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In this study we examined how chronic forced running (CFR)
affects the expression of catecholamine biosynthetic enzymes and
cAMP response element-binding (CREB) in the adrenal medulla and
the weight of adrenal glands of rats. Also, we examined how CFR and
additional acute immobilization stress affect the expression of
catecholamine biosynthetic enzymes in the adrenal medulla and the
concentration of catecholamines and corticosterone (CORT) in the
blood plasma.

In this experiment we used as a model forced exercise in rats
(treadmill running). We used the most advanced method for
determining the level of gene expression, Real-time PCR with TaqMan
probes, as well as Western blot analysis (ECL).

We found that CFR decreases tyrosine hydroxylase (TH), and
dopamine-�-hydroxylase (DBH) mRNA and protein levels in the adrenal
medulla. The decreased TH and DBH mRNA levels coincide with the
reduced expression of CREB in the adrenal medulla and with the
reduced plasma CORT level. Additionally, CFR reduces the level of
phenylethanolamine N-methyltransferase (PNMT) mRNA, but elevates
its protein level in the adrenal medulla and increases the concentration
of adrenaline (A) in the plasma. Reduced level of PNMT mRNA in the
adrenal medulla coincides with reduced plasma CORT level. The
additional acute immobilization stress increases gene expression of
catecholamine biosynthetic enzymes in the adrenal medulla, as well as
catecholamines and CORT levels in the plasma.

The increased synthesis of PNMT enzyme in the adrenal medulla
may result in an increased biosynthesis of A under chronic stress
conditions. Additionally, increased level of catecholamines in the
plasma after chronic physical stress is the allostatic load that may
induce numerous diseases and pathological conditions.
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INTRODUCTION

Forced modes of exercise, like treadmill training, may cause physiological
adaptations indicative for chronic stress (Moraska et al., 2000). Literature data
indicates that treadmill runing is a combination of hard physical and
psychological stressors. An alternative to forced exercise paradigms is to allow
experimental animals free access to running wheels and allow exercising
voluntarily for extended periods of time. Using this method, the stressor effects of
forced training schedules can be avoided (Erdös et al., 2007). In this study we
applied a model of chronic forced exercise (CFR), which by the intensity and
duration, could simulate intense physical activity. We exposed the animals to a
long-term 12-weeks forced running because few reports suggested that forced
running induce adaptations that are indicative for chronic stress. Morasca et al.
(2000) showed that treadmill training for a period of 8 weeks (10–60 min daily,
17.4–29.2 m/min), may cause physiological adaptations indicative for chronic
stress. The purpose of this study was to characterize the effect of long-term
treadmill running on potentially negative adaptations. It is known that chronic
stress can contribute significantly to the development of various serious diseases
such as hypertension, cancers, depression and psychiatric diseases.

In this work we investigated how CFR and additional acute immobilization
stress (CFR+IMM) affect the mRNA and protein levels of catecholamine
biosynthetic enzymes in the adrenal medulla, as well as how CFR affects the
expression of cAMP response element-binding protein (CREB), and the weight of
adrenal glands. One of the key questions in stress research is how the same
stressor can elicit a variant or altered response depending on prior experience
with the current or different stressor. By using chronic and acute stressors, we
explored whether the chronically stressed rats exposed to novel, additional, acute
stress exhibited exaggerated responses of gene expression of catecholamine
biosynthetic enzymes in the adrenal medulla.

Tyrosine hydroxylase (TH), as the "rate-limiting" enzyme in the biosynthesis
of catecholamines, is localized in all cells that produce catecholamines. TH
catalyzes the hydroxylation of tyrosine into dopamine (DA) (Nagatsu et al., 1964).
Dopamine-�-hydroxylase (DBH) is another important catecholamine biosynthetic
enzyme which converts DA into NA. Phenyl ethanolamine N-methyltransferase
(PNMT) is considered as the second "rate-limiting" enzyme for the synthesis of
adrenaline (A), especially under the influence of strong stressors (Kvetnansky et
al., 2004).

The promoter region of TH gene contains three sites (CRE, AP1 and
SP1/Egr1) for the binding of transcription factors in response to stress. Many
authors documented that glucocorticoids affect the transcription and activity of
TH (Tank et al., 1986; Lewis et al., 1987). Nunez at al. (2009) showed that the
increase of corticosterone (CORT) induce the increase of expression and enzyme
activity of TH. TH activity is particularly important for catecholamine synthesis and
is time-dependent and controlled by different mechanisms (Kumer and Vrana,
1996).
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Dopamine-�-hydroxylase (DBH) is another important catecholamine
biosynthetic enzyme which converts dopamine (DA) into noradrenaline (NA).
DBH gene transcription requires the binding of AP1 family members, including c-
Fos and c-Jun, as well as the CRE/AP1 site (Swanson et al., 2000). DBH gene
expression is also regulated by glucocorticoids, and several putative sites have
been identified in the rat DBH promoter (Hwang and Joh, 1993; McMahon and
Sabban, 1992).

