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“Urgent need to increase knowledge about normal aging is often not 

experienced by scientists until they approach retirement.” 

Bjorn Folkow 
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ABBREVIATIONS 

BK channel - large activated Ca2+-activated K+ channel 

CA - carotid artery 

CaD – caldesmon 

CaM – calmodulin (calcium-modulated protein) 

cAMP – cyclic adenosine monophosphate 

CPI-17 - C-kinase potentiated protein phosphatase-1 inhibitor 

DAG - diacylglycerol 

ECM – extracellular matrix 

IP3 – inositol triphosphate 

KATP - ATP-sensitive K+ channels 

KCl – potassium chloride 

MABP – mean arterial blood pressure (blood pressure) 

MLCK – myosin light chain kinase 

MLCP – myosin light chain phosphorylase 

NE - norepinephrine 

PAC1R - PACAP type I receptor 

PACAP - pituitary adenylate cyclase-activating polypeptide 

PACAP+/+ - rat with functional PACAP gene (wild type) 

PACAP1-38 - pituitary adenylate cyclase activating polypeptide, composed of 38 aminoacids 

PACAP6-38 – non-specific PAC1R antagonist 

PKA – protein kinase A 
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PKC – protein kinase C 

PLB – phospholamban 

PLC – phospholipase C 

RyRs - ryanodine receptors on the sarcoplasmic reticulum 

SARCA - sarcoplasmic reticulum calcium-ATPase 

SEM – standard error of mean 

SMC - smooth muscle cell 

SNP - sodium nitroprusside 

SR - sarcoplasmic reticulum 

STOCs - spontaneous transient outward currents 

VDCC - voltage-dependent calcium channels 

VPAC1R - vasoactive intestinal polypeptide receptor 1 

VPAC2R – vasoactive intestinal polypeptide receptor 2 

Wall/lumen - wall-to-lumen ratio 

WHO - world health organization 

BNP - brain natriuretic peptides 

MMA – middle meningeal artery 

H&A – hematoxilyn eosin 

CNS – central nervous system 

SMt – smooth muscle thickness 
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1. INTRODUCTION 

The circulatory system is essential to maintain the supply of oxygen and nutrition to the 

organs and tissues. Because from birth the organisms are growing and changing their shape from 

the beginning to the end of life, blood circulation is also constantly undergoing changes in order to 

adapt to the changes in environment and to fulfill its role (118). In human life, several stages can 

be distinguished, such as infant, child, adult and old age in which the adaptation of the circulatory 

system to physiological circumstances can be revealed (86). During maturation and aging 

hemodynamic forces are responsible for maintaining blood circulation in constantly changing 

conditions, to which the cardiovascular system adapts (8). 

With advancing technology and medicine, average lifespan is extended from a mean of 47 

years in 1960 to a mean of 70 years in 2010 (world’s average), and it is further increasing. In 2015, 

data reported by World Health Organization (WHO) showed that cardiovascular diseases are the 

most prevalent diseases, especially hypertension. Understanding biochemical and molecular 

processes during aging will allow us to develop prevention and treatments to delay aging-induced 

diseases of the cardiovascular system (16, 129). 

It is of note that maturation and aging elicit substantial morphological, functional and 

biochemical changes in various tissues and organs from birth throughout adulthood and to old age 

and senescence. In my studies and this thesis I am focusing on the aging-induced changes in the 

arterial vascular system, because there are only a few systematic and experimental studies assessing 

- in the whole lifespan - the aging-induced morphological and functional (contractile) changes of 

arteries, which can importantly contribute to changes in the peripheral vascular resistance and thus 

organ perfusion. The importance of this issue was already brought up in 1958, in “classical” studies 

by Björn Folkow who proposed that the increased vascular smooth muscle activity (changes in 

hemodynamics) can be a "trigger mechanism" for increased resistance to flow (changes in blood 

pressure), and vascular wall hypertrophy what seems to be a simple growth, eventually lead to the 

development of hypertension (38). Put it in another way: Folkow asked the question: does the 

remodeling-induced increased vasomotor tone of arteries (due to the hypertrophy) occur 

first, which is then followed by increases in mean arterial blood pressure (MABP) or vice 

versa? 
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To investigate aging, there is a need for suitable animal models, in which the age span is 

shorter than in humans, and genetic background, as well as environmental influences, can be 

controlled. On the other hand, animal studies have limitations, even though the general principles 

of aging are likely to be similar among mammals. For these reasons, we selected rats for our studies, 

which show growth almost throughout life. The first age group used was just after birth, at 8 days, 

whereas the last age group, so called old rats, was 30 months old, as suggested by Burek and 

Hollander (20). 

This PhD thesis summarizes the findings of age-related “physiological” changes of 

morphology and vasomotor properties (constriction and relaxation) of carotid arteries isolated from 

the rat. Carotid arteries were chosen, because studies show that they mirror changes occurring in 

the coronary and brain vasculature (116), allowing one to understand the development of the 

vascular system and the potential development of its diseases. 
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1.1 Age-related changes in blood pressure 

Evidence shows that with aging there is a gradual change in mean arterial blood pressure 

(MABP) in humans (41, 63, 85, 114) and animals (7, 10, 11, 42, 57, 90, 97, 129). Several factors 

can influence the level of systemic blood pressure: some of them can be managed with dietary and 

lifestyle changes, exercise, medical drugs, and those, which cannot be (or difficult to) changed, like 

genetic and environmental factors (40, 102). The effect of latter one is more pronounced in 

adulthood and in elderly. The combination of all these factors influences the level of hemodynamic 

forces and in response to them the structure and function of the vascular system. 

In healthy subjects (human and animals) systolic and diastolic pressures change with aging: 

they increase from newborn to adulthood, and in elderly they remain unchanged, although there 

are studies showing slight increases in blood pressure, but the evaluation, whether it is healthy or 

pathological - is still under controversy. Human data show that in the newborns, the physiological 

level of blood pressure is around ~ 63 - 73 mmHg (at birth ~ 67 - 80 mmHg). With maturation, 

blood pressure gradually increases (in the first few weeks; the increase is 1 mmHg/day) until two 

months of age, followed by a relatively rapid increase up to 1 year of age (70). Previous studies 

made an attempt to a mathematical prediction/calculation of changes in blood pressure with growth 

(70, 75). However, the equation used had some flaw and needed to be adjusted for specific age 

group. The observed blood pressure after 14 years of age shows a different pattern and depends on 

geographical, ethnic and gender differences (75). When all parameters are taken into account 

(gender, race, geographical location), normal blood pressures in adolescence are considered to be: 

systolic is 90 - 119mmHg and diastolic is 60 - 79mmHg.  

In pathological conditions, systemic blood pressures are below or above these values, and 

indicate hypotension or hypertension. Franklin et al. showed that changes in blood pressure are not 

substantial after 30 years of age as compared to changes in younger age. It is of note that the mean 

arterial blood pressure is the result of systolic and diastolic blood pressure, which sometimes can 

change in opposite directions, which could indicate pathological consequences (41). The pattern of 

age-related changes in blood pressure is generally similar in both sexes, but as noted in previous 

studies, young women have lower blood pressure values, than similarly aged men. These 

differences gradually are narrowing beyond the age of 60. 
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The impact of aging on the changes of systemic blood pressure in different strains of rats 

(Wistar, Wistar Kyoto, Sprague-Dawley) was studied. Similarly to humans, values of systemic 

blood pressure (systolic and diastolic) of rats are gradually changed with aging (42, 89, 125, 129, 

160). In Wistar Kyoto rats, the invasive measurement of MABP showed a human-like trend, that 

is, in the first week of age MABP increases substantially and then slowly increases until the age of 

2 months, and it reaches its peak value at the age of 5 months, after which is not significantly 

altered (45, 71). However, some results indicate that MABP is gradually increasing until the age 

of 24 months, after which MABP is not significantly altered (125). These observations were also 

confirmed by others (11, 22, 25, 45, 129, 151). Importantly, changes in blood pressure are 

accompanied by structural and functional changes of vessels, which are discussed below. 

 

1.2 Vascular remodeling 

Morphologically, an artery has three layers: intima, media, and adventitia (46). The main 

function of vascular smooth muscle is to establish the tone and to regulate the caliber of blood 

vessels. Vascular tone and blood pressure can change in response to different stimuli, genetic, 

endogenous or environmental, or a combination of these factors (60). Changes which occur over a 

specific period of time (aging) are both morphological and functional (31, 81, 98), which could be 

due to the genetic program and/or adaptation - among others - to changes in the hemodynamic 

environment (31, 60, 98). These changes will result in vascular remodeling. 

Vascular remodeling begins at day 21 of human embryogenesis when the heart begins to 

contract, pushing fluid through the early vasculature (118). The so-called “early” remodeling -

which is the development of vasculature to be self-sustainable - is quite different from “late” 

remodeling, where the already developed vasculature needs to additionally adjust for “new” 

conditions. In both types of remodeling, the principle mechanism is the same: biomechanical and 

hemodynamic signal cascades (intrinsic or extrinsic – mechano-transduction) are applied to the 

system, on which the system responds with mechano-adaptation – remodeling (60, 81). If the 

system fails to adapt, it can result in the development of a pathological conditions. 

The first idea of vascular remodeling was proposed when the vascular effects of hypertension 

were studied (38). In patients with essential hypertension, experiments showed an increased 
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peripheral resistance (responses to maximal concentrations of agonists was increased), but the 

threshold concentration of agonists which caused vascular contraction was not altered (127). A 

primary idea to determine “remodeling” was to measure structural features of the vessel, the 

diameter and the wall (or media) thickness, measured under conditions of zero smooth muscle cell 

activation, and under a given transmural pressure (96). From the diameter and wall thickness (or 

rather smooth muscle thickness as a force-producing component) another key parameter, the wall 

“cross-sectional area” can be calculated. The importance of this “new” parameter is that it indicates 

the amount of material within the vascular wall, and thus provides information about the biological 

processes which determine the vascular structure in regards growth and/or regression (96). These 

parameters thus have important physiological implications, and the wall-to-lumen ratio can be 

calculated. 

