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Abstract: We investigated the effect of cerebrolysin, a peptide mixture used for promoting
memory and recovery from cerebral stroke, on the development of oxidative stress and nigros-
triatal cell injury induced by rotenone administration in rats. Rotenone 1.5 mg/kg was given
subcutaneously three times weekly either alone or in combination with cerebrolysin at 21.5, 43, or
86 mg/kg. Rats were euthanized 14 days after starting the rotenone injection. Lipid peroxidation
(malondialdehyde), reduced glutathione (GSH), nitric oxide (nitrite) concentrations, paraoxonase
1 (PON1), and acetylcholinesterase (AChE) activities — as well as the monocyte chemoattractant
protein-1 (MCP-1) and the antiapoptotic protein Bcl-2 — were measured in the brain. Histopa-
thology, tyrosine hydroxylase, inducible nitric oxide synthase (iNOS), tumor necrosis factor-o.
(TNF-), and cleaved caspase-3 immunohistochemistry were also performed. Rotenone caused
a significantly elevated oxidative stress and proinflammatory response in the different brain
regions. Malondialdehyde and nitric oxide concentrations were significantly increased, while
GSH markedly decreased in the cerebral cortex, striatum, hippocampus, and in the rest of the
brain. PON1 and AChE activities significantly decreased with respect to the control levels after
rotenone application. Striatal Bcl-2 was significantly decreased while MCP-1 increased following
rotenone injection. Rotenone caused prominent iNOS, TNF-o., and caspase-3 immunostaining
in the striatum and resulted in markedly decreased tyrosine hydroxylase immunoreactivity in
the substantia nigra and striatum. Cerebrolysin coadministered with rotenone decreased lipid
peroxidation, increased GSH, and inhibited the elevation of nitric oxide induced by rotenone.
Cerebrolysin also decreased the rotenone-induced decline in the PON1 and AChE activities and
the rotenone-mediated changes in the striatal Bcl-2 and MCP-1 levels. The drug reduced iNOs,
TNF-a, and caspase 3 expressions and increased the tyrosine hydroxylase immunoreactivity
in the striatum. Cerebrolysin markedly prevented the development of neuronal damage in the
cortex and striatum. These data suggest that cerebrolysin may have potential therapeutic effect
in Parkinson’s disease.
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Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder
worldwide, affecting about 1% of people over 65 years old.! In PD, there is pro-
gressive loss of dopamine-producing neurons in the substantia nigra pars compacta
(SNc) and subsequent striatal dopamine depletion.? The denervation of dopaminergic
nigrostriatal projections accounts for the cardinal motor symptoms of PD, namely
bradykinesia or slowed movement, muscle rigidity, resting tremor, and gait and
postural deficits.>* In most cases, the etiology of the disease is unknown (idiopathic
PD). Genetic causes account for about 5% of cases, having an earlier age of disease
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onset and are due to either autosomal dominant or auto-
somal recessive inheritance.’ Although the cause leading to
nigrostriatal cell death in idiopathic PD is not yet settled,
accumulating evidence suggests the involvement of an envi-
ronmental toxin(s) and a significant genetic component.®
In this context, an epidemiological study suggested a link
between the use of pesticides and the risk for developing
PD in rural areas.” In rodents, one pesticide — rotenone —
reproduces several features of PD, including nigrostriatal
dopaminergic degeneration and alpha-synuclein positive
cytoplasmic inclusions.®’

Presently, PD therapy relies on the replacement of
dopamine, accomplished with the L-dopa/carbidopa or the
use of dopamine agonists, catechol-O-methyltransferases
or monoamine oxidase-B inhibitors. These drugs, however,
do not alter the course of the disease, and the neurons
continue to die over time.'® Obviously, there is an immense
need for other drugs that would halt the progression of
neurodegeneration in PD. Cerebrolysin is a porcine brain-
derived peptide and amino acids preparation produced by
a standardized enzymatic breakdown of purified brain pro-
teins. Cerebrolysin consists of free amino acids (85%) and
peptides with molecular weights below 10 kDa (15%).!!!?
The drug has neuroprotective and nootropic effects, enhanc-
ing neurological recovery after stroke'*'* and posttraumatic
brain injury'® and improving both memory performance and
cognitive functions in patients with Alzheimer’s disease and
vascular dementia.'”° Cerebrolysin has been shown to be
safe and well-tolerated in clinical trials.'®2!>> Cerebrolysin
has important pharmacological actions that are relevant
to its beneficial clinical effects, eg, promotion of synaptic
regeneration,” improvement of neuronal survival,* protec-
tion of blood—brain barrier and blood—cerebrospinal fluid
barrier,?¢ and promotion of neural progenitor cell migration
and neurogenesis.”’ Cerebrolysin given before spinal cord
injury in rats reduced spinal cord water content, leakage
of plasma proteins, and the number of injured neurons.
Cerebrolysin reduced the number of apoptotic peripheral
blood lymphocytes after oxidative stress induced 2-deoxy-
D-ribose.”

This study was therefore designed to investigate the
effects of cerebrolysin on nigrostriatal cell apoptosis/injury
induced in the rat brain by the systemic administration of
the pesticide rotenone. The effect of the drug on oxidative,
nitrosative stress, and neuroinflammation was investigated
since available evidence strongly suggests the importance
of these mechanisms in nigrostriatal dopaminergic cell
death in PD.%°

Materials and methods

Animals

Sprague Dawley rats of either sex weighing (130+10 g)
were used in this study. The animals were obtained from
the animal house colony of the National Research Centre
(Cairo, Egypt). They were housed in stainless steel wire mesh
suspended rodent cages under environmentally controlled
conditions. The ambient temperature was 25°C£2°C, and the
light/dark cycle was 12/12 hours. Standard laboratory food
and water were provided ad libitum. All animals received
humane care in compliance with the guidelines of the Ethical
Committee of the National Research Centre and followed
the recommendations of the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health publication
Number 85-23; revised 1996). Equal groups of six rats each
were used in all experiments.

Drugs and chemicals

Rotenone was purchased from Sigma-Aldrich (St Louis,
MO, USA) and dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich). Cerebrolysin (EVER Neuro Pharma, GmbH,
Unterach, Austria) was used and dissolved in isotonic (0.9%,
NaCl) saline solution immediately before use. The doses
of cerebrolysin in the study were based upon the human
dose after conversion to that of rats, according to the Paget
and Barnes conversion tables.?! Antityrosine hydroxylase
antibody, anti-caspase-3 antibody, anti-iNOS antibody,
anti-TNF-a antibody kits (Abcam plc, Cambridge Science
Park, Cambridge, UK), avidin/biotin complex kit (Vector
Laboratories Inc., Burlingame, CA, USA), biotinylated
peroxidase-based kit (Universal Kit; Dako, Carpinteria, CA,
USA), 3,3’-diaminobenzidine (Sigma-Aldrich) were used.

