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Abstract

To evaluate functional neuronal compensation after partial damage to the nigrostriatal system, we
lesioned rats unilaterally in the striatum with 6-hydroxydopamine. Five weeks later, cerebral
perfusion was mapped at rest or during treadmill walking using [14C]-iodoantipyrine. Regional CBF-
related tissue radioactivity (CBF-TR) was quantified by autoradiography and analyzed by statistical
parametric mapping and region-of-interest analysis. Lesions were confirmed by tyrosine hydroxylase
immunohistochemistry and changes in rotational locomotor activity.

Functional compensations were bilateral and differed at rest and during treadmill walking. Consistent
with the classic view of striatopallidal connections, CBF-TR of lesioned compared to sham-lesioned
rats increased in the ipsilateral subthalamic nucleus (STN) and internal globus pallidus, and decreased
in the striatum and external globus pallidus. Contrary to the classic view, CBF-TR increased in the
ipsilateral ventral lateral, ventral anterior thalamus and motor cortex, as well as in the central medial
thalamus, midline cerebellum, and contralateral STN.

During walking, perfusion decreased in lesioned compared to sham-lesioned rats across the ipsilateral
striato-pallidal-thalamic-cortical motor circuit. Compensatory increases were seen bilaterally in the
ventromedial thalamus and red nucleus, in the contralateral STN, anterior substantia nigra,
subiculum, motor cortex, and in midline cerebellum. Enhanced recruitment of associative sensory
areas was noted cortically and subcortically.

Future models of compensatory changes after nigrostriatal damage need to address the effects of
increased neural activity by residual dopaminergic neurons, interhemispheric interactions and
differences between resting and locomotor states. Identification of sites at which functional
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compensation occurs may define useful future targets for neurorehabilitative or neurorestorative
interventions in Parkinson’s disease.
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Introduction

The primary pathology in Parkinson’s Disease (PD) is a progressive loss of dopamine (DA)
producing neurons originating in the midbrain’s substantia nigra (SN), resulting in a
progressive degeneration of projections of the SN to the striatum. This degeneration gives rise
to clinical symptoms when approximately 50% dopaminergic cell loss in the SN is achieved,
corresponding to an 80% depletion of striatal dopamine (Foley and Riederer, 1999). It has been
proposed that during early stages of the illness, compensatory mechanisms, including increased
neural activity by residual dopaminergic neurons and increased input from contralateral circuits
and structures outside the basal ganglia, may be active (Bezard et al., 2003; Obeso et al.,
2004). Consistent with these proposals is the clinical observation that patients during their
disease learn to engage in alternative behavioral strategies that lead to a greater dependence
on less compromised motor systems—an observation also noted in animal models of the
disease (Lees, 1992; Schallert et al., 2000a,2000b).

To examine the question of reorganization of brain function, the current study used a rat model
in which partial, unilateral striatal lesions were elicited with 6-hydroxydopamine. Such lesions
have been shown to induce retrograde degenerative changes in the dopaminergic neurons of
the substantia nigra that are progressive over the first few weeks after lesioning, with
persistence of cell loss documented over 6-8 weeks (Cadet et al., 1991; Ichitani et al.,1994;
Yuan et al., 2005), and relative sparing of the mesotelencephalic DA pathway (Sauer and
Oertel, 1994). Our objective was to use functional brain mapping to investigate brain function
with respect to (1) compensatory changes in regional cerebral activation in motor and nonmotor
circuits, and (2) whether brain mapping performed during motor challenge can unmask
underlying differences between normal and pathological neural circuits that are not apparent
during the resting state.

Materials and methods

Animals

Lesions

Adult, male Sprague-Dawley rats (250-275 g, Harlan Sprague-Dawley Labs, Indianapolis, IN,
USA) were used under a protocol approved by the Animal Research Committee of the
University of Southern California. Rats were housed in groups of 2 animals ona 12 h light: 12
h dark cycle (7 p.m.-7 a.m. lights off) with free access to water and rodent chow. Rats were
trained over 2 weeks to run on the Rotarod treadmill (Columbus Instruments, Columbus, OH,
USA), starting at a speed of 3.0 cm/s, progressing to 7.9 cm/s for 40 min/day by the 4th day,
and continuing for 10 additional days.

Animals were randomized to one of 4 groups: lesion + treadmill walking (n = 9), lesion + rest
(n=9), sham lesion + treadmill walking (n = 8) and sham lesion + rest (n = 7). Rats were placed
under isoflurane anesthesia (1.3%) in a sterotaxic apparatus (Stoelting, Wood Dale, IL) and

received injection of 6-OHDA (Sigma-Aldrich, St. Louis, MO) at two sites of the right striatum
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(AP: 0.5, L: -2.5, V: -5.0 mm, and AP: -0.5, L: -4.2, V: -5.0 mm relative to bregma, with the
tooth bar set at 0 mm). Injection was made at each site of 10 pg of 6-OHDA dissolved in 2 pl
of 0.3% L-ascorbic acid/0.9% saline and administered at a rate of 0.5 pl/min using a 5-pl
Hamilton microsyringe fitted with a 26 gauge, blunted needle. Sham-lesioned rats received
injection of an equal volume of vehicle solution into the same two sites. After injection, the
needle was left in place for 5 min before slowly retracting it. The cranial hole was sealed with
dental cement and the skin sutured.

Assessment of neurological deficits

Three weeks after lesion surgery, rats were individually placed inside a spherically shaped
Perspex bowl (Rotameter of 1 m diameter). Locomotor activity of the animals was recorded
with a ceiling-mounted video camera. After recording a 10-min baseline, the rats received an
intraperitoneal injection of D-amphetamine, an indirect dopaminergic agonist (5 mg/kg). The
rat was placed back in the Rotameter and its locomotor activities were recorded for another 60
min. Data were analyzed off-line using Ethovision (Noldus Information Technology), a
software package for behavioral analysis. Assessment was made of the total and net animal
rotations (absolute and relative turns) during baseline and at different times after the D-
amphetamine injection by analysis of variance with the repeated measure time and post-hoc
t-tests (p < 0.05).

Implantation of a minipump

One week after the Rotameter testing, rats were anesthetized with isoflurane (1.3%). The
ventral skin of the neck was aseptically prepared and the right external jugular vein was
catheterized with a 5 French silastic catheter, advanced 3.5 cm into the superior vena cava. The
catheter was tunneled through the subcutaneous space to the back and connected to a self-
contained miniature infusion pump (MIP) situated subcutaneously in the infrascapular region.

Both the design of the MIP and its surgical implantation have been described in detail elsewhere
(Holschneider et al., 2002; Moore et al., 2006). This pump allowed for unobtrusive intravenous
bolus injection of the cerebral blood flow (CBF) tracer at the time of the brain mapping. The
skin was sutured over the implant, except around the pump’s percutaneous access port. The
percutaneous port allowed for flushes of the catheter every 2 days postoperatively to ensure
patency (0.8 ml of 0.9% saline, followed by 0.1 ml of 20 U/ml heparin in 0.9% saline).
Following surgery, animals were individually housed.

Injection of the CBF radiotracer

Five days after implantation of the MIP, rats were immobilized for less than 5 min in a soft
plastic rodent restrainer (Decapicone, Braintree Scientific, Braintree, MA) and the radiotracer
([*4C]-iodoantipyrine, 100 pCi/kg in 300 pl of 0.9% saline, American Radiolabelled
Chemicals, St. Louis, MO), followed by a euthanasia agent (1 ml of 50 mg/ml pentobarbital,
3 M KCI), was loaded into the pump through a percutaneous port. Animals subsequently rested
undisturbed for 40 min in a transport cage prior to exposure to the behavioral paradigm. Rats
in treadmill walking groups were placed on the rotating cylinder (3.0 cm/sec) for 2 min. Rats
in resting groups remained undisturbed in the transport cage while being exposed to the sound
of the Rotarod.

We chose the Rotarod as an activational paradigm because it represents a strong motor
challenge that involves motor exertion, limb coordination, balance and is free of negative
conditioning inherent in paradigms that incorporate electric shock as an incentive for
locomotion. The continuous nature of the locomotor paradigm allows for greater uniformity
during the in-vivo circulation of the tracer. In this regard, it differs from a forelimb reaching
task whose duration and execution may be variable. Furthermore, the Rotarod is preferred over
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the horizontal treadmill in which side-to-side drifting of the rat can occur that would add
potential variability to the functional imaging results. Exposure to the rotating rod prior to
injection of the tracer was brief (2 min.) to avoid metabolic imbalances that may result as a
result of extended exercise. A low walking speed was chosen to allow all animals to uniformly
and easily perform the task without footslips or struggle.

