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Abstract 

Vasomotion is the spontaneous oscillation of vascular tone, occurring due to 

synchronization of internal calcium fluctuations between multiple vascular smooth muscle cells 

by gap junction and electrical communication. Although altered vasomotion has been observed in 

a variety of pathological situations, characterization of these alterations has been lacking. Using a 

novel method of spectral quantification, and two experimental models known to have altered 

vascular structure, the present thesis was designed to evaluate whether vasomotion characteristics 

could be correlated with altered vascular structure. 

 Rats with perinatal iron deficiency (PID) have previously been shown to possess altered 

vascular structure. When phenylephrine-mediated contractile and acetylcholine-mediated dilatory 

responses were investigated in PID animals, they both displayed blunted relaxation as compared 

to control vessels. When vasomotion characteristics were quantified, vessels taken from PID 

animals exhibited a decreased power in the very low frequency window (VLF <0.2 Hz). 

Changing vessel oxygenation to 10% O2 from 95% O2 did not result in significant alterations of 

vasomotion characteristics. The primary frequency of oscillation was investigated with a peak 

finder, and found to be significantly different compared to control in both the aorta and renal 

arteries obtained from PID animals. 

 To investigate the effect of antihypertensive treatment (enalapril and 

hydrochlorothiazide) on gap junction communication, spontaneously hypertensive rats (SHR) 

were subject to a 2-week intensive angiotensin converting enzyme inhibitor treatment. This 

treatment resulted in significant vascular structural regression. All vessels (aorta, renal, 

mesenteric) from treated animals had greater proportions of power in the VLF window, with both 

the mesenteric and renal vessels exhibiting a primary peak of oscillation around 0.2 Hz; whereas 

the aorta had a primary peak at 0.12 Hz. Investigating altered gap junction communication with 
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the gap junction blocker 18-  glycyrrhetinic acid, revealed that vascular bed location was the 

determining factor of vasomotion response. Immunoblotting did not indicate differences in 

connexin 43, a major gap junction protein in the vascular smooth muscle.  

 These studies suggest that vasomotion characteristics can be used as a method of vascular 

phenotype investigation; vasomotion characteristics were significantly different in vessels taken 

from PID and hypertensive animals as compared to control and antihypertensive-treated animals, 

respectively. 
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Chapter 1 

General Introduction 

1.1 Time Course of Mechanisms Regulating Blood Pressure 

The regulation of blood pressure (BP) is of crucial importance in cardiovascular 

homeostasis, since unopposed extreme fluctuations in BP can lead to many deleterious outcomes 

in both the short and long terms. To achieve BP homeostasis, there are multiple integrated 

mechanisms (local, neural, humoral, and hormonal) that regulate this system in the short, 

intermediate and long terms
1
. The many mechanisms of BP regulation allow for redundancy, as 

well as overlapping control in time (Fig 1.1). While these controllers have been well 

characterized in relation to BP regulation, vasomotion-the local rhythmical changes in blood 

vessel tone, has not. The ability of blood vessels to intrinsically vary vasomotion patterns is 

thought to improve blood flow, thus further study of this mechanism is warranted.    

In the short term there are several systems that are thought to play a role in BP regulation, 

including the neurally-based arterial baroreflex pathway, the central nervous system (CNS) 

ischemic response, the locally-based nitric oxide (NO) system, and the stress-related relaxation 

and myogenic responses of blood vessels. Over seconds to minutes, these controllers respond to 

BP perturbations and attempt to prevent large changes in arterial BP. The baroreflex pathway 

comprises of stretch receptors in the aortic arch, and carotid sinuses, as well as heart and vena 

cava that send afferent signals to the medulla in response to BP changes. The medulla then sends 

efferent signals causing changes in either sympathetic or parasympathetic nervous system tone as 

well as heart rate (HR)
2
. 
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Figure 1-1. Time course of selected vascular controller’s ability to respond to alterations in blood pressure 

with the proposed ability of vasomotion as a limited-gain, long-term controller. Modified from Guyton
1
.  
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The CNS ischemic response occurs when blood flow to the brain is interrupted, resulting 

in the medulla activating the sympathetic nervous system, increasing peripheral resistance and 

HR, independent of the baroreflex
3
. Additionally, evidence exists for a short-term controller 

based on changes in local NO release via the endothelium, in response to changes in vascular 

sheer stress; this is further described in the section on vascular organization.  

Several systems play a role in BP regulation following the activation of the baroreflex 

and other short-term regulators. These include hormonal systems such as the renin-angiotensin-

vasoconstrictor pressure controller and the aldosterone system, increased blood vessel wall 

relaxation and capillary fluid shift
1
. While these systems have the ability to control blood pressure 

in the short and medium term, with time they adapt to the new stimuli and “reset” to a new level 

of arterial pressure
1,4

. These systems also have limited compensatory ability (or gain) to respond 

to stimuli. 

In the long-term regulation of arterial pressure, there are two conceptual frameworks, 

which have been hypothesized to play a role: the neural control hypothesis and the volume 

regulation hypothesis
5
. The neural control hypothesis states that long-term control in blood 

pressure regulation is achieved through adjusting levels of sympathetic tone. While this system 

has been demonstrated to work in short term via the aforementioned baroreflex system, 

experimentally it has not been shown to control blood pressure in the long term
5
.  

The hypothesis that Guyton first advanced in 1972, and has since accumulated 

overwhelming experimental evidence, states that the kidney is the primary determinant of long-

term blood pressure via regulation of the “set point” of sodium and water excretion (pressure- 

natriuresis). This occurs through the kidney’s ability to respond to increased arterial pressure by 

excreting more sodium; as water “follows” sodium, a decrease in blood pressure occurs. 

Conversely, the kidney retains sodium and water as pressure falls
1, 4-7

. Although the other 
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controllers modulate blood pressure, they have limited ability to compensate for fluctuations in 

blood pressure and reset with time. However, the kidney possesses infinite gain and does not reset 

with time, therefore it has the ability to control the operating point of arterial blood pressure over 

the long term
1
. 

1.2 Hypertension 

Hypertension in humans is considered to be a consistently elevated systolic blood 

pressure (SBP) greater than 140 mmHg and/or diastolic blood pressure (DBP) greater then 90 

mmHg
8
. This disease affects roughly one billion individuals worldwide, a number that is 

predicted to more than double in the next 15 years
9
. Hypertension has been identified as the 

leading global risk factor for mortality and the third leading risk factor for worldwide disease 

burden, making accurate diagnosis and treatment a prominent public health concern
8, 10, 11

. While 

hypertension is a leading global health risk, it is strongly linked to a host of other pathological 

conditions such as stroke, diabetes, myocardial infarction, and heart failure
12

. 

Of the two forms of hypertension, primary and secondary, over 95% of all cases 

diagnosed are primary, for which there is no known cause. A genetic predisposition is thought to 

contribute to this, although there are many environmental risk factors for hypertension such as 

diet, stress, smoking, and lack of exercise.   

In 1989, David Barker and colleagues first correlated abnormalities in fetal growth with 

cardiovascular disease later in life. Specifically, they proposed that alterations in fetal nutrition 

could permanently alter the developing organism
13

. This hypothesis has also been shown to hold 

true in numerous animal models. Rat dams fed low protein diets, or dams with iron deficiency, 

have been shown to produce offspring with elevated BP
14, 15

. It has also been shown in multiple 

epidemiological studies that there is a strong association between fetal nutrient deficiencies and 

all the major risk factors for cardiovascular diseases (hypertension, diabetes, and obesity)
16

. 
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While more work needs to be done with respect to how fetal insults are linked to development of 

hypertension, understanding the mechanism of fetal programming could help provide an 

important link in explaining development of primary hypertension.  

In all cases of hypertension, whether primary or secondary, alterations in the pressure-

natriuresis relationship are observed. This is manifested as an initial change in the setpoint of the 

pressure-natriuresis relationship, and resetting the operating point of the mean arterial 

pressure(MAP)-sodium balance relationship in response to persistent increased arterial pressure
1
, 

indicating a higher arterial pressure is required to maintain the same rate of sodium and water 

excretion. It has been established that structural alterations in the vasculature, separate from the 

initial hypertensive stimuli have a major role in maintaining this elevated BP
17, 18

. Some 

investigators suggest that the final role of vascular structural change is of greater importance in 

the eventual BP elevation than the initial rise in blood pressure
19

. 

1.3 Importance of Vascular Structure on Long-Term Blood Pressure Regulation 

The importance of cardiovascular structure as a regulator of arterial pressure was 

hypothesized as early as 1836 with Richard Bright noting left ventricular hypertrophy and aortic 

wall thickening in some patients at autopsy
20, 21

. However, it was another 130 years before the 

relationship of wall thickening in response to increased pressure was proposed
22

. Folkow et al. 

first proposed, and later demonstrated, that changes in vascular structure (increased wall/lumen 

ratio) play an important role in the sustained pressure characteristic of hypertension
23-25

.  

The rapid adaptation of the vessels in response to increased pressure is thought to be 

based on LaPlace’s law, which states that in order for wall tension to remain constant, there must 

be an increase in the wall/lumen ratio
26

. As blood pressure increases, structural adaptations such 

as wall thickening must occur to prevent vessel wall failure. 
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 Studies in prehypertensive, spontaneously hypertensive rats (SHR), a genetic model of 

primary hypertension, have shown that increased wall thickening precedes hypertension 

development. This indicates a primary role for structural change in establishment of the 

hypertensive state, although the mechanism by which this change occurs is still disputed
27, 28

. 

Some have proposed a positive feedback loop or increased trophic factors such as angiotensin II 

(AngII) acting on the vessel. A positive feedback loop would act as a structural amplifier in 

response to a mild pressor signal (pressure-induced structural changes), structural adaptations 

then would potentiate the rise in BP
22, 24, 25, 29

. Regardless of the initiating cause, it is widely 

accepted that a change in vascular structure is important in maintenance of a hypertensive state. 

Poiseuilles law states (R *L/r
4
) that resistance (R) is proportional to length of vessel 

(L) and blood viscosity ( ). However, as L and  do not appreciably change, any change in 

lumen size results in a resistance change amplified to the fourth power. This means that a small 

(10%) decrease in lumen size would generate a 52% resistance increase, and since resistance is 

directly proportional to pressure, a large effect on BP
22,26

. 

 Several different processes, hypertrophy, hyperplasia or remodeling, can result in the 

increased wall to lumen ratio observed in hypertension. Notably, in resistance arteries taken from 

genetically hypertensive animals, or patients with primary hypertension, the restructuring to a 

smaller lumen has been seen to occur without hypertrophy or hyperplasia. That is, there appears 

to be remodeling of the vascular smooth muscle and extracellular matrix through deposition of 

extracellular fibrils and alterations in the matrix-cell adhesion sites
30

. 

1.4 Effects of Anti-Hypertensive Treatment on Vascular Structure 

Experimentally, when treated with certain classes of antihypertensive drugs, specifically 

renin-angiotensin system (RAS) inhibiting drugs such as the angiotensin converting enzyme 

inhibitors (ACEi), and angiotensin-II receptor type 1 (AT1) antagonists, a persistent decrease in 
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blood pressure is evident after treatment is withdrawn. This persistent decrease has been shown to 

occur in SHR, as well as in certain clinical situations
31-34

.  

As previously mentioned, a rightward shift in the sodium balance-MAP (pressure-

natriuresis) relationship occurs in hypertensive animals. Hypothesized to be a cause of 

hypertension, treatment with ACEi can shift the pressure-natriuresis relationship leftward, back to 

normal
6, 35

. This leftward shift suggests treatment with ACEi in SHRs causes structural alterations 

at the level of the kidney, altering renal hemodynamics
34, 36, 37

. This is consistent with 

observations as assessed by numerous methodologies of downward remodeling, or increased 

lumen diameters of the renal vascular resistance
36, 38

.
 

The kidney’s key role in blood pressure management has been shown in many 

experimental studies, particularly those using the cross-over kidney transplantation design. In 

these studies, when a hypertensive kidney is transplanted into a normotensive animal, the result is 

always an elevation of blood pressure
34, 39-41

.  

When blood pressure is decreased with RAS inhibiting (RASi) drugs, regression of 

vascular structure (decreased wall/lumen ratio) and improved endothelial function (increased 

endothelial mediated relaxation) occur systemically. This vascular regression has been shown to 

occur in both animal and clinical studies
42-44

.  

The mechanism of this vascular regression appears to be multifactorial. Apoptosis, 

smooth muscle cell (SMC) rearrangement, and extracellular matrix (ECM) degradation all have 

been shown to be involved, although their relative contributions vary depending on vessel 

location as well as the chosen antihypertensive treatment
45, 46

. These benefits appear to be specific 

to RASi drugs. Thus, when a similar magnitude of blood pressure decrease is obtained using beta-

blockers or calcium channel blockers there is little effect on vascular structure or function
30

. 
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To maintain vascular integrity during antihypertensive treatment, the regression of the 

vascular wall must occur in a coordinated manner, balancing structural requirements of vessel 

location (large conducting vs. small resistance) with continued ability to regulate blood pressure. 

It has been observed that enzymes implicated in ECM degradation, specifically urokinase 

plasminogen activator (uPA), matrix metalloproteases (MMPs) as well peroxisome proliferator-

activated receptors (PPAR), a class of hormone receptors implicated in apoptosis, are elevated 

differentially in a location and strain (Wistar Kyoto (WKY) rats vs. SHR) specific manner
33, 47-49

. 

It is the differential expression and activity of MMPs and PPARs that could be responsible for the 

different characteristics of vascular regression seen in large conducting arteries when compared to 

small resistance arteries, however this has yet to be shown. 

In the aorta, apoptosis of the vascular smooth muscle cells (VSMC) has been shown to be 

the primary method of vascular regression. In a time-course analysis of apoptosis in the aorta 

following RAS inhibition, it has been shown that apoptosis is apparent as early as 4.5 days after 

the initiation of treatment and reaches maximal activity after 6.5 days
50

. This is thought to be due 

to structural differences of the aorta as compared to smaller vessels. While apoptosis can occur in 

smaller vessels, quantitatively the role is much less than other mechanisms such as VSMC 

rearrangement
30,51,52

. 

1.5 Organization of the Vasculature: Link to Morphology and Function 

Morphologically, blood vessels share three histologically distinct regions or tunicas
53

. 

Adjacent to the lumen of the vessel is the tunica intima, a single layer of endothelial cells (EC) 

overlying a basal membrane
54

. EC are squamous in structure, and are orientated with the long axis 

to the blood flow direction. Via the myoendothelial gap junctions (MEJ), these cells can project 

through the internal elastic lamina to directly connect to the underlying VSMCs
55

. 
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 As mentioned previously, responses to increased sheer stress, a short-term regulator of 

vascular tone, are mediated through endothelial cells. Greater sheer stress results in increased 

cytosolic calcium (Ca
2+

) entry and activation of endothelial nitric oxide synthase (eNOS) to 

produce NO from L-arginine. Upon diffusion into neighboring VSMC cells, NO activates the 

soluble guanylyl cyclase (sGC) which produces guanosine-3’,5’-cyclic monophosphate (cGMP). 

cGMP activates cGMP-dependent protein kinase (PKG) resulting in decreased intercellular 

Ca
2+

([Ca
2+

]i). Activation of PKGs results in the indirect sequestration of Ca
2+

, alterations in ion 

channel conductance, and actin filament regulation. All these mechanisms result in VSMC 

relaxation
56-58

.  

The tunica media is separated from the ECs by an internal elastic lamina and is 

comprised primarily of collagen, elastic fibers and SMC. The composition of the vessel wall with 

respect to the tunica media has been shown to vary with vessel diameter, as large arteries have 

proportionally less tunica media than small arteries. In small arteries the ratio of the tunica media 

to vessel wall thickness is similar over a range of vessel diameters, ensuring consistent relative 

amounts of SMC
55

. 

The tunica adventitia is the outermost layer of the blood vessel. This layer is almost 

exclusively fibro-elastic connective tissue and is separated from the media by the external elastic 

lamina. However, the external elastic lamina is usually fragmented or absent in small vessels with 

a lumen diameter under 500 micrometers (μm)
53

. 

In large vessels (lumen diameter > 500 μm) the vasa vasorum or vessels of the vessel are 

present to provide a supply of blood as wall thickness precludes simple diffusion as a method of 

exchanging nutrients and oxygen. Increased vaso vasorum density has been observed in both 

atherosclerosis as well as exposure to hypoxia
59, 59, 60

.  
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The organization of the arterial system can be broadly broken down based on lumen 

diameter and the presence of a myogenic response in resistance arteries. Large arteries in rats are 

commonly defined as having a lumen diameter greater than 500 μm and main resistance arteries 

range from 250 μm downward
55, 61, 62

.  

