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Traditional Parkinson's disease models in rats have several disadvantages. A promising
alternative in termsof amorephysiologicalmodelwasproposed byMcNaught et al. [McNaught,
K.S., Perl, D.P., Brownell, A.L., Olanow, C.W., 2004. Systemic exposure to proteasome inhibitors
causes a progressive model of Parkinson’s disease. Ann. Neurol. 56, 149–162.] inhibiting the
proteasomal protein degradation in vivo where they observed in Sprague–Dawley rats distinct
symptomsofParkinson'sdisease, a typical slowprogredient lossofdopaminergicneurons in the
substantia nigra and a lack of dopaminergic afferences in the striatum. We administered to
Wistar rats a synthetic proteasome inhibitor (PSI) analogous to the published method.
Locomotor changes were analysed by a footprint test. Brain slices containing the substantia
nigra and the striatum were stained immunohistochemically against tyrosine hydroxylase,
neuronal nuclei antigen, glial fibrillary acidic protein, α-synuclein and microglia. Standard
histological stainings (haematoxylin eosin or Nissl) were also performed. The proteasome
inhibitor effect on the glomerular layerof theolfactory bulb, the adrenalmedulla and the carotid
body was examined. We observed no PSI-induced motor deficits and loss of tyrosine
hydroxylase immunoreactivity in the substantia nigra or the striatum. However, we detected
a distinct increase of tyrosine hydroxylase immunoreactivity in the glomerular layer of the
olfactory bulb and in the adrenal medulla. Our results fall in line with reports of other research
groupswhich failed to reproduce theoriginal report, buthere for the first timeMcNaughtsmodel
couldnot be reproduced inWistar rats. Theobservedeffectson theolfactory bulb andperipheral
catecholaminergic organs speak for an impermeability of the blood brain barrier for PSI.
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1. Introduction

Parkinson's disease (PD) is the second most abundant neuro-
degenerative disorder with a rising clinical and social rele-
vance due to demographic aging. A progressive ongoing loss of
dopaminergic neurons in the pars compacta of the substantia
nigra (SNC) leads to the clinical features of rigor, tremor and
akinesia. This neuronal loss is accompanied by a strong re-
duction of neurons in the locus coeruleus, dorsal motor nuc-
leus of the vagus, and the nucleus basalis of Meynert (Braak
et al., 2003, 2004; Wolters and Braak, 2006; Zarow et al., 2003).

The traditional neurotoxic animalmodels of PD have a num-
ber of shortcomings, like unphysiological progress and a lack of
specificity of neurotoxicity (Schober, 2004). A positive aspect of
6-hydroxydopamine (6-OHDA) neurotoxicity is its reliable
applicability also with regard to other neurotoxic Parkinsonian
animalmodels. However, its rapid and unphysiological effect of
neuronal deathhas raisedcriticism (Gerlach et al., 2007; Tolwani
et al., 1999; Melrose et al., 2006). With regard to stereotactic cell
transplantation experiments, the 6-OHDA model may affect
other central metabolic, neuronal and/or glial systems which
may influence the graft in an unknown way. The MPTP model
also shows acute and non-progressive dopaminergic cell death.
Furthermore, this model works well only in the C57BL/6 mice
strain and is less effective inothermice strains and rats (Gerlach
and Riederer, 1996). Moreover, inclusion bodies could rarely be
found. It is also possible to induce dopaminergic neuronal cell
death by application of rotenone, but the specificity of this
model isdiscussedstill controversial. The successfulapplication
of rotenone is technically challenging because of the need of
continuous injection in the jugular vein by osmoticmini pumps
(Betarbet et al., 2000). Moreover, it is supposed that there is an
intra-strain variability in susceptibility to rotenone and MPTP
(Melrose et al., 2006; Gerlach and Riederer, 1996). The adminis-
tration of the herbicide paraquat and the combined adminis-
Fig. 1 – Behavioural analysis of motor dysfunctions in PSI-rats. (
Examples for traces left by ink dyed paws of rats. The reduction
visible. (B) Values shown are means (n=8 or 9 per group)±stand
tration of paraquat and the fungicide maneb to mice leads to a
loss of dopaminergic neurons in the SN, but paraquat does not
cross the blood brain barrier offhandedly (Gerlach and Riederer,
1996). The models of paraquat, paraquat maneb and rotenone
lead to a high mortality because a high systemic toxicity (Cic-
chetti et al., 2005; Melrose et al., 2006) is induced. Then less of
50% of surviving animals treated with rotenone develop con-
sistent lesions (Dawson et al., 2002). Therefore, much effort has
been spent to establish a more physiological Parkinsonian ani-
mal model with gradually extending neuropathologic signs.