Phenyl ethanolamine N-methyltransferase (PNMT) is considered as the
second "rate-limiting" enzyme for the synthesis of adrenaline (A), especially under
the influence of strong stressors (Kvetnansky et al., 2004). Glucocorticoids are
important regulators of PNMT gene expression on transcriptional and post-
translation level (Wong et al., 1992). A glucocorticoid responsive element (GRE)
was initially identified at -533 bp of the rat PNMT promoter (Ross et al., 1990).
Subsequently, two further upstream overlapping GREs at -759 bp and -773 bp of
the rat promoter were found to be the primary sites involved in the regulation of the
PNMT gene by glucocorticoids (Tai et al., 2002).

In addition we examined the impact of the CFR and CFR+IMM on the
concentrations of NA, A and morning corticosterone (CORT) in the plasma of rats.

Detecting regulatory physiological mechanisms for catecholamine
synthesis in the adrenal medulla in stress conditions provoked by forced
prolonged intensive running is extremely important in the prevention of numerous
diseases and pathological conditions.

MATERIAL AND METHODS

Animals and treadmill running
In this study Wistar male rats (11-week-old) were used. Animals were under

standard laboratory conditions with water and food ad libitum and kept three to
four per cage. The care was taken to minimize the pain and discomfort of the
animals according to the recommendations of the Ethical Committee of the
"Vin~a" Institute of Nuclear Sciences, Belgrade, Serbia, which are in accordance
with the Guide for Care and Use of Laboratory Animals of the National Institute of
Health, Bethesda, MD, U.S.A.

Animals were divided into four groups with ten animals in each: i) The
control group was not exposed to any treatment; ii) CFR group consisted of
animals exposed to chronic forced running for a period of 12 weeks; iii) IMM group
consisted of animals exposed to acute stress immobilization, for a period of 2h,
and iv) CFR+IMM group consisted of animals exposed to CFR stress for a period
of 12 weeks, and after chronic stress, these animals are exposed to additional
acute IMM stress for a period of 2h.

Chronic forced running was achieved by rats running daily on a treadmill.
The duration and speed of running was gradually increased from week to week,
from the initial 10 min-10m/min up to 20 min-20m/min at 0o inclination. The
treadmill training protocol used in this study involves a gradual increase in
running intensity and is commonly used in the similar studies.
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Immobilization stress was provoked as described by Kvetnansky and
Mikulaj (1970). The animals were sacrificed after chronic stress, immediately after
the cessation of acute immobilization and 3h, 6h and 22h after acute
immobilization. In these periods changes in gene expression of catecholamine
biosynthetic enzymes in the adrenal medulla are expected. Samples of blood
were collected and both adrenal medulla were isolated. Adrenal medulla were
immediately frozen and stored in liquid nitrogen until analyzed.

To determine whether CFR affects the diurnal rhythm of CORT in this
experiment, we used morning CORT.

RNA isolation and cDNA synthesis
Total RNAs were isolated using TRIZOL reagent (Invitrogen, USA). After the

isolation of mRNA, DNA-ase treatment was applied with DNAse I (Fermentas,
Lithuania). Concentration of total mRNA was measured in triplicates on a
spectrophotometer. Quality of mRNA was checked on agarose gel. Reverse
transcription was performed using Ready-To-Go You-Prime First-Strand Bead
(Amersham Biosciences, UK) and pd (N)6 Random Hexamer (Amersham
Biosciences, UK) primer according to the manufacturer's protocol.