The MIP was triggered transcutaneously by an infrared light source above the treadmill or
transport cage. This resulted in bolus intravenous injection of the radiotracer, followed
immediately by injection of the euthanasia solution. Cardiac arrest followed within ~10 s,
accompanied by a precipitous fall of arterial blood pressure, termination of brain perfusion,
and death (Holschneider et al., 2002). Brains were rapidly removed, flash frozen in dry ice/
methylbutane (-55 °C) and stored at -20 °C.

Autoradiography

Cerebral blood flow related tissue radioactivity (CBF-TR) was measured by the [14C]-
iodoantipyrine method (Goldman and Sapirstein, 1973; Sakurada et al., 1978; Patlak et al.,
1984). In this method, there is a strict linear proportionality between tissue radioactivity and
CBF when measurement is made within a brief interval (~10 s) after injection of the radiotracer
(Van Uitert and Levy, 1978; Jones et al., 1991). Brains were sectioned in a cryostat at -18 °C
in 20 um sections, with an intersection spacing of 300 um. At each bregma position duplicate
sections were prepared. Sections were heat-dried on glass slides and exposed to Kodak
Ektascan film for 15 days at room temperature with 16 [14C] standards (Amersham
Biosciences). Images (autoradiographs) of brain sections were digitized on an 8-bit gray-scale
with a ChromaPro 45 1AIS “Dumas” film illumination system and a Phillips charge-coupled
device monochrome imaging module coupled to a Flashpoint 128 digitizing board on a
microcomputer.

Statistical parametric mapping

Image alignment—The process of aligning slices to reconstruct the three dimensional (3D)
brain, the spatial normalization and the smoothing of individual brains have been described in
our earlier work (Nguyen et al., 2004). In brief, fifty-three digitized, serial coronal sections
(bregma +4.2 mm to -11.2 mm, interslice distance 300 um) were selected and stored as two-
dimensional arrays of 72 um? pixels. Adjacent sections were aligned both manually and using
TurboReg (Thevenaz et al., 1998), an automated pixel-based registration algorithm (Nguyen
etal., 2004).

Creation of the rat brain template—Individual 3D images were spatially normalized
using a 12-parameter, nonlinear affine transformation into a standard space defined by a single,
‘artifact free’ rat brain, followed by a nonlinear spatial normalization using the low-frequency
basis functions of the three-dimensional discrete cosine transform (7 x 7 x 8 in each direction
for 1176 parameters), plus a linear intensity transformation (4 parameters) (Nguyen et al.,
2004).

SPM analysis—Statistical Parametric Mapping (SPM) (Friston et al., 1990; Friston, 1995),
which was introduced in 1991, (Wellcome Department of Cognitive Neurology, Institute of
Neurology, London, UK), is a collection of tools available in the public domain for basic
visualization and analysis of neuroimages (Nguyen et al., 2004; Lee et al., 2005). Our tracer
injection, adapted for use in freely moving subjects, precluded the direct sampling of arterial
blood necessary for obtaining quantitative measures of flow in ml/min-grams of brain tissue.
Normalization was necessary to minimize intersubject variability, most importantly,
differences in the total amount of tracer received by each animal. Global differences in the
absolute amount of radiotracer delivered to the brain were adjusted by the SPM software in
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each animal by scaling the voxel intensities so that the mean intensity for each brain was the
same (proportional scaling). Voxels for each brain failing to reach a specified threshold (80%)
were masked out to eliminate the background and ventricular spaces.

Using SPM, we implemented a Student t-test (unpaired) at each voxel (72 x 72 x 300 um3),
testing the null hypothesis that there was no effect of group, i.e. no difference between [*4C]-
iodoantipyrine CBF tracer distributions. Maps of positive and negative t were separately
analyzed. A significance threshold was set at p < 0.01 (uncorrected for multiple comparisons)
for individual voxels within clusters of contiguous voxels, and a minimum cluster size of 100
contiguous voxels (extent threshold). We then evaluated the corrected significance of
individual voxels, clusters of contiguous voxels exceeding the threshold, and number of
clusters detected in the entire SPM. Regions determined to be significant at the voxel level
were required to show significance in two or more autoradiographic sections. Group
differences in the distribution of CBF-TR were displayed as color-coded statistical parametric
maps superimposed on the brain coronal, slices. Brain regions were identified using an
anatomical atlas of the rat brain (Paxinos et al., 2005).

Region-of-interest analysis of cerebral cortex

Significant differences in the cerebral cortex (bregma +5.7 mm to -7.5 mm) were also examined
using a region-of-interest (ROI) analysis, as previously reported (Holschneider et al., 2003).
The optical density in a slice was measured within each hemisphere using custom software
written in Matlab (The Mathworks Inc., Natick, MA). Regions in the cortex were sampled
using a radial grid overlay, spaced in 15° intervals from the midline in a manner invariant
between animals. Brain regions were identified using the anatomic atlas of the rat brain
(Paxinos et al., 2005). Eight to 10 optical density measures were obtained per hemisphere along
the cortical rim, as well as adjacent measures of background. Cortical structures included those
listed in the legend of Fig. 3, as well as cingulate, prelimbic, and infralimbic cortex. A z-score
transformation was performed on the tissue radioactivity data to produce patterns of regional
cerebral blood flow tracer concentrations for each animal (Hays, 1973). This transformation
eliminates variations in mean tracer distribution between subjects and experimental groups
created by global effects on vascular smooth muscle and systematic experimental error. The
topographic distribution of the CBF-related radioactivity (CBF-TR) on the dorsal, lateral, and
basal cortical surfaces was displayed for every group as an anatomic map of the mean z-scores
on the flattened cortex. Group differences in the z-scores of each ROI within each hemisphere
were compared using t-tests (unpaired, two-tailed, p < 0.05). Laterality of the effects of
lesioning were tested with a repeated measures analysis of variance using ‘lesion’ and
‘treadmill walking’ as the between subjects factors and the repeated measures ‘hemisphere’
and ‘slice’. In addition to the analysis on the transformed data, analysis was also done on the
nontransformed data for each location, each slice (all locations in a given slice) and globally
(all locations in all slices).

Tyrosine hydroxylase immunohistochemistry

Duplicate brain sections were first fixed with acetone for 3 min, rinsed with Tris-Buffered
Saline (TBS) and incubated at room temperature in blocking solution (10% normal goat serum/
PBS, DAB500 Kit, CHEMICON, Temecula, CA) for 10 min. Sections were then incubated
for 3 h at room temperature with 1:400 solution of primary antibody (MAB 318, Mouse anti-
tyrosine hydroxylase monoclonal antibody, CHEMICON) in a humidity chamber. Control
sections were incubated in the blocking solution lacking primary antibodies. All sections were
rinsed in TBS buffer and incubated for 10 min in the humidity chamber with a 1:200 solution
of secondary antibody-HRP (Peroxidase Labeled Affinity Purified Antibody to Mouse 1gG
produced in Goat. Cat. 074-1806. KPL, Gaithersburg, MD). Finally sections were rinsed in
TBS and incubated in a freshly prepared 3,3’ diaminobenzidine solution (DAB) for 3 min. DAB
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reaction was terminated by TBS rinsing, sections were incubated with hematoxylin solution
for 1 min and rinsed in TBS buffer again and dehydrated through a graded series of ethanol
solutions and final xylene dip. Brain sections were mounted with xylene based mounting media,
coverslipped, and viewed under bright field optics. The area distributed by tyrosine
hydroxylase (TH)-positive fibers was measured in the striatum (AP +1.0 mm, -1.0 mm) and
substantia nigra (AP -5.80 mm) using Image Pro-Plus software (Media Cybernetics, Silver
Springs, MD). Significant group differences were analyzed by t-test (unpaired, two-tailed, p<
0.01).

