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Calpains are involved in regulating various brain functions. Limited proteolysis regulates cell proliferation,
apoptosis, synaptic plasticity, long-term potentiation, and cell signaling. These are only some of the processes
regulated by calpains. The current study reveals previously unexplored states of calpain activation associa-
ted with disorders of the dopaminergic system, including both hyperfunctional and hypofunctional states. In
addition, activation of calpain 1 and calpain 2 affects the functioning of the central nervous system differently.
Thus, this work aimed to study the effect of dopamine deficiency or excess on the activity of calpain 1 and
calpain 2 in various parts of the central nervous system. We used L-dopa administration and DAT-KO rats to
model a hyperdopaminergic state, and AMPT and reserpine to model a hypodopaminergic state. Dopamine
deficiency causes: increased activity of calpain 1 in the striatum after AMPT administration; decreased activity
of calpain 2 in the hippocampus after L-dopa administration. Excess dopamine causes: increased activity of
calpains 1 and 2 in the striatum after L-dopa administration; decreased activity of calpains 1 and 2 in the mid-
brain after reserpine administration. Our data show that DAT knockout is associated with increased dopamine
levels and increased activity of calpain 2 in the hippocampus, as well as decreased dopamine levels in the

striatum and in the midbrain, accompanied by increased calpain 1 activity in the striatum.

Keywords: Dopamine, Calpains, Reserpine, AMPT, L-dopa, DAT-KO, Rats.

1. Introduction

Dopamine, a member of the catecholamine group
along with norepinephrine and epinephrine, is a key neu-
rotransmitter involved in the regulation of physiologi-
cal processes such as motor control, motivation, reward,
cognitive function, as well as maternal and reproductive
behavior [1-5]. Dysfunction of the dopaminergic system
through various molecular pathways leads to the deve-
lopment of movement disorders, compulsive behavior,
the formation of addictions, disruption of neuroendocrine
regulation mechanisms, dysregulated metabolic disorders,
etc. [6-8]. Therefore, to understand the pathogenesis of
dopamine-dependent conditions, it is necessary to study in
detail the molecular pathways underlying the development
of a particular dysfunction.

To date, it is believed that the main effects of dopa-
mine are realized through its interaction with D1-like
family and D2-like family receptors with subsequent acti-
vation of various systems of intracellular mediators [9].
However, disruption of the vesicular transporter VMAT?2,
for example, due to disruption of the proton gradient, can
lead to the release of dopamine into the cytosol, where at
neutral pH it undergoes protonation at the amino group
to form the dopamine quinone [10]. The quinone is hi-

ghly reactive and interacts with cellular components, for
example, forming covalent modifications with proteins at
cysteine residues [11]. Therefore, the functions of dopa-
mine can be realized not only through its interaction with
receptors. For example, dopamine can be involved in the
regulation of the activity of calpains, calcium-dependent
neutral cysteine proteases of the calpain system [12]. The
calpain system is represented by calpains (from the words
"calmodulin" and "papain") and calpastatin (an endoge-
nous, highly specific inhibitor of calpains). To date, fifteen
proteases of this family are known (calpain 1 - calpain 15),
which have different tissue specificity and are activated at
different levels of calcium in the cell. The most studied are
calpain 1 and calpain 2, or, in another classification, m-
and mu-calpain. Both forms of calpain have similar bio-
chemical characteristics, but their activation occurs at dif-
ferent concentrations of Ca*" ions: mu-calpain requires a
micromolar concentration of Ca?*, m-calpain — a millimo-
lar concentration [12]. Although dopamine affects calpains
in vitro, the in vivo consequences of dopamine deficiency/
excess on calpain 1 & calpain 2 in different brain regions
are unknown. More than 100 calpain substrates have been
identified, and calpain-mediated cleavage alters their
functions. Calpains participate in the regulation of synap-
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tic transmission, long-term potentiation, signal transduc-
tion, etc. [13]. Recent data have shown that the ubiquitous
calpain 1 and calpain 2 perform opposite functions in the
brain, probably due to different activation conditions and
specificity of distribution in the cell, even though they do
not have high substrate specificity. It has been proven that
activation of calpain 1 is necessary for induction of synap-
tic plasticity and promotion of development of plastic pro-
cesses, and that calpain 2 disrupts plasticity processes and
is an inducer of neurodegeneration [14]. Consequently,
cytosolic dopamine or dopamine quinone, modifying the
activity of calpain 1 or calpain 2, can also interfere with
the development of pathological processes through this
pathway. This assumption is based on the first approxima-
tion of the study by K. Yurko-Mauro & E. Friedman, who
showed that incubation of surviving hippocampal slices in
the presence of 1 nM dopamine leads to an increase in
the content of autolyzed calpain 2. It indicates the activa-
tion of calpain 2 during such incubation [15]. Treatment
of human endothelial cells HUVEC with 25 uM dopamine
resulted in suppression of hyperactivation of calpain 1, but
not calpain 2, which was induced by cold stress [16]. Thus,
depending on the object, incubation conditions and con-
centration of dopamine in the medium, multidirectional
effects of dopamine on the activity of various representa-
tives of calpains were observed. This work aimed to study
the effect of dopamine deficiency or excess on the activity
of calpain 1 and calpain 2 in various parts of the central
nervous system.