Real-time RT-PCR
TaqMan PCR assays were carried out using Assay-on-Demand Gene

Expression Products (Applied Biosystems,USA) for TH (Rn00562500_m1), DBH
(Rn00565819_m1), PNMT (Rn01495589_g1) and CREB (Rn01441386_g1). The
gene expression assays contained primers for the amplification of the target gene
and the TaqMan MGB (Minor Groove Binder) probe 6-FAM dye-labeled for
quantification. Reactions were performed in a 25 µL reaction mixture containing
1x TaqMan Universal Master Mix with AmpErase UNG, 1x Assay Mix (Applied
Biosystems, USA) and cDNA template (10 ng of RNA converted to cDNA). PCR
was carried out in the ABI Prism 7000 Sequence Detection System at 50oC for 2
min, 95oC for 10 min, followed by 40 cycles at 95oC for 15 s and 60oC for 1 min.
The experimental threshold was calculated based on the mean baseline
fluorescence signal from cycle 3 to 15 plus 10 standard deviations. The point at
which the amplification plot crosses this threshold defined as Ct, represents the
cycle number at this point and it is inversely proportional to the number of target
copies present in the initial sample. Each sample was run in triplicates and the
mean value of each Ct triplicate was used for further calculations. The reference
gene (endogenous control) was included in each analysis to correct for the
differences in the inter-assay amplification efficiency and all transcripts were
normalised to cyclophyline A (Rn00690933_m1;) expression. The reaction
mixture for endogenous control gene amplification consisted of 1x TaqMan
Universal Master Mix with AmpErase UNG (Applied Biosystems, USA), 1x Assay
(6-FAM dye-labeled MGB probes) and cDNA (10 ng of RNA converted to cDNA).
The levels of expression of cyclophyline A in samples under different treatments
were checked by additional experiments that confirmed that the chosen reference
gene was not regulated. Before quantification, validation experiments were
performed to determine the similar amplification efficiency of endogenous control

154 Acta Veterinaria (Beograd), Vol. 62, No. 2-3, 151-169, 2012.
Gavrilovi} Ljubica et al.: Chronic physical stress changes gene expression

of catecholamine biosynthetic enzymes in the adrenal medulla of adult rats



and each target gene. Cyclophyline A was tested and demonstrated that its
efficiency of amplification was approximately equal to all assays used for target
genes. Briefly, serial dilutions of cDNA were prepared and amplified by real-time
PCR using specific primers and fluorogenic probes for target and endogenous
control gene.

Quantification was done using the 2–��Ct method according to Livak and
Schmittgen (2001). The obtained results were analyzed by the RQ Study Add On
software for 7000 v 1.1 SDS instrument (ABI Prism Sequence Detection System,
Applied Biosystems, USA) with a confidence level of 95% (p<0.05). The relative
expression of the target gene was normalized to cyclophyline A and expressed in
relation to the calibrator, i.e. the control sample. Due to individual differences
among animals, one sample from control group with the expression value closest
to the mean of all samples in this group and with the lowest measurement error
was chosen as a calibrator. The results are reported as a fold change relative to
the calibrator and normalized to cyclophyline A using the equation:
Nsample = 2–��Ct.

Western blot analysis
Adrenal medulla were homogenized in 0.05 M sodium phosphate buffer (pH

6.65). Subsequently, the protein concentration was determined using BCA metod
(Pierce, USA), described by Stich (1990). The samples were boiled in denaturing
buffer according to Laemmli (1970), for 5 min at 95oC. Fifteen microgram of
protein extract from adrenal medulla was separated by 10% SDS-polyacrylamide
gel electrophoresis and then transferred to a supported nitrocellulose membrane
(HybondTM C Extra, Amersham Biosciences, UK). 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. Protein molecular mass standards (PageRulerTM Plus Prestained Protein
Ladder, Fermentas) were used for calibration. Antibodies used for quantification
of specific proteins were as folows: for TH the monoclonal primary antibody
against mouse TH (monoclonal antibody against TH from mouse-mouse hybrid
cells, clone 2/40/15, dilution 1:5000, Chemicon International, USA), for DBH the
anti-dopamine-� hydroxylase (N-terminal) antibody, sheep (dilution 1:5000,
Sigma, USA), for PNMT the polyclonal ant-PNMT primary antibody, rabbit
(dilutation 1:1000, Protos Biotech Corporation, USA) and for �-actin the rabbit
polyclonal anti-�-actin (ab8227, dilutation 1:5000, Abcam, USA). After washing,
the membranes were incubated in the secondary anti-mouse, anti-rabbit (dilution
1:5000, Amersham ECLTM Western Blotting Analysis System, UK) and anti-sheep
(dilution 1:5000, Calbiochem, Germany) antibodies conjugated to horseradish
peroxidase. A secondary antibody was then visualized by the Western blotting
enhanced chemiluminiscent detection system (ECL, Amersham Biosciences,
UK). Membranes were exposed to ECL film (Amersham Biosciences, UK).
Densitometry of protein bands on ECL film was performed by Image J analysis PC
software. The result was expressed in arbitrary units normalized in relation to �
actin.
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Catecholamine and CORT measurements
Plasma catecholamines were measured by a standard radioenzymatic

assay described previously by Peuler and Johnson (1977) and the values were
expressed as pg/mL plasma. Catecholamines present in plasma aliquots were
converted to their labeled O-methylated derivatives by S-(3H)
adenosylmethionine (Lacomed, Czech Republic) and the lyophilized catechol-O-
methyl transferase isolated from the rat liver. The O-methylated derivatives of the
amines were then extracted along with unlabeled carrier compounds.