Heistad and Baumbach in 1989 proposed (14) how would wall-to-lumen ratio contribute to 

remodeling. However, this model did not take into account the changes in cross-section area. The 

model is insufficient when one tries to describe changes in the vasculature. A new, improved model 

was proposed by Heistad and Baumbach in 1996 to describe “vascular remodeling” using arterial 

lumen, media cross-sectional area, and wall-to-lumen (or rather media-to-lumen) ratio of arteries 

(Figure 1) (98). The current model is sufficient to describe changes in resistance arteries. However, 

the proposed model was not without flaws. Among few, the main criticism of this model was what 

is considered “remodeling” and under what condition should it be measured. Regardless of this 

criticism, it still remains a usable method for determining the morphological changes of the vessels. 

Although it is primarily considered and designed to describe pathological conditions 

(hypertension), it is often used to describe the changes in the vasculature, regardless of origin (non-

pathological, as a result of exercise or aging), for easier understanding the processes of vessel 

remodeling, which is affected differently by hemodynamic and environmental conditions. 
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Figure 1. Schematic representation of the manner in which remodeling can modify the cross-sections of 

blood vessels. The starting point is the vessel at the center (observed vessel at given time point). 

Remodeling can be hypertrophic (e.g. increase of cross-sectional area, vessels in right column), eutrophic 

(no change in cross-sectional area, vessels in the center column), or hypotrophic (decrease of cross-

sectional area, vessels in left column). These forms of remodeling can be inward (i.e. reduction in lumen 

diameter, vessels in top row), or outward (i.e. increase in lumen diameter, vessels in bottom row). The 

image is taken from Mulvany et al. (98) 

 

1.2.1 Vascular remodeling as a function of age 

As mentioned above, previous studies have shown that maturation and aging elicit 

substantial changes in various tissues from embryo throughout adulthood and to the old age and 

senescence. It is well established - in both humans and animal models - that the walls of arteries 

(such as the aorta, carotid, and femoral arteries) undergo structural changes with aging. These 

changes are associated with histological alterations, independent of other pathological conditions, 

like atherosclerotic mechanisms or hypertension (160). For example, it has been shown that in 

carotid arteries of old rats lumen diameter and wall thickness increase compared to those young 

and middle-aged rats (42, 45, 126), whereas in cerebral arteries changes in dimensional properties 

indicate an initial outward eutrophic in young, followed by inward hypertrophic remodeling in 

middle age and old rats (78, 150). These conditions were not associated with pathological 

alternations. Bakker et al. reported that inward remodeling can occur in the presence of high level 



13 

of vasoconstriction (endothelin-1), whereas wall tension is reduced in vessels with low pressure; 

suggesting a link between vasoconstriction and inward remodeling (11) and high intraluminal 

pressure (33). Moreover, van Bavel’s group suggested that “wall tension may not only be regulated 

against disturbances in pressure but also against changes in agonist activity” (153). 

With changes in blood pressure (hemodynamic forces) there are functional and 

morphological changes (remodeling) of the vessel. However, it is unclear which change comes 

first. Studies on various age groups in humans showed that with advancing age there were increases 

in wall mass, wall thickness, intima-media thickness and lumen diameter of different arteries 

(carotid, brachial, radial and aorta), but reduction in wall stress/tension, indicating that vessels 

undergo outward remodeling with aging (9, 22, 43, 59, 88, 142). However, another study concluded 

that age is an independent risk factor for increased intima-media thickness (40, 77). Thus increase 

in wall thickness (primarily smooth muscle layer) can lead to an increase in systemic blood pressure 

during aging. It is of note that there are reports indicating that these two parameters (thickness and 

pressure) may not completely correlate (40, 142), whereas others suggest that these parameters are 

independent (74, 88). 

Importantly, most studies investigated only a limited age range or only two time points (22, 

42, 78, 89, 95, 129, 148), precluding to characterize the overall effect of healthy aging from 

newborn to senescence regarding changes in morphological characteristics and contractile function 

of vessels and blood pressure in a whole life span of rats and test Folkow’s hypothesis. 

 

1.3 Vasoactive substances in the blood stream 

A vasoactive substance is an agent (endogenous or exogenous) that has the effect of either 

increasing or decreasing blood pressure and/or heart rate through its vascular activity/activation 

(effect on blood vessels). Vessels transport a vast variety of vasoactive factors, many of which are 

multifunctional, depending on the organ. They also participate in the maintenance of vasomotor 

tone (sum of vasodilation and vasoconstriction) which helps the homeostatic mechanisms (such as 

the renin–angiotensin system) to keep hemodynamics and pressure in the optimal range. Some of 

the most common vasoactive substances are ions (K+, Cl-, Ca2+), catecholamines (NE), nucleotides, 

prostaglandins, endothelins and hormones (34, 44). Although some stimuli have no specific area 
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of effect (i.e. NE, ions), there are some stimuli which are characteristic for a certain organ (heart - 

pericardial fluid; brain – brain natriuretic peptides/BNP) (138, 143). 

Although they are classified in several groups (by origin of activation), they can be divided 

into two main groups by the pathways they activate: 

1) Receptor-independent responses (ions, which changes membrane potential). 

2) Receptor-dependent responses (signaling mechanism pathway). 

These vascular stimuli participate in the vasomotor activity of various segments, regions of 

the vascular system, and balance develops between constrictor and dilatator mechanisms resulting 

in the steady-state vascular tone (Figure 2). 
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Figure 2. Simplified graphical presentation of vasoconstrictors (upper section) and vasodilators 

(lower section) pathways in the development of vascular tone. Graphical section is recreated 

according to Kanehisa Laboratories© (www.genome.jp). 

 

1.3.1 Receptor-independent contraction (KCl) 

An action potential is a short-lasting event of the membrane, which is responsible for 

activating secondary messaging within the cell. Action potentials occur in several types of cells, 

called excitable cells, which include neurons, muscle cells, and endocrine cells. In some cells, like 
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neurons, it plays a central role in cell-to-cell communication, whereas in (smooth) muscle cells, an 

action potential is the first step in the chain of events leading to muscle contraction. 

An action potential is developed when cell membrane potential is changed from -60 mV 

(resting potential for SMC) to -30 mV (threshold) and rises to a peak potential of +20 mV. These 

rapid changes in membrane potential are generated by ion-specific voltage-gated ion channels 

embedded in a cell's plasma membrane (13). Changing ion concentration triggers the opening and 

closing of the channels, and therefore charge gradient, between the sides of the cell membrane (24). 

Several ion-specific channels have been identified, for sodium (Na+), potassium (K+), calcium 

(Ca2+), and chloride (Cl–) ions (17, 18, 108). In the start of the development of an action potential, 

there is activation of calcium channels present on the smooth muscle membrane (both ligand-gated 

and voltage-gated). The influx of calcium that occurs causes further depolarization and action 

potential (also called "slow action potential"), and further inflow of calcium causes a prolonged 

contraction. Calcium is available inside the cell and binds to calmodulin (CaM - calcium-

modulated protein). CaM is a multifunctional calcium-binding messenger protein (135). In smooth 

muscle contraction, CaM exerts two functions: 1) it induces an excitation- contraction (EC) 

coupling and the initiation of the cross-bridge cycling in smooth muscle (actin - myosin bridges), 

resulting in smooth muscle contraction (144); 2) it controls the release of stored calcium ions from 

sarcoplasmic reticulum (SR). The release of calcium from SR is triggered by initial calcium from 

outside of the cell. Thus CaM affects the overall levels of calcium in the cell and modulates smooth 

muscle contraction (157). Next step in the chain of events is forming bridges between actin and 

myosin by phosphorylation of myosin light chain (Myosin Light Chain (MLC) kinase), thus 

making smooth muscle contraction dependent on the presence of calcium (144). This function of 

CaM is very important because it plays a role in every physiological process that is affected by 

smooth muscle contraction, such as digestion and contraction of arteries (83). (Figure 2, upper 

section). 

In vitro studies have shown that highly concentrated solution (<60 mM) of potassium 

chloride (KCl) is the most potent vasoconstrictor because it elicits arterial contractions without 

receptor mediation (31, 57). Thus age-related changes in receptor availability should not interfere 

with the assessment of contractile capacity with resonses to KCl, as it was found to be the case for 

angiotensin II (68, 151) or norepinephrine (79, 146). 
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So far, few studies reported an age-dependent increase in vasomotor response to KCl of 

various arteries of rats (25, 29, 148, 150), beagles (146) and humans (40). However, there are 

reports in rats (7) and humans (52) which indicate otherwise. More importantly, these studies have 

a limitation regarding the low number of aged groups preventing the assessment of overall age-

dependent changes. Although changes are presented, it is still unclear whether signaling 

mechanisms, morphological changes or combination of both cause alternations in vasomotor 

properties of arteries. 

 

1.3.2 Receptor-dependent contraction (norepinephrine) 

Another type of pathway which participates in smooth muscle contraction is receptor-

dependent, through membrane receptors (transmembrane) that are located on the surface of a cell 

(built into its cell membrane). Cell signal transduction starts when the receptor binds extracellular 

molecules (hormones, neurotransmitters, cytokines, growth factors, etc.). In this process, ligand 

binding affects a cascading chemical change through the cell membrane to the interior of the cell 

(108). 

One of these molecules is norepinephrine ((R)-4-(2-amino-1-hydroxyethyl) benzene-1,2-

diol). Norepinephrine (NE) (also called noradrenaline (NA)) is a molecule which belongs to the 

catecholamine family. It is synthesized from the amino acid tyrosine by a series of enzymatic steps 

in the adrenal medulla and postganglionic neurons of the sympathetic nervous system (48). It 

functions as a hormone and neurotransmitter. Norepinephrine is also released directly into the 

bloodstream by the adrenal glands. In the brain, NE increases alertness and promotes vigilance, but 

it also increases restlessness and anxiety. It also has an effect on circulation, where it increases 

heart rate and blood pressure, increases blood flow to skeletal muscle, reduces blood flow to the 

gastrointestinal system, and inhibits voiding of the bladder and gastrointestinal motility (46). 

NE acts on target cells by binding to and activating adrenergic receptors located on the cell 

surface, regardless of how and where it is released. The adrenergic receptors are G protein-coupled 

receptors (109), and there are two main groups of receptors: 
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1) α receptors (α1 and α2) - α1 increases intracellular Ca2+, whereas α2 inhibits cAMP 

activity resulting in smooth muscle contraction. 

