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Abstract. The aim of this study was to investigate the effects of chronic social stress on endothelium-
dependent relaxation in the superior mesenteric artery (SMA) and its first branches (1MA) as well as
on neurogenic contractions of SMA in adult, male Wistar-Kyoto (WKY) rats. Mesenteric arteries were
isolated from control (living space: 480 cm?/rat) or stressed rats exposed to 8-week-lasting crowding
stress (living space: 200 cm?/rat). Blood pressure (BP) and heart rate, determined by tail-cuff plethys-
mography, were not affected by crowding. Stress increased neurogenic contractions of SMA elicited
by electrical stimulation of perivascular nerves and significantly elevated vasoconstriction induced by
exogenous noradrenaline in SMA, without modulation of its endothelial function. In IMA, nitric oxide
(NO)-dependent component of endothelium-dependent relaxation to acetylcholine was investigated.
In IMA, stress failed to affect noradrenaline- and phenylephrine-induced vasoconstriction, total acetyl-
choline-induced relaxation as well as its NO-dependent and NO-independent components. Moreover,
endothelium-independent sodium nitroprusside-induced relaxations of IMA from the stressed rats did
not differ from those of controls. In conclusion, chronic stress produced by crowding failed to induce
an increase of BP, presumably because endothelial function of SMA and vascular function of small
mesenteric arteries, which are rather important in BP regulation, remained preserved.
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Abbreviations: Al, atherogenic index; AsA, ascorbic acid; HDL, high-density lipoproteins; LDL, low-den-
sity lipoproteins; L-NAME, NC-nitro-L-arginine methyl ester; LVW, left heart ventricle; 1MA, first branches
of the superior mesenteric artery; NO, nitric oxide; NOS, nitric oxide synthase; PGI,, prostacyclin; PSS,
physiological salt solution; SHR, spontaneously hypertensive rats; SMA, superior mesenteric artery; TC,
total cholesterol; TGL, triglycerides; VLDL, very-low-density lipoproteins; WKY, Wistar-Kyoto rats.

Introduction

Although the mechanisms involved in stress-induced car-
diovascular disorders, including hypertension, are not well
defined, there are studies showing a possible involvement of
peripheral vascular changes. Since the endothelium plays an
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important role in the regulation of vascular tone via synthesis
and release of vasoactive substances, endothelial dysfunction
may contribute to the increased peripheral resistance in
stress-induced hypertension. Moreover, endothelial dysfunc-
tion appears to play a pathogenic role in the initial develop-
ment of atherosclerosis and a number of studies have shown
that nitric oxide (NO)-dependent vasodilator function is
impaired in patients with risk factors for atherosclerosis
(Caramori and Zago 2000). It was also shown that chronic
stress, in addition to hypertension, may induce proathero-
genic changes (Neves et al. 2009). There are studies showing
that psychosocial factors may influence atherogenesis even in
the absence of elevated serum lipids (Kaplan et al. 1983). The
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finding that chronic mild stress is associated with increased
plasma levels of total cholesterol and NO deficiency (Neves
etal. 2009) suggests that hypercholesterolemia may be a link
between stress and endothelial dysfunction.

NO, among other factors, seems to be involved in stress
physiology, and alterations in NO availability apparently
take part in stress-related disease processes (Leza et al. 1998;
Esch et al. 2002). NO is known to counterbalance the effect
of sympathetic stimulation at the peripheral (Torok 2008) as
well as central level (Gerova et al. 1995; Esch et al. 2002). NO
plays also an important role in hypothalamic-pituitary-adrenal
axis stimulation under basal and stress conditions (Bugajski
et al. 2006; Gadek-Michalska and Bugajski 2008; Gadek-
Michalska et al. 2008). The evidence that NO production may
be considerably modified in stress and during adaptation to
diverse stressors has entailed the hypothesis that NO plays
an important role in adaptive responses of the organism as
a stress-limiting molecule (Malyshev and Manukhina 1998).
Activation of the local L-arginine/NO system may produce an-
tagonistic interactions of NO with different vasoconstrictors,
such as catecholamines (Leza et al. 1998; Chies et al. 2003),
and could thus counterbalance the effect of stress on blood
pressure (Scheuer 2010). Recently we also provided evidence
that chronic crowding improved endothelium-dependent
acetylcholine-induced vasorelaxation of the first branches of
the superior mesenteric arteries (IMA) of Wistar-Kyoto rats
(Berndtova et al. 2007b). However, at least three different va-
sodilating factors are known to be released by the endothelium
after exposure to acetylcholine, i.e. NO, prostacyclin (PGI,),
and endothelium-derived hyperpolarizing factor(s) (Mitchell
et al. 2008; Torok 2008). From our previous experiments it is
yet not clear which of these vasodilating factors were increased
in IMA. On the other hand, elevated NO production need
not always be associated with better NO bioavailability due to
increased concentration of reactive oxygen species (ROS). An
elevated level of ROS can inactivate NO and thus contribute to
endothelial dysfunction (Torok 2008; Bernatova et al. 2009).
In our previous experiments, stress-related vascular reactiv-
ity and endothelial function were measured in the presence
of the well known antioxidant ascorbic acid (AsA) in work-
ing solution (Bernatova et al. 2007b) to prevent oxidation of
catecholamines (Bernatova et al. 2009). However, AsA might
artificially reverse endothelial dysfunction by improvement
of the oxidative status, resulting in better NO bioavailability
(Bernatova et al. 2009). Therefore in this study, we investigated
vascular reactivity of IMA without adding AsA to working
solution.