These resistance arteries have been shown to be the major determinants of vascular 

resistance
55

. Using power dissipation techniques, Borders and Granger concluded that alterations 

in as few as 10 resistance vessels could account for the increased resistance seen in hypertensive 

microvasculatures
63

. When the proportion of contribution towards resistance is examined, the 

small arterioles are thought to control 10-15% of vascular resistance in normotensive circulations, 

with the larger arterioles and small arteries thought to be responsible for 60-70% of vascular 

resistance
61, 64

.  

Innervation of small vessels is primarily adrenergic, via the post-ganglionic neurons of 

the sympathetic nervous system. Although control of vasoconstrictor tone by these nerves is 

substantial there are also local regulatory modulators that impact on neurotransmitter release via 

pre-synaptic auto- and hetero-receptors
55

. Anatomically, nerves penetrate the adventitia and 

disperse prior to reaching the surface of the medial layer. The relative amount of innervation 

appears to increase with decreasing vessel size, although there are also exceptions to this
55

.  

Resistance arteries also have the most distinct myogenic response, which is a response to 

increased or decreased tone based on a change in transmural pressure independent of neural, 

metabolic, or hormonal control
65

. The strength of the myogenic response has been found to be 

inversely related to vessel lumen diameter and is thought to be responsible for establishment of 

basal vascular tone. It also plays a major role in autoregulation of blood flow and capillary 

hydrostatic pressure
66

. Since the myogenic response is the main determinant of basal vascular 
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tone, it should be considered the core foundation of dynamic control on which other short-term 

BP regulators, such as vasoconstrictors and dilators rest
66

. 

1.6 Regulation of Vascular Tone 

Control of vessel tone is important to facilitate circulatory homeostasis and the 

maintenance of stable blood pressure. This is accomplished by local or neurally-mediated 

vasoconstrictor or dilator processes.  

Contraction of smooth muscle is due to an increase in [Ca
2+

]i. Intracellular Ca
2+

 is 

believed to target calmodulin, such that when binding occurs, conformational changes result 

allowing calmodulin to interact with myosin light chain kinase (MLCK). This ultimately results 

in the phosphorylation of myosin light chain 20 (MLC20) and is the major regulatory step in 

initiation of contraction in smooth muscle
67

. However, while this is the traditional view of muscle 

physiology, it has been shown that [Ca
2+

]i levels are actually not stable, but oscillate. These 

internal oscillations, termed local calcium transients, or sparks, are due to the coordinated 

opening of ryanodine-sensitive Ca
2+

 channels of the sarcoplasmic reticulum (SR)
68

.  

Smooth muscle contraction can be accomplished via two systems, electromechanical or 

pharmacomechanical coupling. These systems can work independently or complement each 

other. Electromechanical coupling is the term given to membrane potential-dependent regulation 

of smooth muscle. This occurs when the resting membrane potential is depolarized due to the 

opening of voltage-dependent Ca
2+

 channels (VDCC).  This initial rise of [Ca
2+

]i is further 

augmented by calcium-induced calcium release (CICR) via the SR
69, 70

. 

Pharmacomechanical coupling is defined as a mechanism of contractile regulation of 

smooth muscle that is independent of membrane potential
71

. Pharmacomechanical coupling can 

affect [Ca
2+

]i  as well as regulating the enzymes responsible for MLC20 phosphorylation and 
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dephosphorylation independently of [Ca
2+

]i 
71

. For example, activation of the 

pharmacomechanical process occurs during agonist binding and activation of the -adrenoceptor, 

subsequently resulting in increased [Ca
2+

]i via a G-protein coupled response
72

.  

Relaxation is accomplished by a decrease in Ca
2+

i, and occurs via two mechanisms, active 

and passive relaxation. Active relaxation is the energy-dependent extrusion or sequestration of 

Ca
2+

 due to a vasodilator stimulus in the continued presence of the contractile stimulus. This 

differs from passive relaxation, which results from the degradation or extrusion of the contractile 

agonists
73

.  These mechanisms can be triggered by a variety of endothelium-derived factors such 

as NO, prostaglandins and endothelial derived hyperpolarizing factor (EDHF). These factors 

activate further cascades through sGC or adenylate cyclase mediated pathways that end with 

vessel relaxation
67

.  

1.7 Cell-to-Cell Communication 

Regulation of vascular resistance via changes in lumen diameter impacts overall BP 

homeostasis and distribution of blood flow. Thus, precise regulation of vessel diameter is critical. 

For proper coordination of vascular function, blood vessels have the ability to communicate over 

both long and short distance via endocrine, neural, or direct cell-to-cell contact mechanisms
74

. 

Direct cell-to-cell contact can occur two ways, electrical coordination or by transfer of signaling 

molecules. Electrical coupling allows longitudinal coordination and uniform vessel response via 

modulation of VDCCs. This mechanism allows for rapid changes in vessel tone, supplemented by 

the passage of signaling molecules between adjacent cells via gap junctions
74, 75

. 

 Gap junctions are intercellular channels formed by hexameric associations of the protein 

connexin (Cx). These channels allow passive, non-selective passage of both inorganic ions, K
+
, 

Ca
2+

 and Na
+
 for example; as well as hydrophilic molecules under 1.5 nm in diameter or up to 

1000 daltons in mass, such as inositol 1,4,5-trisphosphate (IP3), cGMP, and cAMP. Connexins 
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are classified based on molecular size with Cx37, 40, 43, and 45 being the main isoforms 

expressed in the vasculature
76

. Each channel is comprised of a single or multiple isotypes forming 

homomeric or heteromeric connexins and, as a result, homotypic or heterotypic gap junctions. 

Both of these types of gap junctions have been identified in vitro and in vivo
77

.  

The distribution of these channels has been shown to vary based on both vessel location 

as well as vessel wall location. Expression of Cx37, 40 and 43 have been shown in the 

endothelium. However, Cx37 and 40 are more abundant, as endothelial expression of Cx43 

appears quite variable, possibly due to the regional regulation by physical factors such as shear 

stress and mechanical load
74, 78

. In the VSMC, Cx37, 43 and 45 have all been identified and, 

although distribution appears to vary with vessel size, Cx43 predominates. There have been no 

systematic investigations assessing regional connexin expression. Heterogeneity in tissue 

expression could play a role in some of the differences observed in connexin expression between 

studies
79-81

.  The half-life of connexins is reported to be 1-5h, so small differences in experimental 

procedures could alter the reported expression levels. The assessment of levels of this gap 

junction protein are further complicated because there are differences in expression between the 

endothelium and the VSM cells, making a precise evaluation of the effects of an intervention on 

connexin expression difficult
82, 83

. 

 In the vasculature, there are to two types of connections that occur, heterocellular 

connections at the MEJ, which involve communication between EC and VSMC through fenestrae 

in the internal elastic lamina, and homocellular connections that involves coupling between two 

VSMCs or ECs
79, 84, 85

. In larger arteries heterocellular coupling is sparse and results in several 

functional differences when compared to arterioles. Due to the greater SMC content and wall 

mass in large arteries, electrical signals generated by the EC are often dissipated without affecting 
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the VSMC. This greater input resistance of the VSMC leads to a unidirectional functional 

electrical conduction from the smooth muscle to the EC
85

.  

In smaller arterioles the endothelium appears to be coupled to a much greater extent than 

in the arteries, which has been shown to result in a bi-directional communication of both 

electrical charge and cytosolic free Ca
2+

. The amount of heterocellular and homocellular 

communication varies based on the location of the vessel. For example, when investigating 

ascending dilation (the upstream propagation of dilation) it has been shown that in certain vessels 

dilation is dependent on a functional EC layer, while others, such as hamster skeletal muscles, 

signaling can be propagated through the VSMC due to high coupling in the absence of functional 

EC
75

. 

 The differences in homocellular and heterocellular coupling also results in differences in 

electrical conduction, something that is apparent when hamster arteries are examined
75, 86

. It has 

been demonstrated that hamster feed arterioles, taken from the cheek pouch; there is a high 

degree of heterocellular coupling between the EC and VSMC. When patch clamp recordings are 

made, the VSMC and EC display identical degrees of hyperpolarization in response to a 

stimulus
86

. This is in contrast to the hamster cheek pouch arterioles, which display a dissociated 

electrical response in the EC and VSMC when stimulated, indicating low heterocellular 

coupling
87

.  

Differences in homocellular coupling can be examined by looking at the distance it takes 

for hyperpolarizing signals to decay. When hyperpolarized, the cheek pouch arterioles exhibit an 

exponential decay in signal strength
88

. This is not apparent in feed arteries, indicating differences 

in homocellular coupling. An exponential decay in signal strength is indicative of a high degree 

of homocellular coupling in the EC and low homocellular coupling in the VSMC in the feed 

arteries
75

. 
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1.8 Alterations of Gap Junctions in Hypertension 

Gap junction conductance and expression has been shown to be altered by both 

physiological and pathophysiological processes. Alterations are observed in cancer and 

cardiovascular diseases, such as ischemia, vascular hypertrophy, and atherosclerosis
77, 84, 89, 90

. The 

concept that there are changes in gap junctions in hypertension is not widely recognized, with 

both increased and decreased expression levels being reported. These observations vary 

depending on the hypertensive model used, the vessel bed in question, and method of 

quantification
77, 84, 91

. As previously mentioned, the half-life of connexins is 1-5h, which can be 

rapidly up or down-regulated over time, possibly contributing to the conflicting results
83, 91

. 

The models used to study hypertension include those with a genetic basis, such as  

SHR and gene knockouts, as well a secondary models such as the deoxycorticosterone 

acetate(DOCA)-salt, the 2-kidney 1-clip (2K1C) Goldblatt model, and L-NAME infused rats. As 

mentioned previously, primary hypertension does not have a known cause, although a genetic 

predisposition is suspected. This makes the results of studies using SHR rats applicable. On the 

other hand, non-genetic models allow for timing of the onset of hypertension to be controlled. It 

is likely that the differences between the hypertensive models may be due to the variability 

observed in connexin expression. 

1.8.1 Genetically Hypertensive Models 

In SHR rats, expression of Cx43 appears to vary with the vascular bed in question, as 

well as the size of the arteries. Both increased and decreased expression has been observed in the 

large arteries, although work in small arteries is limited, the caudal and mesenteric arteries have 

shown a decrease in Cx37 and 40, respectively
76, 77, 92

. When gene knockout models are examined, 

connexins have been shown to play an important role in regulation of blood pressure
76, 93

. For 



 

 16 

example, whereas Cx43 knockout mice suffer from neonatal lethality and Cx37 knockout mice 

are normotensive, the Cx40 knockout mice display sustained hypertension
77

.  

Treatment of hypertension has been shown to up-regulate Cx expression, however this 

may occur in a treatment and connexin-specific manner
91

. For example, as compared to WKY 

rats, SHRs had initially decreased endothelial expression of Cx37 and 40, this expression 

difference has been reversed with AT1 receptor antagonist (candesartan), resulting in increased 

expression relative to WKY rats, but this expression difference was not apparent when treated 

with hydralazine and hydrochlorothiazide
94-96

. When medial expression levels are investigated, 

Candesartan treatment did not result in observable differences in medial connexin expression 
97

.  

1.8.2 Secondary Hypertensive Models 

The results observed in the non-genetic models of hypertension are also inconsistent. For 

example, in L-NAME-treated rats, Cx43 was decreased by 50% in the aorta
98

, whereas there was 

up-regulation of Cx43 in DOCA-salt and 2K1C models
95, 96, 98

. In addition, phosphorylated gap 

junction protein expression was also increased in the 2K1C model compared to the L-NAME 

treated animals. This suggests differential regulation depending on the mechanism by which 

hypertension in induced
77

. 

 While these results are variable, they suggest that there could be a possible link between 

hypertension and vascular communication, specifically through altered Cx protein expression 

levels. Some hypertensive treatments, but not all, are partially able to correct this dysfunction.  

 

1.9 Vasomotion as a Fundamental Property of the Vasculature 

Vasomotion is defined as spontaneous contractions and relaxations of blood vessels due 

to oscillations in intracellular calcium levels
99-101

. This continuous oscillation in vessel tone is not 
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a consequence of heartbeat, respiration, or innervation
100

. While vasomotion was first observed in 

1852 by Jones
102

 the mechanisms responsible for its generation and the physiological importance 

of vasomotion have not been elucidated, although several hypotheses have been proposed
99-101

.  

 Mathematical modeling has shown that vessels exhibiting vasomotion have decreased 

overall vascular resistance as compared to vessels with a static diameter
103

. Experimentally, 

decreased vasomotion has been observed in low resistance states such as normal pregnancy, and 

increased in high resistance states such as preeclampsia
104

. Vasomotion has also been proposed to 

contribute to peripheral vascular oxygenation. Theoretical modeling suggests oscillating red 

blood flow provides better tissue oxygenation in low flow situations due to increased long-

distance oxygen diffusion, as compared to continuous oxygen levels, which resulted in limited 

areas of tissue hypoxia
105

. As mentioned above, there are many controllers that act in the short 

term to regulate vascular blood flow. Thus, while vasomotion has been seen to contribute to 

increase blood flow and oxygenation, it is likely one of a number of mechanisms that increase the 

dynamic capacity within a vascular bed to adjust regional blood flow to meet physiological 

requirements.   

As mentioned, [Ca
2+

]i levels are not stable, but rather undergo periodic oscillations
106

. In 

many types of VSMCs, oscillating Ca
2+

 levels are thought to be due to Ca
2+

 release from 

intercellular stores due to IP3 receptor and ryanodine-sensitive Ca
2+

 channels (RyR) activation, 

resulting in either calcium “sparks” or “waves”
68

. “Sparks” are highly localized calcium 

increases, while “waves” are global [Ca
2+

]i that are propagated along the length of the cell
99

. In 

order for vasomotion to occur, synchronization of these individual oscillations must occur. This 

allows summation of the individual [Ca
2+

]i fluctuations causing global oscillations in Ca
2+

 to 

occur. This synchronized Ca
2+

 oscillation is thought to be the main driver responsible for 



 

 18 

vasomotion
101, 107

. Gap junctions serve to help entrain these oscillations, and gap junction 

blockers abolish vasomotion, demonstrating their critical role in vasomotion coordination
108-111

. 

 Due to regional variations in gap junction communication, there have been multiple 

mechanisms proposed for vasomotion coordination and cellular entrainment (Fig 1.2.a-c). In 

studies characterizing the oscillations of the irideal artery in the iris, the voltage-independent 

coupled model has been proposed (Fig 1.2.a)
109

. In this model, oscillations in membrane potential 

have been observed, however, as inhibition of the VDCCs or removal of ECs do not affect 

oscillations of [Ca
2+

]i, it suggests that vasomotion is completely independent of the observed 

membrane potential oscillations
109, 112

. Vasomotion is thought to arise from interactions between 

phospholipase C and A2 via protein kinase C resulting in [Ca
2+

]i fluctuations, this is the simplest 

mechanism for vasomotion generation observed to date, and it must be stressed that this is an 

exceptional mechanism. That it has not been observed in other vascular beds could be due to the 

greater need for complexity and control throughout the rest of the vasculature. 

 In other arteries, inhibitors of VDCC have been shown to abolish vasomotion, leading to 

the voltage dependent hypothesis of vasomotion (Fig 1.2.b)
99

. In this model, a depolarizing 

current throughout the vessel leads to the opening of VDCCs, resulting in synchronization of 

individual Ca
2+

 waves through CICR
113

. Many different channels have been shown to play a role 

in achieving or modifying this initial depolarization, such as the cGMP-Ca
2+

-dependent channel, 

the recently-described Ca
2+

-Cl
-
 channel, the Na

+
/K

+
 pump, the Na

+
/Ca

2+
 exchanger as well as the 

Na
+
-K

+
 ATPase

100, 114
.  
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Figure 1-2.a-c. Hypothesized mechanisms of vasomotion generation. A. Voltage-Independent coupled 

oscillator. B. Voltage-Dependent coupled oscillator. C. Voltage-Dependent membrane oscillator. Note 

differences in homocellular and heterocellular coupling. Adapted from Haddock et al
99

. 

VSCM A

VSCM 

B
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C
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  The voltage-dependent hypothesis can be further delineated by how the presence or 

absence of MEJ coupling, results in differential EC and VSMC cell hyperpolarization. The 

various possibilities of coupling result in hypothesis for the existence of the voltage-dependent 

coupled oscillator, the voltage-dependent membrane oscillator, and possibly a third, as yet 

unnamed oscillator
99, 114

. 

The voltage-dependent coupled model is considered to be the “classical” model of 

vasomotion initiation (Fig 1.2.b). As stated above, depolarizing current results in oscillating 

[Ca
2+

]i  and contractile tone
101

. When patch clamp recordings are made, it is observed that 

endothelial cell depolarization occurs at the same time as oscillations in VSMC tone. This is 

thought to be due to the high heterocellular coupling present between the EC and VSMC. 

