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Activities of the Dopaminergic System
and Glutathione Antioxidant System
in the Hippocampus of Stressed rats
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The effects of chronic restraint stress (CRS, 2 h during 14 days) on gene expression of tyrosine hydroxylase
(TH), catechol-O-methyltransferase (COMT), and glutathione peroxidase (GPx) were studied in the
rat hippocampus. Changes in the dopamine (DA) concentration and activities of monoamine oxidases
(MAO A and MAO B) and GPx in this cerebral structure of chronically stressed rats were also examined.
The investigated parameters were quantified using real-time RT-PCR, Western blot analyses, and assay
of enzymatic activity. We found that CRS decreased the TH protein level and DA concentration, which
probably confirms the statement that de novo synthesis of DA is suppressed under stress conditions.
The increased activities of MAO B, as well as the increased level of COMT protein, are believed to be
related to intensified DA catabolism conditions. Also, a decreased activity of GPx in the hippocampus
of chronically stressed animals was found. The increased enzymatic activity of MAO B negatively
correlated with the reduced activity of GPx under the above-mentioned stress conditions. These events
in the hippocampus of chronically stressed animals could synergistically cause oxidative damage to the
mitochondria.
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expression.

INTRODUCTION

The hippocampus is an area of the brain
particularly susceptible to the action of chronic
stress [1]. As was found, chronic stress causes
hippocampal atrophy and functional impairment [2].

Dopaminergic signaling is regarded as one of the
key mechanisms in the modulation of brain functions.
Following stress-inducing stimulation, a variety
of changes in gene expression [3] and dopamine
(DA) metabolism [4] occurs in the hippocampus.
Tyrosine hydroxylase (TH) is the “rate-limiting”
enzyme in the DA biosynthesis. Monoamine oxidase
(MAO) is a mitochondria-bound enzyme, which
catalyzes oxidative deamination of monoamine
neurotransmitters. The effects of a major DA
metabolite, dihydroxyphenylacetate (DOPAC), lead
to mitochondrial dysfunction and cell death, which
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may be an important factor in Parkinson’s disease
[5]. In addition, catechol-O-methyltransferase
(COMT) catalyzes transformation of DOPAC into
homovanillic acid (HVA). It is known that the
by-products of oxidative deamination of monoamine
neurotransmitters include a number of potentially
neurotoxic agents, such as hydrogen peroxide and
ammonia. It was found that hydrogen peroxide can
trigger intensification of production of reactive
oxygen species (ROSs) and induce mitochondrial
damage and neuronal apoptosis. One of the crucial
endogenous antioxidant enzymes, which repair or
prevent ROS damage of macromolecular cellular
structures, is glutathione peroxidase (GPx).
Because of the significant role of DA in
the regulation of a number of brain functions,
elucidation of correlations between the activity
of enzymes catalyzing oxidation of monoamines
and activity of the antioxidant enzyme in the
hippocampus under stress conditions is important
for estimation of their possible synergistic impact
on oxidative damage to the mitochondria. Therefore,
it is important to examine gene expression of key
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enzymes involved in monoamine metabolism, gene
expression of the antioxidant enzymes, and their
degree of correlation in the hippocampus under
stress conditions.

We investigated how chronic restraint stress
(CRS, 2 h during 14 days) of experimental rats
affects gene expression of TH, GPx, and COMT, as
well as concentrations of DA and activity of MAO
A and MAO B in the hippocampus. Taking into
account that the rise in catecholamine catabolism
results in increased ROS production, we also
measured gene expression and activity of the
antioxidant enzyme (GPx) in this brain structure.
We have decided to measure gene expression
and activity of GPx because information on the
correlation between activities of the stress-activated
dopaminergic system and glutathione antioxidant
defense system in the hippocampus is rather limited.
In these experiments, we presumed a high degree
of correlation between the activity of enzymes
catalyzing oxidation of monoamines and also the
activity of GPx.

METHODS

Animals and a Stress Model. Wistar 11-week-
old male rats were kept under standard vivarium
conditions with water and food ad [libitum, three to
four per cage [6]. In accordance with our previous
protocol [7], the animals were divided into two
groups, control one (n = 10) that was not exposed
to any treatment, and group CRS (n = 10), in which
the animals were exposed to chronic restraint stress
(CRS). The latter was performed by placing each
animal in a 25 x 7 c¢cm plastic bottle, as described
previously by Gamaro et al. [8]. Animals in the
CRS group were exposed to stressing every day
during 14 days within random times during the light
period of the light/dark cycle, to avoid habituation
[9]. To reduce the variability of the physiological
parameters due to circadian rhythms, the remaining
animals were sacrificed at the same time point in
the circadian cycle, between 9:00 and 11:00 am,
i.e., one day after the last treatment. The rats were
sacrificed with minimization of stress conditions
(by rapid decapitation) [10]. The hippocampi were
rapidly dissected, frozen in liquid nitrogen, and
stored at —70°C until analyzed.