Experimental design

Rotenone (1.5 mg/kg, subcutaneously, three times per
week) was given alone or in combination with cerebrolysin
(21.5, 43, or 86 mg/kg, intraperitoneally daily) for 2 weeks.
Rats were randomly divided into five groups, six rats each.
Group 1 received the vehicle (0.2 mL DMSO) daily. Group
2 received rotenone at the dose of 1.5 mg/kg, three times
per week. Groups 3, 4, and 5 received rotenone (1.5 mg/kg,
0.2 mL subcutaneously, three times per week) in combination
with cerebrolysin (21.5, 43, or 86 mg/kg, intraperitoneally
daily). Treatments were continued for two weeks. Then, rats
were: euthanized by decapitation under ether anesthesia, the
brains were then quickly dissected out on an ice-cold plate
into different areas, weighed, washed with ice-cold phosphate
buffered saline (PBS, pH 7.4), and stored at —80°C until the
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biochemical analyses. The tissues were homogenized with
0.1 M PBS at pH 7.4 to give a final concentration of 10%
weight per volume for the biochemical assays.

Biochemical analysis

Determination of lipid peroxidation

Lipid peroxidation was assayed by measuring the thiobar-
bituric acid reactive substances in tissue homogenates, as
previously described by Ruiz-Larrea et al.*?

Determination of GSH

GSH was determined in supernatants by Ellman’s method.*
The procedure is based on the reduction of Ellman’s reagent
by the sulthydryl (thiol) groups of GSH to form 2-nitro-s-
mercaptobenzoic acid, the nitromercaptobenzoic acid anion
has an intense yellow color that can be determined spectropho-
tometrically (using the UV-VI8 Recording Spectrophotometer
[Shimadzu Corporation, Australia]). GSH concentration was
calculated by comparison with a standard curve.

Determination of nitric oxide

Nitric oxide (nitrite) was determined by measuring it in the
supernatant by using the Griess reagent, according to the
method of Moshage et al.** The concentration of nitrite in
the sample was determined from a NaNO, standard curve.

Determination of paraoxonase activity

The arylesterase activity of paraoxonase was measured
spectrophotometrically in supernatants using phenyl acetate
as a substrate.’>*¢ In this assay, the arylesterase/paraoxonase
catalyzes the cleavage of phenyl acetate, resulting in phenol
formation. The rate of phenol formation is measured by
monitoring the increase in absorbance at 270 nm at 25°C. The
working reagent consisted of 20 mM Tris/HCI buffer, pH 8.0,
containing I mM CaCl, and 4 mM phenyl acetate as the sub-
strate. Samples diluted 1:3 in buffer are added, and the change
in absorbance is recorded following a 20-second lag time.
Absorbance at 270 nm was taken every 15 seconds for 120 sec-
onds. One unit of arylesterase activity is equal to 1 uM of phenol
formed per minute. The activity is expressed in kU/L, based on
the extinction coefficient of phenol of 1,310 M~ cm™ at 270 nm,
pH 8.0, and 25°C. Blank samples containing water were used to
correct for the spontaneous hydrolysis of phenyl acetate.

Determination

of acetylcholinesterase activity
The procedure used was a modification of the method of
Ellman et al,?” as described by Gorun et al.*® The principle of

the method is the measurement of the thiocholine produced
as acetylthiocholine is hydrolyzed. The color was read
immediately at 412 nm.

Quantification of MCP-|

The level of MCP-1 protein was detected in the striatum
using the sandwich-type immunoassay kit (R&D Systems,
Minneapolis, MN, USA), according to the manufacturer’s
instructions. The lower level of detection for MCP-1
was 32 pg/mL.

Quantification of Bcl-2

The level of human B-cell leukemia/lymphoma 2 (BCI-2) in
striatal tissue was determined by a double-antibody sandwich
enzyme-linked immunosorbent assay (ELISA) kit, according
to the manufacturer’s instructions (Glory Science Co, Ltd,
Del Rio, TX, USA).

Histopathology

The brain sections were fixed in freshly prepared 10% neutral
buffered formalin, processed routinely, and embedded in
paraffin. In addition, 4 wm thick paraffin sections were
prepared and stained with hematoxylin and eosin (H&E)
for histopathological examination. Sections were examined
using a light microscope (Nikon, Japan).

Histomorphometric quantification

of H&E-stained brain tissues

The percentage of brain tissue affected by damaged neurons
with included nuclei that were rather intensely stained,
cytoplasmic vacuolation scarcely separated from surround-
ing cytoplasm, shrunken, and neuronal atrophy (damaged
area) was determined using a computer-assisted automated
image analyzer (QWin, LEICA Imaging Systems Ltd; image
analyzer unit, Pathology Department, National Research
Centre, Cairo, Egypt). The interactive automatic measure-
ment of the percentage of damaged areas was performed
on slides stained by H&E by analyzing ten random fields
per slide.

Immunohistochemistry

for tyrosine hydroxylase

Sections were immunostained for tyrosine hydroxylase (TH)
at room temperature with a biotinylated peroxidase-based kit.
Deparaffinized sections were rinsed in PBS (2.5 minutes) and
then placed in 0.3% H.,O, for 30 minutes to reduce endogenous
peroxidase activity. The tissue was then rinsed in PBS (2.5
minutes) and blocked in a PBS solution containing 3% horse
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serum and 0.1% Triton X-100 for 60 minutes. Without rinsing,
the tissue sections were incubated in the blocking solution that
also contained a 1:20,000 dilution of monoclonal mouse TH
antibody for 60 minutes. The tissue was rinsed (2.5 minutes)
with PBS and incubated with a blocking solution that included
a 1:300 dilution of biotinylated antimouse antibody. After
PBS rinses (2.5 minutes), slices were incubated with avidin-
peroxidase reagent, diluted as instructed by the manufacturer.
Sections were transferred to a 50 mM Tris-buffered 0.9%
saline solution, rinsed, then treated with diaminobenzidine and
a final rinse in PBS (2 minutes). Then, it was counterstained
with H&E. Sections were mounted on slides, allowed to air
dry for 24 hours, dehydrated with a series of ethanol rinses,
and cleared with xylene. Sections were cover slipped after at
least 24 hours of air drying.

Immunohistochemical assessment of
iNOS, TNF-0,, and caspase-3 expression

Immunohistochemical staining of iNOS, TNF-o, and
caspase-3 antibody were performed with sections of 4 um
thick that were deparaffinized and incubated with fresh
0.3% hydrogen peroxide in methanol for 30 minutes at
room temperature. Briefly, deparaffinized brain slides were
incubated with the antibodies against iNOS diluted 1:50,
TNF-o diluted 1:100, and caspase-3 diluted 1:50. Positive
cells were determined with streptavidin biotin-peroxidase
secondary antibody (Universal, Dako). The binding sites
of antibody were visualized with diaminobenzidine. The
sections were then counterstained with hematoxylin, dehy-
drated using graded alcohols and xylene, and mounted.
The immunostaining intensity and cellular localization
of iNOS, TNF-a, and caspase-3 were analyzed by light
microscopy.

