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Abstract OBJECTIVE: Isolation of adult animals represents a form of psychsocial stress 
that produces sympatho-adrenomedullar activation. The aim of this work was to 
investigate the changes in gene expression and protein levels of catecholamine bio-
synthetic enzymes: tyrosine hydroxylase (TH), dopamine-β-hydroxylase (DBH) 
and phenylethanolamine N-methyltransferase (PNMT) in the adrenal medulla of 
naive control and chronically (12 weeks) socially isolated adult Wistar rat males 
and the response of these animals to additional immobilization stress (2 h).
METHODS: TH, DBH and PNMT mRNA levels were quantified by quantitative 
real-time RT-PCR (qRT-PCR). TH, DBH and PNMT immunoproteins were as-
sayed by Western Blot.
RESULTS: In chronically isolated rats, gene expression levels of catecholamine 
biosynthetic enzymes in the adrenal medulla were decreased, but only TH mRNA 
was significantly decreased. However, protein levels of TH, DBH and PNMT of 
these animals were elevated by 55%, 20% and 18%, respectively, in relation to 
the corresponding control. Naive control and chronically socially isolated rats ex-
posed to additional 2-h-immobilization showed increased gene expression of the 
examined enzymes, the increase being greater in socially isolated rats as compared 
to the controls. Additional immobilization of naive controls did not affect TH, 
DBH and PNMT protein levels. In contrast, this stress produced increased TH, 
DBH and PNMT protein levels in long-term socially isolated rats.
CONCLUSION: We can conclud that psychosocial stress expressed a differential 
influence on gene expression and protein levels of catecholamine biosynthetic 
enzymes in the adrenal medulla of adult rats. The results indicate a possible adap-
tation of catecholamine-synthesizing system at the level of TH gene expression in 
adrenal medulla of chronically isolated animals.
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Abbervations
CREB – cyclic-AMP response element binding protein
DBH – dopamine-β-hydroxylase
NGF – nerve growth factor
PKA – protein kinasa A
PKC – protein kinasa C
PNMT – phenylethanolamine N-methyltransferase
qRT-PCR –  quantitative reverse-transcription polymerase chain 

reaction
TH – tyrosine hydroxylase

INTRODUCTION

Stress disturbs homeostasis and may induce various dis-
orders. Social isolation and acute environmental chang-
es are risk factors in human depression and represent a 
lack of the social stimuli necessary to modulate adaptive 
responses to new situations (Ishida et al., 2003). Several 
authors have reported that socially isolated rats had en-
hanced responses to stressors (Plaznik et al., 1993; Bar-
tolomucci et al., 2003; Weiss et al., 2004). For example, 
after 8 weeks of isolation, single housed rats continued 
to spend more time apparently attempting to escape 
while those housed in groups spent more time sleep-
ing and feeding (Hurst et al., 1999). Catecholamines re-
leased from the adrenal medulla are substantial media-
tors of the stress response. During our previous studies, 
a potentiation of the sympatho-adrenomedullar sys-
tem activity in socially isolated rats exposed to novel 
stressors has been observed (Gavrilovic and Dronjak, 
2005; Gavrilović et al., 2005). Individually housed rats 
displayed a much higher increase of plasma norepineph-
rine and epinephrine to a novel stressor (e.g., immobili-
zation) when compared to the response of group-housed 
animals. Tyrosine hydroxylase (TH), a rate-limiting en-
zyme of catecholamine biosynthesis, dopamine-β-hy-
droxylase (DBH) which converts dopamine to norepi-
nephrine and phenylethanolamine N-methyltransferase 
(PNMT) which catalyses conversion of norepinephrine 
to epinephrine are present in different types of tissues. 
It has been shown that their gene expression, protein 
level and activity could be changed by various stressors 
(Kvetnansky et al., 2003; 2006; Micutkova et al., 2003; 
Kubovcakova et al., 2006). Single immobilization was 
shown to lead to a dramatic induction of TH mRNA 
in the adrenal medulla that persisted for at least 12 h, 
while no significant induction of TH protein was ob-
served (Nankova et al., 1994; Osterhout et al., 2005). In 
contrast, a repeated immobilization led to a prolonged 
induction of TH protein associated with the induction 
of TH mRNA (Kvetnansky et al., 1996; Nankova et al., 
1999; 2000). Opposite to the response to immobiliza-
tion, TH mRNA levels and activity in adrenal medu-
la after prolonged cold stress were no longer different 
from the values found in control animals (Kvetnansky 
et al., 1971; 2002). In earlier studies, relative levels of 
TH, DBH and PNMT mRNAs were determined by a 
conventional RT-PCR analysis, the method commonly 