Assessment of 6-OHDA lesion in striatal sections revealed a significant loss of dopaminergic
fibers as indicated by a loss of TH-positive staining (p < 0.0001, Fig. 1). Lesion size at the
level of the striatum as a percentage of the contralateral side was 39.4 + 4.3% (AP +1.0 mm)
and 27.5 + 5.2% (AP -1.0 mm). By comparison, lesion size in the vehicle injected rats was
respectively 0.2 £ 1.8% (AP +1.0 mm) and 0.4 £ 2.0% (AP -1.0 mm). Retrograde dopaminergic
cell losses were also apparent in the substantia nigra, ipsilateral to the striatal lesion, with
greatest losses noted in the pars compacta. Lesion size at -5.8 mm posterior to bregma was
35.0 £3.1% and 0.2 + 1.5% for the 6-OHDA and vehicle injected rats, respectively. In
agreement with prior work, no difference was noted in the TH staining intensity between
lesioned and sham-lesioned rats at the level of the striatum or substantia nigra contralateral to
the injection site (Roedter et al., 2001). The loss of TH staining was slightly lower in our study
than that reported in other studies using similar doses of the toxin. Such differences may have
been due to the prelesion training on the Rotarod, which may offer some neuroprotection to
subsequent brain lesioning (Cohen et al., 2003).

Changes of rotational activity after amphetamine challenge

Significant differences in total, as well as net rotation were seen between the lesion and sham-
lesion groups at baseline (Fig. 2), with lesioned rats (but not sham-lesioned rats) exhibiting
rotational asymmetry in the direction towards the lesioned side. This rotational asymmetry
increased progressively after administration of amphetamine (5 mg/kg, i.p.), peaking 40 min
after injection (Time x Lesion, Fg 26 = 7.89, p < 0.0005).

ROI analysis of cortical perfusion

Lesions resulted in changes in the cerebral blood flow tracer distribution (CBF-TR) over the
lesioned hemisphere (Hemisphere x Lesion, Fq 306 =4.3, p <0.039), with lateralized differences
at specific anterior-posterior levels (Hemisphere x Slice x Lesion, Fa4 283 = 2.4, p < 0.0005),
and lateralized differences at specific anterior-posterior levels in response to treadmill walking
(Hemisphere x Slice x Lesion x Treadmill, F4 283 = 1.4, p < 0.030).

Rest—Sham-lesioned rats revealed their highest CBF-TR in primary somatosensory cortex
mapping the barrel field (S1BF), jaw and upper lip region (S1J, S1U), secondary somatosensory
cortex (S2), anterior-medial aspects of the auditory cortex (Au), and anteriorlateral portions of
visual cortex (V2). Lowest regional z-scores were seen in the cortical amygdala (A), lateral
entorhinal (LEnt), posterior perirhinal (PRh), retrosplenial (RSA), and posterior piriform
cortex (Pir). This topographic pattern (data not shown) was similar to that described previously
in the normal, awake, restrained rat (Holschneider and Scremin, 1998; Waite et al., 1999).

At rest, lesioned compared to sham-lesioned rats showed significantly greater CBF-TR (Table
1A, Fig. 3), bilaterally in primary and secondary motor cortex (M1, M2, range: p < 0.05 to
<0.005), primary somatosensory cortex of the hind- and forelimbs, as well as parietal cortex
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(SIHL, SI1FL, P, range: p < 0.05 to <0.001). Significant increases in CBF-TR in M1 and M2
were more broadly represented in the contralateral than ipsilateral hemisphere, and extended
anteriorly to include portions of frontal association cortex (FrA, p < 0.01), and posteriorly to
somatosensory cortex of the trunk and to the retrosplenial cortex (S1Tr, RS, range: p < 0.05 to
0.01). Lesioned compared to sham-lesioned rats showed decreased CBF-TR bilaterally in
insular, olfactory, amygdaloid cortex and the perirhinal/lateral entorhinal transition region (I,
O, A, PRh/LERNt, range: p < 0.05 to <0.001).

Motor challenge—Sham-lesioned rats (Table 1D) showed significant bilateral activation in
response to treadmill walking in M1 and M2 (range: p <0.02 to <0.001), in SIHL, S1FL, S1Tr,
and in primary somatosensory cortex mapping the shoulder (S1S)(range: p < 0.01 to <0.001),
in medial portions of FrA (range: p < 0.05 to <0.005), and in secondary visual cortex and
retrosplenial cortex (V2, RS, range: p < 0.05 to <0.01). Significant decreases in CBF-TR
appeared in somatosensory cortex mapping the jaw and upper lip region (S1J, S1U), lateral
portions of S1BF and lateral portions of FrA and piriform cortex (range: p < 0.05 to <0.001).
This topography of activation was similar to that previously reported by our group in normal
rats during treadmill walking (Holschneider et al., 2003;Nguyen et al., 2004). Small differences
were noted, in particular an increases in CBF-TR in FrA, an anterior area of brain not sampled
in our prior publication. Also noted in the current study was a bilateral increase in the posterior
PRh/LEnt cortex, which reached statistical significance only on the right. A similar asymmetry,
though over a more restricted area of PRh/LEnt, was observed in our earlier study.

Lesioned rats showed a similar pattern of activation in response to treadmill walking in M1
and M2 (range p < 0.05 to <0.001), and in S1FL, S1IHL, S1Tr, and S1S (range p < 0.05 to
<0.001) (Table 1C). However, compared to sham-lesioned rats (Table 1B), the magnitude of
the CBF-TR increases ipsilaterally in M1 and M2 were significantly less in the lesioned
animals. Also attenuated over the lesioned hemisphere were the locomotor-induced increases
in CBF-TR in FrA and S1FL. The only cortical region demonstrating increased CBF-TR
ipsilaterally during treadmill walking in the comparison between lesioned versus sham-
lesioned rats was parietal cortex (P). In contrast, in the contralateral hemisphere increases in
CBF-TR in response to treadmill walking were greater in FrA, M1, M1/M2 transition cortex,
P, RS, S1BF, S1FL, S1S, S1Tr, S1UL, and V1 in lesioned than in sham-lesioned rats (range
p <0.05to0 <0.005, Table 1B). There were no statistical differences between the locomotor and
rest groups in non-transformed cortical CBF-TR or z-scores of CBF-TR calculated by slice or
globally across all cortical regions.

SPM whole brain analysis

Significant group differences in CBF-TR obtained after statistical parametric mapping are
shown in the form of T-score differences mapped onto select coronal sections of the rat brain
(Fig. 4). A comprehensive list of significant group differences is shown in Table 2. Results are
more fully discussed in their anatomic and clinical context in the discussion below.

Discussion

Based on the immunohistochemical and behavioral findings, lesions in our study fell within
the scope of so-called ‘moderate and compensated’ lesions (Schwarting et al., 1996). Moderate
and compensated lesions, while showing decreased input from the striatum to the substantia
nigra via direct or indirect pathways, may demonstrate increased activity of both residual
ipsilateral dopaminergic neurons, recruitment of alternate circuits, as well as increased input
from the contralateral side. This may provide a relatively ‘normal’ level of innervation to the
neostriatum. Such compensations have been shown to occur at the level of increased transmitter
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synthesis, impulse-flow and release, decreased transmitter re-uptake and spontaneous turning
behavior (reviewed in Schwarting and Huston, 1996a,1996b; Schwarting et al., 1996).

Functional brain activation after nigrostriatal lesions

Two prior studies have demonstrated no change in absolute CBF in the awake, restrained rat
in the striatum, SN, cortex and a number of brain areas, 2 weeks after 6-OHDA lesions of the
left SN (Dahlgren et al., 1981; Lindvall et al., 1981). Another study performing lesions of the
right SN and ventral tegmental area, however, found a decrease in CBF in the ipsilateral
neostriatum and amygdala, but not in the cortex (Mraovitch et al., 1993). Such discrepancies
may be ascribable to differences in the extent of lesion, the lesion sites or laterality. More
consistent have been reports about lateralized changes in local blood flow elicited under
stimulated conditions, for example when using dopaminergic challenges like amphetamine or
apomorphine (Lindvall etal., 1981; Harik etal., 1982; Ingvar et al., 1983). Our study evaluated
CBF after 5 weeks following lesioning of the striatum at two anterior-posterior coordinates.
In addition to a more detailed ROl analysis, we used a novel, voxel-based 3-D imaging analysis
which was not restricted to typical boundaries inherent to the ROl approach. Using these tools,
we were able to show the following significant changes in relative perfusion at rest and during
a locomotor challenge.