Mathematical modeling has predicted that there are likely 2-4 non-linear oscillating 

systems in vasomotion, with a membrane oscillator (membrane bound ion transporters or the 

“fast” oscillator) and CICR via the RyR acting on SR Ca
2+

-ATPase pump (SERCA) the “slow” 

oscillator, being the best described
115-117

. However, new research has identified a third potential 

oscillator, pharmacologically inhibiting SERCA, has revealed mesenteric arteries to be capable of 

SERCA independent vasomotion
114

. This is in contrast to the tradition view of how vasomotion 

occurs in the mesenteric arteries, which is depolarizing currents causing in CICR via SERCA 

resulting in synchronized oscillating [Ca
2+

]i. 

This indicates the possible interaction of three separate oscillators, with a hypothesed 

membrane bound oscillator due to interactions between Na
+
/K

+
 pump and the Na

+
/Ca

2+
 exchanger 

responsible for SERCA independent vasomotion. This oscillator would be influenced by both an 

oscillator located in endothelial cells as well as the traditional SERCA based oscillator. It should 

be noted that in this model there is high hetero-and homocellular coupling between EC to EC, 

VSMC to VSMC, and EC to VSMC
114

. 
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The voltage-dependent membrane oscillator has been demonstrated in basilar arteries 

(Fig 1.2.c). Due to poor VSMC homocellular coupling and high heterocellular coupling, ECs are 

the synchronizing mechanism between individually oscillating VSMC
99

. 

The entire complement of mechanisms responsible for vasomotion generation remains to 

be fully elucidated due to a wide variety of confounding factors such as vascular bed location and 

method of examination. Nevertheless, the basic mechanism of vasomotion can be summed up as 

[Ca
2+

]i oscillations synchronized via a multitude of pathways ultimately resulting in whole vessel 

oscillations in tone. 

1.10 Modulation of Vasomotion 

Multiple external causes, such as hypoxia and factors released by the endothelium, have 

been shown to have a modulatory effect on vasomotion. Removal of the endothelium has been 

shown to increase, decrease, or have no impact on vasomotion, depending on the vessel in 

question and experimental design
118

. Further confounding accurate investigation, is differential 

effects due to vessel location. For example, removal of the endothelium has been reported to both 

increase and decrease vasomotion in rat mesenteric arteries
99, 119

.  

ECs have also been shown to release numerous substances, including vasoconstrictors, 

such as endothelin (ET), as well as dilators (eg, NO and EDHF)
120

, all of which have been 

implicated in vasomotion modification
121

. It has also been proposed that the endothelium could 

function to coordinate vasomotion through release of NO, which, upon diffusion into the VSMC, 

increases cGMP and stimulate cellular synchronization. This has been hypothesized to occur due 

to activation of a cGMP dependent Ca
2+

-Cl
-
 channel that could serve to depolarize and thus 

synchronize the individual VSMC
122

.  
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Alternatively, the endothelium could play a synchronizing role with VSMCs via gap 

junctions. It has been shown that the endothelium exhibits Ca
2+

 waves
99, 113

. However, these are 

not always synchronized, possibly due to poor homocellular coupling. This leads to the 

hypothesis that rhythmic oscillations in endothelium calcium levels could be the initial 

synchronizing factor in certain vascular beds that exhibit vasomotion spontaneously as opposed to 

when being stimulated with depolarizing agonists. However experimental evidence for this is still 

lacking. 

Decreased oxygen levels due to aeration with 10% O2, possibly resulting in tissue 

hypoxia, has also been shown to have a modulatory role on vasomotion characteristics in the 

aorta, increasing amplitude of contraction and decreasing the frequency
118

. Hypoxia results in two 

distinct vascular effects, vasodilation through increased NO production and bioavailability, as 

well as increased ET1 production resulting in vasoconstriction
123-125

. The balance between these 

mechanisms is still incompletely understood, although the overall balance in respect to tone 

probably varies depending on vascular bed location as well as method of investigation (local vs. 

systemic responses). 

Alternatively, O2 can affect VSMCs directly, increasing the activation of K
+
 channels. 

Previous work in our laboratory has shown that the role of O2 in vasomotion is endothelium-

dependent. Aortic hypoxia results in significant changes in vascular tone with the slow oscillatory 

component (SR Ca
2+

 release) affected the most by this hypoxic stimulus. 

1.11 Vasomotion and Hypertension 

Evidence showing altered vasomotion in the hypertensive state exists in both 

experimental models as well as in clinical studies
99, 126, 127

. One proposed physiological role of 

vasomotion is increasing flow by decreasing vascular resistance
128, 129

. This could explain the 
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increased incidence of vasomotion in the hypertensive vasculature, a high resistance state.  

Sandor and Hollenberg first showed increased vasomotion characteristics in hypertensive patients 

using oscillations of xenon transit as a method of quantification
126

. In addition, isolated vessels 

taken from patients suffering from preeclampsia, a hypertensive state thought to be due to altered 

NO synthesis, increased vasomotion was observed
126, 130, 131

. In SHRs, vasomotion studies have 

shown increased incidence of occurrence in femoral, posterior cerebral, tail, and aortic vessels. 

The mechanism(s) responsible for this increased occurrence are still undetermined
127

. 

 The effect of antihypertensive treatment on vasomotion is unclear, with both increased 

and decreased occurrence noted in treated animals. Incidence of occurrence has been shown to 

decrease in endothelium denuded vessels from ACEi treated SHR animals
132

. However, it has 

also been shown that oscillations are increased by hydralazine or by ACEi in vessels taken from 

SHR stroke-prone rats(SHR-SP)
133-135

.  

1.12 Quantification of Vasomotion 

In previous studies, quantification of vasomotion has normally involved the analysis of 

period and frequency of oscillation as independent characteristics, despite the fact that 

vasomotion is a complex waveform
117, 136

. It is probable that an evaluation that only assesses 

period and frequency of oscillation will under-represent the overall activity.  

 As noted above, many different mechanisms have been proposed to account for 

vasomotion, depending on vascular bed location. In the vessels examined in the thesis (aorta, 

renal and mesenteric) it is likely that either a two or three variable model is the mechanism 

responsible for vasomotion generation
115, 116

. Spectral analysis is a mathematical method that can 

convert a time-based signal (oscillations) into a spectrum within the frequency domain, thus 

allowing accurate identification of frequencies of interest, and the delineation of internal 

oscillators such as the previously mentioned “fast” and “slow” oscillators
116

. This method allows 
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for quantitative assessment of the relative contribution to vasomotion of the various oscillatory 

mechanisms at a given frequency. This method of complex wave analysis is further described in 

the methods section of Chapter 2. 

 

1.13 Research Rationale and Hypothesis 

Blood pressure changes (increases or decreases) have been correlated with alterations in 

vascular structure. Certain antihypertensive drugs such as ACEi (enalapril) alone, or in 

combination with diuretics (hydrochlorothiazide) have been shown to result in a persistent BP 

decrease in combination with downward vascular remodeling. This downward remodeling has not 

been observed with other drugs such as beta-blockers, despite similar reductions in BP, indicating 

the mechanism of BP lowering is of crucial importance for vascular changes
30-34

. 

The mechanism for this vascular remodeling appears to depend on vessel location, but 

alterations in ECM degrading enzymes such as uPA and MMPs as well cellular apoptosis have 

been implicated
45, 46

. To ensure regulation of BP through the time course of this vascular 

remodeling, vessels have to ensure continuity in vascular function. In order to achieve continuity 

of function, vascular communication must be preserved or increased to allow vascular response to 

short term perturbations in blood pressure. This suggests that gap junctions, are altered during this 

process. 

In genetic models of hypertension such as the SHR, both increased and decreased 

expression of connexins have been reported, although a possible explanation to these conflicting 

results could be attributed to the short half-lives of these proteins (1-5h)
91

. With the role that 

connexins play in hypertension being unclear, alterations in vasomotion have been reported in 

hypertensive vasculatures. Vasomotion is critically dependent on gap junction conductance to 

allow synchronization of individually oscillating cells, and ultimately in a functional syncytium 
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of oscillating tone. This suggests that altered vasomotion characteristics could be reflective of 

changes in gap junction communication. Despite the numerous investigations into vasomotion, no 

studies have correlated alterations in gap junction communication with vasomotion 

characteristics, or determined if quantitatively assessed changes in vasomotion characteristics are 

reflective of altered vascular states such as hypertension. 

The objectives of this research are two fold, in a variety of experimental models that have 

previously been shown to have altered vascular structure, specifically a perinatal iron deficient 

model (PID) and SHR treated with ACEi, spectral analysis will be used to establish if changes in 

vasomotion characteristics are apparent. Additionally, to determine if changes in gap junction 

communications occur in SHR treated with ACEi, and if these changes can be correlated to 

vasomotion characteristics. To achieve these objectives, the following hypotheses were tested: 

 

1) Phenotypic differences due to increased blood pressure in a fetal-programmed animal 

will be evident as altered vasomotion characteristics.  

 

2) Altered gap junction communication will manifest as differences in vasomotion 

characteristics in hypertensive animals and animals treated with antihypertensive agents. 
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Chapter 2 

The Impact of Perinatal Iron Deficiency on Vasomotion Characteristics 

2.1 Introduction 

Iron deficiency (ID) ranks in the World Health Organization’s top 10 global health risks, 

and is thought to have a worldwide prevalence of 66% to 80%
137

. This deficiency is unique in that 

it affects both the developing and developed countries with equal frequency. It has the highest 

prevalence in the United States with an estimated 19% of women from age 16 to 19 being 

deficient
138

. Pregnant women are particularly at risk to develop this condition due to the marked 

increase in the requirements of the placental circulation. ID during pregnancy has been linked to a 

host of problems affecting the offspring, such as increased mortality, decreased birth weight, a 

decline in cognitive growth, delayed child development, as well as decreased work 

productivity
139

.  

David Barker and colleagues first advanced the hypothesis of “fetal programming” after 

studying  the link between cardiovascular disease and environmental factors. Based on their 

findings, in 1989, they advanced the concept that fetal under-nutrition during gestation would 

lead to altered fetal growth patterns and increased risk of heart disease, type 2 diabetes, and 

hypertension in later life
16, 140, 141

. This hypothesis has been shown to hold true in both human and 

animal studies, with protein deficiency and ID showing a correlation with decreased birth 

weight
142

. Pups born to dams with ID are afflicted with perinatal iron deficiency (PID), and have 

been shown to have a decreased number of kidney nephrons and to develop hypertension as early 

as six weeks of age. This occurs even if iron levels are subsequently normalized, indicating that 

perinatal iron deficiency caused a permanent fetal insult resulting in subsequent cardiovascular 

changes
143

.  
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Work in our laboratory has also established that PID produces a condition in the adult 

offspring that results in a blunted renal arterial pressure to renal interstitial hydrostatic pressure 

relationship (RAP-RHIP), a greater blood pressure response to sodium, increased left ventricular 

hypertrophy, and elevated systolic pressure 
14

.  Taken together, these changes suggest that 

structural alterations have likely occurred at the level of the kidney, which could explain the 

development of hypertension later in life. 

Many of the enzymes involved in the regulation of vascular tone (e.g. NO, CO, cGMP, 

prostacyclins and cytochromes) are produced or regulated by heme or heme dependent enzymes, 

and iron deficiency has been shown to alter expression and function of these proteins
144

. While 

PID animals have been shown to have normal iron status, the perinatal lack of iron could have 

modified normal development of these enzymes. Whereas previous studies have examined the 

effect of PID on renal-hemodynamics, the effect of PID on vascular function has not been 

characterized. Therefore, in order to characterize phenotypic changes that occur as a result of 

PID, analysis of the vasomotion properties as well as contractile and vasodilatory responses are 

assessed in the aorta and renal vessels harvested from PID offspring.  

The effects of hypoxia were also investigated by changing the oxygenation of the 

vascular preparations from 95% O2 to 10% O2. Previous investigations in our laboratory have 

shown this to modify vasomotion characteristics through possible alterations in NO 

bioavailability
118

.  

 

 

 

 

 



 

 28 

2.2 Methods 

2.2.1 Animals and Treatment 

This study received approval by the Animal Care and Use Review Committee at Queen’s 

University. Six-week old Wistar rats were obtained from Charles-River (Saint-Constant, Quebec, 

Canada). They were housed in individual plastic cages with ad libitum access to food and water 

under 12 hour/12 hour light/dark cycles and an air temperature of 22-24°C. One week of 

acclimatization was allowed before experiments began. 

 Three diets were obtained from Research Diets Inc (New Jersey, USA): i) a low iron diet 

containing 3 ppm ferric citrate, ii) a moderately low iron diet of 10 ppm, and iii) a control diet 

containing 225 ppm iron. All other components of the diets were identical. 

 At the start of the acclimatization period all females (n=18) were placed on the control 

diet for 1 week. Subsequently, 10 randomly selected females were placed on the low iron diet 

while the remaining females (n=8) were left on the control diet for two more weeks. When rats 

were 9 weeks old, they were housed with a 9-week old male Wistar rat. If mating did not occur, 

females were excluded from the study.  

 Following the mating period, dams were placed on the moderately low iron diet. This was 

done to prevent the dams from becoming so iron deficient that offspring were not viable. After 

delivery, dams were switched to the control diet. At post-natal day 21, offspring were separated 

from dams and weaned onto standard grain-based rodent chow, with food and body weights being 

checked twice weekly. Hematocrits and hemoglobin levels were measured in PID animals at 

postnatal day 7, 14, 21 and at 10 weeks of age.  
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2.2.2 Drugs and Solutions 

The composition of the Krebs solution was (in mM): NaCl (119), KCl (4.7), CaCl2 (2.5), 

MgSO4 (1.2), NaHCO3 (25), and glucose (10) all from Sigma Canada.  Ca
2+

 free Krebs solution 

contained the same composition of ingredients with the exception of 30 M MAHMA NONOate 

and the omission of Ca
2+

. 

The following drugs and chemicals were used: phenylephrine (PE), acetylcholine 

chloride (ACh), and 6-(2-Hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-hexanamine 

(MAHMA NONOate) all supplied by Sigma Canada 

2.2.3 Preparation and Mounting of Isolated Tissue Rings 

On the experimental day, rats were anesthetized with sodium pentobarbital (Sigma 

Chemicals, 45mg/kg i.p). The kidneys as well as the heart/lungs and aorta were then excised and 

also placed in ice-cold (4°C) Krebs solution aerated with 95% O2/5% CO2. Vessels were 

manually cleaned of extraneous tissue and a 1 and 2 mm wide ring was cut from the right and left 

renal arteries and aorta respectively.  

The renal arterial rings were mounted in a Multi Tissue 4 channel wire myograph (Danish 

Myograph Technology 610M) using 25 m tungsten wire between the mounting jaws. The aortic 

rings were mounted on rigid stirrups 200 m in diameter. Both the renal artery and aortic rings 

were aerated with 95% O2/5% CO2 at 37ºC. 
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2.2.4 Experimental Protocol 

Each vessel was then stretched to an optimal resting tension based on a passive length 

tension curve, usually 9.7-10.5 mN for aortae and 0.8-1.2 mN for the renal artery rings
145

. In Ca
2+

 

free Krebs solution with NO donors present, vessels were incrementally stretched to construct a 

passive length tension curve, allowing the internal lumen diameter to be calculated using Chart 5 

software. The vessels were equilibrated at the chosen tension for 30 minutes, during which 

washes were performed every 15 minutes.  

Vessels were then submaximally contracted with PE , aortae 10
-7

 M, renal arteries 10
-6

 M 

until a constant contractile response was achieved (2-3 cycles of administrations of PE), usually 

4-8 mN for renal arterial rings and 8-10 mN for aortic rings. After each stimulation and washout, 

a 15-minute equilibration time was allowed. Following this priming, the vessels were re-

contracted with a standard concentration of PE (aortae 10
-7

 M, renal arteries 10
-6

 M) and 

vasomotion studies conducted. An ACh concentration response curve (CRC) from 1x10
-12

 to 

1x10
-5

 M was then performed in order to assess endothelium-dependent relaxation. 

Vessels were washed three times and allowed to rest for 15 minutes. The oxygenation 

was then changed from 95% O2/5% CO2 to 10% O2/5% CO2/85% N2 and vessels were allowed to 

equilibrate for a further 15 minutes under the new O2 conditions. After this equilibration period, 

PE was added to achieve the same initial tension as was recorded under 95% O2 conditions. This 

often required the addition of more PE (1x10
-5

 to 1x10
-6

 M) as the contractile response was often 

blunted in low O2 conditions. Once vessels were contracted, further vasomotion recordings were 

carried out. 
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2.2.5 Data Acquisition 

All recordings were carried out with a DMT myograph, using Chart 5 software and 

Powerlab acquisition hardware (Model ML866, ADI Instruments, Colorado Springs, CO, USA) 

sampling at 10 Hz. When vasomotion was apparent, 7 minutes, corresponding to 4200 data 

points, were selected for multi-taper spectral analysis, a method of analyzing biological 

oscillations. 

