
groups P < 0.05). study is that the dosing regimen was individualized to each
animal according to its functional outcome. This approach
3.2.6. Tyrosine hydroxylase immunocytochemistry controls for differences in vulnerability to the neurotoxin and

Average percent remaining scores were 50.87.85) any variability due to the infusion procedure or location of the
for No MPH, 52.09 £#7.99) for 0.6 mg/kg MPH, 80.84 cannulatip. Because the animals required varying amounts of
(£7.79)for 1.0 mg/kg MPH, and 89.73@.36) for 2.5 mg/kg neurotoxin, a threshold for symptoms could be established.
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Values are expressed as meansS.E.M. Animals receiving the 1.0 and

2.5mg/kg MPH prior to 6-OHDA displayed an attenuated behavioral deficit

and TH-IR neuron sparing in the SNc compared to animals that received NO -
MPH prior to 6-OHDA infusions. It is important to note that animals admin- p
istered 1.0 and 2.5 mg/kg MPH received almost twice as much neurotoxin

by the end of the experiment as animals that were not administered MPH.

Once animals were symptomatic, administration of oral o X
Sinemet alleviated limb-use asymmetry deficits for several : 5 st .
hours, which parallels the effects of this drug in humans with Ny g o
PD. Finally, symptomatic animals showed an approximately . -,
35% loss of TH-IR neurons in the SNc, suggesting a partial | = =
lesion. The benefit of such a model is that potential therapeu-* #
tic treatments can be tested at varying stages of degeneratior |
The intermittent 6-OHDA delivery approach provides a
thorough assessment of motor and somatosensory abilities C
following each infusion of the drug. Frequent monitoring
of behavior allows for early detection of deficits and the
development of a symptomatic threshold. We established a
maximum sub-threshold for which animals are asymptomatic
after low concentrations of 6-OHDA and a threshold for .
which they become more chronically symptomatic following o b & §
the next increased concentration of 6-OHDA. After the , " a \
final infusion of 6-OHDA, all animals displayed significant i o ,,}. 2 »
limb-use and somatosensory asymmetries compared to pre;. 2 ,:_ﬂ
infusion and sub-threshold doses. Additionally, precondi- ,..r. i
tioning may have played a role in rendering resistance across /
multiple neurotoxin exposures. In the present study, that s, it |
seems possible that the striatum was partially precondltlonedﬁ' 3
by the prior intermittent exposures to 6-OHDA so that deficits
did not appear until a much higher than expected dose was
sustained. We have found that the highest non-symptomaticrig g photomicrographs of representative TH-IR cells in the SNc. (A)
dose in the present study would have produced a very severezenicle only, 10, scale bar equals 1gdn. (B) Multiple infusions of 6-
and stable deficit in toxin-naive rats. Preconditioning is a OHDA. (C) 2.5mg/kg MPH co-administered with 6-OHDA.
well-established effect in hypoxia/ischemia models and may
be due to transient activation of multiple neuroadaptive and eral studies have demonstrated that there is a protracted loss
neuroprotective mechanisrgl,40] of DA neurons over the course of several weeks following in-
Detection of functional deficits with partial loss of nigros- trastriatal infusions of 6-OHDA32,33,69] and that variable
triatal DA neurons varies across studied 2,14,20,38]Sev- denervation of DA cell bodies occurs despite similar dener-