Image analysis for quantitative

immunohistochemical reactivity

Optical density measurements of immunoreactivity were
determined with a computer-assisted image analysis sys-
tem (LEICA QWin 500 Image Analyzer, LEICA Imaging
Systems Ltd, Cambridge, England; image analyzer unit,
Pathology Department, National Research Centre, Cairo,
Egypt). Images were composed with a high precision illumi-
nator, a digital camera, and a computer with specific image
analysis software. The mean optical density of each region
was bilaterally measured on selected brain regions, using con-
secutive sections in each subject. The degree of reaction was
chosen by the color-detect menu. The areas of reactivity were
masked by binary color, and the area was measured by using

an objective lens of magnification 40x and eye lens 10x —the
total magnification was 400x. A total of ten measurements
were taken per region by an investigator blinded to the experi-
mental groups. These measurements were averaged to obtain
one mean per region for each animal.

Statistical analysis

Data are expressed as mean * standard error of mean (SEM).
The data were analyzed by one-way analysis of variance
(ANOVA), followed by Duncan’s multiple range test, using
SPSS software (SPSS Inc., Chicago, IL, USA). A probability
value of <(0.05 was considered statistically significant.

Results

Lipid peroxidation

Following the rotenone injection, there was significant
increase in lipid peroxidation, as assessed by malondialde-
hyde (MDA) levels, in the cerebral cortex (68.5%), stria-
tum (59.9%), hippocampus (52.8%), and in the rest of the
brain (51.2%). Cerebrolysin given at 21.5, 43, and 86 mg/
kg resulted in decreased MDA in the cortex by —30% to
—47.2%, striatum by —26.8% to —38.3%, hippocampus by
—36.5% to —31.7%, and in the rest of the brain by —23.1%
to —37.4% (Table 1).

GSH

The concentration of GSH significantly decreased in the
cerebral cortex (—26.2%), striatum (—39.4%), hippocam-
pus (—45.3%), and in the rest of the brain (—55.2%) after
the rotenone injection, compared with the control group.
Following cerebrolysin treatment at 86 mg/kg, a signifi-
cant increase in GSH by 22.1% was found in the cerebral
cortex. In addition, an increase in the GSH concentration
was found in the striatum (23.6%—40%), hippocampus
(25.4%-51.1%), and in the rest of the brain (36%-49.1%)
following cerebrolysin treatment at 43 and 86 mg/kg,
respectively (Table 1).

Nitric oxide

A significant elevation of nitric oxide concentrations
(measured as nitrite) was observed in the brain of the
animals receiving rotenone. Nitric oxide increased by
83.1%, 69.3%, 98.7%, and 142.8% in the cerebral cor-
tex, striatum, hippocampus, and in the rest of the brain,
respectively. Following treatment with cerebrolysin at
21.5-86 mg/kg, a dose-dependent decrease in nitric oxide
concentration was found in the cerebral cortex (-21.9%
to —34.1%), striatum (—18.4% to —46.2%), hippocampus
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Table | Effect of cerebrolysin on brain oxidative stress induced by systemic rotenone administration

Rotenone + cerebrolysin Rotenone + cerebrolysin

43 mglkg

86 mglkg

Saline Rotenone Rotenone + cerebrolysin
21.5 mg/kg
MDA (ng/g tissue)
Cortex 23.5+0.97 39.6+2.0* 27.742.3*% (-30%)
Striatum 21.740.34* 34.7+1.6* 25.4£1.1% (-26.8%)
Hippocampus 23.1%1.5 35.3+2.4* 24.1£1.8% (=31.7%)
Rest of brain 20.3%1.0 30.7+1.8 23.6£1.2% (-23.1%)
GSH (ug/g tissue)
Cortex 4.6610.38 3.44£0.16* 3.5040.14
Striatum 4.621+0.06 2.80+0.06* 3.141£0.26 (12.1%)
Hippocampus 5.54+0.32 3.0340.13* 3.4940.32 (15.2%)
Rest of brain 5.1+0.08 2.28 £0.08* 2.50+0.07 (9.6%)
Nitrite (ug/g tissue)
Cortex 39.7+2.4 72.7+3.8* 56.8£3.0% (-21.9%)
Striatum 36.242.1 61.3£1.8" 50.043.1* (—18.4%)
Hippocampus 30.3£1.7 60.24+2.8* 43.4£2.4% (-27.9%)
Rest of brain 25.0+0.47 60.7+4.4* 43.8+3.6% (—27.8%)

24.0+0.47* (~39.4%)
22.3+1.2% (-35.7%)
23.5+0.7 1 (~33.4%)
20.7+1.0% (—32.6%)

3.62+0.03
3.46+0.12% (23.6%)
3.80+0.02* (25.4%)
3.10+0.22* (36.0%)

51.0+2.3* (—29.8%)
41.040.17* (-33.1%)
31.742.0% (—47.3%)
29.2+1.6* (-51.9%)

20.940.87* (—47.2%)
21.4+0.56* (~38.3%)
22.442.0% (-36.5%)
19.242. 1 (-37.4%)

42040.13* (22.1%)
3.92+0.34* (40%)
4.58+0.31* (51.1%)
3.440.21% (49.1%)

47.943.2% (-34.1%)
33.041.2% (—46.2%)
27.542.6* (-54.3%)
20.0+1.1* (-67.0%)

Notes: ‘P<<0.05 versus vehicle. *P<<0.05 versus rotenone-only treated group. The percent change from the rotenone-only treated group is shown in parentheses.

Abbreviations: MDA, malondialdehyde; GSH, reduced glutathione.

(=27.9% to —54.3%), and in the rest of the brain (—27.8%
to —67%), when compared with the rotenone-only treated
group (Table 1).

PONI activity

Rotenone injection resulted in a significant decrease in PON1
activity in the cerebral cortex (—64.7%), striatum (—67.2%),
hippocampus (—68.9%), and in the rest of the brain (—63.6%).
Cerebrolysin given at 21.5, 43, and 86 mg/kg produced a
significant and dose-dependent increase in the activity in
cerebral cortex (73.9%—113%), striatum (105.7%—190.5%),
hippocampus (105.6%—208.5%), and in the rest of the brain
(101.1%—-164.7%) with respect to rotenone control values
(Table 2).

ACKhE activity

AChE activity in the cortex was significantly decreased
by —45.3% after rotenone injection. Significant and dose-
dependent increase in AChE activity was observed after
cerebrolysin treatment (by —28.4%, —50.8%, and —74.8%),

respectively, compared with the rotenone-only group
(Figure 1).