2. Materials and Methods
2.1 Animals

Male Wistar rats (200+£20 g) were purchased from
the Rappolovo nursery (Leningrad Region, Russia). Male
DAT-KO rats (200+£20 g) were purchased from the Rap-
polovo nursery (Leningrad Region, Russia). The animals
were housed in cages in a room with controlled conditions,
including a temperature of 24+1 °C, 45-65% humidity,
and 12 h light/12 h dark cycle. In the experimental period,
pelleted rat chow and water were available ad libitum. All
procedures with rats were carried out according to insti-
tutional guidelines and in compliance with the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and national laws (Russian Federa-
tion the Ministry of Health N267, June 19, 2003; Guide
for the Use of Laboratory Animals, Moscow, 2005) and
certified by the local ethics committee of the Institute of
Experimental Medicine (Ethics Issue No. 1/20, 2020).
The rats were decapitated using a guillotine (OpenScience
AE1601, OO0 SPC OpenScience, Russia).

2.2 Reagents

Methyl L-dopa hydrochloride (D1507, Sigma-Al-
drich), a-Methyl-DL-tyrosine methyl ester hydrochloride
(M3281, Sigma-Aldrich), Reserpine (83580, Sigma-Al-
drich).

2.3 Dopamine imbalance modeling
The experimental design is presented in Fig. 1.

2.4 Calpain activity detection

Calpain activity was analyzed according to the method
described in [17]. In each experiment, the hippocampus,
striatum, and midbrain were homogenized in Tissue Lysis

Buffer (pH 7.4; Promega) and centrifuged at 12,000 x g for
30 minutes at 4°C. Total protein concentration was quan-
tified via the Bio-Rad DC protein assay, calibrated against
bovine serum albumin standards. A discontinuous gel sys-
tem was employed, comprising a 4% acrylamide stacking
gel and a 9% acrylamide separating gel copolymerized
with 0.1% casein. Following a 45-minute equilibration
phase, aliquots containing 50 pug of protein were electro-
phoresed at 125 V for 2.5 hours at 4°C in standard run-
ning buffer. Post-electrophoresis, gels were stained with
Coomassie Brilliant Blue (Hi Media). Unstained regions
corresponding to p-calpain (upper zone) and m-calpain
(lower faint zone) were identified, with enzymatic acti-
vity quantified based on the proportional area of unstained
bands. Gel images were acquired using a Gel Doc XR+
system (Bio-Rad) under backlight illumination, and band
areas were analyzed via the MultiSpec software (https://
mygeohub.org/resources/multispec) following established
protocols [17, 23]. A representative zymogram is shown
in Fig. 2.

2.5 Dopamine detection

Quantitative analysis of monoamines was performed
using the HPLC-ED method. Sample preparation: a portion
of the brain structure of interest was homogenized in 40%
HCIO,, then centrifuged at 12,000 g for 30 minutes. The
supernatant in a volume of 20 pl was introduced into the
chromatographic system. The HPLC system is equipped
with an analytical column BDS HYPERSIL C18 (28105-
259070A, manufacturer Thermo Scientific), a DECADE
IT SCC detector with an analytical cell and a protective
casing (manufacturer ANTEC LEYDEN). The following
were used as the mobile phase: 10 mM phosphate buffer
pH = 3.10, 5% acetonitrile, 5% tetrahydrofuran.

Calibration was performed using the external standard
method. Solutions containing dopamine in pre-prepared
concentrations (10 ng/ml, 20 ng/ml, 30 ng/ml) were used
as a standard. The amount of dopamine was normalized to
the amount of total protein in the sample.

a. b. C.
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Fig. 1. Scheme of dopamine imbalance modeling.
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Fig. 2. Representative zymogram.
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2.6 Measuring protein concentration in a sample using
a drop spectrophotometer

The sediment obtained at the stage of sample prepara-
tion for HPLC was resuspended in 1M NaOH, centrifuged
for 20 minutes at 12,000 g, after which the protein concen-
tration in the supernatant was measured using a NanoDrop
2000 drop spectrophotometer. Samples were applied in a
volume of 2 pl. Measurements were performed at a wave-
length of 280 nm.

