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Abstract
Object In the present study, we aimed to evaluate the impact
of neurodegeneration of the nigrostriatal tract in a rodent
model of Parkinson’s disease on the different MR contrasts
(T2, T1, CBF and CBV) measured in the striatum.
Material and methods Animals were injected with
6-hydroxydopamine (6OHDA) in the substantia nigra result-
ing in massive loss of nigrostriatal neurons and hence dopa-
mine depletion in the ipsilateral striatum. Using 7T MRI
imaging, we have quantified T2, T1, CBF and CBV in the
striata of 6OHDA and control rats. To validate the lesion
size, behavioral testing, dopamine transporter µSPECT and
tyrosine hydroxylase staining were performed.
Results No significant differences were demonstrated in the
absolute MRI values between 6OHDA animals and controls;
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however, 6OHDA animals showed significant striatal asym-
metry for all MRI parameters in contrast to controls.
Conclusions These PD-related asymmetry ratios might be
the result of counteracting changes in both intact and affected
striatum and allowed us to diagnose PD lesions. As lateral-
ization is known to occur also in PD patients and might be
expected in transgenic PD models as well, we propose that
MR-derived asymmetry ratios in the striatum might be a use-
ful tool for in vivo phenotyping of animal models of PD.

Keywords Parkinson’s disease · Rat · Neurodegeneration ·
SPECT · MRI

Abbreviations
6OHDA 6-Hydroxydopamine
CBF Cerebral blood flow
CBV Cerebral blood volume
DA Dopamine
DAT Dopamine transporter
FOV Field of view
PD Parkinson’s disease
ROI Region of interest
SN Substantia nigra
VOI Volume of interest

Introduction

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder characterized by a severe loss of nigrostriatal
neurons resulting in dopamine depletion in the nigrostria-
tal circuitry. Although the majority of underlying genetical
and molecular causes are unknown, idiopathic PD has been
attributed to environmental factors such as toxins causing
oxidative stress in the dopaminergic neurons. This under-
standing has lead to the creation of several animal models
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mimicking the symptoms of PD. The macaque model
after systemic MPTP administration [1] or the 6-hydroxy-
dopamine (6OHDA) rat model [2] are currently the best
documented but are also very severe and not—or shortly—
progressive PD models [3]. It is only recently that genes
associated with familial forms of PD have been discovered
[4], leading already to alternative rodent models based on
local lentiviral vector induction [5–9] and transgenic mod-
els. These new chronic models will provide the opportunity
to study the onset and further course of PD-related pathology
at molecular, anatomical and behavioral level.

Instead of traditionally used invasive techniques in the
characterization of animal models such as histology and auto-
radiography, non-invasive in vivo imaging is offering oppor-
tunities such as longitudinal studies to investigate the course
of a neurodegenerative disorder [5] and to evaluate putative
therapies; both are only about to be explored in rodent mod-
els. Few MRI studies on rodent models of PD exist [10–14],
but the results are often hard to compare due to the use of
different models, imaging protocols or field strengths and no
general overview on observed MR contrast changes currently
exists. It is, however, important to explore the possibilities
of MRI and define contrast differences in a robust and well
known animal model—where the degree of neurodegenera-
tion can be experimentally controlled by the concentration
of the neurotoxin—which then can be used as a reference
standard for transgenic models.

In the present study, we used the 6OHDA rat model of PD
where unilateral injection of 6OHDA in the substantia nigra
results in destruction of more than 90% of the dopaminergic
neurons. As a biological analog of dopamine and noradrena-
line, 6OHDA is transported into catecholaminergic neurons,
where it is metabolized, causing cytotoxicity and subsequent
neuronal cell death [15]. The validity of this animal model has
been demonstrated by invasive histological and electrophysi-
ological analysis [15] and by in vivo imaging techniques such
as microSPECT (single photon emission computed tomog-
raphy) consistently demonstrating large decreases in DAT-
binding capacity in the affected striatum [16–19].

Here we describe asymmetric changes of different MR
contrast features in the brain, which are not always due to
changes in the affected hemisphere and therefore rather imply
compensatory mechanisms in the intact hemisphere, which
were suggested earlier in this model by electrophysiological
studies, extracellular dopamine concentrations and receptor
sensitivity [15].

Material and methods

Animal model

In total 12 healthy female Wistar rats (282 ± 12 g) were sub-
mitted to the following experimental protocols (six 6OHDA

rats and six controls). All aspects of animal experiments and
husbandry were carried out in compliance with national and
European regulations and were approved by the Animal Care
and Use Committees of the Universities of Antwerp or Leu-
ven.

Surgery

To avoid surgical artifacts in the region of interest (ROI: stri-
atum),we have chosen unilateral stereotaxic injection in the
(right) substantia nigra of 24 µg 6OHDA (Sigma, St. Quen-
tin-Fallavier, France) dissolved in 3 µl of sterile NaCl solu-
tion containing 0.1% ascorbic acid.