Dopamine Measurements. Hippocampal tis-
sues were homogenized in 0.01 N HCI in the
presence of EDTA and sodium metabisulfite.
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The DA concentration in hippocampal fractions was
measured using 3-CAT Research ELISA kits (Labor
Diagnostica Nord, Germany) according to the
manufacturer’s protocol. The concentrations were
normalized to 1 g of tissues in the homogenate. The
respective values were expressed in nanograms of
DA per 1.0 g of tissue, which is in accordance with
our previous protocol [7].

RNA Isolation and ¢cDNA Synthesis. Methods
of RNA isolation and cDNA synthesis were
described previously by Gavrilovi¢ et al. [10].
Total RNAs were isolated from hippocampal tissue
using the TRIZOL reagent (Invitrogen, USA).
Reverse transcription was performed using Ready-
To-Go You-Prime First-Strand Bead (Amersham
Biosciences, Great Britain) and a pd(N)6 Random
Hexamer (Amersham Biosciences, Great Britain)
primer according to the manufacturer’s protocol.
Twelve milliliters of the sample, which contained
1500 ng mRNA, were incubated for 10 min at 65°C.
Then, 21 ul of the solution of reverse transcriptase
with the pd(N)6 primer (final, 0.2 pg) were added
per sample and incubated 1 h at 37°C, which is in
accordance with the above-mentioned protocol [10].

Real-Time RT-PCR. The TH and GPx mRNA
levels were quantified using the quantitative real-
time RT-PCR, as described previously by Gavrilovi¢
et al. [10]. TagMan PCR assays were carried out
using Assay-on-Demand Gene Expression Products
(Applied Biosystems, USA) for TH (Rn00562500
ml) and GPx (Rn00577994 gl1). The reference
gene (endogenous control) was included in each
analysis to correct the differences in the inter-
assay amplification efficiency, and all transcripts
were normalized with respect to cyclophyline A
(Rn00690933 ml1) expression. The relative
expression of the target gene was normalized to
cyclophyline A and expressed in relation to the
calibrator, i.e., to the control sample, as previously
described [10].

Hippocampal Tissue Homogenization and
Measurement of the Protein Concentration. The
hippocampus was homogenized in 0.05 M sodium
phosphate buffer (pH 6.65). Subsequently, the
protein concentration was determined using the
BCA method (Thermo Scientific Pierce, USA) [11].

Western Blot Analysis. TH, COMT, and GPx
proteins were assayed by Western blot analysis,
as described previously [10]. The samples were
boiled in a denaturing buffer, according to
Laemmli [12], for 5 min at 95°C. A protein extract
from the hippocampus (15 pg) was separated
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by 10% SDS-polyacrylamide gel electrophoresis
and then transferred to a supported nitrocellulose
membrane (Hybond™ C Extra, Amersham
Biosciences, Great Britain). The membrane was
blocked in 5% non-fat dry milk in Tris-buffered
saline-Tween (TBST). All following washes and
antibody incubations were also carried out in
TBS-T at room temperature on a shaker. Antibodies
used for quantification of specific proteins were
as follows: for TH, ab51191 (Abcam, USA); for
COMT, ab208647; for GPx, sc-30147 (Santa Cruz
Biotechnology, USA), and for B-actin, ab8227
(Abcam, USA). After washing, the membranes were
incubated with secondary anti-mouse and anti-
rabbit antibodies (dilution 1:5000; Amersham ECL™
Western Blotting Analysis System, Great Britain)
conjugated to horseradish peroxidase. A secondary
antibody was then visualized by a Western blotting
enhanced chemiluminiscent detection system
(ECL, Amersham Biosciences, Great Britain).
The membranes were exposed to an ECL film
(Amersham Biosciences, Great Britain). The
densitometry of protein bands on the ECL film was
performed using Image J analysis PC software. The
results were expressed in arbitrary units normalized
with respect to B-actin, which is in accordance with
the protocol of Gavrilovi¢ et al. [10].

Monoamine Oxidase Enzyme Activities.
Determination of MAO A and MAO B activity
was performed using the Amplex Red Monoamine
Oxidase Assay (A12214, Molecular Probes, USA)
[13]. This assay is based on the detection of H,O,
in a horseradish peroxidase-coupled reaction using
N-acetyl-3,7-dihydroxyphenoxazine (Amplex
Red), a highly sensitive and stable probe for H,O,.
The fluorescence intensity was measured with
a fluoremeter using excitation at 560 + 10 nm
and fluorescence detection at 590 £ 10 nm. The
monoamine oxidase activity was expressed in units
per milligram of protein (U/mg protein), which is in
accordance with our previous protocol [7].