used for quantification of the transcription. Quantita-
tive assay based on real-time PCR with TaqMan probes, 
currently the most sensitive method for the detection of 
low-abundance mRNA eliminates post-PCR processing 
of the PCR products (Bustin, 2000).

The aim of the present work was to investigate the 
changes in catecholamine biosynthetic enzymes TH, 
DBH and PNMT gene expression and protein levels in 
the adrenal medulla of naive control and long-term (12 
weeks) socially isolated rats and the response of these 
animals to additional immobilization stress (2 h), using 
quantitative real-time RT-PCR (qRT-PCR) assay.

MATERIAL AND METHODS

Animals
Adult Wistar rat males 11 weeks old maintained under 
standard laboratory conditions with water and food ad 
libitum in the groups of four individuals per cage were 
used. The care was taken to minimize the pain and dis-
comfort of the animals according to the recommenda-
tions of the Ethical Committee of the “Vinca” Institute, 
Belgrade, which are in accordance with the Guide for 
Care and Use of Laboratory Animals of the National In-
stitute of Health, Bethesda, MD, U.S.A. One group of 
animals was subjected to social isolation with a single 
animal per cage for 12 weeks. After that, naive group-
housed controls and the rats that suffered chronic isola-
tion were exposed to acute immobilization stress for 2 
h (Kvetnansky and Mikulaj, 1970). After 12 weeks of in-
dividual housing or 3 h after the termination of immo-
bilization, the animals were decapitated, the adrenals 
excised, adrenal medulla dissected, frozen in liquid ni-
trogen and stored at 70 °C until analyzed.

RNA Isolation and cDNA synthesis
Total RNA was isolated using TRIZOL reagent (Invitro-
gen, CA, U.S.A.). Reverse transcription was performed 
using Ready-To-Go You-Prime Frst-Strand Bead (AP, 
Biotech) and pd (N)6 primer according to manufactur-
er’s protocol.

Real-time RT-PCR
TaqMan PCR reactions were carried out using Assay-
on-Demand Gene Expression Products (Applied Bio-
systems) for TH (ID:Rn00562500-m1), DBH (ID:Rn 
00565819-m1) and PNMT(ID:Rn 01495589-g1). The 
gene expression assays contained primers for amplifi-
cation of target gene and TaqMan MGB (Minor groove 
binder) probe 6-FAM dye-labelled for the quantifica-
tion. Reactions were performed in 25 µl reaction mix-
ture containing 1× TaqMan Universal Master Mix 
with AmpErase UNG, 1× Assay Mix (Applied Biosys-
tems) and cDNA template (10 ng of RNA converted 
to cDNA). PCR reactions were carried out in the ABI 
Prism 7000 Sequence Detection System at 50 °C for 2 
min, 95 °C for 10 min, followed by 40 cycles at 95 °C for 
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15 sec and 60 °C 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 is inversely proportional to the number 
of target copies present in the initial sample. Each sam-
ple was run in triplicates and the mean value of each Ct 
triplicate was used for further calculations. A reference, 
endogenous control, was included in each analysis to 
correct differences in the inter-assay amplification effi-
ciency and all transcripts were normalized to GAPDH 
(glyceraldehyde-3-phosphate dehydrogenase) (ID:Rn 
99999916-s1) expression. For the quantification, a vali-