The reports of McNaught et al. (2002a,b, 2004) and other
research groups (Schapira et al., 2006; Zeng et al., 2006) have
provided evidence that the systemic administration of protea-
some inhibitors to rodents and the subsequent disturbance of
the ubiquitin-dependent protein degradation could be a revo-
lutionary new model with typical progressive dopaminergic
cell loss in the SNC, inclusion bodies and behavioural deficits
(Chung et al., 2001; Kikuchi et al., 2003; Mytilineou et al., 2004;
Rideout et al., 2005; Sawada et al., 2004). Nevertheless, there
are several reports which fail to reproduce this model in Spra-
gue–Dawley rats and mice (Bové et al., 2006; Kordower et al.,
2006; Manning-Bog et al., 2006). This gave rise to a substantial
controversial discussion of these different results. The objec-
tive of this contribution was to establish this new model in
Wistar rats and to investigate the effect of a proteasome inhi-
bitor on peripheral catecholaminergic organs.
2. Results

2.1. Bodyweight measurement and assessment for motor
dysfunction

Injections of PSI and ETOH were well tolerated by both
groups. However, PSI and ETOH rats developed subcutaneous
A) Footprint test 2 months after last PSI administration.
of the stride length of 6-OHDA-hemilesioned rats is clearly
ard error of mean (SEM). *P<0.05.
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hardenings on injection sites. During the experiment, rats
exhibited no significant differences in bodyweight compared
to control rats.

According to footprint analysis, PSI rats showed no motor
deficits compared to ETOH rats or control rats, even 2 months
after the last injections. There were no significant differences
in the stride length between PSI rats (127 mm±1.68 mm),
ETOH rats (125 mm±2.17 mm) and totally untreated control
rats (127 mm±1.98 mm). However, a significant shortening of
about 30% in stride length in 6-OHDA rats (96.3 mm±2.3 mm)
was measured (Figs. 1A, B).

2.2. Histological and stereological assessment of the brain

Examination of Nissl and HE stainings revealed no obvious
differences of morphologic structures like cell bodies and
nuclei. Loss of cells, gliosis, intracellular changes (cytoplas-
matic inclusion bodies like Lewy bodies (Ardley et al., 2003))
Fig. 2 – Analysis of TH content in the CPu, the SN and the olfacto
fibres in the CPu between PSI rats (A) and ETOH rats (B) are detec
loss of TH immunoreactivity visible at the lesioned side (left hem
of TH in PSI rats (D) and ETOH rats (E) are visible, but at the lesio
(insets in D and E: higher power images of the pars compacta of
layer of olfactory bulb (G overview of an anti-TH-stained frontal
content of TH than in ETOH rats (I).
and fragmented nuclei were not found in any stainings of
ETOH and PSI rats. Immunohistochemical staining against α-
synuclein revealed no differences between PSI rats and ETOH
rats. No inclusion bodies were detected, whereas in control
slices of the midbrain of a PD patient α-synuclein-positive
inclusion bodies could be found numerously (Figs. 5A, B).
Remarkably in dopaminergic structures of the brain like the
SN and the glomerular layer of the olfactory bulb in PSI and in
ETOH rats the immunoreactivity for α-synuclein was in-
creased (Figs. 5C, D, E, F) and several cell bodies were marked
clearly in the ventral tegmental area (not shown) and in the
glomerular layer of the olfactory bulb (Figs. 5G, H, I, J).

The densitometric analysis of TH-ir of the CPu and the SN
gave no clues of a dopaminergic injury. Neither in the CPu nor
in the SN significant differences of TH-ir between ETOH and
PSI rats were detectable. The mean ODs of the CPu slices were
14.57%±1.62% in ETOH rats and 14.08%±0.816% in PSI rats.
The mean ODs of SN slices were 24.42%±1.27% in ETOH rats
ry bulb. (A, B, C) No differences in the content of TH-positive
table but in hemilesioned 6-OHDA rats (C) there is a distinct
isphere). (D, E, F) In the SN, no differences in the content
ned side of hemilesioned rats TH-positive neurons vanished
the SN). (G, H, I) Measurement of OD in the glomerular
section of the olfactory bulb) of PSI rats (H) revealed a higher



Fig. 3 – Measurement of OD in immunostainings against TH. No differences between PSI and ETOH rats in the CPu and the SN in
TH content were found (A) but significant enhancement of TH content in the glomerular region of PSI rats was measured (B).
Values shown are means (n=6)±standard error of mean (SEM). *P<0.05.
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and 24.68%±0.58% in PSI rats (Figs. 2A, B, D, E; Fig. 3A). In
contrast, a unilateral 6-OHDA lesion led to a massive loss of
TH-ir in the ipsilateral SN and CPu (Figs. 2C, F).