2.2.6 Spectral Analysis 

Spectral analysis is a method of investigating the frequency domain of a complex signal 

or wave
146, 147

. This process is used because complex waves are the integration of several simpler 

waves, which can differ in amplitude and phase. Characterizing these waves in the frequency 

domain can be accomplished using a Fourier transformation (FT). FT is a mathematical method 

of converting a signal that is time based, such as oscillations in tone, into a frequency allowing 

quantitative analysis to be carried out. 

There are many methods of vasomotion analysis, and previous investigations in our 

laboratory have used a Fast Fourier transformation (FFT) of the data.  FFT is based on the 

Cooley-Tukey algorithm, which was designed to speed up Fourier transformation
146, 148

.  

The biggest limitation of FFT stems from the assumption that the start of the selected 

signal is the beginning of a sinusoidal cycle, and that there are an even number of cycles in the 

selected data. If a signal is analyzed which does not include the start of a sinusoidal 

corresponding to the beginning of the data selected, then a problem termed “spectral leakage” 

occurs 
149

. Windowing, or tapering is a common method used in FFT that applies amplitude 

weighting to the signal. This reduces the edges of the data to zero, which mathematically 

decreases the spectral leakage. Choice of “window” depends on the signal to be analyzed
147

. 

Previous investigations have used the Blackman window with an FFT. However, co-variance 
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analysis, a method of relating actual signal-to-noise, showed that data analyzed in this manner are 

dominated by noise.  

Discussions with Dr. David Thomson, Department of Mathematics and Statistics, 

Queen’s University, an expert in signal analysis revealed that a multi-taper method would be 

better suited for analysis of this type of data. This was done because small data sets can be easily 

biased due to outliers, thus in order to accurately utilize a simple Fourier transform and get 

unbiased results, sample sizes must be extremely large. For example, utilizing a simple FFT on a 

data set of 1.2 million data points resulted in “conclusions that were too badly biased to be useful 

and so obviously incorrect as to be dangerously misleading”
150

.  

A multitaper spectral analysis is able to reduce spectral leakage and variance by 

subjecting the signal to eight separate tapers, or windows (Fig 2.1) that are based on specific 

algorithms designed to optimize the signal. Each of these eight data sets is then converted into the 

frequency domain, and all eight are then averaged. This results in a spectrum that contains much 

less noise than previous methods (Fig 2.2.a-c). In order to further ensure an accurate spectrum, 

prewhitening and a peak remover were also employed. Prewhitening is a method of filtering data 

that reduces the bias effects through reducing the range of the spectrum, while a peak remover 

functions to remove peaks that are mathematical outliers. For a complete description of the 

differences between a multitaper analysis and a FFT as well as details on prewhitening please 

refer to Appendix 1. 

When spectral analysis is applied to a signal, the sampling rate of the data is of crucial 

importance. In the present study a sampling rate of 10 Hz was used. Aliasing, or improper 

resolution of a frequency, occurs when the sampling rate is lower than twice the highest recorded 

frequency, resulting in the high frequency wave being mistaken for a lower frequency wave. 
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Figure 2-1. Four examples of tapers that can be applied to data to reduce spectral leakage. The weight of 

the taper depends on sample number, as sample number is directly proportional to frequency resolution on 

the spectrum. 0 would be representative of a simple taper such as a Blackman. Tapers 1,2,3 are based on 

DPSS (refer to appendix 1). A multitaper spectrum would be the product of several tapers that had been 

applied to the data and the results averaged, ultimately producing a product with extremely low extraneous 

noise content. 

 

 

 

 

 

 

 

Figure 2-2. An example of a renal vessel vasomotion recording. 
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Figure 2-3. Raw spectrum of renal recording produced via simple Fourier transformation with a Blackman 

window (taper). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4. Enlarged 0-1 Hz final spectrum. Insert: Spectrum prior to prewhitening. Primary Peak of 

oscillation = 0.19 Hz, Primary Peak Power = 0.50, Primary signal-to-noise ratio =113.2. Secondary Peak 

Location = 0.244.1 Hz, Secondary Peak Power = 0.014, Secondary signal-to-noise ratio = 3.3. VLF Power 

78.0%, LF Power = 18.4%, MF Power = 1.9%, HF Power = 1.6%. Arrows refer to peaks of oscillation. 

Note, HF is not shown on spectrum. 
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The lowest limit of sampling required to give an accurate representation of the data is called the 

Nyquist frequency, thus a 10 Hz sampling rate has a Nyquist limit of 5 Hz. Vascular frequencies 

been reported up to 0.5 Hz, 
151, 152

, therefore, sampling at 10 Hz avoids this problem. Another 

reason 10 Hz was chosen is that sampling below 10 Hz has been shown to have problems related 

to entry of extraneous noise into the data set. By choosing a higher frequency (10Hz) this noise is 

minimized. In addition, extraneous noise is related to signal drift, this was reduced by removing 

the very low frequency data (<0.05 Hz), which is proposed to be a mathematical artifact 

(Thomson, D, personal communication, April 16, 2008). 

As noted above, 4200 data points were collected to use in for each analysis. These points 

were then zero-padded, which is the addition of a string of zeros to increase the amount of data 

points, to give 8400 data points. Zero padding is done to improve the accuracy of interpolation of 

the frequency domain
153

. Increasing the amount of data in the time domain (with zeros), results in 

the frequency domain having more data points and thus more resolution then unpadded data. As 

the number of samples increases, so does the accuracy of the transform. 

The resulting frequencies were separated into four frequency windows, very low 

frequency, (VLF=0.05-0.2 Hz), low frequency (LF = 0.2-0.6 Hz), medium frequency (MF = 0.6-1 

Hz) and high frequency (HF = >1 Hz) (Fig 2.2.c). Whereas previous investigations into 

vasomotion have identified oscillators under 0.05 Hz, conversations with experts (Thomson, D, 

personal communication, April 16, 2008) revealed these findings were likely mathematical 

constructs, and that the probability of these findings having a biological significance was 

extremely low. Their occurrence was due to the phenomenon of aliasing, which, as described 

before, is a misrepresentation of signal, with a high frequency signal being converted into a low 

frequency signal. These windows were chosen based on theoretical modeling that suggests 2-4 

intercellular oscillators interacting to produce vasomotion
114-117

.  
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In order to gain more accurate understanding of these oscillators, a peak finder approach 

was also employed. This identifies the frequencies where the most amount of oscillation is 

present. In order to compare peaks between treatment groups, peak power (or the power 

contained within each frequency peak), and a signal-to-noise ratio (strength of signal over 

background noise) were also calculated in order to provide a more accurate comparison. 

All of the data in each of the bins were pooled and the proportion of the total signal in 

each of the frequency windows, VLF, LF, MF, and HF was calculated.  Power (mN
2
) is the 

magnitude of the instantaneous signal at a specific frequency. In this case signal is tension, i.e. it 

represents amount of contraction taking place at a specific frequency, as well as over a range of 

frequencies (VLF, LF, MF and HF). As mentioned in the introduction, these frequency ranges 

were chosen based upon the hypothesized mechanisms of vasomotion generation that correspond 

to previously described cellular oscillators
115-117

. 

Percentage of power in each interval, location of the major signals, absolute power in 

each peak, and the relative signal/noise of each peak, were used to characterize the signals and to 

compare the vasomotion between different vessels and at different [O2].  

 Percentage of power in each interval is a proportion of total power in the signal; this 

allows comparison of the relative contributions of the different oscillators between experimental 

conditions. Peak location is the location in Hz identified by an automated computer peak finding 

program. This corresponds to the major frequency of oscillation that the vessel is operating at. 

Absolute power in each peak is the total amount of power residing in each of the major peaks 

found in the signal. This is related to the relative signal/noise of each peak that looks at the signal 

in comparison to the total spectrum to allow better comparison within each vessel. 
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2.2.7 Statistical Analysis 

All data were subject to a multi-taper spectral analysis. This generated the location of 

signal strength (peak location), the power attributed to each of those signals (peak power) and a 

measure of the signal’s strength above background (signal-to-noise) in addition to the percentage 

of power residing in the various frequency windows.  

To ensure that a usable signal was present in the recordings, first a signal-to-noise cutoff 

(3 times the maximum signal-to-noise of multiple un-stimulated baseline sections) was used to 

exclude recordings that did not have vasomotion present. 

Data was then subject to a Grubbs test to remove all outliers. All data were then subject 

to a D’Agostino and Pearson omnibus normality test (PRISM 4.0). If data was still not normally 

distributed a mathematical transform of Y1=(sqrt(log(Y+1)+1) was employed and data rechecked 

for normality. Data transformations are commonly used to allow normalization of the data when 

dealing with small sample size
154, 155

. Several other methods of normalization including Box-Cox 

normalization, were investigated, but it was found that the sqrt(log(Y+1)+1) gave the best results. 

Whereas best efforts were made to ensure normality, by its very nature vasomotion data has 

substantial variability and approximately 5% of the data sets remained non-normally distributed 

after these steps. This is substantially improved however over previous methods of vasomotion 

analysis which resulted in approximately 40% of all data having a non Gaussian distribution after 

similar steps. 

Tissue relaxation by ACh was measured as percent relaxation from that originally 

induced by PE contraction. EC50 values were calculated by non-linear regression analysis in 

Prism 4 or 5. Reported values are mean ± SD, and were compared using Student’s paired or 

unpaired t-Test, or 2-way ANOVA with a Bonferroni post-hoc test as appropriate. 
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2.3 Results 

2.3.1 Animal Metrics 

During the first postnatal week, PID animals showed a marked decrease in BW (>20%), 

followed by gradual growth, although at sacrifice, age matched PID animals weighed 

approximately 10% less than control animals. Previous studies in our laboratory utilizing 

ratiotelemetric blood pressure recording have revealed that PID animals have significant blood 

pressure elevations with SBP being approximately 2% higher (p<0.05) than control animals, as 

well as alterations in renal hemodynamics, specifically, alterations in the RAP-RIHP 

relationship
14

. Altered cardiovascular growth was noted, with PID animals showing significantly 

increased LV/BW ratios (12.5%, p<0.05). At sacrifice, there were no differences in hematocrit 

levels between control (0.54) and PID (0.5) animals
14

. No differences in vessel lumen diameters 

were observed in either aorta (1478±63 m vs. 1533±144 m) or renal vessels (218±26 m vs. 

212±26 m) for PID and control vessels respectively.  

2.3.2 Aortic Results 

In 95% oxygen, quantifiable vasomotion was consistently induced in all vessels, with no 

difference in incidence between programmed and control vessels. PE (7.2x10
-7

 M) induced a tone 

of 7.6 ± 3.41 mN in control tissues, though a higher concentration (2.04x10
-6

M) was required in 

the PID tissues to generate a similar level of tone (7.8 ± 3.31 mN).  Acetylcholine was used to 

assess endothelial dependent relaxation (Fig 2.5.a-d). When programmed and control vessels 

were compared, the magnitude of relaxation was significantly attenuated in PID vessels in 95% 

O2 (75% relaxation vs. 55% relaxation). In both control and programmed vessels, the magnitude 

of relaxation was greater in 95% O2 than in 10% O2 (72% vs. 43% in control, and 55% vs. 34% in 

programmed, p<0.05).  However, no significant differences were noted in EC50 values. 
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 In 10% O2, the aorta from control vessels attained a contraction of 4.0±2.7 mN, with a 

dose of 2.03x10
-4

 M PE. Level of contraction was significantly blunted compared to that attained 

in 95% oxygenation, despite increased PE dosage. This contrasts with the aortae from 

programmed vessels that exhibited a slight increase in contraction (8.28±4.37 mN) at 10% using 

PE at 3.54x10
-5

 M. This data suggests that PID vessels have altered PE-mediated contraction 

under hypoxic conditions.  

In both the control and PID aortic vessels in 95% O2, the majority of the signal was 

contained in the VLF window (Fig 2.6.a). Control vessels had a significantly greater amount of 

power in the VLF (>90%) as compared to the PID vessels (<65%). As a result, the PID vessels 

had significantly more power in the LF window (~35%, p<0.05) as compared to control vessels 

(<10%). Both treated and control vessels had minimal amounts of power in the MF and HF 

windows (<1% combined).  

In hypoxic conditions, the relative distribution in aortae from programmed vessels was 

only slightly altered, i.e. the increase (13%) in VLF power was not significantly changed. There 

were no similar trends evident in control vessels due to hypoxia. 
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Figure 2-5.a-d. Acetylcholine concentration response curves. A. Control and programmed aortic vessels in 

normoxic (95% O2) conditions. B. Control and programmed renal vessels in normoxic (95% O2) conditions 

C. Control and programmed aortic vessels in hypoxic (10% O2) conditions. D. Control and programmed 

renal vessels in hypoxic (10% O2) conditions. No differences in EC50 values were found due to treatment.  

* = mean differences p<0.05 students t-test for unpaired data. All data presented as mean ± SD, n=17. 
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Figure 2-6 a-d. Power distribution in aortic vessels of control and programmed animals in normoxic and 

hypoxic conditions. A. Power contained in the VLF window (<0.2 Hz). B. Power contained in the LF 

window (0.2-0.6 Hz). C. Power contained in the MF window (0.6-1.0 Hz). D. Power contained in the HF 

window (>1.0 Hz). Note scale on C and D is different than that in figures A and B.  = mean differences 

(p<0.05) between normoxic (95% O2) conditions.  = mean differences (p<0.05) between hypoxic (10% 

O2) conditions. Significance determined with students paired or unpaired t-tests with Bonferroni post-hoc 

test as appropriate. Data presented as mean ± SD, n=17.  

 

 

 

A. Very  Low Frequency  (<0.2  Hz)

95% 10% 95% 10%
0

25

50

75

100 *

ProgrammedControl

B. Low  Frequency  (0.2-0.6  Hz)

95% 10% 95% 10%
0

25

50

75

100

*

ProgrammedControl

C. Medium  Frequency  (0.6-1.0 Hz)

95% 10% 95% 10%
0.00

0.05

0.10

0.15

0.20

0.25

ProgrammedControl

*

D. High Frequency  (>1.0 Hz)

95% 10% 95% 10%
0.00

0.05

0.10

0.15

0.20
* **

ProgrammedControl



 

 42 

Aortic control vessels had a primary peak of oscillation (Fig 2.7.a) at 0.17 Hz, a value 

that was significantly lower (p<0.05) than programmed vessels (0.21 Hz).  Hypoxia did not alter 

these locations of oscillation. The secondary location of oscillation in control and programmed 

vessels also did not differ significantly between groups in under normoxic conditions, although in 

control vessels, hypoxia decreased the peak frequency (down to 0.12 Hz, p<0.05).  In contrast, 

the secondary peak in programmed vessels was not affected by hypoxia.  

When the oscillatory peak power was examined (Fig 2.7.b) in both normoxic and hypoxic 

conditions, no differences were found between programmed and control vessels. The secondary 

peak in both the control and programmed vessels, under both normoxic and hypoxic, was much 

lower (80%) than the primary spectral peak and there were no differences seen between 

programmed and control vessels. 

In normoxic conditions, the signal-to-noise ratio (Fig 2.7.c) was not significantly altered 

due to programming.  While hypoxia decreased the signal-to-noise ratio of control tissues 

significantly (p<0.05), there was no change seen in programmed vessels. The signal-to-noise 

ratios of the secondary peaks were significantly lower than the primary peaks (p<0.05), and no 

differences were found due to treatment or level of oxygenation.  
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Figure 2-7.a-c. Aortic primary and secondary peak characteristics from programmed and control vessels. A. 

Peak location. B. Power contained in primary and secondary spectral peaks. C. Signal-to-noise ratio of 

primary and secondary peaks. *= peak 1 mean differences p<0.05 (normoxic-hypoxic), ‡ = peak 1 mean 

differences p<0.05 (programmed-control), ‡‡ = peak 2 mean differences p<0.05 (programmed-control), †† 

= peak 2 mean differences p<0.05 (normoxic-hypoxic), ¥ = peak 1-2 mean differences. Significance 

determined with students paired or unpaired t-tests with Bonferroni post-hoc test as appropriate. Data 

presented as mean ± SD, n=17. 
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2.3.3 Renal Artery Results 

Acetylcholine was used to assess endothelium dependent relaxation in the renal arteries 

(Fig 2.5.b.d). In 95% oxygenation, a limited magnitude of relaxation (25%) was observed in both 

groups, with programmed vessels displaying a leftward shift of the CRC EC50 (PID; 1.1x10
-8

 vs. 