2.7 Statistical analysis

Statistical analysis was conducted using the Graph-
Pad Prism 8.0 software (GraphPad Software, USA). The
normality of distribution was tested by the Shapiro-Wilk
test. All data are expressed as mean = SD. Statistical hy-
potheses were tested using Student's t-test for independent
samples. Significance level was set at p < 0.05. The overall
weighted effect size (Cohen's d) for all studies was 0.4 or
higher, a significant medium to large effect.

3. Results
3.1 Effects of L-dopa administration

After administration of L-dopa (100 mg/kg), the HPLC
analysis revealed an increase in dopamine in the striatum
by 1.6 £ 0.4 times (p < 0.05), which was a control indi-
cator of the successful administration of L-dopa and the
dopamine synthesis directly in the cells of the central ner-
vous system of the animal. Dopamine in the hippocampus
decreased by 1.9 + 0.2 times (p < 0.05) (Fig.3).

The method of casein zymography in gel showed that
the administration of L-dopa to animals led to an increase
in the calpain 1 activity by 1.3 £ 0.1 times (p < 0.05) and
calpain 2 by 1.8 £ 0.2 times (p < 0.01) in the cells of the
striatum (Table 1) relative to the control group. A decrease

in calpain 2 activity by 1.8 + 0.1 times (p < 0.01) was
shown in hippocampal cells in comparison to control ani-
mals (Table 1). In the midbrain cells of animals that re-
ceived L-dopa, an increase in the activity of both forms of
calpains was observed: calpain 1 by 1.5 + 0.2 times (p <
0.02), calpain 2 by 1.6 + 0.1 times (p < 0.01) (Fig.3).

3.2 Effects of AMPT administration

The second stage consisted of the study of the effect
of dopamine deficiency on calpain activity. Intracellular
dopamine deficiency was induced using AMPT (Alpha-
methyl-p-tyrosine). AMPT is an inhibitor of tyrosine
hydroxylase, an enzyme that metabolizes tyrosine into L-
dopa, which results in a decrease in dopamine levels. After
AMPT administration, dopamine content significantly de-
creased only in the striatum by 2.7 + 0.1 times (p < 0.05)
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Fig. 3. Dopamine content and calpain activity in CNS cells after a
single administration of L-dopa at a dose of 100 mg/kg. * - p<0.05,
** - p<0/01. The results are presented as the ratio of the experiment to
the control. Absolute values and statistical data are presented in Table

1 of the supplementary materials.

Table 1. Dopamine content and calpain activity in CNS cells after a single administration of L-dopa at a dose of 100 mg/kg. The results are

presented as the ratio of the experiment to the control.

Dopamine Calpain 1 Calpain 2

Hippocampus Control 0.64 +£0.07 62.67 +12.57 214 +£13.09
Experiment 0.33+£0.072 116.33 + 14.11 123 +£6.93
Experiment/Control 0.5+ 0.2 (p=0.019, t=2.447) 1.86 + 0.6 (p=0.09, t=2.776) 0.6 = 0.1 (p=0.018, t=3.182)
Control 59.03 £ 10.13 1775+ 107.002 1418.67 + 63.25

Striatum Experiment 97.13 £ 21.46 2384 + 25 2547 £ 160
Experiment/Control 1.6 £ 0.4 (p=0.01, t=2.571) 1.3 £0.1 (p=0.04,t=3.182) 1.8+£0.2 (p=0.017, t=3.182)
Control 66.95 +11.33 955.67+29.77 2167.33 £ 69.03

Midbrain Experiment 112.15 +26.03 1435 +117.39 3425.33 +161.79
Experiment/Control  1.68 = 0.7 (p=0.25, t=2.447) 1.5+0.2 (p=0.038, t=4.303) 1.6 £ 0.1 (p=0.016, t=3.182)

Table 2. Dopamine content and calpain activity in CNS cells after a single administration of AMPT at a dose of 100 pg/kg. The results are

presented as the ratio of the experiment to the control.

Dopamine Calpain 1 Calpain 2

Hippocampus Control 0.36+0.57 179.18 £ 11.29 242.38 +£6.11
Experiment 0 184.78 £5.95 246.46 £3.32
Experiment/Control N/A 1.0+ 0.1 (p=0.519, t=2.447) 1.0+ 0.6 (p=0.227, t=2.365)
Control 35.28 +4.65 155.73 £10.88 236.27 +£9.82

Striatum Experiment 13.063 +2.717 170.55 +7.45 235.69 +3.87
Experiment/Control 0.37 + 0.1 (p=0.00004, t=2.447) 1.1 £ 0.0 (p=0.05, t=2.306) 1.0+ 0.4 (p=0.512, t=2.776)
Control 3.13+0.67 47.05+1.195 60.024+2.91

Midbrain Experiment 6.41+4.32 45.41+£2.364 54.9+4.38

Experiment/Control 2.05 + 1.8 (p=0.35, t=0.8751)

1.0+ 0.2 (p=0.171, t=2.447) 091 +0.1 (p=0.041, t=2.571)
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(Table 2).