Bcl-2

Striatal Bcl-2 concentration showed a significant
decrease (36.8% of control value; 0.98+0.04 versus
1.55£0.12 ng/mL) after an injection of rotenone. The
concentration of Bcl-2 in the striatum did not change treat-
ment with 21.5 mg/kg of cerebrolysin, but a significant
increase (P<<0.05) in the Bcl-2 concentration by 13.3%
and 51.8% (1.11£0.01 and 1.49£0.11 versus 0.98+0.04)
was observed after treatment with cerebrolysin at 43 and 86
mg/kg, as compared with the rotenone-only treated group,
respectively (Figure 2).

MCP-I

Compared to controls, the MCP-1 concentrations in
the striatum were markedly elevated by rotenone.
A significant decline of MCP-1 concentrations
by —13.4%,—-23%, and —27.2% was observed in the striatum

Table 2 Effect of cerebrolysin on brain PONI activity induced by systemic rotenone administration

PONI Saline Rotenone Rotenone + cerebrolysin Rotenone + cerebrolysin Rotenone + cerebrolysin
21.5 mg/kg 43 mglkg 86 mglkg

Cortex 12.240.77 4.30£0.12* 7.48+0.44* (73.9%) 8.39+0.41* (95.1%) 9.16+0.59* (113.0%)

Striatum 12.8+0.69 4.2£0.10* 8.6410.32* (105.7%) 11.7£0.67* (178.6%) 12.2+0.30% (190.5%)

Hippocampus 12.54+0.61 3.90+0.02* 8.02+0.72* (105.6%) 10.34+1.0% (165.1%) 12.03+0.49* (208.5%)

Rest of brain 12.9£1.30 4.700.11* 9.45+0.51* (101.1%) 12.17+0.80* (158.9%) 12.44+1.3% (164.7%)

Notes: *P<<0.05 versus vehicle. *P<<0.05 versus rotenone-only treated group. The percent change from the rotenone-only treated group is shown in parentheses.

Abbreviation: PONI, paraoxonase |.
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Cortical AChE (umol SH/g/minute)

Figure | Effect of cerebrolysin treatment on AChE activity in cortex of rotenone-
treated rats.

Notes: 'P<<0.05 versus vehicle. *P<<0.05 versus rotenone-only treated group.
Abbreviations: AChE, acetylcholinesterase.

of the animals receiving 21.5, 43, and 86 mg/kg cere-
brolysin (Figure 3).

Histopathological results

Sections from the cortex and striatum of control (vehicle-
treated) group exhibited normal neuronal structure.
Neurons retained their shape and normal cellularity with
obvious nuclei (Figure 4A and Figure 5A). Sections
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Figure 2 Effect of cerebrolysin treatment on Bcl-2 in striatum of rotenone-treated
rats.
Notes: *P<0.05 versus vehicle. *P<<0.05 versus rotenone-only treated group.
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Figure 3 Effect of cerebrolysin treatment on MCP-1 in striatum of rotenone-
treated rats.

Notes: *P<0.05 versus vehicle. *P<<0.05 versus rotenone-only treated group.
Abbreviation: MCP-1, monocyte chemoattractant protein-|.

Figure 4 Representative light microphotographs of H&E stained sections from the
cortex of rats treated with vehicle (DMSO), rotenone, or rotenone + cerebrolysin.
Notes: (A) Vehicle: neurons with surrounding supporting cells with normal nuclei that
showed dispersed chromatin and prominent nucleoli. The cytoplasm of these cells was
basophilic (n). (B) Rotenone: pyknotic darkly stained nuclei (long arrow), apoptotic
cells (arrowhead), dilated blood vessels (DV) and cytoplasmic vacuolations (V). (C)
Rotenone (higher magnification): pyknotic darkly stained nuclei (long arrow), apoptotic
cells (arrowhead), Lewy bodies (LB) and cytoplasmic vacuolations. (D) Rotenone with
cerebrolysin 21.5 mg/kg: mild pyknotic darkly stained nuclei (long arrow), apoptotic
cells (arrowhead), and cytoplasmic vacuolations (V). (E) Rotenone with cerebrolysin 43
mg/kg: few vacuolations in cytoplasm, pyknotic nuclei and apoptotic cells (arrowhead).
(F) Rotenone with cerebrolysin 86 mg/kg: nearly normal morphological appearance of
with fewer apoptotic cells (arrowhead) and cytoplasmic vacuolation (V).
Abbreviations: H&E, hematoxylin and eosin; DMSO, dimethyl sulfoxide.
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Figure 5 Representative light microphotographs of H&E stained sections from the
striatum of rats treated with vehicle (DMSO), rotenone, or rotenone + cerebrolysin.
Notes: (A) Vehicle: neurons with the surrounding supporting cells, normal nuclei
which showed dispersed chromatin and prominent nucleoli. The cytoplasm of these
cells was basophilic (n). (B) Rotenone: extensive neuronal damage, degeneration, loss
of neurons and surrounding cells. Neurons appear smaller and shrunken with slight
vacuolation of neuropil (V). Pyknotic darkly stained (long arrow), apoptosis nuclei
were seen (arrowhead) and dilated blood vessels (DV) were seen. (C) Rotenone
(higher magnification): pyknotic darkly stained (long arrow) and apoptotic nuclei
(arrowhead). (D-F) Rotenone with cerebrolysin 21.5, 43, or 86 mg/kg: nearly
normal morphological appearance of with fewer darkly stained (long arrow) and
apoptotic nuclei (arrowhead).

Abbreviations: H&E, hematoxylin and eosin; DMSO, dimethyl sulfoxide.

from the rotenone-treated rats showed marked neuronal
degeneration; neurons decreased in number and had
indistinct boundaries. The sections also exhibited irregu-
lar damaged cells and cytoplasmic shrinkage. There was
evidence of pyknotic nuclei and chromatin condensation.
Necrosis and perineuronal vacuolation were observed
(Figure 4B, 4C, and Figure 5B, 5C). The cortex and stria-
tum of rats coadministered rotenone and cerebrolysin at
21.5 mg/kg showed few pyknotic nuclei. Higher doses of
cerebrolysin (43 or 86 mg/kg) protected neurons against
the degenerative alterations caused by rotenone (Figure
4E, 4F, and Figure 5E, 5F). Sections from the vehicle-
treated rats showed normal substantia nigra (SN) neurons
(Figure 6A). Meanwhile, the SN of the rotenone-treated
rats exhibited marked neuronal degeneration (Figure 6B,
6C). Cerebrolysin prevented the rotenone-induced damage
in the SN in a dose-dependent manner (Figure 6E, 6F). The
quantitative analysis of the area of damage in different brain
regions is shown (Figure 7 and Table 3).