2) β receptors (subtypes: β1, β2, and β3) – increase intracellular cAMP activity, resulting 

in smooth muscle relaxation (but in heart increase muscle contraction). 

Norepinephrine can bind to both α and β receptors (and their subunits), but with different 

affinity. The α1 receptor has the highest affinity for NE, which upon activation promotes PLC 

causing an increase in intracellular IP3 concentration. IP3 interacts with calcium channels of the 

endoplasmic and sarcoplasmic reticulum, promoting vasoconstriction by raising intracellular 

calcium (128). PLC also activates a cascade (through DAG, PKC and CPI-17) for MLC(P) 

inhibition (164), resulting in smooth muscles constriction. Both pathways occur parallel (Figure 2, 

upper section). 

Experiments performed in vitro and in vivo showed age-dependent NE-induced vascular 

contraction in various vessels of rats (7, 49, 79, 146), beagles (29), pig (139) and humans (40, 52). 

Studies have shown that contraction increases from newborn until adulthood, whereas results 

provided for old age, show that contractile response either does not change or declines (7, 49, 79). 

Data indicate that there is an age-dependent change, but data are still missing for very old and 

senescence ages. Molecular analysis showed increased mRNA and protein levels of adrenergic 

receptors (primarily α1 and α2) in early ages while declining expressions with progressing age (7, 

50, 139, 146). Interestingly, in early age, as the amount of the receptor is increasing, the potency 

of the receptor is also increasing (117, 139), the reasons for which are not fully clear. 

 

1.3.3 PACAP-induced relaxation 

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a well-known neuropeptide 

with a diverse array of biological functions in many tissues and organs (154). PACAP (1-38) has 

been originally isolated from an extract of ovine hypothalamus on the basis of its ability to stimulate 

cAMP formation in rat pituitary cells (91). There are two biologically active forms, PACAP1-38 

and PACAP1-27, consisting of 38 and 27 amino acids, respectively. PACAP1-27 emerges from 

PACAP1-38 by cleavage. The sequence of PACAP27 shows 68% identity with vasoactive 

intestinal polypeptide (VIP), identifying PACAP as a member of the VIP-glucagon-GRF-secretin 
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superfamily (Figure 3) (21, 66, 124). PACAP acts through G protein-coupled receptors, the PAC1 

and VPAC1/VPAC2 (53, 154). PACAP is widely distributed across tissue and organs, and it has 

been found to exert pleiotropic effects. These effects include modulation of neurotransmitter 

release, activation of intestinal motility, an increase of insulin and histamine secretion, antioxidant 

and protective effect, as well as stimulation of cell multiplication and/or differentiation (155). The 

PACAP isoforms and their receptors are widely expressed in the central nervous system (CNS) (6, 

154) and in peripheral organs (6), including blood vessels (34, 154). The biological role of PACAP 

can also be observed in the cardiovascular system (104, 130, 136). PACAP stimulates cAMP 

activity (91, 92), whose activation leads to, among many other things, vasorelaxation (163). 

 

Figure 3. Amino acid sequences of the different members of the PACAP-VIP-GRF-glucagon 

superfamily in human. –, amino acids identical with those of PACAP38. The image is taken from 

Kieffer and Habener (66). 

Although some data show that PACAP is able to exert a short increase in pulmonary 

vascular resistance (hypertension) through the systemic release of catecholamines (87, 93), 

PACAP, similarly to VIP, is considered to be a potent vasorelaxant peptide (100, 115), causing a 

decrease in mean arterial blood pressure (56, 100). The vascular actions of PACAP1-38 are more 

effective compared to those of PACAP1-27 (54, 104). The vasodilator activity of PACAP has been 

documented in vessels of various organs (100, 115) via three specific receptors (PAC1R and 

VPAC1R/VPAC2R), both of which are highly expressed in the cerebral and peripheral blood 

vessels (34, 36, 100, 154). They are localized in the smooth muscle cells of arteries and arterioles 

(1, 36). High doses (>3 nmol) of PACAP elicited a biphasic effect: a transient hypertensive 

response, followed by a sustained period of hypotension (23, 56). Using in vivo studies on beagle 

dogs (femoral artery) and humans (skin) it was described that intravenous infusion of increasing 
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concentration-dependent doses (0.01–10 pmol/min) of PACAP induced an increase in blood flow 

and a concomitant decrease in systemic blood pressure (65, 101). It was suggested that the action 

of PACAP on the vascular tone could be ascribed both to a direct relaxant effect and an indirect 

vasopressor action mediated through the release of endogenous catecholamines (23, 155). In 

humans, when injected intravenously, PACAP induced a significant, concentration-dependent 

vascular response (i.e., flush, erythema, edema) and mediated a significant and concentration-

dependent increase in rectal body temperature that peaked at 2.7°C (123). The vasodilator activity 

of PACAP has been recorded in vessels of various organs in vitro in mice (80), rats (5, 35, 152), 

cats (27, 87), rabbits (163), dogs (5), pigs (23, 115) and humans (26, 131, 156). Arterial relaxation 

is mediated through all three PACAP receptors, which are highly expressed (one/combined or all 

of them) in various organs (23) and also in vessels, including intracerebral (155) and extracerebral 

arteries (1, 92), mesenteric, porcine coronary arteries (23), carotid (152) and pulmonary vascular 

bed of rats (27, 87) and cerebral arteries of humans (133). 

Via stimulation of the cAMP/PKA PACAP elicits relaxation of cerebellar arteries (91, 92). 

In the relaxation of smooth muscle, PKA has three targets: 1) it reduces the sensitivity of MLCK 

to Ca2+, preventing the formation of actin-myosin crossbriges; 2) it activates by KATP channels, but 

also large activated Ca2+-activated K+ channel (BK) channels thereby increasing spontaneous 

transient outward currents (STOCs) eliciting vasodilation (58, 67, 161, 162). The BK channels, 

like KATP channels, can be activated by direct PKA phosphorylation (161, 162), but 

characteristically, BK channels are regulated by local increases in intracellular calcium (Ca2+ 

sparks) and PACAP signaling and stimulation of PKA can potentially activate ryanodine receptors 

(RyRs) on the sarcoplasmic reticulum (SR) for intracellular calcium release, resulting in a localized 

transient increase in cytosolic calcium up to 10 µM, termed a calcium spark (58, 162). These 

calcium spark events, in turn, can lead to localized BK channel activation on the plasma membrane. 

The ensuing hyperpolarization closes L-type Ca2+-channel (VOC), a type of voltage-dependent 

calcium channels (VDCC) and reduces intracellular calcium to facilitate smooth muscle relaxation 

and vasodilation; and 3) PKA can also phosphorylate phospholamban (PLB), a protein that 

regulates the sarcoplasmic reticulum calcium-ATPase (SERCA) pump, critical for the management 

of intracellular calcium. PLB in the unphosphorylated state inhibits SERCA activity; PACAP 

activation of PKA and downstream phosphorylation of PLB relieves that inhibition to increase 
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SERCA activity and sarcoplasmic reticulum calcium load, resulting in increased calcium spark 

frequency and BK channel activity, thus induces relaxation (58, 162) (Figure 2 and 4).  

Using the same ex vivo procedures to perfuse the cannulated cerebellar arterial segments, 

PACAP1-38 and VIP induced vasodilation with an EC50 of 11 nM and 6 nM, respectively (67). 

All three VIP/PACAP receptor subtypes have been identified in cerebral arteries, namely the 

PAC1R, VPAC1R and VPAC2R (35). Previous studies showed that receptors differ in their affinity 

for PACAP and VIP, as well as their potency (47, 154, 155). It was shown that in the relaxation of 

the middle meningeal artery (MMA) only PAC1 receptor signaling was involved. PACAP binding 

to PAC1 G protein-coupled receptors stimulates cAMP/PKA pathways, resulting in KATP channel 

phosphorylation and activation, thus closing VDCC and inducing relaxation (67). However, it is 

still unclear whether the PACAP-induced relaxations are mediated via endothelium or not, since 

evidence points to both directions (23, 34, 155).  

 

Figure 4. Schematic drawing of PACAP mechanisms in vascular smooth muscle vasodilation in 

the cerebral artery. The image is taken from Koide et al. (67) 

PACAP is now considered to be a potent neurotrophic and neuroprotective peptide. It plays 

an important role during the embryonic development of the nervous system, and also protects 

neurons against various toxic insults in neuronal cultures of diverse origins (112, 113, 122, 154, 

155). In vivo, PACAP shows neuroprotection in models of ischemic and traumatic brain injuries, 

and those of neurodegenerative diseases, improving their recovery or in some cases even restoring 
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the function (112). Recent studies show possible implications of PACAP in headache and migraine 

pathology, where human experimental studies have shown that PACAP1-38 infusion induces 

marked dilatation of extracerebral vessels and delayed migraine-like attacks in migraine patients 

(122, 137). In the rodent model of Huntington’s disease, PACAP proved to significantly reduce the 

symptoms, providing evidence of neuroprotection (140). In the patients with psoriasis an increased 

concentration of PACAP1-38 and PAC1R was found, indicating that PACAP may play a role in 

the pathogenesis of those diseases (134). 

Recent studies suggest that alterations in PACAP signaling may play an important role in 

age-related cognitive decline and development of age-related diseases of the CNS (112, 113). 

Accordingly, PACAP has remarkable protective effects in vitro and in vivo in animal models of 

age-related neurodegenerative diseases, including Parkinson’s and Alzheimer’s disease (112, 123). 

Significant progress was made with application of PACAP-deficient mice, missing PACAP 

polypeptide production. PACAP-deficient mice exhibit symptoms of accelerated neurocognitive 

aging, including impairment of learning and memory (84, 105, 120), increased oxidative stress 

(103) and accelerated aging of the retina (12). The anti-aging and neuroprotective effects of 

PACAP have been attributed, at least in part, to its anti-apoptotic, anti-inflammatory, and 

antioxidant actions (107, 112, 113). Treatment with PACAP was also shown a reverse age-related 

learning impairment in molluscan models of aging (106) suggesting that the anti-aging actions of 

PACAP are evolutionarily conserved. In addition, PACAP exerts important angiogenic capacity as 

shown in cerebromicrovascular endothelial cells, which seems to decline with age (12). The 

cardiovascular system is also altered in PACAP-deficient mice, indicated by decreased cardiac 

function (measured with echocardiography), increased fibrosis, and myocardial degenerative 

changes (abnormal cardiomyocytes) (94, 113). Markovics et al. have reported reduced dilator 

ability of meningeal arteries in PACAP-deficient mice (80). 