Interestingly, in the glomerular layer of the olfactory bulb
significant differences in the TH content were found between
PSI and ETOH rats (Figs. 2G, H, I). PSI rats exhibited higher
levels of TH-ir. Including somata in the analysis, the OD in the
glomerular layer of PSI rats averaged 18.03%±0.33% and
15.56%±0.35% in ETOH rats. Excluding cell bodies in the
measurement, the OD averaged 16.76%±0.27% in PSI rats
and 14.64%±0.29% in ETOH rats (Figs. 2H, I; Fig. 3B).
Fig. 4 – Analysis of peripheral catecholaminergic organs. (A, B, C
medulla), (B) of an ETOH rat, (C) anti-TH staining of a PSI rat and (D
PSI rat, (F) of an ETOH rat, (G) anti-TH staining of a PSI rat and (H) o
and medulla of the adrenal glands (n=6 per group)±SEM. ( J) Mea
adrenal medulla (n=6 per group)±SEM. *P<0.05.
2.3. Histological and stereological assessment of peripheral
catecholaminergic organs

In the adrenal medulla of PSI rats (Figs. 5K, L), the OD
measurement of sections stained against TH revealed a
significant increase of TH (Figs. 4A–D). The mean OD of
adrenal medulla was 4.59%±0.13% for ETOH rats and 5.19%±
0.14% for PSI rats (Fig. 4J). Nevertheless, the stereologic
estimates of the volumes provided no evidence for alterations
of the adrenal medulla or the adrenal cortex following PSI
injection (Fig. 4I).
, D) Adrenal gland, (A) HE staining of a PSI rat (*: adrenal
) of an ETOH rat. (E, F, G, H) Carotid bodies, (E) HE staining of a
f an ETOH rat. (I) Values shown aremeans of volume of cortex
ns of the optical density (OD) of anti-TH stained slices of the



Fig. 5 – Immunohistochemically stained sections of brain and adrenal medulla againstα-synuclein. (A, B) SN of a deceased PD
patient with clearly recognizable intracellular inclusion bodies (arrows), (C, D) SN of a PSI rat, (E, F) SN of an ETOH rat, (G, H)
glomerular layer of a PSI rat and (I, J) an ETOH rat and (K, L) the adrenal medulla of a PSI rat. Each second slice stained against
α-synuclein was counterstained with haematoxylin (B, D, F, H, J, L). In contrast to the Parkinsonian SN no inclusion bodies
were detectable in the rat tissues.
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Inspecting the carotid bodies, no obvious differences be-
tween the ETOH and PSI rats were observed (Figs. 4E–H).
3. Discussion

With regard to behavioural assessment, histological, immu-
nohistochemical stainings and quantitative analysis the find-
ings of McNaught et al. (2004) could not be reproduced. Neither
a reduced TH-ir in the CPu or in the SN nor behavioural deficits
were found in PSI rats. Eosinophilic or α-synuclein-ir inclusion
bodies were not detected in catecholaminergic cells of all ex-
amined brain structures and organs. Similar problems in rep-
roducing the results of McNaught et al. (2004) were reported by
independent research groups (Bové et al., 2006; Kordower
et al., 2006; Manning-Bog et al., 2006).

Dissolution and application of PSI were carried out strictly to
Dr.McNaughts recommendations.Here,we cannot exclude that
the differences of our results and those ofMcNaught et al. (2004)
may be due to differences in rat strains since we performed
experiments with the Wistar strain, and not with Sprague–
Dawley rats. However, others reported successful induction of
neuronal cell loss in the SN and behavioural deficits in Wistar
rats after applying proteasome inhibitors (Zeng et al., 2006).

These contradicting observations demand further discus-
sion. It is possible that the lots of PSI vary with regard to purity
and quality. Here, we used PSI from Bachem (Weil am Rhein,
Germany) whereby Dr. McNaughts group obtained PSI from
Sigma-Aldrich Corp (St. Louis, MO). Also the solvents and the
vehicles could have influenced successful induction of PD-like
symptoms in rats via PSI application (McNaught et al., 2004;
Schapira et al., 2006; Zeng et al., 2006) unfortunately the com-
position and purity level of their solvent ethanol were not
specified.