Figure 6 Representative light microphotographs of H&E stained sections from the
substantia of rats treated with vehicle (DMSO), rotenone or rotenone + cerebrolysin.
Notes: (A) Vehicle: neurons with normal nuclei (H&E x400). (B) Rotenone:
pronounced neurodegeneration, with distorted, abnormal neuronal morphology with
neuronal degeneration, darkly stained neurons, and reduced number of neurons (long
arrow). Apoptotic cells (arrowhead), slight vacuolation (V). (C) Rotenone (higher
magnification): vacuolation (v), pyknotic (long arrow) and apoptotic cells (arrowhead).
(D) Rotenone with cerebrolysin 21.5 mg/kg: mild neuronal cell degeneration (long
arrow) and disorganization, as well as increased apoptotic cells (arrowhead). (E)
Rotenone with cerebrolysin 43 mg/kg: mild neuronal cell degeneration (long arrow)
and disorganization as well as increased apoptotic cells (arrowhead). (F) Rotenone with
cerebrolysin 86 mg/kg: nearly normal morphological appearance of with little neuronal
degeneration and pyknotic nuclei (long arrow).

Abbreviations: H&E, hematoxylin and eosin; DMSO, dimethyl sulfoxide.

Immunohistochemistry
Immunostaining for TH in SN

and striatum
Images of the SN and striatum of the vehicle-control rats stained
with TH antibody (brown) and counterstained with H&E (blue)
are shown (Figure 8A and Figure 9A). Rotenone markedly
decreased immunoreactivity for TH when compared to vehicle
control (Figure 8B, 8C, and Figure 9B, 9C). An increase in TH
immunostaining was observed after rotenone and cerebrolysin
treatment when compared to the rotenone-only group. The
effect of cerebrolysin in improving TH-immunoreactivity was
dose-dependent (Figure 8D—F and Figure 9D-F).
Quantitative analysis of TH-immunoreactivity (ir) indi-
cated a significant decrease in immunoreactivity in the SN and
striatum by rotenone (by —33.3% and —43.9%, respectively)
compared with the vehicle-treated group. In both areas, treat-
ment with cerebrolysin resulted in a significant increase in
TH-ir in a dose-dependent manner (Figure 10 and Table 4).
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Figure 7 Histomorphometric measurements of the area of damage in the brain of
rotenone or rotenone + cerebrolysin-treated rats.

Notes: Results are means * SEM of six animals from each group. Data are analyzed by
one-way ANOVA followed by Duncan’s test. "P<<0.05 versus vehicle. *P<<0.05 versus
rotenone-only treated group. “P<<0.05 versus other cerebrolysin-treated groups.
Abbreviations: SN, substantia nigra; SEM, standard error of mean, ANOVA,
analysis of variance.

Immunostaining for iINOS in cortex

and striatum

In the control group, only a small number of iNOS immu-
nostained positive cells were detected in the cortex and
striatum (Figure 11A and Figure 12A). However, prominent

iNOS immunolabeling was observed after rotenone injection
(Figure 11B, 11C, and Figure 12B, 12C). Cerebrolysin treat-
ment attenuated the high expressions of iNOS in rvotenone-
treated rats in a dose-dependent manner (Figure 11E, 11F,
and Figure 12E, 12F). The quantitative analysis of iNOS
immunoreactivity is shown (Figure 13 and Table 5).

Immunostaining for TNF-at in striatum

No TNF-o immunostaining was detected in the striatum of
the vehicle-treated rats (Figure 14A). In contrast, the dark
brown TNF-o immunoreactivity was strongly detected in
the striatum of the rotenone-only group (Figure 14B, 14C).
Following treatment with cerebrolysin, TNF-ot immunoposi-
tive cells stained weakly and gradually decreased in number
compared to the rotenone only-treated group (Figure 14D-F).
Quantitative analysis of TNF-o. immunoreactivity is shown
(Figure 15 and Table 6).

Immunostaining for caspase-3 in striatum
Sections from the striatum of vehicle-treated rats did
not show immunopositive cells (Figure 16A). However,
the rotenone-only group displayed extensive immuno-
positive cells of caspase-3 (Figure 16B, 16C). On the
other hand, caspase-3 positive cells were reduced after
cotreatment with cerebrolysin and rotenone compared
with the rotenone-only treated group (Figure 16D, 16F).
Quantitative analysis of caspase-3 immunoreactivity is
shown (Figure 17 and Table 6).

Discussion

The present study provides evidence that the systemic admin-
istration of rotenone can induce oxidative stress in different
brain regions. The results showed that lipid peroxidation
and nitric oxide were significantly increased, while GSH
decreased in rotenone-treated rats compared to the control
group. Rotenone caused nigrostriatal degeneration and the
loss of dopamine from the SN and the striatum. Rotenone-
induced apoptosis that was confirmed by the decreased Bcl-2
concentration and increased cleaved caspase-3 expression in
the striatum. Rotenone has widely been used in rodents to
model human PD. The pesticide, a complex I inhibitor, has
been shown to replicate many of the pathological features
of PD, such as nigrostriatal dopaminergic degeneration,
decreased nigrostriatal TH-ir, and the alpha-synuclein
positive cytoplasmic inclusions in nigral neurons.®** The
mechanism of neurotoxicity is thought to be related to the
increased oxidative stress by the toxin. This is because alpha
tocopherol, which decreased oxidative damage to proteins,
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Table 3 Effect of cerebrolysin on area of damage in the cerebral cortex, substantia nigra, and striatum of rotenone-treated rats

Saline Rotenone Rotenone + cerebrolysin Rotenone + cerebrolysin Rotenone + cerebrolysin
21.5 mg/kg 43 mglkg 86 mgl/kg
Cortex 1.02+0.043 25.6+1.11* 14.98+1.43+* (—41.5%) 7.2740.36"* (-71.6%) 4.8+0.2"*# (—81.2%)
Substantia nigra 0.96+0.06 16.04+1.11% 9.2240.17+* (—42.5%) 5.3140.32* (—66.9%) 3.16£0.15*% (-80.3%)
Striatum 1.731£0.02 28.7t1.6* 15.4£1.217% (-46.3%) 11.3£0.41+* (—60.7%) 6.36£0.12+# (-77.8%)

Notes: 'P<<0.05 versus vehicle. ¥*P<<0.05 versus rotenone-only treated group. “P<<0.05 versus other cerebrolysin-treated groups. The percent change from the rotenone-only

treated group is shown in parentheses.

blocked neuronal cell death and prevented the decrease in
the TH protein level in SN cells in vitro.**#!