Plasma CORT was measured upon prior extraction directly, using RIA
commercial kits (MP Biomedicals, Germany) and the values were expressed as
ng CORT/mL plasma.

Data analysis
The data are presented as means ± S.E.M. Differences of gene expression

(mRNA and protein levels) of catecholamine biosynthetic enzymes TH, DBH,
PNMT and level of CREB mRNA in the adrenal medulla and concentration of NA, A
and CORT in the plasma, as well as weights of adrenal glands were analyzed by
One-way ANOVA. Effects of chronic forced running (CFR) and acute
immobilization stress (IMM) compared to control, as well as the effects of
additional acute immobilization stress after hronic forced running (CFR+IMM)
compared to hronic forced running animals (CFR), were tested by Tukey post-hoc
test.

Statatistical significance (p) was set to 0.001, statistical power (1-�)
exceeded 85%. Statistical power confirms that the number of animals (n=10) was
sufficient for this experiment. Reliability test was designed so we did three
repeated measurements of the level of gene expression of TH, DBH, PNMT and
CREB. The calculated value of the ICCR test of >0.85 was considered to be
satisfactory and it proves the reliability of the applied methods. Statistical analysis
was carried out using SPSS.

RESULTS

One-way ANOVA analysis revealed significant changes of TH (F=11.8;
p<0.001), DBH (F=13.3; p<0.01), PNMT (F=8.97; p<0.05) mRNA levels, and TH
(F=11.2; p<0.01), DBH (F=10.3; p<0.05), PNMT (F=3.9; p<0.01) protein levels
in the adrenal medulla, as well as NA (F=29.8; p<0.01), A (F=18.7; p<0.01),
CORT (F=21.70; p<0.001) plasma concentrations and weight of adrenal glands
(F=12.37; p<0.05) under examined stress conditions.

Changes in plasma concentrations of CORT, NA, A and weight of adrenal
glands

CFR treatment
After CFR treatment, the decrease in plasma concentration of CORT by 15%

(p<0.05, Tukey test, Figure 1a), increase of NA by 20% (p<0.05, Tukey test,
Figure 1b), increase of A by 25% (p<0.05, Tukey test, Figure 1c) and increase
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weight of adrenal glands by 36% (p<0.05, Tukey test, Figure 1d) were detected,
compared with control animals.

IMM and CFR+IMM treatment
Exposure of animals to acute immobilization stress, led to increased CORT

concentration by 66% (p<0.01, Tukey test, Figure 1a) in the plasma, immediately
after the cessation of immobilization. However, the exposure of CFR animals to
additional acute immobilization stress led to increased CORT concentration by
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Figure 1. Effects of chronic forced running and additional acute immobilization stress on
the concentration of corticosterone (CORT) Ša¹, noradrenaline (NA) Šb¹ and
adrenaline (A) Šc¹ in the plasma, as well as effect of chronic forced running on the
weight of adrenal glands Šd¹. The values are means ± S.E.M. of 10 rats. Statistical
significance: +p<0.05 animals exposed to chronic forced running vs. control
animals (Tukey test); *p<0.05, **p<0.01 animals exposed to acute 2h
immobilization vs. control animals (Tukey test); ##p<0.01, ###p<0.001 animals
exposed to additional acute 2h-immobilization stress after chronic forced running vs.
animals exposed to chronic forced running (Tukey test).



96% (p<0.001, Tukey test, Figure 1a) in the plasma, immediately after the
cessation of immobilization.

Exposure of the animals to acute immobilization stress, led to increased NA
concentration by 48% (p<0.05, Tukey test) 3h after the cessation of
immobilization, and by 85% (p<0.05, Tukey test) 22h after the cessation of
immobilization, compared to the control group (Figure 1b). The additional acute
immobilization of CFR animals increased the NA concentration by 60% (p<0.01,
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Figure 2. Effects of chronic forced running and additional acute immobilization stress on
tyrosine hydroxylase (TH) Ša¹, dopamine-ß-hydroxylase (DBH) Šb¹,
phenylethanolamine N-methyltransferase (PNMT) Šc¹ and cAMP response element-
binding (CREB) Šd¹ mRNA levels in the adrenal medulla. The values are means ±
S.E.M. of 10 rats. Statistical significance: +p<0.05 animals exposed to chronic
forced running vs. control animals (Tukey test); *p<0.05, **p<0.01 animals exposed
to acute 2h immobilization vs. control animals (Tukey test); #p<0.05, ##p<0.01,
###p<0.001 animals exposed to additional acute 2h immobilization stress after
chronic forced running vs. animals exposed to chronic forced running (Tukey test).
The final result was expressed as fold change relative to the calibrator and
normalized to cyclophyline A



Tukey test) 3h after the cessation of immobilization, and by 96% (p<0.01, Tukey
test) 22h after the cessation of immobilization (Figure 1b).