Control; 1.1x10
-7

 M, p=0.06). Hypoxia did not significantly alter the magnitude of relaxation in 

either group of animals.   

The occurrence of quantifiable vasomotion was substantially lower in renal vessels 

compared to the aorta. Whereas there was vasomotion in greater than 95% of the aortae, only 

50% of control renal vessels and 60% of PID renal vessels displayed vasomotion. There were no 

differences in the degree of contraction and relaxation of the right and left renal arteries, or in the 

vasomotion profiles; thus, the data from the arteries were pooled.  

Under 95% oxygenation, 4.7x10
-6

 M PE induced a contraction of 9.1±4.58 mN in control 

tissues. Despite equivalent levels of PE (3.2x10
-6

 PE), PID tissues developed 6.3±2.92 mN, and 

although blunted, this decrease in tone was not significant (p=0.058). Hypoxia did not 

significantly affect tone in programmed vessels, although a slight blunting (30%, p=0.17)  of 

achieved tension was observed in control vessels despite similar PE doses (2.32x10
-6

 M).  

As in the aorta, the majority of the oscillatory signal in renal arteries (Fig 2.8.a-d) was 

located in the VLF window (>75%), with the LF window containing the next greatest amount of 

power. However, there were no differences in power distribution due to exposure to hypoxia, or 

between PID and control vessels. 
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Figure 2-8.a-d. Power distribution in renal vessels of control and programmed animals in normoxic and 

hypoxic conditions. A. Power contained in the VLF window (<0.2 Hz). B. Power contained in the LF 

window (0.2-0.6 Hz). C. Power contained in the MF window (0.6-1.0 Hz). D. Power contained in the HF 

window (>1.0 Hz). Data is presented as mean ± SD, n=17.  
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The primary oscillations (Fig 2.9.a) occurred at significantly higher frequencies in control 

tissues (0.19 Hz) than in programmed tissues (0.13 Hz). Hypoxia resulted in a reduction in the 

primary operating frequency in control tissues (0.14 Hz, p<0.12), whereas there was no change in 

programmed vessels (0.15 Hz). Overall, the secondary oscillatory peak in control and 

programmed vessels occurred at a significantly higher frequency (p<0.05) in both normoxic and 

hypoxic conditions when compared to the respective primary peaks. 

The power in the primary oscillatory peak (Fig 2.9.b) was unaffected by PID or hypoxia, 

with peaks in both groups containing ~0.05 mN
2
. Similar to the aorta, power of the secondary 

peaks was decreased, although this was only significant in the control vessels in hypoxia 

(p<0.05). There were no differences in power observed due to PID in the secondary peaks.  

 The signal-to-noise ratio (Fig 2.9.c) in renal vessels from both control and programmed 

animals was significantly decreased when compared to aorta.  Hypoxia and treatment did not alter 

the signal-to-noise ratio in the renal vessels. Overall, the signal-to-noise ratio of the secondary 

peak of both the control and programmed vessels in both normoxic and hypoxic conditions was 

lower than for the primary peak, although these differences were significant only in control 

animals. 
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Figure 2-9.a-c. Renal primary and secondary characteristics from programmed and control vessels. A. Peak 

location. B. Power contained in primary and secondary spectral peaks. C. Signal-to-noise ratio of primary 

and secondary peaks. *= peak 1 mean differences p<0.05 (normoxic-hypoxic), ‡ = peak 1 mean differences 

p<0.05 (programmed-control), ¥ = peak 1-2 mean differences. Significance determined with students paired 

or unpaired t-tests with Bonferroni post-hoc test as appropriate. Data presented as mean ± SD, n=17. 
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2.4 Discussion 

 ID has a prevalence of over half the world’s population, and pregnant women are 

especially at risk for this deficiency due to increased requirements from placental circulation. 

Multiple studies have shown that ID during pregnancy can result in numerous cardiovascular 

problems
137, 139, 142

. 

The method of inducing fetal PID through maternal iron deficiency in this study has been 

shown to result in a number of deleterious vascular effects. These include cardiac hypertrophy, 

increased arterial pressure, kidney hemodynamic changes, salt sensitivity
14

, as well alterations in 

the profile of iron containing enzymes related to the signaling in the nitric oxide pathway.  

The major objective of this research was to determine what the effect of fetal programming, 

as well as hypoxia has on vasomotion characteristics in large conducting and resistance vessels 

taken from PID and control animals. 

 There are several methods of vasomotion quantification, with peak height and frequency 

measurements being the primary methods used in previous studies. As mentioned, vasomotion is 

comprised of complex waves
117, 136

 that cannot be accurately quantified by counting oscillation 

height and frequency. To address this problem, previous investigations in our laboratory used a 

Fast Fourier Transform to assess the frequency spectrum, a method that allows for the pattern of 

complex waves to be separated and quantified. However, new analysis methods show that sample 

size limitations cause FFT to produce a spectrum problematically dominated by extraneous noise 

and spectral leakage.  

As a result, a novel method of vasomotion analysis based on a multitaper transformation was 

developed in response to this problem, resulting in a less confounded spectrum. In order to gain 

greater understanding of the vascular dynamics occurring, a peak finder was incorporated to 

identify the major locations of oscillation. A peak finder also allowed total power and the signal-
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to-noise ratio for the major peaks of oscillation to be evaluated. To our knowledge this is the first 

time such a method of quantification has been developed and applied to vasomotion analysis. For 

further details about the peak finder please refer to appendix 1.  

Based on this method, the main findings of this study are while specific differences were 

evident, the overall vasomotion characteristics and response to hypoxia was broadly comparable 

between vessels taken from both PID and control animals.  

In response to hypoxia, control vessels did show a significant reduction in tension despite 

the experimental protocol that involved attempting to increase tone with PE. This change is 

consistent with past experiments in our laboratory, and indicative of increased NO bioavailability 

due to hypoxia. By contrast, PID vessels did not exhibit a decrease in achieved tension under 

hypoxic conditions. 

  When the magnitude of ACh-mediated vessel relaxation was investigated, aortae taken 

from PID animals were found to have significantly impaired relaxation in hypoxia (10% O2). 

Relaxation of PID vessels in hypoxic conditions was slightly impaired as compared to controls, 

and hypoxia as well as PID had no effect on renal relaxation. As ACh-mediated relaxation is a 

commonly used proxy of NO activity
156, 157

, these findings suggest decreased NO levels in PID 

aortic vessels. 

Previous work in our laboratory investigating acute iron deficiency due to inhibition of heme 

synthesis has also shown alterations in vascular signaling. Acute inhibition resulted in changes in 

hemoenzyme activities as well as vascular responsiveness, specifically, aortae displayed 

increased sensitivity to ACh and NONOate and a blunted sensitivity to PE (Soong, J. M.Sc 

Thesis, Queen’s University, 2006), indicating a prominent role for iron in vascular signaling. 

However, at the time of the experiment, there were no differences observed in iron level 

indicators in PID animals as compared to controls. Taken together, the impaired relaxation, as 
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well as altered contractile ability in hypoxia observed in the aortic vessels taken from PID 

animals, suggests PID results in developmental differences resulting in permanent alterations in 

the NO signaling pathway.  

When the specific vasomotion characteristics were examined, aortic vessels taken from PID 

and control animals show that the majority of power is concentrated in the VLF and LF windows, 

with negligible amounts in the MF and HF window (<1%). Where the difference is found, is the 

distribution within the VLF and LF windows. Control animals have over 95% of power in the 

VLF, a significantly higher amount than programmed animals. Hypoxia had no effect on power 

distribution in PID or control aorta or renal vessels. When the major oscillations are determined, 

it was found that the programmed aortae oscillate at a significantly higher frequency than control 

vessels, although no difference in power or signal-to-noise ratios are observed. In contrast, when 

renal vessels were examined, tissues from PID animals were found to oscillate at a significantly 

lower frequency than those from control animals. Hypoxia decreased the location of the 

oscillatory frequencies in control renal vessels and yet increased the frequency in programmed 

animals.  

This data suggests that in the aorta two oscillators, with significantly different relative 

contributions to overall vessel oscillatory profiles, are present. Two oscillators are also present in 

renal vessels, however the secondary oscillator appears to play a much larger role in 

determination of the overall frequency of vessel oscillation (i.e. it doesn’t have significantly 

reduced power in most cases). Previous investigations into vasomotion have suggested that the 

total vasomotion profile is a product of 2-4 intercellular oscillators, with a VLF and HF oscillator 

being substantially separated on the frequency spectrum (~0.1 Hz)
158

. These interact to produce 

cellular and ultimately whole vessel tension oscillations. The present investigation suggests that 

two main oscillators are present, and that they do not appear to be widely separated on the 
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spectrum (<0.05 Hz difference). In fact, taken together the major oscillatory frequency appears to 

be dominated by an oscillatory signal around 0.19 Hz.  

Programmed vessels displayed significant differences in power in the MF and HF domains 

as compared to control vessels, although these contained an extremely low proportion of total 

power combined in these frequencies (<1% total power). No significant oscillatory peaks were 

found in these frequencies, and combined with the low total power, it is unlikely that differences 

are biologically significant.  

Previous investigations into vasomotion have shown that hypoxia induced changes in 

vasomotion are mediated, at least in part, through the endothelium, specifically by increases in 

NO bioavailability. This results in vasodilatory effects on tone, as well as changes in vasomotion 

characteristics, specifically a large increase of power in the VLF window as well as shifting 

power from the HF window to the VLF
118

. However, in the current study hypoxia did not result in 

significant changes in peak location or distribution of power in the aorta or renal vessels in 

control animals. Whereas specific oxygen levels were not measured, the decrease in achieved 

tension suggests an overall increased level of NO in aortic control vessels. That hypoxia did not 

result in discernable differences in vasomotion characteristics in the current study could be due to 

methodological differences, specifically the multitaper method versus the FFT method in 

producing the spectrum. 

Renal vessels from both PID and control animals did not show significant differences in 

tension, ACh mediated relaxation, or vasomotion characteristics due to hypoxia. Hypoxia has 

been shown to have opposing effects on NO, with hypoxia shown to increase NO production 

through eNOS stimulation
159

. Alternatively, hypoxia has also been shown to increase 

mitochondrial superoxide (O2
-
), which can react with NO to produce peroxynitrite (ONOO

-
), a 

reaction that ultimately decreases bioavailable NO
160,161

. This suggests observed differences 
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between aortic and renal vessels could be due to basal NO signaling differences due to vessel 

phenotype.  

To clarify the role of NO and hypoxia further work is needed using interventions that alter 

the NO signaling pathway. Specifically the removal of the endothelium, N-Nitro-L-arginine 

methyl ester (L-NAME) a NO synthesis blocker, and superoxide dismutase (SOD) a free radical 

scavenger, are all interventions that could be used in future experiments to determine 

quantitatively if vasomotion characteristics analyzed using multi-taper spectral methods are 

altered. 

 In summary, the alterations of vascular phenotypes present in PID animals were 

manifest as altered vasomotion characteristics, specifically in their distribution of power to the 

VLF window. Interestingly, hypoxia did not result in altered vasomotion characteristics despite 

indications (relaxation and achieved tension in hypoxia) that PID animals have altered NO levels. 

Previous investigators have noted a large modulatory role for NO in vasomotion characteristics, 

and it is of concern these results could not be replicated in the current investigation, although as 

mentioned, this could have been  affected by the method of analysis. 
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Chapter 3 

The Effect of Short-term ACE Inhibitor-Treatment Vascular Gap 

Junction Communication and Vasomotion Characteristics  

 

3.1 Introduction 

Whereas hypertension has often been associated with kidney specific changes such as a 

blunting of the pressure-natriuresis relationship
6, 35

, and alterations in neurohumoral mechanisms 

involved in the regulation of sodium handling, it has been shown that structural changes of the 

vasculature also play a large role in the hypertensive state
23-25

. Some investigators have suggested 

that vascular changes play a larger role than the initiating cause of blood pressure elevation
22, 29

.  

It has been shown that blood vessels taken from animals and humans with hypertension 

exhibit altered structural and functional characteristics in response to increased pressure
26

. First 

proposed by Folkow, the importance of structural changes (increased wall/lumen ratio) in 

hypertension is now widely accepted to have a critical role in maintenance of the hypertensive 

state
22

. These vascular changes can occur through several mechanisms, SMC hypertrophy, 

hyperplasia or eutrophic remodeling. Eutrophic remodeling results in an increased media to 

lumen ratio via VSMC rearrangement and migration, with no change in cell size or number 

occurring. This type of remodeling has been shown to be the major mechanism of change in small 

resistance arteries during development of hypertension
26, 162, 163

. Structural changes in resistance 

arteries have been shown to occur before the full development of hypertension is apparent in 

SHR, although the mechanisms underlying this process are not fully understood
49, 162

.  Given the 

critical role of vascular structural changes in hypertension, it is important to gain understanding 
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of the underlying mechanisms responsible for these adaptations, particularly regarding reversal or 

prevention of the changes.  

Antihypertensive treatments have produced mixed results on reversing vascular structural 

changes depending on treatment modality. Targeting the RAS system has resulted in permanent 

blood pressure reductions and alterations of vascular structure (decreased wall/lumen ratio) 
162

, 

whereas treatments with beta blockers and diuretics and some vasodilators have not been as 

successful. These findings suggest an important role for targeting the RAS to achieve structural 

alterations and blood pressure lowering
31, 34

.  

When hypertensive animals are treated with RAS-inhibitor drugs, elevations in uPA, 

MMP and PPAR enzymes have all been reported, suggesting that changes are likely occurring in 

the ECM to allow VSMC rearrangement or apoptosis and ultimately vascular regression
33, 47, 48

. 

However, during the vascular regression that accompanies RASi treatment, structural integrity of 

the vessel wall and intercellular communication must be maintained.   

 Intercellular communication can occur via two mechanisms including changes in 

electrical potential and/or transfer of signaling molecules via gap junctions. As mentioned, 

investigation into the role of gap junctions and vascular remodeling has led to mixed results; with 

various groups reporting both increased and decreased Cx expression associated with 

hypertension
76, 77, 92

. Thus, it follows that during the various stages of vascular remodeling, 

alterations (up and down regulation) of some of the vascular communication mechanisms are 

likely to occur. The functional link between gap junctions and intrinsic vascular oscillatory 

properties (i.e. vasomotion) is strong, with many studies showing that the application of gap 

junction blockers results in vasomotion disappearance
108-111

. 

 Hypertension is generally correlated with increased vasomotion occurrences in both 

hypertensive animals as well as humans, although this has been observed to vary depending on 
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vessel location
76, 77, 164

. Although previous studies have demonstrated that treatment with RASi 

results in decreased incidence of vasomotion in endothelium-denuded arteries of SHR-SP 

animals
132

, no studies have investigated vasomotion and gap junction expression concurrently.  

 Aggressive short-term treatment with ACEi treatment has been shown to result in a 

persistent decrease in blood pressure. This treatment has also been shown to result in significant 

downward vascular remodeling as measured by decreased hindlimb resistance independent of 

vessel tone, decreased wall to lumen ratio, and a reduced left ventricular mass to body weight 

ratio
36,37

.  

By analyzing changes in vasomotion characteristics between normotesive animals and 

SHR treated with a combination of ACEi (enalapril) and diuretic (hydrochlorothiazide), we 

sought to determine if antihypertension combination treatment (ACEi+) resulted in changes in 

gap junction expression and function. In order to do this, changes in vasomotion characteristics 

were assessed in age-matched treated and untreated SHR’s with increasing concentrations of a 

gap junction blocker (18-alpha glycyrrhetinic  acid), and vascular tissue protein was assessed by 

Western blot analysis.  
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3.2 Methods 

3.2.1 Animals and Treatment 

This study received approval by the Animal Care and Use Review Committee at Queen’s 

University. Male SHR rats (n=16) were obtained at 13 weeks of age (Charles River Laboratories 

Inc, Quebec) and housed in individual cages at 22-24°C on a 12 hour light/12 dark cycle. 

Animals were allowed two weeks of acclimatization during which food, water and weight 

measurements were taken daily. Animals were randomly divided into two groups, control and 

treatment. There were no significant differences between groups in body weight. The treatment 

group received 25 mg/kg/day enalapril and 30 mg/kg/day hydrochlorothiazide in the drinking 

water for two weeks (adjusted 3-4 times/week). Treatment was performed in a staggered fashion, 

such that each animal had received exactly two weeks of treatment when vasomotion studies were 

carried out.  