In the present study, we found that cerebrolysin has marked
antioxidant action in the rotenone model of nigrostriatal
injury by decreasing the lipid peroxidation product, MDA.
Our findings indicated that cerebrolysin limited the decrease
in GSH induced by rotenone in the striatum and in other brain
areas. This GSH-sparing action of cerebrolysin could possibly
be due to an antioxidant activity of the drug. Glutathione is an
intracellular tripeptide (y-glutamyl-cysteinyl-glycine), which
acts to maintain intracellular redox balance and thus protects
the cell against oxidative injury. Glutathione functions as

Figure 8 Representative light microphotographs of TH expression in the SN of rats
treated with vehicle (DMSO), rotenone, or rotenone + cerebrolysin.

Notes: Deparaffinized sections were reacted with mouse anti-TH antibody
followed by biotinylated second antibody, streptavidin—peroxidase reagent, and
diaminobenzidine. (A) Vehicle: strong immunostaining for TH. (B) Rotenone: marked
loss of TH-immunostained neurons compared to vehicle control. (C) Rotenone (higher
magnification). (D-F) Rotenone with cerebrolysin 21.5, 43, or 86 mg/kg: gradual
increase of TH-immunostaining dependent on the dose compared to rotenone group.
Abbreviations: TH, tyrosine hydroxylase; SN, substantia nigra; DMSO, dimethyl
sulfoxide.

substrate for glutathione peroxidase and glutathione-S-trans-
ferases, and as a direct free-radical scavenger. By keeping
sulfhydryl groups of proteins in the reduced form, glutathione
maintains the thiol redox potential in cells. Thus, decreased
GSH availability would render the cells more susceptible to
oxidative injury.** Glutathione depletion increases cellular
labile iron pool, enhances oxidative stress, increases the levels
of excitotoxic molecules, and — hence —initiates neuronal cell
death.**” Reduced glutathione levels have been associated
with a number of neurological diseases, including PD, bipolar
disorder, and schizophrenia.*** In PD, lowered glutathione
content has been found in the SNc¢ postmortem.>-** In one
study, untreated patients with PD showed symptomatic effi-
cacy after intravenous glutathione therapy, with a 42% decline

Figure 9 Representative light microphotographs of TH expression in the striatum
of rats treated with vehicle (DMSO), rotenone, or rotenone + cerebrolysin.
Notes: (A) Vehicle: strong immunostaining for TH. (B) Rotenone: marked loss of
TH-immunostained neurons compared to vehicle control. (C) Rotenone (higher
maghnification). (D—F) Rotenone with cerebrolysin 21.5, 43, or 86 mg/kg: increased
TH-immunostaining compared to rotenone group.

Abbreviations: TH, tyrosine hydroxylase; DMSO, dimethyl sulfoxide.
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Figure 10 Optical density measurements of TH-ir in the SN and striatum of
rotenone or rotenone + cerebrolysin-treated rats.

Notes: Results are means + SEM of six animals from each group. Data are analyzed
by one-way ANOVA followed by Duncan’s test. "P<<0.05 versus vehicle. *P<<0.05
versus rotenone only treated group. *P<<0.05 versus other cerebrolysin-treated
groups.

Abbreviations: TH-ir, tyrosine hydroxylase immunoreactivity; SN, substantia
nigra; SEM, standard error of mean; ANOVA, analysis of variance.

in disability that lasted after stopping treatment.> Thus, by
sparing brain GSH, cerebrolysin might prove beneficial to
PD patients.

It is well-established that excessive nitric oxide produc-
tion via the inducible form of nitric oxide synthase (iNOS)
plays a fundamental role in neuronal cell damage.>** iNOS
is not usually expressed in cells, but its expression can be
induced by bacterial lipopolysaccharide, cytokines, and other
inflammatory signals.”” It is induced in the brain by glial
cells and microvascular endothelium during inflammatory
and ischemic conditions.™

Results from the present experiments indicate that
rotenone increases nitric oxide concentrations in different
brain regions. Increased iNOS expression was detected in
the cortex and striatum of rotenone-treated rats, which is
in accordance with our previous observations following
systemic rotenone injection in mice.” Results from other
studies also indicated considerable increase in nitric acid
concentrations in the frontal cortex and in the striatum of
rats administered rotenone systemically.®®! This suggests
that nitric oxide generated by iNOS might play an important
role in the neurotoxic effects of rotenone. High levels of nitric
oxide for prolonged time generated by iNOS during patho-
logical states and involve the formation of reactive nitrogen
species, results in the so-called “nitrosative stress”.%>% The
neurotoxicity is due to a reaction with the superoxide anion,
which results in the formation of peroxynitrite capable to
nitrate and oxidize proteins, lipids, and nucleic acids. Low
levels of nitric oxide can also induce neuronal death under
hypoxic conditions by inhibiting mitochondrial respiration
in competition with oxygen at cytochrome oxidase.® Nitric
oxide synthesized by the neuronal NOS might be also
involved in neurotoxic effects of rotenone.* The present study
provides evidence that the administration of cerebrolysin
had reduced the increase in nitric oxide level in different
brain regions caused by rotenone. The immunoreactivity for
iNOS in the cortex and striatum was significantly reduced by
cerebrolysin. This suggests that the decreased iNOS expres-
sion and the reduction in nitric acid generation could be one

Table 4 Effect of cerebrolysin on TH-ir (optical density measurements) in SN and striatum of rotenone-treated rats

TH-ir Saline Rotenone Rotenone + cerebrolysin Rotenone + cerebrolysin Rotenone + cerebrolysin
21.5 mg/kg 43 mglkg 86 mglkg

Substantia nigra 105.84+2.11 70.54£1.35* 69.82£1.13* 85.65+1.657* (21.4%) 94.3+1.237%# (33.7%)

Striatum 98.35+1.34 55.19£1.22¢ 66.47+1.52%* (20.4%) 71.13+1.45* (28.9%) 86.93+1.87+*# (57.5%)

Notes: “P<0.05 versus vehicle. *P<<0.05 versus rotenone-only treated group. *P<<0.05 versus other cerebrolysin-treated groups. The percent change from the rotenone-only

treated group is shown in parentheses.

Abbreviations: TH-ir, tyrosine hydroxylase immunoreactivity; SN, substantia nigra.
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Figure |1 Representative light microphotographs of iNOS expression in the
cortex of rats treated with vehicle (DMSO), rotenone, or rotenone + cerebrolysin.
Notes: (A) Vehicle: no iINOS immunopositive reaction. (B) Rotenone large
number of iNOS immunopositive cells compared to vehicle control. (C) Rotenone
(higher magnification). (D—F) Rotenone with cerebrolysin 21.5, 43, or 86 mg/kg; less
number of INOS immunopositive cells compared with the rotenone group.

Abbreviations: iINOS, inducible nitric oxide synthase; DMSO, dimethyl sulfoxide.

Figure 12 Representative light microphotographs of INOS expression in the striatum
of rats treated with vehicle (DMSO), rotenone or rotenone + cerebrolysin.

