
PROTEOMIC ANALYSIS OF THE HYPERTENSIVE PHENOTYPE 

IN RATS 

 

 

 

by 

 

Todd Gordon McDonald 

 

 

 

 

 

A thesis submitted to the Centre for Neuroscience Studies 

In conformity with the requirements for 

the degree of Doctor of Philosophy 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

 

 

Copyright © Todd Gordon McDonald, 2014 



ii 

 

Abstract 

 Hypertension is a major risk factor for developing cardiovascular, renal and nervous 

system pathologies. Refractory hypertension is prevalent at approximately 30% despite diet, 

lifestyle and multiple pharmacologic interventions. Blood pressure can be influenced at the level 

of the nervous system, at the level of the kidney, and at the level of the vasculature. This 

document describes investigations performed into each of these systems during the development 

of hypertension using a model of human essential hypertension, the spontaneously hypertensive 

rat (SHR), by a proteomic approach of 2-dimensional gel electrophoresis and mass spectrometry. 

A transgenic mouse model with deficits in p75 neurotrophin receptor (NTR), which has been 

implicated in hypertension, was similarly investigated.  Proteomics is a scientific strategy that is 

not entirely hypothesis driven, rather it has the hypothesis that functional and phenotypic changes 

in pathophysiology are reflected at the protein level. Proteomics compares the proteome of a 

disease state, treatment, temporal state, to an appropriate control to determine changes in the level 

of protein present and its biochemical properties.  

 Proteome changes in the SHR mesenteric arteries included the novel observation of  

increased CLIC1 association with the adventitia in the SHR, the decreased expression of HSP90 

alpha and beta in the SHR, and the presence of an additional protein spot for tropomyosin beta 

and MLC20 in the SHR.  These proteome changes are suggestive of an increased contractile state 

in the mesenteric resistance arteries of SHR. In the renal proteome, there was a decrease of alpha-

2µ globulin and a decrease in MAWDBP in the SHR demonstrating molecular changes in the 

kidney before known pathological changes. In superior cervical ganglia, sstereological 

measurement showed significant increases in the number of sympathetic neurons in both lines of 

p75NTR-deficient mice, relative to wild type mice with an enhanced survival of sympathetic 

neurons associated with shifts toward the more basic isoforms of Annexin V in the proteomes of 

p75NTR-deficient mice.  
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Chapter 1 

Introduction 

1.1 A brief introduction to Hypertension 

 Hypertension is a pervasive disease. It is estimated that 90% of individuals that are 

normotensive at age 55 will develop hypertension within their lifetimes (Vasan, 2003). 

Hypertension represents a major public health concern.  The treatment of hypertension is the most 

common reason for office visits of non-pregnant adults to physicians in the United States and for 

use of prescription drugs (Cherry, 2006). Hypertension is a major risk factor for the development 

of coronary artery disease (Wilson, 1994), left ventricular hypertrophy and the associated 

enhanced incidence of left sided heart failure (Levy, 1996), ventricular arrhythmias, death 

following myocardial infarction, and sudden cardiac death (Lorell, 2000; Vakili, 2001), 

cerebrovascular disease (Staessen, 1997; Thrift, 1996), renal disease (Coresh, 2001; Hsu, 2005), 

peripheral vascular disease (Selvin, 2004), retinal disease (Wong, 2007; Wong, 2004; Hseuh, 

1992) as well as non-retinal ocular disease (age related macular degeneration and glaucoma 

(Hymen, 2000; Mitchell, 2004). For individuals aged 40 to 70 years, each incremental increase of 

20 mm Hg in systolic blood pressure or 10 mm Hg in diastolic blood pressure doubles their risk 

of cardiovascular disease (Cobanian, 2003). The World Health Organization has estimated that 

hypertension is the cause of 1 in every 8 deaths worldwide, making it the third leading killer in 

the world (The World Health Report, 2002). The vast majority, greater than 95% of cases of 

hypertension, are primary or essential hypertension where the underlying cause is not specifically 

known. Although hypertension is easy to diagnose and a number of medications are available for 

treatment targeting different signaling pathways, control rates are estimated to be only 34% 
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resulting in a significant portion of individuals that are refractory and have sustained hypertension 

(Chobanian, 2003).  Hypertension can be classified as follows: 

Table 1: Blood pressure classifications according to the JNC-7 report (Chobanian, 2003) 

Blood pressure classification Systolic blood pressure (mm 

Hg) 

Diastolic blood pressure (mm 

Hg) 

Normotensive <129 <84 

Borderline hypertensive 130-139 85-89 

hypertensive >140 >90 

• stage 1 hypertension • 140-159 • 90-99 

• stage 2 hypertension • > 160 • >100 

 

 There are several hypotheses concerning the pathogenesis of hypertension. The early 

work by Goldblatt in the 1930s and later by Borst and Guyton emphasized renal involvement 

suggesting that hypertension develops as a consequence of the renal pressure–natriuresis system 

being abnormal or adjusted to a higher blood pressure level (Goldblatt, 1934; Borst, 1963; 

Guyton, 1972). Another hypothesis is based on the activity of the sympathetic nervous system, 

which in hypertensive develops as a consequence of a hyper-adrenergic state (Grassi, 2004). 

Another hypothesis is based upon the structural alterations in the microcirculation as the major 

cause of hypertension since microcirculation is the main vascular segment controlling vascular 

resistance and consequently arterial pressure (Folkow, 1978, Struijker-Boudier, 1992 and 

Mulvany, 1993).   
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1.2 The spontaneously hypertensive rat (SHR) as an animal model of human 

primary hypertension 

 The spontaneously hypertensive rat is considered a good animal model for human 

essential hypertension and is the most studied animal model of hypertension (Pinto, 1998). The 

SHR strain was developed in the 1960’s by Okamoto and colleagues through selective breeding 

from rats with higher blood pressure within the Wistar-Kyoto strain (Okamoto, 19063). In a 

colony of WKY rats there was a single male with blood pressure of 140-175 mm Hg who was 

mated four times to a female rat with blood pressure 130-140 mmHg (Udenfriend, 1976). These 

mating resulted in 36 offspring, with 18 animals having systolic blood pressure >150 mm Hg and 

25 animals reaching this level of hypertension by 30 weeks of age. The offspring that exhibited 

sustained high blood pressure for over 1 month were used for subsequent sibling mating. By the 

6th generation the blood pressure reached a plateau in their systolic blood pressure at 180 mmHg. 

Inbreeding was continued to establish a colony that consistently resulted in a blood pressure rise 

that begins at approximately 5-6 weeks of age with pressures reaching a systolic blood pressure 

of 180-200 mm Hg in the adult by 20 weeks of age (Udenfriend, 1976). With continued 

hypertension these animals exhibit pathologies similar to those observed in patients with essential 

hypertension, including cerebral lesions, myocardial lesions, and nephrosclerosis (Udenfriend, 

1976). In the following 3+ decades the SHR has been an extensively studied model of human 

essential hypertension (Pravenec, 1989). The SHR has a number of important similarities to 

human essential hypertension which makes it a suitable animal model for the study of 

hypertension. Like essential hypertension, hypertension in the SHR has a multifactorial genetic 

origin that requires no surgical, pharmacological, or physiological intervention (Trippodo, 1981). 

There is salt sensitivity, increased total peripheral resistance without volume expansion, a similar 

cardiovascular adaptation in response to hypertension, and similar responses to pharmacological 
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intervention in essential hypertension and SHR (Trippodo, 1981, Frohlich, 1986). Angiotensin 

converting enzyme (ACE) inhibitors are particularly effective in the reduction of BP in the SHR 

and ACE inhibitor treatment is accompanied by a significant reduction in vessel wall hypertrophy 

(Morishita, 1992, Lee, 1991). ACE inhibitors are a first line agent in the management of essential 

hypertension and have been shown to be accompanied by reduction of small muscular artery was  

hypertrophy (Schiffrin, 1996). Hypertension in the adult SHR is associated with increased total 

peripheral resistance which is also true in essential hypertension which can be attributed to 

hypertrophy of the tunica media of the small muscular arteries and arterioles (Trippodo, 1981). 

These hypertrophied arteries in both the SHR (Dickhout, 1997) and essential hypertension (Rosei, 

1995) demonstrate a greater contractibility. In both essential hypertension and the SHR, an 

increased reactivity to a variety of contractile agonists has been demonstrated which is related to 

structural changes observed in small muscular arteries (Trippodo, 1981; Dickhout, 1997; Folkow, 

1973; Dickhout, 2000). Increased blood pressure is accompanied by cardiac hypertrophy and 

renal pathology in both the SHR (Karam, 1996) and essential hypertension (Cutler, 1996). There 

are some discrepancies between the development of essential hypertension and the SHR and 

some inherent limitations to the SHR model which will be addressed later in the discussion 

section of this document.  

1.3 Physiology of blood pressure at the level of peripheral vascular resistance 

 The generation and regulation of blood pressure involves a number of variables 

influenced by a number of systems. Blood pressure (BP) is determined by the cardiac output (CO) 

and the total peripheral resistance (TPR): 

BP=CO x TPR 

and CO is in turn determined by stroke volume (SV) and heart rate (HR): 



 

5 

 

CO=SV x HR 

From this we see that BP is determined by TRP, SV, and HR. Stroke volume is influenced by the 

intrinsic cardiac myocyte contractility, the venous return to the heart (preload) and the resistance 

the left ventricle faces during systole (afterload). From this, there are multiple organ systems 

involved in blood pressure regulation: contraction of the heart supplies the stroke volume and 

heart rate, the tone of blood vessels supplies the total peripheral resistance, the kidney regulates 

intravascular volume which is critical in the generation of preload. 

 Blood pressure is regulated at the level of the arterial vessel through vasodilation and 

vasoconstriction. Resistance is inversely proportional to the diameter of the vessel raised to the 

4th power, so that small changes in vessel diameter have a large impact on resistance, and 

subsequently on BP. Norepinephrine and epinephrine are catecholamines synthesized by a series 

of enzymatic steps in the adrenal medulla and postganglionic neurons sympathetic neurons from 

tyrosine. They are released from the adrenal medulla either into circulation to act as a hormone 

involved in the fight or flight response, or released from nerve endings as a neurotransmitter by 

noradrenergic neurons of the sympathetic arm of the autonomic nervous system. Actions of 

norepinephrine/epinephrine are regulated by prototypical seven-pass transmembrane proteins on 

target tissues that are coupled to G proteins which stimulate or inhibit intracellular signaling 

pathways. The actions at the blood vessel occur via the binding to α-adrenergic receptors on 

vascular smooth muscle leading to vasoconstriction and an increase arterial pressure. The actions 

at the myocardium occur via the binding to β-adrenergic receptors. This results in an increased 

rate and force of contraction, which increases BP through increasing CO. Under normal 

conditions, there is a continuous slow firing of sympathetic fibers to the peripheral vasculature 

creating a basal sympathetic vasoconstrictor tone and a state of partial contraction of the blood 
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vessels. In addition, the sympathetic innervations of the adrenal medullae cause these glands to 

secrete both norepinephrine and epinephrine into the blood which circulate to all areas of the 

body and cause almost the same effects on the circulation as direct sympathetic stimulation, thus 

providing a both direct and indirect control of the system. In general, circulating epinephrine and 

norepinephrine released from the adrenal medulla have the same effects on target organs as direct 

stimulation by sympathetic nerves, although their effect is longer lasting.   

 Antidiuretic hormone (ADH), or vasopressin, is a peptide hormone with potentially 

potent vasoconstrictor activity. It is synthesized in nerve cells in the hypothalamus, transported 

downward axonally to the posterior pituitary gland, where it is secreted into the blood in response 

to reductions in plasma volume, in response to increases in the plasma osmolality, and in 

response to cholecystokinin by the small intestine. ADH could have enormous effects on 

circulatory function except that normally only minute amounts of ADH are secreted under normal 

conditions. Therefore, ADH plays little role in the acute control of vascular diameter in the 

healthy state, rather its major function is to increase water reabsorption from the renal collecting 

duct and thereby increase intravascular fluid volume and indirectly increasing blood pressure.   

 Endothelin  (ET-1) is synthesized in the endothelial cells of most blood vessels by 

endothelin converting enzyme (ECE) and functions as a powerful vasoconstrictor by interaction 

with a G-protein coupled receptor, endothelin receptor A (ETA) on the underlying smooth muscle 

cells. It also can interact with endothelin receptor B (ETB) on endothelial cells themselves and 

cause the release of nitric oxide to cause smooth muscle relaxation and vasodilation. ET-1 

formation and release are stimulated by angiotensin II, ADH, thrombin, cytokines, reactive 

oxygen species, and shearing forces acting on the vascular endothelium. ET-1 release is inhibited 
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by prostacyclin and atrial natriuretic peptide as well as by nitric oxide. Altered endothelin 

expression has been implicated in a number of diseases, including hypertension (Cardillo, 1999). 

 The Renin-angiotensin-aldosterone system (RAAS) is a key regulator of BP (Paul, 2006). 

Renin is synthesized and stored as inactive prorenin in the juxtaglomerular cells (JG cells) of the 

kidneys. The JG cells are modified smooth muscle cells located in the walls of the afferent 

arterioles immediately proximal to the glomeruli. In response to a decrease in arterial pressure, JG 

cells cleave prorenin to renin and release it into circulation. Most of the renin enters the renal 

blood and then passes out of the kidneys into systemic circulation. Renin itself is an enzyme and 

not a vasoactive substance. It acts on another plasma protein circulating in an inactive form, 

angiotensinogen, to release a 10-amino acid peptide, angiotensin I (Ang-I). Ang-I has only mild 

vasoconstrictor properties. Ang-I is further cleaved of two additional amino acids to form the 8-

amino acid peptide angiotensin II (Ang-II). This conversion occurs predominantly within the 

circulation of the lung through the action of angiotensin converting enzyme (ACE). ACE is an 

exopeptidase secreted predominantly by the endothelium of the blood vessels of the lung, but also 

the kidney. Ang-II has both acute and chronic mechanisms that can elevate arterial pressure. The 

acute mechanisms include the direct vasoconstriction of arterial vessels in many areas of the 

body. Constriction of the arterioles increases the TPR, thereby raising the BP. It also potentiates 

the release of norepinephrine by direct action on postganglionic sympathetic fibers. Also, there is 

a mild constriction of the venous vessels which increases venous return of blood to the heart 

which increases cardiac contraction through increased preload. The chronic mechanisms by 

which angiotensin II increases BP is through an increase in intravascular volume by decreasing 

the excretion of salt and water by the kidneys. Ang-II stimulates the adrenal glands to secrete 

aldosterone, and aldosterone in turn increases salt and water reabsorption in the distal tubules and 
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collecting ducts of the kidney. It increases secretion of  ADH by the posterior pituitary which also 

increases water reabsorption. This slowly increases the intravascular volume, which then 

increases BP during subsequent hours and days. This long-term effect, acting through the 

extracellular fluid volume mechanism, is even more powerful than the acute vasoconstrictor 

mechanism in eventually raising the arterial pressure. Angiotensin II is inactivated by multiple 

blood and tissue enzymes collectively called angiotensinases. ACE also contributes to increases 

in BP through the degradation of bradykinin, a potent vasodilator (Imig, 2004) 

 Endothelial cells release both vasodilator and vasoconstrictor substances, including 

endothelium-derived relaxing factors such as nitric oxide (NO), prostaglandins and endothelium-

derived hyperpolarizing factor, as well as vasoconstricting factors such as endothelin, superoxide 

and thromboxane which play an influential role in the maintenance and regulation of vascular 

tone and the corresponding peripheral vascular resistance. Nitric oxide (NO) contributes to vessel 

homeostasis by inhibiting vascular smooth muscle contraction and causing vasodilation of the 

blood vessel decreasing arterial pressure. NO is synthesized by nitric oxide synthase (NOS) 

where it diffuses through the endothelial cell into the underlying smooth muscle cells and acts 

through the stimulation of the guanylate cyclase to cause relaxation of the smooth muscle and 

vessel dilation. In the vasculature NOS3, which is constitutively expressed in endothelial cells, is 

the main source of NO under physiological conditions, although other sources relevant to the 

cardiovascular system include cardiac myocytes, platelets and red blood cells (Gkaliagkousi, 

2009). The basal release of nitric oxide by the endothelium plays an important role in 

maintenance of basal tone in resistance arteries, and in tonic regulation of blood pressure and 

distribution of blood flow (Gkaliagkousi, 2009). Alterations in NO pathways in essential 
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hypertension are controversial, with evidence for both dysfunction and preservation in the 

literature (Gkalaigkousi, 2009).  

 The plasma kallikrein-kinin system (KKS) plays a critical role in vessel diameter and BP 

(Bryant, 2009). The kinins are small polypeptides that are formed by proteolytic enzymes from 

alpha2-globulins in the plasma or tissue fluids. Kallikrein is a proteolytic enzyme present in the 

blood and tissue fluids in an inactive form prekallikrein. Activated kallikrein acts on alpha2-

globulin to release the kinin kallidin, which is then converted by tissue enzymes into bradykinin. 

The KKS also encompasses coagulation factor XII (FXII), the complex of prekallikrein and high 

molecular weight kininogen (HMWK). Bradykinin is a proinflammatory peptide, a pain mediator 

and a potent vasodilator. Reduced activity of the bradykinin system has been observed in various 

hypertensive situations in both clinical and experimental models of hypertension (Sharma, 2009). 

In some cases, altered levels of BK can be linked to alterations of the blood protein C1-inhibitor, 

which controls FXII (Bryant, 2009). 

 The natriuretic peptide system consists of three peptide ligands: atrial natriuretic peptide 

(ANP), brain (or B-type) natriuretic peptide (BNP) and C-type natriuretic peptide (CNP). It also 

included receptors for these ligands: natriuretic peptide receptor-A (NPR-A or guanynyl cyclase-

A), natriuretic peptide receptor-B (NPR-B or guanynyl cyclase-B) and natriuretic peptide 

receptor-C (NPR-C or clearance receptor). This system plays key roles in the regulation of blood 

pressure and body fluid volume. Atrial natriuretic peptide is a polypeptide hormone secreted by 

cardiac atrial myocytes in response to atrial stretch, increased afterload, β-adrenergic stimulation, 

Ang-II, ET-I, and indirectly by hypernatremia.  It decreases blood pressure by opposing the 

effects of the RAAS and by relaxing smooth muscle through increased levels of cGMP and 

inhibiting the effects of catecholamines. BNP is a cardiac hormone that is predominantly 
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synthesized in and secreted from the ventricle. BNP is responsive to ventricular overload and is 

used as a marker for the severity of heart failure and ventricular hemodynamics. Several studies 

have shown that plasma ANP and BNP levels are higher in hypertensive patients, and are higher 

in hypertensive patients with left ventricular hypertrophy than in those without. In addition, BNP 

levels are significantly higher in patients with left ventricular concentric hypertrophy than in 

those with eccentric hypertrophy or concentric remodeling, or in patients with essential 

hypertension but a normal left ventricular structure (Nishikimi, 2011). 

1.4 Blood vessel anatomy 

 In simplified terms, blood flows from the heart into large conduit arteries, which branch 

and narrow into smaller arteries, which continue to branch and narrow into arterioles. The 

arterioles divide into smaller muscle-walled vessels, called metarterioles, which then branch 

further still into a capillary bed in a tissue. The openings of the capillaries are surrounded 

proximally by smooth muscle precapillary sphincters. It is unsettled whether the metarterioles are 

innervated, and precapillary sphincters are not. However, they can respond to local or circulating 

vasoconstrictors. (Barrett, Ch. 32). In general, each artery entering an organ branches six to eight 

times before the arteries become small enough to be called arterioles, and then arterioles 

themselves branch two to five times, reaching diameters to where the blood enters the capillaries. 

(Guyton, 2011). Capillaries join and widen to become venules and then widen more to become 

veins, which return blood to the heart. Capillaries consist of a monolayer of endothelial cells and 

is surrounded by a very thin basement membrane on the outside of the capillary. Capillaries and 

postcapillary venules are encircled by pericytes ,cells that have long processes that wrap around 

the vessels, which are contractile, release a wide variety of vasoactive agents, and synthesize and 

release constituents of the basement membrane and extracellular matrix (Barrett, Ch. 32). Veins 
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and arteries have a trilayer structure (Maton, 1993). The innermost layer, the tunica intima, 

consists of a monolayer of endothelial cells continuous with those of the capillary. It is supported 

by an internal elastic lamina. The middle layer, the tunica media, consists of layers of smooth-

muscle cells and connective tissue with elastic fibers. In veins this layer may be only a few layers 

of smooth-muscle cells and consist mainly of connective tissue and elastic fibers, while it can be 

many layers thick in the artery, with more smooth muscle and more elastic fibers. The larger 

elastic arteries have a much more structured tunica media consisting of concentric bands of 

smooth-muscle cells interspersed with strata of elastin-rich extracellular matrix sandwiched 

between continuous layers of smooth-muscle cells. Separated by the external elastic lamina, the 

outermost layer, the adventitia, consists of looser extracellular matrix with occasional fibroblasts, 

mast cells, and nerve terminals. Larger arteries have their own vasculature, the vasa vasorum. The 

adventitia of many veins surpasses the intima in thickness. The tone of muscular arterioles 

regulates blood pressure and flow through the downstream capillary beds. These smaller 

muscular arteries have relatively thick tunica media in relation to the adventitia. Medium sized 

muscular arteries also contain a prominent tunica media. 

 Blood vessels constituting the pre-capillary arterial vascular system can be categorized 

into the microcirculation, consisting of small diameter arteries, ranging from 100 to < 300 µm, 

and arterioles, ranging from 10 to 100 µm, and the macrocirculation, consisting of all of the 

upstream medium to larger vessels > 300 µm diameter (Mulvany, 1990, Rizzoni, 2009). The 

medium to larger sized arteries are hollow, cylindrical vessels which are elastically deformable 

and have thin walls relative to the diameter of the lumen.  These conduit vessels function in the 

mass transport of blood and deform to buffer the pulse pressure (the difference in blood pressure 

between systolic and diastolic pressure generated during the cardiac cycle).  Their relatively thin 



 

12 

 

wall means that these arteries have a limited ability to contract to reduce lumen diameter, in 

contrast to the smaller diameter but relatively thicker walled vessels that do contract to a 

significant degree. Arterial pressure is higher in larger conduit arteries and necessarily drops as 

the vessels narrow and branching increases towards the arterioles and capillaries. This pressure 

drop occurs in the small muscular resistance vessels of the microcirculation (Mulvany, 1990). 

The reduction of pressure present in the microcirculation ensures that intracapillary pressures are 

tightly controlled and at a level well below arterial pressure to limit organ damage. 

1.5 Smooth muscle cell contraction  

 It is the vascular smooth-muscle cell (VSMC) that is responsible for the generation of the 

contraction that determines vessel diameter and the generation of vessel tone. Smooth muscle cell 

contraction is caused by the sliding of the thick and thin filaments over each other which is an 

energy dependant and requires the hydrolysis of ATP (Sanders KM, 2012). The fundamental 

proteins forming the thin and thick filaments are actin, which forms the thin filament, and the 

various myosins which forms the thick filament.  The thick filament is composed of two myosin 

heavy chains which are approximately 200 kDa and they are each associated with two light 

chains: a 20 kDa regulatory subunit (myosin light chain 20; MLC20), and a 17 kDa 

nonphosphorylatable subunit (myosin light chain 17; MLC17)(Sanders KM, 2012). The N-

terminal ends of the myosin heavy chains form globular heads which both bind actin and posses 

ATPase enzymatic activity while MLC20 and MLC17 bind to the neck region (Sander KM, 

2013). MLC20 phosphorylation results in a conformational change in the associated myosin 

heavy chain which allows the greater binding to actin and an increase in the ATPase activity of 

myosin heavy chain to utilize ATP to produce a molecular conformational change of the myosin 

head and produces movement by shortening the actin-myosin unit (Sanders KM, 2012). This 
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conformational change in the myosin head causes the filament it to move along the actin filament 

a small distance of approximately 10-12 nm (Barrett, Ch 5). The myosin head can then be 

released from the actin filament, adopt its original conformation, and the cycle may continue in 

the process called crossbridge cycling, the muscle cell can relax, or tone can be maintained by the 

latch bridge mechanism by which myosin cross-bridges remain attached to actin for some time 

with very little expenditure of energy (Barret, Ch5). 

  The initiation of contraction follows an increase in intracellular calcium concentration 

due to calcium influx into the cell and release from intracellular calcium stores (Sander KM, 

2013). The influx can occur through voltage gated L-type calcium channels and the non-specific 

cation channels in the plasma membrane and the release from intracellular stores of calcium 

inside the sarcoplasmic reticulum (SR) can occur through the Ryanodine receptor following 

calcium binding or through the inositol trisphosphate receptor (IP3R) Ca2+ channel following the 

generation of IP3 from the activation of phospholipase C via agonist binding of G-protein coupled 

receptors (Sanders KM, 2012). The principle regulation of contraction in smooth muscle is 

through the phosphorylation status of MLC20 (Sanders KM, 2012; Horowitz, 1996). MLC20 can 

be phosphorylated by myosin light chain kinase (MLCK) after activation by calmodulin in a 

calcium dependant manner or by Ca2+-independent kinases, including Rho-kinase, integrin-linked 

kinase and zipper-interacting protein kinase (Sander KM, 2013).  The phosphorylation status of 

MLC20 depends on the balance between the activity of those kinases, and myosin light chain 

phosphatase (MLCP). MLCK is activated by phosphorylation by a calcium-calmodulin complex 

following its own calcium dependant formation. It is in its phosphorylated form that MLC20 

causes a conformational change in myosin heavy chain which leads to an increased myosin 

ATPase activity resulting in contraction (Sander KM, 2013). MLCP dephosphorylates MLC20, 
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reducing myosin heavy chains ATPase activity and actin binding and decreasing contraction 

(Sanders KM, 2012). Termination of contraction can be caused by a decrease in intracellular 

Ca2+, either through extrusion from the cell via the sarcolemmal Ca2+-ATPase or the NA+/Ca2+ 

exchanger, intracellular sequestration into the SR via its Ca2+-ATPase (SERCA), or bound by 

proteins in the cytoplasm (Horowitz, 1995).  

1.6 VSMC contractile proteins 

 A substantial portion of the volume of the cytoplasm of VSMCs is occupied by myosins 

and actin. VSMCs express a number of smooth muscle specific proteins, most abundantly smooth 

muscle α-actin (SMA).  SMA is the first known marker of differentiated VSMCs.  SMA accounts 

for over 70% of the total actin expressed by mature VSMCs, and constitutes approximately 40% 

of the total intracellular protein (Stephen, 1995, Morgan, 2001).  Six actin isoforms have been 

identified as the products of separate genes. Based on amino acid sequence, α-skeletal, α-cardiac, 

and α-vascular, γ-enteric and γ-cytoplasmic; and β-cytoplasmic isoforms can be distinguished 

(Morgan KG, 2001). The α-, β-, and γ-isoform variants can be separated based on isoelectric 

focusing from the most acidic to the least acidic. In smooth muscle tissues, the β-isoform and the 

γ-cytoplasmic isoforms are referred to as nonmuscle isoforms, whereas the α-vascular and γ-

enteric isoforms are often referred to as SMA isoforms (Morgan, 2001). The SMA isoforms 

compose the thin contractile filaments, whereas the nonmuscle isoforms have been associated 

with the noncontractile cytoskeleton and subsarcolemmal cytoplasm (Morgan, 2001). 

  As previously mentioned, the thick filament in smooth muscle is composed of multiple 

myosin proteins to form type II myosin.  Type II myosin is a hexamer consisting of two heavy 

chains (MHC), a pair of 17-kDa nonphosphorylatable alkali myosin light chains (MLC17), and a 

pair of 20-kDa regulatory phosphorylatable light chains (MLC20). The smooth muscle myosin 
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heavy chain gene encodes a protein with an elongated, coiled-coil tail domain at the C-terminus 

that extends into a neck region connecting the myosin tail to the N-terminal globular head domain 

(Ogut, 2003). The single MHC gene generates two isoforms with undetermined consequences of 

the contractility of VSMCs (Ogut, 2003).  The two sets of light chains associate non-covalently 

with the neck region of the heavy chains (Ogut, 2003). MLC17 is necessary for modulating the 

affinity of myosin for F-actin as well as for actin-activated ATPase activity.  As previously 

mentioned, it is the calcium-calmodulin induced phosphorylation of MLC20 by MLCK that is a 

trigger for contraction of VSMCs through its induction of a conformational change in the heavy 

chain and subsequent increase in actin binding and ATPase activity (Sanders KM, 2012).   

 Calmodulin (CaM) is a ubiquitous small acidic protein of 16.7 kDa that is involved in 

virtually all Ca2+-dependent intracellular events (Koledova, 2006). CaM is expressed at levels 

significantly lower than its intracellular targets and this makes it a limiting factor and thus a target 

for regulation (Koledova, 2006). CaM contains four EF-hand Ca2+ binding sites and the formation 

of Ca2+/CaM complex is necessary to activate MLCK, leading to MLC20 phosphorylation, actin-

myosin interaction and VSMC contraction (Horowitz, 1996).  

 Calponins are family of actin regulatory proteins. Three calponin isoforms have been 

identified as the products of separate genes. Based on amino acid sequence, a smooth muscle-

specific basic calponin, h1, a neutral calponin, h2, and an acidic variant, which is not tissue 

specific, can be distinguished (Morgan, 2001). Calponin interacts with F-actin and Ca2+-

tropomyosin and Ca2+-CaM in such as way as to inhibit myosin ATPase activity (Horowitz, 

1995). It has also been reported that calponin binds to CaM , myosin, desmin, and phospholipids, 

is a substrate for PKC and Ca2+/CaM-dependent kinase II (Morgan, 2001). The role of calponin in 

muscle contractility is controversial. The mechanism of directly inhibiting actin-activated Mg-
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ATPase activity of myosin is based on in vitro data and some experiments have demonstrated 

relatively little effect of calponin on contractile force in permeabilized preparations (Horowitz, 

1995), and the subcellular distribution of calponin may be at odds with this concept (Horowitz, 

1995; Morgan, 2001). An alternative proposal is that calponin is a signaling molecule that 

facilitates activation of PKC and functions as an adaptor protein at the sarcolemmal membrane 

(Morgan, 2001). 

 A calponin related protein of 22 kDa, smooth muscle-22α (SM-22α; also called 

transgelin), has been identified in smooth muscle, and although there is significant sequence 

motif homology to calponin, no functional role in contraction or binding to a known contractile 

protein has yet to be demonstrated for SM-22α (Morgan, 2001). Electron micrograph studies on 

SM22 knockout mice demonstrated a pronounced change in the actin filament distribution, 

suggesting a possible role for SM22 in the organization of the cytoskeleton (Zhang, 2001).   

 Caldesmon is a major contractile and actin binding protein expressed by VSMCs and 

nonmuscle cells.  Caldesmon is expressed as two isoforms of a single gene, with h-caldesmon 

expressed in mature VSMCs and l-caldesmon in immature VSMCs and nonmuscle cells. In vitro, 

it inhibits superprecipitation, inhibits myosin ATPase activity, and inhibits movement of actin by 

myosin (Morgan, 2001). The function of caldesmon in vivo has not been clearly concluded, 

although it binds to both actin and myosin strongly and possibly functions to stabilize interactions 

between actin and myosin, while also inhibiting myosins ATPase activity and contraction 

(Horowitz, 1995).   

 Tropomyosins (TM) are rod-like proteins that are found in tight associations with actin 

filaments in muscle and nonmuscle cells. Tm is a coiled-coil α-helix. Tm in muscle tissue spans 

seven actin monomers and individual molecules interact head to tail to creating a continuous 
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strand along the actin filament (Morgan, 2001).  Smooth muscle lacks troponin, and therefore the 

role of tropomyosin in VSMCs is poorly understood, although it does bind strongly to actin 

groves and may function with caldesmon to regulate actin-myosin interactions and inhibit 

myosins ATPase activity (Morgan, 2001).  Tropomyosin expression is the complicated result of 

alternative splicing of 4 different genes. VSMCs express several nonmuscle as well as a smooth 

muscle specific isoform, smooth muscle α-tropomyosin.   

 Vinculin and metavinculin are present in VSMCs as multiple isoforms located at the F-

actin membrane attachment site of dense plaques, anchoring the actin skeleton to the cell 

membrane and integrin to effectively transmit the force generation by contraction. Desmin and 

vimentin are the principle intermediate filaments expressed by mature VSMCs, although 

cytokeratin has been detected in immature cells.  The transduction of mechanical force generated 

by cellular contraction of VSMCs is dependent upon cell-cell and cell-matrix contacts mediated 

by integrins, which are heterodimers of α-β subunits, of which there are 15 α and 8 β subunits 

possible.  The extracellular domains of integrins mediate extracellular contacts such as laminin 

and collagen, while the cytoplasmic domains interact with actin filaments-associated proteins.  

Mature VSMCs predominantly express α1 or α7 and β1 integrins.  The dystrophin–glycoprotein 

complex (DGPC) functions to provide mechanical stability  to the cell membrane during 

contraction and protect cells from overstretching by serving as a link between the basement 

membrane around muscle cells and the actin filaments.  