It is possible that PSI could not pass the blood brain barrier
of Wistar rats, since we were able to detect changes only in
catecholaminergic structures of PSI rats which were not or
insufficiently protected by a blood organ barrier. To be specific,
an increase of TH content was found in the adrenal medulla
and the glomerular layer of the olfactory bulb bymeasuring the
OD. The latter is in agreement with the increase of dopa-
minergic cell numbers in the olfactory bulb of patients having
symptoms of PD or in 6-OHDA lesion models (Huisman et al.,
2004; Winner et al., 2006). Braak et al. (2003, 2004, 2006)
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characterised a sixfold stagingof PD. In presymptomatic stages
one and two the first conspicuous morphologic features are
detectable amongothers in theolfactorybulb. So it couldnot be
excluded that our PSI rats reached a stage analogue to a
presymptomatic stage one or two of human PD. Moreover, in
the primate MPTP model, dopamine and noradrenaline were
substantially elevated in the adrenalmedulla (Fine et al., 1985).
Interestingly, both structures are not (adrenal medulla) or
insufficiently (olfactory bulb) protected by a blood organ
barrier. Likewise, due to this morphologic difference, the up-
take of MPTP in the brain through the olfactory bulb by nasal
application (Pearce et al., 1995)was explained. Surprisingly, the
effects observed here in the olfactory bulb and in the adrenal
medulla after systemic administration of PSI induced the
preclinical feature of an elevated TH-ir but lacking the effects
reported for the SN, locus coeruleus and nucleus basalis of
Meynert by McNaught et al. (2004). For these structures mas-
sive neuronal cell degeneration was observed. If the solvents
were impure (the ethanol could be denatured by additives), the
mixture may has influenced the blood brain barrier and faci-
litated PSI to pass. Perhaps impure solvents instead of PSI are
responsible for the described effects to neurons. Landau et al.
(2007) provide an indication for this hypothesis. They reported
a loss of dopamine- and TH-positive cells in the SN of C57BL/6
mice which were treated with PSI but also in mice which were
injected with solvents (70% ETOH) only. However, totally
untreated mice did not develop such a dopaminergic cell loss.

So far, in the light of controversial studies and the results
observed in our laboratory, the PSI application that was ex-
pected to model a progressive Parkinsonian syndrome with
distinct neuropathological signs is not reproducible. More
efforts need to be spent on understanding transport and me-
tabolic effects on a completely defined PSI solution from the
subcutaneous site, over the blood brain barrier and to its tar-
gets: the dopaminergic cell population.
4. Experimental procedure

4.1. Rats and treatments

25 Male Wistar rats (∼200 g) were obtained from Charles River
(Sulzfeld, Germany). Animals were kept at 22 °C at 12-h light–
dark cycle with free access to food and water. Experiments
were performed according to standard legal guidelines and
were approved by the local government authorities.

The proteasome inhibitor PSI (Bachem, Weil am Rhein,
Germany) was dissolved and handled exactly in the same way
as recommended by Dr. K. McNaught (personal communica-
tion). The solution of PSI was prepared freshly prior to injec-
tion. Firstly, 5 mg PSI was dissolved in 875 μl absolute ethanol
(ETOH) and then filled up with 375 μl H2O, to obtain a solution
of 4 μg PSI/μl 70% ethanol. We draw attention, that the ethanol
used was pure and not denaturated.

Eight rats were injected with 3.0 mg/kg PSI (0.75 μl/g body-
weight, s.c.; PSI rats), and as sham controls, eight animals
were injected with vehicle only (70% ethanol, s.c.; ETOH rats).
The injections were made six times over a period of 2 weeks
(Mon, Wed, Fri, Mon, Wed, Fri). Additionally, for the footprint
test, nine totally untreated age-matched control rats (control
rats) and nine 6-OHDA-hemilesioned rats (6-OHDA rats) were
tested. 6-OHDA rats were generated by lesion of the right
substantia nigra (SN) via stereotactic injection of 26 μg 6-OHDA
(Sigma) in 4 μl of a solution of 0.9%NaCl, 0.8 μg/μl Ascorbic acid
(Merck) over 4 min into the right medial forebrain bundle
(coordinates according to bregma: AP −2.3; L −1.5; V −8.5)
(Paxinos, 1998). Prior lesion, rats were narcotised with pento-
barbital (4.5 mg/100 g BW in 0.9% NaCl). Successfully lesioned
rats exhibited more than 4 contralateral rotations/min over
40 min after apomorphine injection (0.25 mg/kg BW; s.c.).

