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Abstract

The proteins’ ubiquitination and their further degradation by proteasomes are crucial for cell cycle regulation, trans-
cription and DNA replication, inflammatory response, and apoptosis. Proteasome inhibitors have recently become
considered as a promising method in cancer and inflammatory disease therapy. In this study, utilizing the rat model,
we try to establish the influence of proteasome inhibitor MG-132: (1) on the basis of spontaneous and evoked loco-
motor activity and (2) on the condition of nigrostriatal projections eight weeks after MG-132 intraperitoneal admini-
stration. We also discuss the current status of knowledge about intraperitoneal administration of MG-132, a labora-
tory method that is being used more and more. Our results revealed a lack of motor abnormalities, but significant
loss (20%) of substantia nigra pars compacta dopaminergic neurons after systemic MG-132 administration. This loss
was accompanied by a corresponding decrease (8%) of density of dopaminergic terminals in dorsolateral striatum.
Moreover, evidence of very limited but ongoing fibre degeneration within the dorsal striatum suggests that MG-132
severely disturbed the nigrostriatal pathway.

In summary, intraperitoneal application of proteasome inhibitor MG-132, despite the encouraging results of experi-
mental treatment and prevention of many pathological processes, should be used with caution because of the
potential adverse effects on the structure of the central nervous system, especially elements of the nigrostriatal
pathway.
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The ubiquitin-proteasome system is the main path-
way of intracellular protein degradation within eukary-
otic cells. The proteins’ ubiquitination and their further
degradation by proteasomes are crucial for cell cycle
regulation, transcription and DNA replication, inflam-
matory response, and apoptosis. The proteasome inhi-
bition leads to intracellular accumulation of misfolded
or unfolded proteins and, in consequence, activation

(NFkB) and antiapoptotic cytokines decrease, mito-
chondrial protein expulsion into the cytoplasm, and
caspase cascade activation [10,48]. Fast proliferating
cells are more susceptible to ubiquitin-proteasome
system disturbances. This is the reason why a new
group of chemicals, called proteasome inhibitors, has
recently been considered as a promising method in
cancer and inflammatory disease therapy.
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MG-132 (Cbz-Leu-Leu-Leu-aldehyde, Z-LLL-H) is the
most common and so far the most widely tested and
best representative of both the peptide aldehydes
and the entire group of proteasome inhibitors. It is
a reversible inhibitor that gives a very quick response.
MG-132 has a high degree of selective inhibition of
proteasome chymotrypsin-like activity. A ten-fold
higher concentration of the MG-132 inhibitor is need-
ed to inhibit other enzymes (calpain and cathepsin),
which indicates a specific inhibition of the protea-
some. MG-132 properties, such as antiproliferative,
anti-inflammatory, and induction of heat shock pro-
teins, also make it the most widely used in the clini-
cal impact of proteasome inhibition on the course of
many processes at the cellular and tissue level, as well
as having a link with studies of new proteasome inhib-
itors [15]. Literature reports indicate that under exper-
imental conditions, intraperitoneal administration of
MG-132 may play a beneficial role in the prevention
and therapy of inflammatory diseases such as acute
pancreatitis [9,24,50], inflammatory bowel disease [19],
severe acute respiratory syndrome [28], and intesti-
nal damage caused by ischaemia/reperfusion [1,21],
and also partially prevents muscle atrophy associated
with disuse [20]. However, data obtained on animal
models are very controversial. Some authors [31,33]
indicate that systematically administered proteasome
inhibitors may penetrate the intact blood-brain barrier
and cause pathological changes in the central nervous
system (CNS), leading also to locomotor dysfunction
and behavioural disturbances. It has also been report-
ed that MG-132-induced hemiparkinsonism in the rat
model mimics the daytime somnolence and sleep dis-
turbance during the night observed in patients with
the Parkinson’s disease [26]. To date, there have been
no reports describing the long-term effects of MG-132
on the CNS structures after its administration by intra-
peritoneal route. In this study utilizing the rat model
we try to establish the influence of MG-132: (1) on the
basis of spontaneous and evoked locomotor activity
and (2) on the condition of nigrostriatal projections
eight weeks after MG-132 intraperitoneal administra-
tion. We also discuss the current status of knowledge
about intraperitoneal administration of MG-132, which
is being used increasingly as a laboratory method.

Material and methods

Forty adult male Wistar rats (initial weight bet-
ween 230 and 270 g) were used in the study. They
were kept under standard laboratory conditions: at
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22°C temperature under an artificial light/dark cycle
(12/12 h), with ad libitum access to tap water and
standard laboratory food, three animals per large
cage. Handling and care of the animals were in ac-
cordance with the National Institute of Health Guide-
lines for the Care and Use of Laboratory Animals. For
all procedures prior approval from the local Bioethics
Commission was obtained. All efforts were made to
reduce the number of animals and to minimize their
suffering.

