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Abbreviations:

CAMP — cyclic adenosine monophosphate

CNS — central nervous system

MABP — mean arterial blood pressure

NE — norepinephrine

PACAP - pituitary adenylate cyclase-activating peptide
PACAP6-38 — PACLR antagonist

SMC — smooth muscle cell



1. INTRODUCTION

The circulatory system is essential to maintain the supply of oxygen and nutrition to the
organs and tissues. From birth the organisms are growing and changing, blood circulation and
hemodynamic forces are also constantly undergoing changes in order to adapt to the changes in the
environment (20). The importance of this issue was brought up by Bjérn Folkow (4): 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?

1.1 Age-related changes in blood pressure

Evidence shows that with aging there is a gradual change in MABP of humans (7). Several
factors can influence the MABP: some of them can be managed with dietary and lifestyle, medical
drugs, and those, which cannot be (or difficult to) managed, like genetic and environmental factors
(6). The combination of these factors influences the level of hemodynamic forces. In healthy
subjects (human and animals) systolic and diastolic pressures change with aging: after initial
increase until adulthood, where in elderly they remain unchanged. If the system fails to adapt, it
will result in pathological conditions (hypotension or hypertension).

1.2 Vascular remodeling and aging

The main function of vascular smooth muscle is to establish the vascular tone and to regulate
the caliber of blood vessels, which can be changed in response to different stimuli (11). These
changes will result in vascular remodeling. Vascular remodeling begins in embryogenesis (20).
There are “early” remodeling (development of vasculature to be self-sustainable) and “late”
remodeling (already developed vasculature needs to additionally adjust for “new” conditions). In
both types of remodeling, the principle mechanism is the same: through mechano-transduction
(signals) vasculature responds with mechano-adaptation (remodeling) (11).

Changes which occur with aging are both morphological and functional (3, 11, 18). These
changes are independent of other pathological conditions (6). Human studies showed that with
aging there were increases in wall mass, wall thickness and lumen diameter of arteries, but
reduction in wall tension (16, 23). Importantly, most studies investigated only a limited age range
or only two-time points (2, 8, 13, 25), precluding characterization the overall effect of healthy

aging.
1.3 Vasoactive substances in the blood stream

Vascular stimuli participate in the vasomotor activity and balance between constrictors and
dilatators resulting in the steady-state vascular tone. They can be divided into two main groups by
the pathways they activate:

1) Receptor-independent responses (ions, which changes membrane potential; e.g. KCI).
2) Receptor-dependent responses (signaling mechanism pathway; e.g. NE, PACAP).



KCI - it was shown that 60mM KCI is the most potent non-receptor-dependent vasoconstrictor (3,
10). Thus age-related changes in receptor availability should not interfere with the assessment of
KCl-induced contractile capacity, as it was found to be the case for angiotensin 11 (12, 27).

NE - it acts through the receptor-dependent pathway, activating o adrenergic receptors.
Experiments showed age-dependent NE-induced vascular contraction (9, 15). However, data are
still missing for very old and senescence ages.

PACAP - PACAP1-38 is a neuropeptide with a diverse array of biological functions (29). In the
cardiovascular system, PACAP1-38 stimulates cAMP activity in the SMC (17) resulting in
vasorelaxation (30). PACAP signaling may play a role in the development of age-related diseases
of the CNS (19). Age-dependent vascular functions are not well characterized.
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Figure 1. Simplified graphical presentation of vasoconstrictor (upper section) and vasodilator
(lower section) pathways in the development of vascular tone. Graphical section is recreated
according to Kanehisa Laboratories© (www.genome.jp).