The results of casein zymography (Fig.4) are as fol-
lows: calpain 1 activity in the striatum increased by 1.1 +
0.0 times. In the midbrain, calpain 2 activity decreased by
1.1 £ 0.1 times (p < 0.05).

3.3 Effects of reserpine administration

The study of extracellular dopamine deficiency was
continued in the following experiment: reserpine was ad-
ministered orally to the experimental group (1 mg/kg daily,
4 days). Reserpine irreversibly blocks H*-linked vesicular
monoamine transporters, VMAT1 and VMAT2. A signi-
ficant change in the dopamine levels in the experimental
animals was detected only in the midbrain. It increased by
1.6 £ 0.8 times (p < 0.05) (Table 3).

After a course of reserpine, calpain activity in the mid-
brain decreased: calpain 1 by 1.3 + 0.3 times, calpain 2 by
1.5 + 0.3 times (Fig. 5).

3.4 Effects of DAT knockout

The final stage of the in vivo experiments was conduc-
ted on DAT-KO rats, which have a genetic mutation that
causes a significant accumulation of dopamine in the sy-
naptic cleft. The control group consisted of 10 Wistar rats,
while the experimental group included 10 DAT-KO rats.
There were significant differences in dopamine levels in
the hippocampus and striatum between the two groups. In
the experimental rats, the dopamine level was 2.4 £ 0.4 (p
< 0.01) times higher in the hippocampus and 3.5 = 0.11
(p < 0.048) times lower in the striatum, compared to the
control group (Table 4).

The activity of calpain 1 was increased by 1.82 + 0.33
(p=0.05) in the striatum of the DAT-KO group (p < 0.05).
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Fig. 4. Dopamine content and calpain activity in CNS cells after a
single administration of AMPT at a dose of 100 pg/kg. * - p<0.05,
** . p<0/01. The results are presented as the ratio of the experiment to
the control. Absolute values and statistical data are presented in Table
2 of the supplementary materials.
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Fig. 5. Dopamine content and calpain activity in CNS cells after a
course of reserpine administration at a dose of 1 mg/kg daily for 4
days. * - p<0.05, ** - p<0/01. The results are presented as the ratio of
the experiment to the control. Absolute values and statistical data are
presented in Table 3 of the supplementary materials.

Table 3. Dopamine content and calpain activity in CNS cells after a course of reserpine administration in the dose of 1 mg/kg daily, 4 days. The

results are presented as the ratio of the experiment to the control.

Dopamine Calpain 1 Calpain 2
Hi Control 1.98 £0.88 1.60+1.77 537+ 1.18
IPPOCAMPYS gy seriment 1.72 +0.83 2.57 £0.81 3.94+ 0.89
Experiment/Control  0.87 + 0.8 (p=0.656, t=2.365) 1.61 £2.27 (p=0,67, t=3.182) ?:;3427) 0.33 (p=0.2,
Control 55.85+51.44 1677.09 + 330.82 953.87 = 265.02
Striatum Experiment 89.83 £59.39 2475.06 = 1196.76 754.3f + 311.5_4 ,
Experiment/Control 1.6 + 2.5 (p=0.42, t=2.447) 1.48 £0.0 (p=0.171, t=2.447) ?:';95710)'55 (p=0.054,
Control 1.68 £0.52 7276.96 + 482.45 4531.49 £ 1397.59
Midbrain Experiment 2.69+0.79 5448.99 + 1693.05 3098.81 + 355.41

Experiment/Control 1.6 + 0.8 (p=0.026, t=2.365) 0.8 + 0.3 (p=0.02, t=2.776)

0.7+ 0.3 (p=0.034, t=2.571)

Table 4. Dopamine content and calpain activity in CNS cells of DAT-KO rats. The results are presented as the ratio of the experiment to the

control.
Dopamine Calpain 1 Calpain 2

Hippocampus Control 0.4 +0.05 1586.09 +226.53 4866.07 + 1204.69
Experiment 0.9+0.1 2039.09 +274.34 7485.46 +270.35
Experiment/Control 2.3 +0.32 (p<0.01, t=2.447)  1.29+ 0.9 (p=0.47,t=0.77)  1.53 £ 0.1 (p=0.05, t=1.954)
Control 64.3+2.7 1606.20 + 86.43 5554.45 +240.81