In the first stage of the experiment, selection of
the animals on the basis of their spontaneous loco-
motor activity was performed.

A. Spontaneous activity — open field (automated)

Measurements of spontaneous activity was per-
formed in accordance with well-established protocols
[12]. For assessing both exploratory and locomotor
activity of the rats, the Video Track v.2.5 Automated
Behavioural Analysis System (View Point Life Scienc-
es Inc, Canada) was used. For open-field study, a qui-
et room with controlled ventilation and temperature
was used. The animals were placed in the centre of
white experimental boxes of adequate size — square
arena (50 x 50 cm) — surrounded by walls to prevent
the animal from escaping. For ease of cleaning and
to reduce behavioural response related to olfactory
stimuli the experimental boxes were composed of
plastic. At the same time, the activity of eight ani-
mals was video monitored. Initially, the rats were
habituated to the apparatus during three sessions
(10 minutes each) to reduce baseline activity. Then,
spontaneous activity during light (with dimmed light-
ing) and dark phase (no lighting) — each one lasting
60 minutes, was recorded by the computer applica-
tion Video Track VID 282 (View Point Life Sciences
Inc, Canada). Image acquisition began 1 minute after
the rats were placed in the box. Data were collected
continuously and recorded each 30 seconds. The fol-
lowing parameters were evaluated:

— summary distance of exploratory movements [cm],
— summary duration of exploratory movements [s],
— summary distance of locomotor movements [cm],
— summary duration of locomotor movements [s],

— average velocity of locomotor movements [cm/s].

Due to the fact that differences in behaviour
naturally occurring among animals divide them into
those that exhibit greater motor activity in a novel
environment (high responders — HR) and those that
are less reactive (low responders — LR) [46], for fur-
ther study only animals with a comparable activity
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as an average were selected, animals with high and
low locomotor activity were excluded.
B. Evoked motor activity — Rotarod test

Selected animals (n = 30) underwent the Rotarod
tests for balance and coordination assessed pre-op-
eratively at five speeds of rotation: 10, 12, 14, 16 and
18 rpm, to establish a baseline performance. For this
test, the apparatus comprised of a rotating drum
(Ugo Basile, Italy) was used. Four rats were placed on
the revolving drum, one per testing station, and once
they were balanced the stepper motor was started.
The speed of the motor was increased to 10 rpm
for 10 seconds and then progressively to 12, 14, and
16 rpm for 10 seconds each. The highest speed,
18 rpm, was maintained for 300 seconds until the
5-minute test period elapsed. To evaluate motor func-
tion the measurement of latency (time in seconds)
to fall from the rotating drum was taken. The timer
began automatically when the motor was switched
on and stopped when the animal fell down to the
floor of the apparatus. Each animal had three conse-
cutive trials, the longest time on the drum being used
for analysis. The animals were exposed to the Rotarod
each day for 3 days to adapt the rats to the appa-
ratus. The rats were then intraperitoneally injected
with 10% DMSO or MG-132 solution according to the
protocol described below and tested once per week
during eight weeks of observation on the Rotarod for
periods of 300 seconds. The means of the test results
were used for statistical analysis.
C. MG-132 administration

The animals were randomly divided into three
groups: control (n = 10), which received an intraperito-
neal injection of 10% DMSO solution and two groups
of rats that received a reversible proteasome inhib-
itor — MG-132 (lot # 3570428, Boston Biochem Inc.,
USA) dissolved in 10% DMSO. Protocol applications
for both groups were based on the protocol proposed
by McNaught et al. [33] for the application of other
compounds from the group of proteasome inhibitors.
Briefly, the rats received intraperitoneal injections of
MG-132 every other day (total of 7 doses) for a period
of two weeks. The first group of MG-132 rats (n = 10)
received a higher dose (10 pg/g of body weight) of
the inhibitor, while the second group (n = 10) received
a lower dose (0.5 pg/g of body weight). Both doses
administered to the animals were based on the those
previously reported in the literature. The higher dose
was used in the studies of [9,24,50], and the lower
dose in the studies of [1,21].
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Tissue collection and preparation

Eight weeks after first MG-132 administration the
rats were deeply anaesthetized intraperitoneally with
lethal doses of Nembutal (80 mg/kg of body weight),
and then they were transcardially perfused with 0.9%
saline containing 10,000 units of Heparin, followed
by 4% solution of paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4; 4°C). Directly after perfusion,
the brains were taken out of the skulls, postfixed in
4% paraformaldehyde for 3-4 hours, and then cryo-
protected initially in 10% (overnight at 4°C) and sub-
sequently in 30% sucrose phosphate buffer solution
(pH 7.4; 4°Q). After the brains soaked in the solution
(1-3 days), each left hemisphere was marked by slight
damage of the neocortex, and then the brains were
cut on a cryostat (Microm HM 525, Thermo Scientific)
into 40 um thick coronal sections. For further studies,
sections were collected and preserved in a cryopro-
tective solution containing glycerol.