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 aimed to measure from newborn to senescent rats:

(i) the level of mean arterial blood pressure
(i) morphological characteristics of arteries
(iii)  functional characteristics of arteries using KCI-, NE- and PACAP-induced responses

3. METHODS

3.1 Animal model

Ninety-eight male Wistar Kyoto (WKY) rats aged 8 days (0.25 month), 1, 2, 6, 9, 12, 19, 24,
and 30 months were used. These animals represented different age groups: newborn, juvenile,
young, adult, late adult, middle-aged, late middle-aged, old, and senescent. Rats were kept in
standard cages, exposed to 12h of light and 12h of dark. They had 24h access to water and food.

3.2 Measurement of mean arterial blood pressure

Rats mean arterial blood pressure (MABP) was measured by two different methods: 1) tail
cuff (1) and 2) with the direct manner, by carotid artery cannulation (27). Comparable data could
be obtained by the two methods.

3.3 Surgery

From rats, the common carotid artery was isolated by using a surgical microscope under
anesthesia induced by a ketamine—xylazine (78 mg/kg Calypsol, Richter + 13 mg/kg Sedaylylan,
Eurovet). One 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. Shortly after, the second artery was removed and segments were dissected into 2 - mm
long rings and mounted. After the removal of the arteries, the animal was euthanized with an
injection of pentobarbital.

3.4 Vascular wall histology

After removal of the artery, this section was quickly removed and inserted into fixation
solution, samples were embedded in paraffin and stained with hematoxylin and eosin (H&E). The
sections were examined with video-microscopy under different magnifications.



3.5 Isometric force measurements

Measurement of the changes in the isometric force of the vessel rings was conducted as
described before (27). In brief, in a four chambers wire-myograph system (DMT 610M) vascular
rings were mounted on tungsten wires connected to fixed force recorder on one side and the
regulator of distance on other side. The chambers contained 5 ml Krebs solution (continuously
perfused with O2 95% and CO2 5%; at 36.9 + 0.1°C). After normalization, the rings were allowed
to stabilize for 60 minutes before the start of the experimental protocol.

Two different protocols were conducted: 1) vasoconstriction, where maximal arterial
contraction was tested with 60mM KCl or 10 M NE; and 2) vasorelaxation, where after maximal
response with 60mM KClI, the cumulative dose of PACAP1-38 (10° 10® M) was performed.

3.6 Calculations of parameters

From the values taken from morphological images of the carotid artery, we calculated tree
different parameters: 1) vessel radius, diameter and surface lumen; 2) vascular wall tension and
wall/lumen ratio; and 3) smooth muscle contractile capacity.

3.7 Statistical analysis

All data are expressed as means + 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 (Tukey post hoc test). Statistical significance was accepted at p < 0.05.

4. RESULTS

4.1 Changes in the mean arterial blood pressure

The MABP of rats increased from newborn until the age of 6 months, and it is unchanged
until the age of 30 months. Comparable results were obtained by the tail-cuff method.

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

Summary data show that the total wall thickness of carotid arteries increases with aging in
three phases: 1) rapidly increased until the age of 2 months, 2) then slowly increased until the age
of 19 months and 3) then again gradually increased to senescence. Media is constantly increasing,
while adventitia until the age of 19 months.

4.3 Diameter of carotid artery in histological preparations

Vessel diameter significantly increased until the age of 30 months, while lumen diameter
increased significantly until the age of 19 months.



4.4 Wall-to-lumen ratio (W/L)
The WI/L ratio shows a non-significant increase from newborn to senescence.
4.5 Vascular wall tension of carotid artery

Wall tension shows rapid decrease until the age of 2 months, and then slowly decreases until
the age of 30 months.

4.6 Changes in isometric force of isolated carotid arteries in response to KCI and NE as a
function of age

KClI-induced contraction of carotid arteries exhibit three phases: 1) a rapid increase until the
age of 2 months, 2) then slow, but sustained increase to the age of 19 months, and 3) further increase
until the age of 30 months. Unlike KCI, the NE-induced contraction exhibit 2 phases: 1) vasomotor
response increased sharply until the age of 6 months; 2) then it did not change further until the age
of 30 months.