Notes: (A) Vehicle: no iNOS immunopositive reaction. (B) Rotenone: large
number of iINOS immunopositive cells compared to vehicle control. (C) Rotenone
(higher magnification). (D—F) Rotenone with cerebrolysin 21.5, 43, or 86 mg/kg; less
number of iNOS immunopositive cells compared with the rotenone group.

Abbreviations: iINOS, inducible nitric oxide synthase; DMSO, dimethyl sulfoxide.
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Figure 13 Optical density measurements of iINOS immunoreactivity in the cortex
and striatum of rotenone or rotenone + cerebrolysin-treated rats.

Notes: Results are means = SEM of six animals from each group. Data are analyzed
by one-way ANOVA followed by Duncan’s test. *P<<0.05 versus vehicle. *P<0.05
versus rotenone-only treated group. *P<<0.05 versus other cerebrolysin-treated
groups.

Abbreviations: iNOS, inducible nitric oxide synthase; ir, immunoreactivity; SEM,
standard error of mean; ANOVA, analysis of variance.

mechanism by which the drug prevents the rotenone-induced
neuronal damage.

Our findings demonstrate that the inhibition of the activ-
ity of PON1 enzyme in the brain is a prominent feature of
rotenone toxicity. The observations in the present study are
consistent with our previous data, indicating decreased PON1
activity in the brain of mice given systemic rotenone and in
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Table 5 Effect of cerebrolysin on iNOS immunoreactivity (optical density measurements) in the cortex and striatum of rotenone-

treated rats

iNOS Saline Rotenone Rotenone + cerebrolysin Rotenone + cerebrolysin Rotenone + cerebrolysin
21.5 mgl/kg 43 mglkg 86 mgl/kg

Cortex 1.560.11 34.52+1.15° 19.96+0.82"* (~42.2%) 11.78+0.41* (~65.9%) 6.4420.18"%# (-81.3%)

Striatum 1.8+0.06 58.9+1.7* 24.13%1.35%* (-59.0%) 13.78£1.29%* (-76.6%) 8.59+0.32+%* (—85.4%)

Notes: ‘P<<0.05 versus vehicle. *P<<0.05 versus rotenone-only treated group. “P<<0.05 versus other cerebrolysin-treated groups. The percent change from the rotenone-only

treated group is shown in parentheses.
Abbreviation: iNOS, inducible nitric oxide synthase.

rats following the intrastriatal injection of the pesticide.®"’
This enzyme with arylesterase and lactonase activities is syn-
thesized in the liver and released into the circulation where
it associates with high-density lipoproteins, preventing their
oxidation.*® The enzyme exhibits a broad substrate specific-
ity hydrolyzing organophosphates, such as pesticides, nerve
agents, lipid hydroperoxides, lactones, and thiolactones and
many other xenobiotics.®*”" Only recently, the enzyme has
come to be a focus of much interest for a possible role in the
pathogenesis of PD. Several PON1 polymorphisms have been
shown to influence the risk for developing PD; carriers of slow
metabolizer and lower-activity variants leading to decreased
PONI1 expression levels are likely to be most susceptible to

Figure 14 Representative light microphotographs of TNF-o. expression in
the striatum of rats treated with vehicle (DMSO), rotenone or rotenone +
cerebrolysin.

Notes: (A) Vehicle: no TNF-o. immunopositive reaction. (B) Rotenone: strong
TNF-o. expression. (C) Rotenone (higher magnification). (D—F) Rotenone with
cerebrolysin 21.5, 43 or 86 mg/kg; decreased number of TNF-o. immunopositive
cells compared with the rotenone group.

Abbreviations: TNF-a, tumor necrosis factor-o; DMSO, dimethyl sulfoxide.

pesticide exposures.”" ™ Decreased serum enzyme activity
was also found in a number of neurodegenerative conditions,
such as dementia™’ or multiple sclerosis.”

Here, we demonstrate that the administration of cere-
brolysin was able to reverse the marked decline in the activity
of the enzyme induced by rotenone in several brain regions.
This suggests that the protective effect of cerebrolysin on
the rotenone-induced nigrostriatal damage could be, at
least in part, mediated by upregulating PONT1 activity in the
face of increased oxidative stress. It is also possible that the
observed increase or maintenance of the enzyme activity
reflects decreased oxidative stress, due to an antioxidant
effect of cerebrolysin. In support of this notion is a study
showing decreased PONI1 activity with elevated oxidative
stress levels.”
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Figure 15 Optical density measurements of TNF-oo immunoreactivity in the
striatum of rotenone or rotenone + cerebrolysin-treated rats.

Notes: Results are means * SEM of six animals from each group. Data are analyzed
by one-way ANOVA followed by Duncan’s test. *P<<0.05 versus vehicle. *P<0.05
versus rotenone-only treated group. *P<<0.05 versus other cerebrolysin-treated
groups.

Abbreviations: TNF-0, tumor necrosis factor-o; SEM, standard error of mean;
ANOVA, analysis of variance; ir, immunoreactivity.
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Table 6 Effect of cerebrolysin on TNF-o and caspase-3 immunoreactivity (optical density measurements) in the striatum of rotenone-

treated rats

Saline Rotenone Rotenone + cerebrolysin Rotenone + cerebrolysin Rotenone + cerebrolysin
21.5 mg/kg 43 mglkg 86 mglkg
TNF-o 1.3620.05 29.29+0.61* 9.1840.1 1+* (—68.6%) 7.2240.32+* (=75.3%) 4.5610.19*# (—84.4%)
Caspase-3 2.1420.10 37.32+1.98" 22.44+1.29°* (~39.9%) 14.12+1 .28 (~62.2%) 10.47+1.217% (~71.9%)

Notes: ‘P<<0.05 versus vehicle. *P<<0.05 versus rotenone-only treated group. “P<<0.05 versus other cerebrolysin-treated groups. The percent change from the rotenone-only

treated group is shown in parentheses.
Abbreviation: TNF-o, tumor necrosis factor-alpha.

Caspase proteins are cysteine proteases and members
of the interleukin-1B-converting enzyme family involved
in the initiation and execution of programmed cell death or
apoptosis.” Caspase-3, the active form of procaspase-3, is
most frequently involved in neuronal apoptosis.®! Rotenone
induces caspase-3-mediated apoptosis in dopaminergic
neurons. This effect was observed in vitro at low nanomolar
concentrations of rotenone.®>% In the present study, strong
cleaved caspase-3 expression could be detected in degenerat-
ing neurons of the cortex and striatum after rotenone injec-
tion. These findings are consistent with our previous data
following systemic rotenone injection in mice.** Cerebrolysin
resulted in very few caspase-3 positive cells being present,

Figure 16 Representative light microphotographs of caspase-3 expression in
the striatum of rats treated with vehicle (DMSO), rotenone, or rotenone +
cerebrolysin.

