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We studied some structural and functional parameters of erythrocyte membranes in mice at
the late presymptomatic and early symptomatic stages of experimental Parkinson’s disease
induced by administration of MPTP (hemolysis, microviscosity of different regions of the
lipid bilayer, LPO intensity, activity of antioxidant enzymes, and kinetic properties of acetyl-
cholinesterase). At the presymptomatic stage, significant deviations of the studied parameters
from the normal were observed; they were similar in direction and magnitude to those in
humans with Parkinson’s disease. At the early symptomatic stage, most parameters tended to
normal. Microviscosity of bulk lipids increased at the presymptomatic stage and decreased
after appearance of clinical symptoms. This dynamics probably reflects activation of com-
pensatory mechanisms aimed at inhibition of oxidative stress triggered by the development
of the pathological process.
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Neurodegenerative diseases (NDD) occupy a top place
among socially significant diseases. The cunning of
NDD is that the first clinical symptoms of the disease
appear only after degeneration of a considerable part
of specific neurons and often reflect irreversible dam-
age to the brain and exhaustion of compensatory re-
sources. For timely and successful treatment of NDD,
it is necessary to understand the events occurring at
the preclinical stages of the disease, to identify mar-
kers of these stages, and to find targets and terms for
preventive therapy.
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The leading role of oxidative stress (OS) in the
pathogenesis and development of NDD, in particular,
Parkinson’s disease (PD), is now beyond doubt [9].
According to modern concepts, OS is the most im-
portant, though nonspecific pathogenic factor of NDD.
Activation of LPO is the one of the main manifesta-
tions of OS. Intensification of LPO in the lipid phase
of biological membranes modifies the composition and
structure of the lipid bilayer and disturbs the function
of membrane-bound proteins.

Cell membranes play an important role in the
pathogenesis and development of NDD [10,14]. The
search for “membrane markers” seems to be not less
promising than identification of markers in the plas-
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ma, cerebrospinal fluid, efc. The composition and bio-
chemical, physicochemical, and structural properties
of membranes components important for membrane
functions and sensitive to OS (LPO level) can be in-
formative markers.

In studies on NDD, much attention is paid to iden-
tification of extracerebral markers. Erythrocytes that
are considered as a “reporter” of OS in the body are
extensively studied.

The goal of this study is to characterize and
compare structural and functional characteristics of
erythrocyte membranes at the late presymptomatic and
early symptomatic stage of PD modeled in mice and
to reveal similarities and differences in parameters that
could be used for early diagnosis and choice of targets
for preventive therapy.

MATERIALS AND METHODS

We used a toxic model of PD (administration of
1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine; MPTP)
developed at the Laboratory of Nervous and Neuro-
endocrine Regulations of N. K. Koltsov Institute of
Developmental Biology, Russian Academy of Science.
This model allows simulation of different phases of
preclinical and clinical stages of PD via administra-
tion of MPTP in different doses and schedules [1,13].

Erythrocytes of mice at the late presymptom-
atic and early symptomatic stages (stages I and II,
respectively) were analyzed. The blood for the study
was obtained from the laboratory of nervous and neu-
roendocrine regulations. Detailed description of the
pathomorphological and biochemical changes in the
nigrostriatal dopaminergic system and characteriza-
tion of locomotor activity of animals at these stages of
the pathological process are given in previous articles
[1,13].

The work was performed on 2-3-month-old male
C57BI1/6 mice weighing 22-26 g. MPTP dissolved in
saline was administered subcutaneously in a dose of
12 mg/kg: 2 injections for modeling stage I and 4
injections for modeling stage II (with 2-h intervals).
Controls received saline according to the same scheme.
In 2 weeks (when the desired stage of PD developed),
the mice were decapitated [1,13]. Each group included
9-10 mice.

The following parameters were used to character-
ize the state of the erythrocyte membrane: mechanical
strength (% of spontaneous hemolysis that occurs dur-
ing isolation of erythrocytes), content of LPO products
(malonic dialdehyde, MDA) in erythrocytes, structural
state of erythrocyte membranes assessed by microvis-
cosity (s) of the surface regions of membrane near bulk-
lipids (s1) and in areas of the lipid bilayer adjacent to
proteins (s2). Functional state of the membranes was
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assessed by measuring kinetic parameters of the reac-
tion catalyzed by membrane-bound acetylcholinester-
ase (AChE). Experimental methods used in the present
study are previously described in detail [2,4].

Erythrocytes were isolated from the whole citrat-
ed venous blood. We used 5% erythrocyte suspension
in a medium containing 0.1 M Tris-HCI buffer and
saline (NaCl) (1:1).

