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ABSTRACT

The objective of our study was to investigate whether 8-cyclopentyl-1,3-dimethylxanthine (CPT), associ-
ated with the adenosine system, enhances the antidepressant efficacy of antidepressant. All experiments
were carried out on Albino Swiss mice. Following drugs: CPT (3 mg/kg) and imipramine (15 mg/kg) were
administered intraperitoneally (ip), 60 min before tests. Two behavioral tests on antidepressant capabil-
ity — a forced swim test (FST) and a tail suspension test (TST) - were performed. To examine whether co-
administration of CPT with antidepressants affects the redox balance, the lipid peroxidation products
(LPO), glutathione (GSH), glutathione disulfide (GSSG), nicotinamide adenine dinucleotide phosphate
(NADP+), and reduced nicotinamide adenine dinucleotide phosphate (NADPH) were determined in the
cerebral cortex. The results have demonstrated a CPT-induced enhancement of the antidepressant-like
effect of imipramine both in the FST and TST, which may indicate that the adenosine system may be
involved in the increasing the effect of antidepressant. Co-administration of CPT with imipramine, such
as imipramine alone, decreased the NADP+ and LPO concentrations and increased the GSH/GSSG ratio in
comparison to the control, which may confirm beneficial - but comparable to imipramine - effect on
redox balance under environmental stress conditions. An increase in the concentration of GSSG in the
cortex of animals treated with imipramine in ineffective dose compared to control and no such changes
after combined administration of both drugs may suggest a favorable oxidation-reduction potential
resulting from their synergistic antidepressant effect.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

that the underlying pathophysiologic basis of depression is the
depletion of serotonin, norepinephrine, and/or dopamine in the

Depression is becoming a civilized issue and involves a rising
number of people. According to the World Health Organization,
by 2020 depression may become the second most common dis-
ease, right after cardiovascular disorders. There are a few hypothe-
ses explaining the emergence of depression. The most popular one
points to monoamines (Hasler, 2010). This hypothesis assumes
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central nervous system (CNS). The ultimate effect can be a neu-
rodegenerative disorder (Lee et al., 2010). It was found that affec-
tive disorders cause significant structural changes in the CNS.
These changes are related to the structure of the hippocampus
and prefrontal cortex and involve the reduction of the number of
cells and the weakening of the processes of neuronal plasticity
and neurogenesis. It leads to the disappearance of sensitive
neurons and glia in the population of cells in these regions
(Manji et al., 2003).

The pharmacotherapy of major depressive disorders employs
various groups of drugs with a diverse mechanism of action.
Tricyclic antidepressants (TCAs) were the first group of medicines
used in the treatment and still remain the first-line or, more com-
monly, the second-line intervention to moderate severe depres-
sion. One of their representatives is imipramine. Imipramine and
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others TCAs contribute to an increase of monoamines’ concentra-
tion in the CNS by non-selective inhibition of their reuptake from
neuronal synaptic space.

Yet, the standard pharmacotherapy of depression disorders
does not provide satisfactory results, and the effects of treatment
usually appear after several weeks. Moreover, a treatment is likely
to entail side effects, what results in the patient discontinuing their
therapy. On the other hand, many patients suffer from drug-
resistant depression and available drugs, also new generation
medicines, are ineffective. Due to this fact, the search for some
new methods of pharmacotherapy becomes justified. One type of
a drug therapy is the treatment with combinations, that is, entirely
new chemical compounds.

The results of the research point to the adenosine receptors as a
key to the treatment of neurodegenerative disorders, such as
depression. The endogenous agonist of these receptors causes the
retardation of the release of neurotransmitters (Ammon, 1990). It
is confirmed that deficiency of the neurotransmitters, such as
acetylcholine, noradrenaline, serotonine and dopamine, is consid-
ered to be one of the causes of depression. Therefore, the com-
pounds, which inhibit the activity of the adenosine system,
contribute to an increase in the concentration of the above-
mentioned neurotransmitters and their severity of transduction
(Yacoubi et al., 2001; Karcz-Kubicha et al., 2003). 8-cyclopentyl-1,
3-dimethylxanthine is a nonselective phosphodiesterase inhibitor
and a selective antagonist of adenosine receptors with the selectiv-
ity for the A1 subtype (Ciruela et al., 2006; Okada et al., 2001). As a
result, CPT increases neuronal neurotransmission in the CNS. CPT,
by blocking A1 receptors, inhibits the effects of endogenous adeno-
sine and increases norepinephrine and serotonin transduction in
the CNS (Okada et al., 1997, 2002). Therefore, it can be assumed
that CPT, through an increased transduction and serotonergic nora-
drenergic, can enhance the effect of antidepressants.