Crowding is a relatively mild stressor, but it effectively
affects the hypothalamic-pituitary-adrenal axis and sym-
pathoadrenal system, known to be the main stress systems
in both humans and experimental animals (Bugajski 1999;
Djordjevi¢ et al. 2003; Dronjak et al. 2004). As to blood
pressure, crowding increased it in rats with a positive family

history of hypertension (Bernatova et al. 2007a) as well as in
humans (D’Atri et al. 1981).

This study was aimed at investigating the effect of chronic
social stress on the mesenteric arteries and its role in the initia-
tion of stress-related hypertension, considering also changes
in cholesterol metabolism. As the mesenteric circulation is
regulated by several factors including the endothelium and
sympathetic nervous system, vascular responses to endothe-
lium-dependent and endothelium-independent vasodilators
(acetylcholine and sodium nitroprusside, respectively) were
determined. Additionally, vasoconstrictor function was inves-
tigated using noradrenaline and the selective a;-adrenoceptor
agonist phenylephrine, as well as electrical stimulation of
perivascular nerves to simulate neurogenic contractions.

Materials and Methods

Ethical approval and animals

All procedures were performed in accordance with the
guidelines approved by the State Veterinary and Food
Administration of the Slovak Republic and they were in
compliance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals.

All rats used in the present study were born in a certified
animal facility (Institute of Normal and Pathological Physi-
ology) in order to maintain the same environmental back-
ground. The rats were housed in an air-conditioned room
at constant temperature (22 + 2°C) and humidity (45-60%)
on a 12:12 h light/dark cycle with lights on from 6.00 to
18.00 h and maintained on a standard laboratory rat chow
and tap water ad libitum.

Experimental design and stress model

Eighteen rats were used in the experiment. After weaning
(25th day), male Wistar-Kyoto (WKY) rats were kept in
groups of four per cage (35/55/20 cm, 480 cm?/rat) under
standard housing conditions. At the beginning of the ex-
periment, 12-week-old rats were randomly divided into two
groups, a control and a stressed group. Controls were kept
in groups of four rats per cage (35/55/20 cm). Rats exposed
to crowding were kept in conditions of reduced living space
from 480 cm?/rat (controls) to 200 cm?/rat (Bernatova et al.
2007a, 2010) for eight weeks. During the experiment, the rats
were submitted to procedures related to routine animal care
and blood pressure measurements.

After 8 weeks of experiment, the rats were killed by de-
capitation after a brief CO, anaesthesia, between 7.30-9.30 h.
Wet weights of the left heart ventricle (LVW) were deter-
mined for calculation of their relative weights (LVW/tibial
length) to evaluate the degree of cardiac hypertrophy.
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Blood pressure and heart rate

Systolic blood pressure and heart rate were determined non-
invasively in conscious rats by the tail-cuff method (using the
Statham Pressure Transducer P23XL, Hugo Sachs, Germany)
before experiment (basal) and after the 1%, 3rd gth 4pg gth
week of experiment. One week before experimentation, the
rats were handled and accustomed to the tail-cuff procedure
of blood pressure recording in three independent sessions
to avoid non-specific stress. Blood pressure and heart rate
were measured between 9.00-12.00 h and calculated as the
average value of 5-6 measurements.

Cholesterol content analysis

Samples of the liver and skeletal muscle from the hind limb were
collected and kept at —80°C until analysis. Then tissues were
homogenised in a chloroform-methanol mixture (1:1) and total
cholesterol was determined according to Ulicna et al. (2003).