The degree of hemolysis (%) during centrifuga-
tion was determined by measuring extinction (540
nm) of hemoglobin released into the medium. LPO
intensity was evaluated by the content of TBA-reactive
products (MDA) [4].

The state of the antioxidant system in erythrocytes
was assessed by activity of Cu/Zn-SOD and glutathi-
one peroxidase using routine techniques [2].

Microviscosity (s) of the lipid bilayer of erythro-
cyte membranes was evaluated by EPR-spectroscopy
using of two paramagnetic probes synthesized at the
N. N. Semenov Institute of Chemical Physics, Rus-
sian Academy of Science: stable iminoxyl radicals:
2,2,6,6-tetramethyl-4-capriloyl hydoxypiperidine-
1-oxyl (probe 1) and 5,6-benzo-2,2,6,6-tetramethyl-
1,2,3,4-tetrahydro-gamma-carboline-3-oxyl (probe 2).
Probe 1 is located in the surface layer of bulk-lipids
and probe 2 penetrates into the annular near-protein
zone of lipids. The time of rotational correlation of the
probes (1) at room temperature served as the measure
of microviscosity [4].

Activity of AChE was determined in hemolysate
of erythrocytes by Ellman’s method with acetylthio-
choline (iodide) as the substrate. Kinetic parameters of
the hydrolysis reaction of acetylthiocholine (maximum
velocity (Vmax), apparent Michaelis constant (Km),
and Vmax/Km) were calculated as parameters of the
Michaelis—Menten equation describing the depen-
dence of initial velocity of optical density increase on
acetylthiocholine concentration [4].

Parameters of enzymatic AChE reaction were
calculated and statistical data were processed using
Sigma-Plot 11 software. Student’s ¢ was used to find
the differences in the characteristics between the ex-
perimental and control groups because of the studied
parameters of erythrocytes in mice had normal distri-
bution.

RESULTS

At the late presymptomatic stage, no behavioral symp-
toms of PD were observed. Disorders in the dopami-
nergic nigrostriatal system typical of PD were revealed
during both stages, but some differences in the severity
and direction of these disorders were found [1,13].
At both stages of the pathological process, the
hemolysis of erythrocytes that characterizes their me-
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Fig. 1. Changes in the parameters of OS and structure of erythro-
cyte membranes in mice at the presymptomatic (stage 1) and early
symptomatic (stage Il) stages of experimental PD (toxic model,
injection of MPTP). GP: glutathione peroxidase, Hem: hemolysis,
s1 and s2: microviscosity in regions of probes 1 and 2. *p<0.05 in
comparison with the control.

chanical strength increased (Table 1; Fig. 1); LPO
is known to contribute to this process. The content
of LPO products (MDA) was increased; similar to
hemolysis, this increase was more pronounced during
stage 1.

SOD activity significantly decreased during stage
I, but only a weak trend to a decrease was seen during
stage II. Glutathione peroxidase activity did not differ
from the control during both stages. The SOD/gluta-
thione peroxidase ratio that reflects the balance in the
system of ROS generation/detoxification decreased at
the presymptomatic stage by 30% in comparison with
the control that indicates disorders in the antioxidant
defense system. During stage II, the SOD/glutathione
peroxidase ratio did not differ from normal.

During stage I, microviscosity of the lipid bilayer
in erythrocytes (sl and s2) significantly surpassed the
control level. During stage II, s1 was significantly re-
duced and s2 did not differ from the control. Thus, the
presymptomatic and early symptomatic stages of ex-
perimental PD differ by microviscosity of the analyzed
regions of the lipid bilayer of erythrocyte membranes
and by direction of sl changes in comparison from
the control level.

One of the important features of the parkinsonism
development is imbalance of dopaminergic and cholin-
ergic activities. The key element in the functioning of
the cholinergic system is AChE. The effect of AChE
inhibitors (e.g., environmental pollutants) is a risk fac-
tor that accelerates of PD development and compli-
cates its course. The nigrostriatal toxicity of MPTP
and its bioactive metabolite leads to parkinsonism and
is partially realized through inhibition of AChE [15].

During stage I, kinetic parameters of erythrocyte
AChE changed significantly in comparison with the
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control: enzyme efficiency decreased by 40% against
the background of significantly increased peak reac-
tion velocity (by 70%) and Km (by more than 200%)
(Fig. 2). It should be noted that changes in AChE ac-
tivity were not related to direct action of MPTP on
AChE, because MPTP is completely eliminated from
the blood within 2 days and the mice were sacrificed
on day 15 after MPTP administration.