3.2.2 Drugs and Solutions 

The composition of the Krebs’ solution was (in mM): NaCl (119), KCl (4.7), CaCl2 (2.5), 

MgSO4 (1.2), NaHCO3 (25), and glucose (10).  Ca
2+

 free Krebs solution contained the same 

composition of ingredients with the exception of 30 μM NONOate and the omission of Ca
2+

. 

The following drugs and chemicals were used: phenylephrine (PE), acetylcholine 

chloride (ACh), 18-alpha glycyrrhetinic acid (18-  GA), Dimethyl sulfoxide (DMSO) and 6-(2-

Hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-hexanamine (MAHMA NONOate) all 

supplied by Sigma Canada.  

3.2.3 Preparation and Mounting of Isolated Vascular Tissue Rings 

The same method of preparation and mounting of the renal and aortic rings were carried 

out as outlined in Chapter 2, although 1 mm rings were cut from the aorta instead of 2 mm rings. 
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Mesenteric vessels were prepared by excising the mesenteric bed, and storing temporarily in ice-

cold (4°C) Krebs solution aerated with 95% O2/5% CO2 while mounting of the aorta and renal 

arteries took place. Second order mesenteric vessels were then isolated (1 mm wide rings) and 

mounted on 25 m tungsten wires. In total, where ever possible, for each animal four aortic rings, 

two mesenteric rings and the right and left renal arteries were used.  

The remaining tissue was placed in lysis buffer, flash frozen in liquid nitrogen and stored 

at -80°C until Western blot analysis could be performed.  

3.2.4 Experimental Protocol 

The preparation of vessels was as described in the methods section of Chapter 2. Briefly; 

a passive length tension curve was constructed (aorta stretched to ~4.4 mN, renal arteries ~1.1 

mN and mesenteric arteries ~0.8 mN), and submaximal contractions performed with PE until a 

constant contractile response was present (1-2 administrations of 1x10
-7

 to 1x10
-5

 M PE) Vessels 

were then washed and recontracted to the previously achieved tension with PE and a ACh 

concentration response curve (CRC) performed. Vessels were washed three times and allowed to 

re-equilibrate for 15 minutes, contracted to the same previous tension with PE and the effects of 

18-  GA investigated. After eight minutes of vasomotion recording at 95% O2, a cumulative 

concentration response for 18-  GA was conducted (10, 30, 100 and 200 μM, dissolved in 

DMSO), drug concentration changed every 9 minutes (less then 0.05% total volume DMSO after 

highest concentration 18-  GA was added). 

3.2.5 Preparation of Tissue Homogenates 

Cleaned vessels were stored by flash freezing in lysis buffer (pH 7.3) containing 50 mM 

Tris, 1 mM ETDA, 1% Triton X, 1 mM DTT, 10 mM PMSF,  tablet Complete Protease 

Inhibitor Cocktail (Roche Diagnostics, Mannheim, Germany). At the time of immunoblotting, 
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vessels were homogenized followed by a low speed spin (2400 g for five minutes) (Fisher 

Scientific, Pennsylvania) the supernatent was removed and protein concentration determined by 

Bradford Assay (Bio-Rad Laboratories, California) using BSA as the standard. 

3.2.6 Immunoblot Analysis 

Stacking gels consisted of 4% polyacrylamide with 0.5M Tris-HCl (pH 6.8) in double 

distilled water (All chemicals from Sigma Canada). Separating gels consisted of 12.5% 

polyacrylamide gel with 1.5 M Tris-HCl (pH 8.8), and ~20 μg protein loaded per lane. In order to 

compare between blots, an internal standard was made by mixing 5 μg supernatant pooled from 

each sample followed by quantification of protein in the combined sample. Twenty micrograms 

protein of this standard was run on every gel to provide a consistent reference to standardize and 

compare protein expression.  

Electrophoresis was performed at 175 volts for ~48 minutes, followed by semi-dry 

transfer of proteins. Gels were placed in contact with immunoblot polyvinylidene fluoride 

(PVDF) membrane (Bio-Rad Laboratories, California), and transferred for 15 minutes at 18 volts. 

Membranes were then washed four times in Tris-buffered saline Tween 20 (TBS-T) (pH 7.2) for 

five minutes each time, and incubated overnight at 4°C in 4% skim milk powder in double 

distilled water to prevent nonspecific binding.  

Membranes were washed three times in TBS-T and then incubated with primary antibody 

1:1000 (rabbit anti-connexin 43, Sigma, Canada) for 3 hours at room temperature. Membranes 

were then washed twice for 10 minutes in TBS-T and incubated with goat anti-rabbit-HRP 

conjugate (1:3000. Bio-Rad Laboratories, California) secondary antibody for one hour at room 

temperature. Membranes were washed four times with TBS and developed using a LumiGLO 

chemiluminescence kit (Mandel Scientific) according to manufacturers instructions.  Developed 
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blots were scanned and densitometry (U-SCAN-IT) was then used to quantify protein levels and 

comparisons were carried out via normalization to the Cx43 protein in the internal standard as 

described above. 

3.2.7 Statistical Analysis 

For vasomotion power analysis, the same method of calculating exclusions and outliers 

was followed as outlined in Methods section of Chapter 2. Briefly, a signal-to-noise cutoff, (three 

times the maximal signal-to-noise ratio found in a baseline recording) was used to determine if 

quantifiable vasomotion existed. Values were then subject to Grubb’s test to remove outliers, and 

finally mathematical transformation to ensure normality. A similar level of normality was 

achieved (95% of data).  

To compare vasomotion characteristics, the percentage of total power in the various 

frequency windows, location of signal strength (peak location), the power attributed to each of 

those signals (peak power) and a measure of the signal strength above background (signal-to-

noise) were used (Fig 3.1-4). Reported values are mean ± SD, and were compared using Student’s 

paired or unpaired t-test or 2-way ANOVA with a Bonferroni post-hoc test as indicated. 

 Tissue relaxation by ACh was measured percent relaxation and EC50 values were 

calculated by non-linear regression analysis using Chart 4 software. 

  Connexin 43 expression was compared by first standardizing readings to the internal 

standard and then Student’s t-tests were used to compare group differences.  
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Figure 3-1. Power spectrum of mesenteric vessel with 0 μM 18-  GA. Insert is original tension recording. 

 

 

 

 

 

 

 

 

 

Figure 3-2. Power spectrum of mesenteric vessel with 30 μM 18-  GA. Insert is original tension recording. 

Note change in Spectrum axis scale. 

 

 



 

 61 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. Power spectrum of mesenteric vessel with 100 μM 18-  GA. Insert is original tension 

recording. Note change in Spectrum axis scale. 

 A) 0 μM 18-  GA B) 30 μM 18-  GA C) 100 μM 18-  GA 

Power Distribution    

VLF 97% 98% 58% 

LF 2% 1.50% 27% 

MF 0.50% 0.03% 10% 

HF 0.50% 0.02% 5% 

    

Peak 1 Characteristics    

Location 0.17 Hz 0.15 Hz 0.15 Hz 

Power 0.81 0.76 0.135 

Signal-to-noise 5845 990 8.3 

    

Peak 2 Characteristics    

Location 0.35 0.33 Not Present 

Power 0.012 0.003 Not Present 

Signal-to-noise 89 3.3 Not Present 

Figure 3-4. Changes in power distribution and peak characteristics with increasing concentration of 18-  

GA. 
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3.3 Results 

3.3.1 Animal Metrics 

Animals were randomly allocated to the two groups (Control BW: 276± 8.3 g vs. Treated 

BW: 282± 12.7 g, n.s.). However, at the time of sacrifice, control animals were slightly heavier 

than the treated ones (334±11.1 g vs. 318±10.6 g, p<0.05)(Fig 3.5a).  Following the 14 day 

treatment, the left ventricular mass and the LV/Body weight ratio were both found to be 

significantly lower (25%, p<0.05) in the treated animals (0.67±0.026 g) as compared to control 

animals (0.88±0.032 g) (Fig 3.5b). When the LV/BW ratio is examined, treated animals showed a 

significantly reduced ratio (20% decrease, 2.65± 0.0552 vs. 2.11±0.0934 g/Kg p<0.05). 

Passive length tension curves (Fig 3.3) were constructed at the start of each experiment to 

determine vessel diameter and allow optimal individualized resting tensions to be set
145

. There 

was no difference found in aortic lumen diameter (Fig 3.6.a, 1414±35.9 m vs. 1415±36.7 m). In 

contrast, mesenteric and renal vessels (Fig 3.6.b and c) from treated animals had a significant 

difference in diameter. Specifically, treated mesenteric vessels had a 10% greater diameter 

(230±26.4 m vs. 207±8.8 m, P<0.05), and treated renal vessels had a 6% greater diameter 

(313±7.6 m vs. 296±14.5 m, P<0.05). There were no differences in diameter found between 

the right and left renal artery. 
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Figure 3-5.a,b. Animal metrics after 2 weeks of intensive ACEi+ treatment. A) Body weight was decreased 

significantly in treated animals. B) Significantly reduced LV/BW ratio in treated animals. Data presented as 

mean ± SD, n=16. 
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Figure 3-6.a-c. Internal lumen diameters of treated and control vessels after 2 week intensive ACEi+ 

treatment. A) Aortic diameter. B) Renal diameter. C. Mesenteric diameter. *, significantly different from 

control vessels p<0.05 student’s t-test for paired data. Data presented as mean ± SD, n=16. 
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3.3.2 Aortic Results 

The 1-adrenoceptor agonist, PE, was used to induce contraction in all tissues. In treated 

animals, the average concentration of PE used (2.4x10
-5
±3.96x10

-5
 M) induced a contraction of 

2.3±1.32 mN. Control aortic rings had a significantly blunted contraction (0.7±1.22 mN), despite 

using a significantly higher PE concentration (1.7x10
-4
±3.8x10

-4
 M) (p<0.05). 

 An acetylcholine CRC (Fig 3.7.a) was used to assess endothelium-dependent relaxation.  

There was no difference in EC50 values between treated and control vessels although treated 

animals had slightly increased magnitude of maximal relaxation (40% vs. 20%).  Based on the 

previously established cutoffs of a signal-to-noise ratio greater than three times the maximum 

signal found in unstimulated baseline recording, quantifiable vasomotion was present in 83% of 

both treated and untreated vessels.  

 In both groups, the majority of power (>90%) was contained in the VLF window (<0.2 

Hz) in 95% O2, treated animals had significantly higher power content when assessed by t-test 

(p<0.001) although post-hoc testing during ANOVA analysis did not reveal this difference (Fig 

3.5.a-d).   

When gap junction communication was assessed by addition of 18-  GA, the percentage 

of power in the VLF window decreased in control vessels, whereas treated vessels were 

unaffected until a concentration of 100 M 18-  GA was reached (Fig 3.8.a).  ANOVA revealed 

that in both the VLF and LF window, there was a significant effect of concentration of 18-  GA, 

antihypertensive treatment, as well as the interaction between them.  That is differences in power 

distribution were significant at 10, 30 and 100 M GA in the VLF and at all concentrations of 18-

 GA in the LF window (Fig 3.8.b). In both the MF and HF windows (Fig 3.8.c,d), gap junction 

blocker concentration had significant effects on power. In the LF window, mean differences were 

significant at 10 and 200 M 18-  GA and 200 M 18-  GA in the HF window. 
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Figure 3-7.a-c. Acetylcholine concentration response curves from treated and control vessels.           A. 

Control aortic and treated vessels. B. Renal control and treated vessels. C. Mesenteric control and treated 

vessels. No differences in EC50’s were found due to treatment. * = mean differences between treated and 

control vessels p<0.05. All data presented as mean ± SD, n=16. 
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Figure 3-8.a-d. Percentage distribution of power in treated and control aortae in response to gap junction 

blocker. A. Percentage of power in the VLF domain (<0.2 Hz), treatment effects F(1,176)=11.2 p<0.05, 

concentration effects F(4,176)=39.5 p<0.0001, interaction between the variables F(4,176)=6.4 p<0.0001. B. 

Percentage of power in the LF domain (0.2-0.6 Hz), treatment effects F(1,176)=20.6 p<0.0001, 

concentration effects F(4,176)=31.5 p<0.0001, interaction effects F(4,176)=3.7 p<0.05. C. Percentage of 

power contained in the MF domain (0.6-1.0 Hz) treatment effects F1,176)=2.7, p>0.05, concentration 

effects F(4,176)=22.9, p<0.0001, interaction effects F(4,176)=6.1, p<0.05. D. Percentage of power 

contained in the HF domain (>1.0 Hz), treatment effects F(1,176)=0.1, p>0.7, concentration effects 

F(4,176)=12.9 p<0.0001, interaction effects F(4,176)=5.3 p<0.001. *= mean value differences p<0.05, 

†=treatment differences p<0.05,¥=dose effects p<0.05, ‡=interaction effects p<0.05. All represent 

significant differences between treated and control vessels. Data presented as mean ± SD, n=10-16. 
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When a peak finder was used to investigate characteristics of the primary and secondary 

peak of oscillation, it was seen that primary location of oscillation did not differ due to 

antihypertensive treatment, and a small trend towards increasing the frequency occurred with 

increasing concentration of 18-  GA (Fig 3.9.a). The secondary peak of oscillation differed 

significantly (p<0.05) from the primary peak location, being located at 0.19 Hz vs. 0.125 Hz for 

the primary peak. 18-  GA did not affect secondary peak location at low concentrations, although 

100 M resulted in shifts in peak location occurring.  

Peak power was slightly elevated in treated animals, and this power was unaffected by 

addition of 18-  GA (Fig 3.9.b), whereas power in control animals decreased with increasing 

concentration of gap junction blocker, however ANOVA analysis did not reveal significant 

treatment effects. Peak power of the secondary peak of both the treated and untreated vessels was 

significantly lower than the respective primary peaks at all concentrations of GA, and there were 

no significant effects due to treatment or concentration of 18-  GA. 

 When the signal-to-noise ratio was examined (Fig 3.9.c), in both the primary and 

secondary peaks, addition of 18-  GA results in significant (p<0.05) concentration dependent 

decreases in both treated and untreated vessels. 
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Figure 3-9.a-c. Characteristics of the primary and secondary aortic spectral peaks in response to gap 

junction blockers. A. Primary and secondary peak location. Primary peak treatment effect F(46,1)=10.7 

p<0.05, concentration effect F(4,44)=4.5, p<0.05, interaction effect F(4,44)=2.46, p<0.05. Secondary peak 

treatment effect F(1,44)=3.09,p>0.05, concentration effect F(4, 44)=0.40, p>0.05, interaction effect 

F(4,44)=2.94, p<0.05. B. Primary and secondary peak power. Primary power treatment effect F(4,44)=3.48 

p>0.05, concentration effect F(4,44)=2.64, p<0.05, interaction effect F(4,44)=4.94, p<0.001, secondary 

peak power treatment effect F(4,44)=2.81, p>0.05, concentration effect F(4,44)=8.99, p<0.001, interaction 

effect F(4,44)=5.17 p=<0.001.  C. Signal-to-noise ratio of the primary and secondary peaks. Primary 

signal-to-noise ratio treatment effect F(1,44)=11.62, p<0.05, concentration effect F(4,44)=54.8 p<0.0001, 

interaction effect F(4,44)=3.89, p<0.05, secondary peak treatment effect F(4,44)=2.89 p>0.05, 

concentration effect F(4,44)=2.8 p<0.0001, interaction effect F(4,44)=5.18 p<0.001. Primary Peak 

statistics: *= mean value differences p<0.05, †=treatment differences p<0.05, ¥=dose effects p<0.05, 

‡=interaction effects p<0.05 Secondary Peak statistics: **= mean value differences p<0.05, ††=treatment 

differences p<0.05,¥ ¥=dose effects p<0.05, ‡‡=interaction effects p<0.05. All represent significant 

differences between treated and control vessels. Data presented as mean ± SD, n=10-16. 
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3.3.3 Renal Artery Results 

An average concentration of 1.9x10
-5

±3.76x10
-5

 PE achieved a tension of 3.4±2.09 mN
 
in 

treated vessels. Control vessels achieved a contraction of 2.6±2.48 mN with a concentration of PE 

(1.9x10
-5

±3.71x10
-5

). There was no difference in attained contraction or PE concentration when 

comparing the right and left arteries.  

Endothelium dependent relaxation was assessed by means of an ACh CRC curve (Fig 

3.7.b). There was no difference in EC50 values between right and left renal arteries.  The average 

log EC50 values of relaxation were calculated to be -7.2 M±0.04 M in treated and -9.0±0.03 M in 

untreated (p=0.06) vessels. The average magnitude of relaxation was similar, (28% and 31% for 

treated and untreated), with no difference seen due to treatment. Incidence of vasomotion 

induction in renal vessels were lower as compared to the other vessel types, with 70% of control 

vessels displaying quantifiable vasomotion and 56% of treated vessels displaying vasomotion. 