1.7 Arterial remodeling in hypertension: Hypertrophic and eutrophic 

remodeling 

 There are two types of structural alterations that occur in the microcirculation as a result 

of hypertension: remodeling of resistance vessels and capillary rarefaction. Hypertension is 
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characterized by an increase in peripheral vascular resistance and this resistance to fluid flow is 

inversely proportional to the fourth power of vessel diameter. Consequently small changes in 

vessel size can dramatically affect pressure.  In relation to BP, this was initially observed by 

Folkow where the resistance to blood flow in maximally dilated vessels was measured and found 

to be greater in chronic hypertension (Folkow, 1958). It was hypothesized that the reduction in 

lumen diameter was a result of the medial growth of the vessel, which was triggered by the 

increased wall stress with increasing pressure and that this growth encroached on the lumen to 

decrease diameter and increase peripheral vascular resistance . The hypertrophy of vascular 

smooth muscle cells was assumed to be analogous to the hypertrophy of left ventricular myocytes 

that occurs with an increasing pressure load.  This would result in reduced lumen diameter, 

increased wall thickness, and an increased medial cross-sectional area. These structural 

modifications would result in greater vascular smooth muscle contraction in response to 

vasoconstrictor stimuli. For a long time after this pioneering work the hypothesis of vascular 

smooth muscle hypertrophy and hyperplasia as a consequence of hypertension was upheld.  

   In an early study of intestinal small arteries and arterioles from patients with chronic 

hypertension it was observed that the vessel wall was thicker, the lumen diameter was narrower 

and the cross sectional area was unchanged (Short, 1966). This observation remained anomalous 

and without expansion for some time.  In the last decade, the nature of the vascular remodeling of 

the microcirculation has been revised. Later, in a study of the pial artery from an animal model of 

hypertension, the stroke prone spontaneously hypertensive rat, it was observed that there was 

relatively little medial hypertrophy although the lumen was significantly reduced in diameter and 

the wall to lumen ratio was increased in chronic hypertension (Baumback, 1989).  This was 

explained by the rearrangement of existing wall constituents around a smaller diameter and 
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hypertrophy was exchanged for architectural remodeling as the descriptor of the structural 

changes that occur in the vessel in response to hypertension.  To further clarify this remodeling 

and distinguish it from the hypertrophic remodeling that occurs in the left ventricular myocytes in 

response to increased pressure, the structural changes were described as inward eutrophic 

remodeling to highlight that there was not net change in the amount of tissue in the tunica media 

and the vessels maintain a constant cross sectional area (Mulvany, 1999). This hypothesis has 

been confirmed in several animal models which consistently demonstrate that hypertrophic 

remodeling that is characteristically observed in the larger conduit arteries of the macrocirculation 

and this progressively blends into inward eutrophic remodeling as vessel size decreases in the 

microcirculation (Feihl, 2008). This has also been confirmed in human patients after examining 

small arteries obtained by biopsy of subcutaneous gluteal and omental fat (Feihl, 2008). Non-

diabetic patients with essential hypertension are observed to have inward eutrophic remodeling, 

including a reduced lumen diameter, increased wall thickness, and a constant cross sectional area.   

 The difference in the response of small and large vessels to increased pressure, inward 

eutrophic remodeling and hypertrophic remodeling respectively, is hypothesized to be a function 

of an intrinsic property of small vessels, their myogenic tone. Small vessels have the property to 

contract in response to an increase in pressure in the absence of neurohormonal input, and this 

property is inversely related to vessel diameter (Davis, 1993). Large vessels do not have the 

ability to appreciably contract to reduce their diameter. One of the important functions of the 

small vessels of the microcirculation in response to increased pressure is to contract and reduce 

flow to protect the downstream capillary beds from pressure induced damage.  In chronic 

hypertension there will an associated prolonged myogenic response in the microcirculation which 

is absent in the macrocirculation. Large vessels compensate through hypertrophy of the vessel 
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wall while small vessels contract myogenically. In the first stage the initiation of basal tone is 

associated with a large increase in intracellular calcium and changes to the membrane potential 

(Sonoyama, 2007). The second phase is myogenic reactivity and a further constriction in response 

to an increase in pressure with an associated calcium sensitization of the contractile apparatus 

without changes in intracellular calcium levels (Sonoyama, 2007). The third phase occurs when 

the wall of the vessel is unable to maintain constriction against increasing pressure which causes 

forced dilation, and the vessel is not longer able to withstand the increased wall stress and 

hypertrophic remodeling ensues. This has been observed in the middle cerebral artery in an 

animal model of hypertension, the stroke prone spontaneously hypertensive rat, when the rise in 

pressure caused a breakdown of the myogenic response followed by vessel hypertrophy preceding 

cerebral injury (Izzard 2003). 

 Increased myogenic tone in hypertension can account for short term increases in 

peripheral resistance, but the increase observed under conditions of maximal dilation must be a 

result of structural alterations that reduce the diameter of the lumen.  It is hypothesized that the 

myogenic response is the first step towards the inward eutrophic remodeling of small vessels in 

response to hypertension (Hughes, 2002). This hypothesis is supported by the observation that 

pharmacological inhibition of vasoconstriction can prevent remodeling (Bakker, 2002). In 

addition, vasoconstriction stimulated by fetal calf serum or endothelin is accompanied by inward 

remodeling (Bakker, 2002). The signaling pathway activated by prolonged vasoconstriction as a 

result of myogenic tone that leads to inward eutrophic remodeling has not yet been fully detailed. 

Remodeling can occur without significant degradation and reconstruction and a relatively 

unchanged amount of cellular material (Intengan, 2001). This has been demonstrated in vitro to 

occur after 4 h of induced vasoconstriction as a result of morphological changes that take place in 
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the shape of the vascular smooth muscle cells in the vessel wall, their organization, and their 

relationship to the extracellular matrix of the vessel (Martinez-Lemus, 2004).  Similarly, patients 

with hypertension and eutrophic remodeling are characterized by a significant change in the 

composition of the extracellular matrix (Intengan, 1999). It has also been hypothesized that 

remodeling occurs as a result of combination of lateral apoptosis and medial proliferation such 

that the lumen diameter is reduced but the cross sectional area of the vessel is maintained 

(Intengan, 2001) and these two processes are not mutually exclusive and the mechanism of 

eutrophic remodeling may involve both. 

 Another hallmark of hypertension is capillary rarefaction, the disappearance of capillaries 

and pre-capillary arterioles in the microcirculation (Humar, 2009). Rarefaction of the 

microcirculation increases peripheral resistance and further increases pressure.  During 

hypertension the endothelium of the capillary loses function, microvessels become constricted 

and hypoperfused and eventually disappear. In animal models, the primary structural alteration 

that is seen before rarefaction is the dissociation of the endothelial and smooth muscle 

components of the vessel wall (Hansen-Smith, 1996).  A decrease in vessel density during the 

development of hypertension has been well documented in several animal models and tissues 

although not all tissues are affected (Humar, 2009). The capillary density in hypertensive patients 

has been found to be 10-20% lower in untreated patients when compared to controls (Serne, 

2001; Antonios, 1999a; Debbabi, 2006). It is still unclear whether capillary rarefaction is a 

secondary event related to increasing pressure, or a primary even leading to increased pressure 

(Feihl, 2009).  It has been reported to occur in borderline hypertensive patients (Antionios, 

1999b) and even in the normotensive offspring of hypertensive patients (Antionios, 2003). 
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 Growth, apoptosis, inflammation, and fibrosis are all mechanisms that have been 

implicated to contribute in the remodeling of arteries in hypertension (Integan, 2001). Growth, 

hypertrophy and hyperplasia of vascular smooth muscle has been a hallmark of hypertensive 

vessels, which has recently been restricted to occurring in larger conduit vessels of the 

macrocirculation. This does not preclude growth from having a role in inward eutrophic 

remodeling of the microcirculation. Growth in the luminal side of the vessel may be compensated 

for by apoptosis in the outer regions of the vessel which leads to the observed reduction in lumen 

diameter without a change in cross sectional area of the vessel wall (Intengan, 2001).  An increase 

in apoptosis has been observed in 8 and 12 weeks old spontaneously hypertensive rat in small 

resistance arteries with eutrophic remodeling (Rizzoni, 2000). There is an increased number of 

inflammatory cells observed in the adventitia of small resistance arteries in hypertensive vessels 

which are as a source of oxygen free radicals which participate in hypertensive vessel pathology 

(Intengen, 2001). Fibrillar extracellular matrix in the vessel wall consists of structural proteins, 

collagen and elastin, and adhesive proteins, such as laminin and fibronectin. In the hypertensive 

arterial wall there is a deposition of collagenous extracellular matrix material in a variety of 

microvascular beds in the spontaneously hypertensive rat and in subcutaneous resistance arteries 

from patients with primary hypertension (Intengen, 2001).  In addition to altered synthesis of 

extracellular matrix proteins in hypertension, the composition is also modulated by matrix 

metalloproteinases (MMP) activity, many of which have reduced activity at various stages of 

hypertension development in the spontaneously hypertensive rat (Intengen, 2001). There is also a 

change in the extracellular matrix and extracellular-vascular smooth muscle attachment site 

through alterations in the adhesion molecules that mediate anchoring.  Expression of integrins is 

abnormal in blood vessels from the spontaneously hypertensive rat and progresses as blood 
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pressure changes (Intengen, 2001). Chronic constriction due to the sustained myogenic tone as a 

response to increased pressure could lead to the constricted vessel becoming embedded in 

remodeled extracellular matrix which is followed by a rearrangement of the smooth muscle cells 

around the smaller lumen.    

1.8 Endothelial changes in hypertension 

 The endothelium regulates VSMC tone through the endothelial-derived contracting 

factors (EDCF: including endothelins, angiotensin II, cyclooxygenase-derived prostanoids, and 

superoxide anions), endothelial-derived relaxing factors (EDRF: principally NO), and 

endothelium-derived hyperpolarizing factor (EDHF). Hypertension is characterized by a change 

in endothelial function from protective to a source of vasoconstriction, and is associated with a 

progressive decrease in NO bioavailability and increase in the production of EDCF (Versari, 

2009). The mechanisms that regulate the balance between NO and EDCF, and the processes 

transforming the endothelium from a protective organ to a source of vasoconstrictor, 

proaggregatory and promitogenic mediators remain to be fully  determined (Versari, 2009).   

 The endothelium-dependent relaxations are impaired in the vasculature of hypertensive 

rats (Fetelou, 2009). In the SHR the production of NO and the expression of NO synthase in the 

vasculature is generally not affected and can even be paradoxically increased, but the enhanced 

production of superoxide anion and other reactive oxygen species reduces its bioavailability at the 

level of the VSMC and consequently reducing its effective vasodilation effect, thus shifting the 

balance toward EDCFs (Fetelou, 2006). 

 EDHF was initially thought to be due to the release of molecule, akin to NO mediated 

mechanism of smooth muscle relaxation. However, EDHF has become a generic term that refers 

to many signaling pathways involved in communications between the endothelial cells and 
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underlying VSMCs. Some of these do involve the release of factors from endothelial cells and 

others involve the communication of endothelial cell electrical and metabolic substrate changes 

between individual endothelial cells and from endothelial cells to VSMCs via myoendothelial gap 

junctions (Edwards, 2010).  Two channels ion channels, small-conductance (SKCa )and 

intermediate-conductance (IKCa) calcium-sensitive K+ channels contribute to EDHF (Weston, 

2010). In the mesenteric arteries of SHR there is reduced SKCa and KIR channel activity consistent 

with observed reductions in the corresponding α-subunit proteins, KCa2.3 and KIR2.1, and changes 

in caveolin-1 isomers were detected, possibly indicating channel realignment within 

plasmalemmal structures in addition to reduced EDHF in SHR. (Weston, 2010).   

 Endothelin-1 is the most potent EDCF and is involved in proliferation and hypertrophy of 

vascular smooth muscle cells (Fetelou, 2006). In the SHR, plasma endothelin levels are similar or 

slightly elevated compared to WKY (Fetelou, 2006). Endothelin-1 is synthesized in the epithelial 

cell and released towards the underlying smooth muscle cells where it binds to endothelin 

receptors type-A to cause vasoconstriction. Endothelial cells express endothelin receptor type-B 

which causes vasodilation through the release of NO, so the plasma levels may not be correlative 

to the effect imparted on the smooth muscle cell. In many other models of hypertension 

endothelin-1 has been demonstrated to be elevated compared to normotensive controls and its 

inhibition results in a decrease in blood pressure demonstrating that endothelin-1 plays a role in 

BP elevation and vascular growth in moderate- to-severe hypertension and in salt-sensitive forms 

of hypertension (Schiffrin, 2001).  

 EDCF can involve the activation of endothelial cyclooxygenase (COX) and the release of 

prostanoids, which bind to and activate thromboxane prostanoid (TP) receptors on the underlying 

VSMCs (Feletou, 2010). The stimulation of TP receptors results in contraction and the 
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proliferation of VSMCs cells, platelet aggregation, and activation of endothelial inflammatory 

responses (Feletou, 2010). These endothelium-dependent contractions are correlated with the 

severity of hypertension in the SHR (Feletou, 2010). In SHR endothelial cells, the mRNA and 

protein expression of COX is enhanced when compared to that of WKY suggesting enhanced 

endothelial expression COX is the second endothelial dysfunction associated with endothelium-

dependent contractions (Feletou, 2010). Additionally, COX is also involved in the endothelial 

generation of reactive oxygen species. The enhanced COX-dependent generation of reactive 

oxygen species is the third endothelial abnormality associated with endothelium-dependent 

contractions observed in the SHR which also reduces the NO bioavailability (Feletou, 2010). 

 In the mesenteric and renal arteries of the SHR, stimulation with acetylcholine involves 

the production of an EDCF with no or little alteration in the production of NO with a marked 

attenuation of the EDHF-mediated component. This decrease in EDHF-mediated response in the 

SHR has also been associated with, but not yet causally linked, to a change in the expression 

profile of gap junctions in endothelial cells.  (Feletou, 2006). These protein changes are 

hypothesized to contribute to an increase in vascular tone in SHR. 

1.9 Hypertension and the kidney 

 The kidney can be both a cause and a casualty of hypertension. Hypertension as a 

consequence of diminished renal function is one form secondary hypertension, which as a 

category accounts for up to 10% of hypertensive patients, and renal causes account for 2.5-6% 

(Raiz, 2011). Renal causes include polycystic kidney disease, chronic kidney disease, diabetic 

nephropathy, renal parenchyma diseases (glomerulonephritis, congenital abnormalities, and 

reflux nephropathy), renal vascular diseases (renal artery stenosis, fibromuscular dysplasia) and 

pheochromocytoma  (Viera, 2010).  
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 In essential hypertension increased arterial pressure is maintained despite the ability of 

the kidney to lower BP through pressure natriuresis, which has long been known to exert long-

term control of arterial pressure (Guyton, 1972).  Renin is produced in the granular cells of the 

juxtaglomerular apparatus of the kidneys in response to renal sympathetic activity, decreased 

intra-renal blood pressure at the juxtaglomerular cells, or decreased delivery of Na+ and Cl- to the 

macula densa (Guyton, 2011). Increased renin levels lead to increased AngII which acts at the 

kidney to reabsorb Na+ and water by 3 mechanisms: i) AngII stimulates aldosterone secretion, 

which stimulates the epithelial cells of the distal tubule and collecting ducts of the nephron to 

increase re-absorption of salt and water, increasing blood volume and BP, ii) AngII constricts the 

efferent arterioles of the glomerulus, which reduces peritubular capillary hydrostatic pressure 

increasing net tubular reabsorption, especially from the proximal tubules. Efferent constriction 

also increases the filtration fraction in the glomerulus, increases the concentration of proteins and 

the colloid osmotic pressure in the peritubular capillaries which increases the reabsorptive force 

at the peritubular capillaries and raises tubular reabsorption of sodium and water, and iii) AngII 

directly stimulates sodium reabsorption in the proximal tubules, the loops of Henle, the distal 

tubules, and the collecting tubules via stimulation of the sodium-potassium ATPase pump on the 

tubular epithelial cell basolateral membrane. It also stimulates the sodium-hydrogen exchange in 

the luminal membrane, especially in the proximal tubule (Guyton, 2011).  Contrarily, increases in 

renal perfusion pressure lead to decreases in sodium reabsorption and increases in sodium 

excretion and a lowering of BP. Patients with essential hypertension have a defective pressure 

natriuresis whereby the relationship between sodium excretion and blood pressure is shifted to 

higher levels of blood pressure, which implies an abnormal response in the kidney that maintains 

hypertension when salt intake exceeds excretion (Khawaja, 2011).  



 

27 

 

 Beyond RASS, the specific intrarenal mechanism for the decrease in tubular reabsorption 

in response to increases in renal perfusion pressure appears to be related to increases in 

hemodynamic factors such as medullary blood flow and renal interstitial hydrostatic pressure 

(RIHP), and renal autacoid molecules such as nitric oxide, prostaglandins, kinins, angiotensin II 

other regulatory factors; however the exact sensory mechanisms of sodium control is still under 

investigation (Granger, 2002; Bie, 2004).  Pressure natriuresis is essential in maintaining proper 

sodium balance in situations of increased sodium load at the expense of slightly increased 

pressure short term, and is essential at regulating extracellular volume and arterial pressure in 

situations of normal sodium balance (Granger, 2002). Studies in dogs and humans with healthy 

renal function have demonstrated that increases in BP are modest at best and occur at only very 

high sodium loads (Bie, 2004). Therefore, although sodium intake is an risk factor for the 

development of hypertension (Simpson, 1995), sodium loading is not the causative factor for 

increased BP with normal renal functioning, but hypertension is coincident with alterations in 

renal sodium handling,  a resetting of the sodium-pressure natriuresis system, changes in renal 

autacoid factors, alterations in RAAS, and/or changes renal hemodynamics in essential 

hypertension (Granger, 2002). Salt-sensitive hypertension is defined as an increment in mean 

arterial pressure increase of 10 mm Hg when a high salt diet is ingested, after receiving a diuretic 

dose and/or a low sodium diet (Weinberg, 1996). Salt sensitivity increases with age, being present 

in approximately 50% of hypertensive individuals at 40 years and increasing to 80% in those at 

60 years (Franco, 2008).  The ability of the kidney to control long term arterial pressure has lead 

to a model of essential hypertension that focuses on the kidney as the  final common pathway that 

determines arterial pressure and not the heart or the peripheral resistance as the site of 

dysfunction leading to essential hypertension (Dorrington, 2009). 
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1.10 Hypertension and end organ damage of the kidney 

 Through its effects on target organs, hypertension is one of the most relevant risk factors 

for cardiovascular morbidity and mortality, including damage to the eye (retinopathy), the brain 

(dementia, transient ischemic attack, and stroke), the heart (acute coronary syndromes, left 

ventricular hypertrophy, and heart failure), peripheral vasculature (arteriosclerosis, ischemia), and 

the kidney (microalbuminuria, end stage renal disease, glomerulopathy) (Cohuet, 2006). 

According to the 2003-2005 combined data from the US Renal Data System, hypertensive 

nephrosclerosis accounts for at least 25% of patients reaching end-stage renal disease (ESRD) 

each year and is the second most common cause of ESRD in white people (23%) and is the 

leading cause of ESRD in black people (46%) (Fervenza, 2010). Unlike morbidity and mortality 

of stroke and coronary disease, incident cases of ESRD attributed to hypertension continue to 

increase (Fervenza, 2010). 

 The detrimental effects of hypertension on the renal vascular bed depends upon the 

degree to which the microcirculation is exposed to elevated pressures when the preglomerular 

autoregulatory mechanisms are insufficient to maintain flow and pressure in the kidney (Cohuet, 

2006). The atherosclerotic, hypertension-related vascular lesions in the kidney primarily affect 

the preglomerular arterioles, resulting in ischemic changes in the glomeruli and postglomerular 

structures (Kasper, 2008). The permeability of the glomeruli is altered which leads to an excess of 

protein infiltration and the toxicity of this protein load generates tubular damage, inflammation 

and scarring (Bidani, 2004). Rarely, with very severe hypertension, this can occur quickly and 

this “malignant” nephrosclerosis has a characteristic renal phenotype of acute disruptive vascular 

and glomerular injury with prominent fibrous necrosis and thrombosis and ischemic glomeruli 

(Bidani, 2004). More commonly, "benign" nephrosclerosis occurs with nonspecific vascular 
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lesions of hyaline arteriosclerosis which develops slowly without overt proteinuria and focal 

ischemic glomerular damage and nephron loss occur slowly over time, and global renal function 

is not initially compromised (Bidani, 2004). Glomerular pathology progresses to 

glomerulosclerosis, and eventually the renal tubules may also become ischemic and gradually 

atrophic (Kasper, 2008). The remaining nephrons develop glomerular capillary hypertension 

accompanied with hyperfiltration which over time leads to interstitial inflammation and together 

with oxidative stress these participates in the development and maintenance of hypertension by 

reducing the number of nephrons which limits sodium filtration (Brenner, 1988). Examination of 

the kidney in benign nephrosclerosis by light micrograph can show both focal global and focal 

segmental sclerosis, shrunken glomeruli that are still intact, tubular atrophy, and dilatation with 

intratubular hyaline casts which are induced by ischemia resulting from arterial and arteriolar 

thickening (Freedman, 1995). The glomerulosclerosis can be further categorized histologically as 

either solidified (in which the entire tuft is involved) or obsolescent (in which the tuft is retracted 

and Bowman's space is filled with collagenous-type material) (Freedman, 1995). The vascular 

disease consists of intimal thickening and luminal narrowing of the large and small renal arteries 

and the glomerular arterioles (Zucchelli, 1994, Harvey, 1992).  Two different processes appear to 

contribute. Firstly, a hypertrophic response to chronic hypertension that is manifested by medial 

hypertrophy and fibroblastic intimal thickening, leading to narrowing of the vascular lumen 

(Zucchelli, 1994, Harvey, 1992). This response is initially adaptive in order to minimizing the rise 

in systemic pressure being transmitted to the arterioles and capillaries. Secondly, the deposition 

of hyaline-like material (plasma protein constituents, such as inactive C3b from the complement 

system) into the damaged and permeable arteriolar wall (Harvey, 1992).  The vascular and 

glomerular diseases are associated with interstitial nephritis (Truong, 1992). The interstitial 
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disease is at least in part an active immunologic process. There is evidence that there is a renal 

accumulation of immune cells along with the oxidative stress in hypertension (Rodriguez-Iturbe, 

2004). The mechanism(s) by which the immune infiltrate contributes to the pathogenesis of 

hypertension is incompletely defined but may relate to the sodium-retaining effects of intrarenal 

AngII activity induced by the accumulation of AngII positive immune cells and the activation of 

signaling cascades and transcription factors that could further increase interstitial inflammation 

and superoxide production (Rodriguez-Iturbe, 2004). The oxidative stress has proinflammatory 

effects including activation of NF-κB, a transcription factor for proinflammatory genes, which 

promotes infiltration of the leucocytes by increasing the expression of adhesion molecules, and it 

induces the expression of heat shock proteins that results in cell death and apoptosis in an 

inflammatory environment (Rodriguez-Iturbe, 2004).  These changes likely contribute to the 

maintenance of the low-grade renal injury and peritubular capillary loss that participate in the 

pathophysiology of sodium balance in hypertension (Rodriguez-Iturbe, 2004).  Clinically, 

macroalbuminuria (a random urine albumin/creatinine ratio > 300 mg/g) or microalbuminuria (a 

random urine albumin/creatinine ratio 30–300 mg/g) are early markers of renal injury (Kasper, 

2008). 

1.11 SHR and the Kidney 

 As previously mentioned, the SHR is a model of essential hypertension that is analogous 

to essential hypertension in man and there has been substantial research into the involvement of 

the kidney in the progression of the disease (Zhou, 2003). Patients with essential hypertension 

who have developed ESRD demonstrate similar alterations to those of these aged SHR with 

naturally developing ESRD (Zhou, 2003). Therefore, aged SHR can be considered a model for 

naturally developing ESRD in addition to essential hypertension.  Intra-renal arteries and 
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arterioles of the SHR undergo early and functionally important changes in structure. At 4-5 weeks 

of age media cross-sectional area is increased in the larger arteries within the renal cortex, 

resulting in an increased media-to-lumen ratio (in 4–5 weeks old SHR (Smeda, 1988). At 

10 weeks of age this ratio is increased in the interlobular and arcuate arteries (Kett, 1995).  At 20-

21 weeks of age the only evidence of renal pathology is increased total renal vascular and afferent 

glomerular arteriolar resistances, and increased afferent and efferent arteriolar responsiveness to 

α1-adrenergic stimulation and inhibition (Uchino, 1991; Numabe, 1994).  Glomerular hydrostatic 

pressure is not increased at this age and there is no significant proteinuria or morphological 

changes (Uchino, 1991; Numabe, 1994). Inflammation and oxidative stress develop in the kidney 

of SHR at or before the age of 4 weeks (Rodriguez-Iturbe, 2004b; Chabrashvili, 2002) and 

oxidative stress appears before inflammation as a primary abnormality in the kidney in 

prehypertensive SHR (Biswas, 2007). This evidence  supports the hypothesis that the renal 

inflammation and/or oxidative stress may be causally linked to the development of hypertension 

in the SHR.  By 73 weeks of age the natural progression of SHR nephrosclerosis to ESRD is 

manifested by increased arterial pressure, reduced total renal blood flow and increased renal 

vascular resistance, markedly increased afferent and efferent glomerular arteriolar resistances and 

glomerular hydrostatic pressure, and segmental or global glomerular and arteriolar sclerosis 

associated with inflammatory cell infiltration, interstitial fibrosis, atrophic and dilated tubules, 

and tubular casts (Komatsu, 1995). 

1.12 Sympathetic activity in essential hypertension 

 Data utilizing both electrophysiological and neurochemical techniques has provided more 

evidence that sympathetic overactivity is commonly present in patients with essential 

hypertension (Esler, 1997; Julius, 1990; 2000). Several homodynamic changes such as elevated 
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cardiac output and heart rate and alteration in vascular resistance suggest a neurogenic component 

in essential hypertension (Julius, 2000). After a blockade of cardiac sympathetic and 

parasympathetic receptors the heart rate the cardiac output of hypertensive patients were 

comparable to those of normotensive controls’ (Julius, 1971). The vascular resistance in these 

hypertensive patients was normal and usually an increase in cardiac output would be expected to 

be met by a commensurate decrease of vascular resistance so that blood pressure does not 

increase, however there was insufficient vasodilatation due to increased α-adrenergic drive to 

arterioles, elevated plasma renin values, and high plasma norepinephrine values (Esler, 1977).  In 

borderline and established hypertension nerve firing rates in postganglionic sympathetic fibers 

passing to skeletal muscle blood vessels are increased and there is also increased spillover of the 

sympathetic neurotransmitter noradrenaline from the heart and kidneys, providing evidence of 

stimulated sympathetic outflow to these organs (Esler, 1997; Julius, 1990; 2000). The increased 

cardiac and renal sympathetic nerve firing provides a plausible mechanism for the development 

of hypertension, through the regulatory influence of the SNS on renin release, glomerular 

filtration rate and renal tubular sodium reabsorption, and on myocardial growth and cardiac 

output (Esler, 2000).  

 The increased sympathetic tone in hypertension is associated with a decreased 

parasympathetic tone (Julius, 1971).  The augmented autonomic tone is present in many organs in 

hypertension. A decreased parasympathetic tone has been observed in parotid glands (Bohm, 

1985), and enhanced sympathetic drive in skeletal muscles, kidneys, and the heart (Anderson, 

1989; Esler, 1989). Hypertension is frequently associated with a decreased plasma volume and an 

increased haematocrit reflective of enhanced postcapillary α-adrenergically-mediated 

vasoconstriction (Cohn, 1966). It is also associated with increased renin values and increased β-
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adrenergic drive to the kidneys (Julius, 2000).  Most date on sympathetic hyperactivity in 

essential hypertension has been performed on young patients with borderline or mild 

hypertension with a haemodynamic picture a hyperkinetic state consisting of elevated cardiac 

output and tachycardia, which is a strong predictor of the development of classical established 

hypertension (Julius, 2000). Established hypertension is characterized by increased vascular 

resistance and a normal cardiac output. The increased sympathetic drive in mild hypertension 

contributes to the elevated vascular tone and the hyper-responsive vasculature in early phases of 

hypertension. This is followed by eutrophic structural remodeling of increased wall/lumen ratio, 

without an actual increase in vascular smooth muscle mass (Egan, 1987; 1988). 

1.13 Sympathetic nervous system in the SHR 

 Sympathetic hyperinnervation of the vasculature has been implicated in the development 

and maintenance of hypertension in the SHR (Scott, 1983; Lee, 1983; Lee, 1985; Head, 1989; 

Albert, 1990; Luff, 2005). Nerve density and enhanced noradrenergic innervation is increased in 

arteriolar vessels of SHR observed by increased tyrosine hydroxylase staining in vascular 

segments from several vascular beds and increased catecholamine content within these 

hyperinnervated vessels (Lee, 1983; Scott, 1983; Head, 1989). The enhanced innervation of blood 

vessels in the SHR results in an augmented release of the noradrenaline  and increased 

vasoconstriction in addition to an inter-relationship between hypernoradrenergic innervation and 

vascular smooth muscle hyperplasia (Head, 1989; Lee, 1985).  The volume of sympathetic 

nervous tissue in the perivascular plexus is greater and there is marked enhancement of the 

density of neuromuscular junctions in the SHR at 2-3 weeks before an increase in BP, suggesting 

the apparent increase in sympathetic nerve activity may be an initiating factor in the development 

of high blood pressure in SHR (Scott, 1983; Albert, 1990; Luff, 2005). At the functional level 
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several studies have directly demonstrated an increase in nerve traffic in peripheral sympathetic 

nerves of SHR, increase in peripheral sympathetic nerve activity in SHR in response to stress, an 

increase in norepinephrine release following sympathetic nerve stimulation and decreased 

norepinephrine reuptake in the SHR (Westfall, 1985).  Peripheral sympathectomy has been shown 

to markedly attenuate hypertension in the SHR (Westfall, 1985).   

 In addition to noradrenergic innervation, vascular smooth muscle also receives a 

peptidergic innervation by neuropeptide Y (NPY)-containing nerve fibers and it . It is also likely 

NPY is involved in the pathogenesis of hypertension (Gradin, 2003). NPY-containing nerve 

density appears increased in the cerebral and mesenteric vasculature in SHR (Kawamura, 1089; 

Fan, 1995). NPY-evoked vasoconstriction  as well as it trophic effects could contribute to the 

increased vascular resistance in the SHR (Gradin, 2003). 

1.14 Sympathetic innervation, NGF, its receptors, and the SHR. 

 Hyperinnervation of SHR vessels develops over the first 3-4 weeks of life before the 

development of hypertension. The hyperinnervation is associated with smooth muscle hyperplasia 

and is thought to follow the synthesis and release of greater amounts of nerve growth factor 

(NGF) by the greater number of smooth muscle cells (Head, 1991). NGF was discovered 50 years 

ago as a molecule that regulates the survival and maturation of developing neurons in the 

peripheral nervous system (PNS) (Levi-Montalcini, 1951; 1953).  Classically, NGF act via a 

target-derived neurotrophic factor paradigm in which NGF released by postsynaptic targets acts 

on presynaptic neurons to build or maintain functional contacts and promote the survival and 

differentiation of sensory and sympathetic neurons (Sofroniew, 2001).  NGF also has increasing 

actions beyond the developmental period, acting on more than only nerve cells and the nervous 

system, and NGF and its receptors are produced throughout life by many different cell types 
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(Sofroniew, 2001). NGF is part of the neurotrophin family of molecules with structural homology 

to brain-derived neurotrophic factors (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) 

(Butte, 1998; Ibanez, 1994; Robinson,1995; 1999).   

 NGF binds to two classes of receptors expressed by postganglionic sympathetic neurons, 

the receptor tyrosine kinase A (TrkA) and the p75 neurotrophin receptor (p75NTR) (Kaplan, 

1997). NGF signaling through TrkA elicits many of the classical neurotrophic actions ascribed to 

NGF of neuronal differentiation, survival, and outgrowth (Kaplan, 1997). NGF activates only 

TrkA while the related neurotrophin NT-3 at much higher concentrations. (Kaplan, 1997). 

p75NTR is a transmembrane glycoprotein that binds all members of the neurotrophin family with 

approximately equal nanomolar affinity and enhances neuronal responsiveness of trkA to NGF 

(Kaplan, 1997). p75NTR may act as a sink for NGF as well as activating signaling pathways 

leading to apoptosis in the absence of TrkA (Sofroniew, 2001).  VSMCs of mesenteric arteries of 

young SHR have NGF mRNA levels that are 5 times that of WKY, and tissue NGF levels are 

elevated above that in WKY vessels (Head, 1991; Falckh, 1992; Zettler, 1993). Overexpression 

of NGF results in hyperinnervation by sympathetic and sensory neurons  due to a reduction in cell 

death during development and/or terminal sprouting of both sympathetic and primary afferent 

terminals if the concentration of NGF was high enough (Davis, 1997).  Systemic treatment with 

anti-NGF blocks the initiation of hypertension in SHR suggesting that expression of NGF or its 

receptors may be involved in the noradrenergic hyperinnervation (Lee, 1987; Brock, 1996; Rush, 

1997). Interestingly, there is not a linkage of the NGF gene locus to the hypertensive trait of SHR 

(Nemoto, 2005). The increased expression of NGF mRNA and its protein level may be due to a 

change in the transcriptional and/or posttranscriptional regulation of NGF expression. 