Analytic methods and atherogenic index

After decapitation, blood was collected in heparin-coated
tubes. The plasma was frozen and stored at -20°C until
determination of plasma lipid concentrations by a standard
automated technique using Biocode-Hycel Analyzer Model
AL Plus. Plasma triglycerides (TGL), total cholesterol (TC)
and high-density lipoproteins (HDL) were determined by the
commercially available kits. All kits were purchased from Spin-
react Company (Spain). Concentration of very-low-density
lipoproteins (VLDL) was calculated from TGL by Friedewald’s
formula: VLDL = TGL/5. Plasma low-density lipoproteins
(LDL) were calculated by Friedewald’s formula: LDL = TC
- HDL - (TGL/2) (Friedewald et al. 1972; Kamgang et al. 2005).
The atherogenic index (AI) was determined using the formula:
Al =TC - HDL/TC according to Neves et al. (2009).

In vitro assessment of vascular reactivity by wire myograph

The first branches of the superior mesenteric arteries (IMA)
were carefully dissected out, immediately immersed in modi-
fied cold (4°C) physiological salt solution (PSS) and cleaned
of connective tissue. The arteries were then cut into segments
(1.54 + 0.07 mm long) and mounted as ring-shaped prepara-
tions in Mulvany-Halpern's small vessel wire myograph (Mul-
vany and Halpern 1977) chamber (Dual Wire Myograph System
410A, DMT A/S, Aarhus, Denmark) to determine the vascular
reactivity under isometric conditions. The relation between rest-
ing wall tension and internal circumference and subsequently
the effective internal lumen diameter were determined by
a computer-assisted normalisation procedure to set the pre-
tension of the arteries after 30-min equilibration in oxygenated
(95% O, 5% CO, mixture) PSS, composition in mmol/l: NaCl

118.99, KCl 4.69, NaHCOj3 25, MgSO,4.7H,0 1.17, KH,PO,
1.18, CaCl,-2H,0 2.5, Na,EDTA 0.03, glucose 5.5, pH 7.4 at
37°C. The changes in wall tension (active wall tension) were
calculated as measured force divided by the double segment
length and expressed in mN/mm. Resting wall tension, which
arises from the properties of the passive elements in the vascular
wall, was also determined after the normalisation procedure
(Mulvany and Halpern 1977).

Experimental protocol for functional studies of the first
branches of the superior mesenteric artery

Before starting experimentation, the vessels were allowed to
stabilise in PSS for 30 minutes. The experimental protocol
consisted of the following steps: 45 min after normalisation, PSS
was changed to high-potassium PSS (125 mmol/], for 2 min)
in which NaCl in normal PSS was exchanged for an equimolar
concentration of KCI, followed by wash-out with PSS (15 min).
After noradrenaline addition (10 pmol/], waiting to plateau)
and wash-out (PSS, 20 min), pre-constriction was induced by
phenylephrine (3 umol/l). When the contraction of IMA to
phenylephrine reached a steady state, increasing concentrations
of the vasodilator acetylcholine (0.001 to 10 umol/l) were added
in cumulative manner to perform endothelium-dependent
concentration-response curves. When the concentration-re-
laxation curve was completed, the drugs were washed-out (PSS,
20 min) and the same procedure was repeated after 25-min
pre-incubation with the nitric oxide synthase (NOS) inhibitor
NC-nitro-L-arginine methyl ester (L-NAME, 300 umol/1) in the
bath medium. After the last acetylcholine concentration, the NO
donor sodium nitroprusside (100 pmol/l) was added to the bath
to check endothelium-independent NO vasodilator function.
The NO-dependent component of endothelium-dependent
relaxation was calculated as the difference between acetyl-
choline-induced relaxation before and after acute L-NAME
pre-treatment and expressed as the area under the curve (AUC,
arbitrary units) based on individual concentration-response
curves (Puzserova and Bernatova 2010). In our preliminary ex-
periments we ruled out tachyphylaxis (Hansen and Nedergaard
1999) in two consecutive concentration-response curves for
acetylcholine in phenylephrine pre-contracted IMA (data not
shown). The extent of vasorelaxation was expressed as the per-
centage of phenylephrine-induced contraction. Vasoconstric-
tions were determined as maximal tension and were expressed
as active wall tension in mN/mm (Mulvany and Halpern 1977).
Responses to each drug concentration were always allowed to
stabilise before the addition of a subsequent dose of the same
drug or another drug (Webb et al. 1987).

