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ABSTRACT

Johansson, K. 2002. Mental Stress and Endothelium-Dependent Vasodilation. Acta
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The endothelium plays an important part in blood flow regulation by producing the
vasodilatory substance nitric oxide (NO). Various studies have shown that commonly
accepted risk factors for coronary heart disease, such as hypertension, diabetes,
hypercholesterolemia, smoking and mental stress impair endothelium-derived
vasodilation by the NO-pathway. This thesis focuses on the effects of mental stress on
the endothelium. Furthermore, the effects of epinephrine (E) and norepinephrine (NE)
and blockades of adrenergic receptors were studied in the forearm in young healthy
subjects.

Different blockades were given locally in the forearm, not affecting general
hemodynamics. β-adrenoceptor blockade impaired endothelium-dependent
vasodilation (EDV), while α-adrenoceptor blockade and neurogenic blockade caused
a general vasodilation which was not endothelium dependent. Neuropeptide Y did not
seem to influence blood flow in the resting forearm.

A short period of mental stress induced by an arithmetic task, impaired EDV in the
forearm. This negative effect could be blocked by β-adrenergic, but not α-adrenergic
receptor blockade.

Local infusions of E and NE in the human forearm induced vasodilation and
vasoconstriction, respectively. As both EDV and endothelium-independent
vasodilation were affected by both E and NE, the two catecholamines did not seem to
affect vascular tone by an endothelium-specific mechanism.

Both cold pressure stress and mental stress induced impairments in flow-mediated
vasodilation (FMD) when normalised for the degree of hyperemic blood flow.

These findings give us new insights in how mental stress and sympathetic
activation affects the endothelium and how the negative effects can be prevented.
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Effects of blockade of α- and β-adrenoceptors and Neuropeptide Y1

receptors, as well as brachial plexus blockade, on endothelium-

dependent vasodilation in the human forearm.

Clinical and Experimental Pharmacology and Physiology (2002) Vol

29 (7) July: In Press, reproduced with permission.
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II.  Johansson K, Eriksson M, Sarabi M, Lind L. Mental stress impairs

endothelial vasodilatory function by a beta-adrenegic mechanism.

Submitted

III.  Johansson K, Lind L. Effects of epinephrine and norepinephrine on

endothelium-dependent vasodilation.

Submitted

IV.  Lind L, Johansson K, Hall J. The effects of mental stress and the
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ABBREVIATIONS
α-receptor Alpha-receptor
β-receptor Beta-receptor
BMI Body mass index
BP Blood pressure
CGMP Cyclic guanosine-monophosphate
CHD Coronary heart disease
CI Cardiac index
COP Cold pressor
DBP Diastolic blood pressure
E Epinephrine
EDRF Endothelium-derived relaxing factor
EDV Endothelium-dependent vasodilation
EFI Endothelial function index
EIDV Endothelium-independent vasodilation
FBF Forearm blood flow
FMD Flow-mediated vasodilation
FVR Forearm vascular resistance
HR Heart rate
i.a. Intra arterial
i.v. Intra venous
L-NMMA N G-mono-methyl-L-arginine
MAP Mean arterial pressure
MAT Mental arithmetic test
MCh Metacholin
NE Norepinephrine
NO Nitric oxide
NPY Neuropeptid Y
SBP Systolic blood pressure
SD Standard deviation
SEM Standard error of mean
SNP Sodium nitroprusside
TABP Type A behaviour pattern
TPRI Total peripheral resistance index
VSMC Vascular smooth muscle cells
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INTRODUCTION

Background

Mans perception of threat induces a complex neurohumoral reaction which is

associated with haemodynamic and metabolic changes commonly referred to as

“stress”. For our prehistorical forefathers, who lived in a physically hostile

environment, the stress response was not only appropriate, but indeed crucial

for survival. In today’s society, the stress reaction involving the “fight or

flight” reaction is far less accurate. Even though we may experience the

environment equally hostile as our ancestors did, the threat is of far less

physical nature. Instead, stress is more and more being blamed for causing

cardiovascular morbidity in large groups of the adult population, with

widespread premature mortality as a consequence.

Mental stress and cardiovascular diseases

Coronary heart disease (CHD) is a major cause of death in the western society

today. To prevent this, research efforts have been made to find the causes of

and the cure for CHD. Many risk factors for developing CHD have been

detected, such as diabetes mellitus, hypertension, smoking and hyperlipidemia

1-6. The connection between mental stress and CHD was first investigated by

Friedman and Rosenberg in 1959 7, 8, who described that stress-prone

individuals (said to have a “Type A Behavioural Pattern”) more often than

others suffer from CHD. The Type A behaviour pattern (TABP) is

characterised as a chronical sense of time urgency, drive and competitiveness,

wanting to achieve more and more in less and less time. TABP also includes

components of anger and hostility. Psychological tools such as questionnaires

and a structured interview have been developed to identify TABP 9-11. In the

Framingham study 12, TABP was recognised as an independent risk factor for

developing CHD in both men and women. Other studies in high risk
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populations have failed to find this relationship 13, 14. However, Miller and

colleagues 15 have identified several reasons for the null findings, such as

different disease criteria and ways of assessing TABP. Studies using structured

interviews frequently reported associations of TABP with CHD. In diseased

populations of middle-aged men 70% showed TABP compared with 46% in

healthy populations. Also, cross-sectional studies have detected this correlation

16, while prospective studies have not 17. With these insights, further studies

have shown that altering TABP with behavioural counselling reduces cardiac

morbidity and mortality in post-myocardial infarction patients 18.

TABP leads to prolonged exposure to stress, but even short episodes of mental

stress affect the myocardium. Acute mental stress has been shown to precipitate

angina pectoris and silent myocardial ischemia in patients with CHD both

during laboratory testing 19-21 and in daily life 22. Although it was previously

thought that the deleterious effect of mental stress on the myocardium in

patients with CHD was due to an increased oxygen consumption demanded by

the stress-induced increase in cardiac performance, recent studies have shown

that mental stress actually decreases coronary blood flow in patients with CHD

despite the need for additional oxygen delivery to the myocardium 23, 24.