Exposure of the animals to acute immobilization stress, led to increased A
concentration by 60% (p<0.05, Tukey test) 3h after the cessation of
immobilization, and by 92% (p<0.05, Tukey test) 22h after the cessation of
immobilization, compared to the control animals (Figure 1c). The additional acute
immobilization of CFR rats increased the A concentration by 71% (p<0.01, Tukey
test) 3h after the cessation of immobilization, and by 100% (p<0.01, Tukey test)
22h after the cessation of immobilization (Figure 1c).

Changes of TH, DBH, PNMT and CREB mRNA levels in the adrenal medulla
CFR treatment
CFR affected the mRNA levels of TH, DBH, PNMT and CREB in the adrenal

medulla (Figure 2a, 2b, 2c and 2d). The animals exposed to CFR showed a
decreased level of TH mRNA by 50% (p<0.05, Tukey test), DBH mRNA by 18%
(p<0.05, Tukey test), PNMT mRNA level by 39% (p<0.05, Tukey test) and CREB
mRNA by 56% (p<0.05, Tukey test) compared with control animals.

IMM and CFR+IMM treatment
Exposure of the animals to acute stress immobilization, increased the level

of TH mRNA by 100% (p<0.01, Tukey test) 3h after the cessation of
immobilization, and by 90% (p<0.01, Tukey test) 6h after the cessation of
immobilization (Figure 2a). In addition, acute stress immobilization, increased the
level of PNMT mRNA by 14% (p<0.05, Tukey test, Figure 2c) 6h after the cessation
of immobilization. The additional exposure of CFR treated animals to acute
immobilization stress led to increased mRNA levels of TH by 380% (p<0.001,
Tukey test, Figure 2a) and DBH by 150% (p<0.01, Tukey test, Figure 2b) 3h after
the cessation of acute immobilization. The additional exposure of chronically
stressed animals to acute immobilization stress led to increased mRNA levels of
TH by 280% (p<0.01, Tukey test, Figure 2a), DBH by 50% (p<0.05, Tukey test,
Figure 2b) and PNMT by 36% (p<0.05, Tukey test, Figure 2c) 6h after the
cessation of immobilization.

Changes of TH, DBH and PNMT protein levels in the adrenal medulla
CFR treatment
CFR provoked the decreas protein levels of TH by 52% (p<0.01, Tukey test,

Figure 3a) and of DBH by 20% (p<0.05, Tukey test, Figure 3b), compared with
control animals. However, CFR induced the increase of PNMT protein level by
21% (p<0.05, Tukey test, Figure 3c), compared with the controls.

IMM and CFR+IMM treatment
Exposure of the animals to acute immobilization stress, increased the

protein level of TH by 10% (p<0.05, Tukey test, Figure 3a) and PNMT by 15%
(p<0.05, Tukey test, Figure 3c) 22 h after the cessation of immobilization.
Additional exposure of CFR animals to acute immobilization stress led to
increased protein levels of TH by 15% (p<0.05, Tukey test, Figure 3a), and PNMT
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by 30% (p<0.01, Tukey test, Figure 3c) 3h after the cessation of immobilization. In
addition, exposure of CFR animals to acute immobilization stress led to increased
protein level of DBH by 25% (p<0.05, Tukey test) 22h after the cessation of
immobilization (Figure 3b).
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Figure 3. Figure 3. Effects of chronic forced running and additional acute immobilization
stress on tyrosine hydroxylase (TH) Ša¹, dopamine-ß-hydroxylase (DBH) Šb¹ and
phenylethanolamine N-methyltransferase (PNMT) Šc¹ protein levels in the adrenal
medulla. The values are means ± S.E.M. of 10 rats. Statistical significance: +p<0.05,
++p<0.01 animals exposed to chronic forced running vs. control animals (Tukey
test); *p<0.05 animals exposed to acute 2h immobilization vs. control animals (Tukey
test); #p<0.05, ##p<0.01 animals exposed to additional acute 2h immobilization
stress after chronic forced running vs. animals exposed to chronic forced running
(Tukey test). The result was expressed in arbitrary units normalized in relation to �
actin.

(A) Distribution of TH, DBH and PNMT proteins in the adrenal medulla of control animals ŠI¹,
animals exposed to CFR ŠII¹, animals exposed to IMM (3h after immobilization) ŠIII¹,
animals exposed to CFR+IMM (3h after immobilization) ŠIV¹, animals exposed to IMM
(22h after immobilization) ŠV¹ and animals exposed to CFR+IMM (22h after
immobilization) ŠVI¹.