Two months after the last PSI injections or at correspond-
ing time points for control rats, animals were killed by pento-
barbital (5 mg/100 g in 0.9% NaCl) and perfused transcardially
with 50 ml 0.9% NaCl solution followed by 400 ml 4% para-
formaldehyde (in phosphate-buffered saline, 0.1 M, pH 7.4).

4.2. Bodyweight measurement and assessment of motor
dysfunction

Rats, including control rats, were weighted daily after appli-
cation of PSI or 70% ethanol as well as 1 month after the last
injection and at the day of perfusion, 2 months after the last
injections of PSI or vehicle.

Two weeks prior, during and following the injections of PSI
and ETOH all rats were trained to run through an acryl glass
channel carpeted with a bar of paper (length: 96 cm, wide:
5.7 cm). Also control rats and 6-OHDA rats underwent this
training. One day before the perfusion animals paws were
dyed with ink. Each animal was allowed to run across a bar of
paper through the acryl glass channel to document the foot-
step patterns (Metz et al., 2005).

4.3. Examined brain regions, peripheral organs and
immunostaining

Brainswere postfixed for 4 hrs, cryoprotected overnight in 20%
sucrose, frozen in isopentane (−50 °C) and stored at −80 °C.
Serial cryostat sections (30 μm)weremade. Regions containing
the substantia nigra (SN), the caudate-putamen (CPu) and the
olfactory bulbs were stained.

Brain sections were processed immunohistochemically
against TH (1:1000, Sigma-Aldrich), activated microglia (Ox42,
1:800, Chemicon),NeuN (1:500, Chemicon),α-synuclein (1:2000,
BD Biosciences) or glial fibrillary acidic protein (GFAP, 1:400,
Sigma-Aldrich). The reaction was visualised with a standar-
dised 3,3′diaminobenzidine hydrochloride (10 mg/100 ml
phosphate-buffered saline, DAB, Sigma-Aldrich) procedure
using the avidin biotin complex (ABC) immunostaining kit
(Vector). Furthermore, parallel brain sections were stained
withhaematoxylin eosin (HE) orwith cresyl violett acetate 0.1%
(Nissl). As positive control for the α-synuclein stainings, 7-μm-
thick paraffin midbrain slices of a deceased PD patient, which
were provided by courtesy of Prof. Braak (Institute of Anatomy,
Johann Wolfgang Goethe University of Frankfurt am Main),
were stained immunohistochemically againstα-synuclein and
counterstained with haematoxylin (Fig. 5).

The adrenal glands and the carotid bodies were embedded
in paraffin and cut into 7-μm-thick sections to examine the
histology of the organs and the catecholaminergic chromaffine
cells by TH immunochemistry. Additional slices of adrenal
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medulla also underwent an immunohistochemical procedure
against α-synuclein.

4.4. Quantitative and histological analysis

The immunoreactivity can be quantified by calculating the
optical density (OD) (Schmitt et al., 2004). The OD is calculated
by correcting the unspecific background to allow comparisons
and determining the mean ODs of different sections of the
same animal.

To measure the OD of TH-ir in SNC and CPu, the DAB
visualised sections were digitised by scanning in transmission
mode using a high performance scanner (Nexscan F4100,
Heidelberger). Measurement of the OD in the digital images
was realised with Matlab 6.0® (MathWorks) in interactively
defined regions of interest. The measurement of the OD in
anti-TH DAB stainings of the glomerular layer of the olfactory
bulb and the adrenal medulla were similar but digital images
for densitometric analysis were obtained by light microscopy
(Leitz Aristoplan, Ernst Leitz, Wetzlar GmbH) with a digital
camera (SPOT 7.3. Three Shot Color, Diagnostic Instruments
Inc.). The calculation of OD in the glomerular layer was per-
formed in two ways: (a) with and (b) without cell bodies to
detect compartmental dependent differences of cell bodies or
nerve fibres with the samemethod. In the latter case only TH-
ir nerve fibres were considered.

The total volume of adrenal glands and of adrenal medulla
was determined by the method of Cavalieri (Gundersen et al.,
1988). For this, a microscopic picture of every eleventh slice of
the HE-stained structure was projected on a special grid of
points, and the points which overlappedwith the projection of
the structure were counted.

4.5. Statistics

All values are stated asmean±SEM (standard error ofmean) in
tables and diagrams. The statistical analysis was carried out
by Mann and Whitney U-test, and Wilcoxon test with SPSS®
11.0 (level of significance of p≤0.05).
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