Ipsilateral brain—At rest, lesioned compared to sham-lesioned rats showed increased
functional activity in the cerebral cortex, mostly in motor and somatosensory areas. At the
same time, there was a robust hyperemia in white matter fiber tracts responsible for intra-, as
well as interhemispheric information transfer (anterior commissures, corpus callosum, external
capsule, forcepts minor and major). Such increases suggest a compensatory mechanism by
which residual cells overcome deficits related to a partial deafferentation of the striatofrontal
projections. Significant increases were also noted in several parts of the motor circuit (internal
globus pallidus, subthalamic nucleus, anterior substantia nigra, ventral lateral, ventral anterior
thalamus), and the ventral posterolateral (VPL) nucleus of the thalamus (discussed below).

The hyperemia noted at rest, however, could not compensate sufficiently under conditions of
a locomotor challenge. Treadmill walking unmasked ipsilateral hypoperfusion in motor cortex
(M1, M2), somatosensory cortex (S1FL, S1U), the striatum, and globus pallidus (internal,
external). During the motor challenge lesioned compared to sham-lesioned rats also diminished
their CBF-TR in the intra- and inter- hemispheric white matter tracts. Decreases were most
marked ipsilateral to the lesion, but were also seen contralaterally and across the midline. The
only significant cortical increase noted was in parietal cortex, which has been associated with
processing of spatial information (Kolb et al., 1983; DiMattia and Kesner, 1988) and shows
increased perfusion during performance of manual finger tasks in patients with PD (Samuel et
al., 1997; Catalan et al., 1999). Subcortical increases in CBF-TR included the red nucleus,
superior colliculus, and thalamus (ventroposterior lateral, ventromedial), with no activation
noted in the ipsilateral STN.

Contralateral brain—Though corticostriatal pathways are dominantly ipsilateral,
substantial crossed projections exist across the anterior corpus callosum (Dunnett et al.,
2005). In addition, there is histologic evidence (Morgan and Huston, 1990) for
interhemispheric projections from the substantia nigra to the striatum, and electrophysiological
evidence that activity in nigrostriatal dopaminergic cells (Castellano and Rodriguez Diaz,
1991), as well as in the STN (Perier et al., 2000a,2000b) are under control of the contralateral
brain. There appears to be functional and, at least in part, compensatory interdependence of
the two nigrostriatal systems, since unilateral manipulations (lesioning or stimulation) of one
nigrostriatal system affect contralateral DA turnover, DA synthesis, and alterations in
dopaminergic D1:D2 receptor interactions (reviewed in Schwarting et al., 1996; Roedter et al.,
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2001). Such projections may provide for the interhemispheric coordination of basal ganglia
activity.

At rest, lesioned rats showed increased CBF-TR in contralateral cerebral cortex, mostly in
motor, somatosensory and parietal cortex. Different from the ipsilateral findings was the
recruitment of a broader area of primary somatosensory cortex (S1FL, S1Sh, S1J, S1U) and
frontal association cortex. At the same time, there was a robust hyperemia in contralateral white
matter fiber tracts responsible for intra-, as well as interhemispheric information transfer,
though somewhat less so than ipsilateral to the lesion. Also, there was a small but significant
increase in the CBF-TR of the STN.

The locomotor challenge elicited a hyperemia in the contralateral cortex in the lesioned
compared to the sham-lesioned rats. Significant increases were noted in the recruitment of
somatosensory cortex (S1BF, S1FL, S1J, S1S, S1Tr, S1U), motor, parietal, frontal association
and retrosplenial cortex. Of note, lesioned compared to sham-lesioned rats demonstrated a
broadening of the cortical sensorimotor map at rest and during treadmill walking. Such a
‘diffusion’ or remapping of cortical sensorimotor activity has been previously reported in the
unilateral PD animal model (Pelled et al., 2002; Metz et al., 2004). At the same time, the
increased demands elicited by the motor task, resulted in increased recruitment in the
contralateral STN, anterior SN, red nucleus and zona inserta. Thus, the increase in CBF-TR in
the STN was noted to a small extent bilaterally at rest, and dramatically, and only
contralaterally, during treadmill walking. This finding is of interest in so far as the STN
represents a key region in the indirect pathway within the basal ganglia circuitry (discussed
below). Inputs to the red nucleus (RPC) include the sensorimotor cortex, cerebellar nuclei, and
zona incerta and the RPC is believed to play a role in intra- and interlimb coordination of
movement (Lavoie and Drew, 2002; Hermer-Vazquez et al., 2004; Ruigrok, 2004). The zona
inserta with projections to the basal ganglia (Heise and Mitrofanis, 2004) is hyperactive in 6-
OHDA-lesioned rats (Perier et al., 2000a,2000b) and has been the target of deep brain
stimulation to improve symptoms of bradykinesia in PD subjects (Henderson et al., 2002;
Voges et al., 2002).

Increased CBF-TR was also noted in lesioned compared to sham-lesioned rats in the
ventromedial thalamic nucleus (VM) and the ventral subiculum (VS) during the locomotor
challenge. The VM is in general considered to be part of the motor thalamus. Subcortical inputs
to the VM originate to a large degree in the internal segment of the globus pallidus and the
substantia nigra (nigrothalamic pathway). Afferents from the cerebellum have also been
identified. Projections from the VM reach widespread cortical areas, in particular in the rostral,
frontal part of the hemisphere and include motor cortex (thalamo-cortical pathway). Lesions
of the V'S have been previously linked with alterations in locomotor responsiveness to
amphetamine (Burns et al., 1996; Taepavarapruk et al., 2000; Caine et al., 2001). Electrical
stimulation of the V'S evokes hyperlocomotion and increased dopamine efflux in the rat nucleus
accumbens (Taepavarapruk et al., 2000). It has been suggested that the VS may play a role in
the initiation of locomotor movement (Ma et al., 1998).

Midline brain—During the resting state, lesioned compared to sham-lesioned rats
demonstrated small but significant increases in CBF-TR in the midline cerebellum, which were
dramatically enhanced during treadmill walking. Past work has shown that stimulation of the
forelimbs and hindlimbs elicits extracellular recorded responses in the vermis of lobules 2 to
7 (Saint-Cyr and Woodward, 1980; Santori et al., 1986), and Rotarod walking increases c-
fos expression in these vermal lobules (Jasmin et al., 1994) (but see also (Ruigrok et al.,
1996)). In addition, anterograde autoradiography and retrograde horseradish peroxidase
methods have revealed that the vermal and paravermal lobules are targets of the dorsal column-
lemniscal system which provides somatosensory information from the spinal cord. CBF-TR
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was also greater in lesioned compared to sham-lesioned rats in the central medial thalamic
nucleus and septal nuclei (lateral intermediate medial, triangular, septofimbrial). While the
central medial nucleus, at least in its caudal portion, projects widely to motor and sensory cortex
(Groenewegen et al., 2004), the septal nuclei have been reported to show evidence of TH
staining (Risold and Swanson, 1997) and dopaminergic fibers (Taghzouti et al., 1985).

Motor challenge also increased CBF-TR in the supramammillary nucleus (SuM). The
supramammillary nucleus contains many dopaminergic neurons (Swanson, 1982), some of
which are extensions of the A10 cell group (ventral tegmental area), which shows a decrease
in tyrosine hydroxylase staining cells after striatal lesions (Yuan et al., 2005). The SuM has
projections to the lateral septum and plays a prominent role in the modulation of the theta
rhythm (Pan and McNaughton, 2004). One may speculate that increases in dopaminergic
neuronal activity in the supramammillary nucleus may serve to increase synchronized afferent
activity to drive SN oscillations which may be disrupted after 6-OHDA lesions (Meissner et
al., 2006).

Striato-pallidal pathways

The classic view of basal ganglia connections is based upon the identification of two distinct
striato-pallidal pathways (Fig. 5) (Albin et al., 1989;Alexander et al., 1990). Though this model
is currently recognized to represent a simplification of the neural circuitry (Obeso et al.,
2000), inita “direct’ pathway leads from the striatum straight to the globus pallidus pars interna
(GPI) and other basal ganglia output nuclei, while an “indirect” pathway first transmits to the
globus pallidus pars externa (GPE) and the STN. A prediction of the direct-indirect pathways
model is that the akinesia associated with Parkinson’s disease is due to an imbalance in activity
in the two pathways in favor of the indirect pathway (Albin et al., 1989;Bergman et al.,
1990;DeLong, 1990). More specifically, in the indirect pathway GABAergic inhibitory
efferents from the striatum to the GPE are proposed to be overactive. This increased inhibition
of the GPE results in a disinhibition of the STN and, thus, overactivity of basal ganglia outputs
from the GPI and the substantia nigra reticulate (SNr). Lesioning of the striatum also results
in increased activity at the level of the GPI/SNr through decreased inhibitory influence from
GABAergic projections from the striatum itself (direct pathway). Such increases in neuronal
activity of the GPI/SNr should result in increased inhibition of the VL/VA, with resultant
decreased activity in sensorimotor cortex.