DISCUSSION

A number of diseases and pathological conditions are related to the long-
term adaptive response to chronic stress. When the sympatho-adrenomedullary
system is activated repeatedly over a long period of time the response is not only
adaptive, but also maladaptive.

Changes in the plasma concentrations of CORT, NA, A and weight of
adrenal gland
It is known that catecholamine hyperactivity and glucocorticoid

disregulation are the biological consequences of chronic stress (Desaive and
Ronson, 2008). The results of this study show that long-term treadmill running
produced adaptive physiological changes which are indicative for chronic stress.
The potentially negative physiological adaptations after CFR were recorded as
increased in the concentration of catecholamine and decreased morning CORT
concentrations in the plasma, as well as adrenal gland hypertrophy. Our results
are consistent with previous reports. Pagliari and Peyrin (1995) observed that
treadmill running stimulated concomitantly peripheral catecholamine secretion
and central noradrenergic activity, i.e. NA turnover and release. Zouhal et al.
(2008) found that physical training can increase the capacity of adrenaline
secretion via an increase of the adrenal gland volume and adrenaline content.

Forced physical exercise, such as treadmill running, often produces
negative physiological and psychopathological adaptations to stress responses
accompanied by activation of corticotropin-releasing hormone (CRH) neurons
(Cullinan et al., 1995; Moraska et al., 2000; White-Welkley et al., 1996). However,
the data regarding CORT concentration after exposing to chronic stress are
conflicting (Cicchetti and Rogosch, 2001; Evans et al., 2001; Lupie et al., 2001;
Yang et al., 2001). Previous findings of war-induced hypothalamic pituitary-
adrenal (HPA) axis alterations showed both increased and unchanged cortisol
concentrations (Roglic et al., 1993). Miachon et al. (1993) recorded that long-term
stress induces a decreased CORT levels in blood. In this work we found that CFR
decrease morning CORT in the plasma. Levels of CORT were measured in the
morning because previous findings had shown that light is capable of eliciting a
rapid CORT response in rats (Mohawk et al., 2007), humans (Leproult et al., 2001)
and mice (Ishida et al., 2005). @arkovi} et al. (2003) found that chronic stress is
associated with a transient suppression of the HPA axis, manifested by the lower
morning CORT and the reduced adrenal CORT response to ACTH stimulation.
The reduction of cortisol response is sufficient to cause a false diagnosis of HPA
insufficiency. This HPA response pattern is manifested by decreased morning
plasma or urinary cortisol, especially in the subjects with post-traumatic stress
disorder (PTSD) (Yehuda et al., 1995, 2002; Goenjian et al., 1996; Heim et al.,
2001; King et al., 2001). It is interesting to note that reduced concentrations of
CORT in the plasma were recorded in depressed conditions (Malkesman et al.,
2006).

Adrenal hypertrophy found in our experiments may be interpreted as a
consequence of chronic stress conditions. Westenbroek et al. (2003) consider
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that the weight of the adrenal gland may be a reliable criterion of the experienced
chronic stress and may serve as the evidence of depressive conditions.
Hypertrophy of the adrenal glands has also been found in depressed patients
(Nemeroff et al., 1992; Rubin et al., 1996), indicating that adrenal size provides a
good measure of the stress perception over periods of time.

Response to acute IMM stress is characterized by the activation of the
sympatho-adrenomedullary system and the HPA axis. This is manifested as a
short-term increase in NA, A and cortisol concentrations (Chatterton et al., 1997;
Dugue et al., 2001; Gerra et al., 2001; Habib et al., 2001). In this work, we recorded
that chronically stressed rats (CFR) exposed to novel, additional, acute stress
have significantly increased concentrations of catecholamines and CORT in the
plasma. Kvetnansky et al. (2009) recorded that the exaggerated levels of both
plasma NA and A in rats exposed to chronic stress might be a consequence of the
readiness of such animals to respond to altered quality or quantity of an additional
stressor. Our results show that the heterotypic novel stressor (IMM) triggers an
exaggerated elevation in plasma catecholamines in animals previously exposed
to CFR, even 22h after exposure. It is the readiness of the organism prolongly
exposed to homotypic stressors to respond to a heterotypic stressor by an
exaggerated activation of catecholamines that it is considered to be an important
adaptive phenomenon of the sympatho-adrenomedullary system in rats
(Kvetnansky et al., 2009). Our results together with the above mentioned data
show that the CFR induce adaptations that are indicative for chronic stress.