Mental stress

In the 1920’s, Cannon stated that psychological stimuli caused the release of a

humoral agent (a mixture of epinephrine and norepinephrine) from the adrenal

glands into the blood, which caused a rise in blood pressure 25. Later, animal

testing showed that threat, triggering fear and rage in the animal, gave rise to a

characteristic pattern of cardiovascular response including elevations in blood

pressure and heart rate and an increased blood flow in skeletal muscle. This

was called “the defence reaction” and it develops in seconds, preparing the

organism for the muscular exertion of fight or flight in order to survive a
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threatening event 26. In man, the cardio-vascular response to mental stress is

very similar to the defence reaction 27, 28. Which environmental event is

needed to induce mental stress is individual and depends on the intensity of

mental effort required to meet a challenging situation, whether or not it is

perceived as threatening 29-31. Several different methods for inducing

standardised mental stress in the laboratory have been developed, such as the

mental arithmetic test (MAT), public speaking or Stroop’s colour word conflict

test 32-35. These tests give rise to similar cardiovascular reactions which

include increases in blood pressure, heart rate and cardiac output, as well as

vasoconstriction in the splanchnic and kidney region and an increased blood

flow in skeletal muscle 27, 36. There is also a neuroendocrine response to

mental stress, as Cannon discovered early last century; this includes release of

epinephrine (E) from the adrenal medullae, norepinephrine (NE) from

sympathetic nerves, ACTH from the pituitary gland and glucocorticoids from

the adrenal cortex 37-39. The hormones bind with highly specific receptors to

stimulate the effector organs. The catecholamines E and NE bind to α- and β-

receptors 40. The receptors are divided into subclasses and their main actions

on the cardiovascular system can be viewed in table 141, 42. Neuropeptide Y

(NPY) is another vasoactive agent that is co-released with NE when the

sympathetic nervous system is grossly activated 43, 44. The vasopressor

activity of NPY is associated with the activation of the NPY1-receptor 45, 46.

Table 1. The main effects of α- and β-receptor activation on the cardiovascular

system.

Receptor Effect

α1 Vasoconstriction

α2 Regulation of NE release

β1 Increased inotropy and cronotropy

β2 Vasodilation
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Cold pressor test

A kind of stress other than mental stress is the physical pain/cold stress. This

can be induced in a standardised fashion by cold pressor test (COP), during

which the subject puts one hand or foot in ice-cold water for a limited period of

time (usually 2-5 minutes) 47-49. The cardiovascular and hormonal response

during COP differs in some aspects from that seen during mental stress, and is

therefore interesting to study as a complement to mental stress. The

hemodynamic response pattern includes an elevation in blood pressure and

total peripheral resistance without major increments in heart rate or cardiac

index 50, 51. Studies have shown a difference in catecholamine release during

these two different stress tests, with mainly an increase in E levels during MAT

and NE during COP 52, 53. The differences between COP and MAT can be

further viewed in table 2.

Table 2. Overview of the different cardiovascular and catecholamine response

patterns to MAT and COP. Mean arterial pressure (MAP), heart rate (HR),

cardiac index (CI), total peripheral resistance index (TPRI), epinephrine (E)

and norepinephrine (NE).

MAT COP

MAP ⇑ ⇑

HR ⇑ ⇑   or  ⇒

CI ⇑ ⇒

TPRI ⇒ ⇑

Major

catecholamine E NE

release
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The endothelium

The endothelium consists of a monolayer of cells coating the innermost surface

of all blood vessels. Previously considered as an inert, semi-permeable layer, it

has now been recognised to play an important part in regulation of vascular

tone, coagulation and immune response 54, 55. This thesis focuses on the

regulation of vascular tone and blood flow by the endothelium.

In 1998 Furchgott, Ignarro and Murad received the Nobel prize for the

discovery that the endothelium produces vasoactive agents and one of these

agents was called endothelium-derived relaxing factor (EDRF) 56, 57. As

Palmer later showed, nitric oxide (NO) accounted for the biological activity of

EDRF, and NO was found to be an important signalling molecule in the

cardiovascular system 58. NO is synthesised from the amino acid L-arginine by

the enzyme NO-synthase which is present in endothelial cells 59, 60. When

formed, NO diffuses to the vascular smooth muscle cells (VSMC) and causes

relaxation by mechanisms involving cyclic guanosin-monophosphate (cGMP),

protein kinase G and decreased cytoplasmic calcium levels 61, 62. VSMC

relaxation leads to vasodilation and an increase in blood flow. NO is constantly

being formed and released from the endothelial cells at a basal level, counter-

balancing vasoconstrictor actions of the sympathetic nervous system and

circulating humoral and endothelium-derived contracting factors (e.g.

endothelin) 63-65. An increase in NO production can be stimulated by

mechanical factors such as shear stress (shear forces exerted by the circulating

blood) 66 or by several receptor agonists such as bradykinin, serotonin, and

acetylcholine 67.

Since the NO-molecule has a half-life of only a few seconds, it is very difficult

to measure NO-production directly in vivo in humans 60. Instead, indirect

measurements of NO-production have been developed for evaluating the



12

physiological effect of NO in humans. The increase in forearm blood flow

(FBF) seen during a local infusion of cholinergic agents (e.g. acetylcholine,

metacholine) can be measured by plethysmography and is referred to as

endothelium-dependent vasodilation (EDV) 68-71. Another method uses

ultrasound to measure the increase in brachial artery diameter seen after a distal

ischemic period. The post-ischemic inrease in blood flow gives rise to

increased shear stress leading to flow-mediated vasodilation (FMD) 72-75.

EDV and FMD are widely used substitute parameters of NO-production of the

endothelium. However, the measurements of these “substitute parameters”

cannot totally be blocked by the NO-synthase blocker L-NMMA, implying that

mechanisms other then NO-production also are evaluated by these methods 76,

77.

Different studies have shown that EDV is negatively affected by many of the

identified risk factors for cardiovascular disease such as old age, male gender,

hypertension, diabetes mellitus, hyperlipidemia and smoking when evaluated

by both EDV and FMD 68, 78-85. It has been suggested that endothelial

dysfunction can be considered as a forerunner of atherosclerotic presentations

of cardiovascular disease, and endothelial vasodilatory function in both forearm

and coronary arteries have been shown to be predictors of future cardiovascular

events 86, 87.

Mental stress and EDV

In a recent study of healthy young volunteers by Sarabi & Lind, the endothelial

vasodilatory function was assessed during MAT and COP by comparing EDV

with endothelium-independent vasodilation (EIDV). In that study, EDV, but

not EIDV, was significantly attenuated by MAT, implying that MAT impaired

the endothelial NO-pathway. COP, on the other hand, attenuated both EDV and
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EIDV significantly (figure 1), suggesting that mechanisms other than the NO-

pathway were affected 88.