The studies have shown that environmental stress is directly
implicated in the pathogenesis of neurologic and psychiatric dis-
eases (Schiavone et al., 2013; Aschbacher et al., 2013). It was
reported that exposure to stress situations can stimulate numerous
pathways, leading to increased production of reactive oxygen spe-
cies (ROS) (Nayanatara et al., 2005). In response to stressful events,
oxidative stress was implicated and proposed as a contributing fac-
tor in the pathogenesis of depression (Schiavone et al., 2013).
Oxidative stress refers to elevated intracellular levels of ROS which
are produced both during the mitochondrial electron transport of
aerobic respiration and through physiologic processes. The exces-
sive production of ROS contributes to the neuronal damage of
membrane phospholipids, reduced membrane potential and possi-
ble rupture, with release of cell and organelle content into the
extracellular space including neurotransmitters (serotonin and
noradrenaline) (Khanzode et al., 2003; Takuma et al., 2004). To
fight excessive production of ROS, the organism has built protec-
tive systems and mechanisms against their harmful effects. How-
ever, the brain is considered particularly vulnerable to oxidative
injury. This organ is characterized by the high oxygen utilization
and the enhanced generation of free radicals as a consequence
but the antioxidant defense mechanisms are not effective enough
(Pandya et al., 2013).

In this context, it seems very important to search for novel
chemical compounds, as well as to the unique combinations of
the drugs, which exhibit antioxidant properties. Some reports sug-
gest that antidepressants may have an effect on the CNS’s redox
balance, however the mechanisms often remain unclear (Purdel
etal,, 2015; Khanzode et al., 2003; Behr et al., 2012). Earlier studies
have shown that the exposure to TCAs leads to an increased gener-
ation of ROS and a concomitant reduction of the level of intracellu-
lar glutathione, as well as inducing DNA fragmentation (Post et al.,
2000). On the other hand, other and more recent studies have

confirmed that imipramine is involved in maintaining the redox
balance of the CNS, thus it has a positive therapeutic effect on
the treatment of depression (Kumar et al., 2009; Réus et al,,
2010; Mokoena et al., 2010). In turn, the scientific literature lacks
research information on the impact of CPT on oxidative stress
parameters.

These facts mentioned above have become the inspiration for
our research. At the outset, the objective of our study was to inves-
tigate whether of 8-cyclopentyl-1,3-dimethylxanthine, associated
with the adenosine system, enhances the antidepressant efficacy
of imipramine. We used imipramine, a drug with a confirmed
activity in behavioral tests. Additionally, we wanted to investigate
whether the co-administration of CPT with antidepressant under
stress conditions affects the redox balance, therefore we examined
the oxidative stress markers in the cerebral cortex of mice. The
forced swimming test (FST) and tail suspension test (TST) are
widely accepted and well-validated tests of studying depressive-
like behaviours in mice. (Kondam et al., 2012; Nayanatara et al.,
2005; Steru et al., 1985; Porsolt et al., 1977).

2. Methods
2.1. Animals

All experiments were carried out on naive adult male Albino
Swiss mice (25-30 g) purchased from the licensed breeder (Kotacz,
Warszawa, Poland). The animals were kept in cages at room tem-
perature (20 + 2 °C) under a 12 h day/12 h night cycle in constant
environmental conditions (humidity, noise). They had free access
to food and water except for the short time that they were
removed from their cages for testing. The animals were used after
7 days of acclimatization to laboratory conditions. Each experi-
mental group consisted of 10 animals. Each mouse was used only
once. Procedures involving mice and their care in all the experi-
ments of the present study were approved by the Local Ethics
Committee at the Medical University of Lublin and were performed
in accordance with binding European standards related to the
experimental studies on animal models.

2.2. Drugs and chemicals

The following substances were used in the study: CPT (3 mg/kg,
Sigma-Aldrich, Poznan, Poland) and imipramine hydrochloride
(15 mg/kg, Sigma-Aldrich, Poznan, Poland). For the assessment of
oxidative stress parameters, the commercial kits were used:
concentration of nicotinamide adenosine dinucleotide phosphate
- NADP*, NADPH (BioChain, Newark, USA); lipid peroxidation -
LPO (based on the concentration of malondialdehyde (MDA) and
4-hydroxyalkenals (4HAE), OxisResearch, Burlingame, USA) and
concentration of glutathione — GSH, GSSG, GSH/GSSG ratio (Cal-
biochem, Darmstadt, Germany).