All surgical aseptic procedures were performed under
ketamine (60 mg/kg i.p.) and medetomidine (0.4 mg/kg)
anesthesia. Six rats were placed in a stereotaxic head frame
(Stoelting, Wood Dale, Illinois) and a small hole was drilled
in the skull in the appropriate location using bregma as refer-
ence. The coordinates used to target the substantia nigra were
anterio-posterior (AP) −5.2 mm, lateral (L) 2.3 mm and dor-
soventral (DV) 7.2 mm. After the injection, the needle was
left in place for an additional 10 min before being slowly
retracted from the brain. No surgery was performed on con-
trol animals.

Behavioral testing

Amphetamine not only inhibits dopamine reuptake through
direct dopamine transporter (DAT) binding, but also stimu-
lates dopamine release through DAT. Systemic administra-
tion of amphetamine after unilateral dopaminergic lesioning
results in ipsiversive turning behavior, where the number of
rotations is related to the extent of the lesion [20–22]. Turn-
ing behavior of more than 100 ipsiversive rotations in 90 min
correlates with a successful and detectable lesion in the sub-
stantia nigra. In our study, amphetamine-induced asymmetric
rotational behavior was monitored in the first three control
and three 6OHDA-lesioned rats after imaging using an auto-
mated rotometer bowl [23]. Amphetamine was injected intra-
peritoneally at a dose of 5 mg/kg. For each test, the total
number of complete turns clockwise and anti-clockwise was
counted over 90 min. The direction ipsilateral to the lesion
is considered as positive. The analysis of amphetamine tests
was based on net ipsilateral turns (defined as clockwise turn-
ing in the case of a right-sided injection).

Anesthesia and monitoring

MRI Rats were initially anesthetized with 5% isoflurane
administered in a gaseous mixture of 30–70% O2–N2.
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Anesthesia was continued under 1.5% isoflurane presented
to the rats via a mask fitting on the rat snout. Rats were
breathing spontaneously throughout the entire experiment.
Respiration rate, measured with a small pneumatic pillow,
and body temperature, measured with a rectal probe, were
continuously monitored with pcsam software (SA Instru-
ment rents, NY, USA). Body temperature was kept con-
stant at 37.5 ± 0.5◦C with a control heated warm water
blanket (T/Pad and T/Pump, Gaymar Institute, Kent Sci-
entific Corporation, Litchfield, CT). A tail vein was cath-
eterized for administration of Dotarem (Guerbet, France)
during perfusion measurements. The rats were allowed to
breath spontaneously during the entire experiment. End tidal
CO2 measurements and breathing rate were measured with a
CapStar-100 End-Tidal CO2 Analyser (Linton instruments,
Palgrave, UK). Breathing rates and end tidal pCO2 remained
constant and normal during the entire recording period.
MicroSPECT Since isoflurane interacts with DAT [24,25],
the barbiturate Nembutal� (natrium pentobarbital—Ceva
Sante Animale, Brussels, Belgium) was used as anesthetic.
Anesthesia was induced with a 60 mg/kg intraperitoneal
injection. Five minutes later a tail vein was catheterized for
administration of 300 MBq of 123I-FPCIT (123I-ioflupane,
DaTSCANTM, GE Healthcare, England). Specific activity
of the administered radioligand was 2,5–4,5 1014 Bq/ mmol.
SPECT imaging was started about 90 min after injection.

Imaging

Uniform restrainer

Imaging started approximately 4 weeks after surgery for the
6OHDA rats and was performed in age matched control ani-
mals. A stereotaxic device equipped with blunt ear plugs
and a tooth bar incorporating the snout mask to avoid any
head movement was developed according to Scherfler [18].
This allowed a uniform restraining of the rat’s head in flat
skull position in both imaging modalities (MRI and micro-
SPECT). MRI measurements followed microSPECT mea-
surements after 1–2 weeks.

MRI

MRI was performed on a 7 T (MRRS, UK) MR system with
self-shielded gradients of 400 mT/m and aperture of 8 cm
(Oxford instruments). A 50- mm Helmholtz transmitting and
24- mm receiving surface coil was fixed on the stereotaxic
device, such that the centers of the coils were approximately
at the position of bregma.

T2- and T1-weighted high-resolution imaging of the entire
rat brain (Field of view (FOV): (35×35×30) mm3, slice ori-
entation: coronal) was performed by a three dimensional (3D)

Fast Spin Echo (FSE) (acquisition matrix: 256 × 128 × 64;
TR = 2,500 ms, effective TE = 35 ms, echo train length =
4) and a 3D conventional SE (acquisition matrix: 256×128×
128; TR/TE = 298/24 ms) sequence.