Figure 1. Forearm vascular resistance (FVR) at resting conditions

(baseline),during mental stress (MAT) or cold pressor test (COP) with either

metacholine (MCh) infusion, evaluating endothelium-dependent vasodilation

(A) or sodium nitroprusside (SNP) infusion, evaluating endothelium-

independent vasodilation (B). Index of endothelial function (EFI), defined as

the ratio between FVR during SNP and MCh infusions, can be seen in C.

** p< 0.01

FVR during SNP infusion
(mmHg/ml/min/100 ml tissue)

Baseline MAT COP
0.0

2.5

5.0

7.5

**

FVR during MCh infusion
(mmHg/ml/min/100 ml tissue)

Baseline MAT COP
0.0

2.5

5.0

7.5

** **

A

B

Index of endothelial function

Baseline MAT COP
0.0

0.5

1.0

1.5

**
C
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Ghiadoni and colleagues have shown that a mentally stressful event attenuated

flow-mediated vasodilation in the brachial artery assessed by the ultrasound

technique 89. Skantze and colleagues have shown that monkeys which were

exposed to psychosocial stress had significantly more injured endothelial cells

than non-exposed controls 90. This effect could be inhibited by beta-blockade.

In conclusion, these three studies all indicate that mental stress could impair

endothelial function. This is however opposed by Harris and colleagues, who

suggest that mental stress improves flow-mediated vasodilation 91.
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AIMS OF THE STUDIES

I.  To investigate the effects of alpha-blockade (phentolamine), beta-

blockade (propranolol), neuropeptide Y1-receptor blockade and

neurogenic blockade (brachial plexus) on endothelium-dependent

vasodilation in the human forearm.

II.  To investigate if the impairment in endothelium-dependent

vasodilation induced by mental stress can be blocked by alpha-

blockade (phentolamine), beta-receptor blockade (propranolol) or

neurogenic blockade (brachial plexus).

III.  To investigate how epinephrine and norepinephrine affect

endothelium-dependent vasodilation.

IV.  To evaluate how mental stress test and cold pressor test influence

flow-mediated vasodilation of the brachial artery.
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METHODS

Subjects

All subjects were recruited from the student population of Uppsala University

except for 12 subjects in study I who were recruited by AstraZeneca in

Göteborg. All participants were healthy and none were taking any regular

medication or had a history of any disease known to affect the cardiovascular

system, for details see table 3. Some of the subjects participated in more than

one study. To participate in study IV, the subjects had to have FMD ≥ 5%. All

subjects gave informed consent and the study was approved by the local Ethics

Committees of Uppsala (study I-IV) and Göteborg (study I).

Table 3. Numbers of subjects participating in the different studies, distribution

male/female, mean age and body mass index (BMI).

Study I Study II Study III Study IV

Number 44 31 25 18

Male/Female 28/16 17/14 14/11 10/8

Age (years±SD) 23 ± 2 23 ± 2 24 ± 3 22 ± 2

BMI (kg/m2±SD) 22.2 ± 1.6 22.0 ± 1.8 22.7 ± 2.8 22.7 ± 1.4

Study protocols

Blood pressure and heart rate were measured in all studies at baseline and

during the different interventions. In studies II and IV, measurements of

 cardiac index were added, and in study II total peripheral resistance index was

also calculated.
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In study I, FBF, EDV and EIDV were evaluated at baseline and during α-

blockade (n=8), β-blockade (n=7), NPY1-blockade (n=12), brachial plexus

blockade (n=11) or saline (n=6) in different groups of subjects. See below.

In study II , endothelial function was evaluated at baseline and during mental

stress (MAT) together with α-blockade (n=8), β-blockade (n=7), brachial

plexus blockade (n=8) or no blockade (n=8) in different groups of subjects. See

below.

In study III , endothelial function was evaluated at baseline and during three

dosages of E or NE. The effects of E and NE on resting FBF were also

evaluated. See below.

In study IV, flow mediated vasodilation (FMD) was evaluated at baseline and

during MAT and COP. See below.

EDV

EDV

EIDV BLOCKADES OR SALINE

EIDV

Time

EDV EIDV BLOCKADES / NO BLOCKADE

EDV+ MAT EIDV+ MAT

Time

EDV×3 EIDV×3

E / NE

3 dosages

EDV × 3

E / NE

3 dosages

E / NE

3 dosages

FBF × 3EIDV×3

Time

FMD FMD + MAT FMD + COP

Time
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Venous occlusion plethysmography (studies I-III)

The subjects were supine in a temperature controlled room. Forearm blood

flow (FBF) was measured by venous occlusion plethysmography. A mercury

in-silastic strain gauge was placed at the upper third of the forearm, which

rested comfortably slightly above the level of the heart. The strain gauge was

coupled to a calibrated pletysmograph (Elektromedicin, Kullavik, Sweden). For

each measurement, a cuff placed around the upper arm was inflated to 40

mmHg with a rapid cuff inflator to occlude venous outflow from the extremity.

The inflations lasted for about 7 sec with a 7 sec deflation between.

Determinations of FBF were made by the mean of five consecutive recordings.

See figure 2.

Figure 2. Schematic drawing of venous occlusion plethysmography with

cannulation of the brachial artery.

During the venous occlusion plethysmography, no supra-systolic wrist cuff to

exclude the circulation of the hand was used. Own previous studies showed no

difference in FBF readings weather such a wrist cuff was used or not.
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Therefore, considering that using the wrist cuff could be quite painful for the

subject and thereby induce stress, we chose not to use it 71.

Evaluation of EDV and EIDV (studies I-III)

An arterial cannula (20G/1.0 mm*45 mm, Ohmeda, Swindon, UK) was

inserted into the brachial artery of one arm for regional infusions (figure 2),

while the contra-lateral arm served as a control. After cannulation, the subject

rested for 30 minutes before the infusions started. Endothelium-dependent

vasodilation (EDV) was induced by infusing methacholine (MCh) into the

brachial artery catheter and endothelium-independent vasodilation (EIDV) was

induced by infusing the NO donor sodium nitroprusside (SNP). MCh and SNP

were given in a random order during 5 min for each dose (2 and 4 µg/min for

MCh and 5 and 10 µg/min for SNP) with a 15 min washout period between the

two drugs. FBF was measured with venous occlusion plethysmography at

baseline and at the end of each dose of MCh and SNP (figure 2). The infusion

rates were 0.5 ml/min and 1.0 ml/min. Previous studies have shown these

infusion rates and drug dosages not to induce any alterations in systemic

hemodynamics or in blood flow in the contra-lateral arm.