2.3. Experimental design

Imipramine was dissolved in saline (0.9% NaCl), whereas CPT
was s suspended in 1% aqueous solution of Tween 80 (POCH,
Gliwice, Poland). The tested drugs were administered ip 60 min
before behavioral test. The selected doses, as well as the procedure
of administration, were based on those reported in the literature
and on our previous experiments (Poleszak et al., 2006; Szopa
et al., 2016; Herbet et al., 2016). All solutions were prepared just
before the experiment. The animals from the control group
received injections of vehicle (0.9% NaCl). The volume of the vehi-
cle or drug solutions for ip administration was 10 ml/kg. Five (1-5)
groups of mice were administered in the following order: 1. saline
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and saline (stress-naive group), 2. saline and saline (control group),
3. CPT and saline, 4. imipramine and saline, 5. CPT and imipramine.
Group 1 was not subjected to the stress factor and was used only
for biochemical studies. Other animals, 60 min after injection were
subjected to behavioral tests: Forced Swim Test (FST), Tail Suspen-
sion Test (TST) and Spontaneous Locomotor Activity.

2.4. Forced swim test

The procedure was carried out on mice according to Porsolt
et al. (1977). After the administration of drugs, the animals were
individually placed into the glass cylinder (height 25 cm, diameter
10 cm) filled with water (25 + 1 °C) and left for 6 min. Each animal
was considered as immobile when it floated in the water in an
upright position and made only small movements to keep its head
above the water. The total immobility time of animals was mea-
sured during the last 4 min of the 6-min long period of the test.
The immobility time (in seconds) was scored in real time by two
blind observers. The results were expressed as the arithmetic me
an * standard error of the mean (SEM) for each experimental
group.

2.5. Tail suspension test

The procedure was performed with the use of mice according to
Steru et al. (1985). After the administration of drugs, each animal
was suspended by the tail to the vertical bar in wooden box
(30 x 30 cm). The animals were fastened by adhesive tape fixed
2 cm from the end of the tail for 6 min. The test lasted for 6 min
and the total immobility time of animals was recorded during
the last 4 min. The immobility of animals was stated as it stopped
moving body and limbs, making exclusively the movements neces-
sary to breathe. The immobility time (in seconds) was scored in
real time by two blind observers. The results were expressed as
the arithmetic mean * standard error of the mean (SEM) for each
experimental group.

2.6. Spontaneous locomotor activity

The procedure was performed to avoid the risk of obtaining
false positive/negative results in the FST, which might be caused
by the impact of tested compounds on the locomotor activity.
The spontaneous locomotor activity was measured using an animal
activity meter Opto-Varimex-4 Auto-Track (Columbus Instru-
ments, Columbus, OH, USA). This apparatus consists of four
transparent cages with lids (43 x 43 x 32 cm), a set of four infrared
emitters (each emitter has 16 laser beams), and four detectors
monitoring animal movements. After ip administration of saline/
tested drugs, each animal was placed individually into the cages
for 10-min long period. Spontaneous locomotor activity was
assessed between the 2nd and the 6th min, which referring to
the time interval analyzed in the FST. The results were expressed
as the arithmetic average distance that a mouse travelled
(in cm) = SEM for each experimental group.

2.7. Measurement of redox equilibrium parameters

Stress-naive group (1) and the animals, which were used in the
FST (2-5), were decapitated and the samples of cerebral cortex
were collected. The samples were washed with 20 ml of saline
and stored at —75 °C until the time of biochemical analysis. The
homogenates were prepared from frozen brain samples, using
extraction buffer (phosphate buffered saline, PBS, Thermo Fisher
Scientific). In these homogenates all measurements were per-
formed. The experimental procedures were performed according
to the instructions supplied with the respective kit.

2.7.1. The NADP* and NADPH assay

The determination of NADP" and NADPH was based on the reac-
tion by enzyme catalyst. This method applies to a cyclic glucose
dehydrogenase, consisting in the reduction of NADPH involving
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide). The intensity of the colour of the reduced product, mea-
sured at a wavelength of 565 nm, is proportional to the NADP*
and NADPH concentrations.

2.7.2. Lipid peroxidation

The principle of the method is based on the reaction of a chro-
mogenic reagent R1 (N-methyl-2-phenylindole) with MDA and
4-hydroxyalkenals at 45 °C. Two molecules of R1 react with one
molecule of MDA or 4-hydroxyalkenals to form a chromophore
with an absorbance maximum at 586 nm. Measuring the concen-
tration of MDA in combination with 4-hydroxyalkenals in methane
sulfonic acid was used as an indicator of lipid peroxidation.