e
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vation of DA terminals depending upon the site of neuro- of effective heuroprotective strategies for PD. One could use
toxin injection in the brain and route of delivej80,38]and the mean total level of neurotoxin tolerated to assess treatment
may account for the variable behavioral impairments. The effects on vulnerability to neurotoxin exposure. This would
35% loss of TH-IR neurons in the substantia nigra observed provide a novel dependent variable for determining how well
in Experiment 1 is similar to that recorded in studies per- a treatment strategy alters the risk of developing symptoms.
formed on nonhuman primates despite the use of a differentClinically, there is considerable interest and urgency in find-
neurotoxin and route of administrati#]. In the progressive  ing behavioral tests that can be used to identify individuals
MPTP macaque model of PD, detectable symptoms occurredwho have otherwise-undiagnosed PD, ideally long before the
at43.2% TH-IR positive neuron loss. In mice treated with the classic motor symptoms appeatr. Positive screens could be fol-
same low dose of MPTP for 20 days, TH-IR neuron loss in lowed by striatal DA functional imaging tests. Protecting DA
the substantia nigra increased with each injection up until ap- neurons early in the disease process would certainly be an
proximately injection 15. However, no behavioral testing was advance over current symptom treatment with drugs such as
performed to establish a symptomatic threshold in these miceL-DOPA, which become less effective and produce increas-
[7]. Inthe current study, the battery of non-drug-induced tests ing side effects in the late stages of the disga5¢57] Once
was sensitive enough to detect subtle sensorimotor deficits inthere is a severe loss of neurons, trying to replace the neurons
animals with somewhat less than 50% TH-IR neuron loss. and ensure accurate connections and functionally adequate
In the present study there was no significant correlation firing patterns becomes a formidable task. Pre-symptomatic
between TH-IR positive neurons and behavior or between treatments that would render DA neurons resistant to mul-
TH-IR positive neurons and cumulative 6-OHDA required to tiple mechanisms of degeneration are a rational alternative
induce a behavioral deficit. Given this lack of correlation, itis [15,75] Some progress has been made already in devising
possible that compensatory changes within the nigrostriatalfunctional screens that might potentially detect in humans
system, including sprouting of DA terminals and normal- non-classic behavioral signs that reflect a high likelihood of
ization of extracellular DA, may have prevented detection an eventual diagnosis of P[3,11,47,52,56,73,89]
of such correlation§67,80] Animals were sacrificed at the Experiment 2 further investigated the slow lesion model
same time after implantation of the cannula, and therefore atand demonstrated neuroprotection against the neurotoxic
different intervals after the last exposure to 6-OHDA. These effects of 6-OHDA by MPH, a DAT inhibitor. In the slow
data are consistent with the possibility that the vulnerability degeneration model, animals receiving 1.0 or 2.5mg/kg
of striatal DA terminals varies for individual animals, which of MPH prior to 6-OHDA infusions displayed attenuated
is apparent from studies in which DA content varies widely behavioral deficits and significant sparing of TH-IR neurons
from animal to animal despite exposure to similar doses of in the SNc, despite receiving over twice as much neurotoxin
6-OHDA [78]. It is also possible that variations in cannula compared to controls. MPH co-treatment resulted in signif-
placement or levels of preconditioning influenced the number icantly attenuated deficits in limb-use, movement initiation,
of 6-OHDA infusions required to induce a limb-use asymme- somatosensory function, and reduced rotation following
try. It has been shown that discrete lesions in the dorsomedialamphetamine, which suggests a specific effect on the DA
striatum do not affect bracing of the contralateral forelimb system. Although neuroprotection by MPH is not surprising,
in 6-OHDA-treated rats, whereas lesions in the dorsolateral it demonstrates the specificity and sensitivity of the slow

region of the striatum have significant effects on bra¢ig. lesion model, and suggests a novel approach for assessing
Oral administration of Sinemet, the gold standard ther- neuroprotective therapies.
apy for PD[49], was investigated for its acute antiparkin- Methylphenidate is a stimulant drug used to treat atten-

son effects. Sinemet{DOPA:Carbidopa) increases striatal tion deficits in children and adul{9,30]. Although it would

DA content by being converted to DA by dopa decarboxy- not be expected to relieve symptoms of PD once the num-

lase and thus enhancing DA activity in surviving neurons. ber of terminals lost is high, in some cases it might be ca-

Limb-use asymmetry was temporarily reversed following a pable of protecting dopamine neurons if administered in a

dose of 20 mg/kg of Sinemet. The results indicated a peakcontrolled release form on a daily basis prior to the appear-

beneficial effect of Sinemet between 60 and 180 min after ance of the classic PD symptoms. Moreover, stimulant drugs

oral administration. This is in agreement with previous stud- can enhance neurotrophic factor expres$id+-18] which

ies showing reversal of limb-use asymmetry in the cylinder might be additionally advantageous because it could render

following either intraperitoneal injection or rAAV-mediated neurons resistant to a broad spectrum of possible causes of

gene transfer of-DOPA[39,51] As has been shown previ- cell death, as well as provide protection against secondary

ously for the akinesia and somatosensory asymmetry testsjoss of non-DA cells.

DA agonists such as apomorphine and amphetamine and in- MPH, in addition to its noradrenergic uptake-blocking

direct agonists such asDOPA can ameliorate the 6-OHDA- mechanism, binds to the DAT and prevents DA re-uptake

induced deficits without producing dyskinesias as long as thewith a potency similar to that of cocairj87]. Presynaptic

DA depletion is not severd3,47,59,74,75,77] DAT activity plays an important role in mediating DA be-
An intermittent, ultra-slow, progressive degeneration haviors in animalg28] and is involved in the toxicity of

model could prove to be uniquely valuable in the development the DA neurotoxins 6-OHDA and MPTP that enter the cell
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through the transportgf9,60] For example, mice lacking  screening methods through brain imaging and thorough neu-
DAT are resistant to MPTP toxicify3,34] whereas mice with rological assessment to maximize the benefit of protective
increased DAT show increased toxicity to MP[PR]. Block- treatments.

ade of DAT should therefore prevent toxins like 6-OHDA and
MPTP from entering DA terminals and reduce DA cell death
[78]. Pharmacologically, oral MPH at a dose of 0.25 mg/kg

occupies more than 50% of the DA transporters, while adose  \yg yould like to acknowledge the valuable assistance of J.

of 0.07 mg/kg administered intravenously has the same oc-145; 3. Chang, T. Lin, M. Woodlee and G. Redwine. Funded
cupancy rat87,88] In addition, MPH dose dependently NS23979. ’

increases extracellular DA levdi88]. The current effective
doses used in this study are comparable to those used in the
treatment of attention disorders and are below the thresh-References
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