Additionally, there may be changes in NGF signaling in the SHR due to alterations in either of its 
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receptors. mRNA for both trkA and p75NTR are elevated in neurons of the superior mesenteric 

ganglion of SHR (Krol, 2003). The p75NTR gene in SHR has a mutation within the signal 

peptide region that is linked to the expression of the hypertensive phenotype (Nemoto, 1994; 

1996).  The effects of excess NGF on sympathetic neurons in the SHR are limited to axonal 

sprouting and it is suggested that it is due to altered function of the p75NTR (Krol, 2003). 

Increased levels of NGF lead to an upregulation of p75NTR in sympathetic neurons which could 

enhance the responsiveness of sympathetic neurons to both NGF (Coome, 1999). Thus vascular 

hyperinnervation in SHR may result as much from up-regulation of neurotrophin receptors on 

sympathetic terminals as from an excess of neurotrophin produced by the target tissue.  In 

Chapter 4 we addressed the question as to how the reduced functioning of p75NTR may affect 

sympathetic ganglia by conducting an evaluation of superior cervical ganglia in transgenic mice 

possessing either an exon III or exon IV null mutation in p75NTR gene and demonstrated an 

increase in the number of sympathetic neurons in the absence of functional p75NTR (McDonald, 

2009).  

1.15 A brief introduction to proteomics 

 Very generally, proteomics is the large-scale study of proteins in a cell, tissue, fluid, or 

organism at a given time point or under one condition. "Proteomics" is a blend of the root words 

"protein" and "genomics" and was first coined in 1997 to make an analogy with genomics, the 

large-scale study of the genes (James, 1997). The proteome is defined as the entire complement 

of proteins present at a given time in an organism, tissue, cell, or system. Proteomics has evolved 

to become a very complex scientific strategy that is not entirely hypothesis driven, but rather it is 

driven by the underlying hypothesis that functional and phenotypic changes in pathophysiology 

are reflected in cause and effect at the proteome and proteomics has the ability of observe a vast 
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number of proteins at a given time. Comparative proteomics compares the proteome of a 

particular disease state, treatment, temporal state, to an appropriate control to determine how the 

level of protein present and its biochemical structure is altered. Proteomics takes on the premise 

that there is diversity in proteins, comprising their different isoforms, SNPs, and posttranslational 

modifications (PTMs) present under a given condition that constitute the proteome. Protein 

alterations occurring because of physiological and pathological processes are reflective of 

changes at the gene, mRNA, and PTM levels. Thus, the proteome consists of information from 

protein expression, PTMs, processing and turnover, localization and time. PTMs alter the 

chemical nature of an amino acid residue; which can induce changes in protein structure, activity, 

binding partners or subcellular localization, and function. PTMs are very numerous, and include 

acetylation, amidation, methylation, ubiquitination, myristoylatoin, S-glutathiolation, sulfation, N- 

and O-linked glycosylation, glycation, S-nitrosylation (SNO) (S-nitrosation) proteolysis and 

phosphorylation. Proteomics strives to observe and quantify this protein diversity through the 

application of technologies and methods arising from analytic protein biochemistry, analytic 

separation, mass spectrometry and bioinformatics.    

 Two-dimensional gel electrophoresis (2-DE) has been a mainstay of proteomic analysis 

as it allows the simultaneous visualization of thousands of proteins and their post translational 

modifications (PTM’s) (Dunn, 2001). 2-DE is not without its limitations, which will be discussed 

later, and advances in chromatographic methods, gel free proteomics, and mass spectrometry 

have been steadily advancing over the last decade. Still, 2DE is a powerful methodology that is 

well suited by comparative proteomics to allow the visualization of hundreds of proteins in a 

proteome and observe how they change under different conditions, time points, or interventions 

(Dunn, 2007). 2-DE separates a complex protein mixture based upon 2 intrinsic protein 
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characteristics, net charge (isoelectric point, pI) and molecular mass. First, proteins are separated 

according to their net charge though isoelectric focusing (IEF) and they are subsequently 

separated orthogonally by molecular mass using sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Visualization of the proteins ranges from the 25-100 ng level of 

detection for coomassie staining to 1ng or less for silver and fluorescent dyes (Weiss, 2009). 

Once a complex protein mixture is resolved into individual protein spots, techniques including 

immunoblotting and mass spectrometry techniques can be used verify the identity each protein 

and immunostaining to investigate more specific information about the protein, such as the 

location of subcellular expression. Peptide mass fingerprinting (PMF) of digested peptide 

fragments using matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass 

spectrometry can be a high throughput method for an initial protein identification after separation 

by 2-DE (Pappin, 2003). As technology is becoming more available, further confirmation of 

identity and amino acid sequence information can be determined through the fragmentation of 

individual peptides by post source decay (PSD) MALDI-MS or tandem mass spectrometry 

(MS/MS) (Petterson, 2001). PTM processes such as phosphorylation are often difficult to address 

by PMF and traditional biochemical techniques are required for confirmation, such as western 

blotting with a phosphorylation specific antibody or enzymatic dephosphorylation experiments.  

1.16 SHR proteomics 

 Proteomics, in particular two-dimensional gel electrophoresis in conjunction with mass 

spectrometry (2DE+MS), has been used to catalogue the proteins expressed in blood vessels, 

including arterial and venous endothelial cells and smooth muscle cells (McGregor, 2001; 

Bruneel, 2003; Mayr, 2005; Dupont, 2005), but only few studies on hypertensive vessels from 

SHR have been reported (Pinet, 2004; Bian, 2008; Lee, 2009; Guo, 2010; Wany, 2011). All of 
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these studies have been performed on aorta from the SHR, a larger conduit vessel that undergoes 

primarily hypertrophic remodeling in response to high blood pressure.  

 Bain et al. (Bain, 2008) isolated the tunica media from the aorta of SHR and WKY rats. 

Following 2DE of a whole tissue lysate, 50 proteins were observed to be differentially expressed 

in the proteome of SHR compared to WKY, 27 were increased in expression in SHR and 23 in 

WKY. Nine proteins were successfully identified by mass spectrometry, most notably 

upregulation of Rho GDP dissociation inhibitor alpha in the SHR proteome and it was 

demonstrated to be induced by Ang II via AT(1) receptor (Bain, 2008).   

 Lee et al. (Lee, 2009) prepared a whole tissue lysate of aortic smooth muscle strips, with 

the endothelium removed. Following 2DE, 7 proteins were observed to be differentially 

expressed in the whole tissue proteome of SHR.  Of these proteins, NADH dehydrogenase 

1alpha, GSTomega1, peroxi-redoxin I and transgelin were upregulated in SHR while the 

expression of HSP27 and Ran protein were decreased in SHR. The diminution of 

dihydrobiopterin reductase, an enzyme located in the regeneration pathways of 

tetrahydrobiopterin (BH4), was also prominent in SHR and taken with PCR analysis revealing the 

expression of BH4 biosynthesis enzymes - GTP cyclohydrolase-1 and sepiapterin reductase - 

decreased and increased, respectively, in SHR and that treatment with BH4 inhibited aortic 

smooth muscle contraction induced by serotonin suggest that the deficiency in BH4 regeneration 

produced by diminished dihydrobiopterin reductase expression is involved in vascular disorders 

in hypertensive rats (Lee, 2009). 

 Guo et al. (Guo, 2010) isolated vascular adventitial fibroblasts (AFs) from the thoracic 

aorta of WKY and SHR and compared the proteomes by two-dimensional gel electrophoresis (2-

DE). In 4-, 8-, 16-, and 24-week-old SHR-AFs, 49, 59, 54, and 69 protein spots were found to 
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have significant differences from the age-matched WKY-AFs. Fourteen spots were identified and 

included cytoskeleton proteins such as tubulin beta 5, annexin A1, translation elongation factor 

Tu, endoplasmic reticulum protein 29 and calcium-binding protein 1 were differentially expressed 

in SHR vascular AFs and are now implicated in adventitial remodeling in hypertension (Guo, 

2010).    

 Wang et al. (Wang, 2011) isolated and cultures VSMCs from the thoracic aorta of WKY 

and SHR and compared the proteomes by two-dimensional gel electrophoresis (2-DE) after 

exposure to insulin to investigate the phenotypic switch of VSMCs from contractile to synthetic. 

VSMCs from SHR were more sensitive to insulin stimulation than that VSMCs from WKY. 

There were more detectable spots on the 2D gels in VSMCs of SHR. 13 differently expressed 

proteins were identified and were mainly involved in cytoskeleton, glycometabolism, and post-

translational processes. Among these proteins, α-SM actin was down-regulated (Wang, 2011). 

 Proteomics has been extensively applied to various fields of medicine including 

nephrology including profiling of the normal kidney and urine, very little has been done on 

essential hypertension (Thongboonkerd, 2005). 2DE+MS has been used to investigate protein 

changes associated with hypertension in the SHR kidney although each were limited to a specific 

PTM subproteome and were not a global proteomic analysis of the hypertensive renal phenotype. 

Tyther et al. (Tyther, 2010) investigated the protein sulfonation in renal medulla of the SHR. 

Protein sulfenic acids have been proposed as biochemical switch for redox signaling as it is a 

readily reversible PTM (Tyther, 2010).  Enhanced oxidative stress is a feature of hypertension 

and renal function has been implicated in the development and progression in the SHR. Total free 

thiol content of the SHR medulla was significantly lower, indicating enhanced oxidation of 

sulfhydryls. Protein sulfenation was also significantly greater in the medulla of SHR. Thioredoxin 
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reductase activity was also reduced in SHR medulla and this may account, in part, for enhanced 

protein sulfenation. Purification of sulfenated proteins from SHR medulla and analysis by 

SDE+MS identified 32 proteins involved in processes such as protein folding, apoptosis, 

metabolism, cytoskeleton organization and cell motility, and protection against oxidative stress 

and regulation of nitric oxide synthase were differentially expressed in SHR (Tyther, 2010). 

 In a previous study, Tyther et al. (Tyther, 2006) used 2DE+MS to investigate protein 

nitration in the kidneys of SHR and identified several protein targets of tyrosine nitration as 

potential biomarkers for nitrosative stress.  23 proteins were differentially nitrated, 12 were 

unique to SHR medulla, and 11 exhibited greater intensity in SHR medulla. The proteins are 

involved in nitric oxide signaling, antioxidant defense and energy metabolism. Increased nitration 

was observed in conjunction with enhanced oxidative damage suggesting that the kidney medulla 

is subject to enhanced nitrosative and oxidative stress, and that resulting protein modifications 

may contribute to the progression of hypertension (Tyther, 2006). 

1.17 Hypothesis 

 The genesis, maintenance, and consequences of hypertension include changes in both 

biochemical and anatomical functioning of the arterial vessel wall and the kidney. Hypertension 

is also associated with increased activity of the sympathetic nervous system. To investigate the 

renal and vascular systems in the presence of hypertension we used the most widely used animal 

model of human essential hypertension, the spontaneously hypertensive rat, using a proteomic 

approach of 2 dimensional gel electrophoresis and mass spectrometry.  In addition, increased 

sympathetic innervation was investigated in a transgenic mouse model with altered nerve growth 

factor signaling due to deficient p75NTR signaling. Proteomics as a scientific strategy is not 

entirely hypothesis driven, but rather it is driven by the underlying hypothesis that functional and 
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phenotypic changes in pathophysiology are reflected in changes at the proteome level and since 

proteomics has the ability to observe a vast number of proteins at a given time these changes can 

be observed with a proteomics approach. We hypothesize that in conjunction with the known 

functional and anatomical changes in the mesenteric artery and kidney there will be biochemical 

changes at the protein level observable by proteomics during the genesis and maintenance of 

hypertension in the mesenteric artery and kidney of the SHR. In addition, there will also be 

biochemical changes at the protein level observable by proteomics as well as anatomical changes 

in the superior cervical ganglia as a result of altered NGF signaling as a consequence of a 

deficient p75NTR. 
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Chapter 2 

Proteomic Analysis of the Hypertensive Mesenteric Artery: Wistar 

Kyoto vs. the Spontaneously Hypertensive Rat. 

2.1 Abstract 

 Chronic hypertension is associated with resistance artery remodeling. The spontaneously 

hypertensive rat (SHR) is a widely accepted animal model of human essential hypertension.  

Using a proteomic approach utilizing 2-dimensinal gel electrophoresis and mass spectrometry 

(2DE+MS), we sought to assess whether mesenteric resistance arteries (MRA) of the SHR 

possess protein alterations in expression, charge state, or molecular mass that coincide with the 

development of hypertension.  The MRA soluble cytosolic proteome and the insoluble pellet 

extract proteome of 16-week old SHR and Wistar Kyoto (WKY) control rats were resolved by 

2DE, and protein spot presence and intensity differences between the two strains of rats were 

examined.  76 prominent protein differences between the MRA proteomes of SHR and WKY rats 

were identified by mass spectrometry. Of those, 26 proteins were present in the WKY proteome 

only, 40 proteins were present in the SHR proteome only, 7 had increased expression levels in the 

WKY proteome, and 3 had increased expression levels in the SHR proteome. This investigation 

demonstrates proteome changes in the SHR associated with the development of hypertension and 

arterial remodeling. Of particular interest was the novel observation of  increased CLIC1 

association with the adventitia in the SHR with an associated difference in charge state without a 

difference in overall protein expression. The decreased expression of HSP90 alpha and beta in the 

SHR which may herald decreased NO signalling and a subsequently increased contractile state. 

The presence of an additional protein charge state of tropomyosin beta in the SHR, which may be 
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a phosphorylation, would also indicate an increased contractile state. In keeping with these 

observations we also identified a second spot for MLC20 in the SHR proteome which is in 

keeping with the known phosphorylation of this protein required for VSMC contraction. These 

observations suggest the presence of a pro-contractile state in the mesenteric resistance arteries of 

SHR during the development of hypertension. Additionally, our observation of SM22alpha in the 

SHR proteome only corresponds with the hypothesis that it may be a biomarker for developing 

hypertension.  

2.2 Introduction  

 It is well established that the structural dimensions of arterial blood vessels change during 

the development and maintenance of hypertension (for reviews see Schiffrin, 1992; Heagerty 

1993; Mulvany, 2002). This remodelling can occur through either hypertrophic or eutrophic 

remodelling. The hypertrophic remodelling mechanisms predominate in larger conduit arteries, at 

very high blood pressures, or after a prolonged period of sustained hypertension. Eutrophic 

remodelling mechanisms are observed at more moderately hypertensive blood pressures and in 

resistance arteries/arterioles, those with a diameter of < 350 µm (Schiffrin, 2004). These vessels 

are responsible for determining peripheral blood flow resistance, who’s increase is a hallmark of 

hypertension (Schiffrin, 2004). Hypertrophic remodelling is caused by smooth muscle cell 

hypertrophy, resulting in a decreased blood vessel lumen, increased wall thickness, and an 

increased medial cross-sectional area. In eutrophic remodelling, the outer diameter and lumen are 

reduced while a relatively constant media cross-section is maintained without smooth muscle cell 

hypertrophy. Smooth muscle cells rearrange around a smaller lumen resulting in increased media 

width and the reduced lumen diameter increases the media-lumen ratio.  
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 Spontaneously hypertensive rats (SHR) are a widely accepted model of human essential 

hypertension.  SHR remain normotensive for their first 4-5 weeks of life, after which blood 

pressure begins to rise and by 10 weeks of age the SHR have significantly increased blood 

pressure, reaching a plateau of approximately 220 mm Hg in the adult by 20 weeks (Udenfriend, 

1976). The mesenteric resistance arteries (MRA) of the SHR undergo mostly eutrophic 

remodelling (Briones, 2003). The lumen diameter of MRA at physiological pressures is smaller in 

the SHR without a change in cross sectional area (Briones, 2004). The MRA of the SHR also 

display increased vascular stiffness which has been attributed to an increased deposition of 

collagen in the vascular wall (Laurant, 1997; Intengan, 1999). There are also an increased number 

of smooth muscle cell layers in the remodelled MRA of the SHR (Gao, 2008).  

 This study is a proteomic investigation of the MRA from SHR and Wistar Kyoto (WKY) 

control rats at 16 weeks of age, when the SHR have significant hypertension which has not yet 

reached its plateau to determine the protein changes associated with vessel wall remodeling. A 

soluble cytosolic proteome and an insoluble pellet proteome were extracted and both proteomes 

were resolved by 2-dimensionl gel electrophoresis (2DE). We found that in both proteomes from 

the MRA of the SHR there were a small number of protein changes with a qualitative expression 

difference, and large number of proteins that were present in only the SHR MRA or only in the 

WKY MRA. There were also a small number of protein which were present in both strains but in 

a different location in the 2D gel due to protein modifications which affected the charge and/or 

the molecular weight of the protein, relative to WKY rats. These proteomic changes associated 

with the eutrophic remodeling of the MRA were identified by mass spectrometry. 
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2.3 Experimental Procedures 

2.4 Animals 

 SHR and WKY rats were obtained from Charles River at 4-6 weeks old and housed in the 

animal care facility at Queen’s University under standard care until 16 weeks.  All animal 

procedures were carried out to minimize animal suffering and were approved by the Queen’s 

University Animal Care Committee, in accordance with the guidelines set forth by the Canadian 

Council on Animal Care. 

2.5 Protein isolation 

 16 weeks old SHR and WKY rats were deeply anesthetized with sodium pentobarbital 

(32.5 mg/kg) and quickly perfused transcardially with 150 mL of 0.1M phosphate-buffered saline 

(pH 7.4) to flush blood from the vessels; omission of this step resulted in the proteome being 

overwhelmed by blood proteins, such as albumin and immunoglobulins (data not shown).  

Mesenteric arterial blood vessels were dissected from each animal, frozen in liquid nitrogen, and 

stored at -80 0C.  All collected blood vessels from each strain were pooled prior to 

homogenization.   Frozen blood vessels were first powdered under liquid nitrogen in a ceramic 

mortar and pestle. Using a glass tissue grinder, the powdered tissue was homogenized on ice in 

500 µL of 50 mM Tris (pH 8.8) with protease and phosphatase inhibitors (Sigma-Aldrich, 

Oakville, ON).  The samples were centrifuged for 30 minutes at 17,000 x g, and the supernatant 

and pellet were separated and both stored at -800C. This supernatant constituted the cytosolic 

extract of the mesenteric artery proteome. The pellet was extracted with a buffer containing 8 M 

urea, 2M thiourea, 4% CHAPS with 1% (w/v) DTT. The samples were centrifuged for 30 minutes 

at 17,000 x g, and the supernatant was separated and stored at -80 0C. This supernatant 

constituted the pellet extract of the mesenteric artery proteome.    The protein concentration of 



 

47 

 

each sample was determined using a 2D Quantification Kit (GE Healthcare, Baie d’Urfe, QC).  

Protein concentration was validated by overall qualitative staining intensity of 2-dimensional gels 

following silver staining (data not shown).  

2.6 Isoelectric focusing and electrophoresis 

 In preparation for isoelectric focusing 200 µg of cytosolic or pellet proteins from each 

strain were diluted to 450 µL in 8 M urea, 2M thiourea, 4% CHAPS with 1% (w/v) DTT and the 

protein were reduced for 15 minutes at room temperature. 0.5% (v/v) of IPG Buffer (pH range 4-

7; GE Healthcare) was then added and this solution including the protein was used to rehydrate 

24-cm immobilized pH gradient (IPG) strip gels (pH range 4-7; GE Healthcare) overnight. 

Isoelectric focusing was carried out as follows: 250 V for 8 hours, 500V for 1 hour, 1000 V for 1 

hour, linear ramping to 10 000V over 3 hours, constant 10 000 V for 65 kV hours.  This protocol 

was determined to be the optimal voltage sequence for the best isoelectric focusing for these 

samples after extensive optimization (data not shown).  Focused IPG strips were stored at –80 0C.   

For 2-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 12% 

(w/v) acrylamide with Bis-Tris (pH 7.4) was utilized along with MOPS (3-(N-morpholino) 

propanesulfonic acid) in the electrophoresis buffer, following a previously established protocol 

(Graham, 2005).  Briefly, IPG strips with resolved proteins were thawed and equilibrated twice 

for 20 minutes in a buffer containing 8M urea, 30 % (w/v) glycerol, and 2% SDS in 50 mM Bis-

Tris (pH 8.8).  This buffer was first supplemented with 1% (w/v) DTT, and next supplemented 

with 2.5% (w/v) iodoacetamide.  The strips were then individually placed directly on top of 2-

dimensional gels, and a solution of 0.5% (w/v) low-melt agarose in MOPS electrophoresis buffer 

overlay with a trace of bromophenol blue was used to embed the strips.  Large format 2-
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dimensional SDS-PAGE electrophoresis was carried out in a DALT6 apparatus (GE Healthcare) 

at 90V at 4°C overnight, until the bromophenol blue reached the bottom of the gel.  

2.7 Gel staining and Image analysis 

 Gels were stained using a mass spectrometry compatible silver stain.  Gels were fixed in 

50% methanol/10% acetic acid for 30 minutes, 50% methanol for 10 minutes and then washed 3 

times with water for 30 minutes each. Gels were sensitized for 1 minute in 0.01% sodium 

thiosulfate and then washed with water twice for 1 minute each. Gels were incubated in 1% (w/v) 

silver nitrate in cold water (4 0C) for 30 minutes while shaking, washed twice quickly with water 

and once with developer (2% (w/v) sodium carbonate with .04% formaldehyde). This developer 

wash was removed after 1 minute and gels were developed to the desired intensity with fresh 

developer while shaking, approximately 4 minutes. Staining was stopped by immersion in 5% 

acetic acid. Stained 2-D gels were equilibrated in water and imaged with a UMAX 

Powerlook2100XL.  Differences in protein staining intensities and the presence and absence of 

corresponding spots were manually determined to identify spot of interest before quantitation by 

software image analysis.  Digitized 8 bit grey scale images were analyzed by PD-Quest (Biorad).  

Spot detection parameters were optimized and applied to all gel images.  Spot intensities were 

normalized to the total staining intensity within the entire gel image.  Spot outlines were manually 

inspected for all spots of interest to ensure accurate and consistent delineation. Total spot 

intensity for each spot of interest was determined and graphed as a relative abundance compared 

to the intensity in the WKY rat gel image.  

2.8 Mass Spectrometry 

  The stained gels were dried between cellophane sheets.  Protein spots were manually 

excised, then rehydrated, destained with an aqueous solution of 15 mM potassium ferricyanide 
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and 50 mM sodium thiosulphate and washed with ddH2O.  Clear gel plugs were digested with 6 

ng/ml trypsin (sequencing Grade-modified trypsin; Promega) for 5 hours at 37°C.  Peptides were 

extracted from the gel plugs in a two-step procedure: first in a solution of 1% formic acid / 2% 

acetonitrile, and second in a solution of 50% acetonitrile.  The extraction solutions were 

combined and evaporated to approximately 10 µl.  Peptides were spotted onto a MALDI target 

plate on top of a dried spot of recrystalized alpha-cyano-4-hydroxy-cinnamic acid matrix and 

subsequently analyzed with a Voyager DE-Pro matrix-assisted laser desorption ionization time of 

flight mass spectrometry mass spectrometer (MALDI-TOF MS; PerSeptive Biosystems, 

Framingham, MA, USA).  Multiple spectra of 200 laser shots were obtained for each sample.  

Peptide masses were determined using Data Explorer software.  MS spectra were adjusted to 

baseline, noise filtered, externally calibrated to an adjacent spot containing a known 4 peptide 

mix, and internally calibrated to Trypsin I and Trypsin III peaks when available. Peptide masses 

were manually selected to generate a mass list for database searching.  Protein identification by 

peptide mass fingerprinting was conducted with the database search tool MASCOT PMF search 

engine (http://www.matrixscience.com).  A MASCOT score is a probability that an observed 

match between an experimental data set and each sequence database entry is a chance event.   The 

event with the lowest probability is reported as the best match.  By convention, a MASCOT score 

is reported as -10log10(P), where P is the probability.  The score depends on the size of the 

database used, the specific search parameters, and the number of submitted peptides. In a genome 

sized database a score on the order of 60-70 or greater is considered significant and this 

significance score is reported by the software for each search, and only significant scores were 

recorded.  As a manual control, the majority of peaks above 25% intensity must have been 
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successfully attributed to the identified protein or known contaminants (such as trypsin) in order 

for the identification to be considered significant. 

2.9 Tissue preparation and immunodetection procedures 

 16 weeks old SHR and WKY rats were deeply anesthetized with sodium pentobarbital 

(32.5 mg/kg) and transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer 

(pH 7.4).  The mesenteric artery blood vessels from each animal were removed and stored in 4% 

(w/v) paraformaldehyde overnight and then transferred to 20% sucrose for at least 48 hours.  

Cryo-protected tissues were then snap frozen and cut in 20um sections.  Sections were stored at -

20C until further use.  For fluorescent immunostaining, slides were blocked for 1 hour in 10% 

Normal Donkey Serum (NDS; Jackson Immunoresearch) in 0.25% TBX and then incubated with 

one of the following primary IgGs at 1:1000 dilutions: transgelin, chloride intracellular channel 1, 

or rat kallikrein binding protein (RKBP, for serine protease inhibitor protein) in 3% NDS for 72 

hours at room temperature.  Slides were washed for 5 minutes in 0.1M Tris buffer and incubated 

in donkey anti-rabbit IgG (1/200 FITC-conjugated; Jackson) in 3% NDS for two hours at room 

temperature. The specificity of all antibodies was tested by running slides under the following 

control conditions:  primary IgG without secondary IgG; secondary IgG without primary IgG; 

correct primary IgG with incorrect secondary IgG.  Cover slips were applied using DAPI-

conjugated mounting media (Vector Laboratories; Burlington, ON, Canada) to visualize nuclei 

and images were acquired using a Zeiss fluorescence microscope and Axiovision software. 

2.10 1-dimensional electrophoresis and immunoblotting 

 Protein samples (20 µg) were reduced, heat denatured and subsequently resolved by 12% 

SDS-PAGE and transferred at 100 V for 1h in N-cyclohexyl-3-aminopropanesulfonic acid 

(CAPS) buffer (pH 11) onto nitrocellulose membranes.  These membranes were blocked in 
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Western blocking solution (Sigma-Aldrich, Oakville, ON, Canada) overnight at 40 Celsius, and 

then incubated at room temperature for 1.5 hours in primary antibody (1:1000 dilution, list the 

primary antibodies tested here) or anti-actin (1-19) polyclonal antibody (1:1000 dilution; 

catalogue #sc1616; Santa Cruz Biotechnologies, Santa Cruz, CA, USA).  The membranes were 

rinsed 3 times in TBST and then incubated in horseradish peroxidase-conjugated secondary 

antibody (1:20,000 dilution; BioCan Laboratories, Mississauga, ON, Canada).  The 

immunodetection was visualized using chemiluminescence (ECL Western Blotting Detection 

Reagents; Amersham Biosciences).  Control membranes were processed in the same manner, 

excluding incubation with the primary antibodies. 

2.11 Results 

2.12 2DE and image analysis 

 The cytosolic extract from both SHR and WKY rat mesenteric artery was resolved by 

2DE and visualized by silver staining (figure 1).   
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Figure 1. Cytoplasmic extracts from mesenteric arteries of spontaneously hypertensive and 

Wistar Kyoto rats were well resolved between isoelectric points 4 to 7 and molecular weight 10 to 

200 kDa by 2 dimensional gel electrophoresis and silver staining. Representative gels are 

displayed.    

 

  



 

54 

 

The first dimension isoelectric focusing protocol was optimized from the manufacturer’s 

suggested protocol to produce well resolved protein spots over the entire pH range. An extra low 

voltage step of 250 V for 8 h was inserted before the subsequent voltage ramping steps to 

electrophoretically desalt the sample to remove charged contaminants which would interfere with 

protein focusing at the following higher voltage steps. Digital images of silver stained 2D gels 

were acquired and manually analyzed for differences in protein spots staining intensity, protein 

spot location, and the appearance of protein spots in only one of the rat mesenteric artery rat 

cytosolic proteomes. While the vast majority of protein spots were present in the same location at 

the same staining intensity in both proteomes, there were 76 protein spots found to be differently 

expressed or located (figure 2 and table 1).   
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Figure 2. Protein spots from cytoplasmic extracts from mesenteric arteries of spontaneously 

hypertensive and Wistar Kyoto rats that were present in one proteome and not the other, or 

present with increased or decreased staining intensity, were marked as proteins of interest and 

selected for protein identification by mass spectrometry. Cropped and zoomed areas of 

representative gels are shown with proteins of interest marked by arrows. 
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Table 1. A summary of the total number of protein spot differences identified between the SHR 

and WKY rat cytoplasmic proteomes. A total of 76 protein spot differences were identified, with 

26 present in the WKY only, 40 in the SHR only, 7 increased in WKY relative to SHR, and 3 

increased in SHR relative to WKY.  
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26 protein spots were present in the WKY cytosolic proteome only and 40 were present in the 

SHR cytosolic proteome only.  10 protein spots were present in both proteomes with different 

staining intensities, 7 spots with higher intensity in the WKY cytosolic proteome and 3 with 

higher intensity in the SHR cytosolic proteome.  

 The pellet obtained from the cytosolic extract from both SHR and WKY rat mesenteric 

artery was solubilized in 2DE buffer and was also resolved by 2DE and visualized by silver 

staining (figure 3).  
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Figure 3. Insoluble pellet extracts from mesenteric arteries of spontaneously hypertensive and 

Wistar Kyoto rats were well resolved between isoelectric points 4 to 7 and molecular weight 10 to 

200 kDa by 2 dimensional gel electrophoresis and silver staining. Representative gels are 

displayed.    
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The vast majority of protein spots were present in the same location at the same staining intensity 

in both proteomes, there were 6 spots found to be differentially expressed or located (figure 4 and 

table 2).  
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Figure 4. Protein spots from insoluble pellet extracts from mesenteric arteries of spontaneously 

hypertensive and Wistar Kyoto rats that were present in one proteome and not the other, or 

present with increased or decreased staining intensity, were marked as proteins of interest and 

selected for protein identification by mass spectrometry. Cropped and zoomed areas of 

representative gels are shown with proteins of interest marked by arrows. 
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Table 2. A summary of the total number of protein spot differences identified between the SHR 

and WKY rat insoluble pellet proteomes. A total of 6 protein spot differences were identified, 

with 1 present in the WKY only, and 5 increased in SHR relative to WKY. 
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1 protein spot was present in the WKY pellet proteome only, and 5 protein spots were present in 

both pellet proteomes with a higher staining intensity in the SHR pellet proteome. 3 protein spots 

identified as actin degradation fragments were excluded (Figure 4, spots 8, 9, and 10).       

2.13 Mass spectrometry and protein identification 

 76 protein spots from cytosolic proteomes and 10 protein spots from pellet proteomes 

with different staining intensities were selected and processed for identification by MALDI-TOF 

MS and PMF. 44 proteins (38 from the cytosolic proteome (table 3) and 6 from the pellet 

proteome (table 4) were identified with statistical significance.  
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Table 3. 76 protein spots observed on silver stained 2-DE gels to be differentially expressed 

among SHR and WKY rats cytosolic proteomes were isolated, and the proteins were 

subsequently identified by MALDI-TOF peptide mass fingerprinting with statistically significant 

MASCOT scores (also included are the corresponding number of peptides observed and sequence 

coverage). In each image pair, the WKY cytoplasmic proteome is represented on the left, and the 

SHR is on the right. 
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Table 4. 6 protein spots observed on silver stained 2-DE gels to be differentially expressed 

among SHR and WKY rats insoluble pellet proteomes were isolated, and the proteins were 

subsequently identified by MALDI-TOF peptide mass fingerprinting with statistically significant 

MASCOT scores (also included are the corresponding number of peptides observed and sequence 

coverage). In each image pair, the WKY insoluble pellet proteome is represented on the left, and 

the SHR is on the right.  3 protein spots identified as actin degradation fragments have been 

excluded. 
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There were a number of proteins identified in more than one spot indicating multiple form of the 

protein with different molecular weights or charge states in the proteome. 

 Tropomyosin beta (Tropomyosin 2) was identified in one spot in the WKY cytosolic 

proteome and two adjacent spots in the SHR proteome, one spot at an equivalent gel coordinate 

location yet with decreased intensity in the SHR cytosolic proteome and an additional spot of 

higher intensity with a slightly more acidic isoelectric point. In smooth muscle Tropomyosin 

exists as a heterodimer of an alpha and a beta chain in a coiled coil structure (Gimona M, 1995). 

In striated muscle, Tropomyosin plays a central role, in association with the troponin complex, in 

the calcium dependent regulation of contraction while in smooth muscle contraction is regulated 

by interaction with caldesmon (Marston , 2008). The rat Tropomyosin beta gene can be expresses 

in two isoforms via alternative RNA splicing, skeletal muscle Tropomyosin beta and fibroblast 

and smooth muscle Tropomyosin beta (Pittenger MF, 1995).  Tropomyosin beta has two potential 

phosphorylation sites for post translational modification which would result in a change in 

isoelectric point of 0.03. This small difference in isoelectric point is sufficient to produce the 

horizontal gel coordinate shift observed. The residue containing the potential modification was 

not observed by mass spectrometry. Tropomyosin beta has a predicted molecular weight of 32.8 

kDa and an isoelectric point of 4.66 which coincide well with its gel coordinate location after 

2DE. Tropomyosin alpha appears directly below in the 2D gel and was not observed to be 

changed between the SHR and WKY cytosolic proteomes.   