2.7.3. GSH and GSSG levels

GSH and GSSG concentrations were determined by an
enzymatic reaction using Ellman’s reagent (5,5'-dithiobis-2-
nitrobenzoic acid) and reagent M2VP (1-methyl-2-vinyl-pyridine-
trifluoro-methanesulfonamide sulfonate). In this method, GSH
reacts with Ellman’s reagent to form a product determined with
the spectrophotometer at a wavelength of A =412 nm.

2.8. Statistics

The results obtained in the FST, TST, locomotor activity, and bio-
chemical assays (groups 2-5) were subjected to statistical analysis
using two-way ANOVA with Bonferroni’s post hoc test. The statisti-
cal significance among the 1-2 groups was determined by Stu-
dent’s t-test. All results are presented as the mean + standard
error of the mean (SEM). P values less than or equal to 0.05 were
considered statistically significant. Statistical analysis was per-
formed with GraphPad Prism version 5.03 for Windows (GraphPad
Software, San Diego, CA, USA).

3. Results
3.1. Assessment of behaviour in the FST

The effect of combined administration of CPT and imipramine
on the total duration of the immobility time in mice is shown in
Fig. 1A. CPT (3 mg/kg) injected in combination with imipramine
(15 mg/kg) significantly reduced the immobility time in the FST
in mice (Fig. 1A and Table 1). Imipramine and CPT given alone
had no effect on the immobility time. The two-way ANOVA has
demonstrated a significant effect of imipramine [F(1,34)=15.62,
p = 0.0004], no effect of CPT [F(1, 34) = 3.07, p = 0.0888], and a sig-
nificant interaction between imipramine and CPT [F(1, 34) = 5.88,
p =0.0208].

3.2. Assessment of behaviour in the TST

The effect of the combined administration of CPT and imipra-
mine on the total duration of the immobility time in mice is shown
in Fig. 1B. CPT injected in combination with imipramine signifi-
cantly reduced the immobility time in the TST in mice (Fig. 1B
and Table 1). CPT and imipramine and given alone had no effect
on the immobility time. The two-way ANOVA has demonstrated
a significant effect of imipramine [F(1,34)=10.33, p=0.0029], a
significant effect of CPT [F(1, 34) = 10.54, p = 0.0026], and a signif-
icant interaction between imipramine and CPT [F(1,34)=19.48,
p <0.0001].
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Fig. 1. The effect of combined administration of CPT and imipramine in: the FST (A)
and the TST (B) in mice. Tested drugs and saline were administered ip 60 min before
the tests. The values represent mean + SEM. Significance: "p < 0.001 versus control
group; Yp < 0.05, YVVp < 0.001 versus group received only imipramine; “*"p < 0.001
versus group received only CPT (two-way ANOVA followed by Bonferroni's post hoc
test).

Table 1
Effect of treatments on spontaneous locomotor activity in mice.

Treatment (mg/kg) Distance travelled between 2nd and 6th min (cm)

Saline + saline 4413 +£27.17
CPT 3 + saline 397.6 +76.27
Imipramine 15 + saline  531.6 £ 55.83
CPT 3 + imipramine 15  445.6 + 78.41

Tested drugs and saline were administered ip 60 min before the test. Distance
travelled was recorded between the 2nd and the 6th min of the test. Data are
presented as the means + SEM. The results were considered statistically significant
if p <0.05 (two-way ANOVA followed by Bonferroni’s post hoc test).

3.3. Assessment of behaviour in the spontaneous locomotor activity
test

The effect of the combined administration of CPT and imipra-
mine on the spontaneous locomotor activity in mice is presented
in Table 1. CPT and imipramine administered either alone or
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Fig. 2. The effect of combined administration of CPT and imipramine on NADP
(ng/g) (A) and NADPH" (ng/g) (B) concentration in cerebral cortex of mice. The
values represent mean + SEM. Significance: #p < 0.05, *#p < 0.01 versus stress-naive
group (Student’s t-test). Significance: 'p<0.05, “p<0.01 versus control group;
““p<0.05 versus group received only CPT (two-way ANOVA followed by
Bonferroni's post hoc test).
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combination did not cause any statistically significant increase of
the locomotor activity of mice (Table 1). The two-way ANOVA
demonstrated no effect of imipramine [F(1,27)=1.24,
p =0.2749], no effect of CPT [F(1,27)=1.09, p =0.3058], and no
interaction [F(1,27)=0.12, p=0.7360].