Notes: (A) Vehicle: no caspase-3 immunoreactivity. (B) Rotenone: strong
caspase-3 expression. (C) Rotenone (higher magnification). (D—F) Rotenone with
cerebrolysin 21.5, 43, or 86 mg/kg; decreased number of caspase-3 immunopositive
cells compared with the rotenone group.

Abbreviation: DMSO, dimethyl sulfoxide.

suggesting that the drug inhibits rotenone-induced brain cell
damage possibly via interference with caspase-3 activation.
These results may be of significance in the use of cerebrolysin
in PD. Caspase-3 activation precedes apoptotic cell death in
PD,* and the percentage of active caspase-3-positive neurons
among dopaminergic neurons are significantly higher in SNc
of PD patients than in the controls.?53

To further examine the effect of cerebrolysin on the
rotenone-induced apoptosis, Bcl-2 protein concentration in the
striatum was measured. Within the core of the apoptotic pro-
gram, there are also the Bcl-2 family of proteins and the Apaf-1/
CED-4 protein that relays the signals integrated by Bcl-2 family
proteins to caspase.®® The Bcl-2 protein prevents the redistri-
bution of the proapoptotic protein Bax from the cytosol to the
mitochondria following exposure of cells to apoptotic signals.
This prevents the mitochondrial membrane permeabilization,
transmembrane passage of cytochrome complex, and the sub-
sequent activation of caspase proteins and apoptosis.®** Bcl-2
has antioxidant properties, and its expression is modulated by
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Figure 17 Optical density measurements of caspase-3 immunoreactivity in the
striatum of rotenone or rotenone + cerebrolysin-treated rats.

Notes: Results are means = SEM of six animals from each group. Data are analyzed
by one-way ANOVA followed by Duncan’s test. ‘P<<0.05 versus vehicle. *P<<0.05
versus rotenone only treated group.

Abbreviations: ir, immunoreactivity; SEM, standard error of mean; ANOVA,
analysis of variance.
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oxidative stress. Enhanced oxidative stress and susceptibility to
oxidants and altered levels of antioxidant enzymes occurred in
the brains of Bel-2-deficient mice.® Bcl-2 acted to inhibit oxi-
dant-induced cell death, at least in part through an antioxidant
pathway, involving glutathione;” whereas, acute oxidative stress
reduced Bcl-2 expression.’! Our results demonstrated markedly
decreased Bcl-2 protein concentration in striatum following
rotenone injection. Our findings also indicate that cerebrolysin
prevented the decline in striatal Bel-2 concentration induced
by rotenone. These results suggest that cerebrolysin interferes
with caspase-3 activation by maintaining the level of Bcl-2,
possibly by reducing oxidative stress.

The present study also indicates marked increase in the
concentration of the chemokine MCP-1 in the striatum fol-
lowing rotenone injection. Chemokines are a family of low
molecular weight proteins associated with inflammatory cell
recruitment in host defense. In addition to being potent leu-
cocyte chemotactic factors, these proteins modulate a number
of biological responses, such as enzyme secretion, cellular
adhesion, cytotoxicity, and T-cell activation.”” Chemokines and
chemokine receptors are constitutively expressed at low levels
in the brain in astrocytes, microglia, and neurons. They are
induced by inflammatory mediators.’* The MCP-1 involved in
the chemotaxis and activation of phagocytes and lymphocytes
isincreased in a number of neurological disorders, eg, Guillain—
Barré syndrome.** MCP-1-"mice have decreased brain inflam-
mation after a peripheral lipopolysaccharide insult, despite an
exaggerated peripheral response. MCP-1 is important in the
regulation of brain inflammation since MCP-1"" mice have
decreased brain inflammation after a peripheral endotoxin chal-
lenge.” Studies also showed that neuronal MCP-1 is induced
during mild impairment of oxidative metabolism. MCP-1
causes microglia recruitment/activation to produce cytokines
and exacerbates neurodegeneration.”® Our data showed that
the rotenone-induced elevation in striatal MCP-1 decreased
after treatment with cerebrolysin. Cerebrolysin, thus, might
exert its neuroprotective action, at least in part, by preventing
the release of MCP-1 during inflammation.

In the present study, a significant decrease in the activity
of cortical AChE, the acetylcholine-degrading enzyme, was
recorded in rotenone-treated rats. Acetylcholine is the most
important neurotransmitter involved in the regulation of cog-
nitive functions.’” In PD, the dopaminergic/cholinergic imbal-
ance results from the loss of dopamine-producing neurons of
the nigrostriatal pathway,” and anticholinergic drugs are used
especially early in the course of the disease.” Our findings
indicate restoration of cortical AChE activity following cere-
brolysin administration to rotenone-treated rats. This suggests

cerebrolysin could be a potential additive treatment in PD.
Rotenone induced cell death of cholinergic and dopaminergic
neurons in an organotypic cell culture model.'® The decline
in AChE activity could, therefore, be accounted for by the
rotenone-induced neurodegeneration; this was prevented by
cerebrolysin.

Our data also indicated an increased expression of
the proinflammatory cytokine TNF-o in the striatum of
rotenone-treated rats, which therefore supports the notion
of the involvement of an inflammatory process in neurode-
generation caused by rotenone. This potent proinflammatory
cytokine is a member of the TNF superfamily with important
functions in immunity, inflammation, differentiation, control
of cell proliferation, and apoptosis; it can be synthesized in
the central nervous system by microglia, astrocytes, and some
populations of neurons.'”! TNF-a contributes to dopaminer-
gic neuronal death following nigrostriatal neurotoxins, such
as 6-hydroxydopamine,'®> and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine.'® In addition, adenoviral mediated
expression of low TNF-a levels in the SN caused dopa-
minergic cell death.!* Results in the present study indicate
decreased expression of striatal TNF-o. of rotenone-treated
rats by cerebrolysin administration. This suggests that the
neuroinflammatory response elicited by the systemic admin-
istration of rotenone is inhibited by cerebrolysin.

The histological findings in the current study showed that
cerebrolysin protected nigrostriatal as well as cortical neurons
against rotenone-induced injury — neuronal degeneration and
apoptosis being decreased by the drug. Immunostaining for
tyrosine hydroxylase in the SN and striatum indicated that
treatment with cerebrolysin prevented the loss of TH-immuno-
reactivity caused by rotenone in dose-dependent manner. Taken
together, the results of the present study indicate a neuroprotec-
tive action of cerebrolysin in the model of rotenone-induced
nigrostriatal damage. This action of cerebrolysin is likely to
involve decreased oxidative stress and neuroinflammatory
response, as well as an antiapoptotic effect. Cerebrolysin might
thus find utility in the treatment of PD.
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