Striatum Experiment 75+1.7 2931.14 + 364.94 6790.16 + 179.03
Experiment/Control 0.11 +0.03 (p=0.048, t=2.140) 1.82+ 0.33 (p=0.05, t=2.128) 1.22+0.09 (p=0.2, t=1.423)
Control 5.1£09 N/A 18.42 +£5.63

Midbrain Experiment 2.8+0.1 N/A 21.12+1.44

Experiment/Control 0.55 £ 0.02 (p=0.04, t=2.692) N/A

1.15 + 0.35 (p=0.39, t=2.447)
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The activity of calpain 2 was also higher by 1.53 £ 0.40
(p=0.05) in the hippocampus of DAT-KO rats compared
to control rats, as shown in Fig.6. It is worth noting that
these DAT-KO rats were not exposed to any additional
influences, so their increased or decreased calpain activity
is intrinsic to them.

4. Discussion

We demonstrated that pharmacological effects on dopa-
mine metabolism in different brain regions affect not only
dopamine levels but also the activity of calpain-1 and cal-
pain-2, with region-specific effects. For example, L-DOPA
administration increased dopamine levels in the striatum
but caused a decrease in dopamine in the hippocampus. In
DAT-KO rats, the observed changes were opposite (this is
reflected in the graphical abstract).

This phenomenon can be explained by considering the
consequences of increased intracellular dopamine (in the
L-DOPA administration model) and increased extracel-
lular dopamine (in DAT-KO animals), while taking into
account the different densities of dopaminergic terminals
and the presence of non-dopaminergic uptake systems in
the striatum and hippocampus. The striatum has a high
density of dopaminergic terminals; therefore, dopamine
synthesized from L-DOPA is efficiently retained within
striatal dopaminergic terminals. In contrast, the hippocam-
pus is a region with sparse dopaminergic innervation, and
L-DOPA is preferentially converted to norepinephrine, as
we have previously demonstrated in our studies [18].

DAT-KO rats represent a model of excessive extracel-
lular dopamine. In the striatum, extracellular dopamine is
rapidly metabolized. In the hippocampus, however, dopa-
mine and its metabolites are cleared more slowly than in
the striatum due to the absence of an effective system for
the utilization of dopamine, which is not a predominant
endogenous neurotransmitter in this region [19].

Regarding calpains, L-DOPA administration increased
the activity of both calpain-1 and calpain-2 in the striatum
compared with the control group. This pattern indicates
the simultaneous presence of a neuroprotective effect me-
diated by calpain-1 activation and a damaging effect medi-
ated by calpain-2 activation. In the hippocampus, L-DOPA
reduced calpain-2 activity (Table 1) [14,20]. Considering
the possibility of direct activation of calpain-2 by dopa-
mine [21], these findings are consistent with a direct rela-
tionship: lower dopamine levels are associated with lower
calpain activity. Based on these data, the neuroprotective
effect of L-DOPA on striatal neurons could potentially be
enhanced by its co-administration with a calpain-2 inhibi-
tor, thereby reducing iatrogenic effects. The selection of a
calpain-2 inhibitor with high selectivity remains challeng-
ing, but Chagniel et al. investigated the combined admin-
istration of L-DOPA and the calpain inhibitor MDL28170
in a rat model of Parkinson’s disease induced by 6-hy-
droxydopamine (6-OHDA). They demonstrated that cal-
pains and CdkS5 in the striatum play a key role in the be-
havioral and molecular changes associated with L-DOPA
therapy. L-DOPA reduced the intensity of Parkinson’s dis-
ease symptoms in behavioral tests but induced dyskinesia.
Intrastriatal infusion of MDL28170, and, to a lesser extent,
the CdkS5 inhibitor roscovitine, reduced the severity and
amplitude of abnormal involuntary movements without af-
fecting the antiparkinsonian efficacy of L-DOPA. At the
molecular level, both inhibitors affected striatal signaling
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Fig. 5. Dopamine content and calpain activity in CNS cells of DAT-
KO rats. * - p<0.05, ** - p<0/01. The results are presented as the ratio
of the experiment to the control. Absolute values and statistical data
are presented in Table 4 of the supplementary materials.

pathways, including ERK1/2 and dynamin phosphoryla-
tion. In addition, combined treatment with L-DOPA and
MDL28170 increased tyrosine hydroxylase levels in the
striatum without affecting the number of dopaminergic
neurons in the substantia nigra [22]. At the same time,
when designing combined therapies involving L-DOPA
and calpain inhibitors, it is important to consider that ex-
cess dopamine in the striatum can be converted into qui-
none forms, thereby enhancing oxidative cellular damage
[23]. Therefore, protective mechanisms against dopamine
quinones should also be considered, as these reactive spe-
cies may contribute to calpain-2 activation.