Regardless of the numerous studies on the vascular functions of PACAP, age-dependent 

functions are not well characterized. This is of importance since aging also greatly affects the 

vasomotor function of vessels, potentially contributing to organ dysfunction (40, 41, 57, 79, 151, 

152). 
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2. HYPOTHESIS AND AIMS OF STUDY 

It has been shown that blood pressure and vasomotor properties of arteries are age-dependent. 

Until now, only a few studies have addressed the issues of aging-induced morphological and 

functional changes in arteries of rats, in a wide range of age groups. Thus our understanding of 

their contribution to the development of peripheral vascular resistance remains limited. 

Thus, we hypothesized that during the development and aging process in rats: 

(i) after initial rise, there is a maintenance of mean arterial blood pressure 

(ii) which requires adaptive morphological remodeling in arteries 

(iii) which affects the vasomotor properties (contraction and relaxation) of arteries 

(iv)  promoting adaptation to changes in hemodynamic forces 

Thus, we aimed to measure from newborn to senescence rats: 

(i) the level of mean arterial blood pressure 

(ii) morphological characteristics of arteries 

(iii) functional characteristics of arteries using KCl-, NE- and PACAP-induced responses 
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3. METHODS 

3.1 Animals 

All procedures were conducted under protocols approved by Institutional Animal Use and 

Care Committee of the University of Pecs and were in accordance with the directives of the 

National Ethical Council for Animal Research and those of the European Communities Council 

(University of Pecs; BA02/2000-15024/2011). 

 

3.1.1 Rat samples 

Ninety-eight male Wistar Kyoto (WKY) rats aged 8 days (0.25 month), 1, 2, 6, 9, 12, 19, 

24, and 30 months (body weights: 0.25m: 14.3 ± 4g, 1m: 108.9 ± 14g, 2m: 205.6 ± 15g, 6m: 279.3 

± 15g, 9m: 322.6 ± 11g, 12m: 295.3 ± 19g, 19m: 348.9 ± 26g, 24m: 362.6 ± 13g and 30m: 273 ± 

44g; n = 10 for each group) were used. These animals represented different age groups: newborn, 

juvenile, young, adult, late adult, middle-aged, late middle-aged, old, and senescent. Rats were 

bred and kept in the animal facility of Medical School, University of Pecs. Rats were kept in 

standard cages, exposed to 12h of light and 12h of dark (automatically controlled). They had 24h 

access to water (tap water) and food (standard, provided by the supplier). 

 

Figure 5. Andreollo et al. (3) showed the relationship between rat and human age. We convert 

these data in a graph to show the importance of aging study. Age of 30 months in a rat 

corresponds to ≈75 years of human. 
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3.2 Measurement of mean arterial blood pressure 

Rats mean arterial blood pressure (MABP) was measured by two different methods: 1) tail 

cuff (noninvasive, Figure 6) (10) and 2) with the direct manner, by carotid artery (CA) cannulation 

(151). Tail cuff method; in brief, the tail of rat was heated to 37°C for 10 minutes before the 

measurement of blood pressure according to the instruction of Hatteras manual 

(www.hatterasinstruments.com), in order to dilate the main artery and make it more accessible for 

transluminal BP measurements with pulse sensor (SC-1000, Hatteras Instruments, Cary, NC, 

USA). The tail cuff was connected to a cylinder of compressed air through an arrangement of inlet 

and outlet valves that permitted inflation and deflation of the cuff at a constant rate. The animals 

quickly became familiar with the procedure and remained calm within the restrainer. In the rare 

cases when signs of discomfort were present, the procedure was interrupted. Measurements were 

repeated three times and then averaged. In another group of animals, the arterial blood pressure 

values were measured directly by cannulating the carotid artery. Comparable data could be 

obtained by the two methods. 

 

Figure 6. Equipment for noninvasive (tail-cuff) measurement of blood pressure (SC-1000). 

 

3.3 Surgery 

From rats, the common carotid artery was isolated by using a surgical microscope (SZX7; 

Olympus Inc., Japan) under intraperitoneal anesthesia induced by a ketamine–xylazine cocktail 

(78mg/kg calypsol [Richter, Hungary] + 13mg/kg [Eurovet, Belgium]). Isolated artery segments 

were transferred to ice-cold Krebs solution (NaCl: 119 mM, KCl: 4.7 mM, KH2PO4: 1.2 mM, 
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NaHCO3: 25 mM, Mg2SO4: 1.2 mM, CaCl2 × 2H2O: 1.6 mM, EDTA: 0.026 mM, glucose: 11.1 

mM). NaCl and KCl were purchased from VWR International (Radnor, PA, USA). All other 

chemicals and drugs were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless specified 

otherwise. After animals were anesthetized and carotid arteries (arteria carotis communis) (Figure 

7) exposed, one (usually left) carotid artery was ligated proximal and distal point to “keep” 

prevailing blood pressure inside the ligated section. This section was quickly removed and inserted 

into fixation solution (10% formaldehyde, pH 6.8). Shortly after, the second artery (usually right) 

was removed and segments were dissected into 2 - mm long rings. After the removal of the arteries, 

the animal was euthanized with an intraperitoneal injection of pentobarbital (100 mg/kg, Ceva 

Sante Animale, Libourna, France). 

Another protocol was adopted for the measurement of relaxation properties. After animals 

were anesthetized and one of the carotid arteries was removed (usually right), segments were 

dissected into 2 - mm long rings and mounted on setup. In each experiment, four rings were used; 

thus n represents the average of four measurements from one animal. 

 

Figure 7. Representation of rat left and right carotid arteries. The image is taken from Irikura 

et al. and modified (55). 

 

3.4 Vascular wall histology 

After removal of the artery, this section was quickly removed and inserted into 10% 

formaldehyde fixation solution (pH 6.8). After fixation of a carotid artery, blood inside the vessel 
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was carefully removed with fixative by needle and syringe and carotid artery was carefully 

embedded in paraffin. Next, embedded samples were cut into 4 - 6 µm thick sections placed on 

glass. Samples were stained with hematoxylin and eosin (H&E). The sections were examined with 

video-microscopy under different magnifications (100x, 200x, 400x and 600x). The following 

parameters were measured: wall thickness (media and adventitia layers) and artery lumen diameter. 

Intima layer (mainly endothelium thickness) could not be measured due to the low resolution of 

light microscopy). 

 

3.5 Isometric force measurements 

Measurement of the changes in the isometric force of the vessel rings was conducted as 

described before (47, 151). In brief, in a four chambers wire-myograph system (DMT 610M, 

Danish Myo Technology A/S, Aarhus, Denmark) (Figure 8A) vascular rings were mounted on 

tungsten wires (40 µm) connected to fixed transducers (force recorder – upper holder) on one side 

and the regulator of distance (lower holder) on other side (Figure 8B). 

  

Figure 8. Left panel) DMT 610M – isometric force measurement system, four chamber setup. 

Right panel) carotid vessel suspended (stretch) between transduced (upper holder) and distance 

controller (lower holder). 
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The chambers contained 5 ml bath solution (Krebs solution). The diameter of the wire was 

40 µm for carotid artery. The bath solution was continuously perfused with a mixture of oxygen 

and carbon-dioxide (95% and 5%), and the temperature of the solution was set at 36.9 ± 0.1°C (pH 

≈ 7.35) and constantly monitored during the entire experiment. Before the start of an experiment, 

normalization to blood pressure was performed on each vessel ring with the Myodaq 2.01 software 

(Danish Myotechnologies, Denmark) according to the protocol described previously by Mulvany 

et al. (99) and DMT manuals. After normalization, the rings were allowed to stabilize for 60 

minutes before the start of the experimental protocol. The software Myodaq 2.01 and PowerLab 

(LabChart, Dunedin, New Zealand) were also used for data registration on a personal computer 

connected to the wire myograph. 

 

3.6 Experimental protocols 

3.6.1 Vasocontraction protocol 

First, in order to assess the optimal concentration of KCl for vasomotor capability, we 

administered increasing concentration of KCl (1 mM - 80 mM) to carotid arteries isolated from 

0.25- (8 days), 2-, 12- and 28-months-old rats. After establishing that 60 mM KCl was the optimal 

concentration (Figure 15) we used this concentration in the experiments. After vessels were 

stabilized for 60 minutes, 5 mL of Krebs solution containing 60 mM KCl (VWR International, 

Hungary) was administrated into each chamber. Maximal possible contraction to KCl was reached 

approximately in 15 - 20 minutes. After maximal possible contraction was achieved, the vessels 

were left for another 10 minutes in this condition (this is registered as plateau phase). Then after 

10 minutes, the chambers were washed out three times with preheated and oxygenized Krebs 

solution (36.9 ± 0.1°C). The vessels were incubated for 20 minutes then the procedures were 

repeated. KCl induce vasoconstriction in receptor-independent response manner. 

Repeated administrations of norepinephrine (NE) 10-6 M (three series of NE administration 

and washout) were also used to test the receptor-mediated vasomotor capacity of arteries as a 

function of age, and to functionally confirm the removal of perivascular nerves (Figure 19). 
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3.6.2 Vasorelaxation protocol 

In this experiment, only three representative age groups were tested: 2-, 12 and 30-month 

old rats (young, adult and old). After vessels were stabilized for 60 minutes, 5 mL of Krebs solution 

containing 60 mM KCl (VWR International) was administrated into each chamber. Maximal 

possible contraction to KCl was reached approximately in 15 - 20 minutes. After maximal possible 

contraction was achieved, the vessels were left for another 10 minutes in this condition (this is 

registered as plateau phase). Then after 10 minutes, relaxant properties of vessels were tested with 

PACAP, isoform PACAP1-38, synthesized as previously described (61). The cumulative 

increasing dose of PACAP1-38 (10-9 to 10-6 M) was administrated every 5 minutes in each 

chamber. 