Immunohistochemistry

To evaluate the possible changes made by MG-132
administration in the population of dopaminergic
neurons in substantia nigra pars compacta (SNc), im-
munohistochemical staining with primary antibody
against tyrosine hydroxylase (TH), a well-established
marker of dopaminergic neurons, was performed. To
evaluate all populations of SNc neurons double stain-
ing with anti-TH antibody and Neuro Trace 500/525
green fluorescent Nissl Stain (lot # 649182, Invitro-
gen, Molecular probes, USA) was performed.

Briefly, free-floating sections were blocked in a 3%
normal goat serum (NGS) and 0.3% Triton X-100 in
0.01 M PBS (pH 7.2) for 1 hour at room temperature.
Next, they were incubated with primary antibodies:
mouse monoclonal anti-TH (Chemicon, USA; 1 : 500)
in 0.01 M PBS (pH 7.2) containing NGS and 0.1% Tri-
ton X-100 at 4°C. After 48 hours the sections were
washed with PBS and incubated (2 hours, room tem-
perature) with secondary goat anti-mouse antibody
coupled with Cy3 (Jackson, USA; 1: 800). Finally, they
were washed with PBS, mounted onto gelatine-coat-
ed slides, air-dried and coverslipped with Keiser Gel-
atin (Merck, Germany). Omission of the primary anti-
bodies during control experiments resulted in a lack
of signal.

For the unequivocal qualitative detection of both
gross and fine scale neuronal degeneration, staining
with Fluoro-Jade® B (Chemicon; Millipore) was used.
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The manufacturer’s “Protocol for using Fluoro-Jade® B”
was applied for the single and double (with anti-TH
antibodies) sections staining.

Qualitative analysis

The low-magnification images and initial analy-
sis of immunostained sections were performed on
an MVX10 MacroView research Macro Zoom Fluores-
cence Microscope (Olympus, Japan) equipped with
a XC50 digital camera (Olympus, Japan). The high-
magnification images and co-localization study were
performed using a confocal laser scanning micro-
scopy (CLSM) system (Radiance 2100, Bio-Rad UK)
mounted on a microscope (Eclipse 600, Nikon, Japan).
The CLSM images were obtained with 40x and 60x
oil immersion objective lenses of N.A. = 1.3 and 1.4,
respectively. The optimal iris diameter was used for
each magnification. The CLSM images were analysed
with LaserSharp 2000 and LaserPix v. 2.0 software
(both Bio-Rad, UK).

Quantitative analysis

The CellSense Dimension 1.5 (Olympus, Japan) im-
age analysis system was employed to assess the
density of TH-ir positive cells in the substantia nigra
pars compacta. The area of interest was outlined and
computer-aided estimation was used to calculate the
amount of TH-ir cells in the SNc. The number of TH-ir
positive cells counted for both SNc on a separate slice
was estimated individually for each animal. Represen-
tative sections of SNc were selected (between Bregma
—4.80 and Bregma —6.04) [35]. All cells visible on the
outlined area of a given section were analysed. Quan-
tification of intensity of TH-staining within the stria-
tum was performed according to the following meth-
od. The micrographs obtained with the aid of an image
analysis system, CellSense Dimension 1.5 (Olympus,
Japan), were converted into greyscale images (256
shades of grey) for measurement of TH fluorescence
intensity. For morphometric analysis, greyscale inten-
sity (Gl; range 0-255: black = 0, white = 255) of TH-ir
and background area were simultaneously measured
using Image) 1.46R analysis software (NIH, USA) on
a personal computer. The intensity of proportional
TH-stained areas within dorsomedial, dorsolateral,
and ventral striatum were measured through the ros-
trocaudal axis of the striatum. To compare the inten-
sity of the sections the data are presented as propor-
tional values of staging intensity (measured from 0 to
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255) of a given area versus intensity of TH-ir-negative
background. Calculation of the density of SNc dopa-
minergic and non-dopaminergic neurons, as well as
total number of SNc neurons, was also performed by
analysis with LaserPix v. 2.0 (Bio-Rad, UK) CSLM imag-
es obtained with a 40X lens and zoom set to 1.9 from
double stained sections. The size of the testing area
was 165 x 165 pm. At least ten areas from each animal
were studied. The first test area within SNc was cho-
sen randomly and the remaining ones were selected
by systematic random sampling.

Measurements were carried out in 5 animals from
each studied group (at least 3 sections/animal).