In the AMPT-treated model, we found that 3 hours
after AMPT administration, dopamine levels decreased
significantly, accompanied by a slight increase in calpain
1 activity (Table 2). It is not possible to compare the ob-
tained results with the literature data, since the activity
of calpains upon administration of AMPT has not been
analyzed previously. Regarding the effects on the dopa-
minergic system, it is known that, despite a decrease in
the DA concentration, halothane caused an increase in the
content of DA metabolites in rats pre-treated with apo-
morphine. Reserpine completely, and AMPT partially
counteracted the increase in the content of DA metabolites
caused by halothane anesthesia [24]. AMPT is known to
inhibit dopamine formation in the cytosol of dopaminergic
neurons and is therefore used to study the role of cyto-
solic DA pools. In a study by Shu Watanabe, the effects
of local administration of AMPT on DA efflux from the
nucleus accumbens and dorsal striatum were analyzed us-
ing in vivo brain microdialysis in non-anesthetized rats.
Administration of AMPT (100 uM, 4 h) into the nucleus
accumbens reduced DA efflux in the accumbens to 30%
from the initial/base level. However, when injected into
the dorsal striatum, it reduced DA efflux in the striatum to
60% from the base level [25]. At first glance, these data
suggest that the amount of DA available from AMPT-sen-
sitive neurons is greater in the nucleus accumbens than in
the striatum. However, this is not the case, since the reduc-
tion in DA efflux in the nucleus accumbens and striatum
induced by systemic administration of AMPT (250 mg/
kg i.p.) was identical. These results indicate that local in-
fusion of AMPT is a valuable tool for understanding the
role of AMPT-sensitive neurons in a specific brain region,
but it cannot be used to compare effects in different brain
structures, since a fixed dose of AMPT affects the nucleus
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accumbens and striatum differently.

We have shown that after 4 days of reserpine admin-
istration, protease activity in the midbrain decreased: cal-
pain 1 by 1.3 £ 0.3 times, calpain 2 by 1.5 + 0.3 times.
Another study showed that systemic administration of low
doses of reserpine (up to 1 mg/kg) to rats is a valuable
experimental model for studying non-motor symptoms of
PD. The effects of reserpine (1 mg/kg, subcutaneously) on
short-term memory and locomotion, as well as the levels
of dopamine, serotonin and its metabolites in the striatum,
hippocampus and prefrontal cortex have been investi-
gated. Reserpine administration resulted in memory im-
pairment as well as an increase in striatal dopamine levels
without changes in spontaneous locomotor activity of rats
72 h after administration [26]. Reserpine is a drug for low-
ering blood pressure, but in research, it is mainly used as
a drug that reduces basal dopamine levels. Dluzen and Liu
investigated the effects of L-dopa on dopamine secretion
in vitro from superfused fragments of male rat striatum
pretreated with reserpine [27]. Male rats were injected
with reserpine (5 mg/kg) 24 h before sacrifice and immedi-
ate striatal superfusion. Dopamine release was stimulated
by acute 10-min and continuous 60-min striatal infusions
of L-dopa (5 uM). The reduction in monoamine storage
capacity achieved by reserpine significantly reduced the
amount of basal dopamine released from superfused male
rat striatal fragments. Although basal release rates were
significantly reduced, the amount of dopamine secreted
from striatal neurons in response to in vitro L-dopa infu-
sions (10 or 60-min infusions) was equivalent for reser-
pine-treated animals.

Calpain activity in DAT-KO rats has not been previous-
ly examined. In the striatum of DAT-KO rats, dopamine is
rapidly metabolized and cannot be taken up into cells due
to the absence of the dopamine transporter. In the extracel-
lular space, dopamine and/or its metabolites can activate
an extracellular form of calpain-2, as we have previously
shown [21], which may disrupt normal CNS regulation. In
contrast, the hippocampus expresses a high density of nor-
epinephrine transporters capable of dopamine uptake. In
addition, extracellular dopamine that is not packaged into
synaptic vesicles may preferentially activate calpain-1.

We have demonstrated that pharmacological interven-
tions in dopamine metabolism in different brain structures
change not only the level of dopamine, but also the ac-
tivity of calpain 1 and calpain 2. Furthermore, for each
of the models we used (levodopa, reserpine, and AMPT
administration; DAT-KO rats), we observed region-speci-
fic changes in dopamine levels and calpain activity. This
suggests that it is important to target the delivery of drugs
that regulate the dopaminergic system to specific regions
of the brain. To reduce the risk of unwanted side effects
caused by increased calpain activity, we recommend com-
bining drugs that regulate dopamine levels with calpain
inhibitors.