In order to obtain quantitative information for the tis-
sue T2 within the striatum, a SE multi-slice (FOV: 30 mm;
12 horizontal slices covering the entire brain; slice thick-
ness: 1 mm) multi-experiment was performed (acquisition
matrix: 256×128; TR = 1,920 ms). This included three exper-
iments where the T2 weighting was gradually increased
(TE1 = 18 ms, TE2 = 36 ms, TE3 = 50 ms). At the same
position and orientation of the T2-weighted images, T1-
weighted multi-slice imaging was performed with an inver-
sion recovery SE sequence (FOV: 30 mm; slice thickness:
1 mm; acquisition matrix 128×64; TR = 10 s, TE = 20 ms)
by increasing inversion times (TI1 = 200 ms, TI2 = 600 ms,
TI3 = 1,200 ms, TI4 = 1,800 ms, TI5 = 2,400 ms,
TI6 = 3,000 ms, TI7 = 4,600 ms, TI8 = 6,200 ms, TI9 =
8,000 ms).

Bolus tracking was performed applying a single slice GE
EPI at the position of the striatum (coronal slice, IA 8.5 mm;
FOV: 35 mm, TR = 300 ms, TE = 12 ms, acquisition matrix
64 × 64). Two hundred experiments were recorded and a
bolus (Gadoterate meglumine, Gd-DOTA, Dotarem, Guer-
bet, France Dotarem, 0.2 mmol/kg) was injected manually at
the 50th experiment.

MicroSPECT

MicroSPECT was performed on either a single head Gen-
eral Electric Millennium MPR gamma camera (GE Health-
care, US) with a vendor-supplied single pinhole collimator
or using a single head of a dual-head Siemens E-Cam cam-
era (Siemens, Erlangen, Germany) with an in-house built
collimator. Both systems have a single 3- mm knife-edge
pinhole aperture. The focal length is 240 mm (Millennium)
and 170 mm (E-Cam), respectively. Image acquisition con-
sisted of 64 equidistant projections over 360◦ with the pinhole
aperture on a 4-cm (E-Cam) or 5-cm (Millennium) radius of
rotation. The projections were measured with a 15% energy
window around the 159-keV peak of 123I. Projections were
rebinned in a 128×128 projection matrix with a pixel size of
1.695 mm for the Millennium system and a 256×256 matrix
with 1.948 mm pixel size for the E-Cam system. On each
camera system, three control and three 6OHDA rats were
measured so there was no camera bias. For reconstruction
calibration purposes, the pinhole acquisition geometry was
determined by an in-house developed method [26,27].

Histology

To assess degeneration of the nigrostriatal neurons, deep
Nembutal�(natrium pentobarbital 60 mg/kg) anesthesia was
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applied and then the animals were perfused transcardially
with saline followed by ice-cold 4% paraformaldehyde in
phosphate buffered saline (PBS) for 15 min after the last
MRI measurement. The brain was postfixed overnight in
the same fixing solution. 50 µm-thick coronal brain sections
were cut with a vibratome (Leica, Microsystems, Wetzelar,
Germany) and stored at 4◦C. First, sections were treated
with 3% hydrogen peroxide and incubated overnight with
rabbit anti-tyrosine hydroxylase (1:5000) (Chemicon, Teme-
cula, CA) in 10% normal swine serum. Then the sections
were incubated in biotinylated swine anti-rabbit second-
ary antibody, followed by incubation with Strept-ABC-HRP
complex (DAKO, Glostrup, Denmark). Detection was by
diaminobenzidine (DAB) using H2O2 as a substrate.

Data processing

MRI

Reconstruction MR data were Fourier transformed to image
matrices of (256×256×256), (256×256) or (128×128) for
the 3D high resolution images, 2D T2- and 2D T1- weighted
SE, and T2*- weighted GE EPI images respectively. This
resulted in an in plane resolution of 137, 117, 234 and 273 µm
for the 3D high-resolution, T2- and T1- weighted, and GE EPI
images, respectively.
MR image processing The calculation of quantitative maps
in which the signal intensity is proportional to the tissue T1

or T2 value was carried out using in-house software devel-
oped in IDL (Interactive Data Language). T1 and T2 values
were measured separately in left and right striatum in three
brain slices at positions IA 4–IA 6 mm, where the structure
is clearly delineable based on anatomical boundaries.

The T2 values were calculated on a pixel-by-pixel basis.
The signal intensities of the three SE images with different
TE were plotted versus echo time and then the best fit to the
exponential equation describing the T2-relaxation process of
the spin system was determined:

Si = S0 exp(−TEi/T2)

with Si being the pixel signal intensity of the SE image
acquired with an echo time TEi as defined in the acquisi-
tion method previously. This pixel-by-pixel fitting resulted
in T2-maps, images in which the gray level of each pixel
represents the fit-parameter T2.