Statistical analysis

Data are expressed as mean + standard errors of
mean (SEM). To test the results for statistical signif-
icance, the following were used: (a) for data obtain-
ed from open field test — a nonparametric test Steel-
Dwass: Pairwise Comparisons for One-Way Layout
Design; (b) for data obtained from Rotarod test —2 x 2
contingency table and Fisher test; (c) for TH-ir profiles
distribution comparison — y? test for normality; (d) for
the rest of the parameters — statistics were performed
with original data via unpaired t-test. Differences were
considered significant when p < 0.05.

Results

In the group of rats after intraperitoneal admini-
stration of MG-132 at a dose of 10 pg/g of body
weight, the mortality was 40% during 24 hours after
the first dose, and then an additional 40% during
the next 24 hours. Therefore, we did not pursue fur-
ther experiments in this trial group.

In the group of rats that were given an intraper-
itoneal injection of MG-132 at a dose 0.5 pg/g of
body weight and in the control group, mortality was
not observed. There were no significant differences
between the control group and MG-132 group in the
changes of body weight during eight weeks of obser-
vation.

Intraperitoneal injection of MG-132
does not affect exploratory activities
and locomotor activity adequate to
the circadian rhythm

A week after the last administration of 0.5 ug/g
MG-132 dose, the first evaluation of spontaneous
activity in an open field test was performed (Fig. 1).
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We found that in the control group and in the group
treated with MG-132 adequate to the circadian
rhythm, locomotor activity was maintained. There
were no significant differences between the groups
in the studied parameters of locomotor activity.
During the light phase of open field test, the aver-
age summary distance of locomotor movements in
the control group was 93.2 + 26.4 cm while in the
MG-132 group it was 148.9 + 90.6 cm. In both groups,
the value of this parameter was significantly higher
(p < 0.05) during the dark phase of the open field
test: 779.7 + 200.0 cm and 774.7 + 82.3 cm, respec-
tively. The summary duration of locomotor move-
ments during the light phase in the control group
was 12.4 + 2.3 seconds while in the MG-132 group it
was 17.3 + 11.1 seconds, and during the dark phase
it was 91.6 + 23.6 and 88.8 + 8.9 seconds, respec-
tively. The average velocity of locomotor movements
did not differ significantly in both groups between
the light and dark phases. In the control group,
the values of this parameter were (light phase) 8.3 +
0.2 cm/s and (dark phase) 8.2 = 0.2 cm/s, while in
the MG-132 group they were 8.5+ 0.1 cm/s and 8.8 +
0.1 cm/s, respectively.

There were also no significant differences between
the control group and MG-132 group in the studied pa-

Control - light phase

MG-132 leads to nigrostriatal degeneration

rameters of exploratory movement. During the light
phase of the open field test, the average summary
distance of exploratory movements in the control
group was 183.3 + 26.4 cm while in the MG-132 group
it was 494.8 + 192.3 cm. The value of this parameter
was higher during the dark phase of the open field
test: 843.4 + 217.2 cm and 1300.2 + 249.7 ¢cm, respec-
tively. The summary duration of exploratory move-
ments during the light phase in the control group was
48.8 + 11.1 seconds while in the MG-132 group it was
129.3 + 21.3 seconds, and during the dark phase it was
200.2 + 51.6 and 319.3 + 70.1 seconds, respectively.

Very similar results were obtained during a sec-
ond open field test performed eight weeks after the
start of the experiment (after the first dose, MG-132
intraperitoneal administration).

Intraperitoneal injection of MG-132
does not influence motor activity
and coordination

Evaluation of forced motor activity and coordi-
nation of animals was performed at the end of each
eight consecutive weeks of observation. Only in
the third week were there any observed differenc-
es between the control group and MG-132 group.
Whereas all control rats could remain on the rotating

MG-132 - light phase

|
. .
b rd

'

MG-132 -

Fig. 1. Representative graphs of spontaneous activity recorded during light (with dimmed lighting) and dark
phase (no lighting) of the experiment in control and MG-132 i.p. administered rats. Red colour represents
locomotor movement, green colour represents exploratory movement.
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rod for close to the full 300 seconds duration of the
test, 40% of the rats from the MG-132 group fell off
the rod sooner, but it was not statistically significant.
During the remaining Rotarod tests the average re-
sults obtained in both groups were almost equal.

Intraperitoneal injection of MG-132
causes quantitative and qualitative
changes in the population of rats
substantia nigra pars compacta
TH-ir neurons

The rats were sacrificed eight weeks after the be-
ginning of the experiment — first intraperitoneal
administration of MG-132 in DMSO or 10% DMSO
(for control). Dual immunohistochemical staining
followed by image analysis and cell counting reveal-
ed that the number of neuronal profiles within the
SNc of the rats administered with MG-132 was sig-
nificantly decreased by 17.1% (p < 0.01) as compared
to the control animals (Fig. 2). A similar significant
loss — of 20.1% (p < 0.01), of TH-positive neurons
within the SNc of the rats administered with MG-132
as compared to control animals was also observed.
There were no significant changes between the
number of non-TH-ir nigral neurons between the
studied groups of rats (Fig. 2). These results indicate
that dopaminergic neurons within the SNc undergo
degeneration, not just the loss of possibility for TH
expression. It also shows that populations of SNc
non-dopaminergic neurons were not as susceptible
to MG-132 as dopaminergic ones were.