Changes of the TH, DBH and PNMT gene expression in the adrenal medulla
Most significant observation in this work is that CFR stress induces changes

on different levels of gene expression of cateholamine biosynthetic enzymes in
the adrenal medulla. We found that CFR induces the decreases TH and DBH
mRNA and protein levels in the adrenal medulla. Our results are consistent with
the results of Lelkes et al. (1994), who found a reduction of TH gene expression in
the adrenal medulla of rats exposed to the direct impact of microgravity (up to
10–6g) in a space shuttle. Tümer et al. (1992) observed that exercise reduced
levels of TH mRNA in the adrenal medulla. Considering the changes at the
molecular level, it is important to note that gene expression in stress response
depends on the duration and type of stress, as well as on the cell type. For these
reasons, we analyzed the transcription factors involved in the down regulation of
TH and DBH gene expression. In the adrenal medulla, the DNA-binding activities
of activating protein-1 (AP-1) and CREB play a major role in regulating the
expression of TH and DBH genes during forced exercise (Erdös et al., 2007).
Transcription factor CREB may be important in establishing the stress-induced
patterns of gene expression. It is interesting to note that Rosenberg et al. (2003)
observed the reduction of CREB protein expression in the majority of
adrenocortical tumors. Peri et al. (2001) observed that changes in cAMP signaling
may be associated with malignities of the adrenal cortex. Our results demonstrate
that the reduced level of CREB mRNA coincides with the reduced TH and DBH
mRNA levels. Many authors have confirmed that chronic stress is associated with
the reduction of phospho-CREB expression (McEwen 2003; Nestler et al., 2002;
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Trentani et al., 2002; Kuipers et al., 2003, 2006). Trentani et al. (2002) showed that
in male rats chronically exposed to a mild electrostimulation, phospho-CREB
expression was reduced, especally in the subcortical and cortical region. Wang et
al. (2006) observed that chronic stress significantly reduces the expression of
cAMP dependent kinase A (PKA) and phospho-CREB in the hippocampus of rats.
However, in stressed rats treated with fluoxetine, the expression of phospho-
CREB was significantly increased, which indicates that chronic stress can affect
the PKA and phospho-CREB expression, and that the antidepressant is an
antagonist.

Decreased TH and DBH gene expression may be the consequence of a
decreased activity of the sympathetic nervous system and the reduced amount of
acetylcholine (AchE) released from the preganglionic sympathetic nerve endings
which innervates chromaffin cells in the adrenal medulla. In addition, the changes
that occur on the molecular level may be the result of the action of micro-RNA
(miRNA). It is known that micro-RNA is a small non-coding RNA that has the
crucial role in the post-transciptional gene regulation. It joins to the
complementary site on mRNA and then leads to the splitting and degradation of
mRNA. Many mRNAs coding the transcription factors that regulate the expression
of many downstream genes are the targets for numerous miRNAs.

Glucocorticoids are involved in the regulation of TH and DBH gene
expression (Tank et al., 1986; Hwang and Joh, 1993). We found that CFR induces
the decrease of TH and DBH mRNA level in the adrenal medulla which coincides
with the decrease of CORT concentration in the plasma.

However, a significant result in this work is that CFR does not affect de novo
synthesis of TH enzyme, but increases the concentration of NA in plasma. Many
factors can affect the activity of TH enzyme, without changing its expression. One
answer may be in the intracellular level of tetrahydrobiopterin which can be
altered by stress and sympathetic nervous activity and thus may affect the activity
of TH, without changing the level of the enzyme (Baruchin et al., 1990). Many
studies have shown that noncholinergic neurotransmitters affect the biosynthesis
of catecholamines. Bobrovskaya et al. (2007) found that the amount of TH
enzyme is regulated by pituitary adenylate cyclase-activating peptide (PACAP).
Specifically, prolonged activation of TH enzyme resulting from phosphorylation of
TH at Ser 40, can maintain the synthesis of catecholamine without synthesis of TH
enzyme. Although expression of TH and DBH gene is decreased after CFR
treatment regimes, this treatment may lead to continuous increased biosynthesis
of NA, as well as increased release of NA in plasma, which might represent an
adaptation on the applied stress regime. Also, it is important that the sympathetic
nervous system (stellate ganglia) may be a source of NA in the circulation after
chronic stress. In our previous work (Gavrilovic et al. 2009), we found that chronic
stress causes the increase of TH and DBH gene expressions in stellate ganglia.
Increased synthesis of TH and DBH enzymes in stellate ganglia causes the
increase in NA plasma levels, which is in accordance with the reports of Sabban et
al. (2004).