3.4. NADP * and NADPH concentrations in cerebral cortex

It was observed that the NADP* and NADPH concentrations
were significantly higher in the group of mice exposed to environ-
mental stress (FST) in comparison to the stress-naive control group
(Fig. 2A).

In the groups of mice treated with CPT there were no statisti-
cally significant changes in the concentration of the NADP* as com-
pared to the control. However, in the group of animals receiving
imipramine and concomitant CPT and imipramine, a significant
decrease of NADP" concentrations, compared to the control group,
was observed. In the groups of mice receiving CPT, a significant
increase in the concentration of NADPH was observed as compared
to the control (Fig. 2B). However, in the group pre-treated with
imipramine a significant decrease in NADPH concentration was
noted. In turn, the co-administration of CPT and imipramine
caused a decrease in the concentration of NADPH as compared
to CPT.

3.5. Lipid peroxidation in cerebral cortex

We have noticed that the level of MDA + 4HAE in mice exposed
to FST significantly increased, when compared to the stress-naive
control group (Fig. 3).

Our studies have shown a significant decrease of MDA + 4HAE
in the cerebral cortex of animals receiving CPT and imipramine
either alone or in combination as compared to the control.
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Fig. 3. The effect of combined administration of CPT and imipramine on LPO (MDA
+4 HAE) (nmol/g) concentration in cerebral cortex of mice. The values represent
mean + SEM. Significance: *p<0.05 versus stress-naive group (Student’s t-test).
Significance: ‘p < 0.05, "p < 0.01 versus control group (two-way ANOVA followed by
Bonferroni’s post hoc test).

3.6. GSH and GSSG levels in cerebral cortex

Data obtained in the samples of cerebral cortex of mice sub-
jected to FST show a statistically significant increase in GSH and
GSSG. However, the levels of GSH/GSSG ratio in mice exposed to
FST did not change substantially, in comparison to the group not
subjected to the stress factor (Fig. 4A).

In the groups of mice, which received CPT alone and simultane-
ously with imipramine, no statistically significant changes in the
GSH concentration were observed as compared to the control. In
the group of mice receiving CPT there were no significant changes
in the concentration of GSSG as compared to the control group. It
should be mentioned, that a high standard deviation was recorded
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Fig. 4. The effect of combined administration of CPT and imipramine on GSH (nmol/g)
(A) and GSSG (nmol/g) (B) concentration in cerebral cortex of mice. The values
represent mean + SEM. Significance: *p < 0.05 versus stress-naive group (Student’s
t-test). Significance: p < 0.05 versus control group; Yp < 0.05 versus group received
imipramine (two-way ANOVA followed by Bonferroni’s post hoc test).
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in this group. Imipramine administered to mice increased the con-
centration of GSSG compared with the control. However, the
concomitant administration of CPT with imipramine caused a
decrease of the GSSG concentration in the cortex of mice compared
with the group of animals receiving only imipramine. In the cortex
of mice treated with CPT alone no statistically significant changes
in the GSH/GSSG ratio were observed as compared to the control
(Fig. 5). In turn, imipramine, administered to rodents both sepa-
rately and in a combination with CPT, increased the GSH/GSSG
ratio compared to the control.

4. Discussion

The presented study evaluates the impact of selective antago-
nist of adenosine Al receptor — CPT, on the antidepressant activity
of the classic antidepressant — imipramine. For this purpose, the
antidepressant potential of active substances was assessed by
two behavioral tests, commonly used in experimental pharmacol-
ogy - the FST and TST. To exclude false negative/positive results
obtained in these tests, the spontaneous locomotor activity of ani-
mals was recorded.

The results have shown that the simultaneous use of CPT and
imipramine in ineffective doses, 3 mg/kg and 15 mg/kg accord-
ingly, leads to a statistically significant shortening of the immobil-
ity time both in the FST and TST versus all experimental groups. It
should be noted that the observed changes in mice behaviour were
not due to the severity of their spontaneous motor activity. It was
demonstrated that other neurotransmission systems, such as
dopaminergic, glutamatergic and serotonergic ones, as well as
the corticotrophin system, can be modulated by adenosine trans-
duction (Okada et al., 2001; Yamato et al., 2002). In the behavioral
despair animal models adenosine and its analogues generate
depressant-like effects (Hunter et al., 2003). Moreover, these
agents inhibit any therapeutic effect of classical antidepressants.
It should be emphasized that different therapeutic strategies used