Analogous to the T2 mapping, the T1 values were calcu-
lated on a pixel-by-pixel basis. The signal intensities of the
nine IR-SE images were fitted to the inversion time following
the general T1-relaxation process determined by:

(±)Si = S0(A − B exp(−TIi/T1))

with (±)Si the (inverted or non-inverted) pixel signal inten-
sity of the IR-SE image acquired with an inversion time TIi

as defined in the acquisition method above. To deal with the
needed negative values for the short inversion times, we first
searched the TImin, which has minimal SI. Then, the fitting
procedure was repeated 5 times in which a different number
of Si were inverted for the shortest inversion times (sym-
metric around TImin). The T1 value was defined by the fit
that showed the smallest deviation from the measured SI-
data. This pixel-by-pixel fitting resulted in T1-maps, images
in which the gray level of each pixel represents the fit-param-
eter T1.
Bolus tracking MR data were transferred to a Linux work
station and analyzed using Medx Software (Medx, Sensor
Systems, Sterling, USA). The dynamic images were viewed
as mean intensities on a pixel-per-pixel basis to display
susceptibility curves. The signal intensity-versus-time curve
was normalized to baseline scans before bolus passage. The
observed change in the relaxation rate R∗

2(=1/T∗
2) is approx-

imately proportional to contrast concentration in the tissue.
This change in relaxation rate (�R∗

2) for each time point t can
be obtained from the change in signal intensity after contrast
administration (S(t)) from the baseline signal before con-
trast administration (S0),�R∗

2 =−ln(S(t)/S0)/TE. Effects of
recirculation of the contrast are reduced by numerically inte-
grating the �R∗

2-versus-time curve according to a gamma-
variate fitting curve. An improved gamma-variate fit was
used to reduce underestimation of the arterial input func-
tion, which otherwise leads to overestimation of cerebral
blood volume (CBV) and flow (CBF) values. The arterial
input function was calculated from an artery likelihood map
representing voxels within the brain that are ranked based
on the likelihood of being an artery. Arterial voxels were
defined by following criteria: large peak height, small peak
width, early take-off time and steep initial slope. The arte-
rial likelihood map was based on maximizing: P(early take-
off)*P(narrow peak-width)*P(large peak-height), where P
means probability. Parametric images displaying CBV and
CBF on a pixel-per-pixel base were used for analysis. From
these perfusion maps, arterial voxels were removed such that
only the parenchymal contribution was reflected and hence
less variation in the CBV and CBF values of the region of
interest was observed. Mean values of the quantitative param-
eters were determined in both left (intact) and right (affected)
striatum.
Asymmetry ratios between ipsi- (right) and contralateral (left)
striatum were calculated for all parameters to define intra-
animal differences (differences within the striatum of ani-
mals from the same group) by dividing ipsilateral value with
contralateral value, or for control animals right divided by
left.
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MicroSPECT

Reconstruction Iterative OS-EM image reconstruction,
incorporating the camera calibration, was performed in a
64 × 64 × 80 image with a pixel size of 1.2 mm. The recon-
struction used an iteration scheme with 10 iterations of a
decreasing number of subsets [2,4,8,12,16] and [1], yield-
ing 430 equivalent MLEM iterations. The full reconstruction
methodology has been described elsewhere [26]. In sum-
mary, the reconstruction takes the pinhole sensitivity into
account and also models the pinhole spatial resolution by a
multiple ray tracing technique (7 rays were used).
Quantification DAT-binding indices were calculated as
activity in the striatum divided by aspecific activity in the
cerebellum minus 1, giving an indicator of DAT-binding
capacity (or distribution volume ratio DVR). Volumes of
interest (VOI) for the putamen that were delineated bilater-
ally and for the cerebellum were used for automated activity
quantification. Left-to-right binding asymmetry indices were
determined [28].

Quantitative histology

The number of TH-positive neurons in the SN pars compacta
was estimated in both control and lesion side using an unbi-
ased stereological method: the optical fractionator (Stereo
Investigator, MicroBrightField, Williston, VT, US). Every
fifth section throughout the substantia nigra was analyzed
with a total of 7–8 sections for each animal. Lesion size was
expressed as the percentage of neuronal loss measured in the
lesioned side when compared to total number of nigrostri-
atal neurons in the control side, where no neuronal loss is
assumed.

Statistical analysis

After testing for normal distribution, parametric tests were
applied for all statistical analyses, using SPSS 12.0 (Win-
dows). Significance was accepted at the 95% probabil-
ity level, and all reported values of the present study are
mean± standard error of the mean.
Inter-animal differences for all MRI and SPECT param-
eters measured in the right striatum of respectively con-
trol when compared to 6OHDA-lesioned animals, were
calculated using two-tailed, independent, sample it t-tests.
Intra-animal differences for MRI and SPECT parameters,
measured in left when compared to right striatum of con-
trol or 6OHDA-lesioned animals were calculated by two-
tailed, paired, t-tests. Alternatively, intra-animal differences
for MRI and SPECT parameters were also expressed as asym-
metry ratios that were statistically compared to 1 using a one
sample t-test.

Results

Validation of the 6-hydroxydopamine model

Behavioral measurements

Of six 6OHDA rats, three were subjected to the behavioral
tests and displayed 409, 1,167 and 1,661 ipsiversive rota-
tions, indicating that the site of injection and injection dose
were sufficient to cause a (near-) complete lesion in the sub-
stantia nigra (Table 1). In three control animals, ipsiversive
rotations of −133,−52 and 4 were counted.

MRI

In some rats, a lesion at the level of the SN was still clearly
visible 4 weeks after injection. This lesion was restricted to
the ipsilateral SN and did not extend to the contralateral SN
nor the ipsilateral striatum.