 Serine protease inhibitor A3L (SERPINA3L) was identified as multiple protein spots 

with similar molecular weights and different charge states in the WKY cytosolic proteome while 

absent in the SHR cytosolic proteome. In contrast, serine protease inhibitor A3N (SERPINA3LN) 

was identified as multiple protein spots with similar molecular weights and different charge states 
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in the SHR proteome while absent in the WKY proteome. These two proteins are both 

synthesized by the liver and secreted into circulation (Pages G, 1990). SERPINA3L can be 

induced by growth hormone and reduced during acute inflammation while SERPINA3N can be 

induced by acute inflammation (Pages G, 1990). These two proteins are 2 of 6 that are paralogs to 

the single human alpha1-antichymotrypsin gene (SERPINA3) (Pages G, 1990). They both 

appeared as multiple charge trains in the 2D gel which is characteristic of their multiple 

glycosylations. SERPINA3L has a predicted molecular weight of 46.3 kDa and an isoelectric 

point of 5.48, while SERPINA3LN has a predicted molecular weight of 46.6 and an isoelectric 

point of 5.32. Both of these correspond well with their observed 2D gel coordinate. The observed 

molecular weights are slightly greater than predicted due to the added molecular weight of the 

glycosylation groups. The predicted lighter protein, SERPINA3L, has 4 such sites and was 

observed heavier than the predicted heavier protein, SERPINA3N, which only has 2 sites for 

glycosylation (Pages G, 1990).        

 Ceruloplasmin was identified as multiple protein spots with similar molecular weights 

and different charge states in the SHR cytosolic proteome while present at barely detectible levels 

in the WKY proteome. It is a glycosylated protein that is synthesized in liver and secreted into the 

plasma, with its synthesis induced by inflammation, as well as the choroid plexus, yolk sac, 

placenta, and testis, and fetal lung (Aldred AR, 1987). Ceruloplasmin is a blue, copper-binding 

(6-7 atoms per molecule) glycoprotein with ferroxidase activity oxidizing Fe2+ to Fe3+ without 

releasing radical oxygen species, and facilitates iron transport across the cell membrane. The 

mature form is modified by proteolytic cleavage, while the unmodified form has a predicted 

molecular weight of 120.8 kDa and an isoelectric point of 5.34 which corresponds with the 
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observed 2D gel coordinate.  It was observed slightly below the predicted molecular weight, due 

to the cleavage of a 19 amino acid signaling sequence.    

  Reticulocalbin 3 was identified in a single spot in the WKY cytosolic proteome only. It is 

a calcium binding protein found in the lumen of the endoplasmic reticulum (Tsuji A, 2006). It has 

a predicted molecular weight of 38.9 kDa and an isoelectric point of 4.74 which corresponds well 

to its 2D gel coordinate near tropomyosin.  

 Dihydropyrimidinase-like 2 was identified in two spots in the WKY cytosolic proteome 

only.  It has a predicted molecular weight of 66.3 kDa and an isoelectric point of 5.95 which 

corresponds well to its 2D gel coordinate.   

 Carboxypeptidase B1 was identified as a single spot in the SHR cytosolic proteome only. 

It has a predicted molecular weight of 47.5 kDa and an isoelectric point of 5.19 which 

corresponds well to its 2D gel coordinate.       

 Smooth muscle protein 22-alpha (SM22α), also called Transgelin (transgelin-1), was 

identified in two protein spots in the SHR cytosolic proteome only. It is an Actin cross-

linking/gelling protein expressed in smooth muscle but not in skeletal muscle (Assinder SJ, 

2009). It belongs to the calponin family of proteins, which are thin filament-associated proteins 

that are implicated in the regulation and modulation of smooth muscle contraction (Assinder SJ, 

2009). The calponins are capable of binding to actin, calmodulin, troponin C and tropomyosin 

and the interaction of calponin with actin inhibits the myosin ATPase activity (Assinder SJ, 

2009). Transgelin has a predicted molecular weight of 22.6 kDa which corresponds well to its 2D 

gel coordinate. However, it has a predicted isoelectric point of 8.87 which should not appear on a 

pH range 4-7 2D gel. There are 2 two other transgelin isoforms, and Transgelin-3 has a similar 

molecular weight and an isoelectric point of 6.84 which does correspond to the 2D gel coordinate 
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of the observed spot. Transgelin-3 has a 66% identity to transgelin-1. Given the proportion of 

neuronal tissue to smooth muscle tissue in the dissected MRA, it is much more likely that the 

protein identified is the smooth muscle specific transgelin-1, with an unknown modification 

changing its isoelectric point from 8.87 to < 7 to appear on the pH 4-7 2D gel, rather than the 

neuronal specific transgelin-3. Transgelin-2 has a 64% identity to transgelin, but it has an 

isoelectric point of 8.84 and is not likely to be the protein observed. Sequencing by tandem mass 

spectrometry could elucidate this in the future. 

 CU/Zn superoxide dismutase was identified in a single spot in the SHR cytosolic 

proteome only. It is a cytoplasmic homodimer which binds 1 copper ion and one zinc ion per 

subunit and functions to destroy radicals which are normally produced within the cells and been 

implicated to have a role in dozens on biological processes. It has a predicted molecular weight of 

15.9 kDa and an isoelectric point of 5.88 which corresponds well to its 2D gel coordinate.        

 Myosin light chain 9, also known as the phosphorylatable myosin light chain 20 kDa 

(MLC20), was identified in both SHR and WKY cytosolic proteomes at different coordinate 

locations with similar molecular weights and different charge states. It was present at increased 

levels in an acidic shifted spot (left shifted) in the WKY and the corresponding spot in the SHR 

was present at significantly lower staining intensity. It was also present in a basic shifted spot 

(right shifted) in the SHR and the corresponding right shifted spot was not present in the WKY. 

MLC20 is a regulatory subunit that plays an important role in regulation of both smooth muscle 

and nonmuscle cell contractile activity via its phosphorylation (Sanders KM, 2012). 

Phosphorylation of MLC20 causes a conformational change in myosin heavy chain which 

increases its actin-activated myosin ATPase activity and increases contractile activity (Sanders 

KM, 2012). It has a predicted molecular weight of 19.7 kDa and an isoelectric point of 4.80 
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which corresponds well to its 2D gel coordinate. The acidic shift of the spot present at higher 

levels in the WKY corresponds well to the shift observed by phosphorylation although the 

phosphorylated residue was not observed by mass spectrometry.        

 Chloride intracellular channel 1 (CLIC1) was identified in both SHR and WKY cytosolic 

proteomes at similar relative staining intensities at different coordinate locations with similar 

molecular weights and different charge states. CLIC1 is known to be acetylated on alanine 2, and 

potentially 4 more sites by similarity, as well as phosphorylation on tyrosine 233; both of these 

post translational modifications can result in an isoelectric charge change and result in a different 

horizontal 2D gel coordinate (Littler DR, 2004). CLIC1 can exist as a monomer or a homodimer 

and its dimerization requires a conformation change that leads to the exposure of a large 

hydrophobic surface which may lead to membrane insertion (Littler DR, 2004). CLIC 1 is found 

mostly in the nucleus including in the nuclear membrane with small amount are found in the 

cytoplasm and the plasma membrane. CLIC 1 exists both as soluble cytoplasmic protein and as 

membrane protein with a single transmembrane domain. Members of the chloride channel CLIC 

family may change from a soluble globular state to a state where the N-terminal domain is 

inserted into the membrane and subsequently functions as chloride channel (Littler DR, 2004).. It 

has a predicted molecular weight of 27.0 kDa and an isoelectric point of 5.09 which corresponds 

well to its 2D gel coordinate.        

  Heat shock 27 kDa protein 1 (HSP27), also called Heat shock protein beta-1, was 

identified as a single protein spot with greater staining intensity in the WKY cytosolic proteome 

while still present in the SHR proteome at the same relative gel coordinate location. HSP27 is 

involved in stress resistance and actin organization and it is expressed in a variety of tissues 

including high levels in smooth muscle (Rogalla T, 1999).  HSP27 associates with alpha- and 
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beta-tubulin, microtubules and Alpha(B)-crystallin and other heat shock proteins and it has been 

found in the proteasome complex, binding  ubuquitin which has suggested it to have anti-

apoptosis activity (Rogalla T, 1999).  It has a predicted molecular weight of 22.9 kDa and an 

isoelectric point of 6.12 which corresponds well to its 2D gel coordinate.         

 Ubiquitin specific peptidase 5 (USP5), also called Isopeptidase T,  was identified as a 

single protein spot with greater staining intensity in the WKY cytosolic proteome while still 

present in the SHR proteome at the same relative gel coordinate location. It has a predicted 

molecular weight of 95.8 kDa and an isoelectric point of 4.89 which corresponds well to its 2D 

gel coordinate.  

 Heat shock protein 90 beta (HSP90-beta) also called heat shock protein 84, was identified 

in two protein spots with greater staining intensity in the WKY cytosolic proteome while still 

present in the SHR proteome at the same relative gel coordinate location. HSP90-beta is a 

molecular chaperone with ATPase activity which is located in the cytoplasm as a homodimer and 

it is known to be phosphorylated following DNA damage (Retzlaff M, 2009). It has a predicted 

molecular weight of 83.3 kDa and an isoelectric point of 4.97 which corresponds well to its 2D 

gel coordinate.           

 Complement component 3 (C3) was identified in both cytosolic proteomes at different 

gel coordinate locations, both of which were well below the molecular weight of the intact 

protein. The precursor protein is known to be cleaved into 10 smaller chains and these mature 

forms were observed in both proteomes. C3 plays a central role in the activation of the 

complement system. Its processing by C3 convertase is the central reaction in both classical and 

alternative complement pathways. C3 precursor is first processed by the removal of 4 Arg 

residues, forming two chains, beta and alpha, linked by a disulfide bond. C3 convertase activates 
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C3 by cleaving the alpha chain, releasing C3a anaphylatoxin and generating C3b (beta chain + 

alpha' chain). C3a anaphylatoxin is a mediator of local inflammatory process and it induces the 

contraction of smooth muscle, increases vascular permeability and causes histamine release from 

mast cells and basophilic leukocytes (Nakagawa H, 1993). The C3 fragment observed in both the 

WKY and SHR proteomes contained only fragments from between residues 749-1255, which 

correspond to C3b alpha' chain (residues 749-1663), although the spots were observed at different 

2D gel coordinate locations. C3b alpha' chain has a predicted molecular weight of 103.6 kDa 

which is too large to correspond to the 2D gel coordinate for the spot identified in the WKY 

proteome at approximately 55 kDa, or the spot in the SHR proteome at approximately 27 kDa. It 

is not likely the mature C3b alpha’ chain that was observed, rather they were further processed or 

degraded fragments.  When C3b alpha (residue 749-1663) is cleaved to C3c alpha' chain fragment 

2 (residue 1321-1663), the resulting left over fragment of residues 729-1321 contains the residues 

that were matched to the observed spots.             

 Alpha actin was identified in 10 spots over the two cytosolic proteomes and in the SHR 

pellet proteome. 3 main groups of actin isoforms, alpha, beta and gamma have been identified. 

Alpha actins are found in muscle tissues and are a major constituent of the contractile apparatus. 

The beta and gamma actins coexist in most cell types as components of the cytoskeleton and as 

mediators of internal cell motility. None of the identified spots were in the correct 2D gel 

coordinate location to be the full length intact form of the protein; rather they were smaller partial 

length forms of alpha actin. This may be an indication that there was some proteolysis that 

occurred during the time required for the dissection of the mesenteric arteries before the samples 

were frozen at -800C. 
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 F-actin capping protein alpha-1, also known as CapZ alpha-1, was observed with 

increasing staining intensity in the SHR pellet proteome. It has a predicted molecular weight of 

32.9 kDa and an isoelectric point of 5.45 which corresponds well to its 2D gel coordinate. 

 Tubulin beta-5 was observed with increasing staining intensity in the SHR pellet 

proteome. Tubulin is a ubiquitously expressed protein present as a dimer of alpha and beta chains 

and is the major constituent of microtubules. Mature tubulin beta-5 has a predicted molecular 

weight of 49.7 kDa and an isoelectric point of 4.78 which does not corresponds well to its 2D gel 

coordinate. The observed protein spot was located at approximately 33 kDa and an isoelectric 

point of 5.4, which indicates the observed spot is not the mature full length protein. It has a 

number of known post translational modification but none of them are proteolytic cleavages.  

 Hemopexin was observed with increased staining intensity in the SHR pellet proteome. It 

has a predicted molecular weight of 51.3 kDa and an isoelectric point of 7.58 which does not 

corresponds well to its 2D gel coordinate. It was observed in two spots, both with a higher 

molecular weight and a more acidic isoelectric point. Hemopexin has 5 known glycosylation sites 

and the attachment of sugars to these sites may account for the increase in molecular weight and 

acidic shift in isoelectric point (Takahashi N, 1984).  

 Albumin was observed with increased staining intensity in the SHR pellet proteome. In 

its mature form it has a predicted molecular weight of 65.8 kDa and an isoelectric point of 5.86 

which corresponds well to its 2D gel coordinate. Serum albumin is the main protein of plasma 

and, along with hemopexin, likely indicates the presence of blood in the tissue samples despite 

generous efforts to perfuse the tissue with phosphate buffered saline prior to tissue dissection.      
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2.14 Immunostaining and immunoblotting 

 Immunoglobulins (IgG) were obtained for selected proteins with altered expression as 

observed by 2DE to determine the cellular expression pattern by immunostaining. Chloride 

intracellular channel 1 (CLIC1) was identified in both the SHR and WKY rat cytosolic proteomes 

with approximately equal staining intensity. The spots were not equivalent as they were located at 

different 2D gel coordinates in the horizontal component, which indicates a difference in the 

isoelectric point of the protein. Immunostaining of tissue slices from SHR and WKY rat MRA 

with anti-CLIC1 IgG was performed to determine if the difference in the physical characteristics 

of the protein had any consequence on its distribution of expression.  Positive immunostaining 

was observed in tissues from both WKY and SHR MRA as expected since the protein was 

identified in both proteomes, however the staining intensity was stronger in the adventitia of SHR 

MRA while staining was reduced and more uniform in the WKY MRA (Figure 5, panel C). 
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Figure 5. Immunostaining of SHR and WKY mesenteric arteries for transgelin/SM22 (A), 

CLICK1 (B), and SERPINA3L/SERPINA3N (C) with their respective immunoglobulins 

demonstrated equal staining of VSMCs of both strains with anit-SM22, increased staining of the 

adventitia of SHR with anti-CLICK1, and equal staining of the adventitia with anti-RKBP.     
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Immunostaining of tissue slices from SHR and WKY rat MRA with anti-SM22α IgG to probe for 

the presence of SM22/transgelin resulted in equal staining intensity of the smooth muscle cells of 

the vessel media (Figure 5, panel A). It is possible that the transgelin protein spot observed by 

2DE was a modified form present at a lower level than the unmodified transgelin which has an 

isoelectric point outside that used for 2DE and the overall level of transgelin was not different 

between SHR and WKY rat MRA. There were many smaller degraded forms of alpha actin 

observed in both proteomes and it is possible that transgelin, another smooth muscle specific 

protein normally present at high levels, may be present in a similar manner and the observed 

protein spot was a low abundant degraded form. 

 Immunostaining of tissue slices from SHR and WKY rat MRA with anti-RKBP IgG to 

probe for serine protease inhibitor A3L and A3N resulted in staining of the adventitia of the 

vessel. There was no difference in the staining intensity observed between WKY and SHR MRA 

(Figure 3, Panel B). Two different serine protease inhibitors were observed by 2DE, one present 

in only the WKY MRA proteome and one present in the SHR MRA proteome and it is possible 

that the anti-RKBP IgG does not distinguish between these two difference isoforms and that their 

expression pattern is comparable in each strain. 

 Western blotting of whole tissue lysate from SHR and WKY MRA with anti-CLIC1 IgG, 

anti-SM22α IgG, and anti-RKBP did not result in any signal. Increasing the amount of protein on 

the membrane, increasing the antibody concentration from 1:1000 to 1:100, increasing the 

incubation time from 1 h at room temperature to 2 h, and then to overnight at 4 0C, all did not 

increase the detection with any antibody. Western blotting of whole tissue lysate from SHR and 
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WKY MRA with anti-alpha actin IgG under identical conditions as a control revealed equal 

signal in all samples (data not shown). 

2.15 Discussion 

 This is the first 2DE proteomic evaluation of mesenteric resistance arteries (MRA) from 

Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHR). Both the cytosolic and pellet 

proteomes were successfully resolved by 2DE between isoelectric points 4 and 7 and molecular 

weights from ~10 kDa to ~200 kDa. A number of proteins were observed to be present in only the 

WKY MRA proteome or only the SHR MRA proteome, while a few proteins had qualitatively 

different staining intensities indicating an increase or decrease in the amount of that protein 

present in a particular proteome. A total of 76 protein spot differences were identified in the 

cytosolic fraction, with 26 present in the WKY only, 40 in the SHR only, 7 increased in WKY 

relative to SHR, and 3 increased in SHR relative to WKY. A total of 6 protein spot differences 

were identified in the insoluble pellet fraction, with 1 present in the WKY only, and 5 increased 

in SHR relative to WKY. There was also several examples of the same protein observed in a 

different gel coordinate location in the different proteomes, indicating a difference in the charge 

state of the protein, the mass of the protein, or both.  The identified proteins include those which 

were specifically known to be expressed by cells constituting MRA, such as alpha actin, 

tropomyosin, myosin light chain 20, transgelin/SM22, and some that were more ubiquitous.   

 Chloride intracellular channel 1 (CLIC1) was identified in both SHR and WKY cytosolic 

proteomes at similar relative staining intensities at different coordinate locations with similar 

molecular weights and different charge states.  There was increased immunostaining intensity in 

the adventitia on the MRA from SHR and the CLIC1 present in the SHR proteome had a slightly 

more acidic isoelectric point. CLIC1 may be modified by post translational modifications 
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(acetylation and phosphorylation and disulphide bonding) which may account for the 

isoelectrically shifted spot (Littler DR, 2004). It is hypothesized that the activity of CLIC1 

requires a conformation change of the N-terminal domain to expose a hydrophobic surfaces 

which triggers membrane insertion and it is unknown what the influence of these PTMs has on 

activation of CLIC1 (Littler DR, 2004). CLIC proteins form a class of non-classical intracellular 

anion channels and their properties are enigmatic as they can exist as both soluble globular 

proteins and integral membrane proteins with ion channel function (Littler, 2010). CLIC1 adopts 

at least two stable soluble structures, with redox status controlling the transition between them 

with oxidising conditions being required for insertion into a lipid membrane (Littler, 2010). The 

high level of conservation of CLIC proteins in vertebrates argues for a significant, conserved 

biological function, however, our understanding of their function is still very incomplete (Littler, 

2010). The early stages of our understanding of CLIC1 has implicated it in a variety of processes 

including malignancy (Shi, 2011; Li, 2010; Chang, 2009, Wang, 2009), microglia activation of 

macrophages (Skaper, 2011), endothelial cell growth and migration (Tung, 2010), endometrial 

regulation (Chen, 2009), and osteoblast differentiation (Yang, 2009). Our observation of different 

charge states of CLIC1 in the WKY and SHR proteomes and an increased localization to the 

adventitia in SHR is a novel discovery of CLIC expression in blood vessels. 

 Serine peptidase inhibitor C1 is a protein normally found in the blood of a rat and was 

observed in the WKY MRA cytosolic proteome and not in the SHR. It is a conventional inhibitor 

of complement proteins C1r and C1s by forming a proteolytically inactive stoichiometric 

complex. Excessive activation of complement can lead to inflammation and the resulting activity 

of serine protease inhibitor C1 is anti-inflammatory. C1 is an efficient inhibitor of FXIIa, 

chymotrypsin and kallikrein, the activation of the latter is needed for the generation of kinins, 
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which signal for contraction of smooth muscle and increased blood pressure. This protein was 

observed at significant staining intensity in the WKY MRA proteome but was not observed in the 

SHR, which may suggest a mechanism for increased inflammation and contraction in the SHR 

vasculature. Two other serine protease inhibitors (SPI) were found to be expressed in only one 

proteome. SPI-1 was observed in the WKY MRA cytosolic proteome only while SPI-3 was 

observed in SHR MRA cytosolic proteome only. Each was observed as line of multiple spots 

reflecting multiple charge states of the protein, likely due to the known glycosylations that occur 

at various sites on each of the proteins. SPI-1 is synthesized in the liver, where it is also observed 

only in the WKY liver whole tissue proteome (Sveboda, Master’s thesis), and it is subsequently 

secreted into the circulation. It is known to be induced by growth hormone and reduced during 

inflammation, which corresponds with the presence of the anti-inflammatory C1 in the WKY 

MRA cytosolic proteome.  SPI-3 was observed in the SHR proteome only and it is similarly 

synthesized in the liver, where it was also observed only in the SHR liver whole tissue proteome 

(Sveboda, Master’s thesis), and it is also subsequently secreted into the circulation. SPI-3 differs 

from SPI-1 in that it is induced by inflammation, again suggesting increased inflammation in the 

SHR.  Although the mesenteric blood vessels were perfused with phosphate buffered saline to 

remove blood, which otherwise would overwhelm the 2DE proteome with blood borne proteins, 

it appears that it is possible that not all of the blood was removed from the sample during sample 

preparation and there was still a glimpse of what was occurring it the blood proteome during the 

investigation into the MRA proteome. Alternatively, a small percentage of the blood born 

proteins are exuded from the vasculature into the vessel tissue and are then present in the tissue 

extracts.   
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  Nitric oxide (NO) is crucial for maintenance of normal blood pressure and therefore the 

role of NO in essential hypertension has been an area research (Huang, 1995). Impaired NO-

mediated vasodilation has been shown in animal models of hypertension and in hypertensive 

patients, although it should be noted that alterations in NO pathways in essential hypertension are 

controversial, with evidence for both dysfunction and preservation in the literature (Chatterjee, 

2008; Gkalaigkousi, 2009).  Nitric oxide synthase (NOS) interacts with a variety of proteins 

which regulation of NO production (Averna, 2008). Of these interacting proteins, HSP90 has 

been proposed to exert a role in both NOS function and stability (Averna, 2008). HSP90 may 

serve as an allosteric positive modulator of NOS isozymes by inducing the acquisition of the 

active conformation by the release of NOS from calveolin, a protein that maintains eNOS in an 

inhibited state (Chatterjee, 2008), or by enhancing the affinity of NOS for the Ca2+ sensor 

calmodulin (Averna, 2008). HSP90 also favours the correct insertion of the haem group into apo-

NOS required for the formation of stable NOS dimers and resistance to degraded by the 

proteasome pathway (Averna, 2008).  HSP90 alpha and beta are protein binding chaperones 

which were both observed to be decreased in abundance in the SHR MRA proteome in this study. 

It can be hypothesized that a decrease in HSP90, like that observed in the SHR MRA cytoplasmic 

proteome, would lead to a decrease in NO production by a loss of the disinhibition of the eNOS-

calveolin complex and increased eNOS degradation. This mechanism could contribute to the 

decreased vasodilation, or increased vasoconstriction, that is hypothesized to be one involved in 

eutrophic remodelling of the vasculature in hypertension.  There is one previous study of HSP90 

and eNOS expression levels in MRA from SHR and WKY and the levels were observed to be 

equal using immunoblotting following one-dimensional gel electrophoresis (Piech, 2003).  This is 

in contrast to the decreased levels of HSP 90 alpha and beta observed in the SHR MRA cytosolic 
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proteome following 2DE and silver staining in this study. The 1DE study did not specify the lysis 

buffer used to extract the protein from the mesenteric artery tissue, while the current study used a 

buffer to specifically observe the level of HSP 90 in the cytosolic portion of the proteome so it is 

possible that the overall level of the protein is not equal to the level present in the cytosolic 

fraction. Proteins can be distributed in different locations within the cell and it is possible that we 

observed a decrease in the cytosolic fraction of HSP90 which may have functional significance in 

that location while there is no overall net change in the level of HSP90 due to increases in 

cytoskeleton or other fractions. It is also worth noting that the samples in this were not 

exclusively endothelial cells and contained VSMCs and ECM as well, which may contain HSP90 

as well.  

 Ceruloplasmin (CP) is a multicopper enzyme which is expressed by the liver and secreted 

into circulation where it carries 95% of circulating copper. It was observed as multiple protein 

spots in the SHR MRA cytosolic proteome without a corresponding spot in WKY. The presence 

of multiple spots is likely as a result of known posttranslational modifications of phosphorylation 

on serine residues or glycosylations which modify the charge state of the protein.  CP has pro-

oxidative activity which has been suggested to play a role in the oxidative modification of low 

density lipoprotein (LDL) and this oxidative modification plays a pivotal role in the development 

and progression of atherosclerosis (Awadalla, 2006). ). Serum CP has therefore become an 

independent risk factor for cardiovascular disease as high serum CP levels have been observed in 

patients with multiple cardiovascular disorders including arteriosclerosis, abdominal aortic 

aneurysm, unstable angina, and vasculitis and peripheral arterial disease (Fox, 2000). This study 

demonstrated increased levels of CP in the SHR proteome and interestingly, elevated CP levels in 
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normotensive individuals has been demonstrated to have a weak correlation with future blood 

pressure increase (Engström, 2002).  

 Tropomyosin beta was observed in 1 spot in the WKY MRA cytosolic proteome and in 2 

adjacent spots in the SHR MRA cytosolic proteome while tropomyosin alpha was unchanged. 

The rat beta-tropomyosin gene can be expresses in two isoforms via alternative RNA splicing 

(Pittenger, 1995).  Tropomyosin beta has two phosphorylation sites for post translational 

modification (Gimona M, 1995). This modification could result in a change in isoelectric point of 

0.03 units and this small difference in isoelectric point is sufficient to produce the horizontal gel 

coordinate shift observed. However, the residue containing the potential modification was not 

observed by mass spectrometry. Thin-filament regulation of actin-myosin interaction in smooth 

muscle is modulated the  actin-binding regulatory proteins tropomyosin (TM) and caldesmon 

(CaD) which promote contraction (Somara, 2009). Contraction is associated with phosphorylation 

of the small heat shock protein HSP27, and the phosphorylation of both TM and CaD (Somara, 

2009). It is possible that the isoelectric point shift to the left observed in the SHR MRA proteome 

is reflective of an increase in the phosphorylated form of tropomyosin, promoting the contracted 

state of smooth muscle cells in the MRA of SHR. Increased contractile signals are thought to play 

a role in the initiation if eutrophic remodelling in early hypertension.  

 The pro-contractile protein HSP27 was observed at significantly reduced levels in the 

SHR MRA cytosolic proteome.  Phosphorylation of HSP27 is a prime modulator of thin-filament 

regulation of contraction (Somara, 2009). Decreased levels of HSP27 observed in the SHR MRA 

proteome could result in attenuation of HSP27 phosphorylation mediated modulation of thin-

filament-mediated regulation of contraction leading to relaxation. The phosphorylation status of 
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HSP27 needs to be investigated to explore this hypothesis further. HSP27 has been previously 

observed to be down regulated in the aorta of SHR (Lee, 2009). 

 MLC20 was observed as a single spot in the WKY MRA cytosolic proteome while it was 

observed as two adjacent spots in the SHR MRA cytosolic proteome. While the post translational 

modification responsible for the additional spot in the SHR proteome was not identified by mass 

spectrometry, the pattern is typical of a phosphorylation and MLC 20 is known to be 

phosphorylated by myosin light chain kinase which is essential to VSMC contraction (Sanders 

KM, 2012). The presence of a increased abundance of the potentially phosphorylated form of 

MLC20 in the SHR proteome may be another indication of increased contractile signals in the 

MRA associated with hypertension. Contractile activity in VSMCs is initiated by a Ca2+–

calmodulin interaction leading to phosphorylation of the MLC20. Several studies have 

demonstrate that the RhoA/Rho-kinase pathway is increased in hypertension and this pathway is 

capable of phosphorylating MLC20 (Lee, 2004), which corresponds with our observation of an 

increased presence of a potentially phosphorylated form of MLC20 in MRA of SHR. MLC20 

phosphorylation in arterial VSMCs from SHR has previously been demonstrated to be increased 

2.8 times, corresponding with increased contractility and decreased relaxation (Packer, 1997). 

 Smooth muscle protein 22-alpha (SM22α), also called Transgelin (transgelin-1), was 

identified in two protein spots in the SHR MRA cytosolic proteome only. It has been previously 

observed to be upregulated in the aorta of SHR (Lee, 2009) and has been proposed as a biomarker 

in plasma to assess vascular damage induced by hypertension (Delbosc, 2008). More specifically, 

SM22 α levels are significantly higher in basal conditions (before hypertension) in the most 

susceptible animal strain, and are further increased in under hypertensive conditions suggesting it 

could represent a marker of susceptibility to hypertension-induced arterial wall remodeling 
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(Delbosc, 2008). We observed SM22α in the cytoplasmic extract of the SHR only, while 

immunostaining demonstrated roughly equal staining intensities in both strains suggesting the 

presence or absence of SM22α in total may not be correlated with hypertension, but that it is 

modified in such a way to alter its solubility to appear in the cytoplasmic extract of the SHR 

MRA proteome in two different gel coordinates.  

 Proteomics, in particular two-dimensional gel electrophoresis in conjunction with mass 

spectrometry, has been used to catalogue the proteins expressed in blood vessels, including 

arterial and venous endothelial cells and smooth muscle cells (McGregor, 2001; Bruneel, 2003; 

Mayr, 2005; Dupont, 2005), but only few studies on hypertensive vessels have been reported 

(Pinet, 2004; Bian, 2008; Lee, 2009; Guo, 2010; Wang, 2010). Most of these studies have been 

performed on aorta from the SHR, a larger conduit vessel that undergoes primarily hypertrophic 

remodeling in response to high blood pressure.  This is the first study of a hypertensive resistance 

vessel from the SHR, the rat MRA, which is thought to undergo eutrophic remodelling as the 

primary mechanism of anatomical change associated with hypertension. This study did not 

observe any of the protein changes observed in the Bain et al. study. It is possible that some of the 

protein changes we observed were specific to the tissue layers not present in the Bain et al. study, 

as revealed by the immunostaining of the adventitia with anti-CLIC1 IgG and anti-RKBP IgG. 

The Lee et al. study and this study had 2 identified proteins in common.  HSP27 was observed to 

be present in decreased abundance in the SHR proteome at 5 weeks, and 8 weeks, corresponding 

to what we observed at 16 weeks. Inexplicably, they observed an increase in HSP27 at 13 weeks. 

Transgelin/SM22 was observed to be present in increased abundance at all 3 time points in the 

SHR proteome which corresponds with what we observed at 16 weeks. 
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2.16 Conclusion 

 Proteomic analysis by 2DE and mass spectrometry affords an unbiased observation into 

the molecular changes occurring during the development of disease.  The vascular remodelling 

occurring during the development of hypertension was associated with significant changes in the 

protein expression profile in the mesenteric resistance artery of spontaneously hypertensive rats. 

In summary, 76 protein spots were found to be differently expressed or located in the cytosolic 

proteomic analysis.  26 proteins were present in the WKY cytosolic proteome only and 40 were 

present in the SHR cytosolic proteome only.  10 proteins were present in both proteomes with 

different staining intensities, 7 proteins with higher intensity in the WKY cytosolic proteome and 

3 with higher intensity in the SHR cytosolic proteome.  A total of 6 protein spot differences were 

identified in the insoluble pellet analysis, with 1 present in the WKY only, and 5 increased in 

SHR relative to WKY. Of particular interest was the novel observation of  increased CLIC1 

association with the adventitia in the SHR with an associated difference in charge state without a 

difference in overall protein expression. The decreased expression of HSP90 alpha and beta in the 

SHR which may herald decreased NO signalling and a subsequently increased contractile state. 

The presence of an additional protein charge state of tropomyosin beta in the SHR, which may be 

a phosphorylation, would also indicate an increased contractile state. In keeping with these 

observations we also identified a second spot for MLC20 in the SHR proteome which is in 

keeping with the known phosphorylation of this protein required for VSMC contraction. These 

observations suggest the presence of a pro-contractile state in the mesenteric resistance arteries of 

SHR during the development of hypertension. Additionally, our observation of SM22alpha in the 

SHR proteome only corresponds with the hypothesis that it may be a biomarker for developing 

hypertension.   
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Chapter 3 

Analysis of the Renal Proteome Reveals Reduced levels of Alpha-2µ 

Globulin and MAWDBP in Spontaneously Hypertensive Rats. 

 

3.1 Abstract 

 Spontaneously hypertensive rats (SHR) first display elevated blood pressure by 12 weeks 

of age, and by 40 weeks of age, these animals exhibit several tubular and vascular pathologies of 

the kidney.  Using a proteomic approach, we sought to assess whether the kidneys of SHR 

possess phenotypic alterations that coincide with the onset of hypertension but precede renal 

pathology.  The renal proteomes of 16-week old SHR and Wistar Kyoto (WKY) control rats were 

resolved by 2-dimensional gel electrophoresis, and protein spot intensity differences between the 

two strains of rats were identified by mass spectrometry.  Two prominent differences between the 

renal proteomes of SHR and WKY rats were a decrease in levels of alpha-2µ globulin and a 

decrease in MAWDBP.  Decreased renal levels of alpha-2µ globulin in SHR were confirmed by 

immunoblotting and immunostaining. The pronounced decrease of renal alpha-2µ globulin may 

signal the initial stages of hypertension-associated damage, dysfunction and/or death of proximal 

tubular cells in SHR. The dramatic decrease in MAWDBP in the SHR kidney suggests that the 

expression of this protein may be blood pressure dependant.   