Consistent with the classic view, our study showed a significant increase in CBF-TR in the
STN of lesioned compared to sham-lesioned animals, suggesting a modest bilateral basal
hyperactivity. That such increases are compensatory has been suggested by observations that
blockade of the STN excitation of surviving DA neurons in the presymptomatic period of the
MPTP-primate model of PD can provoke the emergence of parkinsonian symptoms (Bezard
etal., 1997). Also consistent with the classic view, was the increased CBF-TR at rest in the
lesioned compared to sham-lesioned animals in the ipsilateral GPI and a decrease or no change
in CBF-TR in the striatum and GPE. However, contrary to the classic view, we saw increases
atrest in CBF-TR in the ipsilateral VL, VA and bilateral motor cortex. At the same time, CBF-
TR was increased in the white matter tracks within and between hemispheres. These findings
are in line with recent experimental results showing bilateral overactivation of the sensorimotor
cortex in the unilateral rodent model of PD (Pelled et al., 2002). Such cortical hyperactivity is
difficult to explain using the classical model of basal ganglia function (Alexander et al.,
1990), which are based largely on primate anatomy. Furthermore, this model does not address
interhemispheric interactions as might result from direct strong corticocortical connections of
the hemispheres through the corpus callosum; contralateral connections between the basal
ganglia and the cortex, and/or possibly connections between the VM and cortex.
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Findings during the locomotor challenge differed from those at rest. Ipsilaterally there was a
deactivation or absence of activation across the striato-pallidal-thalamic-cortical circuit.
Contralaterally, however, we saw increases in CBF-TR in both the STN, anterior SN, and motor
cortex.

Somatosensory circuits—In addition to motor deficits, the rat model of unilateral 6-
OHDA lesions has been documented to display somatosensory ‘hyperreactivity’ for tactile
stimulation ipsilateral to the lesion, while sensory neglect is seen contralateral to the lesion
(Schwarting et al., 1996). Likewise, preliminary work has shown that patient’s with PD have
altered sensory processing to a vibratory stimulus, with both increases and decreases in brain
functional brain activation within the somatosensory system (Boecker et al., 1999). Such
findings have suggested the presence of either altered central focusing and gating of sensory
impulses, or enhanced compensatory recruitment of associative sensory areas in the presence
of basal ganglia dysfunction. Thus, brain lesioning likely altered not only motor output from
the brain during treadmill walking, but also afferent input from the somatosensory system that
provided tactile and proprioceptive information from the animal’s body.

Lesioned compared to sham-lesioned rats showed bilateral increases in CBF-TR of the
somatosensory cortex at rest and contralaterally in response to the locomotor challenge. Such
increases suggest that somatosensory cortex may have to ‘work harder’ after striatal damage
in order to provide adequate sensory processing to the animal, both at rest and during treadmill
walking. As noted above, the increases contralaterally suggest presence of a compensatory
recruitment of neurons that may be operating via corticocortical and transcallosal connections,
or else via contralateral connections between the basal ganglia and the cortex.

Also increased at rest was the CBF-TR in the ventral posterolateral (VPL) nucleus of the
thalamus. Increases were noted ipsilaterally at rest and bilaterally during the locomotor
challenge. The VPL is a primary thalamic relay for somatic sensory, i.e. tactile/kinesthetic and
nociceptive information from the trunk and limbs (Groenewegen et al., 2004), which provides
direct projections to the caudal striatum (Erro et al., 2001). Increased perfusion in the VPL
may indicate increased neural activity whose aim is to boost neural input to a hypofunctional
striatum.

The CBF-TR patterns in response to treadmill walking in the sham-lesioned animals, also
revealed significant changes in several regions within the ascending dorsal column-lemniscal
system. This system sends ascending fibers from the spinal cord’s gracilis nucleus and cuneate
nuclear complex to the midbrain and cerebellum, providing tactile, as well as proprioceptive
information from all parts of the body (Graybiel, 1972) (Massopust et al., 1985). In our study,
significant changes within this system were noted in sham-lesioned rats in response to the
locomotor challenge, included the lateral lemniscus (decrease), inferior colliculus (decrease),
superior colliculus (decrease), medial geniculate (decrease), pretectal nuclei (decrease),
cerebellar vermis (increase), and ventroposterior lateral thalamus (decrease). Consistent with
the notion of enhanced compensatory recruitment within the dorsal column-lemniscal system
after striatal injury, we found significant increases in CBF-TR between lesioned and sham-
lesioned animals during treadmill walking, bilaterally in the VVPL, contralaterally in the lateral
lemniscus, as well as in the cerebellar vermis.

Functional neuroimaging in normal subjects and PD patients during motor activation

Brain mapping performed during motor challenges has been previously reported in early PD,
though these have typically used manual finger tasks rather than walking. In agreement with
the classic PD model, numerous imaging studies using PET have shown cortical hypoactivation
in motor-related areas in human PD subjects performing simple motor tasks, compared with
normal subjects (Jenkins et al., 1992; Playford et al., 1992; Jahanshahi et al., 1995). However,
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other studies have found increased neuronal activity in different regions of the motor, frontal
and sensory cortices in parkinsonian patients (Boecker et al., 1999; Sabatini et al., 2000), and
electrophysiological studies of single neurons in a monkey model of PD reported no change
in the mean spontaneous primary motor cortex discharge (Doudet et al., 1990; Goldberg et al.,
2002). Such differences have been explained on methodologic grounds and by differences in
the severity of PD between subjects studied. Comparison of these studies to our study is
complicated by the fact that PD, though it may show asymmetry, typically is a bilateral disease
of the nigrostriatal system, whereas our animals received unilateral lesions. Nevertheless, these
studies make several points which parallel the results of our work: (a) functional brain
activation during a motor challenge unmasks underlying differences between normal and
pathological neural circuits that are not apparent at rest (Jenkins et al., 1992; Playford et al.,
1992; Rascol et al., 1994, 1997; Jahanshahi et al., 1995; Samuel et al., 1997), with
hypoperfusion noted in premotor, prefrontal and supplemental motor cortex and the putamen;
(b) performance of a unimanual task elicits activation of ipsilateral motor cortex in PD subjects
but not in controls (Rascol et al., 1994, 1998; Thobois et al., 2000)— activation that requires
interhemispheric neural input; (c) Compensation for striatal dysfunction can occur through
recruitment of nonmotor cortex, including parietal cortex (Samuel et al., 1997; Catalan et al.,
1999), (d) Motor challenge in PD subjects elicits activation of the cerebellum not apparent in
elderly, control subjects (Rascol et al., 1997; Hanakawa et al., 1999; Albani et al., 2001).
Enhanced cerebellar activation in the vermis was noted in the only human study to date that
examined PD patients during treadmill walking using SPECT (Hanakawa et al., 1999).

Imaging studies of PD patients with asymmetric motor symptoms (hemiparkinsonism) have
shown that during the execution of a motor task with a non-akinetic hand, cerebral activation
in PD patients appeared similar to that of controls (Thobois et al., 2000). Activated areas were
the primary motor cortex, premotor cortex, parietal cortex and cerebellum. This suggests that
asignificant degree of akinesia is necessary to induce an abnormal pattern of cerebral activation
during a motor task. However, when these subjects engaged in the same motor task with their
akinetic hand, ipsilateral activation of primary motor cortex was noted. Such ipsilateral
activations were noted even when patients were off drugs, had no dyskinesia and no significant
tremor at the time of the PET studies. Similarly, two SPECT studies have demonstrated bilateral
activation of primary motor cortex during a unimanual motor task in PD patients (Rascol et
al., 1994, 1998). Such findings could represent a presymptomatic rCBF overactivation which
itself is insufficient to induce involuntary movements. Alternatively it may represent the
recruitment of accessory motor pathways in order to compensate for the dysfunction of the
basal ganglia.