This method for evaluating the short-term (2 hours) and long-term (3 weeks)

reproducibility of EDV and EIDV have previously been shown to be reliable,

with a coefficient of variation between 5 and 7% 71. MCh has previously has

been suggested to be a more proper pharmacological tool than acetylcholine to

evaluate endothelium dependent vasodilation and MCh in this model has been

shown to increase the release of NO breakdown products (nitrite and nitrate)

more than ten-fold in healthy volunteers 77, 92.
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Endothelial function index (studies I-II)

The rationale to measure both EDV and EIDV, is to evaluate the endothelial

NO-pathway in correlation to the how well the VSMC can relax in response to

NO. Otherwise, a low EDV might depend on either a low NO-production from

the endothelium or a low ability to vasodilate in response to NO. Therefore, an

endothelial function index (EFI) (the MCh to SNP ratio) was used. EFI has

been used as a valuable complement to EDV and EIDV in several papers from

our research group 88, 93, 94.

Blockades (studies I-II)

•  Alpha-blockade was induced locally in the forearm by infusing

phentolamine (1 µg/min) into the arterial cannula in the experimental

arm.

•  Beta-blockade was induced by propranolol infusion (0.02 mg/min) in a

similar manner.

•  NPY1-receptor blockade was induced by the experimental drug

H409/22, provided by AstraZeneca R&D Mölndal, given as a systemic

intra-venous infusion (6.7 µg/kg/min).

•  Neurogenic blockade of the experimental arm was induced by the

administration of an axillary plexus blockade.

The infusions were given in the arterial cannula at a rate of 0.5 ml/min for 30

min (phentolamine), 60 min (propranolol) or 60 min i.v. (NPY1-antagonist)

before and continued during repeated evaluation of resting FBF, EDV and

EIDV. The infused dosages were chosen not to affect systemic blood pressure

or heart rate. In pilot studies, we found that the effect of locally given

phentolamine appeared within minutes and therefore a 30 min infusion was

considered sufficient. It had also been shown in pilot studies that the NPY1-

receptor antagonist H409/22 could block the effect of NPY-infusion at the



21

given dosage. The brachial plexus was blocked by injections of a local

anaesthetic drug (40 ml mepivacain) inside the sheet surrounding the plexus.

These injections were performed by an anaesthetist experienced in this

technique and the axillary approach was used 95. The validity of the plexus

blockade was evaluated by means of testing for the absence of perception of

pain and cold, as well as for complete motor blockade in the arm before and

after evaluations of forearm blood flow.

Plasma catecholamine measurements (study III)

A cannula was inserted in an antecubital vein in the same arm as the arterial

cannula. From this, blood samples were taken and plasma catecholamines were

analysed by routine service at the Department of Clinical Chemistry, University

Hospital of Uppsala. An HPLC method slightly modified from Hjemdahl et al

and Boomsma et al was used 96, 97. The total imprecision of the method,

expressed as coefficient of variation is 5,8% for norepinephrine and 8.3% for

epinephrine.

The brachial artery ultrasound technique (study IV)

The brachial artery was assessed by external B-mode ultrasound imaging

2–3 cm above the elbow (Acuson, equipped with a 7.5 MHz linear transducer,

Acuson Mountain View, California, USA). Depths and gains settings were

optimised to identify the lumen to vessel wall interface and were kept constant

during each study. Images were magnified with a resolution box function in

order to achieve a high resolution. The subject rested in the supine position in a

temperature controlled room for at least fifteen minutes before the first scan

and throughout the evaluation. Blood flow increase was induced by inflation of

a pneumatic cuff placed around the forearm for five minutes at a pressure of

300 mm Hg; the artery was scanned continuously for 90 seconds after cuff

deflation. Vessel diameter was measured before cuff inflation and at the
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maximal diameter obtained 45 – 90 seconds after cuff release. The brachial

artery diameters were recorded on a super-VHS videotape during the

procedures and analysed at a later occasion in a blinded fashion. The mean

diameter was calculated from three to four cardiac cycles incident with the R-

wave on the ECG. See figure 3.

The coefficient of variation for repeated measurements of brachial artery

diameter at rest performed in another sample of similar young, healthy subjects

at different days was 3.5%. However the coefficient of variation for FMD

measurement when repeated after 2 hours was considerably higher, 29% 92.

Figure 3. Schematic drawing of the ultrasound technique, with the probe

placed on the brachial artery proximal to the point of occlusion.

Brachial artery blood flow was calculated by multiplying the brachial artery

cross-sectional area with heart rate and the flow-velocity integral (FVI)

measured by Doppler. The mean FVI was calculated from three to four cardiac

cycles. A 60 degree angle correction was applied for blood flow measurements.
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When hyperemic blood flow was calculated, FVI was measured immediately

after cuff release.

Stress tests (studies II and IV)

Mental arithmetic stress test (MAT) was performed as follows: The subjects

were instructed to subtract 13 or 17 from a three-digit number as quickly and as

accurately as possible during 5 min. During this test the subjects were

intentionally frustrated by being corrected frequently and by noisy music.

The cold pressor test (COP) was performed by immersing one foot in ice-cold

water during 5 min.

Hemodynamic monitoring

Blood pressure (BP) was monitored by an automatic device (OMRON® HEM

705C, Tokyo, Japan). Mean arterial pressure (MAP) was calculated as pulse

pressure divided by three added to the diastolic blood pressure. Cardiac output

and heart rate (HR) were measured by a thoracic bioimpedance-cardiograph

(BoMed NCCOM  3, Cardiodynamic Monitor, Irvine, CA, USA) 98.

Cardiac output was divided by body surface to obtained cardiac index (CI).