to treat depression also affect adenosine neurotransmission. TCAs
(such as nortriptiline, chlorimipramine or desipramine) were
proved to attach to adenosine receptors and induce a dose-
dependent decrease in the ecto-nucleotidase activity, resulting in
the reduced levels of extracellular adenosine in the cortical
synapses (Barcellos et al., 1998). The obtained potentiation of the
antidepressant effect of imipramine by CPT is probably related to
the synergistic inhibition of these two compounds on the adeno-
sine system activity, which results in the increased noradrenergic,
serotonergic (Sebastiao and Ribeiro, 1996), and glutamatergic neu-
rotransmission (Di lorio et al., 1996). CPT, being an antagonist of
adenosine A1l receptors - located on the serotonergic neurons in
the structures of CNS, such as dorsal nucleus and locus coeruleus
- leads to the severity of adrenergic and serotonergic neurotrans-
mission, which may explain the intensified antidepressant effect
of imipramine by CPT (Okada et al., 2002; Mossner et al., 2000).

The studies of last decade have shown that the oxidative stress
is increased in major depressive disorders and in bipolar disorder
(Andreazza et al., 2008). The excessive oxidative stress triggers a
cascade of neurodegenerative events, which results in apoptotic
injury. The brain is much more vulnerable to free oxygen radicals
than other tissues, since it utilizes 20% of the oxygen consumed
by the body (Sarandol et al., 2007). Moreover, the brain contains
great amounts of polyunsaturated fatty acids and a low concentra-
tion of antioxidant enzymes. Scientific research has revealed that
the treatment with antidepressants can reverse the increased
oxidative stress observed in individuals with depression (Behr
et al., 2012; Réus et al.,, 2010). Antidepressant drugs and sub-
stances may affect the oxidation-reduction balance, for example
by the putting impact on concentration of GSH, lipid peroxidation,
microglial NADPH oxidase activation, modulation mRNA levels of
antioxidant enzymes and oxidative stress response genes (Abdel
Salam et al., 2013; Réus et al., 2010; Mokoena et al., 2010). More-
over, they can mutually modulate their activities in this field. The
antioxidant effects of antidepressant drugs seem to vary, depend-
ing on the dose, treatment regimen, and duration (Behr et al,,
2012). Therefore, the aim of this study was also to evaluate the
oxidative stress markers in the cerebral cortex of mice pre-
treated with CPT and antidepressant under stress conditions. The
FST is a widely-accepted model of depressive-like behaviours and
studying physical stress. In addition, the stress in the form of
forced swimming may activate the free radical processes
(Kondam et al., 2012, Nayanatara et al., 2005).

In order to confirm that the acute stress (FST) causes a distur-
bance in redox equilibrium, we have additionally examined the
oxidative stress markers in the cerebral cortex of mice that were
not stressed in the form of swimming. We have noticed that in
the group of mice subjected to FST there was an increase of
NADP+ and NADPH in comparison to the stress-naive group. It is
established that NADPH is a key component in cellular antioxida-
tion systems (Ying, 2008). NADPH can be used for a one-electron
reduction of drugs causing the ROS generation. However, NADPH
is an indispensable factor in quenching ROS through the glu-
tathione regeneration mechanism (Sliwinska et al., 2012). NADPH
enhances the cellular antioxidation capacity by acting as a sub-
strate for glutathione reductase to reduce GSSG to GSH. Over dou-
ble increased NADP+ levels in the group of mice subjected to acute
swimming stress may confirm the generation of free radicals,
whereas the increased concentration of NADPH may indicate an
increased body requirement for NADPH. It should be emphasized
here that physical exhaustion while swimming is most closely
associated with the performance of radicals and the lipid peroxida-
tion and it may induce redox stress independent of depression-like
alterations. Oxidative stress can be attributed to physical fatigue
and ROS leads to functional disturbances (Fan et al., 2016). In all
organisms, in response to a oxidative stress, is observed adaptive
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response, which is manifested by increased resistance and changes
at the molecular and biochemical level (Crawford and Davies,
1994). It should be mentioned that in our experiment we used
acute environmental stress, not expecting the adaptive alterations
in redox state or receptor expression, as in case of chronic exposure
to stress in depression.