DAT binding

Figure 1a and Table 1 show the binding capacity of the DAT
in the left and right striatum of control animals when com-
pared to 6OHDA rats. While in control animals there was
no difference of DAT binding in left or right striatum (bind-
ing asymmetry ratio 1.01 ± 0.04, p = 0.7), 6OHDA rats
showed a significant decrease in the affected striatum (0.26 ±
0.09, p < 0.001) (Fig. 1b). This was also significant when
compared with control animals (p < 0.001). In one 6OHDA
rat, binding capacity was only reduced by 35% while in the
other animals a 70–93% decrease was noted. The binding
capacity of DAT in the unaffected striatum of 6OHDA rats
showed higher values when compared to the left striatum of
control animals, but this difference did not reach significance
(0.89 ± 0.07 vs. 0.74 ± 0.09, p = 0.2).

Histology

Three animals were sacrificed for histological analysis. In the
substantia nigra, every fifth section of the brain was stained
for tyrosine hydroxylase (TH) and quantified by stereologi-
cal procedures. An average loss of 97 ± 0.6% neurons was
observed in the substantia nigra (Fig. 2; Table 1).

Quantification of MRI parameters

Left and right striatum were separately delineated as was
done in the µSPECT analysis (see ROI 1 and 2 in Fig. 3).
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Table 1 A summary of the results (means ± SE) of the multi-modality study on the 6OHDA- lesioned (n = 6) and control animals (n = 6)

Control 6OHDA

Left Right Asymmetry ratio Left Right Asymmetry ratio

MRI parameters

T2 (ms) 42.09 ± 0.58 40.73 ± 0.68 0.97 ± 0.02 42.71 ± 0.81 40.98 ± 0.84 0.96 ± 0.02a

T1(ms) 1,668 ± 26 1,681 ± 18 1.01 ± 0.02 1,593 ± 48 1,699 ± 55 1.07 ± 0.02a

CBF (ml/100 g/ min) 257.1 ± 72.9 257.7 ± 71.7 1.02 ± 0.01 761.0 ± 26.0 583.3 ± 31.6 0.8 ± 0.04a

CBV (ml/100 g) 4.4 ± 0.2 4.4 ± 0.2 1.00 ± 0.02 6.2 ± 1.2 5.0 ± 0.8 0.8 ± 0.05a

µSPECT DAT binding 0.74 ± 0.09 0.74 ± 0.09 1.01 ± 0.04 0.89 ± 0.07 0.23 ± 0.07 0.26 ± 0.09a

Behavior (ncontrols = 3; −60.3 ± 39.8 1,079 ± 511
n6OHDA = 3)

Histology (n6OHDA = 3) ND 97.0 ± 0.6%

Behavior data point out to number of ipsiversive rotations as measured after amphetamine administration. Histology refers to the lesion size or
neuronal loss measured in the ipsilateral SN. CBF cerebral blood flow, CBV cerebral blood volume, DAT dopamine transporter, ND not done,
TH tyrosine hydroxylase
a Asymmetry ratios significantly different from 1 (p < 0.05)

MRI relaxation parameters

Although both control and 6OHDA animals seemed to show
an asymmetry in T2 values between ipsi- and contralateral
striatum, only for 6OHDA rats the difference between intact
(contralateral) and affected (ipsilateral) striatum was signifi-
cant (pT2−control = 0.07, pT2−6OHDA = 0.04) (Fig. 3). After
calculation of the T2 asymmetry according to Hall and col-
leagues [29] as the ratio of the T2 measured in the ipsilateral
versus contralateral striatum, an asymmetry significantly dif-
ferent from 1 could only be discerned in the 6OHDA group
(p = 0.04), but not in the control group (p = 0.08), dis-
criminating 6OHDA rats from control animals by a single
measurement.

In contrast to control animals where there was no differ-
ence for T1 between left and right striatum (pT1−control =
0.47), T1 in the affected striatum of 6OHDA- lesioned rats
was significantly different from that in the intact hemisphere
(pT1−6OHDA = 0.005) (Fig. 3). In addition, the T1 asym-
metry ratio of the 6OHDA rats was not only significantly
different from 1 (p = 0.005), but was also significantly
increased by 5% when compared to control animals (con-
trols: 1.01 ± 0.02; 6OHDA: 1.07 ± 0.02; p = 0.04) (Fig. 3).
For control animals, the asymmetry ratio was not different
from 1 (p = 0.45).

Changes in cerebral blood flow and volume

Dynamic contrast-enhanced MRI, or bolus tracking, was
used to investigate alterations in the resting state cerebral
blood volume and flow. Though in the previous experiments
horizontal slices were preferred for an optimal discrimina-
tion of the striatum from the surrounding tissue, this slice
orientation was shown to suffer from too many susceptibility
artifacts in fast imaging sequences. Therefore, hemodynamic

Fig. 1 a The dopamine transporter (DAT) binding capacity in left (L)
and right (R) striatum of control (Co) animals and 6OHDA-lesioned
rats. The affected striatum of 6OHDA rats displayed a significant
decreased DAT-binding capacity (*, p < 0.001). b Right-left asym-
metry ratio of DAT-binding capacity. Double crosses (#) show signif-
icant difference p < 0.05) from the test value 1 indicated with the
dashed line. Asymmetry ratio is significantly different (p < 0.001)

between control and 6OHDA rats (*). c Image fusion display of region-
of-interest placement (Hermes Multi modality Display, Nuclear Diag-
nostics, Stockholm, Sweden). Specific binding activity of DAT was
measured in left (1) and right (2) striatum and non-specific activity in the
cerebellum (3)

parameters were measured in a single coronal slice at position
IA 8.5 mm.