Within the population of SNc TH-ir neurons, in
addition to quantitative, qualitative changes were
also observed. Image analysis of SNc TH-ir cell pro-
files from controls (n = 952) and MG-132 adminis-
tered rats (n = 839) revealed that distribution of
those cells profiles differed significantly (3> = 115.116,
p < 0.0001) between the studied groups. As is shown
on the comparative distribution graph (Fig. 2), with-
in the SNc of MG-132 administered rats there was
a marked decrease of large (bigger than 200 pm?)
TH-ir neurons.

Intraperitoneal injection of MG-132
induces TH-ir elements loss in rat
striatum

In the rat striatum, the immunohistochemical
study revealed the presence of TH-ir fibres locat-
ed predominantly within the matrix (Fig. 3A). Their
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diverse morphology closely corresponded to that
reported by Gerfen and colleagues [16]. The most
frequently observed were relatively thin (0.1-0.4 um),
smooth fibres with small varicosities (0.25-0.65 um).
These fibres were present within the matrix. They
correspond to Gerfen’s type A fibres, being axon
terminal dopaminergic cells from the dorsal tier of
SNc (dorsal A9 cell group). Much less frequently,
thicker fibres (0.2-0.65 pm) with larger varicosities
(0.4-1.0 pm) were present. They were predominant-
ly located in the proximity of striosomes. Their mor-
phology and localization corresponded to type B
fibres, being axon terminals dopaminergic cells from
the ventral tier of SNc (ventral A9 cell group) and the
ventral tier of substantia nigra reticulata (displaced
A9 cell group).

The intensity of TH-staining in the striatum of the
rats after intraperitoneal administration of MG-132
compared to the density of TH-ir fibres in the con-
trol animals (Fig. 4) revealed that in the dorsomedial
part of the striatum and ventral striatum no signifi-
cant differences were observed (values of calculated
intensity factors were 1.57 vs. 1.63 and 1.53 vs. 1.55,
respectively). A significant, 8% decrease (p < 0.05)
of TH-ir in the dorsolateral part of the striatum (1.28
in the MG-132 group vs. 1.39 in the control group,
Fig. 4) was observed. A decrease in TH staining due
to the loss of dopaminergic fibres was similar along
the rostrocaudal axis of the striatum. This localiza-
tion of TH-ir loss may indicate that while limbic and
associative areas of the striatum are relatively resis-
tant, the sensorimotor areas are more susceptible
to damage caused by MG-132 administration. Fluoro-
Jade B staining, detecting both gross and fine-scale
neuronal degeneration, showed the presence of
degenerating fibres in the dorsal striatum (Fig. 3B).
Those fibres were present in both striatal compart-
ments, within the matrix and striosomes, but only
on brain sections from animals after MG-132 admin-
istration. Features of degenerating fibres morphol-
ogy were very similar to those present on TH-con-
taining axons innervating the striatum (Fig. 3). In
addition to the fibres corresponding to type A and
type B, occasionally (1-2 per section), a third catego-
ry of fibres in the matrix were observed. They were
thicker (0.45-1.05 pm), and possessed vesicular,
much larger varicosities (1.5-2.9 um). Their morphol-
ogy and localization corresponded to type C fibres,
being axon terminals of non-dopaminergic cells from
SN. Double-labelling Fluoro-Jade B/tyrosine hydro-
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Fig. 2. Loss of TH-ir neurons in SNc in response to MG-132 administration. Normal density of TH-ir A, C (red),
E (yellow) and non TH-ir E (green, marked with arrows) neurons in SNc in control animals. Loss of TH-ir F, | (red),
H (yellow) and non TH-ir H (green, marked with arrows) neurons in SNc in MG-132 animals. Graph B shows a sig-
nificant loss of all neurons and TH(+) neurons, but not TH(-) in SNc of rats administered with MG-132. Graph J
shows distribution of TH(+) profiles according to their size within SNc of studied groups. Scale bar 200 pm.
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MG-132 TH

Control

B MG-132 FluoroJade B

Fig. 3. Morphology of the fibres within the striatum. A) Distribution and morphology of TH-ir type A fibres
(small arrows) and type B fibres (large arrows) within the striatum of studied groups. B) Morphology of
degenerating fibres revealed by Fluoro-Jade B staining. Type A fibres (small arrows), type B fibres (large
arrows), type C fibres (asterisk) within the striatum of MG-132 rats — detailed description in the text.