Total peripheral resistance index (TPRI) was obtained by the formula:

80×(MAP-3)/CI. In this equation the central venous pressure was regarded to

be 3 mmHg in all subjects. Forearm vascular resistance (FVR) was calculated

as MAP divided by FBF. FVR, rather than FBF, was used in study II for the

evaluation of EDV and EIDV, as it is more appropriate to use FVR where

variations in blood pressure occur during interventions. Since an acute increase

in blood pressure can, in itself, induce profound effects on blood flow,

calculations of EDV and EIDV based on FBF cause false the degrees of

vasodilation if blood pressure is altered during the protocol.
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Statistical analysis

The effects of the different interventions in study I-III were calculated by

ANOVA for repeated measurements with two-tailed p< 0.05 regarded as

significant (StatView 5.0 programme package, SAS Incorporation, Cary, NC,

USA). The same statistical analysis was used in study IV, with the addition of

Bonferroni post hoc-test. The variance is expressed as standard deviation (SD)

in the text and tables and standard error of the mean (SEM) in figures.

RESULTS AND DISCUSSION

The results from the studies will be presented separately followed by the

discussion written in italics.

Study I. Effects of blockade of _- and _-adrenoceptors and Neuropeptide

Y1 receptors, as well as brachial plexus blockade, on endothelium-

dependent vasodilation in the human forearm

Alpha-blockade induced a significant increase in resting FBF, EDV and EIDV

in a dose-dependent manner, but no significant interaction between the

blockade and the response to MCh or SNP was seen. Consequently, EFI was

not affected by alpha-blockade. A similar pattern was found during brachial

plexus blockade, with no changes in EFI. Beta-blockade on the other hand,

significantly impaired EDV while EIDV was unaffected, thereby causing a

significant depression in EFI. Neither the NPY1-receptor antagonist nor the

control infusion of saline induced any significant changes in EDV, EIDV or

EFI. See figure 4 for EFI data.

None of the blockades affected MAP or HR significantly and no change in FBF

was seen in the contra-lateral arm that served as a control during the blockades.
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Figure 4. Endothelial function index at baseline and during different

blockades.

None of the blockades affected MAP or HR significantly and no change in FBF

was seen in the contra-lateral arm that served as a control during the blockades.

The present study showed that blockade of different adrenergic receptors or the

NPY1-receptor affected the endothelial vasodilatory function in different ways.

The vasomotor tone in the resting human forearm is mainly maintained by a

constant firing of sympathetic nervous fibres, releasing NE to the blood vessels

and causing them to be partially contracted 99. NE mainly acts on the alpha-

receptors of the vascular smooth muscle to cause vasoconstriction. The adrenal

medullae releases both E and NE to the circulating blood, but in the resting

state the contribution of circulating catecholamines to vasomotor tone

probably plays a minor role.

Phentolamine prevents activation of both presynaptic α2-adrenoceptors and

post-synaptic α1-adrenoceptors by circulating or neurally released

catecholamines, an activation that normally induces vasoconstriction. When

arteries are studied in vitro, usually NA or the selective α-adrenoceptor

agonist phenylephrine are used to induce vasoconstriction thought to be

endothelium-independent; it is therefore easy to understand that an α-

adrenoceptor antagonist has the opposite effect in the human forearm with a

0

, 2

, 4

, 6

, 8

1

1 , 2

1 , 4

1 , 6

EFI baseline EFI blockade

control

NPY1-blockade

plexus blockade

beta-blockade

alpha-blockade

Endothelial Function Index (EFI)



26

normally tonic activation of α-adrenoceptors 100, 101. In the present study, α-

adrenoceptor blockade caused general vasodilation in the forearm that was not

endothelium dependent, with similar effects on both EDV and EIDV.

Propranolol, a non selective β-blocker attenuated EFI, as previously reported

102. These findings are supported by studies where non-selective β-receptor

agonists induced vasodilation in the human forearm that could be blunted by

co-infusion of the endothelial NO-synthase inhibitor L-NMMA 103. It has also

been shown that β-adrenergic receptor activation stimulates NO formation by

increasing the cAMP concentration in the endothelium 104. Our previous

finding that no attenuation in EDV was seen during infusion of a selective β1-

receptor antagonist, support the idea that the β2- receptor is responsible for the

effect on EDV 102.

During the axillary plexus blockade, the nerve signals to both α- and β-

receptors are blocked. As this neurogenic blockade causes a general

vasodilation in the forearm, neural activation of theα -receptors dominates in

the resting state 105. The effect of neurogenic blockade on EDV and EIDV are

comparable with the effect of locally administered labetalol, a combined α-

and β-blocker, where the vasodilative α-effect dominated in a previous study

from our research group 102. A cholinergic sympathetic pathway in the arm

has also been demonstrated 106, 107. However, as no impairment in EDV was

seen during neurogenic blockade, this pathway does not seem to be activated in

the resting state.

Experimental data suggests that NPY plays an important role to raise blood

pressure during major stressful conditions, such as strenuous exercise or

painful stress 99. However this study showed no effect of NPY1-receptor

blockade on resting FBFor EFI in healthy young volunteers during resting
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conditions. It is possible that NPY only has haemodynamic relevance during

conditions of major stress.

In conclusion, this study showed that whileβ -blockade impaired EFI, α-

blockade and neurogenic blockade caused a general vasodilation not being

endothelium-dependent. NPY did not seem to influence blood flow in the

resting forearm.

Study II: Mental stress impaires endothelial vasodilatory function by a

beta-adrenergic mechanism

There were significant increments in MAP, HR and CI during MAT compared

to baseline measurements in all groups, with no significant changes between

the interventions. A slight, but not significant increase in FBF in the control

arm, in parallel with a slight, but not significant decrease in TPRI were seen

(table 4).

Table 4. Hemodynamic characteristics at baseline and during mental

stress.MAP = mean arterial pressure (mmHg), HR = heart rate (beats/min), CI

= cardiac index (l/min/m2), TPRI = total peripheral resistance index

(dynes×s×m2/cm5), FBF-c = forearm blood flow in the control arm (ml/min/100

ml tissue). Means ± SD are given. *** = p<0.001

Baseline Stress

MAP 86 ± 8 91 ± 9 ***

HR 63 ± 12 76 ± 12 ***

CI 3.7 ± 0.9 7.1 ± 0.9 ***

TPRI 1888 ± 422 1794 ± 344

FBF-c 4.0 ± 1.8 4.2 ± 2.0
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Propranolol infusion did not affect resting FBF, while both plexus blockade

and locally given alpha-blockade increased resting FBF significantly before the

mental stress was performed.