In vitro assessment of vascular reactivity in organ chamber

The superior mesenteric artery (SMA) was dissected out
and immediately immersed in cold modified Krebs solution
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(containing in mmol/l: NaCl 118, KCI 5, NaHCO3; 25, MgSO4
1.2,KH,P0O,4 1.2, CaCl, 2.5, CaNa,EDTA 0.03, glucose 11 and
AsA 0.55) for isometric tension studies. Connective tissue was
carefully removed from the SMA and it was cut into 3-mm-
long ring segments with intact endothelium. For measurement
of isometric tension, the rings were suspended between two
stainless-steel hooks in an organ chamber (20 ml) filled with
oxygenated (95% O, and 5% CO, mixture) modified Krebs
solution maintained at 37°C. Isometric tension was monitored
continuously using a high-sensitivity force-displacement trans-
ducer Sanborn FT 10. The arterial rings were initially equili-
brated under resting tension of 10 mN for 60-90 min, and the
buffer was changed every 15 min (Ca¢anyiova et al. 2011).

Experimental protocol for contraction reactivity of the SMA

After the equilibration period, vasoconstrictor responses
were elicited by exogenous noradrenaline applied cumu-
latively into the organ chamber solution or by endogenous
noradrenaline released from perivascular sympathetic nerve
terminals during transmural electric stimulation. For elec-
tric stimulation the trains of 0.5 ms rectangular pulses of
supramaximal intensity (>30 V) at frequencies 1-32 Hz for
a period of 20 s were used. After the experimental protocol,
SMA rings were stimulated with high concentration of K*
(100 mmol/l) in depolarising solution (KCl replaced NaCl
on equimolar basis in the Krebs solution). The maximal
tension achieved with depolarising solution was set as 100%
to express the active tension generated by endogenous no-
radrenaline (Siddegowda et al. 2007).

Experimental protocol for relaxation reactivity of the SMA

Acetylcholine-induced responses were examined in the other
segments of the SMA in modified Krebs solution without
AsA (Sotnikova et al. 2006). The concentration-response
curve to acetylcholine was constructed without and with
NOS and cyclooxygenase inhibitors (30 min incubation: 100
umol/l L-NAME and 10 pmol/l indomethacin) in phenyle-
phrine (1 pmol/l)-contracted SMA. After the last acetylcho-

line concentration, sodium nitroprusside (100 pmol/l) was
added to the bath to check endothelium-independent NO
vasodilator function.

Drugs

All the chemicals used were purchased from Sigma-Aldrich
(Germany) except noradrenaline hydrogenotartras (Zen-
tiva, Czech Republic). Indomethacin was dissolved in 5%
NaHCOj3. All other drugs were dissolved in distilled water
and concentrations were expressed as final concentration in
the myograph or organ chamber.

Statistical analysis

Data are presented as group mean values + standard error of the
mean (SEM). Unpaired Student’s t-test was used for compari-
son of means of two groups and two-way analysis of variance
(ANOVA) for comparison of concentration (or frequency)-re-
sponse curves. In case of significant results of two-way ANOVA,
vertical contrast (pairwise comparisons) with Bonferroni
adjustment were performed. Means were considered to differ
significantly when p < 0.05. The concentration-response curves
were fit by non-linear regression using four parameter logistic
equations with GraphPad Prism 5.0 software (San Diego, CA,
USA). Changes in IMA and SMA sensitivity to acetylcholine
and noradrenaline were evaluated by determining the mean
negative logarithm of molar concentration producing 50% of
maximal response (pD;,) (Siddegowda et al. 2007; Neves et al.
2009). pD, were determined using GraphPad Prism 5.0.

Results

Basic biometric, cardiovascular and biochemical parameters

Before experiment, the body weight of the control and
crowded group of rats was 308 + 5 g and 318 + 5 g, respec-
tively. Crowding significantly reduced the body weight gain
at the end of the experiment (Table 1). Basal blood pressure

Table 1. Effect of chronic social stress on basic biometric, cardiovascular and biochemical parameters of Wistar-Kyoto rats

Control Stress

Relative BW gain (%) 32+1 18 +2*
LVW/tibia length (mg/mm) 14.04 +0.48 13.24 +0.35
CHOL in the liver (mmol/kg) 21.58 + 0.62 23.55 + 0.67
CHOL in the skeletal muscle (mmol/kg) 5.51+0.22 491 +£0.28
Atherogenic index 1.04 £ 0.07 1.10 £ 0.08
1MA normalised diameter (um) 413.49 +22.06 361.22 + 17.63
1MA resting wall tension (mN/mm) 1.12 £ 0.24 0.93 +0.02

Values represent mean + SEM of 6-10 rats. BW, body weight; CHOL, cholesterol; LVW, left heart ventricle weight; IMA, first branches of
the superior mesenteric artery. * p < 0.05, compared to respective value in control rats. Data were analysed by Student’s ¢-test.
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Figure 1. Effect of stress on blood pressure (A) and heart rate (B). Values represent mean + SEM of 8-10 rats. Data were analysed by

two-way ANOVA test, followed by Bonferroni post hoc test.