(s) — striosome; (m) — matrix. Scale bar 10 um.
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FluorojJade B Merge TH/FluoroJade B
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Fig. 5. Fluoro-Jade B/tyrosine hydroxylase (TH) double-labelling in the dorsal striatum of MG-132 administer-
ed rats. Degenerating fibres, Fluoro-Jade B positive, showed various morphologies — corresponding to type A
of normal TH-fibres (A), fibres with large varicosities, type B of normal TH-fibres (B) up to the type C fibres
with a collection of vesicular varicosities (C). Very low intensity of TH immunoreactivity (indicated by
arrows) were detected in degenerating fibres with type A and B morphology (A, B). At the type C fibres (C)
Fluoro-Jade B and TH positive elements comprised two separate populations. It is also visible on the 2D
colocalization plots (with intensities of red colour plotted against intensities of green colour) corresponding
to the confocal images (A-C). Scale bar 10 um.
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xylase (TH) revealed that in the dorsal striatum of
MG-132 administered rats’ degenerating fibres, very
low intensity of TH immunoreactivity (Fig. 5) was
detected in degenerating fibres with type A and B
morphology. In the type C fibres, Fluoro-Jade B and
TH positive elements comprised two separate popu-
lations. This has also been confirmed by co-localiza-
tion studies.

Discussion

After Alzheimer’s disease, Parkinson’s disease is
the second most common neurodegenerative disor-
der. It affects more than 1% of the world population
aged 65 years. Clinical symptoms of Parkinson’s dis-
ease (PD) include non-motor signs: olfactory deficits,
sleep disturbances, depression, psychosis, and cog-
nitive impairment as well as more spectacular motor
signs: muscular rigidity, bradykinesia, resting trem-
or, and postural instability. The latter result from the
destruction of the substantia nigra dopaminergic
neurons projecting to the striatum, and loss of dopa-
mine transmission in the motor loops of the basal
ganglia. To date pathogenesis of PD has remained
largely elusive and the general consensus is that PD
is a multifactorial disease: a combination of genetic
inheritance, aging and some unknown environmen-
tal factors. A growing number of reports provide evi-
dence that inhibition of the ubiquitin-proteasome
system (UPS) plays a role in the pathogenesis of PD
[49]. Confirmation of UPS impairment in the brains
of PD patients given by findings of accumulation of
UPS components and its substrates in Lewy bodies,
reduced proteasome activity in substantia nigra,
and the presence of PD in patients with mutations
in gene encoding for several UPS-related key mole-
cules.

A great deal of possible information about the
pathogenesis of PD has been obtained due to in vivo
results from various animal models of this disease
[3,5,40,44]. Among them, degenerative models with
MPTP and rotenone are the most commonly used.
However, recently it has been postulated that direct
administration into elements of the nigrostriatal
system [14,25,45] or systemic administration of pro-
teasome inhibitors may serve as a new animal mod-
el of PD. The basis of this theory was the results of
animal studies indicating that systemically admin-
istered (intraperitoneally) proteasome inhibitors like
PSI and epoxomicin may, after absorption into the
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bloodstream, penetrate the intact blood-brain bar-
rier and cause lesions at the substantia nigra, locus
coeruleus, and the Meynert nucleus, and in conse-
quence, lead to an impairment of the motor function
[32,33,38]. This allowed the researches to hypothe-
size that the use of proteasome inhibitors could
be used to obtain a new animal model of Parkin-
son’s disease. It should be noted that not all groups
of researchers were able to obtain the same results
[6,23].

However, there are two previous reports describ-
ing the influence of MG-132 on the nigrostriatal path-
way [41,49]. According to our knowledge, the current
report is the first to estimate the influence of systemic
administration of MG-132. The results we have shown
in this report reveal a significant loss of SNc dopa-
minergic neurons in rats six weeks after the end of
systemic, intraperitoneal MG-132 administration. This
loss was accompanied by a corresponding decrease
in density of dopaminergic fibres within the dorso-
lateral striatum. Moreover, evidence of very limited
but ongoing TH-ir fibre degeneration within the dor-
sal striatum suggests that MG-132 severely disturbed
the nigrostriatal pathway. Our observation that the
number of SNc TH-ir cells in the rats intraperitoneal-
ly injected with small doses of MG-132 decreased by
20.1% corresponds to the results shown by Xie et al.
[49]. They found that injection of 0.4 mg of MG-132
into the medial forebrain bundle in mice decreas-
ed the number of nigral TH-ir cells by 24.5%. The
degree of SNc dopaminergic neuron loss observed by
us is smaller than that produced by direct injection of
0.4 pg MG-132 in 4 pl 1% DMSO into the substantia
nigra reported by Sun et al., which was approximately
40% [41]. Those discrepancies suggest that the differ-
ent administration routes of the same proteasome
inhibitor may lead to different consequences. This was
also recently shown for another proteasome inhibitor
— lactacystin. A unilateral, intranigral injection of lac-
tacystin at doses of 0.5, 1, 2.5, and 5 pg/2 pl produced
after 7 days, distinct decreases in the concentrations
of dopamine (DA) and its metabolites (DOPAC, 3-MT,
HVA) in the ipsilateral striatum. Such alterations were
not observed in the striatal DA content and catabolism
either 7, 14, or 21 days after a unilateral, intrastriatal
high-dose lactacystin injection (5 and 10 pg/2 ul) [25].