In the subjects who did not receive any blockade, MAT induced a significant

increase in FVR during MCh infusion, but FVR during SNP was not

significantly changed. Consequently, EFI decreased significantly during MAT

in this group. This attenuation of EFI induced by MAT was blocked by

propranolol and brachial plexus blockade, but not by phentolamine. During

alpha-blockade we still found a significant decrease in EFI induced by MAT.

See figure 5.

In the control protocol in which saline was infused i.a. without any stress tests,

no changes in resting FBF, EDV, EIDV or EFI were seen.

Figure 5. Endothelial function index at baseline and during different blockades

together with mental stress.

The present study demonstrates that the impairment in EDV induced by MAT

could be blocked byβ -blockade and neurogenic blockade, but not by α-

blockade, indicating that mental stress impairs endothelial function by a β-

adrenergic mechanism.
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MAT is known to increase the circulating levels of catecholamines, especially

epinephrine, which mainly stimulates β2-receptors in the forearm. The increase

in FBF seen during MAT has been shown to be NO-dependent and could be

blocked with L-NMMA 108. Propranolol, which induces a combined β1- and

β2-receptor blockade, has been shown to impair EDV in healthy individuals

109. It was therefore, in some aspects, a paradoxical finding that propranolol

in combination with MAT normalised EDV in this study. On the other hand, we

have previously shown that the β1-selective blocker atenolol improved EDV in

the resting state when given locally in the forearm, suggesting that β1-receptors

might be involved in the regulation of EDV peripheral arteries 102. Another

possible explanation to the observed effect of MAT could be that MAT, except

from epinephrine, also increases a number of other hormones involved in the

stress response and that some of these mediators might affect EDV.

Furthermore, a number of metabolic events that might effect EDV are also

initiated by MAT. A putative agent in this respect is the fatty acid oleic acid,

which rapidly could be released by epinephrine-induced lipolysis from

triglyceride stores in the tissues. This fatty acid has been shown to impair

endothelial NO-synthase in the experimental setting and to be inversely related

to EFI in a population study 110. Furthermore, a modest rise in circulating

glucose levels during MAT might attenuate EDV; this has been shown in

laboratory studies and in a population study 111, 112.

α-blockade by phentolamine did not effect the impairment in EFI caused by

MAT, suggesting thatα-receptors are not involved in these events. Nervous

blockade in the arm, however, blunted the impairment in EFI. Since

vasodilatory, as well as vasoconstrictor fibres are present in the efferent nerves

of the arm, it is hard to tell exactly by which mechanism nerve blockade could

interfere with the effect of MAT on EFI.



30

In the present study both phentolamine and neurogenic blockade induced an

increase in resting FBF that theoretically could alter the responses to MCh and

SNP. We have previously shown that local α-receptor blockade increases

resting FBF and causes a similar increase in both EDV and EIDV 102.

However no effect on the EFI was seen, as this index of endothelial

vasodilatory function does not include resting FBF (or FVR) in its calculation.

Furthermore, in a population study, resting FBF was not a determinant of EFI

71. Our own pilot studies using i.a. saline infusions at high rates to increase

FBF did not effect EFI, showing that an increase in resting FBF, as induced by

some of the blockades in the present study, does not explain the present results

regarding EFI.

The hemodynamic response to MAT was greater in other similar studies,

suggesting that the sympathetic activation in the present study was smaller.

This might explain why we could only see a tendency towards increased FBF in

the control arm, which otherwise has been shown to increase significantly.

However, despite this rather modest sympathetic activation, we could show a

significant impairment in EFI which propranolol was able to block.

In conclusion, the impairment of endothelial vasodilatory function induced by

mental stress could be blocked by beta-adrenergic, but not by alpha-adrenergic

receptor blockade.

Study III: Effects of Epinephrine and Norepinephrine on Endothelium-

Dependent Vasodilation

As expected, local infusion of E increased FBF significantly in a dose-

dependent manner, while FBF in the contra-lateral control arm was unaffected.

NE, on the other hand, significantly reduced FBF while not affecting the

contra-lateral arm (figure 6).
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Figure 6. Forearm blood flow (FBF) during three dosages of intra-arterial

infusion of either epinephrine (A) or norepinephrine (B). Each dose was given

for seven minutes. Also FBF in the contra-lateral arm is given. Means ± SEM

are given.

The local plasma level of E and NE was increased dose-dependently, from

0.1±0.1 to 4.5±1.4 µg/min at the highest dose of E and from 1.5±0.4 to

50.5±14.8 µg/min at the highest dose of NE. E significantly increased both

EDV and EIDV in a dose-dependent fashion (figure 7). Propranolol totally

blocked the FBF responses to E, while atenolol only partly blocked these

effects of E. NE significantly decreased both EDV and EIDV (figure 8) and

phentolamine could block these effects of NE.
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Figure 7. Forearm blood flow (FBF) during intra-arterial infusion of

metacholine (MCh, A) or sodium nitroprusside (SNP, B) with or without

concomitant infusion of three dosages of epinephrine (p< 0.05 for change in

FBF during both MCh and SNP experiment). Each dosage was given for seven

minutes. Means ± SEM are given.
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Figure 8. Forearm blood flow (FBF) during intra-arterial infusion of

metacholine (MCh, A) or sodium nitroprusside (SNP, B) with or without

concomitant infusion of three dosages of norepinephrine (p< 0.001 for change

in FBF during both MCh and SNP experiment). Each dosage was given for

seven minutes. Means ± SEM are given.

The time-control protocol showed no difference in response between the first

and second periods of infusion of MCh and SNP.
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We were interested in the effect of the cathecholamines on the endothelium,

since this might explain why MAT impairs endothelial function while COP does

not. MAT is known to increase mainly E while COP increases mainly NE 52.

The present study demonstrated that E, as well as NE, affects both EDV and

EIDV. This leads us to believe that E and NE affected FBF through other

mechanisms than the NO-pathway.

With NE, this was an expected finding since NE frequently is used as a

vasoconstrictor in in-vitro studies of arteries, an action considered to be

endothelium-independent 100, 101. This action of NE is rather considered to be

due to the α-agonist properties of NE resulting in vasoconstriction due to

direct stimulation of α-receptors on vascular smooth muscle in the median

layer. Thus, the finding in the present study that NE impaired both EDV and

EIDV fit well with previous data from our research group showing that COP

impaired both EDV and EIDV88.

However, the present findings cannot explain why MAT impairs endothelium

function, as E enhanced both EDV and EIDV, rather than affecting only EDV

as we previously found during MAT. During i.a. infusions of E, the venous

plasma E levels were higher than previously reported during MAT 113.