When vasomotion characteristics were examined, no significant difference in power were 

found to exist between the right and left renal arteries and therefore, for purposes of further 

analysis the data obtained was grouped together. 

Treated renal vessels had the majority (>65%) of power concentrated in the VLF 

window, as compared to untreated vessels where the majority of power (>60%) was located in the 

LF window (Fig 3.10.a-d).  Effects of 18-  GA varied due to treatment, with control vessels 

shifting power to the VLF window from the LF window, whereas treated vessels showed the 

reverse, shifting power from the VLF window to the LF window.  

 The locations of oscillation in both the primary and secondary peaks (Fig 3.11.a), are 

significantly lower than in treated vessels (0.16 Hz and 0.2 Hz respectively) when compared to 

control vessels (0.2 Hz and 0.3 Hz). In both cases, the addition of 18-  GA did not significantly 

affect this location. 
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Figure 3-10.a-d. Percentage distribution of power in renal treated and control vessels in response to gap 

junction blocker. A. Percentage of power in the VLF domain (<0.2 Hz), treatment effects F(1,16)=11.2, 

p<0.05, concentration effects F(4,16)=39.5, p<0.0001, interaction between the variables F(4,16)=6.4, 

p<0.0001. B. Percentage of power in the LF domain (0.2-0.6 Hz), treatment effects F(1,16)=20.6, 

p<0.0001, concentration effects F(4,16)=31.5 p<0.0001, interaction effects F(4,16)=3.7 p<0.05. C. 

Percentage of power contained in the MF domain (0.6-1.0 Hz) treatment effects F(1,16)=2.7 p>0.05, 

concentration effects F(4,16)=22.9 p<0.0001, interaction effects F(4,16)=6.1, p<0.05. D. Percentage of 

power contained in the HF domain (>1.0 Hz), treatment effects F(1,16)=0.2, p>0.05, concentration effects 

F(4,16)=12.9, p<0.0001, interaction effects F(4,16)=5.3, p<0.05. *= mean value differences p<0.05, 

†=treatment differences p<0.05, ¥=concentration effects p<0.05, ‡=interaction effects p<0.05. All represent 

significant differences between treated and control vessels. Data presented as mean ± SD, n=10-16. 
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Figure 3-11.a-c. Characteristics of the renal primary and secondary spectral peaks in response to gap 

junction blocker. A. Primary and secondary peak location. Primary peak treatment effect F(1,16)=13.62, 

p<0.001, concentration effect F(4,16)=1.8, p>0.05, interaction effect F(4,16)=1.4, p>0.05. Secondary peak 

treatment effect F(1,16)=32.0, p<0.0001, concentration effect F(4,16)=0.8, p>0.05, interaction effect 

F(4,16)=1.5, p>0.05 B. Primary and secondary peak power. Primary power treatment effect F(1,16)=62.4 

p<0.001, concentration effect F(4,16)=9.3 p<0.00001, interaction effect F(4,16)=2.6, p<0.05, secondary 

peak power treatment effect F(1,16)=2.0 p>0.05, concentration effect F(4,16)=2.78, p<0.05, interaction 

effect F(4,16)=3.2, p<0.05.  C. Signal-to-noise ratio of the primary and secondary peaks. Primary Signal-

to-noise ratio treatment effect F(1,16)=21.6 p<0.0001, concentration effect F(4,16)=10.2 p<0.0001, 

interaction effect F(4,16)=10.4 p<0.0001,  Secondary peak treatment effect F(4,16)=11.4, p<0.05, 

concentration effect F(4,16)=7.2 p<0.0001, interaction effect F(4,16)=7.3, p<0.001. Primary Peak: *= mean 

differences p<0.05, †=treatment differences p<0.05, ¥=dose effects p<0.05, ‡=interaction effects p<0.05. 

Secondary Peak: **= mean differences p<0.05, ††=treatment differences p<0.05,¥ ¥=dose effects p<0.05, 

‡‡=interaction effects p<0.05. All represent significant differences between treated and control vessels. 

Data presented as mean ± SD, n=10-16. 
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Peak power was significantly elevated in control vessels as compared to treated vessels 

regardless of the concentration of 18-  GA. 10 μM GA did not alter power, however high 

concentrations of 18-  GA resulted in a dose dependent-power decrease. The power of the 

secondary peaks was significantly (p<0.05) lower than the primary peak power, and this was not 

affected by addition of 18-  GA. 

The power of the secondary peaks was significantly (p<0.05) lower than the primary peak 

power, and this was not affected by addition of 18-  GA.  

 ANOVA analysis of signal-to-noise ratios showed a significant difference due to 

treatment in both ratios of the primary and secondary peaks. The addition of 18-  GA resulted in 

variable effects at low dose, although a high concentration (>30 μM) resulted in concentration 

dependent decreases in this ratio. 

 

3.3.4 Mesenteric Artery Results 

In treated animals, the average concentration of PE used was 1.98x10
-5
± 3.71x10

-5
 M to 

induce a contraction of 3.22±2.38 mN. In control animals the concentration of PE averaged 

2.35x10
-5
± 3.53x10

-5
 M PE, resulting in 2.5±1.56 mN tension, whereas the average tension was 

slightly less then that of vessels from treated animals, there were no significant differences in 

either achieved tension or PE concentration.  

 An acetylcholine CRC was used to assess endothelium dependent relaxation (Fig 3.7.c). 

There was no difference in EC50 values between treated and control vessels (Log -6.70 vs. -6.47
 

M), although treated vessels had approximately 30% greater relaxation than control vessels (Fig 

3.4.c). Using predetermined vasomotion cut-offs, quantifiable signals occurred in 94% of both 

treated and 100% of untreated vessels.  
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Figure 3-12.a-d. Percentage distribution of power in mesenteric treated and control vessels in response to 

gap junction blocker. A. Percentage of power in the VLF domain (<0.05 Hz), treatment effects F(1,16)=4.7, 

p<0.05, concentration effects F(4,16)=1.7 p>0.05, interaction between the variables F(4,16)=3.5 p<0.05. B. 

Percentage of power in the LF domain (0.05-0.2 Hz), treatment effects F(4,16)=8.1 p<0.05, concentration 

effects F(4,16)=5.0, p<0.05, interaction effects F(4,16)=1.7, p>0.05. C. Percentage of power contained in 

the MF domain (0.2-0.6 Hz) treatment effects F(1,16)=19.1 p<0.05, concentration effects F(4,16)=50.8, 

p<0.0001, interaction effects F(4,16)=5.2, p<0.05. D. Percentage of power contained in the HF domain 

(>0.6 Hz), treatment effects F(1,16)=17.7, p<0.05, concentration effects F(4,16)=39.7, p<0.0001, 

interaction effects F(4,16)=4.2, p<0.05. *= mean differences p<0.05, †=treatment differences 

p<0.05,¥=dose effects p<0.05, ‡=interaction effects p<0.05. All represent significant differences between 

treated and control vessels, Data presented as mean ± SD, n=10-16. 
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In treated vessels the greatest proportion of power (Fig.3.12.a-d) (>45%) was located in 

the VLF window, low dose 18-  GA resulted in an initial shift in power to the VLF window, 

although high dose resulted in a subsequent decease in the power contained in this window. 

Control vessels had the majority of power located in the LF window, although addition of 18-  

GA resulted in a dose dependent shift of this power to the VLF window.  

 The primary location of oscillation (Fig 3.13.a) did not differ between treated and 

untreated vessels (0.2 Hz), addition of 18-  GA resulted in a dose-dependent decrease in the 

location of oscillation with no effect seen due to treatment. The secondary peak of oscillation in 

treated vessels was significantly higher than both the secondary control peak (0.3 Hz vs. 0.2) as 

well as both primary peaks of oscillation. 18-  GA appeared to have a greater affect on the 

location of oscillation, with the magnitude of peak location decrease being much greater 

compared to the secondary peak of oscillation in treated vessels. 

 Peak power (Fig 3.13.b) was significantly elevated in the control vessels as compared to 

treated vessels. Low dose 18-  GA resulted in decreased power in treated vessels, with control 

vessels being resistant to the decline in power, although decreases were apparent at 100 μM 18-  

GA.  

 The signal-to-noise ratio of the primary peaks (Fig 3.13.c) showed a concentration 

dependent decrease due to addition of 18-  GA, treated vessels exhibited a slight increase in ratio 

at low dose, with no overall trend being visible. The ratios of both the secondary peaks decreased 

in a concentration dependent manner.  
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Figure 3-13.a-c. Characteristics of the mesenteric primary and secondary spectral peaks in response to gap 

junction blocker. A. Primary and secondary peak location. Primary peak treatment effect F(1,16)=0.05, 

p>0.05, concentration effect F(4,16)=4.6, p<0.05, interaction effect F(4,16)=0.3, p>0.05. Secondary peak 

treatment effect F(1,16)=14.3, p<0.05, concentration effect F(4,16)=6.8, p<0.0001, interaction effect 

F(4,16)=1.9, p>0.05. B. Primary and secondary peak power. Primary power treatment effect F(1,16)=112.1, 

p<0.0001, concentration effect F(4,16)=24.1, p<0.0001, interaction effect F(4,16)=7.1, p<0.001, secondary 

peak power treatment effect F(1,16)=0.4, p>0.05, concentration effect F(4,16)=5.2, p<0.05, interaction 

effect F(4,16)=2.8, p<0.05.  C. Signal-to-noise ratio of the primary and secondary peaks. Primary signal-to-

noise ratio treatment effect F(4,16)=35.1, p<0.0001, concentration effect F(4,16)=43.8, p<0.0001, 

interaction effect F(4,16)=3.6 p<0.05, secondary peak treatment effect F(1,16)=4.1, p>0.05, concentration 

effect F(4,16)=5.7, p<0.05, interaction effect F(4,16)=5.0, p<0.05. Primary Peak: *= mean differences 

p<0.05, †=treatment differences p<0.05,¥=dose effects p<0.05, ‡=interaction effects p<0.05 Secondary 

Peak: **= mean differences p<0.05, ††=treatment differences p<0.05,¥ ¥=dose effects p<0.05, 

‡‡=interaction effects p<0.05 all represent significant deviations from mean. All values are mean ± SD, 

n=10-16. 
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3.3.5 Western Blot Analysis 

Immunoblot analysis (Fig 3.15) comparing connexin 43 expression between treated and 

control rats revealed that the level of connexin 43 were somewhat variable.  No differences 

resulting from the treatment were found in aortic expression at 20 g protein. In contrast, 

mesenteric and renal connexin 43 expression could not even be detected (Fig 3.14.a-c) at 20 and 

40 g of loaded protein. 
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Figure 3-14.a-c. Example Western blot of connexin 43, lanes 1,3,7,9 are treated, lanes 2,4,6,8 are 

control, lane 5 is internal standard. A. Aortic vessel. B. Renal Vessel. C. Mesenteric Vessel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-15. Aortic Connexin 43 expression, expression is relative to internal standard. Data presented as 

mean ± SD, n=16. 
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3.4 Discussion 

With hypertension affecting over one billion people worldwide, a number that is 

predicted to double in the next 15 years, identification of the mechanisms responsible for this 

pathology, and development of long lasting treatments is a public health priority.  Hypertension 

development has been linked to alterations in the set point of renal salt excretion (pressure-

natriuresis), and subsequent alteration of vascular wall structure in response to the increased 

blood pressure.  Certain treatments, specifically those targeting the ACE pathway have been 

shown to result in persistent decreases in blood pressure both via shifting the set-point of the 

pressure-natriuresis relationship back to normal and by decreasing the wall to lumen ratio in 

blood vessels
33,38

. 

In the present study, we investigated whether vasomotion characteristics were altered by 

a two-week intensive ACEi treatment and if changes in gap junctions were involved. The major 

findings of this study were ACE inhibitor treatment significantly reduced the LV/BW ratio, 

increased lumen diameter in the renal and mesenteric vessels, and altered vasomotion 

characteristics.   

Treated animals had a significantly reduced BW at sacrifice as compared to controls, a 

result that is consistent with other experiments utilizing ACEi treatment
165

. When the LV/BW 

ratio was examined, there was a significant reduction in the LV/BW ratio indicating a reduction 

in LV hypertrophy. The magnitude of decrease was consistent with previous experiments in our 

laboratory, and indicative of a persistent decrease in overall blood pressure
33

.  

Passive length tension curves to determine vessel diameter were performed prior to each 

vasomotion recordings to individually standardize vessel tension to maximize vasomotion 

characteristics. Treated aortic vessels did not have significantly different internal diameters than 

control vessels (1414 m vs. 1416 m), although both the renal and mesenteric vessels from 
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treated animals had significantly increased diameters compared to the untreated controls. It is 

interesting to note that the percentage increase in diameter was inversely proportional to original 

vessel size. Renal vessels from treated animals had an average diameter of 291 m, and an 

average diameter change due to treatment of 6%, whereas mesenteric vessels from treated 

animals had a average diameter of 207 m, and diameter increase 10%. The observed lack of 

change in lumen diameter of aortae in this treatment is consistent with observations from other 

investigators utilizing ACEi treatments
43, 166

. The differences in lumen diameter suggest that 

either the time course of remodeling or the mechanistic process of remodeling differs with respect 

to vessel type. ACEi treatment has previously been demonstrated to result in significant aortic 

wall apoptosis
46

; although wall thickness measurements were not conducted in this study, these 

differences in lumen diameters suggest that aortic vessel remodeling occurs in a eutropic manner, 

without changes to vessel lumen diameter. 

One concern of this study is the limited magnitude (<50%) of endothelium dependent 

relaxation seen in the aortic and renal vessels. ACEi treatment has previously been shown to 

improve endothelial function, as measured by total relaxation to ACh
33, 45

. In the current study 

aortae showed a significant improvement in total relaxation, although this was not apparent in 

renal or mesenteric vessels.  Whereas mesenteric vessels showed over 50% relaxation this was 

not affected by ACEi treatment. A possible explanation for this observation is that the duration of 

treatment was not long enough to result in improvements in endothelial function.  

Incidence of vasomotion in this study was not altered with antihypertensive treatment in 

the mesenteric or aortic vessels. However, in renal vessels, hypertension resulted in a 

significantly lower occurrence of vasomotion, with only 7 of 16 vessels exhibiting quantifiable 

vasomotion, although treated vessels displayed increased occurrence with 11 out of 16 vessels 

displaying vasomotion. These findings are similar to previous reports on the effects of 
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hypertensive treatment which result in both increased and decreased incidence of spontaneous 

oscillation development depending on vessel type examined
132-135, 167

.  

Spectral analysis is a method of quantifying the contributions of specific frequencies to a 

complex oscillation. The percentage of power in a window thus gives a metric of where the 

majority of a complex wave oscillation originates, thereby allowing comparisons to be made. In 

all treated vessels, the majority of spectral power resided in the VLF spectrum, whereas the 

location of power in control animals appeared to vary depending on vessel type. Only in control 

aortic vessels did the majority of power lie in the VLF window; in both the renal and mesenteric 

vessels the majority of power was located in the LF window. 

In order to gain further insight into the specific location of oscillation, a peak finder was 

used. In the both the aorta and mesenteric vessels, the location of the primary peak of oscillation 

was not affected by treatment. This finding is consistent with other investigations using spectral 

analysis on mesenteric arteries taken from SHR and WKY animals. The average location of 

oscillation that was noted in mesenteric arteries in this investigation occurred at 0.22 Hz. Rizzoni 

et al noted SHR animals had a major peak of oscillation at 0.205 Hz and age matched WKY 

animals oscillated at 0.259 Hz, with no significance difference noted
168

.  However, in the current 

study, renal vessels exhibited significant differences in peak oscillator location due to treatment. 

As mentioned, development of vasomotion in renal vessels occurred with substantially lower 

frequency then other vessels, and further investigation is needed to confirm this result.  

When power of oscillation is examined in all vessel types, treated animals had lower 

power content than the hypertensive control animals.  These observations indicate that 

hypertension treatment reduces the power of peak oscillation, and shifts the majority of power to 

the VLF window. While Rizzoni et al did not note differences in power distribution in 
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hypertensive animals, this could be due to the methods of spectral analysis employed, which did 

not include any filtering of data
168

.  

As mentioned, in order for vasomotion, or whole vessel oscillation, to occur, the 

oscillations of a high proportion of cells need to be entrained. This synchronization allows the 

summation of the individual calcium signals to occur. As gap junction blockers disrupt 

synchronization of this cellular signaling
108-111

, and high concentrations of blockers abolish 

vasomotion, it would be expected with increasing concentrations of blockers that the proportion 

of out of phase cells would increase concurrently. The decrease in total number of oscillating 

cells would be expected to decrease the total power of oscillation, but not change the frequency of 

total oscillation. This is what was generally observed (Fig 3.1-3), with location of oscillation 

unaffected by concentration of 18-  GA and power decreasing in a concentration dependent 

manner. 