Control animals did not display any intra-animal differ-
ences in the CBF nor CBV values between left and right
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Fig. 2 Tyrosine hydroxylase staining (right) shows no reaction at the
6OHDA injection side (right). Histological quantification revealed an
average loss of 97 ± 0.6% of the neurons within the affected substantia
nigra (arrowhead)

striatum (pCBF = 0.3, pCBV = 0.98), neither were the right-
left asymmetry ratios significantly different from 1 (pCBF =
0.7, pCBV = 0.9) (Fig. 4a–c). This is in contrast to 6OHDA-
lesioned rats in which a significant intra-animal difference
was shown between left and right striatum for both CBF
(p = 0.008, Fig. 4a) and CBV (p = 0.006, Fig. 4b), which
resulted in an asymmetry ratio significantly different from 1
(pCBF = 0.02, pC BV = 0.02, Fig. 4c). CBF in both intact
and affected striatum were significantly increased when com-
pared to control animals. CBV values tended to be increased
especially in the intact striatum, however, they did not reach
significance (Fig. 4a).

In summary, it was shown that hemodynamic parame-
ters displayed a clear asymmetry in 6OHDA rats, which was
reflected in an asymmetry ratio significantly different from
1. Correlation studies were performed between different data
sets, but no significance could be demonstrated. All values
are summarized in Table 1.

Fig. 4 Column charts demonstrating the changes in cerebral blood
flow (a) and volume (b) measured in left (L) and right (R) striatum of
control (Co) and 6OHDA rats. Asterisk (*) shows significant differ-
ence between left and right striatum for CBV and CBF. c Right-left
asymmetry ratio of CBV and CBF. Double crosses (#) show significant
differences (p < 0.05) from the test value 1 indicated with the dashed
line

Discussion

The cardinal neurological symptoms of Parkinson’s disease
only occur if more than 80% of the nigrostriatal pathway
is degenerated. Before, compensatory mechanisms occur in
the remaining intact basal-ganglia cortical circuitry mask-
ing the degeneration of the nigrostrial neurons. Unilateral
injection of 6OHDA in the substantia nigra (SN) of the rat
causes an acute and nearly complete lesion at the injection
site, resulting in dopamine (DA) depletion in only the ipsi-

Fig. 3 Relaxation rates (T2 and T1) measured in left (L) and right (R)
striatum of control (Co) and 6OHDA rats. Asterisk (*) shows significant
difference between left and right striatum for T2 and T1. Double crosses

(#) indicate right-left asymmetry ratio of relaxation rates significantly
(p < 0.05) smaller than the test value 1. Asymmetry ratio of T1 is
significantly different (p < 0.05) between control and 6OHDA rats (*)
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lateral striatum. Most studies focus on changes observed in
the ipsilateral hemisphere, while it is known that also in this
model compensatory mechanisms take place contralaterally
[3]. Here we studied the 6OHDA model for PD using mic-
roSPECT and MRI, measuring all parameters separately in
left and right striatum of 6OHDA rats and controls in order
to evaluate not only differences in the ipsilateral, but also
compensatory mechanisms in the contralateral striatum.

Animal model

The lesion extent in the 6OHDA group was validated by
behavioral, µSPECT and finally histological studies. Uni-
lateral lesions cause an asymmetric and quantifiable motor
behavior, such as rotational behavior that occurs when stri-
atal dopamine loss exceeds 70%. The number of ipsiversive
turnings can be correlated with the degree of cell loss in the
SN. In the present study, ipsiversive turning in the amphet-
amine challenge test was by average larger than 500, which
is known to correlate with massive lesions. This was fur-
ther confirmed by µSPECT imaging revealing a decreased
DAT- binding capacity in the striatum by almost 74 ± 8%,
which was related to a neuronal loss in the substantia nigra
of 97 ± 1% as shown by histological findings.

Previously, Kondoh and colleagues [30] assessed the
effective dose of 6OHDA by T2-weighted imaging one day
after injection, and suggested an effective dose lower than
the concentration 6OHDA injected in the present study. Nev-
ertheless, the current protocol has previously been used by
these authors [5] showing effective lesioning of the nigrostri-
atal pathway and resulting in complete dopamine depletion
in the striatum. Though Kondoh [30] suggested non-specific
lesioning in neighboring brain structures with higher doses,
we observed a lesion that was confined to the ipsilateral SN
4 weeks after injection mimicking reliably the cardinal symp-
toms of Parkinson’s Disease [31].