and heart rate of control and stressed rats before experiment
were 107 + 4 mmHgand 111 + 3 mmHg; and 349 + 24 bpm
and 378 + 17 bpm, respectively. Chronic crowding failed to
alter blood pressure, heart rate (Fig. 1A,B), relative left ven-
tricle weight (Table 1), as well as the normalised internal
diameter at 100 mmHg and resting wall tension of IMA
vs. the control group (Table 1). Similarly, no differences
were observed in cholesterol content in the liver, skeletal
muscle (Table 1) and blood plasma (Fig. 2). Plasma con-
centrations of TGL and VLDL were significantly decreased
in the stressed group (p < 0.05, Fig. 2) with no statistical
difference in the plasma levels of TC, HDL and LDL after
chronic stress. AI was also comparable in stressed and
control rats (Table 1).

Endothelium-dependent and -independent vasorelaxation
of IMA

There were no differences in the maximal responses to ace-
tylcholine, based on the individual concentration-response
curves before or after pre-incubation with L-NAME be-
tween the control and stressed group (Table 2). Chronic
crowding failed to affect the concentration-response curve
to acetylcholine (statistical difference between groups was
found only at one concentration: 0.01 pmol/l) (Fig. 3A).
However, stress decreased the pD; value of acetylcholine
compared to control (Fig. 3A). Since vasorelaxation, ex-
pressed as a percentage of pre-constriction, is inversely
related to initial tension, we expressed relaxing responses
also as absolute values (mN/mm) (Webb et al. 1987;
Hansen and Nedergaard 1999) to warrant that changes
measured were endothelium-dependent and not related to
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Figure 2. Effect of chronic social stress on plasma concentrations
of triglycerides (TGL), total cholesterol (TC), high-density lipopro-
tein (HDL), very low-density lipoprotein (VLDL) and low-density
lipoprotein (LDL). Values represent mean + SEM of 8-10 rats. Data
were analysed by Student’s ¢-test. * p < 0.05, compared to respective
value in control rats.

the extent of pre-constriction. Interestingly, no functional
changes of the endothelium in the IMA were seen after
crowding, when evaluated in absolute values (data not
shown). Thus the results suggest that chronic crowding
stress did not modify bioavailability of endothelial factors,
although it decreased the pD, value of acetylcholine-in-
duced vasorelaxations when expressed in relative values.
Blockade of NO synthesis by L-NAME reduced responses
to low concentrations of acetylcholine (Fig. 3B). The NO-



284

Puzserova et al.

dependent and NO-independent component of relaxation
was similar in rings from stressed and control rats (Fig.
3C,D). Crowding stress had no significant effect on en-
dothelium-independent sodium nitroprusside-induced
relaxation of 1IMA (Table 2).
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Figure 3. Effect of chronic social stress on acetylcholine (ACh)-induced endothelium-dependent relaxations in phenylephrine (PE,
3 umol/l)-contracted first branches of the superior mesenteric artery segments before (A) and after (B) incubation with the nitric oxide synthase
inhibitor NS-nitro-L-arginine methyl ester (L-NAME), nitric oxide (NO)-dependent component of acetylcholine-induced relaxations (C)
and NO-independent component of acetylcholine-induced relaxations (D). Mean values of the pD, of ACh in the absence of L-NAME were
8.06 £ 0.02 (Control), 7.72 + 0.03 (Stress, p < 0.01 vs. Control) and in the presence of L-NAME were 7.27 + 0.02 (Control+L-NAME, p <
0.01 vs. Control) and 7.10 + 0.10 (Stress+L-NAME, p < 0.01 vs. Stress). Values represent mean + SEM of 6-7 rats. Concentration-response
curves were analysed by two-way ANOVA, followed by Bonferroni post hoc test. AUC was analysed by Student’s ¢-test. ** p < 0.01, compared

to respective value in control rats; * p < 0.05, **

p < 0.01, compared to respective value in control or stressed rats without L-NAME. AUC,

area under the curve; pD,, negative logarithm of the molar concentration of agonist producing 50 percent of maximal response.
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Table 2. Effect of chronic social stress on vascular constrictions and maximal vascular relaxations of the first branches of the superior

mesenteric artery (1IMA) of Wistar-Kyoto rats

Control Stress
(mN/mm)
Noradrenaline 4.86 £ 0.53 478 £0.32
Vasoconstrictors Phenylephrine before L-NAME 3.86 +0.62 428 +0.24
Phenylephrine after L-NAME 4.45+0.48 4.40£0.16
(%)
Maximal ACh before L-NAME 94.87 £2.12 97.29 £0.52
Vasodilators Maximal ACh after L-NAME 89.70 +5.23 93.08 £0.39
SNP 95.08 + 1.72 96.20 + 0.27