Five minutes after administration of final PACAP1-38 dose (10-6 M), SNP 10-5 M was 

administrated to test endothelium-independent relaxation (145). The chambers were washed out 

three times with preheated and oxygenized Krebs solution (36.9 ± 0.1°C). Relaxant force was also 

tested in the presence of the non-selective receptor antagonist, PACAP6-38 (10-7 M). 

Administration of polypeptides was performed as follows: into the chamber containing 

5mL of Krebs solution, diluted polypeptides were added with a micropipette to correspond aimed 

final concentration (50 µL of 10-7 - 10-4 M polypeptide added in the chamber of 5 mL resulting in 

10-9 - 10-6 M concentration of polypeptide). 

 

3.7 Calculations of parameters 

3.7.1 Radius of histologically fixed arteries 

Images of morphological sections of the carotid artery were taken under a light microscope, 

under different magnification, using camera (Sony DXC-960MD, Sony, Japan). Two different 

magnifications were chosen: 1) 100x for cross section analysis and 2) 600x for wall thickness 

analysis with ImageJ software (NIH, Bethesda, MD, USA), and a measurement taken was corrected 

for each magnification. Radius was calculated in two ways: 1) in one image, a line was drawn 

through the center of the artery 10 times randomly from end to end of the lumen to calculate 

distance (d – diameter = 2r - radius), then it was averaged; 2) for conformation, diameter (and 
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radius) was calculated from surface of lumen (calculated by ImageJ) with the equation: A = π * r2; 

A - surface of lumen, π – 3.14 (pi number), and r – radius. The calculation was repeated on 10 

different carotid arteries for each age group. 

 

3.7.2 Vascular wall tension and wall/lumen ratio 

According to Laplace’s Law (a nonlinear partial differential equation that describes the 

capillary pressure in nonliving systems), the wall tension is equal to intravascular pressure divided 

by the inner radius of the vessel (cylinder), T = P / ri. In the modification of law by Otto Frank, the 

wall tension of vessels (in living systems) is also dependent on the thickness of a vascular wall. 

Therefore the equation is: TH = P / (ri * tC), TH – wall tension, P – mean pressure, ri – inner radius 

of vessel (measured in stained vessels with hematoxylin and eosin), and tC – thickness of carotid 

wall (measured in stained vessels with hematoxylin and eosin). Wall/lumen ratio was calculated 

by the equation: wall thickness/radius (WT/r), using the values of WT and r. 

 

3.7.3 Normalization to smooth muscle 

In order to estimate contractility as a function of age, normalization of isometric force 

generated to vascular wall thickness was performed. The isometric force generated by the vessels 

was normalized to wall thickness for the specific age group to assess the changes in contractility 

because arteries were remodeling as a function of age. Normalization was calculated by the 

following equation: N = F / T providing ratio number; F - force (mN), T – thickness (smooth 

muscle thickness). The increasing ratio indicates an increase in contractility (mN/µm). 

 

3.8 Statistical analysis 

All data are expressed as means ± standard error of the mean (SEM). The curve is fitted under 

the data to provide the more relevant physiological meaning of observed data. Data were compared 

with one-way ANOVA followed by Tukey post hoc test. In addition to ANOVA, linear regression 

analysis was performed to obtain significant changes (if any) among various sections of regression 
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lines by comparing their slopes (marked with “a”). All analyses were performed using Sigma Plot 

12.5 (Systat Software, Inc. Chicago, IL, USA) and Office PowerPoint (Microsoft, Redmond, WA, 

USA) for graphical presentation of figures for Windows software. Statistical significance was 

accepted at p < 0.05. 
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4. RESULTS 

4.1 Changes in the mean arterial blood pressure 

The MABP of rats (Figure 9) increased from newborn until the age of 6 months, then 

decreased, but non-significantly, until the age of 30 months (0.25m: 81.3 ± 10.3mmHg; 1m: 104.5 

± 9.6mmHg; 2m: 108.4 ± 8.4mmHg; 6m: 119.7 ± 6.6mmHg*; 9m: 117.9 ± 4.9mmHg; 12m: 106.9 

± 5.4mmHg; 19m: 106 ± 5.3mmHg; 24m: 105.1 ± 6.8mmHg; 30m: 103.8 ± 6.3mmHg; n = 10 per 

group, *p < 0.05 vs. 0.25 month). 

 

Figure 9. Summary data show mean arterial blood pressure (MABP) of rats measured in carotid 

arteries with tail-cuff and cannulation. *p < 0.05 vs. 0.25 months (Tail-cuff); #p < 0.05 vs. 0.25 

(cannulation) (n = 10/group). 

Comparable results were obtained with the tail-cuff method; MABP increased from 

newborn until the age of 6 months, then it decreased, but non-significantly, until the age of 30 

months (0.25m: 83.6 ± 6.8mmHg; 1m: 101.3 ± 6.3mmHg; 2m: 109.3 ± 6.3mmHg; 6m: 120.3 ± 

7.3mmHg*; 9m: 113.9 ± 6.6mmHg; 12m: 111.7 ± 8.3mmHg; 19m: 113 ± 9mmHg; 24m: 109.4 ± 

11.3mmHg; 30m: 104.5 ± 10.8mmHg; n = 10, *p < 0.05 vs. 0.25 month). 
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4.2 Morphology of carotid vascular wall 

Original images show rat carotid artery of different age groups stained with hematoxylin and 

eosin. Cross sections were taken from isolated rat carotid arteries of 0.25m, 2m, 12m, 24m and 

30m (months) old rats (Figure 10). 

 

Figure 10. Original images show rat carotid artery of different age groups stained with 

hematoxylin and eosin; cross sections of isolated carotid arteries from 0.25-, 2-, 12-, 24-, and 

30-month-old rats (magnification ×400), scale bar represents 40 µm length. 

 

4.3 Changes in the carotid vascular wall thickness as a function of age 

Summary data (Figure 11) show that the total wall thickness of carotid arteries increases with 

aging (0.25m: 37.27 ± 1.22μm; 1m: 52.24 ± 1.41μm; 2m: 64.16 ± 1.69μm; 6m: 68.15 ± 2.19μm, 

9m: 75.86 ± 2.18μm; 12m: 78.36 ± 2.05μm, 19m: 83.97 ± 2.27, 24m: 90.92 ± 2.54μm; 30m: 100.48 

± 2.76μm). Changes occurred in three phases: 1) rapidly increased from newborn (0.25 months) 

until the age of 2 months, 2) then slowly until the age of 19 months and 3) then again gradually 
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increased to senescence (30 months) (Figure 11). In addition, changes of the thickness in media 

and adventitia layers of arterial wall are also depicted. Media also increased gradually in three 

phases: 1) significantly increasing from 0.25 until 2 months, 2) then slowly until the age of 12 

months, 3) then again greater increase until the age of 30 months (significant changes occurred in 

all three phases). Change in adventitia was similar to media where it increased gradually until the 

age of 19 months and then remain unchanged until the age 30 months (significant changes occurred 

in the first two phases) (see Table 1). Regression analysis shows that the thickening was 

significantly greater in the media layer than in the adventitia from 19 months until the age of 30 

months (p < 0.05). 

 

Figure 11. Summary data show changes in the thickness of media, adventitia, and total wall in 

rat carotid artery as a function of age (curves are the best fit for the data). * - indicates 

significant change in slope (p < 0.05), NS – nonsignificant (n = 10/group). 
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Table 1. Regression analysis of wall thickness measurements. Data are divided into three age 

groups for each layer (media, adventitia, and total thickness). mo – months, “a” indicates the 

change of data (slope as compared to zero). *p < 0.05. 

T. Media 0.25 mo - 2 mo 2 mo - 19 mo 19 mo - 30 mo 

"a" + SEM 8.037 ± 4.946* 0.676 ± 0.075* 1.501 ± 0.05* 

T. Adventitia 0.25 mo - 2 mo 2 mo - 19 mo 19 mo - 30 mo 

"a" + SEM 6.977 ± 2.695* 0.482 ± 0.179* 0.079 ± 0.043 

Total 0.25 mo - 2 mo 2 mo - 19 mo 19 mo - 30 mo 

"a" + SEM 15.178 ± 2.261* 1.147 ± 0.182* 1.592 ± 0.003* 

 

4.4 Diameter of carotid artery in histological preparations 

Summary data (Figure 12) show inner (lumen) and outer (lumen + wall thickness = vessel) 

diameter of rat carotid artery as a function of age. Both vessel and lumen diameters showed three 

phases of changes: first rapid increase until the age of 2 months, then slowly until the age of 19 

months. However, in the last phase, vessel diameter is further increased until the age of 30 months, 

whereas lumen diameter did not change significantly until 30 months of age (Table 2). 

 

Figure 12. Summary data of inner (lumen) and outer (lumen + wall thickness) diameter of rat 

carotid artery. * - indicates significant change in slope (p < 0.05), # - indicates significant 

change compared to previous slope (p < 0.05), † - between the slopes of inner versus outer 

diameter (p < 0.05) (n = 10/group). 
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Table 2. Regression analysis of diameter measurements. Data are divided into three age groups for 

each measurement (inner or outer diameter) mo – months, “a” indicates the change of data (slope 

as compared to zero). *p < 0.05. 

Inner diameter 0.25 mo - 2 mo 2 mo - 19 mo 19 mo - 30 mo 

"a" + SEM 0.083 ± 0.015* 0.010 ± 0.001* 0.005 ± 0.001 

Outer diameter 0.25 mo - 2 mo 2 mo - 19 mo 19 mo - 30 mo 

"a" + SEM 0.114 ± 0.006* 0.012 ± 0.001* 0.008 ± 0.001* 
 

4.5 Wall-to-lumen ratio (W/L) 

Summary data (Figure 13) show change in wall-to-lumen (W/L) ratio of carotid artery. The 

W/L ratio shows a non-significant increase from newborn to senescence (0.25m: 20 ± 2; 1m: 22.9 

± 1.3; 2m: 24 ± 2; 6m: 23.7 ± 2; 9m: 24.4 ± 1.5; 12m: 24.4 ± 1; 19m: 24.4 ± 1; 24m: 25.5 ± 1; 30m: 

27 ± 2) within the observed groups (p < 0.088). 