In the study, it was observed that in the cortex of animals sub-
jected to environmental stress, after receiving CPT with imipra-
mine, a significant decrease in the concentration of the NADP+
was revealed as compared to the control group. In the group of
mice treated with imipramine, the levels of NADP+, as well as
NADPH, were lower versus the control. In case of NADPH, the co-
administration of CPT and imipramine has led to the reduction of
this parameter, but only in comparison with CPT group. We have
observed in our experiment a reduction in NADP" levels compared
to controls in both the group of mice receiving only imipramine
and also the one treated simultaneously with CPT. These data
may suggest the intensification of the reduction processes and at
the same time indicate no differences in the impact of imipramine
given alone and in combination with CPT. In our research, a signif-
icant decrease in the concentration of NADPH was observed in the
cerebral cortex of mice treated with imipramine compared to the
control group. One of the possible explanations could be a relation-
ship with consumption of NADPH in antioxidative mechanisms of
imipramine under stress conditions. It may be speculated that
marked decreases in NADPH result from the engagement in ROS
reduction. Moreover, NADPH is also a substrate for NADPH oxidase
in ROS production (Kovac et al., 2015). It can be presumed there-
fore, that the above data is the result of NADPH oxidase stimulation
and, in consequence, of the decrease in NADPH. Interestingly, we
have noticed that in the group receiving CPT the level of NADPH
was significantly higher than in the control group, which may indi-
cate high reduction potential of CPT. Here, in the group of animals
receiving CPT and imipramine simultaneously there were no
changes neither compared to the control nor to imipramine, but
only when compared to CPT group, the significant decrease was
noted. On one hand, no difference in comparison to control and
imipramine does not indicate that the co-administration of imipra-
mine with CPT is more beneficial than imipramine alone for an
improve of redox potential. However, on the other hand, it should
be noted that no significant decrease in NADPH was observed after
co-administration of imipramine and CPT, which was reported
after administration of imipramine alone. Against this backdrop,
the effect of peer support appears to be positive.

Lipid peroxidation is one of the main events induced by oxida-
tive stress. Stress, which accompanies depression, may increase the
MDA + 4 HAE, marker level of lipid peroxidation (Bilici et al., 2001).
The consequence of lipid peroxidation is a damage of neuronal
membrane phospholipids, depolarization of cell membranes, and
the reduction of hydrophobicity of the lipid interior of the mem-
brane. Extensive lipid peroxidation is shown to cause membrane
disorganization, by peroxidizing mainly the polyunsaturated fatty
acids and phospholipids leading to alterations in the ratio of
polyunsaturated fatty acids to other fatty acids. This process causes
also retardation of the activity of enzymes and membrane trans-
port proteins. Moreover, lipid peroxidation products, MDA and
4HAE, decrease the NADH-dependent mitochondrial respiratory
chain (Korolczuk et al., 2016). Thus, lipid peroxidation is consid-
ered as a serious consequence of free radical toxicity, leading to
profound changes in the membrane structure and function that
may even cause cellular death (Nayanatara et al., 2005). In our
work, we have noticed that in mice exposed to FST, the lipid perox-
idation was very significantly increased compared to the stress-
naive control group, which may be an evidence of increasing ROS
generation and respiratory chain impairment. In turn, a decrease
in the concentration of MDA + 4 HAE in the cerebral cortex of mice