3.2 Introduction 

 Spontaneously hypertensive rats (SHR) are a widely accepted model of human essential 

hypertension.  SHR remain normotensive for their first 4-5 weeks of life, and subsequently 

become gradually more hypertensive by 10-12 weeks of age (Okamoto, 1966).  In contrast to the 
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hyperplasia and hypertrophy of resistance arteries (Lee, 1987; Mangairua, 1990) and the 

hypertrophy of the left ventricle (Messerli, 2007), structural and functional features of  SHR 

kidneys appear to be unaffected by the onset and maintenance of elevated blood pressure.  Only 

by 40 weeks of age do SHR begin to display several glomeruli pathologies, such as necrosis, 

sclerosis, and pericapsular fibrosis (Feld, 1977; 1981; 1989; Komatsu, 1995).  Histopathological 

tubular features include moderate atrophy, peritubular mononuclear infiltrates, and casts (Feld, 

1989, Komatsu, 1995, Skov, 2004).  Vascular pathologies in SHR kidney are increased wall 

thickening of intrarenal arterioles and narrowing of afferent arterioles (Ofstad, 2005).  As a 

consequence of these structural changes, aged SHR develop albuminuria and proteinuria, 

excreting high levels of urinary albumin and protein (Ofstad, 2005). Despite effective control of 

systemic blood pressure through the treatment with several anti-hypertensive drugs, the 

deterioration of renal structure and function is difficult to prevent (Feld, 1989).    

 In this study we have undertaken a proteomic examination of the kidneys from SHR and 

Wistar Kyoto (WKY) control rats.  At 16 weeks of age, when SHR have sustained hypertension 

yet display no outward evidence of kidney pathology, we found that these animals have a number 

of proteomic alterations, including a decrease in renal levels of alpha-2µ globulin (a protein of 

hepatic origin that accumulates in the proximal tubular cells), relative to WKY rats.  Detection of 

this decrease in renal alpha-2µ globulin levels was confirmed by immunoblotting and 

immunostaining procedures and provided evidence that the maintenance of hypertension can 

affect certain functional features of the SHR kidney, several months before the appearance of 

renal pathologies. 
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3.3 Methods 

3.4 Animals  

 SHR  and WKY rats were obtained from Charles River at 4-6 weeks old and housed in 

the animal care facility at Queen’s University under standard care until 16 weeks.  All animal 

procedures were carried out to minimize animal suffering and were approved by the Queen’s 

University Animal Care Committee, in accordance with the guidelines set forth by the Canadian 

Council on Animal Care. 

3.5 Protein isolation 

 16 weeks old SHR and WKY rats were deeply anesthetized with sodium pentobarbital 

(32.5 mg/kg) and quickly perfused transcardially with 150 mL of 0.1M phosphate-buffered saline 

(pH 7.4) to flush blood from the circulation; omission of this step resulted in proteome being 

overwhelmed by blood proteins, such as albumin and immunoglobulins (data not shown).  

Kidneys were dissected, powdered under liquid nitrogen, and homogenized in 8M urea, 2M 

thiourea, and 4% (w/v) CHAPS in 15 mM Tris (pH 8.8).  The samples were centrifuged at 17 000 

x g for 20 minutes, and the supernatants were collected (called whole tissue lysate). The protein 

concentration of each sample was determined using a 2D Quantification Kit (GE Healthcare, Baie 

d’Urfe, QC).  Protein concentration was validated by overall qualitative staining intensity of 2-

dimensional gels following silver staining (data not shown). Samples were flash frozen in liquid 

nitrogen and stored at -80 0C until 2DE.   

3.6 Two-dimensional electrophoresis 

 Isoelectric focusing was carried out using 24-cm pH immobilized pH gradient gels (pH 

range 4-7; Amersham Biosciences) with the buffer containing 8M urea, 2M thiourea, 4% (w/v) 
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CHAPS, 2% (v/v) HED, and 0.5% ampholytes (pH 4-7; Amersham Biosciences). Proteins were 

resolved as follows: 250 V for 8 hours, 500 V for 1 hour, 1000 V for 1 hour, linear ramping to 10 

000 V over 3 hours, and constant 10 000 V for 65 kV hours.  For 2-dimensional sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 12% (w/v) acrylamide with Bis-Tris 

(pH 7.4) was utilized along with MOPS (3-(N-morpholino) propanesulfonic acid) in the 

electrophoresis buffer, following a previously established protocol (Graham, 2005).  Briefly, IPG 

strips with resolved proteins were thawed and equilibrated twice for 20 minutes in a buffer 

containing 8M urea, 30 % (w/v) glycerol, and 2% SDS in 50 mM Bis-Tris (pH 8.8).  This buffer 

was first supplemented with 1% (w/v) DTT, and next supplemented with 2.5% (w/v) 

iodoacetamide.  The strips were then individually placed directly on top of 2-dimensional gels, 

and a solution of 0.5% (w/v) low-melt agarose in MOPS electrophoresis buffer overlay with a 

trace of bromophenol blue was used to embed the strips.  Large format 2-dimensional SDS-

PAGE electrophoresis was carried out in a DALT6 apparatus (GE Healthcare) at 90V at 4°C 

overnight, until the bromophenol blue reached the bottom of the gel.   

3.4.4 Gel staining and Image analysis 

 Gels were stained using a mass spectrometry compatible silver stain.  Gels were fixed in 

50% methanol/10% acetic acid for 30 minutes, 50% methanol for 10 minutes and then washed 3 

times with water for 30 minutes each. Gels were sensitized for 1 minute in 0.01% sodium 

thiosulfate and then washed with water twice for 1 minute each. Gels were incubated in 1% (w/v) 

silver nitrate in cold water (4 0C) for 30 minutes while shaking, washed twice quickly with water 

and once with developer (2% (w/v) sodium carbonate with .04% formaldehyde). This developer 

wash was removed after 1 minute and gels were developed to the desired intensity with fresh 

developer while shaking, approximately 4 minutes. Staining was stopped by immersion in 5% 
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acetic acid. Stained 2-D gels were equilibrated in water and imaged with a UMAX 

Powerlook2100XL.  Differences in protein staining intensities and the presence and absence of 

corresponding spots were manually determined to identify spots of interest.   

3.4.5 1-dimensional electrophoresis and Western blotting 

 Protein samples (10 µg) were resolved by 12% SDS-PAGE and transferred at 100 V for 

1h in N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) buffer (pH 11) onto Polyvinylidene 

fluoride (PVDF) membranes.  These membranes were blocked in Western blocking solution 

(Sigma-Aldrich, Oakville, ON, Canada) overnight at 40 Celsius, and then incubated at room 

temperature for 1.5 hours with either anti-rat alpha-2µ globulin monoclonal antibody (1:1000 

dilution; catalogue #ab27160; Abeam, Cambridge, MA, USA), anti-MAWDBP IgG (either 

Above, or Santa Cruz) at various dilutions ranging from 1:1000 to 1:100, or anti-human actin (1-

19) polyclonal antibody (1:1000 dilution; catalogue #sc1616; Santa Cruz Biotechnologies, Santa 

Cruz, CA, USA).  The membranes were rinsed and then incubated in horseradish peroxidase-

conjugated secondary antibody (1:20,000 dilution; BioCan Laboratories, Mississauga, ON, 

Canada).  The immunodetection was visualized using chemiluminescence (ECL Western Blotting 

Detection Reagents; Amersham Biosciences).  Control membranes were processed in the same 

manner, excluding incubation with the primary antibodies. Densitometry was performed in 

digitized images of developed film using the histogram function in Adobe Photoshop and 

statistical significance was determined using Microsoft Excel.   

3.7 Mass Spectrometry 

  The stained gels were scanned and dried between cellophane sheets.  Protein spots were 

manually excised, then robotically rehydrated, destained with an aqueous solution of 15 mM 

potassium ferricyanide and 50 mM sodium thiosulphate.  Clear gel plugs were digested with 6 
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ng/ml trypsin (sequencing Grade-modified trypsin; Promega) for 5 hours at 37°C.  Peptides were 

extracted from the gel plugs in a two-step procedure: first in a solution of 1% formic acid / 2% 

acetonitrile, and second in a solution of 50% acetonitrile.  The extraction solutions were 

combined and evaporated to approximately 10 µl.  Peptides were spotted onto a MALDI target 

plate on top of a dried spot of recrystalized alpha-cyano-4-hydroxy-cinnamic acid matrix and 

subsequently analyzed with a Voyager DE-Pro matrix-assisted laser desorption ionization time of 

flight mass spectrometry mass spectrometer (MALDI-TOF MS; PerSeptive Biosystems, 

Framingham, MA, USA).  Multiple spectra of 200 laser shots were obtained for each sample.  

Peptide masses were determined using Data Explorer software.  MS spectra were adjusted to 

baseline, noise filtered, externally calibrated to an adjacent spot containing a known 4 peptide 

mix, and internally calibrated to Trypsin I and Trypsin III peaks when available. Peptide masses 

were manually selected to generate a mass list for database searching.  Protein identification by 

peptide mass fingerprinting was conducted with the database search tool MASCOT PMF search 

engine (http://www.matrixscience.com).  A MASCOT score is a probability that an observed 

match between an experimental data set and each sequence database entry is a chance event.   The 

event with the lowest probability is reported as the best match.  By convention, a MASCOT score 

is reported as -10log10(P), where P is the probability.  The score depends on the size of the 

database used, the specific search parameters, and the number of submitted peptides. In a genome 

sized database a score on the order of 60-70 or greater is considered significant, and only 

significant scores were recorded.  The majority of peaks above 25% intensity must have been 

successfully attributed to the identified protein or known contaminants (such as trypsin) in order 

for the identification to be considered significant.  
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3.8 Tissue preparation and immunodetection procedures 

 Sixteen-week old SHR and WKY rats (n=6 of each genotype) were deeply anesthetized 

and transcardially perfused with 4% paraformaldehyde in phosphate buffer (pH 7.4).  Both 

kidneys from each animal were removed from each animal and stored overnight in 4% 

paraformaldehyde in phosphate buffer (pH 7.4) and then transferred to 20% sucrose for at least 48 

hours. Tissues were sectioned at 50-µm thickness using a freezing microtome, and processed for 

immunostaining using anti- alpha-2µ globulin IgG (Abnova), anti-MAWDBP IgG (Abnova, and 

Santa Cruz).  Control sections were processed in the absence of primary antibody.  Using 

standard chromogenic procedures (20), the immunoreaction products were viewed and 

photographed under bright-field optics and images were acquired using a Zeiss fluorescence 

microscope and Axiovision software. 

3.9 Results 

3.10 2DE and image analysis 

The whole tissue extract from both SHR and WKY rat kidney was resolved by 2DE and 

visualized by silver staining (figure 1).   
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Figure 1. A representative image of silver stained 2-dimensional gels resolving the whole tissue 

lysate from kidneys of SHR and WKY rats.  In total, approximately 500 protein spots with 

molecular weight ranging between 10 and 250 kDa, and with isoelectric points between 4 and 7, 

were well resolved in each of the renal proteomes.   
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The first dimension isoelectric focusing protocol was optimized from the manufacturer’s 

suggested protocol to produce well resolved protein spots over the entire pH range. An extra low 

voltage step of 250 V for 8 h was inserted before the subsequent voltage ramping steps to 

electrophoretically desalt the sample to remove charged contaminants which would interfere with 

protein focusing at the following higher voltage steps. Digital images of silver stained 2D gels 

were acquired and manually analyzed for differences in protein spots staining intensity, protein 

spot location, and the appearance of protein spots in only one of the rat mesenteric artery rat 

cytosolic proteomes. While the vast majority of protein spots were present in the same location 

and the same staining intensity in both proteomes, there were 17 protein spots found to be 

differently expressed or located (figure 2 and table 1).   
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Figure 2. Inset boxes highlight those protein spots that display consistent changes in expression 

levels in the renal proteome of SHR and WKY rats. These protein spots that displayed consistent 

changes in expression levels were identified by mass spectrometry (see Table 1). 
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Table 1. 17 protein spots observed on silver stained 2-DE gels to be differentially expressed 

among SHR and WKY rats were isolated, and the proteins were subsequently identified by 

MALDI-TOF peptide mass fingerprinting with statistically significant MASCOT scores (also 

included are the corresponding number of peptides observed and sequence coverage). In each 

image pair, the WKY renal proteome is represented on the left, and the SHR is on the right. 

Notably, alpha-2 µ globulin was identified in smaller protein spots in 6 of 7 of the identified spots 

in the SHR renal proteome suggesting decreased abundance in the SHR kidney. MAWDBP was 

present in the WKY renal proteome only. 
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5 protein spots were present in the WKY proteome only and 2 were present in the SHR proteome 

only.  10 protein spots were present in both proteomes with different staining intensities, 8 spots 

with higher intensity in the WKY proteome and 2 with higher intensity in the SHR proteome.       

3.5.2 Mass spectrometry and protein identification 

 17 protein spots with different staining intensities were selected and processed for 

identification by MALDI-TOF MS and PMF. All 17 proteins were identified with statistical 

significance (table 1).   

 Alpha-2µ globulin, also called major urinary protein, was identified in 6-7 large and very 

abundant spots across the bottom of the 2D gels from both proteomes. It was present in greater 

abundance in the WKY renal proteome in almost every spot.  In its mature form it is a 15.5 kDa 

fatty acid-binding and pheromone binding protein which is synthesized in hepatic parenchyma 

cells (Hai A, 2013). This expression is induced in vivo by androgens, glucocorticoids, growth 

hormone, and insulin, and inhibited by estrogens (Hai A, 2013). It is abundant in the urine of 

adult male rats but absent from that of females while a portion of the protein present in urine is 

taken up from the urinary lumen by endocytosis (Hai A, 2013).  It has a predicted molecular 

weight of 20.7 kDa, and it is known to have the first 19 amino acids cleaved off as a signaling 

sequence so its molecular weight corresponds with the observed 2D gel coordinate. It has a 

predicted isoelectric point of 6.2 which corresponds with the observed 2D gel coordinate of a few 

of the spots. The presence of more acidic spots could be due to the known N-linked glycosylation 

at residue 54. 

 MAWD binding protein, or MAWDB, is also called Phenazine biosynthesis-like domain-

containing protein (PBLD) was observed in the WKY renal proteome only. MAWDBP has a 
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predicted molecular weight of 31.7 kDa and a predicted isoelectric point of 6.53 which 

corresponds well with the observed 2D gel coordinates. 

 G kinase anchoring protein 1 was observed in the WKY renal proteome only.  The 

observation of its expression in the kidney is unexpected.  It has a predicted molecular weight of 

42 kDa which corresponds well with the observed 2D gel migration, although its predicted 

isoelectric point of 8.8 does not.  

 Ndufa10 protein (also called NADH-ubiquinone oxidoreductase 42 kDa subunit) was 

observed in the WKY renal proteome only.  It is an accessory subunit of the mitochondrial 

membrane respiratory chain NADH dehydrogenase (Complex I). The mature form of the protein 

with its mitochondrial targeting sequence cleaved has a predicted molecular weight of 37 kDa and 

a predicted isoelectric point of 6 which corresponds well with the observed 2D gel coordinates.   

 Aldehyde dehydrogenase family 9, subfamily A1 was observed in both proteomes at 

comparable levels in two different spots, one spot in each proteome at a different 2D gel 

coordinates with different isoelectric points and a similar molecular weight. It forms a 

homotetramer and catalyzes the irreversible oxidation of a broad range of aldehydes to the 

corresponding acids in an NAD-dependent reaction. It has a predicted molecular weight of 54 

kDa and a predicted isoelectric point of 5.7 which corresponds well with the observed 2D gel 

coordinate for the spot present in the SHR renal proteome, while the spot present in the WKY 

renal proteome was observed at a similar molecular weight and a more basic isoelectric point.   

 Nicotinate phosphoribosyltransferase was observed in both proteomes at comparable 

levels in two different spots, one spot in each proteome at a different 2D gel coordinates with 

different isoelectric points by a small shift and a similar molecular weight. It has a predicted 
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molecular weight of 58 kDa and a predicted isoelectric point of 6.1 which corresponds well with 

the observed 2D gel coordinates.  

 Carboxylesterase ES-4, also called Kidney microsomal carboxylesterase, was observed in 

the WKY proteome only. It has a predicted molecular weight of 62 kDa and a predicted 

isoelectric point of 6.2 which corresponds well with the observed 2D gel coordinate.   

 Aldehyde reductase 1 was observed at a higher level in the SHR proteome.  It catalyzes 

the NADPH-dependent reduction of a wide variety of carbonyl-containing compounds to their 

corresponding alcohols with a broad range of catalytic efficiencies. It has a predicted molecular 

weight of 36 kDa and a predicted isoelectric point of 6.7 which corresponds well with the 

observed 2D gel coordinate. 

3.5.3 Immunostaining and immunoblotting 

 Western blotting of whole tissue lysate from SHR and WKY kidneys with anti-alpha-2µ 

globulin IgG demonstrated a qualitative higher amount of protein present in the WKY samples 

(Figure 3, panel E).  
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Figure 3. Immunostaining procedures validate proteomic observations that alpha-2µ globulin 

levels are decreased in the kidneys of 16-week old SHR, as compared to the kidneys of age-

matched WKY rats.  A-D, Immunolocalization of alpha-2µ globulin in kidney sections from 

WKY rats reveals positive labeling among a subset of tubular cells in the medullary (A) and 

cortical (C) regions.  By comparison, the intensities of alpha-2µ globulin immunostaining in the 

medullary (B) and cortical (D) regions of SHR kidneys are weaker.  E, Immunoblotting for alpha-

2µ globulin levels (resolved at approximately 15-20 kDa) in the whole kidney lysate from WKY 

rats (4 individual rat samples in lanes 1-4) and SHR (4 individual rat samples in lanes 5-8) reveals 

a pronounced decrease in the abundance of this protein in the SHR kidneys.   Immunoblotting for 

actin provides evidence of equal loading among all 8 samples.  Scale bars = 100 µm (A, B), 200 

µm (C, D). 
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Quantitatively, Alpha-2µ globulin levels were 1.7 fold higher in the WKY samples, or were 

decreased in the SHR by approximately 40% (p=0.032). Immunostaining of kidney sections with 

anti-alpha-2µ globulin IgG demonstrated a high level of staining in WKY tubular cells (Figure x, 

Panel A), and a decreased staining in SHR tubular cells (Figure 3, Panel B). The staining was less 

dramatic in cortical areas of the kidney in both strains (Figure 3, Panels C, D). Immunostaining 

and immunoblotting confirmed the proteomic observation of decreased alpha-2µ globulin in the 

SHR kidney of 15 week old animals.  

 Western blotting of whole tissue lysate from SHR and WKY kidneys with anti-

MAWDBP IgG did not result in any signal. Two different antibodies were used, one from 

Abnova and the other from Santa Cruz, both of which were derived against a human antigen (a rat 

antigen derived antibody was not commercially available).  Although the human and rat 

MAWDBP protein have a high degree of sequence similarity, neither antibody demonstrated 

binding at detectable levels under our Western blotting conditions. Increasing the amount of 

protein on the membrane, increasing the antibody concentration from 1:1000 to 1:100, increasing 

the incubation time from 1 h at room temperature to 2 h, and then to overnight at 4 0C, all did not 

increase the detection of MAWDBP with either antibody. Similarly, immunostaining of kidney 

sections with anti-MAWDBP IgG did not result in detectable signal.                

3.11 Discussion 

 Hypertension is an important risk factor for the development of kidney disease. In 

contrast to the wealth of information concerning changes in the vascular morphology and 

function associated with the SHR phenotype, less is known regarding the consequences to renal 

morphology and function in the early stages of this animal model of hypertension.  Only by 40 

weeks of age do SHRs begin to display glomerular, tubular, and renal vascular pathologies.  This 
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proteomic analysis of the kidney 16 week old rats occurs several months before observable renal 

damage is expected in the SHR.  This proteomic investigation along with immunostaining and 

immunoblotting with anti-alpha-2µ globulin IgG revealed a decrease in abundance in alpha-2µ 

globulin. This is a protein of hepatic origin which is present in high levels in serum.  Clearance of 

alpha-2µ globulin occurs by way of the kidney, some of which is excreted in urine.  The 

remainder (between 20% and 50%) is reabsorbed and accumulates in the proximal tubule cells of 

the kidney as an abundant 15.5 kDa cleavage product.  A fraction of the absorbed protein escapes 

lysosomal degradation, permitting accumulation in the cytosolic of the tubular cells where it 

facilitates β-oxidation of long-chain fatty acids (Borkan, 1996; Wang, 2000).  Changes in kidney 

and/or urine levels of alpha-2µ globulin have been associated with renal pathologies.  For 

instance, acute exposure to a number of chemicals causes a toxic syndrome known as alpha-2µ 

globulin nephropathy.  This is characterized by an excessive accumulation of alpha-2µ globulin 

droplets, and a subsequent degeneration and necrosis of cells lining the proximal tubule 

(Borghoff, 1990; Hamamura, 2006). Urine excretion of alpha-2µ globulin increases after acute 

sodium loading (Thongboonkerd, 2003) and decreases in passive Heymann nephritis (Ngai, 

2007).  Hepatic alpha-2µ globulin mRNA has also been used as a biomarker for the evaluation of 

endocrine disruption in male rats (Takeyoshi, 2000). The pronounced decrease of alpha-2µ 

globulin detection in the renal proteome of 16-week old SHR may be a biomarker for the initial 

stages of hypertension-associated damage, dysfunction and/or death of proximal tubular cells in 

the kidney. 

 MAWDBP was only observed in the WKY renal proteome and not observed in the SHR 

through the use of 2DE and mass spectrometry. Although this expression change could not be 

confirmed by immunostaining and immunoblotting, this protein may be of interest. MAWDBP is 
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expressed in most tissues, indicating that the protein is involved in basic cellular functions 

although there is relatively very little know about its function (Iriyama, 2001). It was first 

identified as a binding partner of the ‘putative human mitogen-activated protein kinase (MAPK) 

activator with WD repeats (Iriyama, 2001). This is a WD-40 repeat-containing β-propeller protein 

believed to participate in the MAPK signaling pathway. Increased levels of MAWDBP have been 

observed in the liver of rats after dietary folate deficiency (Chanson 2005), in insulin resistance 

(Solomon, 2005), and in experimental diabetes (Kim 2008). Most importantly MAWDBP levels 

were observed to increase in the kidney acutely after the induction of hypotension (Westhoff, 

2005). In combination with our observation of decreased levels of MAWDBP observed in 

hypertension, this suggests that renal expression of MAWDBP may be linked to changes in blood 

pressure. 

 There have been 2 proteomic investigations into the renal changes associated with 

hypertension in the SHR (Tyther 2007, 2010). Neither of the studies were performed on a global 

protein scale, rather they focused on a subset of specifically modified proteins, tyrosine nitration 

and sulfenation.  The 2007 study of tyrosine nitration targets identified 19 proteins with 

differential nitration between the SHR and WKY kidney although there were no proteins 

identified which were also identified in this study of global protein expression differences.  The 

2010 study of sulfenation identified 32 proteins with differential sulfenation between the SHR 

and WKY kidney. Similarly, there were no proteins identified which were also identified in this 

study of global protein expression differences.  

3.7 Conclusion 

 This study of 16 week old SHR and WKY rats observed molecular changes occurring 

weeks before the classical morphological renal changes associated with hypertension induced 
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kidney damage. Two of the 17 identified protein changes, alpha-2µ globulin and MAWDBP, way 

be associated with the early stages of a hypertension dependant effect on the kidney. Further time 

course studies are now needed to track these changes in relation to the developing increase in 

blood pressure in the SHR. 
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Chapter 4 

Proteomic Assessment of Sympathetic Ganglia from Adult Mice that 

possess Null Mutations of ExonIII or ExonIV in the p75 Neurotrophin 

Receptor Gene  

 

4.1 Abstract 

 Neurotrophins, such as nerve growth factor (NGF), are capable of binding to the 

transmembrane p75 neurotrophin receptor (p75NTR), which regulates a variety of cellular 

responses including apoptosis and axonal elongation.  While the development of mutant mouse 

strains that lack functional p75NTR expression has provided further insight into the importance 

of this neurotrophin receptor, there remains a paucity of information concerning how the loss of 

p75NTR expression may alter neural phenotypes.  To address this issue, we assessed the 

proteome of the cervical sympathetic ganglia from two mutant lines of mice, which were 

compared to the ganglionic proteome of age-matched wild type mice.  The ganglionic proteome 

of mice possessing two mutant alleles of either exonIII or exonIV for the p75NTR gene displayed 

detectable alterations in levels of Lamin A, tyrosine hydroxylase, and Annexin V, as compared to 

ganglionic proteome of wild type mice.  Decreased expression of the basic isoform of tyrosine 

hydroxylase may be linked to perturbed NGF signaling in the absence of p75NTR in mutant 

mice.  Stereological measurement showed significant increases in the number of sympathetic 

neurons in both lines of p75NTR-deficient mice, relative to wild type mice.  This enhanced 

survival of sympathetic neurons coincides with shifts toward the more basic isoforms of Annexin 
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V in mutant mice.  This study, in addition to providing the first comparative proteomic 

assessment of sympathetic ganglia, sheds new light onto the phenotypic changes that occur as a 

consequence of a loss of p75NTR expression in adult mice.         

4.2 Introduction 

 First described as the low affinity receptor for nerve growth factor (NGF), the 

transmembrane p75 neurotrophin receptor (p75NTR) is now recognized for its ability to bind all 

members of the neurotrophin family of molecules (e.g., NGF, brain-derived neurotrophic factor, 

neurotrophin-3, and neurotrophin 4/5) with similar affinity (Chao, 1994; Barker, 1998, 2004).  

The p75NTR belongs to the superfamily of tumor necrosis factor receptors, which includes tumor 

necrosis factor receptors I and II and Fas (Dechant 1997).  In the adult mammalian nervous 

system, several neuronal populations express robust levels of p75NTR, including ganglionic 

sympathetic neurons, primary sensory neurons in the trigeminal ganglia and dorsal root ganglia, 

and basal forebrain cholinergic neurons (Hefti 1986; Johnson 1989).  Peripheral glial cells, such 

as non-myelinating Schwann cells, satellite cells of sensory and autonomic ganglia, and olfactory 

ensheathing cells also express p75NTR (Taniuchi 1986; Zhou 1996; Ramon-Cueto 1993).  While 

levels of p75NTR often decrease among injured neurons, the opposite appears to be true for glial 

levels of p75NTR after trauma (Taniuchi 1986; Hagg 1989; Verge 1992; Zhou 1996).  

Sympathetic, sensory, and basal forebrain cholinergic neurons do, however, display marked 

increases in p75NTR expression in response to elevated NGF levels, achieved by either infusion 

of exogenous NGF or the generation of NGF transgenic mice (Hagg 1989; Kawaja 1992; Verge 

1992; Miller 1994; Coome 1999).   

 The development of mice that lack functional p75NTR, through the targeted mutation of 

either exon III or exon IV, has provided valuable evidence concerning the in vivo roles of this 
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transmembrane receptor.  The third exon of the p75NTR gene encodes for the last three of four 

cysteine-rich repeats in the extracellular domain (Welcher 1991; Yan 1991), whereas the fourth 

exon encodes for the transmembrane domain (Chapman 1995).  Mice that have two mutated 

alleles for p75NTRexonIII (herein referred to as p75(III)-/- mice) were first reported by Lee and 

colleagues in 1992, and as such there is considerably more information concerning the 

sympathetic phenotype of these animals, as compared to mice with  two mutated alleles for 

p75NTRexonIV (herein referred to as p75(IV)-/- mice), reported by von Schack et al. (2001).  First, 

p75(III)-/- mice display a substantial increase in the number of post-ganglionic sympathetic 

neurons, as compared to age-matched wild type mice (Bamji 1998; Majdan 2001).  Second, 

densities of sympathetic axons in target organs of p75(III)-/- mice may be increased (e.g., in the 

submandibular salivary gland (Jahed 2005), decreased (e.g., in the pineal gland (Lee 1994), or 

unchanged (e.g., in the heart and urinary bladder (Jahed 2005).  Third, in the absence of p75NTR 

expression, the accumulation of retrograde-derived NGF in trkA-positive somata (as identified by 

immunostaining) is markedly depleted, as compared to NGF immunostaining seen in sympathetic 

neurons of wild type mice (Coome 1998; Walsh 1999a, 1999b; Krol 2000).  Parenthetically, there 

is no evidence as to whether the phenotype of ganglionic Schwann cells or satellite cells, which 

are found in immediate proximity to post-ganglionic sympathetic neurons, are affected in 

p75(III)-/- mice.     

 Numerous studies (Lee 1992, 1994; Bamji 1998; Brennan 1999; Kohn 1999; Majdan 

2001), including our own (Coome 1998; Kawaja, 1998; Hannila 1999; Walsh 1999a, 1999b; Krol 

2000; Hannila 2004; Jahed 2005) have used mice with two mutated alleles for p75NTRexonIII to 

assess sympathetic responses to a loss of receptor function.  It is now recognized that these 

mutant mice express a truncated protein product, resulting in the presence of a cleaved 
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intracellular portion of the receptor (von Schack 2001).  In light of this observation, a second line 

of mice was developed that possess two mutated alleles for p75NTRexonIV.  Though no splice 

variants were initially detected in p75(IV)-/- mice, a study by Paul et al. (2004) raised new 

questions as to whether these mice may likewise express a hypomorphic form of p75NTR.   

 Given the availability of the two mutant animal models for p75NTR, we undertook a 

proteomic comparison of the superior cervical ganglia (SCG) from adult p75(III)-/- and p75(IV)-/-  

mice, with the expectation of revealing phenotypic similarities and differences between these 

lines of mice, as compared to age-matched wild type mice.  We chose to examine the SCG 

proteome for two primary reasons.  First, as already mentioned, a wealth of information exists 

regarding the survival and axonal growth of sympathetic neurons in p75(III)-/- mice, thus making 

the SCG an obvious candidate for proteomic investigation.  Second, because the SCG also 

possess non-myelinating Schwann cells and satellite cells, alterations in ganglionic protein levels 

might be attributable to these two populations of p75NTR-expressing glia as well.  In this study 

we conducted 2-dimensional gel electrophoresis of solubilized SCG proteins pooled from age-

matched p75(III)-/-, p75(IV)-/-, and wild type mice, and spot differences between the three groups 

of mice were selected for identification by mass spectrometry.  Changes in ganglionic levels of 

identified proteins were validated by immunoblotting and immunostaining.  This first proteomic 

assessment of the SCG of adult p75(III)-/- and p75(IV)-/- mice reveals several proteins that are 

differentially expressed between these mutant mice and wild type mice, thus demonstrating 

similar phenotypic shifts in two independent lines of p75NTR mutant mice.  Our finding that 

shifts in the expression of tyrosine hydroxylase and Annexin V isoforms in mutant mice may be 

linked to altered NGF signaling events, as a consequence of p75NTR dysfunction, that normally 

regulate the catecholaminergic phenotype and survival of SCG neurons, respectively.  
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4.3 Experimental Procedures 

4.4 Animals 

 Lines of p75(III)-/- mice (with two mutant alleles for p75NTRexonIII, initially maintained 

on the SV129 background; Lee et al., 1992) or p75(IV)-/- mice (with two mutant alleles for 

p75NTRexonIV, initially maintained on the C57Bl/6 background (von Schack 2001) are housed in 

our facilities at Queen’s University.  Prior to the commencement of this study, we generated a 

new line of hybrid SV129 x C57Bl/6 mice.  These served as the control (or wild type, WT).  

These hybrid mice were crossed with p75(III)-/-  and p75(IV)-/- mice to generate heterozygous 

mice. These heterozygous mice were then bred to generate null mutant progeny. These newly 

generated mutant mice were then bred to reestablish the two independent lines p75(III)-/-  and 

p75(IV)-/- mice, now on the SV129 x C57Bl/6 background. This strategy ensured that changes 

detected between the proteomes of mutant and WT mice were most likely due to the absence of 

p75NTR expression, rather than due to differences in genetic backgrounds.  All mice were 

genotyped by polymerase chain reaction.  Briefly, DNA was isolated from ear punches taken 

from 4-week old mice, and then was digested with EcoRI and amplified with the following 

primers: p75NTRexonIII (5’/WT: 5’-GTG TTA CGT TCT CTG ACG TTG TG; 3’/WT: 5’-TCT 

CAT TCG GCG TCA GCC CAG GG; and 3’/Neo: 5’-GAT TCG CAG CGC ATC GCC TT); and 

p75NTRexonIV (5’/WT: 5’–GAT GGA TCA CAA GGT CTA CGC; 3’/WT: 5’–TGT TGG AGG 

ATG AAT TTA GGG; 3’/Neo: 5’-AAG GGG CCA CCA AAG AAC GG).  All mice used in this 

investigation were males between 2-4 months of age.  All animal procedures were carried out to 

minimize animal suffering and were approved by the Queen’s University Animal Care 

Committee, in accordance with the guidelines set forth by the Canadian Council on Animal Care. 
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4.5 Protein isolation 

 Adult WT mice (n=42), p75(III)-/- mice (n=45), and p75(IV)-/- mice (n=48) were deeply 

anesthetized with sodium pentobarbital (32.5 mg/kg) and quickly perfused transcardially with 50 

mL of 0.1M phosphate-buffered saline (pH 7.4) to flush blood from the SCG; omission of this 

step resulted in the neural proteome being overwhelmed by blood proteins, such as albumen and 

immunoglobulins.  Both SCG were removed from each animal, frozen in liquid nitrogen, and 

stored at -80ºC.  All collected ganglia from each genotype were pooled.   Using a glass tissue 

grinder, the three pooled samples of SCG were homogenized on ice in 100 µL of 8M urea, 2M 

thiourea, and 4% (w/v) CHAPS in 15 mM Tris (pH 8.8).  The samples were centrifuged for 15 

minutes at 17,000 x g, and the supernatants were collected and stored at -80ºC. The protein 

concentration of each sample was determined using a 2D Quantification Kit (Amersham 

Biosciences, Baie d’Urfe, QC, Canada).  Protein concentration was validated by overall 

qualitative staining intensity of 2-dimensional gels following silver staining (data not shown).  