dation experiments were performed to determine the 
relevant endogenous control for each target gene. We 
tested GAPDH and demonstrated that the efficiency of 
amplification was approximately equal for endogenous 
control gene and all target genes. Namely, serial dilu-
tions of cDNAs were made and amplified by real-time 
PCR using specific primers and fluorogenic probes for 
target and endogenous control genes. Reaction mixture 
for endogenous control genes amplification was 1× 
TaqMan Universal Master Mix with AmpErase UNG 
(Applied Biosystems), 1× Assay (6-FAM dye-labelled 
MGB probes) and cDNA (10 ng of RNA converted to 
cDNA). The levels of expression of GAPDH in sam-
ples under different treatment were checked by addi-
tional experiments which confirmed that chosen refer-
ence gene was not regulated. Quantification was done 
using 2-ΔΔCt method according to Livak and Schmitt-
gen (2001). The obtained results were analyzed by RQ 
Study Add ON software for 7000 v 1.1 SDS instrument 
(ABI Prism Sequence Detection System) with a confi-
dence level of 95% (p<0.05). Relative expression of the 
target gene was expressed in relation to the calibra-
tor, i.e. 1 control sample. Due to individual differences 
among animals, the sample of the control groups with 
the expression value close to the mean of all samples in 
the group and with the lowest error of measurement 
was used as a calibrator. The final result was expressed 
as fold change relative to the calibrator and normalized 
to GAPDH using the equation: Nsample = 2-∆∆Ct.

Western blot analysis
Adrenal medulla were homogenized in 0.05 M sodi-
um phosphate buffer (ph 6,65). Subsequently, the pro-
tein concentration was dtermined according to Stich 
(1990). Fifteen microgram of protein extract from ad-
renal medulla was separated by 10% SDS-polyacryl-
amide gel electrophoresis and then transferred to a sup-
ported nitrocellulose membrane (HybondTM C Extra, 
Amersham Bioscience). 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 TBST at room temperature on a 
shaker. For measuring of TH protein levels a monoclo-
nal primary antibody against mouse TH (monoclonal 

Figure 1. Effects of immobilization stress on adrenomedullary 
tyrosine hydroxylase (TH), dopamine-β-hydroxylase (DBH) and 
phenylethanolamine N-methyltransferase (PNMT) mRNA levels 
in group- and individually housed adult Wistar rat males. The 
values are means ±S.E.M. of 5–7 rats. Statistical significance: 
*p<0.05 2 h immobilization vs. group-housed control (t-test); 
+ p<0.05 long-term isolation vs. long-term isolation and 
additional 2-h-immobilization (t-test); # p<0.05 individually 
housed vs. group-housed control (t-test). The final result 
was expressed as fold change relative to the calibrator and 
normalized to GAPDH.
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antibody against TH from mouse-mouse hybrid cells, 
clone 2/40/15, dilution 1:5000), for measuring of DBH 
protein levels a anti-dopamine-β hydroxylase (N-ter-
minal) antibody, human (dilutation 1:1000, Sigma) and 
for measuring of PNMT protein levels a polyclonal ant-
PNMT primary antibody, rabbit (dilutation 1:1000, Pro-
tos Biotech Corporation, New York, USA) were used. 
After the membrane was washed, it was further incu-
bated in the secondary anti-mouse antibody conjugated 
to horseradish peroxidase (dilution 1:5000, Amersham 
Bioscience). Secondary antibody was then visualized by 
the Western blotting enhanced chemiluminiscent de-
tection system (ECL, Amersham Bioscience). 

Statistical analysis
The results are reported as means ± S.E.M. Differences 
of gene expression and protein levels of catecholamine 
biosynthetic enzymes TH, DBH and PNMT in the ad-
renal medulla, were analyzed by one-way ANOVA. To 
test the effects of long-term isolation and acute immo-
bilization stress compared to group-housed control, 
as well as the effects of acute immobilization stress in 
comparison with long-term isolation-pretreated ani-
mals, Student’s t-test was used.