Vascular constrictions induced by noradrenaline (10 umol/l) and phenylephrine (3 umol/l). Maximal vascular relaxations induced by
acetylcholine (ACh) and sodium nitroprusside (SNP, 100 pmol/l) of phenylephrine-contracted 1MA of Wistar-Kyoto rats. Values repre-
sent mean + SEM of 6-7 rats. L-NAME, NC-nitro-L-arginine methyl ester (300 umol/l, 25 min). Data were analysed by Student’s ¢-test.

gated in IMA. Crowding had no effect on noradrenaline-
and phenylephrine-induced (with or without L-NAME)
vasoconstriction in 1IMA (Table 2). No significant differences
in phenylephrine-induced vasoconstriction were observed
after L-NAME pre-incubation.

Noradrenaline-induced vasoconstriction, however, re-
vealed significant differences in the SMA. Stress significantly
elevated vasoconstriction induced by application of cumula-

Stress induced increase in maximal contractions as well as
in pD, values compared to control, indicating significant
changes in sensitivity to noradrenaline (Fig. 4A).

Neurogenic contractions of the SMA

SMA rings responded to electrical stimulation of perivascular
sympathetic nerve terminals by frequency-dependent contrac-

tive concentrations of exogenous noradrenaline (Fig. 4A).  tions. The influence of crowding stress on neurogenic contrac-
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Figure 4. Contractions to exogenous noradrenaline and neurogenic contractions induced by endogenous noradrenaline of the isolated
superior mesenteric artery submitted to chronic social stress. Concentration-response curve of noradrenaline-induced vasoconstriction,
calculated as absolute tension (A). Mean values of the pD, of NA were 6.75 + 0.05 (Control) and 7.21 + 0.05 (Stress, p < 0.01 vs. Control).
Frequency-response curves were constructed for absolute contractions (B) and relative contractions calculated to maximal KCI (100
mmol/l) contractions (C). Values represent mean + SEM of 5-6 rats. Data were analysed by two-way ANOVA test, followed by Bonferroni
post hoc test. * p < 0.05, ** p < 0.01, compared to respective value in control rats. pD,, negative logarithm of the molar concentration of
agonist producing 50 percent of maximal response.
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Figure 5. Effect of chronic social stress on acetylcholine (ACh)-induced endothelium-dependent relaxations in phenylephrine (PE, 1
pmol/l)-contracted superior mesenteric artery segments before (A) and after (B) incubation with the nitric oxide synthase inhibitor
NS-nitro-L-arginine methyl ester (L-NAME) and the cyclooxygenase inhibitor indomethacin (INDO). Mean values of the pD, of ACh
in the absence of L-NAME and INDO were 7.56 + 0.08 (Control), 7.42 + 0.06 (Stress) and in the presence of L-NAME and INDO were
6.27 +0.03 (Control+L-NAME+INDO, p < 0.01 vs. Control) and 6.58 + 0.03 (Stress+L-NAME+INDO, p < 0.01 vs. Stress). Values repre-
sent mean + SEM of 5-6 rats. Data were analysed by two-way ANOVA test, followed by Bonferroni post hoc test. * p < 0.05, ** p < 0.01,
compared to respective value in control or stressed rats without L-NAME + INDO. pD,, negative logarithm of the molar concentration

of agonist producing 50 percent of maximal response.

tions induced by endogenous noradrenaline on SMA rings is
illustrated in Fig. 4B,C. Stress significantly elevated neurogenic
contractions compared to the control group (Fig. 4B), however,
contractions were similar when calculated to maximal contrac-
tions induced by depolarising solution (Fig. 4C). Additionally,
contractions to depolarising solution were significantly greater
from stressed than from control rats (data not shown).

Endothelium-dependent relaxation of the SMA

There were no differences in the responses of SMA to ace-
tylcholine before or after pre-incubation with L-NAME and
indomethacin between the control and stressed group (Fig.
5A,B). Blockade of NO synthesis by L-NAME and PGI,
synthesis by indomethacin reduced significantly relaxations
to acetylcholine (Fig. 5B). Crowding had no significant
effect on endothelium-independent sodium nitroprusside-
induced relaxation of the SMA (data not shown).