A major limitation of the present study is that no sham ani-
mals have been included. Sham animals are better controls
compared to naive animals, as they undergo similar anes-
thetic and surgical procedures as the animal model under
study. These experimental procedures, especially stereotaxic
brain injections, might influence the obtained results. How-
ever, as our injection site (SNr) and ROI (striatum) are ana-
tomically separated brain areas, we assumed that surgery
would not affect measured values in the ROI. In addi-
tion, previous studies have shown that the functional dif-
ferences between 6OHDA-lesioned rats and naive controls
are unlikely to be related to experimental artifacts, such
as the intranigral injection. Araujo and colleagues demon-
strated that [18F]-FDG uptake, a measure for neuronal via-
bility, in the injected region is similar between controls and
sham-operated animals [32]. In addition, Kondoh and col-
leagues [30] examined the effect of 6OHDA and vehicle

injection on T2 in the SN of rats one, three and nine days after
injection. While vehicle injection did not cause any changes
in T2, a hyperintense area was observed in SNr one and three
days after 6OHDA injection Nine days after injection, T2

returned to basal values. Therefore, as we studied the mor-
phological changes only in the projection area of the SNr,
we are confident that the comparison of our results to normal
control animals is as valuable.

MicroSPECT imaging

MicroSPECT is a sensitive in vivo imaging technique allow-
ing to quantify changes in DAT-binding capacity in the
affected striatum, and thus is an in vivo tool to measure
altered presynaptic nigrostriatal integrity [33]. In most ani-
mals, a severe reduction of DAT binding was noted indicating
an appropriate nigrostriatal damage comparable to the loss
observed in clinical Parkinson’s disease. For quantification,
the striatal volume of interest was determined on the corre-
sponding MRI data sets and transformed by translations to the
corresponding microSPECT image. In evaluating DAT loss
quantitatively, we did not take into account partial volume
effects in this study. This is likely to give an underestima-
tion of the true impairment of striatal DAT-binding capacity.
In future studies, voxel-based implicit partial volume cor-
rection schemes will be evaluated by incorporation of anat-
omy (based on MR images) in the reconstruction algorithm
(A-MAP, Anatomical Maximum A Posteriori reconstruction)
[34].

MRI findings

Transversal relaxation rate, T2

T2-weighted MRI studies on patients with Parkinson’s dis-
ease are performed to study the iron metabolism in the basal
ganglia in an effort to discriminate patients from control
subjects, but results are not consistent and even often con-
tradictory. Very recently Kosta and colleagues [35] showed
decreased T2 values in the substantia nigra compacta, but
higher T2 values in both nucleus caudatus and putamen, while
Vymazal and colleagues [36] measured no difference in T2

in the putamen and Ye et al. [37] reported an increased iron
concentration. To our knowledge, only Hall and colleagues
[29] measured T2 changes in the striatum of the 6OHDA
rat model for Parkinson’s disease at 1.5 T to study the daily
fluctuations of the iron metabolism. Although they were not
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able to discriminate 6OHDA-lesioned animals from con-
trols by the asymmetry ratio, PD rats displayed higher daily
fluctuations than the control or sham group. They suggested
that this highly fluctuating iron metabolism underlies the con-
tradicting results from the clinical studies. In addition to Hall
and colleagues [29], we were able to reproduce the signif-
icant asymmetry ratios, and to discriminate controls from
lesioned animals at a single time point. Within the 6OHDA
group the absolute T2 values were significantly smaller in
the affected striatum when compared to the normal intact
side. However, the comparison with control animals could
not elucidate whether this significant asymmetry was due
to decreased T2 values in the affected striatum or increased
T2 in the normal striatum. While decreased T2 is related to
iron accumulation, increased T2 values could be related to
compensatory mechanisms such as sprouting of the remain-
ing projecting fibers [35]. The resulting increased density of
intact dopaminergic fibers containing a high amount of water
could account for the increased T2 relaxation in the contralat-
eral intact striatum. In an attempt to elaborate this hypothesis
we performed Magnetization Transfer Contrast imaging in a
subset of 6OHDA-lesioned rats and normal controls (data
not shown). We were, however, not able to show significant
asymmetry ratios. 1H spectroscopy focusing on N-acetylas-
partate—a marker of neuronal/axonal integrity—might pro-
vide further insights in this hypothesis.

Longitudinal relaxation rate, T1

Though the T1asymmetry ratio of the 6OHDA group was
significantly increased when compared to controls, it could
not be elucidated whether this was attributed to increased T1

in the affected striatum or decreased T1 in the normal appear-
ing striatum. Increases in T1 can be related to several factors
such as a decrease of lipid content, which is often observed
in demyelinization disorders such as multiple sclerosis [38]
but might also apply to the striatum of 6OHDA rats reflecting
degeneration of the striae running through the grey matter.
Caudate nucleus and putamen are in many mammals such as
humans and primates well-defined striatal components and
separated by the internal capsule, but are considered to form
an indivisible complex in the rat—called the ‘caudate–puta-
men’—due to the poor development of the internal capsule
in rodents. Therefore, the fiber bundles of the internal cap-
sule are scattered throughout the whole dorsal striatum of
the rat brain, and hence preventing a myelo-architectonical
separation of both subdivisions [39].