RESULTS

One-way ANOVA analysis revealed significant vari-
ations of TH (F=10.79, p<0.05) and DBH (F=4.19, 
p<0.05) mRNA levels, as well as of TH (F=80.6, p<0.05), 
DBH (F=17.58, p<0.05) and PNMT (F=80.6, p<0.05) 
protein levels under the examined stress conditions. 
Chronic individual housing of adult Wistar rat males 
produced a decrease in TH, DBH and PNMT mRNA 
levels in the adrenal medulla, but only TH mRNA was 
significantly decreased (p<0.05, t-test) in compari-
son with the group-housed controls. The exposure of 
group-housed rats to those exposed to acute immobi-
lization for 2 h led to increased (p<0.05, t-test) mRNA 
levels of TH and DBH by 177% and about 54%, respec-
tively, while mRNA level of PNMT was increased only 
by 11%. Chronically socally isolated rats exposed to ad-
ditional immobilization stress displayed a more signifi-

cant rise in mRNA level (p<0.05, t-test) of TH and DBH 
by some 253% and 79%. At the same time mRNA level 
of PNMT was increased only by 19% and the difference 
was stastistically insignificant as compared to the cor-
responding group-housed control (Fig. 1).

Protein levels of TH, DBH and PNMT were higher 
in long-term isolated rats by 55%, 20% and 18%, respec-
tively, as compared to those found in the control group-
housed animals. Acute immobilization (2 h) did not 

Figure 2. Effects of immobilization stress on adrenomedullary 
tyrosine hydroxylase (TH), dopamine-β-hydroxylase (DBH) 
and phenylethanolamine N-methyltransferase (PNMT) protein 
levels in group- and individually housed rats. (A) Distribution 
of TH, DBH and PNMT proteins in the adrenal medulla of group 
houded I, individually housed II, group housed+immobilization 
III and individually housed+immobilization IV rats mesaured by 
Western blot analysis. The values are means ±S.E.M. of 5-7 rats. 
Statistical significance: + p<0.05 long-term social isolation and 
additional 2-h-immobilization vs. long-term social isolation (t-
test); # p<0.05 individually housed vs. group-housed control (t-
test). The final result was expressed in arbitrary units normalized 
in relation to GAPDH.
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change protein level of these enzymes in group-housed 
control animals. In contrast, this stress led to protein 
level increase of both TH and PNMT in long-term in-
dividually housed animals, while the increase of DBH 
protein level was statistically insignificant (Fig. 2).

DISCUSSION

It has been found recently that housing conditions af-
fect the response of rats to chronic exposure to stress. 
Current findings demonstrate that social isolation may 
affect the ability of the adrenal medulla to synthesise 
catecholamines at the level of gene expression and pro-
tein level of catecholamine synthesising enzymes. Our 
results showed that chronic individual housing of the 
animals acted significantly decreasing TH mRNA lev-
els and negligibly decreasing DBH and PNMT mRNA 
levels in the adrenal medulla. Due to a large standard 
error and limited sample size, the observed decrease of 
mRNA level of both DBH and PNMT was statistical-
ly insignificant. Selective depression of the TH mRNA 
level by stress is not without precedence in the litera-
ture for the catecholamine synthesising enzymes. For 
example, a single immobilization stress was shown to 
elevate TH mRNA level without affecting that of DBH 
(McMachon et al., 1992). Also, exposure to micrograv-
ity resulted in the inhibition of expression and specific 
activity of TH, but not of PNMT (Lelkes et al., 1994). 
It is a question how could we explain stress-related re-
duction of TH mRNA observed throughout the present 
study? Stress can activate a number of signaling path-
ways such as intracellular calcium, adenylyl cyclase and 
PKC (Zigmond et al., 1989; Thomas et al., 1997; Rolli 
et al., 1999). Also, it was shown that PKC-dependent 
phosphorylation induces TH gene transcription re-
sulting in enhanced levels of TH mRNA (Stachowiak 
et al., 1990; Vyas et al., 1990). As early as in 1990, Gi-
zang-Ginsberg and Ziff (1990) established that the el-
evation of TH activity by NGF was mediated by induc-
ing fos and jun protooncogene transcripts, which act at 
the AP1 binding site in the 5΄-flanking region of the 
TH gene. On the other hand, TH activation might also 
occur entirely independently of AP1, e.g., via cAMP, 
mediated by the binding protein (CREB) that activates 
gene transcription after phosphorylation by PKA. Re-
cently, it was found that the signaling pathways me-
diating induction of TH and DBH gene expression by 
stress are tissue-specific (Sabban et al., 2004). There-
fore, it could be hypothesised that the depression of 
TH expression in the adrenal medulla upon chron-
ic social isolation observed here, might be attributed 
to the interference of psychological stress with some 
of the second messengers involved in the synthesis of 
catecholamines. Tai et al. (2007) reported that differ-
ent kinds of stress influenced transcriptional mecha-
nism. They found that seven daily immobilizations for 
120 min significantly elevated both PNMT mRNA and 
PNMT protein levels, but protein stimulation did not 