Hence, at the presymptomatic stage of the ex-
perimental PD, kinetic parameters of the erythrocyte
AChE significantly differed from the norm. AChE
activity normally (at physiological concentrations of
acetylcholine) determined by Vmax/Km ratio was re-
duced. During stage II, Vmax and Km of erythrocyte
AChE were almost the same in control and experi-
mental animals. The efficiency of the enzyme was also
within the normal limits. It cannot be ruled out that
changes in the structure and properties of its mem-
brane microenvironment can contribute to changes in
the kinetic parameters of erythrocyte AChE.

The presymptomatic and early symptomatic
stages of experimental PD differed by the observed
changes in the studied parameters of OS and structure
and function of erythrocyte membranes relative to the
control.

Agreeing that the experimental model of the PD
used by us adequately characterizes the course of the
disease in humans [1,13], we considered it possible
to compare the observed changes in erythrocytes with
those reported at the advanced clinical stages of PD.

The content of LPO products (MDA) and oxida-
tive hemolysis in patients with PD significantly sur-
pass the normal [11]. Since the development and spe-
cific features of NDD are associated with the region

TABLE 1. Parameters of OS, Membrane Structure, and
AChE Activity in Control Mice (M+SE).

Control
Parameter

stage | stage |l
AChE Vm, arb. units 0.17+0.01 | 0.23%0.02
Km, x10° M 3.5%0.1 7.3+x1.2

Vm/Km, arb. units 49.0+1.2 34.0+2.7

Activity of SOD, arb. units 84.0+ 0.5 | 53.3+2.8
Activity of GP, arb. units 90.0£7.0 84.0+1.4
Hemolysis, % 15.1£0.6 15.9+0.3
MDA, umol/liter of erythrocytes | 48.7+2.5 50.1£1.2
Microviscosity s1, 1 x10'° sec 0.28+0.01 | 0.30+0.01
Microviscosity s2, t x10'° sec 0.98+0.01 | 1.01+0.01

Note. GP: glutathione peroxidase.
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Fig. 2. Changes in the kinetic parameters of AChE of mouse
erythrocytes at the presymptomatic (stage 1) and early symptom-
atic (stage Il) stages of experimental PD (toxic model, injection
of MPTP) in comparison with the corresponding parameters in
the control. *p<0.05 in comparison with the control. Absolute
values of kinetic parameters for control animals: Vm =0.17+0.01
arb. units, Vm_=0.23+0.02 arb. units, Km_=(3.5+0.1)x10—° M,
Km,=(7.3£1.2)x10—° M.

of residence, the data obtained for Russian patients are
of special interest. It was shown that during stages I
and III of PD (Hoehn and Yahr scale), MDA content
in erythrocytes of patients was higher by more than
60% than in healthy subjects [3].

The data about the enzymatic antioxidant defense
in erythrocytes in PD are ambiguous and contradic-
tory. In particular, data about SOD range from a de-
crease to lack of changes or an increase in activity.
Nevertheless, from published reports it can be con-
cluded that imbalance in the system of antioxidant
enzymes is observed during all symptomatic stages of
PD [5,7,11,12].

Changes in the microviscosity of membranes at
clinical PD were described in [3]. Analysis with the
use of a fluorescent probe revealed changes in the
structure of blood cell membranes in patients with
stage II and III of PD. Microviscosity in the surface
area of the lipid bilayer of erythrocyte membranes
increased by 23% in comparison with the control, mi-
croviscosity of annular lipids by 18%.

According to some reports, AChE activity in eryth-
rocytes was slightly increased in patients with clinically
manifest PD [6]. It should be noted that activity is usu-
ally assessed by the reaction rate at optimal substrate
concentration, i.e., essentially Vmax. In our case, we
also observed an increase in Vmax during stage 1.

Comparing the data characterizing different sta-
ges of PD including the presymptomatic, we can note
that changes in the parameters of OS and structural
and functional characteristics of the membranes even
at the preclinical stage were similar and comparable
with those observed during “advanced” stages of the

disease. Early symptomatic stage (stage II) deserves
special attention. The analyzed parameters at this stage
had either tended to “normal”, or demonstrated oppo-
site changes in comparison with the presymptomatic
and advanced stages (as shown it for s1). These shifts
in the studied parameters at the early symptomatic
stage of PD can reflect activation of compensatory
mechanisms aimed at inhibition of OS caused by the
pathological process.

It is not excluded that this stage of the disease is
the most promising target for the therapeutic effect of
antioxidants, inhibitors of free radical oxidation (in
particular, tocopherol that used for NDD in clinical
practice), by which, according to the idea [8] about
the LPO regulation system in the membrane, targeted
modification of structure and functions of membranes
in vivo became possible.

The authors are grateful to the staff of the Labo-
ratory of Nervous and Neuroendocrine Regulations
of N. K. Koltsov Institute of Developmental Biology,
Russian Academy of Science and personally Acad. M.
V. Ugryumov for the provided blood of experimental
and control mice.