Also, analysis shows three phases of changes in wall-to-lumen ratio: first there is a sudden 

increase until the age of 2 months (due to rapid increase in wall thickness – outward hypertrophy), 

shortly followed by inward eutrophic remodeling (when increases in wall mass is not accompanied 

with increase in lumen) until the age of 19 months, then W/L again gradually increased until the 

age of 30 months (outward hypertrophy) (Table 3). 
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Figure 13. Summary data show wall-to-lumen ratio in rat carotid artery as a function of age. * 

- indicates significant change in slope (p < 0.05) (n = 10/group). 

Table 3. Regression analysis of wall-to-lumen ratio measurements. Data are divided into three age 

groups. mo – months, “a” indicates the change of data (slope as compared to zero). *p < 0.05. 

W/L ratio 0.25 mo - 2 mo 2 mo - 19 mo 19 mo - 30 mo 

"a" + SEM 2.152 ± 0.788* 0.038 ± 0.029 0.028 ± 0.014 

 

4.6 Vascular wall tension of carotid artery 

Summary data (Figure 14) show a reduction in calculated wall tension of carotid artery with 

aging. It shows a rapid decrease until the age of 2 months (0.25m: 1.46 ± 0.03Pa/µm2, 1m: 1.19 ± 

0.05Pa/µm2; 2m: 0.83 ± 0.03Pa/µm2), then it did not change until the age of 6 months (6m: 0.82 ± 

0.02Pa/µm2), and then it slowly decreased until the age of 30 months (9m: 0.67 ± 0.02Pa/µm2; 

12m: 0.56 ± 0.01Pa/µm2; 19m: 0.52 ± 0.02Pa/µm2; 24m: 0.44 ± 0.02Pa/µm2; 30m: 0.37 ± 

0.01Pa/µm2). The decrease was due to increase in vessel lumen and increase vascular wall 

thickness (Table 4). 
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Figure 14. Summary data show vascular wall tension in rat carotid artery as a function of age. 

* - indicates a significant change in slope (p < 0.05). (n = 10/group). 

Table 4. Regression analysis of wall tension measurements. Data are divided into two age groups. 

mo – months, “a” indicates the change of data (slope as compared to zero). *p < 0.05. 

Wall tension 0.25 mo - 2 mo 2 mo - 30 mo 

"a" + SEM -0.363 ± 0.003* -0.017 ± 0.002* 
 

4.7 Changes in isometric force of isolated carotid arteries in response to KCl and NE as a 

function of age 

First, we determined the concentration of KCl which will be used in further experiments. 

Summary data (Figure 15) show the effect of increasing concentration of KCl on the isometric 

force development in rat carotid arteries. In the present experiments, the 60 mM KCl concentration 

was showed to be elicited closest to maximal possible contraction compared to highest achieved 

(≈ 98%), with 80 mM KCl. 
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Figure 15. Summary data show the cumulative dose-dependent contractile responses to KCl      

(1 mM – 80 mM) of carotid arteries isolated from 0.25-, 2-, 12-, and 28-month-old rats. The 

concentration of 60 mM achieves 98% of maximal constriction induced by 80 mM KCl (n = 

4/group). 

Original records and summary data show that the magnitude of KCl-induced (Figure 16/left 

panel) and NE-induced (Figure 16/right panel) contraction in rat carotid artery as a function of age. 

 

  

Figure 16. Original records show changes in contractile responses of isolated rat carotid artery 

to 60 mM KCl (left panel) and to NE 10-6M (right panel) as a function of age. Black arrows 

indicate washout of KCl or NE with Krebs solution. 
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KCl induced contraction of carotid arteries exhibiting three phases: 1) a rapid increase from 

newborn (0.25m) to the age of adult - 2 months (0.25m: 2.49 ± 0.5mN; 1m: 4.91 ± 0.7mN; 2m: 

5.35 ± 0.3mN), 2) then slow, but sustained increase to the age of 19 months and then (6m: 5.83 ± 

0.3mN; 9m: 6.29 ± 0.2mN; 12m: 6.61 ± 0.3mN; 19m: 7.51 ± 0.6mN) 3) again rapid increase again 

until age of 30 months (24m: 9.9 ± 0.9mN; 30m: 11.8 ± 0.4mN) (Figure 17). Changes were 

characterized with the slopes of the regression lines (Table 5). 

Table 5. Regression analysis of vasomotor characteristics of KCl-induced contraction. Isometric 

force data are divided into three age groups, and contractility data are divided into two age groups. 

mo – months, “a” indicates the change of data (slope as compared to zero). *p < 0.05. 

Isometric force 0.25 mo - 2 mo 2 mo - 19 mo 19 mo - 30 mo 

"a" + SEM 1.570 ± 0.783* 0.127 ± 0.003* 0.388 ± 0.046* 

Contractility 0.25 mo - 2 mo 2 mo - 30 mo 

"a" + SEM 0.011 ± 0.001* 0.001 ± 0.001 

 

Figure 17. Summary data show changes in isometric force generated by isolated rat carotid 

arteries to KCl 60 mM and that of normalized to the smooth muscle thickness (SMt) as a function 

of age. * - indicates significant change in slope (p < 0.05), NS = non-significant (n = 10/group). 
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Unlike KCl-induced contraction, the NE-induced contraction exhibited 2 phases as a 

function of age: 1) vasomotor response increased sharply until age of 6 months (0.25m: 1.19 ± 

0.3mN; 1m: 3.95 ± 0.2mN; 2m: 6.55 ± 0.5mN; 6m: 5.9 ± 0.5mN); 2) then it did not change further 

until the age of 30 months (9m: 6.2 ± 0.6mN; 12m: 5.56 ± 0.5mN; 24m: 6.35 ± 0.6mN; 30m: 6.44 

± 0.5mN) (Figure 18). Repeated administration of 60 mM KCl and NE 10-6 M was applied. Both 

vasoconstrictors elicited similar vasomotor responses as a function of age (Figure 19). 

 

Figure 18. Summary data show changes in isometric force generated by isolated rat carotid 

arteries to NE 10-6M and that of normalized to the smooth muscle thickness (SMt) as a function 

of age. * - indicates significant change in slope (p < 0.05), NS = non-significant (n = 10/group). 

Table 6. Regression analysis of vasomotor characteristics of NE-induced contraction. Data are 

divided into two age groups for each measured parameter (isometric force and contractility). mo – 

months, “a” indicates the change of data (slope as compared to zero). *p < 0.05. 

Isometric force 0.25 mo - 2 mo 2 mo - 30 mo 

"a" + SEM 3.039 ± 0.303* -0.034 ± 0.001* 

Contractility 0.25 mo - 2 mo 2 mo - 30 mo 

"a" + SEM 0.079 ± 0.001* 0.008 ± 0.017 
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Figure 19. Summary data show changes in isometric force generated by isolated rat carotid 

arteries to repeated administration of 60 mM KCl (circles) and NE 10-6 M (triangle) as a function 

of age. * - KCl- vs. NE (p < 0.05) (n = 10/group). 

 

4.8 Assessing contractility by normalization of vasomotor responses of carotid artery to 

media thickness as a function of age 

Because the media layer of arteries undergoes significant morphological remodeling with 

aging, the total isometric force generated by the vessels was normalized to media thickness (for 

each age group separately). We found that the normalized isometric force produced by KCl 

(contractility) have 2 phases: first there was a significant increase from newborn until the age of 2 

months and then it did not significantly change until senescence (Figure 17) (Table 5). However, 

contractility induced by NE also have 2 phases, but different pattern: first there is a significant 

increase to the age of 2 months followed by significant decrease until the age of 30 months (Figure 

18) (Table 6). 
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4.9 Effect of dose-dependent administration of PACAP1-38 on the relaxation of carotid 

artery 

Original records (Figure 20) and summary data (Figure 21) show the magnitude of PACAP1-

38-induced relaxation in rat carotid artery as a function of age. There is a decrease in relaxation 

from young (2 months) until senescence age (30 months). 

 

Figure 20. Effect of cumulative concentration-dependent administration of PACAP1-38 on the 

relaxation of carotid artery isolated from 2-, 12-, and 28-month-old rats /Original Records/. 

Black arrow represents administration of KCl (60 mM); PACAP was administrated dose-

dependently: 10-9 - 10-6 M. Last administration was SNP 10-5 M. 

 

Summary data (Figure 21) show the relaxation effect in CA to the cumulative dose-dependent 

administration of PACAP1-38. Administration of cumulative doses of PACAP1-38 induced dose-

dependent relaxation of CA (significant from baseline at 10-8 - 10-6 M). Induced relaxation was 

greatest in young (2 months), whereas the PACAP-induced relaxation in adult (12 months) and old 

(30 months) age was significantly and substantially reduced (as compared to young). Repeated 

administration of PACAP did not influence vasomotor response (data not shown). 
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Figure 21. Effect of dose dependent administration of PACAP1-38 in isolated carotid artery of 

2-, 12- and 30-months old rats. *p < 0.05 - 2m vs. 12m, #p < 0.05 - 2m vs. 30m, Δp < 0.05 - 12m 

vs. 30m (n = 3/group). 

 

4.10 Age-dependent differences in PACAP1-38-induced relaxation 

To indicate the age-dependent changes in PACAP1-38-induced relaxations, we calculated 

the difference between the responses in CA of 2-, 12- and 30-month-old rats. Summary data (Figure 

22) show that there was a significant and substantial reduction in relaxations as a function of age 

in responses of CA to PACAP1-38-induced relaxation of various age groups. 
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Figure 22. Age-dependent differences in PACAP1-38-induced relaxations of isolated rat carotid 

artery. *p < 0.05 indicates significant difference between the delta’s of 2m - 30m and 12m - 30m. 
#p < 0.05 - indicates significant changes between the delta’s of 2m - 30m and 2m - 12m. Δp < 

0.05 - indicates significant changes between the delta’s of 12m - 30m and 2m - 12m (n = 

3/group). 

 

4.11 Effect of dose-dependent administration of PACAP1-38 on the relaxation of carotid 

artery in the presence of PAC1R antagonist 

Summary data (Figure 23) show that in the presence of PACAP6-38, a PAC1 receptor 

antagonist (10-7 M), there was no change in vasomotor response of carotid artery to the cumulative 

administration of PACAP1-38, in young (2m), middle age (12m) and old (30m) age. 
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Figure 23. Effect of cumulative dose-dependent administration of PACAP1-38 on the relaxation 

of carotid artery isolated from 2-, 12-, and 28-month-old rats in the presence of antagonist 

PACAP6-38 (n = 3/group). 