Discussion

The study investigated the effect of chronic social stress
produced by crowding on mesenteric arteries and its role

in the initiation of stress-related hypertension. The obtained
data showed that the given paradigm of chronic crowding
reduced body weight gain and plasma triglycerides but failed
to affect blood pressure, heart rate, relative left ventricular
weight, diameter of 1IMA, resting IMA wall tension and
cholesterol content in the liver, skeletal muscle and plasma in
normotensive rats. Additionally, investigation of mesenteric
arterial function showed only a mild effect of crowding in
this vasculature. Increased constrictor responses induced
by exogenous and endogenous noradrenaline were found in
SMA. However, neither endothelium-dependent vasorelaxa-
tion of SMA nor maximal vasorelaxation and constriction
of the first branches of the mesenteric artery were affected
by stress in normotensive rats.

This study is in agreement with previous results which
showed unaltered blood pressure during chronic crowding
in normotensive Wistar rats. Yet the same model of stress
induced hypertension in offspring of spontaneously hy-
pertensive (SHR) mothers mated with Wistar males while
offspring of normotensive Wistar mothers mated with SHR
males were able to adapt to stress (Bernatova et al. 2007a).
Similarly to our findings, other authors failed to observe
changes in blood pressure during chronic psychosocial stress
in normotensive rats (Harrap et al. 1984; Henry et al. 1993),
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while some experimental models of social stress were able
to induce hypertension in normotensive strains (Webb et al.
1987; Henry et al. 1993; Andrews et al. 2003).

The endothelium plays an important role in cardiovascu-
lar homeostasis. A potential negative influence of stress on
the endothelium was observed in both humans (Sherwood
et al. 1999; Ghiadoni et al. 2000) and animals (Strawn et al.
1991; Williams et al. 1993; Jezova et al. 2003; Okruhlicova
et al. 2008; Neves et al. 2009). Findings of Wallerath et al.
(1999) and Rogers et al. (2002) suggest involvement of
stress-induced glucocorticoid secretion in regulation of
vascular NO synthesis. The former authors observed reduced
expression of endothelial NOS in the aorta of rats chronically
treated with dexamethasone (a substitute for endogenous
glucocorticoid). In this context, it was also shown that glu-
cocorticoids inhibited the expression of inducible, but not
the constitutive NOS in vascular endothelial cells without
direct effect on the activity of either of them (Radomski et al.
1990). In contrast, we observed elevated aortic NOS activity
and improved endothelium-dependent relaxation, including
its NO-dependent component, in the femoral artery of nor-
motensive rats exposed to crowding (Puzserova et al. 2006;
Bernatova etal. 2007b). Improved NO-dependent relaxation
in crowded rats was observed in the femoral artery both in
the presence and absence of AsA in working PSS, suggesting
no significant influence of oxidative stress on elevated NO
level in this artery (Puzserova and Bernatova 2010). Interest-
ingly, the improvement of acetylcholine-induced relaxation
in IMA was seen only in the presence of AsA (Bernatova
et al. 2007b), while in this study, where AsA was removed,
no considerable effect of stress was observed. This suggests
that AsA may modify vascular reactivity in IMA. In the ab-
sence of AsA, reactive oxygen species may presumably block
the improvement of NO-dependent relaxation induced by
stress in the mesenteric bed. Since chronic stress can lead to
increasing generation of reactive oxygen species (Kwiecien
et al. 2008), antioxidants, including AsA, might artificially
modify endothelial function by improving the oxidative
status and NO bioavailability in vivo (May 2000).

Concerning endothelial function, there are studies show-
ing that psychosocial stress was associated with endothelial
dysfunction in primates (Strawn et al. 1991). In humans,
a brief episode of mental stress caused transient endothe-
lial dysfunction in healthy young individuals (Ghiadoni
et al. 2000). In cynomolgus monkeys, chronic social stress
resulted in a reduced NO-dependent relaxation of athero-
sclerotic iliac arteries (Williams et al. 1993). On the other
hand, increased vasodilator responses to acetylcholine of
the methoxamine-contracted aorta were observed in mice
(Webb et al. 1987) and an unchanged response was found in
the small mesenteric arteries of normotensive rats (Fuchs et
al. 1998) exposed to chronic social and behavioural stress.
Recently, Neves et al. (2009) reported that chronic mild

unpredictable stress induced simultaneously functional
and morphological changes in the Sprague-Dawley rat tho-
racic aorta, suggesting that these functional effects may be
related to decreased synthesis of NO. On the contrary, our
experiments (Bernatova et al. 2007b) showed that chronic
crowding increased NO synthase activity and nitrate/nitrite
levels in the aorta.