To improve the conclusions of this work, it is necessary
to conduct additional studies to identify the influence of
the sex and age of the animals, as well as the dose and
route of administration of the dopamine system modula-
tors used, on the analyzed parameters.

Funding sources
This work was supported by the Federal State Budgetary
Scientific Institution “Institute of Experimental Medi-

cine”, St. Petersburg, Russia [project numbers FGWG—
2022-0008 (initial experiments), FGWG-2025-0016 (final
experiments)]

Acknowledgments

We thank Prof. Raul R. Gainetdinov (Institute of Transla-
tional Biomedicine, St. Petersburg State University, Rus-
sia) for providing DAT-KO rats.

CRediT authorship contribution statement

Nina Pestereva: Conceptualization, Writing — original
draft. Dmitrii Traktirov: Resources, Software. Viktoria
Burdinskaya: Investigation. Ekaterina Kulikova: Inves-
tigation. Timur Akbarov: Writing — review and editing.
Zamira Muruzheva: Methodology, Validation, Writing —
original draft. Marina Karpenko: Project administration,
Supervision, Writing — review and editing.

Conflict of interest (COI)

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Ethical approvals and statements

All procedures with rats were carried out according to ins-
titutional guidelines and in compliance with the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals and national laws (Russian Federa-
tion the Ministry of Health N267, June 19, 2003; Guide
for the Use of Laboratory Animals, Moscow, 2005) and
certified by the local ethics committee of the Institute of
Experimental Medicine (Ethics Issue No. 1/20, 2020).
The rats were decapitated using a guillotine (OpenScience
AE1601, OO0 SPC OpenScience, Russia).

References

Bech P, Crochet S, Dard R, Ghaderi P, Liu Y, Malekzadeh M et al.
(2023) Striatal Dopamine Signals and Reward Learning. Function
(Oxf) 4: 6. doi: 10.1093/function/zqad056

Fung BJ, Sutlief E, Hussain Shuler MG (2021) Dopamine and the
interdependency of time perception and reward. Neurosci Biobe-
hav Rev 125: 380-391. doi: 10.1016/j.neubiorev.2021.02.030
Hou G, Hao M, Duan J, Han MH (2024) The Formation and Func-
tion of the VTA Dopamine System. Int J] Mol Sci 25: 3875. doi:
10.3390/1JMS25073875

Speranza L, Di Porzio U, Viggiano D, de Donato A, Volpicelli
F (2021) Dopamine: The Neuromodulator of Long-Term Synap-
tic Plasticity, Reward and Movement Control. Cells 10: 735. doi:
10.3390/cells10040735

Torrisi SA, Geraci F, Contarini G, Salomone S, Drago F, Leg-
gio GM (2023) Dopamine D3 Receptor, Cognition and Cogni-
tive Dysfunctions in Neuropsychiatric Disorders: From the Bench
to the Bedside. Curr Top Behav Neurosci 60: 133-156. doi:
10.1007/7854_2022 326

lasevoli F, Avagliano C, D’Ambrosio L, Barone A, Ciccarelli
M, De Simone G, et al. (2023) Dopamine Dynamics and Neu-
robiology of Non-Response to Antipsychotics, Relevance for
Treatment Resistant Schizophrenia: A Systematic Review and
Critical Appraisal. Biomedicines 11: 895. doi: 10.3390/biomedi-
cines11030895

Peték F, Balogh AL, Hankovszky P, Fodor GH, Tolnai J, Siidy
R, et al. (2022) Dopamine Reverses Lung Function Deterioration
After Cardiopulmonary Bypass Without Affecting Gas Exchange.

19



Calpain regulation by dopamine in rat brain.

Cell. Mol. Biol. 2026, 72(2): 14-20

10.

11.

12.

13.

14.

15.

16.

17.

18.

J Cardiothorac Vasc Anesth 36: 1047-1055. doi: 10.1053/j.
jvea.2021.07.033

Wise RA, Jordan CJ (2021) Dopamine, behavior, and addiction. J
Biomed Sci 28: 83. doi: 10.1186/512929-021-00779-7

Martel JC, Gatti McArthur S (2020) Dopamine Receptor Sub-
types, Physiology and Pharmacology: New Ligands and Con-
cepts in Schizophrenia. Front Pharmacol 11: 1003. doi: 10.3389/
fphar.2020.01003

Miyazaki I, Asanuma M (2009) Approaches to prevent dopamine
quinone-induced neurotoxicity. Neurochem Res 34: 698-706.
doi: 10.1007/s11064-008-9843-1

Monzani E, Nicolis S, Dell’Acqua S, Capucciati A, Bacchella C,
Zucca FA, et al. (2019) Dopamine, Oxidative Stress and Protein-
Quinone Modifications in Parkinson’s and Other Neurodegen-
erative Diseases. Angew Chem Int Ed Engl 58: 6512-6527. doi:
10.1002/anie.201811122