The results of a previous study evaluating the
influence of systemic administration of proteasome
inhibitors on behavioural and neuropathological
features of Parkinson’s disease are ambiguous. In
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some experimental conditions, mainly after subcuta-
neous administration of PSI, a loss of SN dopaminer-
gic neurons was observed and varied between 40%
[38] and 50% [51], and even exceeded 50% [33]. Four
other groups of researchers, despite the fact that
they tried faithfully to follow the experimental pro-
tocol proposed by McNaught et al., failed to replicate
the results described earlier [6,22,23,30]. Our results
support the theory of McNaught et al.

The striatum is responsible for integrating incom-
ing information from all areas of the cerebral cortex
and creating motor patterns based on past knowl-
edge (procedural memory) and on the recent envi-
ronment and desires [11]. The striosome/matrix
cytoarchitectonic structures of the striatum play
a crucial role in its functional organization. Afferent
connections present in the matrix, especially in the
lateral part of the dorsal striatum, are related to sen-
somotor areas of the cerebral cortex. Matrix located
more medially and striosomes have predominant
associative- and limbic-related connections, respec-
tively [11]. Similarly to data from previous success-
ful demonstration of systemic proteasome inhibi-
tors’ effect on damage of nigrostriatal connections
[32,33,38,51], we observed a loss of dopaminergic
terminals within the striatum. Previous reports indi-
cated a decrease in dopaminergic innervations of
the striatum by 30 to 40%. We observed that after
intraperitoneal MG-132 administration the decrease
of TH staining, due to the loss of dopaminergic
fibres, was similar along the rostrocaudal axis of the
striatum, but significant by 8% only in the lateral
part of the dorsal striatum. The changes observed
by us in the distribution of the striatal TH-ir fibres
correspond to previous data obtained under other
experimental conditions [39]. After MPTP adminis-
tration in monkeys the smallest loss of striatal TH-ir
fibres named as “mild stage” was observed in the
dorsolateral striatum. It suggests that the sensori-
motor areas of the striatum in the rat are more sus-
ceptible to damage, including damage caused by
MG-132 administration, while limbic and associative
areas are relatively resistant.

Under our experimental conditions, the loss of
nigral TH-ir neurons in the SNc and dopaminer-
gic terminals in the dorsolateral striatum was not
accompanied by the presence of motor abnormal-
ities, as shown by a series of behavioural tests of
spontaneous and forced locomotion. The lack of sig-
nificant differences in spontaneous and forced loco-
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motor activity observed by us appears to result from
a relatively high amount (80%) of dopaminergic neu-
rons (TH-ir), which remained in substantia nigra pars
compacta and 92% of dopaminergic terminals in
striatum. According to earlier reports, during Parkin-
son’s disease at the onset of symptoms, putamenal
dopamine is depleted by approximately ~80%, and
approximately #60% of SNc dopaminergic neurons
have already been lost [13]. The results of other stud-
ies showed that motor signs of PD manifest after
the loss of approximately 50% of nigral neurons and
80% of striatal dopamine [4,47]. Two postmortem
studies using more rigorous quantitative methods,
such as using a tessellation method [17] and dissec-
tor-based neuromorphometry [27], found that about
30% of nigral neuronal loss appeared sufficient to
cause motor symptoms in PD [2]. However, recent
research suggests that the first symptoms of Parkin-
son’s disease may manifest after just a 20% decrease
in the number of dopaminergic neurons SNc, which
has been shown in animal models where a reduction
of about 14 to 23% of nigral neuron count or 14% to
37% of striatal dopamine was sufficient to induce
mild parkinsonism [43].

Systemic administration of proteasome

inhibition

In rats with 50% loss of SNc dopaminergic neu-
rons after systemic PSI administration no bradyki-
nesia or akinesia was observed, but they did exhibit
a reduction by 30 to 40% of exploratory behaviour.
The 20% loss of dopaminergic cells in SNc and 8%
loss of dopaminergic terminals in striatum, as ob-
served by us, may not be sufficient to produce motor
symptoms of PD.