As inter-animal differences were never significant
between control and 6OHDA-lesioned rats for T2 or T1, we
were not able to explain to which mechanisms asymmetric
changes can be attributed. Nevertheless, it was shown that
at 7T rats lesioned by 6OHDA in the substantia nigra could

be discriminated from control animals using the intra-animal
asymmetry ratios of T2 and T1 measured in the striatum.

Perfusion measurements

Although the correlations between motor features and their
cerebral substrates are not yet completely understood, a com-
mon expectation is that the alteration of functional activity
in the basal ganglia in PD will be associated with changes in
regional cerebral metabolism (rCMR) and regional cerebral
blood flow (rCBF) in certain brain areas [40]. The classi-
cal, simplified view of basal ganglia connections is based
upon two distinct striato–pallidal pathways: a ‘direct’ path-
way leading from the striatum straight to the globus palli-
dus pars interna (GPI) and other basal ganglia output nuclei,
while an ‘indirect’ pathway first transmits to the globus pal-
lidus 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, result-
ing in an overactivity of basal ganglia outputs, which might
explain the increased CBF we observed in the ipsilateral
striatum [41]. Also in PD patients, increased CBF has been
reported in the bilateral putamen, globus pallidum, thalamus
and pons [40].

Remarkably, CBF was also significantly increased in the
contralateral striatum of 6OHDA-lesioned animals. Electro-
physiological recordings reported an increase in the number
of spontaneously active striatal neurons after a dopami-
nergic neuronal loss of 75–85% that occurs in both stri-
ata and even more in the contralateral intact side [3]. In
addition, it has been proposed that during early stages
of illness, compensatory mechanisms including increased
neuronal activity by residual dopaminergic neurons and
increased input from contralateral circuits and structures
outside the basal ganglia, may be active [42]. Yang and
colleagues [41] studied cerebral blood flow in the
6-hydroxydopamine rat model five weeks after unilate-
ral lesioning using autoradiography and showed that func-
tional compensations occurred bilateral. In addition they
showed that CBF was increased in the ipsilateral inter-
nal globus pallidus and decreased in the striatum and
external globus pallidus. In a recent [18F]-FDG study
in the same model 6–11 weeks after lesioning, it was
shown that glucose metabolism was relatively increased in
the contralateral midbrain comprising the substantia nigra
[31]. Moreover, regional glucose metabolism was signif-
icantly lower in the ipsilateral caudate-putamen, nucleus
accumbens, lateral globus pallidus, pons and hippocampus
of 6OHDA-lesioned rats when compared to the contralateral
hemisphere. These results question again the role of the intact
striatum as internal control and the importance of control
animals.
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Nevertheless, a large variability exists in the reported data
on CBF measurements in 6OHDA-lesioned rats: two other
studies have demonstrated no change in absolute CBF in the
awake, restrained rat in the striatum 2 weeks after 6OHDA
lesions of the left SN [43,44]; and another study performing
lesions of the right SN and ventral tegmental area, found a
decrease in CBF in the ipsilateral neostriatum and amygdala,
but not in the cortex [45]. Such discrepancies may be ascrib-
able to differences in the extent of lesion, the lesion sites or
laterality.

Another possible underlying factor influencing CBF is the
dopaminergic neurotransmission. Indeed, it has been sug-
gested that dopamine exerts a direct effect on the vascular
tone by dilatation of the small arterioles [46]. Asymmetric
CBV values hence might reflect decreased extracellular DA
levels in the affected striatum and increased DA levels in the
contralateral striatum [3]. These results question again the
role of the intact striatum as internal control and the impor-
tance of control animals.

Conclusion

It was shown that the asymmetry ratios of T1, T2 and perfu-
sion parameters appeared to be successful in discriminating
6OHDA rats from controls. As it is known that Parkinson’s
disease begins unilaterally in patients, a comparable obser-
vation might be expected in transgenic animals—mimicking
the onset and progression of PD even more closely—and
asymmetry ratios might be important parameters in future
experimental studies in which e.g. the onset and further pro-
gression of the neurodegeneration is studied.

Though significant asymmetries might be obvious in a
unilateral lesion model, we were not able to attribute the
asymmetry ratios to ipsilateral changes only. We therefore
refer to the plausible influence of compensatory mechanisms
that are known to manifest such as axonal sprouting and
increased dopamine turnover and which have been described
in both the 6OHDA rat model [3] and patients [35]. Com-
pensatory mechanisms also play an important role in pre-
clinical PD patients as symptoms of Parkinson’s disease do
not appear until most dopaminergic projection neurons from
SN to striatum are degenerated, implying that the remaining
neurons compensate for the early neuronal loss in the asymp-
tomatic stage. The results of this study question the role of
the intact striatum as internal control in 6OHDA-lesioned
animals and stress the importance of control animals.
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