Goll DE, Thompson VF, Li H, Wei W, Cong J (2003) The cal-
pain system. Physiol Rev 83: 731-801. doi: 10.1152/phys-
rev.00029.2002

Absalyamova M, Traktirov D, Burdinskaya V, Artemova V,
Muruzheva Z, Karpenko M (2025) Molecular basis of the devel-
opment of Parkinson’s disease. Neuroscience 565: 292-300. doi:
10.1016/j.neuroscience.2024.12.009

Baudry M (2019) Calpain-1 and Calpain-2 in the Brain: Dr. Jekill
and Mr Hyde? Curr Neuropharmacol 17: 823-829. doi: 10.2174/
1570159x17666190228112451

Yurko-Mauro K, Friedman E (1996) Dopamine-stimulat-
ed changes in activated calpain I in rat hippocampal slic-
es. J Neurosci Res 43: 476-481. doi: 10.1002/(SICI)1097-
4547(19960215)43:4<476::AID-INR8>3.0.CO;2-C

Rudic B, Song H, Breedijk A, Brinkkoetter P, Beck G, Yard B, et
al. (2010) Hypothermic preservation up-regulates calpain expres-
sion and increases ubiquitination in cultured vascular endothelial
cells: influence of dopamine pretreatment. J Surg Res 160: 325—
332. doi: 10.1016/j.js5.2008.12.025

Pestereva NS, Ivleva IS, Pleshakova IM, Traktirov DS, Karpenko
MN (2022) Region-specific changes in expression and activity
of calpains in the CNS of native rats. Biomed 42: 771-774. doi:
10.51248/.v42i4.1653

Kudrinskaya VM, Ivlev AP, Obukhova DA, et al. (2024) Spatial

19.

20.

21.

22.

23.

24.

25.

26.

27.

memory impairment is associated with decreased dopamine-f3-
hydroxylase activity in the brains of rats exposed to manganese
chloride. Toxicol Mech Methods 34(9):1035-1044. doi:10.1080/
15376516.2024.2379012

Loeffler D, LeWitt P, Juneau P, Camp D, Arnold L, Hyland K
(1998) Time-dependent effects of levodopa on regional brain
dopamine metabolism and lipid peroxidation. Brain Res Bull
47(6):663-667. doi:10.1016/50361-9230(98)00140-3

Baudry M, Bi X (2016) Calpain-1 and Calpain-2: The Yin and
Yang of Synaptic Plasticity and Neurodegeneration. Trends Neu-
rosci 39: 235-245. doi: 10.1016/j.tins.2016.01.007

Pestereva N, Ivleva I, Zubov A, Tikhomirova M, Karpenko M
(2023) m-Calpain is released from striatal synaptosomes. Int J
Neurosci 133: 215-221. doi: 10.1080/00207454.2021.1901697
Chagniel L, Robitaille C, Lebel M, Cyr M (2012) Striatal inhi-
bition of calpains prevents levodopa-induced neurochemical
changes and abnormal involuntary movements in the hemipar-
kinsonian rat model. Neurobiol Dis 45: 645-655. doi: 10.1016/].
nbd.2011.10.011

Asanuma M, Miyazaki I, Ogawa N (2003) Dopamine- or L-DO-
PA-induced neurotoxicity: the role of dopamine quinone forma-
tion and tyrosinase in a model of Parkinson's disease. Neurotox
Res 5(3):165-76. doi: 10.1007/BF03033137

Adachi YU, Satomoto M, Higuchi H, Watanabe K, Yamada S,
Kazama T (2005) Halothane enhances dopamine metabolism at
presynaptic sites in a calcium-independent manner in rat striatum.
Br J Anaesth 95: 485-494. doi: 10.1093/bja/aei213

Hamakubo T, Kannagi R, Murachi T, Matus A (1986) Distribu-
tion of calpains I and II in rat brain. J Neurosci 6: 3103-3111. doi:
10.1523/jneurosci.06-11-03103.1986

Pereira AG, Poli A, Matheus FC, de Bortoli da Silva L, Fadanni
GP, Izidio GS, et al. (2020) Temporal development of neuro-
chemical and cognitive impairments following reserpine admin-
istration in rats. Behav Brain Res 383: 112517. doi: 10.1016/j.
bbr.2020.112517

Dluzen DE, Liu B (1994) The effect of reserpine treatment in vivo
upon L-dopa and amphetamine evoked dopamine and DOPAC
efflux in vitro from the corpus striatum of male rats. J Neural
Transm 95: 209-222. doi: 10.1007/bf01271567

20