treated with the tested substances was observed. Nevertheless, the
reduction of this parameter in the single drug groups, as well as in
the group receiving combination, was similar. Admittedly, in the
group of mice receiving only CPT, there was a stronger reduction
in MDA + 4HAE (p < 0.01) than in the other groups (p < 0.05). How-
ever, the combined administration of both drugs did not show any
significant improvement compared to control or imipramine
administered alone. Anyway, the fact that lipid peroxidation was
lower in all treated groups compared with the control may suggest
a reduction in the number of ROS, which contributes to reducing
the damage caused by oxidative stress (Kumagai et al., 2004). Sim-
ilar results were reported by other authors, who observed an
increase in MDA + 4 HAE in animals with induced depression and
a decrease of lipid peroxidation after antidepressant administra-
tion (Eren et al., 2007; Réus et al., 2010; Mokoena et al., 2010).
The research by Khanzode et al. also showed a decrease of MDA
+4 HAE after the administration of fluoxetine and citalopram in
the serum of patients with depression (Khanzode et al., 2003).
The most important factor in the non-enzymatic antioxidant
defense and a key indicator of oxidative stress is glutathione. It
exists in either reduced (GSH) or oxidized (GSSG) state, and the
maintenance of adequate levels of GSH is essential for preventing
oxidative damage to the brain and for the reconstruction of dam-
aged cell components (Gawryluk et al., 2011). On the other hand,
a high level of GSSG in the cells induces a conformational change
in the protein which ultimately leads to the impairment of their
function. In our study, we have noticed a statistically significant
increase in GSH and GSSG levels in mice exposed to FST in compar-
ison to the group not subjected to the stress factor (Fig. 4A).
Increase in GSSG, like the previous results, may confirm an increase
in ROS generation under acute swimming stress. However, in our
study we have not noticed a change in the GSH/GSSG ratio in the
brain of mice subjected to environmental stress. The ratio reduced
to oxidized glutathione is a known indicator of oxidative stress. As
a result of oxidative stress, this ratio rapidly decreases, whereas the
growth of the GSH/GSSG ratio reduces oxidative damage (Ahrens
et al., 1995). Hence, this result does not confirm the occurrence
of oxidative stress and may be indicative of the effectiveness of
the antioxidant system. Data obtained from cortex of mice sub-
jected to FST and receiving tested drugs alone or in combination
have not revealed significant changes in the concentration of
GSH in comparison to the control group. Our experiments have
shown that the imipramine administered to mice increased the
concentration of GSSG compared with the control. In the group
receiving CPT no change in the concentration of GSSG was reported
as compared to the control, although a large standard error was
noted. In turn, the co-administration of imipramine with CPT
caused a decrease of the GSSG concentration in the cortex of mice
compared with the group of animals receiving only imipramine
and did not cause any changes compared to the control. Imipra-
mine attaches to adenosine receptors and reduces levels of extra-
cellular adenosine in the cortical synapses (Barcellos et al., 1998).
Similarly, CPT, by blocking A1 receptors, inhibits the effects of
endogenous adenosine (Okada et al., 2002). Adenosine hyperpolar-
izes neurons by activating K* conductance and inhibits Ca** influx
into the nerve terminal, which probably account for its ability to
reduce the release of excitatory amino acids (Rudolphi et al.,
1992). However, adenosine is released under conditions of oxida-
tive stress and the A1 adenosine receptor contributes to the cyto-
protective action of adenosine under conditions of ROS generate
in the brain (Nie et al., 1998). Therefore, both imipramine and
CPT may potentiate antidepressant effects by affecting the adeno-
sine system. On the other hand, they may contribute to extenua-
tion of defense against ROS. Observed in our study increase of
GSSG concentration in the group of mice receiving imipramine
may be due to the fact that imipramine in the ineffective dose does
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not have antidepressant effect and therefore does not prevent the
formation of ROS, but perhaps it weakens the internal defense sys-
tem in the above-mentioned mechanism. The lack of such a change
in the group of mice receiving both drugs simultaneously may
result from their synergistic antidepressant effect, which was
demonstrated in our experiment. However, further research is
required to explain the role of the A1 receptor in defense against
oxidative stress under environmental stress conditions. In our
work, an increase was observed in the GSH/GSSG ratio in the cere-
bral cortex of mice treated with imipramine alone and in combina-
tion with CPT as compared to the control. The increased rate of
GSH/GSSG observed in the groups of animals receiving imipramine
and CPT with imipramine may indicate an increased production of
ROS and, at the same time, retention of the capacity for antioxidant
defenses. The obtained data do not indicate significant differences
in the impact of imipramine given alone and in combination with
CPT. Zafir et al., after inciting stress in rodents, observed a decrease
in the GSH concentration, and after the administration of imipra-
mine, venlafaxine or fluoxetine they reported an increase in the
GSH concentration in the animals’ brains (Zafir et al., 2009).
Moretti et al. confirmed an increased concentration of GSH in the
cerebral cortex and hippocampus of mice exposed to stress and
administered ascorbic acid and fluoxetine (Moretti et al., 2012).

5. Conclusions

To conclude, the results obtained in our study demonstrated a
CPT-induced enhancement of the antidepressant-like effect of
imipramine both in the FST and TST. The observed significant
changes may correspond with the modifications in the levels of
monoamines and glutamate in the CNS. Our observations indicate
that the adenosine A1 receptors inhibition may be involved in
increasing the antidepressant-like effect of imipramine and
other antidepressant drugs which acts via multiple monoamine
neurotransmissions.

An increase of NADP+, NADPH, MDA + 4 HAE, GSH and GSSG
may suggest an increasing generation of ROS under acute swim-
ming stress. The co-administration of CPT and imipramine, such
as imipramine alone, resulted in the decrease in NADP+ and LPO
concentrations and the increase in the GSH/GSSG ratio versus the
control group, which may confirm beneficial, but comparable to
imipramine, effect on redox balance under environmental stress
conditions. An increase in the concentration of GSSG in the cortex
of animals treated with imipramine in ineffective dose compared
to control and no such changes after combined administration of
both drugs may suggest a favorable oxidation-reduction potential
resulting from their synergistic antidepressant effect.

Therefore, the combination of selective antagonists of adeno-
sine receptors with tricyclic antidepressants, such as imipramine,
may afford new pharmacological opportunities of the treatment
of depression.
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