However, similarly to NO, stress may also affect the release
of other endothelium-derived relaxing factors. Fuchs et al.
(1998) observed that stress enhanced the role of vasodilatory
cyclooxygenase products in the rat small mesenteric arteries.
Yet in our study, acetylcholine-induced relaxations of IMA
from crowded rats were unaltered after pre-incubation of
the arteries with L-NAME, indicating that the endothelium
produced similar amounts of L-NAME-resistant relaxing
factors, such as prostacycline and/or endothelium-derived
hyperpolarising factors (Mitchell et al. 2008). Similarly, no
functional changes of the endothelium in the SMA were seen
after crowding. Thus the results suggest that chronic crowd-
ing stress exposure did not modify bioavailability of en-
dothelial factors in either 1IMA or SMA. On the other hand,
Chies et al. (2003) reported that forced swimming stress may
increase non-endothelial NO activity in both the aorta and
SMA of adult male Wistar rats. In the light of other findings,
the vascular adaptive response to stress was characterised by
hyperactivity of the endothelial L-arginine/NO system in
male Wistar rats (Cordellini and Vassilieff 1998; Cordellini
et al. 2006). Another study showed increased response to
acetylcholine in the aorta after acute immobilisation (Cord-
ellini and Vassilieff 1998). Additionally, Webb et al. (1987)
found that the mean depressor responses to acetylcholine in
the hindquarters of psychosocially hypertensive CBA Agouti
male mice were significantly greater than those in normo-
tensive mice. However, depressor responses to the NO donor
sodium nitroprusside in stressed mice were not significantly
different from control mice (Webb et al. 1987), which is in
agreement with our findings of unaltered endothelium-in-
dependent relaxation to NO donor in stressed rats.

Regarding vasoconstriction, we examined responses to
phenylephrine, noradrenaline and neurogenic contractions
induced by perivascular nerve stimulation. Our results
showed no significant changes regarding maximal no-
radrenaline and phenylephrine vasoconstriction of IMA in
stressed rats compared to controls. Similar results were also
obtained in male WKY rats, in which 10-day exposure to be-
havioural stress resulted in unchanged responsiveness to the
a;-adrenoceptor agonist phenylephrine in small mesenteric
arteries (Fuchs et al. 1998). However, it was also observed that
pre-incubation of IMA with L-NAME induced no significant
enhancement of the vasoconstrictor potency of phenyle-
phrine, indicating smaller functionality of NO in this type
of artery. In the present study, stress significantly elevated
vasoconstriction to exogenous noradrenaline and increased
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neurogenic contractions induced by endogenous noradrena-
line in SMA, in spite of AsA presence in PSS. Several drugs
have to be dissolved in AsA solution to prevent degradation
of unstable substances, for example catecholamines (Berna-
tova et al. 2009; Neves et al. 2009). This is the reason, why
we are used the modified physiological solution with AsA
for exogenous noradrenaline and neurogenic contraction
analysis in an organ chamber experiment. In accordance
with findings of Neves et al. (2009), we suggest that since en-
dothelium-dependent relaxation was not changed, structural
changes and/or increased sensitivity to noradrenaline may
account for augmented contractile responses to exogenous
and endogenous noradrenaline in SMA.

Hypercholesterolemia was assumed to represent a link
between stress, endothelial dysfunction and atherogenesis
(Neves et al. 2009). In this study, stress failed to affect
plasma levels of TC, LDL and HDL in rats, which cor-
responded well with unchanged liver and skeletal muscle
cholesterol content. Unaltered AI (an index evaluating
the risk of atherosclerosis (Neves et al. 2009)) in stressed
rats was in accordance with intact endothelial function in
both arteries investigated. Intriguingly, however, TGL and
VLDL levels were reduced in stressed animals. This may
result from decreased body weight gain, due to decreased
food intake (Puzserovd et al. 2008).

Discrepancies in the effect of chronic stress on blood pres-
sure and endothelial function appearing in different studies
may reflect the use of various stressors and animal models.
Moreover, the data suggest that reaction to stressors could be
specific, depending on the nature, duration and intensity of
the stressor, animal strain, age, gender, etc. (Djordjevi¢ et al.
2003). On balance, the exact mechanism(s) responsible for
the development of stress-induced cardiovascular disorders
remain still unknown.

In conclusion, chronic stress produced by crowding in-
creased neurogenic and exogenous noradrenaline-induced
contractions in SMA of adult normotensive rats. Neverthe-
less, stress failed to induce an increase of blood pressure,
presumably because endothelial function of SMA and
vascular function of small mesenteric arteries, which play
an even more important role in blood pressure regulation,
remained preserved.
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