attain highly elevated levels expected based on mRNA 
changes. These authors suggested initiation of adrener-
gic desensitisation to prolonged and repeated immobi-
lization stress and/or dissociation of transcriptional and 
post-transcriptional regulatory mechanisms. The ques-
tion arises is what might be the physilogical relevance 
of decreased TH gene expression in the adrenal me-
dulla. The data from the available literature show that 
many of chronic stressors act by elevating gene expres-
sion of catecholamine synthesising enzymes (Tumer, 
2002; Erdem et al., 2002). This sustained elevation in 
expression of catecholamine biosynthetic enzymes may 
be invilved in the increased risk of many diseases con-
nected with stress (Micutkova et al., 2003). Thus, we 
suggest that decreased TH gene expression protects the 
organism from extraproduction of catecholamines dur-
ing chronic psychosocial stress. Interestingly, we found 
that TH, DBH and PNMT protein levels were marked-
ly elevated in individually housed rats. Similarly, Kvet-
nansky et al. (2002) recently observed that the levels of 
TH mRNA did not significantly differ from the con-
trol after long-term cold stress, while TH protein level 
was significantly elevated. They explained the dissocia-
tion between adrenal TH mTNA level and TH protein 
level after long-term cold exposure by the differences 
in their half-life. Thus, in chronically isolated rats, ad-
renal TH mRNA is reduced but prepared to be quickly 
elevated whenever it might be necessary, whereas TH 
protein remained increased.

Acute immobilization produced a significant in-
crease in TH, and DBH mRNA levels in group-housed 
rats. Chronically isolated rats additionally exposed to 
immobilization displayed an exaggerated response com-
paring to control group-housed rats. However, PNMT 
mRNA level showed a certain increase but statistical-
ly insignificant in both groups. The levels of TH, DBH 
and PNMT protein were unchanged in group-housed 
animals exposed to immobilization. However, this kind 
of stress significantly elevated TH, DBH and espe-
cially PNMT protein levels in long-term isolated rats. 
These results corroborate recent data of Kvetnansky et 
al. (2002) who demonstrated that long-term stressed 
rats exposed to novel stressors exhibited exaggerated 
responses of adrenal gene expression of catecholamine 
biosynthetic enzymes. This could mean that prior expe-
rience may condition physiological systems to “expect” 
a problem and therefore, be more ready to respond to a 
subsequent stressor. These responses might be affected 
by the mechanisms acting directly at the level of tran-
scriptional regulation in the adrenal medulla.

Based on these results, it may be concluded that psy-
chosocial stress has a different influence on gene expres-
sion and protein levels of catecholamine biosynthetic 
enzymes in the adrenal medulla of adult rat males. The 
results indicate a possible adaptation of catecholamine-
synthesizing system at the level of TH gene expression 
in adrenal medulla of chronically isolated animals.
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