  As mentioned in section 2, peak power is a measure of the total strength of the signal at a 

specific frequency location, and a thus a useful metric for evaluation of gap junction conductance. 

Previous studies have shown that application of gap junction blockers results in abolishment of 

vasomotion, although no study has investigated the effect of gap junction blockers on 

hypertensive and antihypertensive treated rats
108-111

. In the current study the gap junction blocker 

18-alpha glycyrrhetinic acid was chosen over other commonly used blockers such as heptanol, 

halothane and 18-beta glycyrrhetinic acid due to the numerous reports of non-junction effects of 

these other compounds
169, 170

. Connexin mimetic peptides, a novel class of blockers based on 

peptide sequences have become increasingly popular for investigating cell-to-cell 

communication
171

, but were not used in this study due to high cost and questionable efficacy in 

tissue bath studies.  
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Disruption of cell-to-cell communication with 18-  GA revealed vascular bed location 

affected vasomotion characteristics. Control aortic vessels showed a dose dependent decrease in 

power, although power in treated vessels was unaffected by addition of 18-  GA. However, when 

power of oscillation was investigated in renal and mesenteric vessels, in both cases a trend 

towards decreasing power in a concentration dependent fashion occurred, with no differences due 

to treatment effects. Location of oscillation in all cases was not affected by 18-  GA. These 

observations indicate that the effect of antihypertensive treatment on gap junction communication 

differs between vessel types, with two possible explanations to explain the observations in the 

aortic vessels. Gap junction communication could be substantially increased; resulting in an 

inability for 18-  GA to block all cell-to-cell communication. Alternatively gap junction 

communication could be substantially decreased, suggesting another mechanism of entrainment 

unaffected by 18-  GA addition, e.g. electrical charge propagation via endothelial cells
75, 86

. 

Connexin 43 is a major gap junction protein in vascular tissue
76. 

Immunoblot analysis 

using 20 g of aortic protein resulted in detectable levels of Cx43 in both control and treated 

vessels, with no difference in protein levels due to treatment (Fig 3.11). However, loading both 

20 g or 40 g of protein from renal and mesenteric vessels did not result in detectable protein 

levels. However, previous investigations into Cx43 expression have revealed large variations with 

respect to vascular bed location and size of vessels. Also, it is possible that other connexins (i.e. 

Cx37 and 40) are expressed in the resistance vasculature, and these connexins are responsible for 

the majority of cellular communication
74, 78

. Previous studies investigating antihypertensive 

treatment effects on Cx43 expression have been inconclusive, with increased, decreased and no 

change in connexin expression reported
94-97

.  

The short half life of connexins is thought to increase the adaptive capacity of the tissue, 

82,83
 with some studies even suggesting that connexin expression is regulated by circadian 
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rhythms. In support of this, Kihara et al. has shown that multiple connexin isoforms taken from 

the retina (Cx 57, 45, 43 and 37) are upregulated in response to darkness
181

. In addition, Temme 

et al. has shown that Cx 26 and 36 isolated from the liver exhibited a circadian rhythm with 

maximal expression around 2 pm
180

.  While circadian rhythms have not been shown to occur in 

VSMC, in an attempt to compensate for this possible confounding factor in the current study, 

treated and untreated animals were evaluated after the tissues were evenly divided into studies in 

of the morning and the afternoon for each treatment group.  When vasomotion characteristics 

were examined, based on am and pm differences there were slight differences seen in 

characteristics, however, these were not significant due to low numbers of samples: that is, 

Western blot analysis of the aorta revealed a slight increase in the morning tissue samples.  

This study suggests that spectral characteristics of vasomotion, specifically percentage of 

power in the VLF window, as well as differences in peak power, could have potential application 

as a prognostic indicator for blood vessel phenotypes. These results also suggest that alterations 

in vasomotion characteristics due to the disruption of cell-to-cell communication could be used as 

a sensitive method to investigate alterations in cellular communication. The use of spectral 

analysis has been widely used as a method to evaluate phenotypic change in heart health through 

examination of heart rate fluctuations 
172

, and this will be discussed further in section 4. 
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Chapter 4 

General Discussion and Future Directions 

4.1 General Discussion 

Vasomotion is the spontaneous oscillation of vascular tone due to internal calcium 

fluctuation. It is not dependent on heartrate, respiration, or innervation and has been observed 

under both in vivo and in vitro conditions
100

. In order for vasomotion to occur, multiple vascular 

processes must be entrained via cell-to-cell communication to ultimately result in a coordinated 

summation of a signal, resulting in overall vessel segment contraction and relaxation
110

. Although 

the details of the molecular mechanism responsible for vasomotion are still incomplete, 

experimental and theoretic evidence points towards there being an interaction of multiple cellular 

oscillators
99, 108, 113

. Interaction of these oscillators results in synchronization of the contraction-

generating [Ca
2+

]i, through both electrical and gap junction communication, as well as modulation 

via multiple external controllers such as the endothelium and oxygen tension
99, 100, 113, 118, 121

. Thus, 

elucidation of the multiple interacting controllers responsible for vasomotion could reveal the 

comprehensive basis of cellular and vascular phenotypes.  

 In the current thesis, two studies were undertaken using models with known alterations 

in vascular structure in an attempt to determine if vasomotion characteristics were changed during 

remodeling. In the first study, investigation into a developmental insult, perinatal iron deficiency, 

was conducted. PID has been shown to result in a host of deleterious effects on vascular structure 

and function, as well as alterations in renal hemodynamics, specifically increased salt sensitivity 

and blood pressure
14, 1522, 24

. In the second study, rats genetically prone to hypertension 

development (SHR) were used to investigate the effects of ACEi treatment using enalapril and 

hydralazine a treatment regime that has previously been shown to result in persistent decreases in 
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blood pressure, the normalization of renal hemodynamics, and downregulation of vascular 

structure (i.e. increased lumen diameter, decreased wall thickness and in some vessels cellular 

apoptosis)
33, 38, 46, 173

.  

The traditional methods of investigating blood vessel phenotype involve methods such as 

the construction of concentration response curves that allow for assessment of drug potency or 

sensitivity and of endothelial function to be examined. Alternatively, microscopy can be used to 

examine structural changes. However, these approaches do not allow for integrative investigation 

of the various subcellular processes occurring in the vessel.  

Vasomotion has traditionally been examined in several different ways, including simply 

quantifying the occurrence, by amplitude and frequency measurements of major peaks, and more 

recently by spectral analysis. Vasomotion is influenced by multiple interacting signals, resulting 

in a complex oscillations
117, 136

.  Spectral analysis is ideally suited to assessing the activity of 

individual component frequencies within very complex waves. Previous methods of spectral 

analysis in our laboratory were performed using a FFT. However, further analysis has revealed 

that this method may not be optimal for small sample sizes because of the inherent biasing of the 

data. 

Thus, in order to more appropriately evaluate vasomotion characteristics, a novel method 

of data analysis was developed.  Working with Mr. Wesley Burr and Dr. David Thomson in the 

Department of Mathematics and Statistics, Queen’s University, a multitaper, orthogonal approach 

to spectral analysis was developed. This quantitative approach has significant advantages over 

previous methods in that it is more appropriate for use with small sample data sets, since it is 

significantly less affected by noise in the data.  

Previous investigators have noted alterations in vasomotion characteristics in several 

pathological states, specifically preeclampsia and diabetes
131, 174

, although quantitative 
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characterization of these alterations has been limited to descriptions of changes in amplitude. The 

results from the current study provide further evidence for the concept that vasomotion is altered 

in pathological states, and that the alterations are identifiable when waveforms are analyzed by 

spectral analysis. 

Choice of spectral window locations (the frequency range of the oscillations) was based 

on both previous experimental work (high /low oscillators), as well as discussion with Dr. David 

Thomson, an expert in signal analysis in biological systems. Changes from previous analysis 

conducted in this laboratory include addition of a MF window (0.6-1 Hz) and modification of the 

VLF from <0.05 Hz to <0.2 Hz, and increased LF window from 0.05-0.2 Hz to 0.2-0.6 Hz. While 

it is recognized that the current choice for VLF window encompass the previously reported low 

and high frequency oscillator, of 0.006 Hz and 0.01 Hz  as reported by Griffith et al, this was 

done for several reasons. Griffith determined his oscillators in resistance vessels harvested from 

rabbit ears. Additionally, based on conversations with Dr. David Thomson we concluded that 

waves reported under 0.05 Hz were probably a mathematically generated phenomenon arising 

because of aliasing.  Aliasing is the misrepresentation of high frequency signal as a low frequency 

signal due to spectral leakage (i.e. a mathematical error). Rizzoni et al chose to define window 

locations at 0.03-0.15 Hz (Low frequency) and 0.15-0.35 Hz (High frequency) that are accepted 

window locations derived from studies of heart rate variability, and so the windows were altered 

slightly in the current set of experiments in an attempt to bring them more in line with current 

terminology. 

The current studies revealed several characteristics common to vessels taken from 

animals with altered phenotypic states (PID and hypertension) that were not evident in blood 

vessels taken from control animals. Specifically, the percentage of power in the VLF window, 

generally correlated with vascular health, power was decreased in aortae from both PID and 
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hypertensive animals when compared to the respective controls. This difference in VLF content 

was also apparent in antihypertensive-treated renal and mesenteric vessels but not in renal vessels 

from PID animals.  

In order to further improve the analysis, a peak finder algorithm was developed (see 

Appendix 1), which also determines the power of the peak and the signal-to-noise ratio.  

Although determined visually, the location of the peak oscillation frequency has been reported in 

a previous study
168

.  Thus, the current investigation represents the first time a mathematical 

algorithm has been used to identify spectral peaks, resulting in a more objective method of 

identification. This analysis revealed a remarkably consistent location of primary oscillation 

originating around 0.2 Hz, a location of oscillation that is very similar to that observed by Rizzoni 

et al in mesenteric vessels
168

. Although aortic vessels from SHR and SHR-treated animals had a 

primary peak of oscillation that was significantly lower (0.12 Hz), the secondary peak of 

oscillation was around 0.2 Hz, suggesting that overall frequency of vasomotion is highly 

influenced by oscillators operating around 0.2 Hz, although the contribution of this oscillator 

varies depending on vessels phenotype.  

When the primary peak of oscillation is examined in the healthy vs. unhealthy vessels it 

is seen that both aortas taken from PID and SHR animals display a higher location of oscillation, 

and this location decreases in both control and antihypertensive treated aortic vessels.  This 

suggests location of oscillation in the aorta is substantially affected by vascular health and could 

provide a useful metric for vascular phenotypic evaluation 

The current study provides preliminary evidence suggesting that alterations in gap 

junction conductance can be determined via spectral analysis of vasomotion: i.e. there was a 

decrease in peak power in response to increasing concentrations of a gap junction blocker.  

Although no current agents are ideal, 18-  GA was chosen as a gap junction blocker based on the 
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numerous reported non-junctional effects of other blockers (e.g. heptanol, halothane and 18-  

GA) even at low concentrations 
169

. However, it is widely acknowledged that non-junctional 

effects are likely present with all lipid soluble chemicals designed to disrupt membrane bound 

proteins
171, 175

.  In the present studies, in an attempt to minimize non-specific effect, we only 

interpreted data from the lower end of the cumulative concentration-response curves. For 

example, although we reported changes in the percentage of power in the HF spectrum (>1 Hz), 

these were not discussed at length because the only significant shifts in power from the VLF, LF 

and MF windows to the HF were at high concentrations (>100 μM) of 18-  GA. Secondly, the 

amount of power above 1 Hz was found to be extremely small, and personal communication with 

Dr. David Thomson suggested this power was likely due to noise.   

Connexin targeting peptides have been shown to be effective in blocking gap junction 

communication without the non-specific effects ascribed to other blockers
170, 171

. Although these 

peptides were not used in the current studies, both due to cost and problems of bioavailability in 

organ bath studies, they represent an exciting future direction of research. 

More work is needed before spectral analysis can be used with the same degree of 

certainty as when it is employed to evaluate sympathetic and parasympathetic contributions in 

heart rate fluctuations
172, 176

, in the current studies both experimental paradigms assessed (PID and 

SHR with ACEi+ treatment) showed that there were significant differences in spectral 

characteristics. The studies carried out in this thesis provide evidence that vascular structural 

changes are manifested by changes in vasomotion characteristics, as visualized in the power 

spectrum. These findings suggest that vasomotion should be further considered as an integrative 

method of phenotypic vascular assessment. 
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4.1.1 Future Directions 

The purpose of the studies conducted in this thesis was to determine if a novel method of 

vasomotion quantification could be used to discern phenotypic differences in different models of 

vascular pathology. To expand upon this work, pharmacological interventions known to 

antagonize various cellular components such as the SR, specifically SERCAs or endothelial cell 

generated NO, could be used to quantify the relative contribution of these controllers to total 

vasomotion. Quantification of these controllers would allow greater insight into the subcellular 

alterations occurring during pathological states such as hypertension 

In addition, the response of antihypertensive drug treated vessels to 18- -GA should be 

expanded to include evaluation of the role of gap junctions through use of gap junction mimetic 

peptides, specifically peptides that have been shown to have inhibitory effects on Cx37, 40 and 

43.  

Investigations of other connexin expression patterns in resistance arteries, specifically 

Cx37 and 40 to determine whether antihypertensive treatment alters expression levels of these 

gap junction proteins.  

The possibility that connexins in VSMCs exhibit circadian rhythms is an issue that needs 

to be controlled for in future experiments, and is a finding that could generate an exciting future 

direction in research on cell-cell communications.    
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Appendix 1 

Mathematics of Spectral Analysis 

A Fourier transformation is a mathematical method of converting a time signal into its 

frequency components, allowing spectral analysis to be carried out. In order to deal with real-

world data, windowing or tapering is applied to minimize spectral leakage. Spectral leakage 

occurs due to the fact that data often does not have integer number of oscillations and the start of 

a cycle does not correspond to the start of the signal. Windows are mathematical weighting 

systems that reduce data outside a defined band to zero, a process that results in more accurate 

spectrum estimation than un-windowed data. 

Multitaper spectral estimation differs from a conventional FFT in how weighting of the 

windows is calculated, as well as the number of windows employed. In multitaper estimation, the 

taper is a mathematical method of weighting data differentially based on discrete prolate 

spheroidal sequences(DPSS)
177

. DPSS are wave functions that optimize energy concentration in 

time and frequency when either or both has defined limits. DPSS can be mathematically 

computed, and when solved, the solutions have the maximal energy possible, practically this 

means they have the least amount of spectral leakage
178

. The DPSS solutions are given in the time 

domain, and are then converted via a Fourier transformation into the frequency domain. 

Orthogonal windows are then computed independently by multiplying the data with the 

individual frequency solutions from the DPSS and all these results are then averaged to give the 

final spectrum. This results in a more accurate spectral estimate (much higher signal to noise 

ratio) then a simple FFT.  
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The basic mathematical process is outlined below 

 

1) To calculate a DPSS or Slepian sequence (vn(
k)

(N,W)  

when standardized  

 

2) and then subject to a discrete Fourier transform 

 

3) Results in the Slepian function having 

the maximum energy concentration (-W,W) 

 

4) For each of these calculations multiply the  

data, x(n) and take the discrete Fourier 

 transform of the product 

 

5) The average of these products is the   

final spectrum 
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Pre-whitening and Peak Finding 

Pre-whitening is a method of filtering data to reduce the range of the spectrum and 

ultimately bias. This process isolates the moment-to-movement random variability by removing 

trends that can result in spurious correlations when two time series are compared
179

. In a “white” 

signal each data point is statistically independent from the every other sample. A pre-whitening 

filter takes a non-white signal and converts it to a pseudo-white signal by using an adaptive 

predictor, which attempts to “predict” the previous data based on past data (i.e. predict n from n-

1). This is accomplished through low level autoregressive modeling. When the prediction is 

subtracted from the actual data sample, the underlying trends in the data are removed. Removal of 

these trends results in a final signal that is mostly white, and allows a more detailed spectrum 

estimate
178

. 

 

After the data has been pre-whitened and a spectrum estimated, a harmonic frequency 

variance test (F-test for short) is computed on the estimated components. Each value returns the 

likelihood of a sample having been generated “randomly”. A spectrum estimate is modeled as a 

Chi-squared distribution, with 2NW-1 (W the bandwidth, N the number of data tapers) degrees of 

freedom, and the F-test is a likelihood test using that distribution. We set our cutoff to be 90% 

significance, as anything lower than that is largely spurious. In addition, we chose only the most 

significant peaks from the subset of 90%+, allowing us to be more confident that our selections 

were not random. 

 

 