Perhaps these supra-physiological catecholamine levels do not properly

answer our question on how the elevated levels of E during stress affect the

endothelium.

Apart from elevated levels of E, MAT is also known to increase a number of

other hormones involved in the stress response that might affect EDV, such as

cortisol, vasopressin and others. A number of metabolic events that might affect

EDV are also initiated by MAT, as described in study II.
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In conclusion, local infusions of E and NE in the human forearm induced

vasodilation and vasoconstriction, respectively. Since both EDV and EIDV

were affected by both E and NE, the two catecholamines do not seem to affect

vascular tone by an endothelium-specific mechanism.

Study IV: The effects of mental stress and the cold pressure test on flow-

mediated vasodilation

A significant reduction in FMD was obtained during COP, but not during

MAT, compared to resting FMD (figure 9). Brachial artery blood flow (BABF)

increased more than 3-fold during hyperemia. When MAT was performed a

further increase in hyperemic BABF was seen, but not during COP (figure 10).

Mean arterial pressure was increased by the two stressful interventions. Heart

rate and cardiac index also increased, but mainly during MAT (table 5). It

could also be seen that these haemodynamic variables did not change during

the phase of hyperaemia following five minutes of occlusion of the forearm

circulation compared to resting levels, showing that discomfort of the cuff did

not effect hemodynamics in any major way.

Figure 9. Flow-mediated vasodilation at rest and during the mental stress and

cold pressor test. Means± SEM are given.
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Figure 10. Brachial artery blood flow during hyperemia at rest and during the

mental stress and cold pressor test. Means± SEM are given.

When FMD was normalised for hyperemic brachial artery blood flow (FMD to

brachial artery blood flow ratio), a significant reduction in this ratio was seen

during both MAT and COP (figure 11). Similar results were obtained when the

change in brachial artery blood flow was used instead of the absolute number.

Figure 11. Flow-mediated vasodilation (FMD) normalised for brachial artery

blood flow (%/ml/min) at rest and during the mental stress and cold pressor

test. Means± SEM are given.
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Table 5. Effects of hyperemia on systolic and diastolic blood pressure (SBP

and DBP), heart rate (HR), cardiac index (CI) at rest and during five minutes of

a mental arithmetic task and five minutes of the cold pressure test. Means ± SD

are given.

Baseline During MAT COP p-value

hyperemia

SBP 112±12 111±10 111±10 130±10 0.0001

DBP 64±5 66±6 84±12 79±7 0.0001

HR 60±7 60±7 80±14 65±11 0.0001

CI 3.6±0.5 4.0±0.7 4.7±0.9 3.8±0.7 0.002

During the time-control protocol no relevant changes in blood pressure, heart

rate or CI were seen. Neither did brachial artery blood flow or FMD change

during the control protocol.

The second control protocol evaluating the effects of MAT and COP on

brachial artery diameter and blood flow without application of the forearm cuff

showed that none of these two stressful events induced any major change in

brachial artery diameter. Brachial artery blood flow tended to increase during

MAT, while the opposite was seen during COP.

The present study showed that the cold pressure-test acutely impaired FMD in

the brachial artery, while no effect was induced by a mental arithmetic task on

this variable reflecting arterial vasoreactivity. However, when normalised for

brachial artery blood flow, the major stimulus for FMD, a reduction in arterial

vasoreactivity was induced by both MAT and COP.

The COP is a painful stressor event that elevates blood pressure mainly by

means of peripheral vasoconstriction 50. Also in our study an increase in total

peripheral resistance was seen during the COP, as blood pressure increased
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substantially without any major change in cardiac index. Thus, it seems logical

that vasodilation caused by hyperaemia is impaired during the cold pressure-

test since in this study it was opposed by a powerful vasoconstrictor. This

finding fits into clinical practice since it is well known that a sudden change to

a colder temperature can evoke angina pectoris in coronary heart disease

patients. It also agrees with the findings in a recently published study showing

that both acetylcholine-mediated vasodilation in the coronary arteries, as well

as the coronary response to cold pressure, could predict future coronary events

87. As previously shown by Sarabi and Lind, using the invasive forearm

technique with muscarinic receptor stimulation, the cold pressure test opposed

both endothelial-dependent and independent vasodilation 88.

Divergent responses of MAT on FMD have now been reported. In the present

study no significant effect of MAT on FMD was seen. This is in contrast with

the 66 % increase in FMD found during mental stress in a previously published

study, using the same technique to evaluate endothelial-dependent vasodilation

91. Both of these results are also in sharp contrast to what we previously

obtained with a similar mental stress protocol, but with the use of an infusion

of a muscarinic receptor agonist in the forearm in order to evaluate

endothelium-dependent vasodilation instead of FMD 88. Furthermore, another

recent study using FMD to evaluate endothelial function found FMD still

reduced at least 90 minutes following a stressful procedure 89. In the latter

study the acute effects of the stressful episode were not evaluated.

A part of the discrepant findings regarding the influence of mental stress on

endothelium-dependent vasodilation might be due to the fact that mental stress

increases limb blood flow, as previously shown by measurements with venous

occlusion plethysmography 114, 115, as well as with ultrasound in the second

control protocol in the present study. It was shown in our study that mental

stress also increased brachial artery hyperemic blood flow following release of

the forearm occlusion. Since the basic concept of this method is that the early
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hyperemic blood flow induces vasodilation of the brachial artery by an

increased production of NO due to increased shear stress, it seems logical to

normalise FMD for brachial artery blood flow in intervention studies in which

blood flow is substantially altered. Thus, using this approach it was found that

FMD was reduced by mental stress when normalised for brachial artery blood

flow, a result agreeing with our previous finding using infusion of a muscarinic

receptor agonist in the forearm in order to evaluate endothelium-dependent

vasodilation. In the previous cited study, where FMD was found to increase

during mental stress, no measurements of brachial artery blood flow were

presented 91.

The control protocols told us that that the evaluation of FMD could be

repeated at least three times with half an hour of rest between with almost

identical results verifying that this method is applicable in the experimental

protocol used in the present study. Furthermore, it was shown that MAT and

COP by themselves did not alter brachial artery diameter to any important

degree. This is essential in intervention studies such as ours as the brachial

artery diameter plays a major role in the calculation of FMD. Thus, the

increase in brachial artery blood flow seen during MAT is likely to be due to

vasodilation in smaller arteries than the brachial artery.