That differences in neural activation, overactivation, or no response in PD patients performing
motor tasks may relate to the relative magnitude of dopaminergic tone was suggested amongst
others by Rascol et al. (Rascol et al., 1992). Here imaging sequential finger movements using
SPECT demonstrated that PD subjects with akinesia, unlike normal controls, showed no change
in CBF in the supplementary motor areas and in the contralateral primary sensory motor cortex.
However, these deficits were reversed when PD patients in the ‘off’ state were converted to
the “‘on’ state by a subcutaneous injection of apomorphine, a DA receptor agonist. These results
suggest a functional deafferentation of the cortical motor areas in PD subjects—an abnormality
that can in part be reversed by dopaminergic drugs. Our study suggests that functional
deafferentation can also be countered during a treadmill challenge by increased activation of
motor circuits in the contralateral brain, as well as the recruitment of alternate brain regions.
That this activation may result from increases in dopamine release is suggested by
microdialysis studies which have shown that exercise acutely increases the concentration of
DA in the striatum of the rat (Sabol et al., 1990; Hattori et al., 1994).
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Basal ganglia circuits in rodent and human locomotion

Limitations

Rat and human basal ganglia share many features. They both demonstrate the existence of
dorsal and ventral striatopallidal systems, striatonigral and nigrostriatal projections, and
descending pathways from the striatopallidal system to the midbrain tectum and reticular
formation. The connectional similarities are paralleled by similarities in the general distribution
of chemical markers of striatal and pallidal structures such as dopamine, substance P and
enkephalin, as well as by similarities in development (Medina and Reiner, 1995; Smeets et al.,
2000; Hardman et al., 2002). Nevertheless, substantial differences exist between rat and human
basal ganglia which may reflect differences in aspects of behavior, and in susceptibility to
developing PD symptoms. (Smeets et al., 2000). Such differences could in principle also
modify the compensatory response elicited after cell loss in the nigrostriatal system. For
instance, there are differences in the proportional volume of individual brain structures,
differences in the anatomic distribution of TH+ neurons within the dopaminergic SN, and
differences in the anatomic continuity of the GPl and GPE (Hardman et al., 2002). Basal ganglia
output in rats has been reported to be concentrated in pathways emanating from the
nondopaminergic SN (SNND). Conversely, humans have fewer developed SNND neurons
(and less output neurons overall) and larger overall proportions of STN and GPE neurons
compared with rats, suggesting greater internal basal ganglia regulation of information before
output through the GP1 and SNND (Hardman et al., 2002). Furthermore, there are interspecies
differences in the morphology of dopaminergic SN neurons, which may result in differences
in input resistance and firing patterns between primates and rats (Kotter and Feizelmeier,
1998).

Although quadrupedal gait may in principle involve activation of different neural circuits when
compared to bipedal gait, the current study and our previous work mapping CBF during
treadmill walking in normal rats has shown that this task engages motor circuits, primary
somatosensory cortex mapping the forelimbs, hindlimbs and trunk, as well as secondary visual
cortex (Holschneider et al., 2003; Nguyen et al., 2004). These results concur with work in
humans that demonstrates during walking increases of regional CBF in the supplementary
motor area, medial primary sensorimotor area, visual cortex, striatum, visual cortex and the
cerebellar vermis using single photon emission computed tomography (SPECT)(Fukuyama et
al., 1997; Hanakawa et al., 1999).

A limitation to the current study was that in addition to dopaminergic neurons, 6-OHDA can
to some extent also be taken up into and destroy other catecholaminergic neurons. The extent
of involvement of nondopaminergic neurons is dependent on the site and (less so) on toxin
amount (Schwarting et al., 1996). Changes we observed in functional brain activation may
have been initiated not simply by dopaminergic deficits and their downstream consequences,
but also by, for instance, changes in noradrenaline and/or serotonin. Such issues
notwithstanding, neuronal damage in PD is also not selective for dopamine, but includes to
some extent changes in noradrenaline (Gesi et al., 2000) and serotonin (Nicholson and Brotchie,
2002) as well.

Although the existence of a flow/metabolism coupling at rest is well accepted, the exact
relationship between neuronal activity, regional CBF, and metabolism during cerebral
activation remains a question of debate (Gsell et al., 2000; Keri and Gulyas, 2003). Unresolved
issues include (a) the assumption that behavioral performance shows correlations with regional
CBF equally in all brain regions, (b) the limits of proxy measures such as regional CBF have
in detecting changes in spatial and temporal neural processing, in which the overall energy
demands may remain unchanged, and (c) the role of excitatory compared to inhibitory
neurotransmitters have in altering brain perfusion and metabolism. In particular, hemodynamic
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changes evoked by activation can be driven by subthreshold synaptic activity. The balance
between synaptic excitation and inhibition, as well as the electroresponsive properties of the
targeted nerve cells themselves, controls the amplitudes of the neuronal and vascular signals.
Hence, it is not possible on the basis of an increase in regional CBF to definitively judge whether
the output or input activity of that region is increased or whether such activity represents
changes in inhibitory or excitatory activity.

Our results showed that following partial unilateral damage of the nigrostriatal system that (a)
functional brain activation differed at rest and during treadmill walking, with ipsilateral deficits
in the striato-pallidal-thalamic-cortical circuit most apparent during the locomotor challenge,
(b) a number of compensatory changes in motor areas were noted outside the classic striato-
pallidal circuitry, (c) functional compensations were noted in both hemispheres, but during the
locomotor challenge were mostly contralateral and in midline cerebellum, and (d) there was
enhanced compensatory recruitment of associative sensory areas in both cortex and subcortex.
Future models of compensatory changes in motor circuits after damage to the nigrostriatal
system should address the effects of increased neural activity by residual dopaminergic
neurons, interhemispheric interactions and that compensation may differ between resting and
locomotor states.
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Fig. 1.

Lesion development in the striatum and substantia nigra. Coronal brain sections 33 days after
unilateral intrastriatal injection of 6-OHDA (n = 18) or vehicle (n = 15) processed with TH-
immunohistochemical and hematoxylin staining. The loss of area of TH-positive staining
(arrows) on the lesioned side was expressed as a percentage of the total intact area, as measured
on the contralateral side, both for the striatum (1C) and substantia nigra (2C). No detectable
loss of TH staining was noted in sham-lesioned rats both at the level of the striatum and
substantia nigra. Measurements (+S.E.M.) were taken at +1.0 mm and -1.0 mm relative to
bregma (striatum) and -5.8 mm relative to bregma (substantia nigra). *p < 0.0001 vs. control.
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Rotational behavior (mean + S.E.M.) after administration of D-amphetamine (5 mg/kg, i.p.)
in rats with unilateral striatal lesions (n = 18) or sham lesions (n = 15). The left figure depicts
total rotation; the right figure depicts net rotation (difference between positive clockwise turns
and negative counter-clockwise turns). Injection occurs after a 10-min baseline, as indicated
by the arrow. *p < 0.005 lesion vs. sham-lesion group.
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Fig. 3.

Maps of the color-coded average z-scores of regional cerebral blood flow related tissue
radioactivity (CBF-TR) on the topographic surface of the flattened cortex. Depicted are average
z-score differences between rats with unilateral striatal lesions and sham-lesioned animals
either (top) at rest, or (middle) during treadmill walking. The comparison of the functional
brain activation in response to treadmill walking is shown for the lesioned animals (bottom).
Arrows denote changes in cerebral perfusion of motor cortex. In these two-dimensional maps
of the flattened cortex, the x- and y-coordinates are obtained from measures of the anatomical
distances within the autoradiographs. The x-axis (locations) represents lateral distance from
the midline (in mm) along the cortical rim within a slice. The y-axis (slices) represents coronal
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slices, numbered from rostral to caudal, with distance relative to bregma in millimeters
(positive values being rostral to this landmark). To avoid discontinuities in the graphic
representation, the space between each coronal slice and the locations within each slice, for
which there were no measurements, was filled with values calculated by linear interpolation.
Interpolations were performed separately for each hemisphere with interpolation distances
ranging from 300 to 1000 um. Superimposed on the maps are the borders of the main cortical
areas (Paxinos and Watson, 2005): A, amygdala; Au, auditory; FrA, frontal association; I,
insular; LEnt, lateral entorhinal; LO, lateral orbital frontal; M1, primary motor; M2, secondary
motor; O, olfactory; P, parietal; Pir, piriform; PRh, perirhinal; RS, retrosplenial; primary
somatosensory mapping the S1BF, barrel fields; S1FL, forelimbs; SIHL, hindlimbs; S1J, jaw;
S1S, shoulder; S1Tr, trunk; S1U, upper lip region; S2, secondary somatosensory; TeA,
temporal association; V1, primary visual; V2, secondary visual.
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Fig. 4.