4.6 Isoelectric focusing and electrophoresis 

 Ganglionic proteins were reduced in 1% (w/v) DTT for 15 minutes at room temperature.  

Immobilized 24-cm pH gradient (IPG) strip gels (pH range 4-7; Amersham Biosciences) were 

rehydrated overnight with 250 ug of SCG protein diluted to 450 uL in rehydration buffer 

containing 8M urea, 2M thiourea, 4% (w/v) CHAPS, 2% (v/v) HED, and 0.5% ampholytes (pH 

4-7).  Isoelectric focusing was carried out as follows: 250 V for 8 hours, 500V for 1 hour, 1000 V 

for 1 hour, linear ramping to 10 000V over 3 hours, constant 10 000 V for 65 kV hours.   Focused 

IPG strips were stored at –80ºC until used for electrophoresis. 

 For 2-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), 10% acrylamide with Bis-Tris (pH 7.4) was utilized along with MOPS (3-(N-
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morpholino) propanesulfonic acid) in the electrophoresis buffer, following a previously 

established protocol (Graham 2005).  Briefly, IPG strips with resolved proteins were thawed and 

equilibrated twice for 20 minutes in a buffer containing 8M urea, 30 % (w/v) glycerol, and 2% 

SDS in 50 mM Bis-Tris (pH 8.8).  This buffer was first supplemented with 1% (w/v) DTT, and 

next supplemented with 2.5% (w/v) iodoacetamide.  The strips were then individually placed 

directly on top of 2-dimensional gels, and a solution of 0.5% (w/v) low-melt agarose in MOPS 

electrophoresis buffer overlay with a trace of bromophenol blue was used to embed the strips.  

Large format 2-dimensional SDS-PAGE electrophoresis was carried out in a DALT6 apparatus 

(Amersham Biosciences) at 100V at 4°C overnight, until the bromophenol blue reached the 

bottom of the gel.  

4.7 Image analysis 

 Stained 2-D gels were imaged with a UMAX Powerlook2100XL.  Differences in protein 

staining intensities and the presence and absence of corresponding spots were manually 

determined to identify spot of interest before quantitation by software image analysis.  Digitized 8 

bit grey scale images were analyzed by PD-Quest (Biorad).  Spot detection parameters were 

optimized on the wild type gel image and applied to all gel images.  Spot intensities were 

normalized to the total staining intensity within the entire gel image.  Spot outlines were manually 

inspected for all spots of interest to ensure accurate and consistent delineation. Total spot 

intensity for each spot of interest was determined and graphed as a relative abundance compared 

to the intensity in the wild type gel image.  

4.8 Mass Spectrometry 

 Two-dimensional gels were stained with silver according to Shevchenko et al. (1996).  

The stained gels were scanned and dried between cellophane sheets.  Protein spots were manually 
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excised, then robotically rehydrated, destained with an aqueous solution of 15 mM potassium 

ferricyanide and 50 mM sodium thiosulphate.  Clear gel plugs were digested with 6 ng/ml trypsin 

(sequencing Grade-modified trypsin; Promega) for 5 hours at 37°C.  Peptides were extracted 

from the gel plugs in a two-step procedure: first in a solution of 1% formic acid / 2% acetonitrile, 

and second in a solution of 50% acetonitrile.  The extraction solutions were combined and 

evaporated to approximately 10 µl.  Peptides were spotted onto a MALDI target plate on top of a 

dried spot of recrystalized alpha-cyano-4-hydroxy-cinnamic acid matrix and subsequently 

analyzed with a Voyager DE-Pro matrix-assisted laser desorption ionization time of flight mass 

spectrometry mass spectrometer (MALDI-TOF MS; PerSeptive Biosystems, Framingham, MA, 

USA).  Multiple spectra of 200 laser shots were obtained for each sample.  Peptide masses were 

determined using Data Explorer software.  MS spectra were adjusted to baseline, noise filtered, 

externally calibrated to an adjacent spot containing a known 4 peptide mix, and internally 

calibrated to Trypsin I and Trypsin III peaks when available. Peptide masses were manually 

selected to generate a mass list for database searching.  Protein identification by peptide mass 

fingerprinting was conducted with the database search tool MASCOT PMF search engine 

(http://www.matrixscience.com).  A MASCOT score is a probability that an observed match 

between an experimental data set and each sequence database entry is a chance event.   The event 

with the lowest probability is reported as the best match.  By convention, a MASCOT score is 

reported as -10log10(P), where P is the probability.  The score depends on the size of the database 

used, and with a genome sized database a score on the order of 70 or greater is considered 

significant.  Additionally, tryptic fragments assigned by MASCOT to the identified protein were 

than manually matched to the calibrated mass spectrometry spectra to ensure that the masses 

corresponded to major peaks with higher intensities and not minor peaks with small intensities.  
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The majority of peaks above 25% intensity must have been successfully attributed to the 

identified protein or known contaminants (such as trypsin) in order for the identification to be 

considered significant. 

4.9 Immunoblotting  

 For 1-dimensional gel electrophoresis, 10 µg of protein samples isolated from SCGs (as 

measured using the 2D Quant Kit from Amersham Biosciences) were diluted using a 5X reducing 

sample buffer (Pierce), boiled, and then cooled and loaded into the wells.  Proteins were resolved 

in a Protean II apparatus (BioRad, Mississauga, ON, Canada) at 100V.   For immunoblotting, all 

proteins were transferred onto Polyvinylidene fluoride (PVDF) membranes in a solution 

containing 190 mM glycine, 10% methanol, and 0.1% SDS in 25 mM Tris (pH 8.5) at 100V for 1 

hour.  These membranes were then removed from the apparatus and washed in 0.02M Tris 

buffered saline (TBS) with 0.1% Tween-20 and blocked in Western blocking solution (Sigma-

Aldrich, Oakville, ON, Canada) overnight at 4°C before immunoblotting with primary antibodies.  

PVDF membranes containing transferred proteins were first incubated in Western blocker 

solution (Sigma-Aldrich) overnight at 4°C, and then incubated in same blocking solution 

containing one of the following primary antibodies (1:1000 dilutions) for 1.5 h at room 

temperature: 1) Lamin A, a rabbit antibody raised against amino acids 563-664 of human Lamin 

A (Santa Cruz Biotechnologies Inc., Santa Cruz, CA, USA; catalogue number H-102); 2) tyrosine 

hydroxylase, a sheep antibody raised against native tyrosine hydroxylase from rat 

pheochromocytoma (Chemicon International, Temecula, CA, USA; catalogue number AB1542); 

and 3)  Annexin V, a goat antibody raised against recombinant human Annexin V (R & D 

Systems, Minneapolis, MN, USA; catalogue number AF399).  The membranes were washed in 

TBS-T and incubated for 1 hour at room temperature in one of two HRP-conjugated secondary 
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antibodies (1:20,000; BioCan Laboratories, Mississauga, ON, Canada): goat anti-rabbit IgG (for 

detection of Lamin A) or rabbit anti-goat IgG (for detection of tyrosine hydroxylase or Annexin 

V).  The membranes were rinsed in TBS and immunostaining was detected using an enhanced 

chemiluminescence procedure (ECL Western Blotting Detection Reagents; Amersham 

Biosciences), as per the manufacturer’s guidelines.  Control membranes were processed in the 

same manner, excluding incubation with primary antibodies.   

4.10 Tissue preparation and immunodetection procedures 

 Adult WT mice (n=21), p75(III)-/- mice (n=21), and p75(IV)-/- mice (n=21) were deeply 

anesthetized with sodium pentobarbital (32.5 mg/kg) and transcardially perfused with 4% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).  The SCG from each animal were removed 

and stored in 30% phosphate-buffered sucrose for three days at 4ºC.  Though a few ganglia were 

whole-mounted (and viewed under dark-field optics), the remaining ganglia were embedded in 

Shandon Cryomatrix freezing media and frozen in 2-methylbutane at -20ºC.  Sections of the SCG 

were cut at 10-µm thickness using a cryostat and collected on chrome alum-gelatin coated slides.   

 Sections of the SCG were initially treated with 0.3% hydrogen peroxide in 0.1 M TBS 

(pH 7.2) for 1h at room temperature and rinsed.  A stock solution of blocking serum and 0.25% 

TritonX-100 in 0.1 M TBS was used for each of the following steps in the immunohistochemical 

detection of neural antigens.  For one hour at room temperature, all sections were incubated in the 

stock solution containing 10% bovine serum albumin (BSA).  Next, the sections were treated with 

consecutive incubations of avidin and biotin solutions in 3% BSA (Vector Laboratories, 

Burlington, ON, Canada; as per manufacturer’s specifications), and then incubated in a solution 

containing one of the following primary IgGs: Lamin A, tyrosine hydroxylase, or Annexin V (all 

at 1:1000 dilutions).  All sections were incubated for 72 hours at room temperature in one the 
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three primary antibodies: Lamin A, tyrosine hydroxylase, and Annexin V.  The sections were 

then rinsed in a solution of either biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories) 

for the detection of Lamin A or biotinylated rabbit anti-goat IgG (1:200; Vector Laboratories) for 

the detection of tyrosine hydroxylase or Annexin V.  Control sections were processed in the same 

manner, excluding incubation with primary antibodies.  After a 2-hour incubation, the sections 

were rinsed and then incubated in a solution of avidin and biotin for 2 hours (Vector Laboratories; 

as per manufacturer’s specifications).  After rinsing, the sections were reacted in a solution 

containing 0.05% diaminobenzedine tetrahydrochloride, 0.04% nickel chloride, and 0.015% 

hydrogen peroxide in 0.1 M TBS.  The sections were dehydrated through a grade series of 

ethanols, cleared, and coverslipped.  The immunoreaction products were viewed and 

photographed under bright-field optics. 

4.11 Ultrastructure 

 Adult WT mice (n=5), p75(III)-/- mice (n=5), and p75(IV)-/- mice (n=5) were deeply 

anesthetized with sodium pentobarbital (32.5 mg/kg) and transcardially perfused with 2% 

paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4).  The SCG from 

each animal were removed and stored the same fixative for three days at room temperature.  After 

fixation, the ganglia were blocked into smaller 3 mm3 segments and post-fixed overnight in 1% 

phosphate-buffered osmium tetroxide (pH 7.4).  The tissues were then dehydrated through a 

graded series of methanols, cleared with propylene oxide, and embedded in Epon.  Both semi thin 

sections (1 µm thick) and ultrathin sections (70-90 nm thick) were cut using a RMC 

Ultramicrotome.  Semi thin sections were mounted on glass slides and stained with aqueous 1% 

toluidine blue.   
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4.12 Stereology 

 Adult WT mice (n=8), p75(III)-/- mice (n=8), and p75(IV)-/- mice (n=8) were deeply 

anesthetized with sodium pentobarbital (32.5 mg/kg) and transcardially perfused with 4% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).  The left SCG from each animal was 

removed and stored in 30% phosphate-buffered sucrose for at least 3 days at 4°C.  Clusters of 2-3 

ganglia were embedded in blocks of Shandon Cryomatrix freezing media and frozen in 2-

methylbutane at -20ºC.  Sections of the SCG were cut at 50-µm thickness using a cryostat and 

collected on chrome alum-gelatin coated slides.  Each ganglion was oriented randomly (thus 

isotropically) with respect to plane of section prior to embedding and sectioning.  Sections were 

stained with toluidine blue, dehydrated, and coverslipped.  All slides were coded and shipped to 

Dr. Scott’s laboratory for quantitative analyses under observer-blind conditions.  Every other 

section of each SCG was included for stereologic assessment, resulting in 7-13 sections per 

animal.  Due to the necessity of having a complete series of sections for each animal, 8 ganglia 

from WT mice, 5 ganglia from p75(III)-/- mice, and 7 ganglia from p75(IV)-/- mice were selected 

for quantification.  Neurons were identified by the toluidine blue-stained nucleolus (ovoid in 

appearance), which was then used as the counting point for cell number as well as the reference 

point for cell volume measures.  Data were collected using Stereologer software (Stereology 

Associates, Chester, MD, USA), Macintosh platform, Ludl BioPoint motorized stage, MAC 5000 

controller, and a linear z-axis encoder accurate to 50 nm.  A three-level design involving the 

optical fractionator was chosen for stereologic assessment of cell number and volume (µm3).  The 

IUR-based rotator method was employed for examination of cell volume, whereas the Cavalieri 

principle was utilized to ascertain SCG volume.  The average measured tissue section thickness 

was 19.97 µm (representing a 60% loss in the z-axis, with no differences between groups), 
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allowing for a guard height of 2 µm.  With error coefficients averaged 0.08 for cell number, 0.02 

for cell size, and 0.06 for SCG volume, no differences were observed among the three groups of 

mice. 

4.13 RESULTS 

4.14 Proteomic analyses of the SCG 

 Large format (24 x 20cm) 2-dimensional gel electrophoresis (2-DE) of whole tissue 

lysate from mouse SCG resolved approximately 500 distinct spots with isoelectric points between 

pH 4 and 7, and molecular weight between 10 and 250 kDa for each genotype (Figure 1).   
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Figure 1.   A representative image of silver stained 2-dimensional gels resolving the tissue lysate 

from the superior cervical ganglia of wild type mice.  In total, approximately 500 protein spots 

with molecular weight ranging between 10 and 250 kDa, and with isoelectric points between 4 

and 7, were detectable in each of the ganglionic proteomes.  Inset boxes (A-F) highlight those 

protein spots that display consistent changes in expression levels in the ganglionic proteome of 

wild type (WT) mice, in comparison to the ganglionic proteome of p75(III)-/- and p75(IV)-/- mice. 
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Image analysis revealed a number of ganglionic proteins present in different abundance between 

adult WT,  p75(III)-/-, and p75(IV)-/- mice, as observed by variable spot intensities on silver 

stained gels (Figure 2A-F).     
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Figure 2.  The protein spots that displayed consistent changes in expression levels were identified 

by mass spectrometry (see Table 1) as mitofilin (A), Lamin A (B), tyrosine hydroxylase (C), 

Annexin V (D), ubiquitin specific protease 5 (E), and 84 kDa heat shock protein (F).  For each 

identified change (circled spots), the difference in total spot intensity was quantified by PDQuest 

software as a normalized change in p75(III)-/- and p75(IV)-/- mice relative to WT mice (bar 

graph).   
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These differently abundant proteins were identified using MASCOT following MALDI-TOF MS 

(Table 1).   
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Table 1.  Eleven protein spots observed on silver stained 2-DE gels to be differentially expressed 

among wild type, p75(III)-/-, and p75(IV)-/- mice were isolated, and the proteins were 

subsequently identified by MALDI-TOF peptide mass fingerprinting with statistically significant 

MASCOT scores (also included are the corresponding number of peptides observed and sequence 

coverage). 

Box/Spot # 

(see Figure 

1) 

Protein 

Identification 

Name 

Accession 

Number 

MASCOT 

Score 

# Peptides / 

Sequence 

Coverage 

Change 

(relative to  

WT mice) 

A 1 

 

Mitofilin  gi|70608131 119 12 / 17% Decreased in   

p75(IV)-/- 

mice 

A 2 

 

Mitofilin  gi|70608131 99 10 / 13% Increased in    

p75(IV)-/- 

mice 

A 3 

 

Mitofilin  gi|70608131 70 6 / 9% Decreased in   

p75(IV)-/- 

mice 

B 

 

Lamin A, isoform 

A  

gi|15929761 112 12 / 20% decreased in   

p75(III)-/-, 

decreased in 

p75(IV)-/- 

mice 

C 

 

Tyrosine 

hydroxylase  

gi|6678337 66 5 / 8% Decreased in 

p75(III)-/- and 

p75(IV)-/- 



 

139 

 

mice 

D 1 

 

Annexin V  gi|1098603 85 6 / 21% Decreased in 

p75(III)-/- and 

p75(IV)-/- 

mice 

D 2 

 

Annexin V  gi|1098603 98 7 / 26% Decreased in 

p75(IV)-/- 

mice, slightly 

increased in 

p75(III)-/- mice 

D 3 Annexin V  gi|1098603 96 7 / 22% Increased in 

p75(III)-/- and 

p75(IV)-/- mice  

E 1 

 

Ubiquitin specific 

protease 5  

gi|45219891 77 7 / 11% Decreased in 

p75(IV)-/- 

mice 

E 2 

 

Ubiquitin specific 

protease 5  

gi|45219891 124 13 / 20% Decreased in 

p75(IV)-/- 

mice 

F 

 

84 kDa Heat shock 

protein 

gi|91234898 94 11 / 17% Decreased in 

p75(IV)-/- mice 
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The large format isoelectric focusing allowed the clear resolution of subtle charge differences as 

well. For example, mitofilin (an inner mitochondrial membrane protein that is critical for 

mitochondrial cristae morphology, as well as for mitochondrial function and cell survival 

(Gieffers 1997; John 2005), was observed as 3 distinct protein species (Figure 2A).  Mass 

spectrometry identified mitofilin  with statistically significant MASCOT scores (Table 1).  In the 

ganglionic proteome of p75(IV)-/- mice (as compared to that of the ganglionic proteomes of WT 

and p75(III)-/- mice), mitofilin was increased in abundance in a form with more basic charge by 

5.0 fold and decreased in the other two more acidic forms to 0.18 and 0.17 fold, respectively 

(Figure 2A).  Though mitochondrial mitofilin has recently been implicated in neuronal responses 

to injury (Wishart 2007), it remains uncertain as to whether this basic isoelectric shift of mitofilin 

(as a consequence of an unknown modification) negatively affects mitochondrial function in the 

ganglia of p75(IV)-/- mice.  Our ultrastructural examination (under observer blind conditions) of 

the ganglia from all three mouse genotypes revealed no obvious morphological defects in the 

mitochondria of sympathetic neurons (data not shown).       

 In addition to isoelectric changes, differences in ganglionic protein abundance were also 

observed among the three mouse strains.  For example, spot intensities for Lamin A (i.e., the 

more acidic of the two spots labeled with circles in Figure 2B) displayed a significant decrease to 

background staining in the ganglionic proteome of p75(IV)-/- mice, as compared to that in the 

ganglionic proteome of WT and p75(III)-/- mice.  This dramatic decrease in the acidic spot of 

Lamin A occurred while the larger and more abundant basic spot remained between 1.2 and 0.8 

fold of wild type levels in both transgenic ganglia.  Mass spectrometry identified Lamin A (one of 

several related intermediate filament-type proteins that form a fibrous layer on the nucleoplasmic 

side of the inner nuclear envelop (Gotzmann 2006) with statistically significant MASCOT scores 
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(Table 1).  Since lamins provide a framework to the nuclear envelope and may interact with 

chromatin, it is not unexpected that levels of these proteins change in several tissues during cell 

differentiation (Wilson 2000).  There remains, however, little direct evidence that fluctuations in 

lamin expression occur during neuronal differentiation.  Ultrastructural examination (under 

observer blind conditions) yielded no visible defects seen in the nuclear envelope of sympathetic 

neurons from p75NTR mutant mice, as compared to those in WT mice (data not shown). 

 Catecholaminergic neurons, such as post-ganglionic sympathetic neurons of the SCG, 

express tyrosine hydroxylase, the rate-limiting enzyme responsible for catalyzing the conversion 

of the amino acid L-tyrosine to dihydroxyphenylalanine.  In the SCG proteome of mice, two 

protein spots were identified by mass spectrometry as tyrosine hydroxylase with statistically 

significant MASCOT scores (Table 1).  Both protein spots were similar in molecular weight, 

differing only slightly in charge (see two circles in Figure 2C).  In the ganglionic proteome of 

p75(III)-/- mice there was a detectable decrease in the more basic form of tyrosine hydroxylase to 

0.12 fold wild type levels, and in the ganglionic proteome of p75(IV)-/- mice there was a further 

decrease in the basic form to near non-observable levels by silver staining (both as compared to 

the ganglionic proteome of WT mice).   

 Annexin V was identified in three spots by mass spectrometry with statistically 

significant MASCOT scores (Table 1).  Two of the three spots, however, were differentially 

expressed among the three genotypes of mice (see spots labeled 1-3 in Figure 2D).  The acidic 

and middle spots were prominent in the ganglionic proteome of WT mice, whereas the middle 

and basic spots were prominent in the two lines of p75NTR mutant mice.  In addition, the overall 

combined staining intensity of Annexin V spots was increased in the transgenic proteomes.  

Annexin V binds with high affinity to phosphatidylserine, a phospholipid that undergoes 
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translocation in the early stages of apoptosis when cell membrane integrity is still intact (Allen 

1997; Reutelingsperger 1997).  These changes in the dominant forms of Annexin V suggest that 

the survival of sympathetic neurons may be affected in p75(III)-/- and p75(IV)-/- mice; this issue 

was addressed in our study (see Stereological assessment of ganglionic neurons).   

Ubiquitin specific protease 5, which has been implicated in regulating mammalian synaptic 

activity (Wilson 2002), was identified in two spot clusters, one of which has a slightly more basic 

charge and a smaller molecular weight than the other (see two circles in Figure 2E).  Mass 

spectrometry identified ubiquitin specific protease 5 with statistically significant MASCOT 

scores (Table 1).  Both spots clusters for this enzyme decreased in the ganglionic proteome of 

p75(IV)-/- mice to 0.21 for spot 1 and 0.50 fold for spot 2, as compared to the ganglionic 

proteomes of WT mice.  Similarly, a decrease to 0.21 in spot intensity was seen for heat shock 

protein 84 kDa, a ubiquitous heat shock inducible protein that displays two-fold high constitutive 

levels at normal physiological temperatures than related proteins (Dale 1996).  That is, the 

ganglionic proteome of  p75(IV)-/- mice possessed lower levels of this heat shock protein, as 

compared to the ganglionic proteomes of both WT and p75(III)-/- mice (see circle in Figure 2F).  

Mass spectrometry identified heat shock protein 84 kDa with statistically significant MASCOT 

scores (Table 1).  

 Another 6 protein spots were observed on silver stained gels that displayed differential 

levels of expression among the ganglionic proteomes of WT and p75NTR-deficient mice.  The 

identities of the proteins could not, however, be determined due to low abundance.    

4.15 Validation of proteomic identification 

 In Figures 1 and 2, changes in spot intensities and possible post-translational charge 

modifications for six proteins (revealed by 2-DE followed by silver staining) were documented in 
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the ganglionic proteomes of WT, p75(III)-/-, and p75(IV)-/- mice.  Identifications of these proteins 

were made by mass spectrometry.  Using commercially available antibodies against Lamin A, 

tyrosine hydroxylase, and Annexin V, immunoblotting of the solubilized ganglionic proteins 

resolved by 2-DE and 1-dimensional gel electrophoresis (1-DE) was conducted (Figure 3).   
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Figure 3.  Immunoblotting following 2-dimensional gel electrophoresis (2-DE) and 1-

dimensional gel electrophoresis (1-DE) were used to validate the observations of protein level 

changes, as detected on the silver stained 2-dimensional gels.  In the ganglionic proteome of 

p75(IV)-/- mice, immunoblotting following 2- DE confirm a decrease in the acidic form of Lamin 

A (A), a decrease in the acidic form of tyrosine hydroxylase (C), and a decrease in the acidic 

form of Annexin V with an increase in the basic form (E), all in comparison to the ganglionic 

proteome of WT mice.  Though immunoblotting following 1-DE does not reveal changes in 

ganglionic levels of Lamin A (B) and Annexin V (E) among the three groups of mice, a modest 

decrease in levels of  tyrosine hydroxylase is seen in p75(III)-/- and p75(IV)-/- mice, in comparison 

to WT mice (D).   
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For Lamin A, 2-DE followed by immunoblotting confirmed the observation that an acidic form of 

this nuclear envelope protein (seen in ganglionic proteome of WT mice) was markedly decreased 

in the ganglionic proteomes of both p75(III)-/- and p75(IV)-/- mice (compare Figures 2B and 3A).  

The basic form of Lamin A, however, persisted at comparable levels in all three proteomes, as 

seen on both 2-DE followed by silver staining and 2-DE followed by immunoblotting.  Though 1-

DE followed by immunoblotting with anti-Lamin A IgG yielded no overall differences in protein 

levels, this observation may likely be due to unchanged levels of the basic (and more abundant) 

form of Lamin A (Figure 3B).  On 2-DE followed by silver staining, a pronounced decrease was 

detected in the more basic form of tyrosine hydroxylase in the ganglionic proteomes of both lines 

of p75NTR mutant mice (see Figure 2C).  This result was confirmed by 2-DE followed by 

immunoblotting with anti-tyrosine hydroxylase IgG, such that levels of the basic form of this 

enzyme were decreased in ganglionic proteome of p75(III) -/- and p75(IV)-/- mice, as compared to 

the ganglionic proteome of WT mice (Figure 3C).  By 1-DE followed by immunoblotting, modest 

decreases in ganglionic levels of tyrosine hydroxylase were consistently observed in the two lines 

of p75NTR mutant mice (Figure 3D).  Annexin V, detected by 2-DE followed by silver staining, 

was seen as three spots ranging from acidic to basic charges in the ganglionic proteome of WT 

mice (see Figure 2D).  The ganglionic proteomes of both p75(III)-/- and p75(IV)-/- mice displayed 

a marked decrease in the acidic form of Annexin V and marked increase in the basic form of 

Annexin V (as compared to WT mice).  This was demonstrable with 2-DE followed by silver 

staining and 2-DE followed by immunoblotting with anti-Annexin V IgG (compare Figures 2D 

and 3E).  On 1-DE followed by immunoblotting, no overall differences in ganglionic levels were 

detected for Annexin V among the lines of mice (Figure 3F), which is likely due to coincident 
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increases in the basic form as the acidic form decreases in p75(III)-/- and p75(IV)-/-mice, relative 

to WT mice.   

 Immunostaining for Lamin A, tyrosine hydroxylase, and Annexin V was also conducted 

in the mouse SCG to assess the neuronal and/or non-neuronal distribution of each of these 

proteins (Figure 4).   
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Figure 4.  Immunostaining for Lamin A, tyrosine hydroxylase, and Annexin V in the superior 

cervical ganglia of adult wild type (WT), p75(III)-/-, and p75(IV)-/- mice.  Immunoreactivity for 

Lamin A is predominantly localized to the nuclear membranes of sympathetic neurons, whereas 

immunoreactivity for tyrosine hydroxylase is localized to the somata and proximal dendrites of 

sympathetic neurons.  Immunoreactivity for Annexin V is localized throughout the ganglionic 

neuropil.  No differences in the intensity of immunostaining or in the patterns of cellular 

localization are detected in the SCG of these groups of mice.  Scale bar = 100 µm.      
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In the SCG of WT mice, immunostaining for Lamin A revealed prominent localization to the 

nuclear envelope of sympathetic neurons only; the nuclei of other cellular elements in these 

ganglia, including Schwann cells, satellite cells, fibroblasts, endothelial cells, and smooth muscle 

cells, lacked such distinct immunolabeling.  Tyrosine hydroxylase immunostaining, as expected, 

was localized exclusively to the somata and proximal dendrites of sympathetic neurons.  

Immunostaining for Annexin V in the SCG of WT mice revealed a ubiquitous pattern of staining 

throughout the ganglionic neuropil, with no clear distinct between neuronal and non-neuronal 

elements.  Under observer-blinded conditions, no discernible differences were detected in the 

patterns or intensities of immunostaining for Lamin A, tyrosine hydroxylase, and Annexin V 

among the SCG isolated from age-matched WT, p75(III)-/-, and p75(IV)-/- mice.           

4.16 Stereological assessment of ganglionic neurons  

 Fixed SCG were isolated from adult mice after transcardial perfusion with 

paraformaldehyde.  It was readily apparent that the ganglia of p75(III)-/- and p75(IV)-/- mice were 

larger than those from age-matched WT mice (Figure 5).   
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Figure 5.  Representative whole-mounted superior cervical ganglia from age-matched wild type 

(left), p75(III)-/- (middle), and p75(IV)-/- (right) mice.  Viewed under dark-field optics, the ganglia 

from both lines of null mutant mice are clearly larger, in comparison to those from their wild type 

counterparts.  Scale bar = 1 mm.   
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Moreover, while the SCG of WT mice appeared as a discrete ganglia at the top of the sympathetic 

chain, the ganglia of p75(III)-/- and p75(IV)-/- mice appeared hypertrophied as it extended into the 

sympathetic chain (and possibly merging with the more inferior ganglia).  Using observer-blind 

stereological methods, several features of these enlarged ganglia of the p75NTR-deficient mice 

were quantified and compared to similar measures in the SCG of WT mice.  The mean neuronal 

number in WT mice was ~2,100 per ganglion, while the average neuronal number among both 

lines of p75NTR mutant mice was ~ 5,300 per ganglion (Fig 6A).   
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Figure 6.  Box plots comparing murine groups regarding total number of Nissl-stained neurons in 

the superior cervical ganglia (SCG) (A), neuronal packing density (number/mm3) (B), neuronal 

volume (m3) (C), volume of the ganglion (mm3) (D), and the percentage of SCG volume 

occupied by neuronal somata (E).  Lines within boxes represent the median (P50) whereas upper 

and lower box limits represent P75 and P25 respectively (black dots represent values outside the P90 

– P10 range).  Owing to small sample size and potential violation of parametric assumptions, 

distribution-free analyses were performed.  The Kruskal-Wallis statistic revealed an effect of 

group on total cell number (A; P = 0.0388).  Subsequent Mann-Whitney U comparisons indicated 

pair wise differences between WT and p75(III)-/- mice (P = 0.0404), as well as between WT and 

p75(IV)-/- mice (P = 0.0279).  There was a similar group effect on packing density (B; P = 

0.0371), which did not reach significance in terms of WT vs. p75(III)-/- mice (P = 0.057), but did 

so with respect to WT vs. p75(IV)-/- mice (P = 0.026).  Overall there was no effect on cell volume 

(C; P = 0.0946), although one post-hoc comparison was close in this assessment (WT vs. 

p75(III)-/- mice; P = 0.057).  There were no effects on SCG volume (D).  Likewise, there was no 

overall effect on neuron fraction (E; P = 0.0912), despite a marginal group difference between 

WT and p75(IV)-/- mice (P = 0.0491). 
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These data show that WT mice lost ~ 60% of these neurons through normal postnatal 

development.  Nonparametric analyses indicated that ganglia from WT mice had statistically 

significant fewer neurons than p75(III)-/- and p75(IV)-/- mice, while any difference between 

mutant strains was not statistically significant (Figure 6A).  These findings were congruent with 

packing density estimates (Fig. 6B), which were lower in the ganglia of WT mice, relative to the 

p75(III)-/- and p75(IV)-/- mice.  Mean cell volumes tended to be larger in WT mice, though 

without convincing statistical support (Fig. 6C).  Neither volume of the SCG (Fig. 6D) nor 

neuron fraction (percentage of total volume occupied by SCG cells) was affected appreciably by 

genotype.  

4.17 Discussion 

 In the present investigation we used proteomic technology to discover possible 

phenotypic consequences of a loss of functional p75NTR expression in the sympathetic ganglia 

of mutant mice, and to determine whether two distinct lines of p75NTR-deficient mice display 

comparable patterns of phenotypic alterations in the neuronal and/or glial populations that reside 

in this autonomic ganglion.  By 2-DE, the proteome of the murine SCG in the 4-7 pH range yields 

approximately 500 distinct spots, as visualized by silver staining.  Given the limitation of silver 

staining to adequately resolve proteins in low abundance, this number is certainly an 

underestimation of what could be achieved with more sensitive dyes (Lopez 2000).  Nonetheless, 

this first glimpse into the neural proteome of the mammalian sympathetic ganglia provides a 

unique assessment of proteins ranging in molecular weights from 10 to 250 kDa.   

 An important element of this proteomic approach is the ability to undertake direct 

comparisons between the ganglionic phenotypes of WT mice and those of p75NTR-deficient 

mice.  In this study, we used two lines of mice having either two mutated alleles for p75NTRexonIII   
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(p75(III)-/- mice (Lee 1992) or two mutated alleles for p75NTRexonIV  (p75(IV)-/- mice (von Schack 

2001).  Though these two genotypes, developed nearly a decade apart, have different targeted 

sites of mutation in the p75NTR gene, they display many similar anatomical, physical, and 

motoric deficits.  These include a profound loss of sensory ganglionic neurons, a reduction in 

sciatic nerve cross-sectional area, smaller post-natal weights, and an abnormal waddling gait.  

Another shared feature is the expression of smaller p75NTR splice variants, which are unlikely to 

mediate specific neurotrophin binding.  While the functional consequence of this hypomorphic 

expression requires further examination, it does appear that p75(III)-/- and p75(IV)-/- mice have 

similar neurochemical, structural, and behavioral deficiencies as a result of p75NTR dysfunction.     