 

4.12 SNP-induced relaxations of arteries as a function of age 

Summary data show that SNP-induced relaxation was not affected as a function of age in 

CA. As the original Figures show (Figure 20), SNP-induced complete relaxations of CA in each 

age group, without differences. Summary data show no significant differences (CA 2m: 96 ± 4%, 

12m: 98 ± 2% and 30m: 99 ± 1%, p > 0.05, NS). 
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5. DISCUSSION 

The important findings of the experiments described here are that in rats, from newborn to 

senescence: 1) mean arterial blood pressure initially increased, then did not change 2) wall 

thickness of carotid arteries, - especially the media (smooth muscle) layer - increased with aging, 

3) wall tension decreased from newborn to the senescence, 4) the magnitude of receptor-

independent contractions (KCl) gradually increased, whereas the contractility - after initial increase 

in early age - did not change further, 5) the magnitude of receptor-dependent contraction (NE) first 

increased, then did not change, 6) PACAP1-38-induced relaxations significantly decreased as a 

function of age and 7) the magnitude of SNP-induced relaxations did not change after PACAP1-

38 administration and were not affected by age. 

These findings suggest that arteries undergo substantial morphological and functional 

changes with aging i.e. remodeling, which seems to be independent from changes in arterial blood 

pressure. These findings can have an important impact on vascular remodeling during normal aging 

because our study in carotid arteries isolated from rats from newborn (8 days) to senescence (30 

months) reflect similar events in humans aged ~80 to 90 years. It seems that receptor-mediated 

response (NE) is shifted toward receptor-independent mechanism (KCl-induced response) to 

ensure proper function of vascular response. It is of note that we have performed our study only on 

male rats, but studies showed that there are differences between male and female vascular system 

aging (72). Thus in the future, it would be important to learn more regarding gender differences 

and the underlying mechanisms.  

 

5.1 Mean arterial blood pressure as a function of age 

It is also known that the cardiovascular system is greatly affected by aging (79), among 

others aging likely affects the regulation of vascular resistance (30). In the present study, we have 

found that the MABP (Figure 9) of rats increased from newborn until the age of 6 months, and then 

it did not change significantly until the age of 30 months. These findings are in agreement with 

findings of others, showing similar trends of changes in blood pressure with age in rats (22, 25, 40, 

151) and humans (40, 41) although there are others who reported differing data (4). The findings 
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that KCl-induced vascular contractility and MABP are increased until middle age, whereas in 

senescence age contraction is further increased, but blood pressure is maintained, suggest different 

contribution during aging, possible protection of vasculature in changed hemodynamic 

environment and systemic blood pressure. 

 

5.2 Wall thickness of carotid artery increases as a function of age 

The thickness of arterial wall increased from newborn to senescence (Figure 11), with rapid 

early phase, followed by slow but steady increase until the age of 30 months. Similar tendency was 

found from young (6 days) to old (middle aged) (70 weeks) normotensive rats (45, 126, 150) and 

in media thickness of carotid arteries from 6- and 23-month-old rats (42). This could be interpreted 

that hypertrophy compensates for the degeneration of elastic and fibrotic layers of media to 

maintain or improve the vasomotor function of an artery (40, 88). The slopes of curves (data) 

showed that smooth muscle (SM) and total wall thickness increased in all three age group, while 

the adventitia increased only in the first two age groups (until 18 months of age), suggesting that 

SM is the main load bearing component in the wall (Table 1, Wall thickness). 

 The most consistent morphological changes, besides changes in collagen, are the reduction 

of elastic properties of arteries, luminal enlargement and increase in wall thickening (88). The 

present results show that both wall thickness and lumen radius (diameter) (Figure 11 and 12) 

increased with aging, without significant change in wall-to-lumen ratio (Figure 13), indicating an 

outward remodeling of arteries with aging (22, 96). These findings correspond to those in humans 

showing that arterial diameters increase with age and a compensatory thickening of the arterial wall 

prevents the circumferential wall stress from increasing (9, 121, 142). The slopes of curves showed 

a significant increase of inner and outer diameters except in last age group (19m – 30m) when inner 

diameter did not change, indicating a hypertrophy of the wall (Table 2, Diameter). Contractile 

mechanisms responsible for maintaining a reduced (proper) diameter over time in response to 

prolonged stimulation with vasoconstrictor agonists are in part responsible for the initial stages of 

the remodeling process, such as polymerization of actin within VSM cells (81, 132). It is of note 

that we have studied larger arteries, but it is likely that similar changes may occur in smaller 

resistance vessels, which could be an important topic for future studies (97). 
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5.3 Arterial wall tension 

We have found that wall tension became reduced as a function of age, which is in agreement 

with findings of others (22). Van Bavel’s group suggested that “increased wall tension (rise in 

blood pressure) leads to induced constriction, whereas low wall tension results in a reduction in the 

magnitude of constriction (Laplace law)” (153). Based on this, in isometric conditions, agonists 

stimulation lead to vasoconstriction (increase in vasomotor response, therefore increase in force = 

increase in wall tension – positive feedback loop). In contrary, the isobaric condition leads to 

increase in wall tension resulting in vasoconstriction, thus reduction in wall tension (negative 

feedback loop). Our findings (Figure 14) confirm this observation, that is, increases in 

vasoconstriction results in reductions in wall tension. This observation could have importance 

during aging, where increases in systolic and reductions in diastolic pressure (40, 41, 111) as a 

function of age could be - in part - due to increased contractile tone and reduced compliance 

(stiffness – contributes to the reduction of systolic BP) of the vessel in older age. 

 

5.4 Arterial contractile capacity and contractility as a function of age 

To assess the contractile capacity of arterial smooth muscle we have used KCl because it 

elicits vasoconstriction without receptor mediation, which could interfere with the interpretation of 

findings (31). Data show that there is a continuous increase in the contractile ability of arteries 

from newborn to young age (Figure 17) as indicated by the slopes of curves (Table 5, Vasomotor 

characteristics). This is important, in order to provide the means to control vascular resistance, 

when systemic blood pressure and cardiac output also increase (119), which is then tempered in 

middle age and older arteries (7, 146), then increases again in very old and senescent age (24 - 30 

months old) (Figure 17), in acordance with others observations (7, 146). This is most likely due to 

the aging-induced increase in smooth muscle mass and size, likely due to increases in actin/myosin 

synthesis (hypertrophy), collagen embedding and reduction in elasticity (40, 78), which leads to 

increase in effectiveness of contractile function (81). Such mechano-adaptation is an initial step in 

eutrophic remodeling to maintain a reduced diameter without the need for maintenance of muscle 

activity. Folkow et al. postulated that according to LaPlace’s law, resistant vessels of rats undergo 
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structural changes, causing the media layer (smooth muscle) to thicken which results in a 

geometrically related increased response to vasoactive stimuli (38, 153). 

There are many previous studies regarding age-induced arterial remodeling (42, 89, 95, 

148). However, the term “arterial remodeling” has been specifically used to refer to changes in 

vessel parameters, such as the cross-sectional area within the intima/media/adventitia, wall-to-

lumen ratio etc (158). Our results show an increase in vessel size (increased lumen) with the 

unchanged wall-to-lumen ratio, indicating an outward remodeling process eliciting the reduction 

in wall tension (22, 158). This is a normal physiological process, eliciting increased contractile 

capacity in older ages. Although vascular hypertrophy is usually connected to hypertension, this 

finding suggests that hypertrophy “compensates” for increasing lumen and stabilizes blood 

pressure control (22, 89). Our findings are in agreement with those of Meininger et al., showing 

the importance of changes in vascular wall (composition and organization of extracellular matrix) 

and primarily in smooth muscle as a function of age and that these changes contribute to 

maintaining the normal hemodynamics in old age (81, 82). 

Importantly, however, apart from the initial increase, the contractility of arteries did not 

change during aging (Figure 17), suggesting that primarily morphological remodeling is 

responsible for the increased total arterial contractile ability as a result of aging. In order to further 

characterize the effect of age on contractile function, we used NE known to be mediated by 

adrenergic receptors (Figure 18). Interestingly, unlike KCl, NE-induced contractility increased 

until the age of 6 months and then reduced, as indicated by the slope (Table 6). This finding was 

confirmed by several other investigators (7, 49, 79, 146). This could be due to a reduction in β-

adrenergic receptor density and aging-induced alterations in the adenylyl cyclase cascade beyond 

β-receptor level as it was shown previously (7, 37, 50, 139, 146). The reason for this is still not 

known, but the reduction in response could be due to increased responsiveness to KCl to 

compensate for decreased receptor-mediated response, or vice versa (Figure 24).  

Repeated administration of KCl and NE elicited similar vasomotor responses as a function 

of age (Figure 19). This finding is important because it shows that carotid arteries do not exhibit  

tachyphylaxis to NE, as compared to another receptor-dependent agonist, angiotensin II (151). 

These findings suggest that total contractile force of arterial smooth muscle increases with aging, 

(but not the contractility) suggesting the importance of morphological remodeling. The systemic 
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blood pressure did not increase which suggests that vascular remodeling is counterbalanced by 

other, for example, receptor-mediated mechanisms (NE, Ang II) to prevent increases in peripheral 

vascular resistance (151) (Figure 24). 

 

Figure 24. Summary data show changes in vasoconstrictor agents, the KCl, NE and Ang II, 

normalized to the smooth muscle thickness (SMt). As wall increases, only KCl-induced responses 

after the initial increase remain unchanged, while NE and Ang II response, after initial increase 

decline with aging (Angiotensin II data was taken from our previous study from Vamos et al. 

(151)). 

These findings support the conclusion that aging-induced structural and functional 

remodeling of arterial vessels are likely independent from changes in blood pressure and may 

predispose the circulatory system to the development of hypertension (51). 