Regions of statistically significant differences of functional brain activation in rats with
unilateral striatal lesions in lesioned and sham-lesioned rats either at rest (Lesion + Rest, n =
9, Sham+ Rest, n = 7) or during a treadmill walking (Lesion+ Locomotor, n = 9, Sham+
Locomotor, n = 8). Depicted is a selection of representative coronal slices (anterior-posterior
coordinates relative to bregma). Colored overlays show statistically significant positive (red)
and negative (blue) differences (voxel level, p<0.01). Abbreviations are those from the Paxinos
and Watson (2002) rat atlas: 5 (trigeminal nucleus, motor, sensory), A (amygdala), aca (anterior
commissures), APT (anterior pretectal nucleus), Cb (cerebellum), CM (central medial thalamic
nucleus), CPu (striatum), GPE (external globus pallidus), GPI (internal globus pallidus), |
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(insular cortex), LP (lateral posterior thalamic nucleus), M1, M2 (primary, secondary motor
cortex), MG (medial geniculus), P (parietal cortex), S1BF, S1J, S1U, S1FL, S1HL, S1Tr
(primary somatosensory cortex, barrel field, jaw, lip, forelimb, hindlimb, trunk), PH (posterior
hypothalamus), Pir (piriform cortex), Re (thalamic reuinens nucleus), RLi (rostral linear raphe),
SC (superior colliculus), SN (substantia nigra), STN (subthalamic nucleus), SuM
(supramammillary nucleus), V1, V2 (primary and secondary visual cortex), VM (ventromedial
thalamic nucleus), VL/VA (ventral lateral, ventral anterior thalamic nucleus), VPL/VPM
(ventral posterolateral, ventral posteromedial thalamus), ZI (zona inserta).
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Sensorimotor Cx

Striato-pallidal circuits. Shown is the classic view of the indirect pathway (gray shading) and
direct pathway (stipled box), as well as their net inhibitory (-) or excitatory (+) effects. STN
(subthalamic nucleus), GPE (external globus pallidus), GPI/SNr (Internal globus pallidus/
substantia nigra reticulate), ventrolateral/ventral anterior thalamus (VL/VA). Adapted from

DeLong and Wichmann (2007).

Neuroimage. Author manuscript; available in PMC 2008 July 1.



Page 27

Yang etal.

VoL VoL A A VoL g
VoL VoL A A VoL wgT
VoL VaL A A VaL VaL wg gl
VoL ny A A ny VoL wgT Wl
VoL ny A A ny VoL wgl e
nqv ny ny A S ny oW ddy ldy
v v W zA N s v ny o owgpsd agv v
v ny ny d Sy ny W wETd NV v
v W ny ny d y S ny nyoowgd Sy v
v WY ny ny d AR oy nwWooWgd Y v
v wgad ny ] ny ny wyg1ad ddy v
v W ny ny o wETAd v
v ! W ny ny ny gy v
v g W ny / ny oA v
v ad g4 ny ny W1/ v
v 1g wa1Ad ny ny U v
v 1q 1 s s 1 v
v 1g 1 s s I 4 v
v g 1 s s I v
v 1q 1 s s 1 v
v 1d 1 TN s 1 v
v 1g 1 TN s I v
v g 1 s I
v g 1 I
v 1g 1 I
[} nd 1q 1 I o 0
0 nd 1q 1 I o €0
o ag 1q 1 I 0 90
o ng g 1 I 0 60
[} nd 1q 1 I 0 Tl
0 nd g 1 1 o <l
0 nd g 1 1 0 81
0 ng g 1 I o 1T
o nd 1g 1 1 1 o vz
o nd 1q 1 I ng o Lt
0 ng g 1 I ng o €
o ng o1 1 s I o €€
0 nd o1 1 W N 1 o 9¢
[} Id o1 1 IN 1 o 6¢
0 ng o1 1 N N I o Ty
0 ng 1g o1 TN o1 o1 o X3
o o ng o1 o1 o1 0 8r
0 0 [¢) o1 o1 o1 o <
0 0 [¢) 0 Vi 0 0 S
0 0 0 0 Vi o o <
woyg “sa uorsay 5oy 'y
ol 6 8 L 9 N ¥ 4 I I z € t S 9 L 8 6
JUCHENeY S# 10 S# 10 asaydsrway vwidarg
sisAjeue

10Y Ag paulWwIzIap S Xali09 Paualiel) ay) JO 89RLINS 8L UO UONBAIDR UIRI] [eUOIIOUN) JO SBOUBIBIIP JuRdIIUBIS Ajeonsnels Jo suoifay

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2008 July 1.



Page 28

Yang etal.

ndv

<dd<dcg< << <<

<< <

ad
ad

ad
1d/0
d/0
/0
Ad/O
Ad/O
ad/0
/0
ad/o
Ad/O
/0
Nd/O
/o
(&)

(o]

o]

PR i ]
cocaamaeaa0C0OCcCoCcoQCcoCcoC

NIH-PA Author Manuscript

g

wHgT W
wgT Wy
W 1Ad

WA

wg1Ad

wg1Ad

W 1Ad

wE1Ad

wg1Ad

WA

WA

WH1Ad

g 1Ad

WA

WA

1

I

I

I

1

I

1

I

I

I

1

I

I

I

1

1

Ald/1 I
Ald/1 1
Ald/1 1
Ald/1 1
/0T I
Ad/OT I
Ad/OT I
Nd/OT 1
nd/0 o1a
Ad/O o1a
[0} o1a

(o] O

(o] O

109
PH/VAL
VoL
VoL

ny

ny

ny

ny

RZR7

R R R R
N v G

n

VoL A IA IA - TA/SY

VoL TA A 1A IV

VoL A IA IA TA/SY
v A A IA - TASY
ny A IA IA - TASY
ny A A A TASY
ny A A A TASY
ny d A o IR
ny d IA A TASY
ny d 1A A TASY
ny R o S
W AdIS d A TASY
o Jdis JIEE sy

d d d/S¥

nyo 481S d8ALIS d/sy
TOMEIS  A4IS AGALIS TWZN
T0MHAIS  d4IS H8ALIS A TW/ZN
qomdals  ddis dgA0s s [NEE
104918 usIS  THIS  TW/ZW
10/44 UsIs  THIS  TWEW
10746 | SPEEEIN § IS W

THIS  TWZW
HIS TN

THIS N

1018 THIS [a4
) IS TIHIS ww
IS TN N

IS 1N (a4

TIS N wn

IS I ww

IS TN N

W I W

N N wn

W N W

IN N wn

IN N N

€ TN TINTIN W
W W 44 W
IN IN 4 wn
W 1N N W
W N N W
W W 4 W
W i 44

Viad Vid

Vi Vi Vi v

£
[

A IA

A 1A

A 1A

A 1A

A IA

A A

A A

A A

Sy A

A A

A A

Sy A

Sy d

d d
J -
ITIN/TW ALIS
ITIW/ZN LIS
ITW/ZW ILIS
THIS

THIS

THIS

TW/ZW THIS
IW/ZNW THIS
W THIS
N THIS
N THIS
N N
TN W
N N
N 1IN
N 1IN
N N
TN IN
(44 IN
W IN
45\ IN
TN W
N N
N N
N N
N N
N N
N W
Vi AZE |
vii Vi

ALIS
LIS
ILIS
ILIS
usis
usis
usis
BEIN

VaL
VoL
VaL
ny
ny
ny
ny
ny
ny
ny

NIH-PA Author Manuscript

ny

ny

Vid
Vi

Wi
W
wi
wi|
g
WHTAd
WA
W1/
W Ad
WHTAd
WA
W T/Ad
W 1/Ad
W T/Ad
W Ad
WA

o1
o1

co8

w
W
wH

aid

ad

cooc&&

SiL=
L

i
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
ad [¢]
ad 6]
ad [e]
ad [¢]
ad [e]
ad (6]
ad [¢]
ad [¢]
ad 8]
ad [¢]
ad [¢] €
ad (o] €€
ad 8] 9t
ad [¢] 6¢
ad [¢] [a4
ad [¢] 154
(o} 8] 8
o 0 s
(o} (¢} s
o ¢] Ls

WYS “SA UOIST] A0IOWOIO] g

NIH-PA Author Manuscript

; available in PMC 2008 July 1.