Intraperitoneal administration of proteasome
inhibitor Mg-132 is a method known for almost
ten years; however, it is not applied universally. It
is worth noting that attempts were made to use
MG-132 for the treatment and prevention of a wide
range of pathologies in animal models. The influ-
ence of intraperitoneal injection MG-132 has been
studied in two aspects: (1) its immediate influence,
evaluated in hours after administration and (2) its
delayed influence, evaluated in days and weeks (up
to 12) after administration.

Injected intraperitoneally, a single dose of MG-
132, varying from 0.5 to 10 mg/kg b.w., was able to
successfully act on the elements of the digestive
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system. Observations made after intraperitoneal
MG-132 administration have become the basis for
a theory of the beneficial role of proteasome inhib-
itors not only in prevention, but also in the therapy
of acute pancreatitis [9,24,50]. This beneficial effect
is dependent on the induction of the expression of
cell-protective heat shock proteins (Hsp72), modula-
tion of DNA-binding of nuclear NFkB, suppression of
the elevation of pancreatic myeloperoxidase activi-
ty, tumor necrosis factor a. (TNF-a), and intracellular
adhesion of molecule-1 and serum amylase. Intra-
peritoneal administration of MG-132 also decreases
inflammatory response, by lowering the increase
in interleukin 1 (IL-1), TNF-a, and IL-10 levels in the
caecal ligation and puncture model of sepsis [36].
Studies by Alexandrova et al. showed that intraper-
itoneal MG-132 treatment activates the liver anti-
oxidant enzyme system e.g. superoxide dismutase,
catalase and glutathione peroxidase [1]. They pos-
tulated that MG-132 might play a preventive role
in the development of cell and tissue injury. It was
recently confirmed [21] in the rat model that intra-
peritoneal administration of MG-132 has a signifi-
cant effect in protection against liver injury induced
by intestinal ischaemia/reperfusion, most probably
due to modulation of NFkB and Aryl hydrocarbon
receptor pathways. A single intraperitoneal dose of
MG-132 appears also to act effectively on the struc-
tures belonging to systems other than the gastro-
intestinal. According to Chen et al., intraperitoneal
administration of MG-132 shows a protective effect
on lung injury in rats by significantly decreasing pul-
monary myeloperoxidase activity [9]. However, the
most comprehensive study of immediate response
to intraperitoneal MG-132 administration was pub-
lished by Holecek et al. [18]. They reported a signif-
icant increase in protein synthesis not only in the
digestive system (liver), but also in the kidney and
skeletal muscle. In addition, they observed a signifi-
cant decrease in proteasome-dependent proteolysis
in skeletal muscle and the increase in protein turn-
over associated with a significant increase in prote-
asome-dependent proteolysis in the liver and kidney.

Authors more often indicate a possible systemic
toxic effect and even an increase in the mortality risk
in the reports where there were late effects of MG-132
and the effects of multiple doses of the MG-132 stud-
ied [29,37]. A dose of 10 mg/kg of body weight (cumu-
lative dose of above 30 mg/kg) provided intraperi-
toneally seems to lead to high mortality, although
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rats can survive a cumulative dose of 105 mg/kg
[7] delivered in 14 doses during seven days subcu-
taneously. After prolonged MG-132 administration,
its delayed influence has been reported on more
numerous structures from many systems. It has been
reported that [19] in experimental inflammatory bow-
el disease MG-132 in vivo reduced T cell-mediated
intestinal inflammation but significantly suppressed
cell migration and epithelial cell proliferation. MG-132
also has an influence on the cardiovascular system
[8,29,34]. In a low dose (0.1 mg/kg) MG-132 admin-
istered intraperitoneally once per day even for 2 or
8 weeks may effectively prevent cardiac remodelling
and dysfunction in pressure-overloaded hearts with-
out marked drug toxicity [29]. The effects of intra-
peritoneal injection of MG-132 was also studied on
urinary [37], musculoskeletal [20,42], and respiratory
systems [28]. The study revealed that MG-132 is not
an adequate treatment to prevent endotoxin-in-
duced diaphragmatic dysfunction [20,42] but partial-
ly prevents muscle atrophy associated with disuse
[20]. MG-132 administered in relatively large doses
(4 mg/kg, repeated seven times) did not ameliorate
tubulointerstitial fibrosis in rat unilateral ureteral
obstruction [37]. Positive effects of MG-132, namely
attenuation pneumonitis and cytokine gene expres-
sion in vivo by reducing coronavirus were observed
[28].

In summary, intraperitoneal application of pro-
teasome inhibitor MG-132, despite the encouraging
results of the experimental treatment and preven-
tion of many pathological processes, should be used
with caution because of the potential adverse effects
on the structure of the central nervous system, espe-
cially elements of the nigrostriatal pathway.
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