The work was supported by the Program of the
Presidium of the Russian Academy of Sciences 2013-
2014. “Fundamental sciences for medicine” in sec-
tions 1. Brain. Fundamental and applied problems. 3.
Preclinical development of diagnostic technologies
(early, differential, etc.) and prognosis of the course
of brain diseases.

REFERENCES

1. Kolacheva AA, Kozina EA, Khakimova GR, Kucheryany VG,
Kudrin VS, Nigmatullina RR, Bazyan AS, Grigor’yan GA,
Ugryumov MV. Experimental modeling of Parkinson’s disease.
Neurodegenerative diseases: from the genome to the whole
organism. Vol. 1. Ugryumov MV, ed. Moscow, 2014. P. 356-
422. Russian.

2. Misharina TA, Fatkullina LD, Alinkina ES, Kozachenko Al,
Nagler LG, Medvedeva IB, Goloshchapov AN, Burlakova
EB. Effects of low doses of essential oils on the antioxidant
status of the erythrocytes, liver and the brain of mice. Applied
Biochem. Microbiol. 2014;50(1):88-93.

3. Trinitatsky YuV, Vnukov VV, Milutina NP, Trinitatsky IYu,
Danilenko AO, Golovatenko OL, Chernetsova SYu, Andrienko
AS, Bulgakov VV. Processes of free radical oxidation in blood
in Parkinson’s disease. Klin. Nevrologiya. 2011;(2):10-14.
Russian.

4. Fatkullina LD, Molochkina EM, Zorina OM, Podchufarova
DE, Gavrilova SI, Fedorova IaB, Kliushnik TP, Burlakova
EB. Membrane structure markers and the acetylcholinesterase
activity of erythrocytes in patients with mild cognitive impair-
ment. Zh. Nevrol. Psikhiatr. 2013;113(6):62-67. Russian.

5. Abraham S, Soundararajan CC, Vivekanandhan S, Behari M.
Erythrocyte antioxidant enzymes in Parkinson’s disease. In-
dian. J. Med. Res. 2005;121(2):111-115.



L. D. Fatkullina, E. M. Molochkina, et al.

6.

10.

11.

Bawaskar HS, Bawaskar PH, Bawaskar PH. RBC acetyl cho-
linesterase: A poor man’s early diagnostic biomarker for famil-
ial Alzheimer’s and Parkinson’s disease dementia. J. Neurosci.
Rural Pract. 2015;6(1):33-38.

. Bostantjopoulou S, Kyriazis G, Katsarou Z, Kiosseoglou G,

Kazis A, Mentenopoulos G. Superoxide dismutase activity
in early and advanced Parkinson’s disease. Funct. Neurol.
1997;12(2):63-68.

. Burlakova EB, Krashakov SA, Khrapova NG. The role of

tocopherols in biomembrane lipid peroxidation. Membr. Cell
Biol. 1998;12(2):173-211.

. Dias V, Junn E, Mouradian MM. The role of oxidative stress

in Parkinson’s disease. J. Parkinsons Dis. 2013;3(4):461-491.
Kubo S, Hatano T, Hattori N. Lipid rafts involvement in the
pathogenesis of Parkinson’s disease. Front. Biosci. (Landmark
Ed). 2015;20):263-279.

Sudha K, Rao AV, Rao S, Rao A. Free radical toxicity and anti-
oxidants in Parkinson’s disease. Neurol. India. 2003;51(1):60-62.

12.

13.

14.

15.

601

Torsdottir G, Kristinsson J, Snaedal J, Sveinbjornsdottir S,
Gudmundsson G, Hreidarsson S, J6hannesson T. Case-control
studies on ceruloplasmin and superoxide dismutase (SOD1)
in neurodegenerative diseases: a short review. J. Neurol. Sci.
2010;299(1-2):51-54.

Ugrumov MV, Khaindrava VG, Kozina EA, Kucheryanu VG,
Bocharov EV, Kryzhanovsky GN, Kudrin VS, Narkevich VB,
Klodt PM, Rayevsky KS, Pronina TS. Modeling of presymp-
tomatic and symptomatic stages of parkinsonism in mice. Neu-
roscience. 2011;181:175-188.

Williamson R, Sutherland C. Neuronal membranes are key
to the pathogenesis of Alzheimer’s disease: the role of both
raft and non-raft membrane domains. Curr. Alzheimer Res.
2011;8(2):213-221.

Zang LY, Misra HP. Acetylcholinesterase inhibition by 1-me-
thyl-4-phenylpyridinium ion, a bioactivated metabolite of
MPTP. Mol. Cell. Biochem. 1993;126(2):93-100.




	ABSTRACT

	MATERIALS AND METHODS
	RESULTS
	REFERENCES