Neuroimage. Author manuscript



Page 29

Yang etal.

andv

8] atd
(6] aq
(6] Ind
8] d
0 ad
(¢} ad
(¢} ad
(6] ad
0 ad
8] ad
g
g
ad
g
g

[efe}icNcloNeoNel

[¢] (o]
0 (o]
0 (o)

wHT

W T/Ad
W T/d
n

Wz /4d
W T/d
Wi 1/id
=

ad o1
Atd o1
o o1
(o] O
(o] [0}

ny
ny
ny
ny
ny
ny
ny
s
s
[4y

s

o1
o1
VI
Vid

ny

Vi
Vid

NIH-PA Author Manuscript

TW/TW
T/

N [
TN N
N N
N N
a4 [
Vi Vi Vi
Vi Vid Vg Vi

NIH-PA Author Manuscript

I/
TN

ITW/ZN
ITIW/AN

(44 ww
N W
Vi Vi Vi Vi
Va4 Vi Vi vid

o1
o1
Vi
Vid

WHTAd
W TAd

ad
Ad

W TAd

aid
ad
[¢]

0

v

ccoco

9¢

t's
L's
IS2Y “SA AOIOWOIOY UOISIT ")

cococoCcoCcOCOCOCOC

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2008 July 1.



Page 30

Yang etal.

"¢ B4 U1 paulyap se ate suoifial J1WOeUE BU) JO SUOIBIABIGQY *(SUoIdalul [e1eLs ay) 0 [eJale|eliuod pue [esale]isdr) asaydsiway

[e403182 Y10q 10} [eJ8)e| O} [RIPSW WO} Pa1dldap aJe OT-T "SOU UOIIed0] [e1302 821[S YIea UIYNAA "Sialowl|jiw ul ewfaig 0} SOUBISIP UNM ‘[epned 0} [el}S0J Wolj Sadl|s [euolod Juasaidal smoy

"0 > 90UBIAYHIP 2109S-Z "8°1 ‘UosLiedLlod ay) 1o} uoisnyiad [eo11109 Ul sasealdap Juasaldal punolbxoeq Aeif e uo 1xa) %oe|g "0 < 8dUaJay)Ip 8109s-Z 'l ‘uosiredwod dnoib yoes ul uoisnyiad 8211409 Ul
$3Sea10U] S)uasaldal punolBxoeq 3ae|q e Uo 1xa) SHUA ‘19A3] G0°0 > d 8y Je Juedlylubis seouaiaip dnoub Juasaidal |19 papeys "uoisniiad [e211409 [euolBal JO $8103s-Z UsaMiaq ale suosiiedwod dnolo

VaL A L=
VoL A wyT W (A
A wq] Wy 69~
A 99—
A -
adv w1/ ny A qv 9-
v wg1A4Ad ny A ¥ L's-
v ny ny d ¥ 145
v ny ny d v
v wgTAd ny ny v
v w144 ny ny v
v w14 ny ny b 4
v W 1d ny ny v
v wg1/d ny ny WHT/Ad ¥
v wg1Ad ny ny W 1/d nq v
v WA ny anis ITIN/TIN WA ad v
v 1 < anis TN/ I ad v
v I [ nis T/ I id v
v I [ay nis I aid v
v 1 S anis I ad v
v 1 s 441S I nd v
v I [ A41S I id v
v 1 [y A4IS I ad v
\/ 1 s nis 1 ad v
v 1 S 1nis I aid hd
(¢} ad 1 S anis I ad Aid (o]
(8] ad 1 s nis I ad ad 8]
(¢} ad I s 1nis I id 1d (8]
(¢} 1 anis 1nis I aid d o 60
(¢} I anis Inis I ad d o Tl
[¢] I anis ris I aid ad 8] Sl
(¢} I anis s I i d o 81
(¢} Id 1 anis ris I aid ad o 1T
o0 ad I s rs I ad ad o T
o id and 1 (s s I id d o LT
(¢} | aid I s s I iq Id 8] €
o ad o1 I s ris I o1 d o €€
(¢} ad o1 I IN N I o1 Aid 8] 9¢
o ad o1 1 IN N I o1 d (o) 6°¢
(6} i o1 I 184 N I o1 Id (8] Tt
(¢} aq ad o1 o1 N o1 id g o St
o0 (o] ad o1 o1 IN o1 ad (6] (o) 8t
(o) o (6] o1 o1 W o ] (0] o] s
(6] (6} (o] o Vi Vi (o] 6] (6] (8] 149
o (o] o o Vid Vid o] o (6] (o) Ls
152) “SA 4010WOI0T WMYS (]

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2008 July 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Yang etal.

Table 2

Page 31

Regions of statistically significant differences of functional brain activation as determined by SPM analysis

Lesion vs. sham

Locomotor vs. rest

Region
Rest (Ipsi/ Locomotor (Ipsi/ Lesion (Ipsi/ Sham (Ipsi/
Contra) Contra) Contra) Contra)

*% * * *%k
Amygdala (BMA, BMP, MeA) Ul - ul W,
Anterior commissures (aca) 1/- Ul . - . T .
Cerebellum (vermis) Midline 1. Midline 1 Midline 1 Midline t_
Corpus callosum (cc) Midline 1 Midline | -, Midline 1
Dentate gyrus (PoDG, posterior) -] . . - . i/l**
External capsule (ec) m.,. Ul I m.,.,
Forcepts minor (fmi) 1, Ul . m.,.
Forcepts major (fmj) - T . M, T
Globus pallidus, external (GPE) - l/-* l/'* -
Globus pallidus, internal (GPI) - - - -
Hypothalamus, anterior (AH), posterior *k *k
(PH), posterior lateral (PLH) l/l* u ) Ul**
Inferior colliculus, central n. (CIC) UL, - . U,
Lateral lemniscus (VLL, ILL) Ul -1t U Ul .
Medial septal n. (MS) -, - Midline | Midline |
Pretectal n. anterior (APT) m - Ul W,
Pretectal n., posterior (PPT) - - - Ul
Raphe, median (MnR) Midline | - Midline | Migﬂne l*
Red n. (RPC) - T - Uy
Septal n., lateral-medial, triangular, - * - *
se;?tofimbrial (LSI, TS, SFi) ’ Midline 1 - - Midline 1
Septal n., lateral ventral (LSV) - -, "y .
Striatum, anterior dorsolateral (CPu) . -, - A
Striatum, anterior centromedial (CPu) UL, -, - . .
Striatum, posterior ventral (CPu) -1l -, -, W,
Subiculum, posterior, dorsal, (Post, DS) -] -t -t Ul

Parasubiculum/Coudomedial

Entorhinal Cx (PaS, CEnt) .
Subiculum, ventral (VS) - -, -1 .
Substantia nigra, anterior (SN) - -, -1 M,
Subthalamic n. (STN) mn, -1t -1t W,
Superior colliculus (SC) Ul /- N - Ul .
Supramammillary n. (SuM) - Midline 1 - Midline |
Thalamus, central, medial (CM) Migline 1 - Migline 1 Migune l
geniculate (medial, MG) U, - - W,
lateral dorsal (LD) -, - - m.,.
Lateral posterior (LP) Ul - - Ul .
Reuinens n. (Re) Migline l Midline 1 Midline |
Ventral lateral n. (VL) - - - -
Ventral anterior n. (VA) - - - -
Ventroposterior lateral (VPL) M-, T - S
Ventroposterior medial (VPM) W, . 1 W,
Ventromedial, (VM) u 1, - Ul
Trigeminal n., motor, sensory, (5) - -/1 i Uy
Vestibular n., medial, superior (MVe, } -1 R UL
SuVe)
Zona incerta - '/T* - Ui**

Data are for rats with unilateral striatal lesions either at rest (Lesion + Rest, n = 9) or during a treadmill challenge (Lesion + Locomotor, n = 9), as well
as for the corresponding sham-lesioned controls (Sham + Rest, n = 7; Sham + Locomotor, n = 8). Arrows denote increases or decreases in the group
differences in cerebral blood flow tracer distribution (CBF-TR). Significance is for shown at the voxel level (p < 0.01).

*
designates additional significant at the cluster level with correction for multiple comparisons (p < 0.01, cluster > 100 voxels).
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