 Having said this, there is a great disparity in our breadth of knowledge concerning the 

neural phenotypes of these two lines of p75NTR-deficient mice.  While numerous studies have 

provided a broad description of the neuronal and glial defects in p75(III)-/- mice, comparatively 

fewer studies have examined the more recently generated p75(IV)-/- mice.  In spite of this fact, we 

attempted to determine whether the ganglionic proteomes of these two lines of mutant mice 

display similar neurochemical alterations.  We postulated that proteomic technology can provide 

an in-depth assessment of possible phenotypic features of the murine SCG.  The sympathetic 

ganglion was chosen for study because this neural structure possesses three populations of 

p75NTR-expressing cells: sympathetic neurons, non-myelinated Schwann cells, and satellite 

cells.  Detectable protein shifts among p75NTR-deficient and WT mice by 2-DE are then 

validated by immunostaining.  

 After careful comparison of the ganglionic proteome of WT mice and of p75(III)-/- and 

p75(IV)-/- mice (as resolved by silver stain), clear and reproducible changes in the spot intensities 

and/or in the presence of isoforms are detected in twelve proteins.  Six of these proteins were 
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identified by mass spectrometry as being mitofilin, Lamin A, tyrosine hydroxylase, Annexin V, 

ubiquitin specific protease 5, and 84 kDa heat shock protein; the remaining six could not be 

identified due to insufficient protein yield for accurate determination.  These results, in addition 

to the immunostaining data, yield several interesting features.  First, despite the presence of 

nearly 500 distinct spots in the murine ganglionic proteome, only twelve protein spots (<3%) 

display different patterns among the three mouse genotypes, and of those identified only Lamin 

A, tyrosine hydroxylase, and Annexin V show differences when comparing the ganglionic 

proteome of WT mice to those of both p75(III)-/- and p75(IV)-/- mice.  While this observation 

suggests that a loss of p75NTR function has no great affect on the neural phenotype (at least in 

the SCG) of adult mice, these few differences are consistent and demonstrable on both 2-DE 

silver stained gels and 2-DE immunostained gels.  Second, neither immunostaining of 1-DE gels 

or of ganglionic sections yields data that corroborate possible protein changes, including 

alterations in proteins levels or sites of cellular localization.  Since Lamin A, tyrosine 

hydroxylase, and Annexin V each exists in multiple isoforms in the ganglionic proteome, it seems 

quite plausible that changes in these proteins (as detected by 2-DE) may not be resolvable by 

other methods (including immunostaining of 1-DE gels and ganglionic sections) due to 

compensatory shifts among the different isoforms of each protein.  Third, while the SCG possess 

three populations of p75NTR-expressing cells, alterations in Lamin A and tyrosine hydroxylase 

(as detected by 2-DE) likely involve only the sympathetic neurons, which stain positively for both 

proteins.  Finally, changes in spot intensities for the three remaining proteins, namely mitofilin, 

ubiquitin-specific protease 5 and 84 kDa heat shock protein, suggest that the ganglionic 

proteomes of p75(III)-/- and p75(IV)-/- mice are distinct from each other.   
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 Of the six proteins that display shifts in ganglionic levels among wild type and p75NTR-

deficient mice, sympathetic expression of tyrosine hydroxylase and its mRNA are known to be 

regulated by the availability of NGF (Otten 1977; Max 1978; Miller 1991, Toma 1997).  

Sympathetic axons acquire NGF from peripheral tissues, where innervating terminals bind target-

derived NGF to trkA.  This high-affinity binding signals intracellular messages that are 

transmitted to the cell body.  The NGF-trkA complex is internalized and this signaling endosome 

is retrogradely transported to the cell body as well (Grimes 1996; Zapf-Colby 1998; Ye 2003).  

While there are conflicting data as to the role of p75NTR on the distal axons for NGF binding, 

internalization, and retrograde transport (see Curtis 1995; Cowen 2003), it is generally agreed that 

the presence of p75NTR increases trkA affinity binding for NGF (Hempstead 1990, 1991; 

Battleman 1993; Barker 1994; Hantzopoulos 1994).  The absence of functional p75NTR 

expression in mutant mice may, therefore, affect the degree to which intracellular signals, 

activated by NGF, regulate the downstream neuronal synthesis of tyrosine hydroxylase.  While it 

is uncertain whether the loss of p75NTR reduces trkA binding to target-derived NGF on distal 

axons in vivo, it is plausible that diminished ganglionic levels of the basic isoform of tyrosine 

hydroxylase in both p75(III)-/- and p75(IV)-/- mice are affected by altered NGF signaling.  These 

results provide direct evidence that these two independent lines of p75NTR-deficient mice exhibit 

comparable shifts in the expression of tyrosine hydroxylase, an enzyme regulated by the 

availability of NGF and its activation of intracellular signals after trkA binding.                

 While further investigations are required to determine whether protein shifts (detected by 

2-DE) have any consequences on the functional features of sympathetic neurons and/or glia in the 

SCG, changes in the relative abundance of different isoforms for Annexin V in the ganglionic 

proteome of adult mice may be linked to one important defect that occurs in an absence of 
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p75NTR.  It has been previously reported that p75(III) -/- mice display a significant enhancement 

in the number of sympathetic neurons that survive a period of neonatal cell death (Bamji 1998; 

Majdan 2001).  It was postulated that the absence of functional p75NTR expression abrogates this 

normal loss of excess neurons produced before birth.  Using unbiased stereological methods in 

this study, we have determined that p75(III)-/- and p75(IV)-/- mice both possess a substantial 

increase in the number and packing density of sympathetic neurons (as compared to age-matched 

WT mice), which leads to the appearance of enlarged ganglia.  These comparable alterations in 

the morphological features of the sympathetic ganglia provide yet further evidence of the 

similarities between these two distinct lines of mutant mice.  

 What role might Annexin V play in this enhancement of sympathetic neuron numbers in 

the SCG of p75NTR deficient mice?  Annexin V binds with high affinity to phosphatidylserine, a 

phospholipid that undergoes translocation in the early stages of apoptosis when cell membrane 

integrity is still intact (Allen 1997; Reutelingsperger 1997).  The sensitivity and specificity with 

which Annexin V binds phosphatidylserine has been exploited as a quantitative means of 

measuring of early apoptosis through the probing of cells with exogenous Annexin V.  As for 

endogenous Annexin V, it has been linked to delaying apoptosis by buffering the increase of 

intracellular Ca2+ and enhancing membrane permeability to Ca2+ (Gidon-Feangirand 1999a,b).  

For sympathetic neurons, p75NTR-mediated apoptosis occurs just after birth (Banji 1998; Majdan 

2001).  In the ganglionic proteome of adult p75 (III) -/- and p75(IV)-/- mice, Annexin V was 

observed with a different isoelectric point, as compared to that seen in the ganglionic proteome of 

WT mice.  This shift may be reflective of a difference in the functioning of Annexin V that 

occurs during neonatal apoptosis.  Annexin V has 5 sites of potential posttranslational 

modification by phosphorylation, which may alter its biological function. While an overall 
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expression change of Annexin V was not observed, the shift in apparent isoelectric point is 

suggestive of a possible change in phosphorylation state in the mutant mice.  Determining the 

precise mechanism by which Annexin V is linked to increased neuronal survival in the SCG of 

p75NTR-deficient mice, as well as the precise identification of the posttranslational modification 

resulting in the basic isoelectric point shift, will require further investigation. 
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Chapter 5 

Discussion 

 

5.1 2 Limitations of the SHR + WKY as a model of human essential hypertension 

 The SHR is the most widely used animal model of human essential hypertension (Pinto, 

1993). As detailed in Chapter 1 there are several similarities between the SHR and human 

essential hypertension which make it a suitable animal model of the human disease. With any 

model, there are limitations. The general procedure that was used to create a homozygous strain 

of hypertensive rat was the selection and mating a few founders from within a population of non 

inbred rats that have higher BP and to perform brother-sister matings.  As a general guideline, by 

20 generations they will be homozygous at >99% of their genetic loci and be highly isogenetic 

(Kurtz, 1994). The SHR was developed by selective breeding of Wistar rats by Okamoto and 

Aoki starting in 1963 (Okamoto, 1963). They started with a male from a non  inbred colony with 

naturally higher blood pressure of 150-170 mm Hg and bred to a female with slightly elevated 

pressure of 130-140 mm Hg and continued with brother sister matings to establish a hypertensive 

phenotype (Louis, 1990). Higher final BP was established quickly in very early generations and 

subsequent generations advanced the age of onset of hypertension to a younger age (Louis, 1990).  

The strain was established as an inbred strain at the Kyoto University in 1969 but had already 

been distributed to the National Institutes of Health in the US at the 13th generation and others as 

early as the 6th generation before becoming fully inbred by the guideline of 20 generations 

(Yamori, 1994). This has resulted in the potential for genetic variability in the SHR depending on 

the source of the strain (Schedl, 1988; Yamori, 1984, Matsumoto, 1991). For example, plasma 
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renin activity in SHR has been reported to be increased, decreased, or equal compared to WKY 

(Kurts, 1994). There are a number of substrains that have been developed from the SHR, 

including stroke-resistant rats (SHRSR), stroke prone rats (SHRSP), arteriolipidosis prone rats 

(ALR), myocardial ischemic rats (MIR), malignant SHRSP (MSHRSP), and hypertotal 

cholesterolaemic rats (Hyper T-C), spontaneously thrombogenic rats (STR) (Yamori, 1994). 

Their development from within the SHR strain also indicates significant variability within the 

gene pool of the SHR itself.    

 The rate at which hypertension develops consistently in the subsequent generations 

within a developing strain is hypothesized to reflect the number of genes responsible for the 

phenotypic change (Kurts, 1994). In contrast to other rat models of hypertension, such as the 

Lyon hypertensive rat and others, the hypertensive phenotype was fixed in the SHR after just a 

few generations of selective breeding suggesting a selection for a few alleles with a strong 

influence in BP (Kurts, 1994). Weather this or a more gradual selection of the hypertensive 

phenotype is more appropriate as a model of human essential hypertension has not been 

concluded.  

 There are also questions relating to the appropriateness of the control strain used as a 

normotensive control. The control strain that is most widely used for a control in experiments 

with SHR is the WKY. 66 rats from the original non inbred Wistar colony were selected to start 

the WKY strain. Hypertension is naturally occurring in this group of animals, as the SHR was 

developed from it, and other hypertensive strains were developed before the  SHR (Louis, 1990). 

The rate of hypertension within this group ranges from 16% to 26%, female to male respectively 

(Louis, 1990). This strain was not developed from the normotensive siblings of the initial 

breeding performed to produce the SHR but rather from within the genetically diverse non inbred 
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colony from which they both were derived and were maintained initially as an outbred colony for 

up to 10 years after the selection for the SHR strain (Kurts, 1994). Similar to the distribution of 

SHR, breeding stock of WKY were distributed before they were fully inbred as early as the 10th 

generation and as a consequence there are multiple colonies of genetically and phenotypically 

different WKY strains (Kurts, 1994; 1987). The genetic hertogeneity of the WKY appears to be 

even greater than that of the SHR (Kurts, 1989; Nabika, 1991).  Some colonies of WKY are 

maintained without inbreeding and the phenotypic characteristics of such a colony will change 

over time due to genetic drift (Kurts, 1989). There are two distinct colonies of WKY rats 

currently commercially available, WKY from Kyoto and WKY from NIH, which are genetically 

different as the WKY-NIH strain was established from non-inbred founders, and they distributed 

them to other commercial vendors, such as Charles River, at the 10th generation, again before the 

guideline of 20 generations required for isogeneity (Louis, 1990).   

 Reflecting the diversity on genes of which the SHR and WKY stains were developed, it 

has been demonstrated that there are differences in approximately 40-50% of genetic loci 

between the two strains and when regarding in light of the few generations used to select for the 

hypertensive phenotype it is unlikely that the majority of these genetic differences are involved in 

differences in BP and are rather reflective of the genetic diversity of the initial gene pool (Kurts, 

1994).  

 There are significant similarities between hypertension that is developed is the SHR and 

human essential hypertension and also a number of differences (table 1).  
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Table 1. A comparison of the phenotypic similarities and differences between human essential 

hypertension and the SHR model (Frohlich, 1986). 

 

Similarities Differences 

Unknown specific etiology Obesity not a feature of SHR 

Genetically predisposed No facilitation of atherosclerosis in SHR 

Altered Na
+
 transport and sensitivity Different effect of prostaglandins 

Haemodynamic progression  

Similar response to treatment  

Neural progression  

Venus constriction  

Not volume expanded  

  

The three major pathological complications of hypertension on the heart (left ventricular 

hypertrophy), kidney (nephrosclerosis), and brain (stroke) all occur in the SHR, or in the 

substrain SHRSP, without salt loading, as is required in other rat models where they occur less 

frequently (Yamori, 1994). A major difference however, is that classical atheroma do not develop 

in the SHR as in other rat models and in human essential hypertension (Frohlich, 1986). SHR 

usually weighs less than WKY, whereas the clinical population with essential hypertension tend 

to be heavier (Trippodo, 1981). It has also been suggested that the salt sensitivity of the Dahl rat 

model is more suitable due to the interaction of an external factor with a susceptible genotype, 

which is thought to resemble the effects of dietary salt on the genesis of human hypertension 

(Trippodo, 1981). Prostaglandins function differently in rat and man in that the blood pressure- 

lowering mechanism involving renal prostaglandins in human essential hypertension are 
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antihypertensive through renal blood vessel dilation, in the rat they may contribute to elevation of 

blood pressure by vessel constriction (Trippodo, 1981). 

 Treatment outcomes in human essential hypertension and animal models are not always 

comparable. Renin–angiotensin system blockade with inhibitors of the angiotensin II-converting 

enzyme (ACEI) or with angiotensin II receptor blockers (ARB) has a significant but relatively 

minor influence in the treatment of human essential hypertension while frequently these agents 

completely normalizes the blood pressure in SHR because of the influence of local RAS systems 

in the SHR is considered far more important than the classical circulating RAS (Saavedra, 2009). 

 In spite of these differences the SHR is the most widely used model of human essential 

hypertension due to its numerous physiological similarities and early and extensive 

dissemination. 

5.2 Limitations of utilizing two dimensional gel electrophoresis for proteomic 

analysis? 

 Proteins are the functional units of living organisms.  From structure, transport, and 

movement, to signaling, interaction, and catalytic activity, proteins perform most cellular 

activities. DNA is the blueprint to what is possible, and RNA is the translator from genetic code 

to nascent protein. However, adding a level of complexity, proteins are post translationally 

modified by hundreds of potential modifications before making up the proteome of a cell or 

tissue.  It is because of these modifications that study of biological processes at the protein level, 

rather than DNA or RNA, is important for a full understanding of cell biology.  The term 

proteomics, the study of all the proteins expressed by a cell or tissue at a given time under 

specific circumstances, was first coined by Dr. Mark Wilkins in 1996 (Wilkins, 1996), however, 

the classical technology used for proteome analysis, two dimensional gel electrophoresis (2DE), 
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was invented two decades earlier by O’Farrell (O’Farrell, 1975). He was able to resolve and 

detect approximately 1100 different proteins from lysed Escherichia coli cells on a single 2D 

map.  Two-dimensional maps could be prepared by using virtually any combination of methods, 

but the one that is used in the vast majority of experiments is the combination of isoelectric 

focusing (IEF) under denatured conditions as the first dimension, resolving proteins based on 

charge, and orthogonally using sodium dodecyl sulfate poly acrylamide gel electrophoresis (SDS-

PAGE) to resolve proteins according to apparent molecular weight.  With the advances over the 

past 3 decades, including immobilized pH gradients (IPG), the sequencing of many genomes and 

advances in mass spectrometry to facilitate protein identification, 2DE is clearly a power tool for 

the analysis of thousands of proteins from a biological sample.  Despite its great resolving power 

2DE has limitations at virtually every step in the process from sample preparation for 2DE, to the 

identification of proteins from 2 dimensional gels.  

 Successful sample preparation for 2-DE requires the conversion of the native sample into 

a suitable physicochemical state for first dimension IEF while preserving the native charge and 

molecular weight of the constituent proteins. In many cases this means that the proteins of the 

sample need to be solubilised, disaggregated, denatured and reduced. Solubilisation while 

maintaining the native charge of the protein can be difficult. Perhaps the most powerful 

solubilising agent for proteins is sodium dodecyl sulfate (SDS), however because it coats proteins 

in negative charge it should not be present during IEF.  The classes of proteins most affected by 

the exclusion of SDS are membrane proteins and other hydrophobic proteins, which are 

underrepresented in 2D maps (Santoni, 2000).  Membrane proteins are designed to have at least a 

portion positioned between a lipid bilayer, and as the proportion of integral membrane segments 

increases it becomes increasingly difficult to solubilise in aqueous solution.  Detergents are 
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included in proteomic solubilisation buffer to mimic the lipid environment; however the detergent 

must be uncharged or have no net charge so that IEF can resolve proteins according to their true 

isoelectric point.  Considerable work has been devoted into the development and testing of 

various detergents with a long hydrophobic tails to interact with the hydrophobic portion of the 

protein, and various polar head groups to interact with the aqueous environment to facilitate 

solubilisation (Rabilloud, 2007; 1999, Luche, 2003, McDonald, 2003).  Although advances have 

been made in getting membrane proteins to appear in 2D gels, each detergent has a different 

ability to solubilise different membrane proteins, and none is universally applicable and therefore 

a different proteome expression will be observed using each detergent.    

2DE can be quantitative if the extraction and solubilisation is complete. With membrane proteins 

the extraction and solubilisation is incomplete, resulting in a non-quantitative analysis of this 

class of proteins and often having them not present in the analysis at all. Membrane proteins are 

perhaps best analysed by different proteomic technologies (McDonald, 2003; 2006).     

 A major hurdle to the goal of resolving the entire proteome in a single 2D gel is the 

dynamic range of protein expression.  The practice range of analysis by 2DE is at best 104 

(Rabilloud, 2002) and the range of expression in a cell can exceed 106. For example, actin can be 

present at 108 molecules per cell and some receptors and transcription factors can be present 

around one hundred copies per cell (Rabilloud, 2002). Serum is an attractive sample for 

proteomic analysis for the search for human biomarkers of disease due to its ease of sample 

collection, unfortunately it is perhaps the best example of an overwhelming dynamic range, from 

albumin at 40 mg/mL to cytokines at pg/mL (109 dynamic range) (Rabiloud, 2002). This 

limitation results in the vast majority of low abundant proteins, usually the more interesting 

regulatory proteins, virtually undetected by traditional 2DE while the protein map is dominated 
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by structural and housekeeping proteins.  In a very in-depth 2DE analysis of yeast proteins, 1500 

proteins were identified in a very narrow pH range (4.9-5.7). Unfortunately, proteins with a codon 

bias <0.1 were not observed despite the fact that one half of all yeast genes fall below this value 

(Gygi, 2000). This problem can be tackled by dividing a sample into smaller more manageable 

subproteomes by fractionation, such as purification of a particular subcellular compartment (for 

example mitochondria, nucleus, endoplasmic reticulum) or fractionation based on sequential 

solubility (for example a mild neutral pH buffer extraction, followed by a non-ionic detergent 

extraction, followed by a zwitterionic detergent extraction).  These methods reduce the limitation 

of 2DE to dynamic range somewhat although they dramatically expand the number of 

experiments required for a total proteome examination and the results are equivocal due to cross 

contamination between fractions.     

 All proteins possess an inherent net charge in solution, and will migrate in an electric 

field. If that migration occurs within a pH gradient, the proteins will migrate until they reach their 

isoelectric point (pI), at which they will become uncharged and are no longer under the influence 

of the electric field.  Thus is the fundamental property that allows IEF to resolve proteins. 

However, focusing proteins to their pI results in decreasing protein solubility. Uncharged proteins 

are much less soluble in an aqueous environment and the considerable effort made during sample 

preparation to solubilize proteins can be undone due to isoelectric precipitation. This results in 

proteins being adhered in the immobilized pH gradient and not visualized in the subsequent 2D 

gel (McDonough, 2005).  

 Samples to be resolved by IEF must have low salt concentration, less than 25mM is 

desirable. Salts increase the conductivity of the gel and thereby increase the time and volt-hours 

required to reach a focused steady state.  This can be difficult to achieve if salt is required for 
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sample solubilization, or if salt is present in the sample such as in cell cultures. As well, salt can 

become a problem during in gel sample loading if the sample is dilute and a large sample volume 

is required for an adequate protein load. In extreme cases the migrating salt front can cause IEF to 

stop as it precipitates the proteins in the gel as they attempt to transverse the salt front. 

Polysaccharides, nucleic acids, and phenols present in the sample can result in poor IEF and 

streaky 2D gels and must be removed prior to IEF. Large macromolecules can obstruct the pores 

of the IPG and disrupt IEF.  Even well solubilized proteins themselves can cause a problem 

during IEF if present at high abundance. The zone of a pI of a protein is a finite size within the 

IPG, and if more protein is present that can fit into the pI zone it will spill over and spread into 

horizontal streaks across the 2D gel. 

 The pI of proteins ranges from below 2 (chimpanzee acidic glycoprotein pI=1.8, 

Westermier, 2001) to almost 12 (human placental lysozyme pI=11.7, Westermier, 2001). Acidic 

to neutral proteins are resolved by IEF easily, and can be applied by in gel sample rehydration 

which allows for very large protein loads (500ug to 2 mg) (Gorg, 2004).  Basic proteins have 

proven to be much more difficult to resolve for a number of reasons (Gorg, 2004). Basic proteins 

tend to be more hydrophobic and therefore have reduced solubility in IEF suitable solutions.  An 

analysis of basic ribosomal and nuclear proteins required special optimization of the pH 

engineering and gel composition in order to obtain satisfactory IEF (Wildgruber, 2002, Drews, 

2004). As well, sample application for basic pH ranges must be made by cup or paper-bridge 

loading which reduces the sample volume and protein load which can be applied for IEF in a 

single load. Higher protein concentrations required in small volumes of loading solution 

predispose the sample the protein precipitation.  



 

171 

 

 Molecular weight is also a limiting factor in IEF. The IPG is composed of 4% acrylamide 

and has a finite pore size which is inadequate at absorbing proteins above approximately 250 

kDa, even if a low voltage is applied during sample rehydration to facilitate protein entry into the 

gel. This results in very large proteins not entering the gel, or entering incompletely.            

 In preparation for SDS-PAGE resolved proteins in IPGs are equilibrated in an SDS-

containing buffer. However, radiolabeling experiments have demonstrated up to 20% of the 

protein is lost during this step (Zhou, 2005). The protein loss is reproducible for a given sample 

and doesn’t negate comparative proteomics but the phenomenon requires consideration when 

quantitative information on the amounts of proteins present in the original sample is required. 

Depending in the percentage of acrylamide and buffer system used for second dimension gels, 

proteins with a molecular weight from 10 to 250 kDa can be routinely observed. Very large and 

very small proteins are not observed by 2DE.  Very large proteins tend to be hydrophobic, and are 

not soluble during sample preparation, or do not enter the IPG during IEF, or are not efficiently 

transferred from the IPG to the second dimension SDS-PAGE gel (Gorg, 2004). Smaller proteins 

simply migrate off the bottom of the gel with the tracking dye and are not visualized even though 

they were resolved in the initial IEF. 

 Second dimension SDS–PAGE is subjected to dynamic range limitations. Protein present 

at high amounts in the IPG are not completely solubilized at the beginning of the electrophoresis 

and continue to enter the gel as the amount of protein in the IPG decreases. This results in vertical 

streaks of the most abundant proteins in the 2D map, which obscures proteins above with the 

same pI and higher molecular weight. This can commonly be seen with actin in whole cell lysate. 

 Proteins are most commonly detected by 4 main categories of visualization techniques, 

either binding of an anionic dye (such as coomassie), negative staining with metal cations (such 
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as zinc-imidazole), positive staining with metal cations (such as silver staining), or binding or 

labeling of fluorescent dyes (such as Sypro Ruby or Cy dyes). The most sensitive of the methods 

for protein visualization is silver staining. The most sensitive methods require fixation with 

glutaraldehyde and although they are sensitive to <1ng of protein per spot, the fixation leaves 

them incompatible with mass spectrometry (Vercauteren, 2007). There are alternative protocols 

that eliminate glutaraldehyde in favour of paraformaldehyde and are slightly less sensitive but are 

reversible and are more compatible with mass spectrometry (Schevchenko, 1996). All silver 

stains have a subjective end point which makes them less reproducible than other stains.  They 

have a very small linear range, approximately 1 order, and make quantitation of expression 

differences extremely difficult and are best suited for the observation of the presence-absence of a 

protein (Vercauteren, 2007).  Zinc-imidazole is the most sensitive of the negative stains. It can 

detect approximately 20-50 ng of protein per spot. It is a negative stain where the background gel 

precipitates metal faster than the protein spot leaving a dark background and a clear spot. It is 

much more compatible with mass spectrometry; however it has a small linear range making it 

unsuitable for quantitative proteomics.  Coomassie brilliant blue is a very cost effective stain 

which has twice the linear range as silver and is completely reversible and very compatible with 

mass spectrometry; however it has a sensitivity of approximately 100ng of protein per spot and 

requires much higher protein loads for informative visualization (Vercauteren, 2007).  Even at 

higher protein loads only a few hundred protein spots are visible per gel, and these higher loads 

often result in decreased protein resolution and higher background. A colloidal Coomassie stain 

can be used which has less background and can detect 25ng protein per spot (although this can be 

improved with infrared fluorescence imaging) (Vercauteren, 2007) and modified protocols can 

approach the sensitivity of reversible silver stains (Candiano, 2004).  The fluorescent post 
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electrophoresis protein satins (Deep Purple, Sypro Ruby, Flamingo) as well as the pre-

electrophoresis fluorescent covalent labels (Cy2, Cy3, Cy5) all have major advantages over silver 

stains and coomassie in dynamic range, approaching 4 orders, and are compatible with mass 

spectrometry and have a sensitivity of 125pg to 1ng of protein per spot (Vercauteren, 2007). 

However, they are expensive and require a very expensive laser scanner (such as the Typhoon, 

GE Healthcare) for maximum sensitivity and resolution which makes them prohibitive for many 

labs. 

 Identification of proteins that are differentially expressed between experimental 

conditions is greatly aided by computerized image analysis of digitized images.  Of all the steps 

in image analysis the most problematic are the accurate delineation of spot boundaries during spot 

detection, matching of spots between gels, and handling of electrophoresis and biological 

variation.  Manual spot detection is very time consuming and allows too much user input into 

determining the boundaries of a spot. Automated spot detection is improving but is not perfect.  

PDQuest is a popular program and using the manufacturer supplied 2D gel images it detected up 

to 90% of the true spots and 21% extraneous spots with default settings (Rosengran, 2003).  

Progenesis, a more advanced program, detected up to 99% of the true spots, and 31% extraneous 

spots, with the default settings (Rosengran, 2003).  In practise with experimental 2D gel images 

which are more complicated than the supplied sample images, the success of automated spot 

detection declines. This is especially true in images from gels with higher loads as areas become 

crowded with many spots. However, it is these higher loaded gels that are often required to 

observe the interesting lower abundant proteins. Since spots can be omitted or extraneous spots 

can be identified as true spots a manual inspection of all spots is usually required. Depending on 

the software package it can be difficult to adjust spot assignments. For example, in Progenesis if 
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two spots very close together are delineated as one spot there is no function to cut the spot into 

two true spots.  Matching spots between gels can be difficult.  Even though 2D gels are highly 

reproducible overall, the exact x-y coordinate of a spot has some variability and two gels are not 

super imposable over more than a very small local area. As in spot detection, there are errors in 

spot matching.  Mismatching is affected by the settings, more liberal setting resulting in more 

correct matches and also more incorrect matches. Both PDQuest and Progenesis have between 5 -

20% unmatched spots depending on the setting with supplied sample images (Rosengran, 2003).  

This error requires more user time to manually inspect the matches and correct. New software, 

SameSpots, has a proprietary warping algorithm which promises to reduce this error and 

difference in gel electrophoresis (DIGE) with and internal standard consisting of a mixed sample 

can reduce unmatched spots virtually to zero, but these are both expensive options.  Unfortunately 

a matching spot cannot always be found in all gels and this poses a problem for the data entry 

value.  There are two reasons for the missing spot: in one of the gels the protein is present below 

the detection limit of the stain used or an error has occurred. Errors can include electrophoresis 

variation in which a spot is hidden behind a nearby spot, or a spot was mismatched by the 

software.  The correct value reported for statistical analysis for these situations is very different.  

A value of zero can be recorded for all missing values, and this would be correct if the protein 

was present below detection. However, if the protein was present in the sample and omitted by an 

error the zero value will likely lead to a false positive.  Conversely, if the missing spot value is 

removed from the dataset and statistical analysis proceeds using the remainder of the data, this 

would likely not lead to the conclusion of false positive expression changes. It would however 

alter the quantitative result by removing the largest expression change if the spot was truly 

present below detection and not missing due to error.  The identification of these situations and 
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their correct interpretation requires an experienced experimenter and consistent checking of the 

software analysis.  

 Proteins resolved by 2DE are identified by mass spectrometry. The spots are excised and 

destained and the proteins are enzymaticaly digested into peptides by a peptidase, most 

commonly trypsin. The peptides are then extracted from polyacrylamide gel plugs and processed 

for mass spectrometry. However, the recovery of peptides from gel plugs is very poor, estimated 

to be as little as 1% of peptides making it to the mass spectrometer following silver staining 

(Rabilloud, 2002) even though as high as 80% of the peptides can be recovered from the gel plug 

(Speicher, 2000). Peptides are lost on plastic tubes and pipette tips in transferring of extracts and 

handling needs to be minimized. Extraction typically occurs in combined volumes of a few 

hundred microlitres and needs to be concentrated. If the peptide extract is concentrated to dryness 

and resuspended in a small volume for mass spectrometry, the peptides are very concentrated, 

although up to 50% of peptides can be lost by sticking to the plastic tube. If the concentration is 

stopped before dryness the peptides are less likely to be lost to the plastic tube at the expense of a 

less concentrated sample. Optimization of peptide extraction is one area in which there is room 

for a major advancement that would dramatically improve the amount of data obtained from 2DE 

studies. One of the major advantages of 2DE is the observation of a single gene expressed in 

multiple protein species due to post-translational modification which result in different migration 

coordinates in the gel. In a large analysis of yeast this was found to occur many times (Gygi, 

2000). Surprisingly, even in a very narrow pH range (4.9-5.7) there were multiple instances of a 

single spot containing more than one protein.  If co-migration were to occur in a differentially 

expressed protein spot it would be impossible to determine which of the co-migrating species was 

truly expressed differently without further validation. Presumably co-migration becomes an 
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increasing problem with more broad range pH ranges, which are the ranges that are commercially 

available are often the starting point to a proteomic experiment, for example pH 4-7, which is one 

of the most common pH ranges used, would have more co-migrating proteins than the pH range 

4.9-5.7 used in the Gygi et al. study. 

 Protein identification following 2DE relies heavily on protein sequence databases, which 

are in turn generated from genomics translations of nucleic acid sequences.  These databases are 

growing and are extensive for human, mouse and rat, and reasonably well annotated. However, in 

cases where the organism of study was not adequately sequenced, such as rabbit, sheep, and dog 

(Stastna, 2007, Graham, 2005) the identification of proteins can be problematic. Identifications 

where the protein does not exist in the database requires matching to homologous proteins from 

other species. The experimental fragments extracted from the 2D gel plug will not match well to 

the database due to sequence differences between organisms.  A greater number of peptides are 

required from the 2D gel plug in order to get a significant identification.  Increasing the number 

of peptides increases the chance of matching a peptide from your organism to a related organism.  

 After differentially expressed proteins are identified it is necessary to validate the 

expression difference observed by 2DE by an independent technology, such as Western blotting 

with an antibody. Although validation is usually confirmatory, there are examples when it can be 

contradictory.  All proteins on a 2D map are not routinely identified; usually time and effort are 

directed toward the identification of differentially expressed proteins. It is clear that one gene 

does not necessarily produce one protein species; rather multiple protein species are present due 

to post translational modifications. It is possible to identify a difference in one species of a 

protein and have another modified form present in both experimental conditions in greater 

abundance. Both forms of the protein, the abundant unchanged form and the less abundant 
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modified form, are recognized by the antibody, and the expression difference may be masked by 

the unchanged form. Since all unchanged proteins were not identified in the 2D map, the 

contradictory Western blotting result of equal protein expression has to be clarified with the 2DE 

result and this can be difficult and time consuming to perform.  This usually requires additional 

Western blotting following 2DE to observe multiple spots detected by the antibody, identification 

of the other forms of the protein in the 2D map by mass spectrometry, or the use of antibodies or 

stains specific to the modification (such as phosphorylation or glycosylation). 

2DE in proteomic analysis is a very powerful technology capable of unbiased, non-hypothesized 

discoveries; however it does require an experienced experimenter to overcome the great number 

of limitations present at each step. 

5.3 Future directions 

 There have been over 100 different phenotypic differences described between SHR and 

WKY rats and they can be mostly be classified as a consequence secondary to hypertension, 

genetic drift, or strain differences not related to hypertension (Yamori, 1994).  Co-segregation 

experiments are often employed to demonstrate if a particular difference is related to elevated BP. 