Assay of GPx Activity. The GPx activity was
determined using previously described methods of
Stojiljkovi¢ et al. [14]. This activity was assessed
using the Oxis Bioxytech GPx-340 Assay (Oxis
International, USA). The final result for the enzyme
activity was expressed in U/mg protein.

N. Popovié et al.

Data Analysis. The numerical data are presented
as means * s.e.m. Differences between values of
gene expressions (mRNA and protein levels) of TH,
COMT, and GPx, concentrations of DA, as well as
activity of the enzymes (MAO A, MAO B, and GPx),
in the hippocampi of control and CRS animals were
analyzed using the #-test. The statistical significance
in intergroup comparisons was accepted at P < 0.05.

Correlations of MAOs and GPx enzyme activities
were analyzed by the Pearson test, using the Sigma
Plot v10.0 (with SigmaStat integration).

RESULTS

Differences of the DA Concentration in the
Hippocampus. We found that the concentration
of DA in the hippocampus of CRS animals was
significantly (by 12%; P < 0.05, ¢-test, Fig. 1) lower
than that in control animals.

Changes of the TH Gene Expression in the
Hippocampus. The animals exposed to CRS
showed a practically unchanged level TH of mRNA
(Fig. 2A) and a lower level of TH protein (by 32%;
P <0.05, t-test, Fig. 2B) in the hippocampus, com-
pared to those in control animals.

Changes of the MAO A and MAO B Activity in
the Hippocampus. The CRS treatment dramatically
increased the enzymatic activity of MAO B
(by 220%; P < 0.001, ¢-test, Fig. 3B), compared
with that in control animals. However, the animals
exposed to CRS showed nearly unchanged enzymatic
activity of MAO A (Fig. 3A), compared with that in
the control group.

Changes of the COMT Protein Levels in
the Hippocampus. CRS resulted in dramatically
increased protein level of COMT (by 133%;
P <0.001, #-test, Fig. 4), compared with the control.

Changes of the GPx Gene Expression and
Enzyme Activities in the Hippocampus. The
animals exposed to CRS showed practically
unchanged levels of mRNA and protein of GPx
(Fig. 5A, B) compared with the control. However,
CRS treatment significantly decreased the enzyme
activity of GPx (by 28%, on average, P < 0.05,
t-test, Fig. 5C).

A significant negative correlation was found
between the enzymatic activity of MAO B and
GPx in the hippocampus (Pearson’s r = —0.679;
P < 0.05) of animals exposed to CRS.
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DISCUSSION

In the above-described study, we have found a
significantly lower mean DA concentration in the
hippocampus of chronically stressed animals. Also,
we observed that CRS reduced the protein levels of
TH, which coincides with the reduced concentration
of DA in the hippocampus. This finding probably
confirms suppression of de novo synthesis of DA
in the hippocampus of chronically stressed animals.
It is possible that excessive stimulation by chronic
stress could provoke desensitization of the cells of
this monoamine system, which results in decreased
DA synthesis in the hippocampus. In addition, the
CRS treatment significantly increased the enzyme
activity of MAO B and levels of COMT protein.
Stress-induced activation of MAO may increase
conversion of DA into its metabolites (DOPAC and
HVA) [4], which may cause oxidative damage to

the mitochondria [15]. It is known that inhibition
of MAO and/or increases in the monoamine
neurotransmitter levels are considered important
therapeutic strategies for a few neuropsychiatric
disorders. For example, an increase in the DA level
is caused by MAO B inhibitors [16, 17]. Also, the
literature data confirm that inhibitors of COMT
are commonly used in patients suffering from
Parkinson’s disease [18].

An important result in our study is that CRS
induces a significant decrease in GPx enzyme
activity in the rat hippocampus. Our result is in
accordance with the reports of Nilakantan et al. [19],
Hsu et al. [20], and Nunes et al. [5]. These authors
have found that nitric oxide (NO) or NO-derived
products inhibit the GPx activity. In addition, we
have found that increased enzyme activity of MAO
B negatively correlated with reduced enzyme
activity of GPx in the hippocampus of chronically
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stressed animals. Nunes et al. [5] demonstrated
that, under the combined action of DOPAC and NO,
an early significant decrease in the intracellular
glutathione content was detected in the cells. Several
studies have independently implicated an excessive/
inappropriate formation of NO (and its derivatives)
[21-25] and an abnormal DA metabolism, involving
the potential formation of reactive derivatives, such
as free radicals [26-29].

Our results support the idea that the increased
catabolism of DA and reduced enzyme activity of
GPx in the hippocampus of chronically stressed
animals could synergistically cause strong oxidative
damage to the mitochondria. A significant negative
correlation between the increased enzyme activity
of MAO B and reduced enzyme activity of GPx is
indicative of such a statement.
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