The mechanisms behind the impairments in FMD induced by the two stressful

tests are not known. However, as catecholamine release is a major feature

during these tests and our experimental studies have shown that beta- and

alpha-adrenegic receptors participates in the regulation of endothelial

vasodilatory function 102, it seems likely that catecholamines play a role for

the observations made in the present study.

A limitation of the present study is that the effects of stress on endothelium-

independent vasodilation were not studied. This involves systemically given

nitroglycerine and it was not possible to wait for the return to baseline of



40

hemodynamic variables following three different exposures of nitroglycerine.

During such a prolonged protocol probably lasting for the whole day effects of

feeding and the natural diurnal rythm of FMD, the interpretation of the results

would be complicated 116, 117. Thus, we cannot say if the results obtained in

the present study is an effect exclusively on the endothelium. Our experience

with the invasive forearm technique, by which no prolonged protocol for the

evaluation of endothelium-independent vasodilation is needed, showed that

COP, but not MAT, also induced an impairment also in endothelium-

independent vasodilation 88.

In conclusion, cold pressure stress induced an impairment in FMD, but no

effect was induced by a mental arithmetic task. However, when FMD was

normalised for the degree of hyperemic blood flow, the driver of the

vasodilation in the brachial artery, a reduction in FMD was seen during both

mental and cold pressure stress.

GENERAL DISCUSSION

It has been shown that mental stress opposes endothelial function in young

healthy subjects, whereas cold pressor test gave a general vasoconstriction but

was not endothelium dependent 88. It seems unlikely that this opposition of

EDV caused by a short duration of mental stress results in any major harm in

young healthy subjects, as it is a part of the normal defence reaction. However,

during development of atherosclerosis, a condition that in itself impairs EDV

23, a further opposition of EDV might be a mechanism whereby mental stress

could cause myocardial ischemia in subjects with CHD. This is supported by

the findings that mental stress leads to vasoconstriction in atherosclerotic

coronary arteries, which is correlated to endothelium-dependent vasodilation.

Sherwood and colleagues also found that the systemic vascular resistance

response to mental stress was significantly greater for subjects with an
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impaired response to flow-mediated vasodilation, providing a link between

EDV and systemic hemodynamics 118.

Investigating the catecholamines and their receptors, we found no explanation

as to why mental stress should differ from cold pressor test when it comes to

endothelial vasodilatory function. Perhaps the known metabolic changes caused

by mental stress could explain some of these differences, such as epinephrine

induced lipolysis release of the oleic acid, or a rise in circulating glucose levels.

All of these factors are known to attenuate EDV. Mental stress also increases a

number of other hormones involved in the stress response and that some of

these mediators might affect EDV.

However, beta-blockade and plexus blockade was able to block the effect of

mental stress on EDV, indicating that this opposition is mediated through beta-

adrenoreceptors. This finding is supported by the study in monkeys by Skantze

and colleagues, where the endothelial damage caused by mental stress could be

prevented by beta-blockade 90. It is well known from clinical trials that beta-

blockade reduces mortality in patients with myocardial infarction 119, 120.

However, if this relates to the positive effects of beta-blockade on EDV during

stressful conditions remains to be investigated.

In this thesis two different methods to evaluate endothelial function were used:

venous occlusion plethysmography, evaluating EDV (the forearm model), and

the ultrasound technique, evaluating FMD. These methods are however not

comparable and a study from our research group has found no correlation

between FMD and EDV in young healthy subjects 92. In the forearm model,

the forearm is regarded as one compartment and the blood flow measured is

that of the whole arm, comprising muscles, adiposal-tissue and skin. The main

part of the blood flow measured relates to the resistance vessels, in contrast to

the ultrasonographic model, where the degree of diameter change is measured

in the brachial artery, a conduit artery.
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One of the advantages with the forearm model is that since an arterial cannula

is inserted it can be used to administer drugs in low dosages, thereby affecting

the arm without changing central hemodynamics such as blood pressure or

heart rate. Another advantage of the forearm model is the high reproducibility,

as described in the methods section.

The ultrasound technique has the advantage of being non-invasive. To measure

the endothelial function as FMD, no drug administration is required; this makes

it easier to examine endothelial function in children or pregnant women. On the

other hand, if FMD is to be compared to endothelial-independent vasodilation,

the nitroglycerine must be given systemically. The reproducibility of the

ultrasound technique is however not as good as the forearm technique.

The two techniques mentioned above both evaluate endothelial function in the

human forearm. Why study the arm when we are interested in the coronary

arteries and their endothelial function? The main reason is that the arm is a

much more accessible organ than the heart. Many studies have been performed

directly on coronary arteries, but they are more time consuming and must be

carried out during coronary artery catheterizations needed for clinical diagnoses

in chest pain patients. There are few manifestations of atherosclerotic disease in

the arms. However Sorensen and colleagues have shown that atherosclerosis is

also common in the human brachial artery, although the degree of stenosis is

mild and correlated to both coronary and carotid disease 121. Anderson and

colleagues have shown a close relation between coronary artery endothelium-

dependent vasomotor responses to acetylcholine and FMD in the brachial

artery in humans 122; Hirooka and colleagues found a similar correlation using

the forearm model 123. These data suggest that measurements of endothelial

function in the arm can be used as a surrogate for measurements in the

coronary arteries.
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GENERAL SUMMARY

•  β-adrenoceptor blockade impaired endothelium-dependent vasodilation

(EDV) while α-adrenoceptor blockade and neurogenic blockade caused

a general vasodilation that was not endothelium dependent.

Neuropeptide Y did not seem to influence blood flow in the resting

forearm.

•  The impairment of EDV induced by mental stress could be blocked by

β-adrenergic, but not α-adrenergic receptor blockade.

•  Local infusions of E and NE in the human forearm induced vasodilation

and vasoconstriction, respectively. Since both EDV and endothelium-

independent vasodilation (EIDV) were affected by both epinephrine and

norepinephrine, these two catecholamines do not seem to affect vascular

tone by an endothelium-specific mechanism.

•  Cold pressure stress induced an impairment in flow mediated

vasodilation (FMD), but no effect was induced by a mental arithmetic

task. However, when FMD was normalised for the degree of hyperemic

blood flow, a reduction in flow-mediated vasodilation was seen during

both mental and cold pressure stress.
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