4.7 Assessing contractility by normalization of vasomotor responses of carotid artery to
media thickness as a function of age

Because the media is the contractile layer of the vessel, the isometric force generated by the
vessels was normalized to media thickness (separately for each age group). The normalized force
produced by KCI (contractility) have 2 phases: first there was a significant increase until the age
of 2 months and then it did not change significantly until senescence. However, contractility
induced by NE also has 2 phases, but in a different pattern: first there is a significant increase until
the age of 2 months followed by a significant decrease until the age of 30 months.

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

Data showed that PACAP1-38 induced a dose-dependent relaxation of arteries. Induced
relaxation was greatest in young animals, whereas the PACAP-induced relaxation in adult and old
age was significantly and substantially reduced (as compared to young animals).

4.9 Effect of dose-dependent administration of PACAP1-38 on the relaxation of carotid
artery in the presence of PAC1R antagonist

Data showed that in the presence of PACAP6-38 there was no change in vasomotor response
of arteries to the cumulative administration of PACAP1-38 in any age group.

5. DISCUSSION

Cardiovascular system and vascular resistance are greatly affected by aging (14). KCI-
induced vascular contraction and MABP are increased until middle age, whereas in senescence age



contraction is further increased, but blood pressure is maintained, suggest a different contribution
during aging, possible protection of vasculature.

The thickness of the arterial wall is increasing with aging (most noticeable thickening was
recorded in media). A similar tendency was found by others (22, 26). 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 arteries (6, 16). Compensatory thickening of the arterial wall
prevents the circumferential wall stress from increasing (23). Although both wall thickness and
lumen radius increase with aging, there is no change in wall-to-lumen ratio - outward remodeling
of arteries with aging (2).

Another interesting key parameter is wall tension, which is reduced with aging. Van Bavel’s
group suggested that increased wall tension (increased MABP) leads to induced constriction,
whereas low wall tension reduces contraction (28). Our findings confirm this observation. This is
of importance during aging, where increases in systolic and reductions in diastolic pressure could
be - in part - due to increased contractile tone and reduced compliance of the vessel in older age
6, 7).

KCl-induced contractile ability of arteries increases with aging. This is important, in order to
provide the means to control vascular resistance, when MABP and cardiac output are increased
(21). This is most likely due to the aging-induced arterial remodeling, which leads to increase in
effectiveness of contractile function (18). Such mechano-adaptation is an initial step in eutrophic
remodeling to maintain a reduced diameter without the need for maintenance of muscle activity
(5). Although vascular hypertrophy is usually connected to hypertension, this finding suggests that
hypertrophy “compensates” for increasing lumen and stabilizes blood pressure (2). Interestingly,
unlike KCI, NE-induced contractility increased until the age of 6 months and then decreased. This
could be due to the aging-induced reduction of the density of adrenergic receptors (24). The MABP
did not increase which suggests that vascular remodeling is counterbalanced by other mechanisms
to prevent increases in peripheral vascular resistance (27).

PACAP-induced relaxations decline with aging. This could be due to high levels of Ca?*
ions, which may interfere with relaxation or due to the inability of the smooth muscle to relax (due
to excessive hypertrophy). Another possibility is that density and distribution of PAC1 receptor
decline with aging (29).

5.1 Clinical importance of our findings

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. 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.



5.2 Conclusion

In conclusion, the findings are that during healthy aging arterial wall thickness substantially
increases (especially media), in a phasic manner (young, middle and old age), which may
contribute to the increased contractile and reduced relaxation abilities of SMC in older age. These
changes seem to be independent of changes in MABP. 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. 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, resulting in 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 (5), especially if other mechanisms fail to
counterbalance the remodeling of arterial vessels.

6. SUMMARY OF NOVEL FINDINGS

The important novel findings of the present study are that from newborn to senescence:

(i) MABEP initially increased until age of 6 months, then it did not change further

(i) wvascular wall thickness - especially the media layer - increased

(i) 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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