 

5.5 PACAP-induced vasomotor responses 

The polypeptide PACAP has been shown to be a multifunctional molecule having several 

biological regulatory roles (141, 155). These diverse functions also include potent vasomotor 

effects (100, 115, 136). There are reports which show relaxation effect of PACAP in many different 
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vessels, such as carotid (152), pulmonary (27), femoral (101), mesenteric and coronary (54), 

meningeal (80), cerebral and intracerebral (1, 5, 35), and middle cerebral arteries (15, 36) of various 

animals. In addition, several human studies demonstrate that PACAP exerts cardiovascular actions 

partially by the decrease in mean arterial blood pressure and an increase in blood flow (133). The 

observed relaxation was presented as hypotensive effect and increased in skin microcirculation 

flow measured by Laser Doppler (76). 

Indeed, we also observed relaxation responses to PACAP1-38 (Figure 21), which showed 

concentration-dependence and substantial relaxations of CA in all age groups, from young to old 

rats (as compared to maximal contraction). Others have found similar results where PACAP1-38 

elicits relaxant effect in different types of arteries in rats, like mesenteric and coronary arteries (54) 

and cerebral arteries (1, 5, 34, 35). It seems that the relaxations were not the same magnitude. There 

are some possible explanations that PACAP induces different relaxations in vessels of different 

origins or it may depend on the methods used in the experiments. In our experiments 60 mM KCl 

was used to achieve maximal contraction of the carotid artery. PACAP, by cAMP/PKC stimulation, 

affects the overall intracellular Ca2+ levels, induces relaxation. The relaxation achieved was only 

~30% of maximal contraction. This could be due to high levels of Ca2+ ions, which may interfere 

with relaxation, or the potency of PACAP being not strong enough. On the other hand, in vitro 

levels of PACAP exceed physiological concentration by several thousandfold. 

In addition to the concentration-dependent changes, there was also an observed age-

dependent relaxation (Figure 21). The relaxation of PACAP-induced response was significantly 

reduced from young to old age. Previous studies have shown that vessel walls are richly innervated 

by PACAP-containing fibers, a high density of PACAP binding sites is present in arteries (15, 34, 

35), and PACAP is widely distributed in 1 to 4 months old rat brain vessels (35). Reduced 

relaxation could be due to the inability of the smooth muscle to relax (due to excessive 

hypertrophy). Although SNP elicited full arterial relaxation this option is less likely. Another 

possible explanation could be that either the number of PACAP-binding receptors is reduced (62, 

73) or the sensitivity/stimulation of the receptor is decreased (69), or a combination of both. 

However, there are no reports which could provide additional proof for such age-dependent 

vasomotor response in arteries of rats. 
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5.6 PACAP-induced vasomotor molecular signaling 

Our findings help to further elucidate the PACAP-induced vasomotor responses and their 

changes in healthy aging. It has been demonstrated that the wall of blood vessels is richly 

innervated by PACAP-containing fibers and a high density of PACAP binding sites in arteries (34, 

35, 154, 155). The findings of our study show that PACAP-induced signaling does not interfere 

with the direct relaxant cGMP-mediated relaxation of arteries, and aging specifically affects 

PACAP-induced responses because SNP-induced responses were not affected by aging. 

As shown by previous studies, in arterial vessels the PACAP-induced dilator effect is 

mediated by activating a PAC1 receptor on the smooth muscle cell, followed by activation of 

adenylate cyclase (67, 163). However, there is a possibility that, in addition to PAC1, the activation 

of the VPAC1 receptor is also required (15). Nevertheless, activation is via the stimulation of 

cAMP production in blood vessels, which modulates large-conductance Ca2+-activated (BK) and 

ATP-sensitive (KATP) K+ channels in vascular smooth muscle cells through the activation of both 

protein kinase A (PKA) and protein kinase C (PKC) mechanisms resulting in vasodilation (28, 67). 

The possible involvement of the endothelium in the vasodilator activity of PACAP is still not clear: 

some reports indicate that it is endothelium-independent (64, 159), whereas another study reveals 

that removal of the vascular endothelium abolishes the dilatory response induced by PACAP (23). 

More importantly, the effect of age on the PACAP-induced vasomotor responses is not known. 

 

5.6.1 Potential roles of PACAP1-38 signaling eliciting relaxation with aging 

Previous studies described age-related changes in PACAP immunoreactivity and its protein 

levels in the gerbil hippocampus (32). Tripathy et al. report that in cultured brain endothelial cells 

levels of PACAP significantly decreases with age (147). However, the effect of age on the PACAP-

induced vasomotor activity is not known. In our present study, we observed that the PACAP1-38-

induced vasomotor response shows an age-dependency. These findings suggest that aging may 

induce vessel-specific changes in the functional availability and/or density of PAC1 receptor. This 

could be due to the altered receptor mRNA and protein expression in older age compared to the 

younger rats, or different activation and internalization of the receptors and/or their subcellular 

pathways (cAMP, PKA, PKC or MLCK), as shown previously (19). In addition, Banki et al. 
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showed that PACAP exerts important angiogenic capacity in cerebromicrovascular endothelial 

cells, which seems to decline with age (12).  

Indeed, most previous studies have found that density and distribution of PAC1 receptor 

change as a function of age (73, 154, 155). In the present study, we found that inhibition of PACAP 

receptors (Figure 23) completely blocked relaxation to PACAP in all age groups, suggesting that 

primarily PAC1 receptors are involved in the signaling. Nevertheless, more studies are necessary 

to further reveal the vasomotor effects of PACAP in various age groups. It is important to elucidate 

whether it has protective or deleterious effects since previous studies assigned clinical significance 

for PACAP in headache due to prolonged dilation of cerebral arteries to PACAP (2, 34) and its 

etiology in a migraine (12, 122, 137, 149). 

 

5.7 Clinical importance of our findings 

Vascular and cerebrovascular homeostasis to maintain proper blood pressure and flow are 

essential for normal activities of organs and brain tissues to meet their metabolic demands. If these 

demands are not met the cardiovascular system responds with adaptation to maintain homeostasis. 

Our findings indicate that, in healthy aging, there is increased contraction of smooth muscle 

(contractile ability) of receptor-independent mechanisms (KCl), with sustained contractility as a 

function of age. However, the contractile ability of receptor-dependent mechanism (NE) is 

maintained after the initial increase, but contractility is reduced as a function of age (Figure 18 and 

24). In addition, receptor-dependent relaxation (PACAP) is also reduced with aging. After the 

initial increase in young age mean arterial blood pressure is maintained with advancing age (Figure 

9 and 25). Adaptation to hemodynamic forces over time, in general, seem to be in line with the 

structural adaptive processes previously discussed (wall thickness section), which, according to the 

laws of Laplace and Poiseuille, tend to adjust the vascular (and cardiac) design when pressure, 

tissue mass, and/or tissue metabolic demands become altered (39). The importance of these 

findings are, despite significant morphological and functional changes, hemodynamic forces and 

MABP are preserved in old and senescence group, without any sign of pathological conditions, 

such as hypertension, ischemia or atherosclerosis. 
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Figure 25. Summary data show changes in the isometric force of isolated rat carotid artery to 

the KCl, NE, and Ang II, and mean arterial blood pressure (MABP). in healthy aging the 

presence of vasoconstrictors and vasorelaxants, the MABP is maintained. Angiotensin II (Ang 

II) data presented in the graph was taken from our previous study from Vamos et al. (151). 

From clinical aspects, once the pathological condition is developed, it is a challenge how 

the condition can be stabilized, and if possible, to be reversed and cured. A clear distinction 

between physiological age-related changes and symptoms of superimposed diseases are therefore 

of great general importance, but it becomes more and more difficult in older age. In conditions, 

when systemic pressure changes vasoconstrictor mechanisms investigated by responses to KCl, 

NE, and PACAP are important because these mechanisms participate in the regulation of resistance 

of the vascular system (146). Our findings provide additional information for the integration of 

structural and functional remodeling of arteries in age-dependent manner, which contributes 

importantly to the regulation of the blood pressure in normal and diseased conditions, such as 

hypertension. It is conceivable that these novel mechanisms may also be involved in the age-

induced change in arterial stiffness allowing pharmacological targeting of vascular diseases (110). 
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5.8 Conclusion 

In conclusion, the novel findings of the present study are that during healthy aging arterial 

wall thickness, especially smooth muscle layer, substantially increases from newborn to very old 

age in a phasic manner (young, middle and old age), which may contribute to the increased 

contractile and reduced relaxation abilities of smooth muscle in older age. These changes seem to 

be independent of changes in systemic arterial blood pressure suggesting roles of different, likely 

genetic and epigenetic mechanisms determining smooth muscle contractile ability. Also, it seems 

that other systemic and/or local blood pressure regulatory mechanisms counterbalance the 

increased smooth muscle contractility, thereby maintaining normal blood pressure in older ages, as 

well. It is likely, however, that when these mechanisms became impaired the increased contractility 

of arterial smooth muscle can lead to increased vascular tone and thus peripheral vascular 

resistance, to which – in order to maintain appropriate blood flow to organs and tissues - the 

cardiovascular system respond by sustained increasing of systemic blood pressure; a condition 

called hypertension. This conclusion seems to support the earlier concept of Bjorn Folkow: “an 

increase in the wall-to-lumen ratio (due to increased smooth muscle layer, leading to increased 

contractility) could be an important factor in the pathogenesis of hypertension (39), especially if 

other mechanisms fail to counterbalance the remodeling of arterial vessels. 
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6. SUMMARY OF NOVEL FINDINGS 

The important novel findings of the present study are that from newborn to senescence: 

(i) MABP initially increased until age of 6 months, then it did not change further 

(ii) vascular wall thickness - especially the media layer - increased 

(iii) wall tension decreased 

(iv) the magnitude of the receptor-independent vasomotor agent, KCl-induced contractions 

gradually increased, whereas the contractility - after an initial increase in early age - 

did not change further 

(v) magnitude of receptor-mediated vasomotor agent, NE - induced contractions first 

increased, then it did not change in older ages 

(vi) PACAP1-38 induced a significantly dose-dependent relaxation 

(vii) PACAP1-38 induced a significant age-dependent reduction in relaxation 

(viii) the magnitude of SNP-induced relaxation did not change after PACAP1-38 

administration and was not affected by age 

(ix) nonselective PAC1 receptor antagonist (PACAP6-38) completely diminished PACAP1-

38 induced a vasomotor response in all age groups 
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