Glucocorticoids are important regulators of PNMT gene expression. In this
work, we observed that CFR induce the decrease of PNMT mRNA level in the
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adrenal medulla which coincides with the decrease of CORT concentration in the
plasma. Studies on the hypophysectomised rats have shown that reduced
amounts of corticosteroids cause the reduction of PNMT mRNA level (Evinger et
al., 1992; Wong et al., 1992; 1995; Krizanova et al., 2001). It is possible that
suppressed splanhic inervation of the chromaffin cells in the adrenal medulla due
to chronic stress, also affects PNMT mRNA level. A significant result in this study is
that CFR induce the increase of PNMT protein level in the adrenal medulla, with
the consequent increase of A level in the plasma. It is interesting to note that
although PNMT mRNA is decreased after CFR treatment regimes, this treatment
may lead to continuous accumulation of its proteins as an adaptation on applied
stress regime.

Acute stress immobilization induces increased expression of all examined
genes in the adrenal medulla. This shows that the increased level of
cateholamines in the plasma after acute immobilization originates from the
adrenal medulla. Acute immobilization only does not change the expression of the
DBH gene. Nankova et al. (1999) found that DBH gene expression changes are
caused by prolonged or repeated stress. Chronically stressed animals have
statistically more significant expression of TH, DBH and PNMT genes after
additional acute immobilization stress compared with animals exposed to acute
stress immobilization only. This means that the adrenal medulla in animals
exposed to chronic stress, is more sensitive to additional acute stress, compared
to the animals exposed to acute immobilization. Our results confirm that the CFR
shows adaptations that are indicative for chronic stress.

CONCLUSION

The increased synthesis of PNMT enzyme in the adrenal medulla may result
in an increased biosynthesis of A under the chronic stress conditions.
Additionally, increased level of catecholamines in the plasma after chronic
intensive physical stress is the allostatic load that may induce numerous diseases
and pathological conditions.
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HRONI^NI FIZI^KI STRES MENJA EKSPRESIJU GENA ZA BIOSINTEZU
KATEHOLAMINA U SR@I NADBUBRE@NE @LEZDE KOD ODRASLIH PACOVA

GAVRILOVI] LJUBICA, STOJILJKOVI] VESNA, KASAPOVI] JELENA, PEJI] SNE@ANA,
TODOROVI] ANA, PAJOVI] B SNE@ANA i DRONJAK SLADJANA

SADR@AJ

U ovom radu je prou~avan uticaj hroni~nog prisilnog tr~anja (CFR) na
ekspresiju gena za enzime koji u~estvuju u biosintezi kateholamina, na ekspresiju
transkripcionog faktora CREB u sr`i nadbubre`nih `lezda i na te`inu nadbu-
bre`nih `lezda pacova. Tako|e je ispitano i kako CFR i dodatni akutni stres imobi-
lizacijom uti~u na ekspresiju gena za enzime koji u~estvuju u biosintezi kateho-
lamina u sr`i nadbubre`nih `lezda i kako pomenuti stresori uti~u na koncentracije
kateholamina i kortikosterona (CORT) u plazmi.

U eksperimentu je kori{}en model prisilnog ve`banja kod pacova (tr~anje
po pokretnoj traci). Za odre|ivanje nivoa ekspresije gena kori{}ena je najsavre-
menija metoda, real-time PCR sa TakMan probama, kao i Western blot (ECL) ana-
liza.

Utvr|eno je da CFR smanjuje nivoe iRNK i proteina za tirozin hidroksilazu
(TH) i dopamin beta hidroksilazu (DBH) u sr`i nadbubre`nih `lezda. Smanjeni
nivoi iRNK za TH i DBH podudaraju se sa smanjenim nivoom iRNK za CREB u sr`i
nadbubre`nih `lezda kao i sa smanjenim nivoom CORT u plazmi. Pored toga,
CFR smanjuje nivo iRNK za feniletanolamin N-metiltransferazu (PNMT), ali podi`e
nivo PNMT proteina u sr`i nadbubre`nih `lezda i pove}ava koncentraciju adrena-
lina (A) u plazmi. Smanjen nivo iRNK za PNMT u sr`i nadbubre`nih `lezda podu-
dara se sa smanjenim nivoom CORT u plazmi. Dodatni akutni stres imobilizacije
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pove}ava ekspresiju gena za enzime koji u~estvuju u biosintezi kateholamina u
sr`i nadbubre`nih `lezda, kao i koncentraciju kateholamina i CORT u plazmi.

Pove}ana sinteza PNMT enzima u sr`i nadbubre`nih `lezda mo`e dovesti
do pove}ane biosinteze A u uslovima hroni~nog stresa. Pored toga, pove}an nivo
kateholamina u plazmi, posle hroni~nog fizi~kog stresa, predstavlja alostati~ko
optere}enje koje mo`e dovesti do brojnih oboljenja i patolo{kih stanja.
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