Co-segregation involves the crossing of SHR and WKY, measuring the BP of the offspring and 

determining if the change of interest is present in the hypertensive or normotensive offspring. For 

example, co-segregation experiments have demonstrated an association of the renin (Kurts, 

1990), kallikrein (Pravenec, 1991), natriuretic peptide (Ye, 2003), and many other genes (Okuda, 

2002) with BP in the SHR. The observations of many proteins present at different levels or in 

different molecular weights and charge states between the SHR and WKY in the soluble 

cytoplasmic extract and the insoluble pellet extract from mesenteric arteries, and the whole tissue 
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extract from the kidney should next be evaluated in F2 SHR-WKY hybrids to determine if the 

protein differences are co-segregated with BP.  

 The SHR is the most widely used model of essential hypertension, but there are many 

other excellent models. It would be interesting to determine if the protein changes identified in 

this proteomic investigation of the hypertensive phenotype using the SHR model would also be 

observed in other models in which there are differences in salt sensitivity, or alteration in RAAS.  

 Experimental models including the desoxycorticosterone acetate (DOCA)/salt model, NO 

blockade with L-NAME, the renovascular Goldblatt model, and Ang II infusion. The DOCA/salt 

model of hypertension is based on the volume retaining effect of DOCA in conjunction with high 

salt. Uninephrectomy is frequently performed and followed by the subcutaneous implantation of a 

50 mg DOCA tablet and by salt loading with 1% NaCl in the drinking water and after 

approximately 1 week the systolic blood pressure increases, reaching 180 mmHg after 6 weeks 

(Bader, 2010).  Chronic blockade of nitric oxide (NO) generation by inhibiting NO synthases, 

frequently using L-NAME (NG-nitro-l-arginine methyl ester) or Nitro-l-arginine, causes BP to 

increase after 2 days and reaches 180 mmHg systolic after 4 weeks (Bader, 2010). Renal ischemia 

following renal artery stenosis can induce hypertension by increasing renin secretion. This model 

has first been described by Goldblatt’s group in the 1930s, and is often called “Goldblatt” 

hypertension (Bader, 2010). Two basic models are performed, a two-kidney one-clip model 

(2K1C) in which both kidneys are preserved, but the renal artery of one of them is constricted, or 

a 1-kidney one-clip (1K1C) model, where the contralateral kidney is removed (Bader, 2010). In 

both models, blood pressure increases slowly and reaches highest levels of around 180 mmHg 

systolic about 3 weeks after surgery (Bader, 2010). Chronic infusion of low doses of Ang II is 

another classical model for hypertension in the rat whereby the low dose leads to a slowly 



 

179 

 

developing hypertension over the course of 8–13 days which is mediated by the activation of the 

brain renin-angiotensin system rather than the vascular actions of the peptide (Bader, 2010). 

 Other genetic models are the Milan hypertensive rats, the Lyon hypertensive rats, New 

Zealand hypertensive rats, Prague hypertensive rats, Dahl Salt-sensitive rats, San Juan 

hypertensive rats, Sabra rats, and Inherited Stress-Induced Arterial Hypertensive Rats. The Milan 

hypertensive strain is a model of mild hypertension in which BP starts to rise at 8 weeks of age 

and reaches maximum systolic levels of about 175 mmHg already at 10 weeks of age and 

involves the α-adducin gene (Bader, 2010). Another model of mild hypertension is the Lyon 

genetically hypertensive rat (LH rat) which was generated by selective breeding, together with 

two control strains, one normotensive (LN) and one with low blood pressure (LL) (Bader, 2010). 

In the LH rat, BP increases at 6 weeks of age, reaching levels of 175 mmHg systolic at adult age 

(Bader, 2010). Prior to the SHR, a genetically hypertensive (GH) rat strain was generated at the 

University of Otago in the 1950's in which these rats demonstrate increased BP directly after 

birth, which then rises quickly reaching maximum values of above 200 mmHg at 10 weeks of age 

(Bader, 2010). In Prague in the late 1980s, a hypertriglyceridemic model was bred from a single 

parental pair of Wistar rats, which later turned out to be also hypertensive, and the Prague 

hypertensive rat (PHR) and its normotensive line, PNR was developed (Bader, 2010). It is a 

relatively model of mild hypertension with systolic blood pressures of around 170 mmHg (Bader, 

2010). Lewis Dahl bred two rat strains in the 1960s, one of which developed hypertension on a 

8% NaCl diet (Dahl-S), the other one was resistant to this treatment (Dahl-R)(Bader, 2010). The 

Dahl-S rats develop severe hypertension and die at 16 weeks of age when high salt is given at 

weaning, and when it is initiation is delayed the animals survive and reach systolic blood pressure 

levels of about 185 mmHg, and even in the absence of salt they develop hypertension at several 
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months of age while the Dahl-R rats stay normotensive under high salt diet (Bader, 2010). The 

San Juan hypertensive (SJH) rats were initially bred in attempt to replicate the Dahl-S strain, but 

are equally hypertensive without salt loading (Bader, 2010) These rate demonstrate an increased 

number of superficial glomeruli in the kidney and develop systolic blood pressures of about 200 

mmHg at 10 weeks of age (Bader, 2010). Sabra rats becomes hypertensive under a high-salt diet 

achieved by the inclusion of 1% NaCl in the drinking water and the subcutaneous implantation of 

a DOCA pellet and reach BP greater than 200 mmHg (Bader, 2010).  

 Transgenic models include the Ren-2 transgenic model (TGR(mRen2)27), and the human 

renin/human angiotensinogen double transgenic model (TGR(hrenin)/TGR(hAOGEN)) (Bader, 

2010). The TGR(mREN2)27 rat carries the mouse renin Ren-2 as transgene and these rats 

produce high amounts of renin resulting in increased of AngII and aldosterone concentrations 

(Bader, 2010). The heterozygous TGR(mREN2)27 rats become markedly hypertensive with a 

systolic BP of 140 mmHg and demonstrate all of the signs of hypertensive end-organ damage 

(Bader, 2010). Double-transgenic rats expressing human renin and angiotensinogen 

(TGR(hrenin)/TGR(hAOGEN) produce high amounts of angiotensin II and develop severe 

hypertension followed by overt organ damage of heart and kidney comparable to hypertensive 

patients (Bader, 2010). There are numerous other transgenic rat lines with alterations in genes 

involved in cardiovascular regulation currently used in single labs (Bader, 2000).   

 It would be interesting to investigate the mesenteric artery and renal proteomes of the 

p75NTR transgenic mouse to determine if any of the observed protein changes also occur in the 

absence of p75NTR signaling, suggesting a causative mechanism for those changes in the SHR as 

a result of the known mutation in the p75NTR gene in the SHR. 
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 This investigation used SHR and WKY rats at 16-18 weeks of age, after hypertension had 

developed and inferences about whether these proteins are involved in the causation of 

hypertension, the maintenance of phenotypic changes and remodeling, or are the result of 

hypertension cannot be concluded. It would be interesting to repeat the proteomic analysis at 2-3 

weeks of age during the stage of initiation of hypertension, at time points early in the course of 

hypertension during which the initial remodeling is occurring, and at a later time point to 

investigate the consequences of prolonged hypertension. 

5.4 Concluding statements 

 This proteomic analysis of the hypertensive phenotype investigated the three general 

themes involved in the pathogenesis of hypertension; factors arising from within the vessel wall 

of resistance arteries during remodeling; factors arising from within the kidney during the rise in 

pressure; and factors associated with the increased activity sympathetic nervous system.  

 In Chapter 2 we analyzed the cytosolic and insoluble pellet proteomes from mesenteric 

arteries from SHR and WKY rats as a representative resistance artery using the proteomic 

technologies of 2D gel electrophoresis and mass spectrometry. The vascular remodeling during 

hypertension resulted in significant changes in the protein expression profile in the mesenteric 

artery of SHR. 76 protein spots were found to be differently expressed or located in the cytosolic 

proteomic analysis.  26 proteins were present in the WKY cytosolic proteome only and 40 were 

present in the SHR cytosolic proteome only.  10 proteins were present in both proteomes with 

different staining intensities, 7 proteins with higher intensity in the WKY cytosolic proteome and 

3 with higher intensity in the SHR cytosolic proteome.  A total of 6 protein spot differences were 

identified in the insoluble pellet analysis, with 1 present in the WKY only, and 6 increased in 

SHR relative to WKY. Proteome changes in the SHR mesenteric arteries included the novel 



 

182 

 

observation of  increased CLIC1 association with the adventitia in the SHR, the decreased 

expression of HSP90 alpha and beta in the SHR, and the presence of an additional protein spot for 

tropomyosin beta and MLC20 in the SHR.  These proteome changes are suggestive of an 

increased contractile state in the mesenteric resistance arteries of SHR. 

 In Chapter 3 we analyzed the renal whole tissue lysate from SHR and WKY using the 

proteomic technologies of 2D gel electrophoresis and mass spectrometry. This study of 16 week 

old SHR and WKY rats observed molecular changes occurring weeks before the classical 

morphological renal changes associated with hypertension induced kidney damage. In the renal 

proteome, there was a decrease of alpha-2µ globulin and a decrease in MAWDBP in the SHR 

demonstrating molecular changes in the kidney before known pathological changes.  

 In Chapter 4 we analyzed the cervical sympathetic ganglia whole tissue lysate from adult 

p75(III)-/- and p75(IV)-/- mice as a model of increased sympathetic activity that is observed in 

hypertension and the SHR using the proteomic technologies of 2D gel electrophoresis and mass 

spectrometry to shed light on the phenotypic changes that occur as a consequence of a loss of 

p75NTR expression. The ganglionic proteome of mice possessing two mutant alleles of either 

exonIII or exonIV for the p75NTR gene displayed detectable alterations in levels of Lamin A, 

tyrosine hydroxylase, and Annexin V, as compared to ganglionic proteome of wild type mice.  

Decreased expression of the basic isoform of tyrosine hydroxylase may be linked to perturbed 

NGF signaling in the absence of p75NTR in mutant mice.  Stereological measurement showed 

significant increases in the number of sympathetic neurons in both lines of p75NTR-deficient 

mice, relative to wild type mice, and this enhanced survival of sympathetic neurons was 

associated with shifts toward the more basic isoforms of Annexin V in mutant mice. 

  



 

183 

 

Chapter 6 

Literature cited 

Albert V, Campbell GR (1990). Relationship between the sympathetic nervous system and 
vascular smooth muscle: a morphometric study of adult and juvenile spontaneously 
hypertensive rat/Wistar-Kyoto rat caudal artery. Heart Vessels; 5: 129-39. 

Aldred AR, Grimes A, Schreiber G, Mercer JFB (1987).Rat ceruloplasmin. Molecular cloning 
and gene expression in liver, choroid plexus, yolk sac, placenta, and testis. J. Biol. 
Chem.; 262:2875-2878. 

Allen RT, Hunter WJ, Agrawal DK (1997). Morphological and biochemical characterization and 
analysis of apoptosis. J. Pharmacol. Toxicol.Methods 37, 215-228.  

Anderson EA, Sinkey CA, Lawton WJ, Mark AL (1989). Elevated sympathetic nerve activity in 
borderline hypertensive humans: evidence from direct intraneural recordings. 
Hypertension; 14: 177-183. 

Assinder SJ, Stanton J-AL, Prasad PD (2009). Transgelin: An actin-binding protein and tumour 
suppressor. Int J Biochem Cell Biol.; 41(3):482-486. 

Averna M, Stifanese R, De Tullio R, Passalacqua M, Salamino F, Pontremoli S, Melloni E 
(2008). Functional role of HSP90 complexes with endothelial nitric-oxide synthase 
(eNOS) and calpain on nitric oxide generation in endothelial cells. J Biol Chem.; 
283(43): 29069-76. 

Averna, M., Stifanese, R., De Tullio, R., Salamino, F., Pontremoli, S. and Melloni, E (2008). In 
vivo degradation of nitric oxide synthase (NOS) and heat shock protein 90 (HSP90) by 
calpain is modulated by the formation of a NOS–HSP90 heterocomplex. FEBS Journal; 
275: 2501–11. 

Awadallah SM, Hamad M, Jbarah I, Salem NM, Mubarak MS (2006). Autoantibodies against 
oxidized LDL correlate with serum concentrations of ceruloplasmin in patients with 
cardiovascular disease. Clin. Chem. Acta.; 365(1-2): 330-336. 

Bader M (2010). Rat models of cardiovascular disease. Methods Mol. Biol.; 597:413-414. 

Bader M, Bohnemeier H, Zollmann FS, Lockley-Jones OE, Ganten D (2000) Transgenic animals 
in cardiovascular disease research. Exp Physiol 85: 713–731. 



 

184 

 

Bamji SX, Majdan M, Pozniak CD, Belliveau DJ, Aloyz R, Kohn J, Causing CG, Miller FD 
(1998). The p75 neurotrophin receptor mediates neuronal apoptosis and is essential for 
naturally occurring sympathetic neuron death. J. Cell. Biol. 140, 911-923. 

Barker PA (1998).  p75NTR: A study in contrasts. Cell Death Differ. 5, 346-356. 

Barker PA (2004). p75NTR is positively promiscuous: novel partners and new insights.  Neuron 
42, 529-533. 

Barker PA, Shooter EM (1994). Disruption of NGF binding to the low affinity neurotrophin 
receptor p75LNTR reduces NGF binding to TrkA on PC12 cells.  Neuron 13, 203-215. 

Barrett KE, Barman SM, Boitano S, Brooks H, "Chapter 32. Blood as a Circulatory Fluid & the 
Dynamics of Blood & Lymph Flow" (Chapter). Barrett KE, Barman SM, Boitano S, 
Brooks H: Ganong's Review of Medical Physiology, 23e. 

Barrett KE, Barman SM, Boitano S, Brooks H, "Chapter 5. Excitable Tissue: Muscle" (Chapter). 
Barrett KE, Barman SM, Boitano S, Brooks H: Ganong's Review of Medical Physiology, 
23e: 

Battleman DS, Geller AI, Chao MV (1993). HSV-1 vector-mediated gene transfer of the human 
nerve growth factor receptor p75hNGFR defines high-affinity NGF binding. J. Neurosci. 
13, 941-951. 

Bian YL, Qi YX, Yan ZQ, Long DK, Shen BR, Jiang ZL (2008). A proteomic analysis of aorta 
from spontaneously hypertensive rat: RhoGDI alpha upregulation by angiotensin II via 
AT(1) receptor. Eur J Cell Biol.; 87(2): 101-10. 

Bidani AK, and Griffin KA (2004). Pathophysiology of Hypertensive Renal Damage: 
Implications for Therapy. Hypertension; 44: 595-601. 

Bie P, Wamberg S, Kjolby M (2004). Volume natriuresis vs. pressure natriuresis. Acta Physiol 
Scand.; 181(4): 495-503. 

Biswas SK, de Faria JB (2007). Which comes first: renal inflammation or oxidative stress in 
spontaneously hypertensive rats? Free Radic Res.; 41: 216-24. 

Bohm R, Van Baak M, Van Hooff M, Moy J, Rahn KH (1985). Salivary flow in borderline 
hypertension. Klin Wochenschr; 63 Suppl 3: 154-6. 

Borghoff SJ, Short BG, Swenberg JA (1990).  Biochemical mechanisms and pathobiology of 
alpha 2u-globulin nephropathy. Annu Rev Pharmacol Toxicol.; 30; 349-67. 

Borkan SC, Wang YH, Lam KT, et al (1996).  Hepatic alpha 2 mu-globulin: a potential metabolic 
role in the rat proximal tubule. Am J Physiol.; 271(3 Pt 2); F527-38. 



 

185 

 

Borst JG, and Borst-De Geus A (1963). Hypertension explained by Starling's theory of 
circulatory homeostasis, Lancet 1;677–682 

Brennan C, Rivas-Plata K, Landis SC (1999). The p75 neurotrophin receptor influences NT-3 
responsiveness of sympathetic neurons in vivo. Nat. Neurosci. 2, 699-705. 

Brenner BM, Garcia DL, and Anderson S (1988). Glomeruli and blood pressure. Less of one, 
more the other?, Am J Hypertens.; 1: 335-47. 

Briones AM, González JM, Somoza B, Giraldo J, Daly CJ, Vila E, González MC, McGrath JC, 
Arribas SM (2003). Role of elastin in spontaneously hypertensive rat small mesenteric 
artery remodelling. J Physiol.; 552(Pt 1): 185-95. 

Brock JA, van Helden DF, Dosen P, Rush RA (1996). Prevention of high blood pressure by 
reducing sympathetic innervations in the spontaneously hypertensive rat. J. Auton. Nerv. 
Syst.; 61: 97-102. 

Bruneel A, Labas V, Mailloux A, Sharma S, Vinh J, Vaubourdolle M, Baudin B (2003). 
Proteomic study of human umbilical vein endothelial cells in culture. Proteomics; 3(5): 
714-23. 

Bryant JW, Shariat-Madar Z (2009). Human plasma kallikrein-kinin system: physiological and 
biochemical parameters. Cardiovasc Hematol Agents Med Chem.; 7(3): 234-50.  

Butte MJ, Hwang PK, Mobley WC, Fletterick RJ (1998). Crystal structure of neurotrophin-3 
homodimer shows distinct regions are used to bind its receptors. Biochemistry 37:16846–
52 

Candiano G, Bruschi M, Musante L, Santucci L, Ghiggeri GM, Carnemolla B, Orecchia P, Zardi 
L, Righetti PG (2004). Blue silver: a very sensitive colloidal Coomassie G-250 staining 
for proteome analysis. Electrophoresis.; 9:1327-33. 

Cardillo C., Kilcoyne C.M., Waclawiw M., Cannon R.O. III, Panza J.A (1999). Role of 
endothelin in the increased vascular tone of patients with essential hypertension. 
Hypertension; 33: 753-758. 

Chabrashvili T, Tojo A, Onozato ML, Kitiyakara C, Quinn MT, Fujita T, Welch WJ, Wilcox CS 
(2002). Expression and cellular localization of classic NADPH oxidase subunits in the 
spontaneously hypertensive rat kidney. Hypertension; 39: 269–274 

Chang YH, Wu CC, Chang KP, Yu JS, Chang YC, Liao PC (2009). Cell secretome analysis using 
hollow fiber culture system leads to the discovery of CLIC1 protein as a novel plasma 
marker for nasopharyngeal carcinoma. J Proteome Res.; 8(12): 5465-74. 



 

186 

 

Chanson A, Sayd T, Rock E, Chambon C, Santé-Lhoutellier V, Potier de Courcy G, Brachet P 
(2005). Proteomic analysis reveals changes in the liver protein pattern of rats exposed to 
dietary folate deficiency. J Nutr.; 135(11): 2524-9. 

Chao MV (1994). The p75 neurotrophin receptor. J. Neurobiol. 25, 1373-1385. 

Chapman BS, Kuntz ID (1995). Modeled structure of the 75-kDa neurotrophin receptor. Protein 
Sci.  4, 1696-1707.  

Chatterjee A, Black SM, Catravas JD (2008). Endothelial nitric oxide (NO) and its 
pathophysiologic regulation. Vascul Pharmacol.; 49(4-6): 134-40. 

Chen JI, Hannan NJ, Mak Y, Nicholls PK, Zhang J, Rainczuk A, Stanton PG, Robertson DM, 
Salamonsen LA, Stephens AN (2009). Proteomic characterization of midproliferative and 
midsecretory human endometrium. J Proteome Res.; 8(4): 2032-44. 

Cherry, DK, Hing, E, Woodwell, DA, Rechtsteiner, EA (2006). National ambulatory medical care 
survey:  National Health Statistics report no 3, Hyattsville, MD. 

Chobanian AV et al., (2003). The Seventh Report of the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure: the JNC 7 report. JAMA 
;289:2560–2571. 

Cohn JN (1966). Relationship of plasma volume changes to resistance and capacitance vessel 
effects of sympathomimetic amines and angiotensin in man. Clin Sci; 30: 267-78. 

Cohuet G, Struijker-Boudier H (2006). Mechanisms of target organ damage caused by 
hypertension: therapeutic potential. Pharmacol Ther. 2006;111(1):81-98.  

Coome GE, Elliott J, Kawaja MD (1998). Sympathetic and sensory axons invade the brains of 
nerve growth factor transgenic mice in the absence of p75NTR expression. Exp. Neurol. 
149, 284-294. 

Coome GE, Kawaja MD (1999). Prolonged exposure to elevated levels of endogenous nerve 
growth factor affects the morphological and neurochemical features of sympathetic 
neurons of postnatal and adult mice. Neuroscience 90, 941-955. 

Coresh J, Wei GL, McQuillan G, Brancati FL, Levey AS, Jones C, Klag MJ (2001). Prevalence 
of high blood pressure and elevated serum creatinine level in the United States: findings 
from the third National Health and Nutrition Examination Survey (1988-1994). Arch 
Intern Med.;161(9):1207. 

Cowen T, Woodhoo A, Sullivan CD, Jolly R, Crutcher KA, Wyatt S, Michael GJ, Orike N, 
Gatzinsky K, Thrasivoulou C (2003). Reduced age-related plasticity of neurotrophin 
receptor expression in selected sympathetic neurons of the rat.  Aging Cell 2, 59-69. 



 

187 

 

Curtis R, Adryan KM, Stark JL, Park JS, Compton DL, Weskamp G, Huber LJ, Chao MV, 
Jaenisch R, Lee KF (1995). Differential role of the low affinity neurotrophin receptor 
(p75) in retrograde axonal transport of the neurotrophins.  Neuron. 14, 1201-11. 

Dale EC, Yang X, Moore SK, Shyamala G (1996). Cloning and characterization of the promoter 
for murine 84-kDa heat-shock protein.  Gene 172, 279-284. 

Davis BM, Fundin BT, Albers KM, Goodness TP, Cronk KM, Rice FL (1997). Overexpression 
of nerve growth factor in skin causes preferential increases among innervation to specific 
sensory targets. J Comp Neurol.; 387: 489–506. 

Dechant G, Barde YA (1997). Signalling through the neurotrophin receptor p75NTR. Curr. Opin. 
Neurobiol. 7, 413-418. 

Delbosc S, Haloui M, Louedec L, Dupuis M, Cubizolles M, Podust VN, Fung ET, Michel JB, 
Meilhac O (2008). Proteomic analysis permits the identification of new biomarkers of 
arterial wall remodeling in hypertension. Mol Med.; 14(7-8): 383-94. 

Dickhout JG, Lee RM (2000). Increased medial smooth muscle cell length is responsible for 
vascular hypertrophy in young hypertensive rats. Am J Physiol Heart Circ Physiol.; 
279(5): H2085-2094. 

Donohue SJ, Head RJ, Stitzel RE (1989). Elevated nerve growth factor levels in young 
spontaneously hypertensive rats. Hypertension; 14(4): 421-6. 

Dorrington KL, Pandit JJ (2009). The obligatory role of the kidney in long-term arterial blood 
pressure control: extending Guyton's model of the circulation. Anesthesia.; 64(11): 1218-
28. 

Drews O, Reil G, Parlar H, Görg A (2004). Setting up standards and a reference map for the 
alkaline proteome of the Gram-positive bacterium Lactococcus lactis. Proteomics; 5: 
1293-304. 

Dunn MF, Gorg A (2001). Proteomics: From protein sequence to function. Oxford, UK:BIOS 

Dunn MJ (2007). Two-dimensional polyacrylamide gel electrophoresis for cardiovascular 
proteomics. Methods Mol. Biol.; 357: 3-13.  

Dupont A, Corseaux D, Dekeyzer O, Drobecq H, Guihot AL, Susen S, Vincentelli A, Amouyel P, 
Jude B, Pinet F (2005). The proteome and secretome of human arterial smooth muscle 
cells. Proteomics; 5(2): 585-96. 

Edwards G, Félétou M, Weston AH (2010). Endothelium-derived hyperpolarising factors and 
associated pathways: a synopsis. Pflugers Arch.; 459(6): 863-79. 



 

188 

 

Egan B, Panis R, Hinderliter A, Schork N, Julius S (1987). Mechanism of increased alpha-
adrenergic vasoconstriction in human essential hypertension. J Clin Invest; 80(3): 812-7.  

Egan B, Schork N, Panis R, Hinderliter A (1988). Vascular structure enhances regional resistance 
responses in mild essential hypertension. J Hypertens.; 6(1): 41-8. 

Engström G, Janzon L, Berglund G, Lind P, Stavenow L, Hedblad B, Lindgärde F (2002). Blood 
pressure increase and incidence of hypertension in relation to inflammation-sensitive 
plasma proteins. Arterioscler Thromb Vasc Biol.; 22: 2054-1208.  

Esler M, David K (2000). Sympathetic Nervous System Activation in Essential Hypertension, 
Cardiac Failure and Psychosomatic Heart Disease. Journal of Cardiovascular 
Pharmacology. Issue: Volume 35 Supplement 4 to Issue 7, pp S1-S7 

Esler M, Jennings G, Lambert G (1989). Noradrenaline release and the pathophysiology of 
primary human hypertension. Am J Hypertens; 2: (3 Pt 2): 14046s. 

Esler M, Julius S, Zweifler A, Randall O, Harburg E, Gardiner H, DeQuattro V. (1977). Mild 
high-renin essential hypertension: neurogenic human hypertension? N Engl J Med; 296: 
405-11 

Esler M. (1997). Sympathetic activity in experimental and human hypertension. In: Mancia G, 
Zanchetti A, eds. Handbook of hypertension, Volume 17: pathophysiology of 
hypertension. Amsterdam: Elsevier, 628-73.  

Falckh PH, Harkin LA, Head RJ (1992). Nerve growth factor mRNA content parallels altered 
sympathetic innervations in the spontaneously hypertensive rat. Clin. Exp. Pharmacol. 
Physiol.; 19: 541-545. 

Fan XM, Hendley ED, Forehand CJ (1995). Enhanced vascular neuropeptide Y-immunoreactive 
innervation in two hypertensive rat strains. Hypertension; 26: 758–763. 

Feld LG, Noble B, Springate JE, et al (1989). Dietary protein restriction and renal injury in the 
spontaneously hypertensive rats. American J Physiol.; 256; F224-F228. 

Feld LG, Van Liew JB, Brentjens JR, et al (1981). Renal lesions and proteinuria in the 
spontaneously hypertensive rat made normotensive by treatment. Kidney Int.; 20; 606-
614. 

Feld LG, Van Liew JB, Galaske RG, et al (1977). Selectivity of renal injury and proteinuria in the 
spontaneously hypertensive rat. Kidney Int.; 12; 332-343. 

Félétou M, Huang Y, Vanhoutte PM (2010). Vasoconstrictor prostanoids. Pflugers Arch.; 459(6): 
941-50.  



 

189 

 

Félétou M, Vanhoutte PM (2006). Endothelial dysfunction: a multifaceted disorder. Am. J. 
Physiol. Heart Circ. Physiol.; 291: H985-H1002. 

Félétou M, Verbeuren TJ, Vanhoutte PM (2009). Endothelium-dependent contractions in SHR: a 
tale of prostanoid TP and IP receptors Br J Pharmacol.; 156(4): 563-74. 

Fervenza, 2010. Nephrosclerosis: http://emedicine.medscape.com/article/244342-overview 

Folkow B, Hallback M and Noresson E (1978). Vascular resistance and reactivity of the 
microcirculation in hypertension, Blood Vessels 15;33–45 

Fox PL, Mazumder B, Ehrenwald E, Mukhopadhyay CK (2000). Ceruloplasmin and 
cardiovascular disease. Free Radic Biol Med.; 28: 1735-1744. 

Franco M, Sanchez-Lozada LG, Bautista R, Johnson RJ, Rodriguez-Iturbe B (2008). 
Pathophysiology of salt-sensitive hypertension: a new scope of an old problem. Blood 
Purif.; 26(1): 45-8.  

Freedman BI, Iskandar SS, Appel RG (1995). The link between hypertension and 
nephrosclerosis. Am J Kidney Dis.; 25(2): 207. 

Frohlich, ED (1986). Is the spontaneously hypertensive rat a model of human hypertension. J. 
Hypertens.; 4(S3): S15-S19. 

Gao YJ, Yang LF, Stead S, Lee RM (2008). Flow-induced vascular remodeling in the mesenteric 
artery of spontaneously hypertensive rats. Can J Physiol Pharmacol.; 86(11): 737-44. 

Gidon-Jeangirard C, Hugel B, Holl V, Toti F, Laplanche JL, Meyer D, Freyssinet JM (1999a). 
Annexin V delays apoptosis while exerting an external constraint preventing the release 
of CD4+ and PrPc+ membrane particles in a human T lymphocyte model.  J. Immunol. 
162, 5712-5718. 

Gidon-Jeangirard C, Solito E, Hofmann A, Russo-Marie F, Freyssinet JM, Martínez MC (1999b). 
Annexin V counteracts apoptosis while inducing Ca(2+) influx in human lymphocytic T 
cells. Biochem. Biophys. Res. Commun. 1999, 265, 709-715. 

Gieffers C, Korioth F, Heimann P, Ungermann C, Frey J, (1997). Mitofilin is a transmembrane 
protein of the inner mitochondrial membrane expressed as two isoforms. Exp. Cell Res. 
232, 395-399. 

Gimona M, Watakabe A, Helfman DM (1995). Specificity of dimer formation in tropomyosins: 
influence of alternatively spliced exons on homodimer and heterodimer assembly. Proc. 
Natl. Acad. Sci.; 92:9776-9780. 



 

190 

 

Gkaliagkousi E, Douma S, Zamboulis C, Ferro A (2009). Nitric oxide dysfunction in vascular 
endothelium and platelets: role in essential hypertension. J Hypertens.; 27(12): 2310-20. 

Goldblatt H, Lynch J, Hanzal RF, and Summerville WW (1934). Studies on experimental 
hypertension: I. The production of persistent elevation of systolic blood pressure by 
means of renal ischemia, J Exp Med 59;347–379. 

Gorg A, Weiss W, Dunn M (2004). Current two dimensional gel electrophoresis technology for 
proteomics. Proteomics; 4: 3665-3685. 

Gotzmann J, Foisner R (2006). A-type lamin complexes and regenerative potential: a step 
towards understanding laminopathic diseases? Histochem. Cell. Biol. 125, 33-41. 

Gradin KA, Li JY, Andersson O, Simonsen U (2003). Enhanced neuropeptide Y 
immunoreactivity and vasoconstriction in mesenteric small arteries from spontaneously 
hypertensive rats. J Vasc Res.; 40(3): 252-65. 

Graham DR, Elliott ST, Van Eyk JE (2005). Broad-based proteomic strategies: a practical guide 
to proteomics and functional screening. J. Physiol.; 563:1-9. 

Graham DR, Garnham CP, Fu Q, Robbins J, Van Eyk JE (2005). Improvements in two-
dimensional gel electrophoresis by utilizing a low cost "in-house" neutral pH sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis system. Proteomics; 5(9): 2309-14. 

Granger JP, Alexander BT, Llinas M (2002). Mechanisms of pressure natriuresis. Curr Hypertens 
Rep.; 4(2): 152-9. 

Grassi G (2004). Counteracting the sympathetic nervous system in essential hypertension, Curr 
Opin Nephrol Hypertens 13;513–519 

Grassi G, Colombo M, Seravalle G, Spaziani D, Mancia G (1998). Dissociation between muscle 
and skin sympathetic nerve activity in essential hypertension, obesity, and congestive 
heart failure. Hypertension; 31: 64-67. 

Grimes ML, Zhou J, Beattie EC, Yuen EC, Hall DE, Valletta JS, Topp KS, LaVail JH, Bunnett 
NW, Mobley WC (1996). Endocytosis of activated trkA: evidence that nerve growth 
factor induces formation of signaling endosomes. J. Neurosci. 16, 7950-7964. 

Guo SJ, Wang TR, Chen J, Wu LY, Gao PJ, Zhu DL (2010). Dynamic expression of proteins 
associated with adventitial remodeling in adventitial fibroblasts from spontaneously 
hypertensive rats. Acta Pharmacol Sin.; 31(10): 1312-8. 

Guyton AC and Hall JE (2011). Guyton and Hall Textbook of Medical Physiology, 12th Edition. 
Chapter 16. The Microcirculation and Lymphatic System: Capillary Fluid Exchange, 
Interstitial Fluid, and Lymph Flow. Saunders Elsevier. Philadelphia, PA. 



 

191 

 

Guyton AC, Coleman TG, Cowley AW Jr., Scheel KW, Manning RD Jr, Norman RA Jr. (1972) 
Arterial pressure regulation: overriding dominance of the kidneys in long-term regulation 
and in hypertension. Am. J. Med.; 52: 584–594. 

Gygi Sp, Corthals GL, Zhang Y, Rochon Y, Aebersold R (2000). Evaluluation of two 
dimensional gel electrophoresis based proteome analysis technology. PNAS; 97: 9390-
0395. 

Hagg T, Fass-Holmes B, Vahlsing HL, Manthorpe M, Conner JM, Varon S (1989). Nerve growth 
factor (NGF) reverses axotomy-induced decreases in choline acetyltransferase, NGF 
receptor and size of medial septum cholinergic neurons. Brain Res. 505, 29-38. 

Hai A, Kizilbash NA (2013). α(2)-µ-Globulin fragment (a2-f) from kidneys of male rats. 
Bioinformation.; 9(3):145-9.  

Hamamura M, Hirose A, Kamata E, et al (2006).  Semi-quantitative immunohistochemical 
analysis of male rat-specific alpha2u-globulin accumulation for chemical toxicity 
evaluation. J. Toxicol. Sci.; 31; 35-47.  

Hannila SS, Kawaja MD (1999). Nerve growth factor-induced growth of sympathetic axons into 
the optic tract of mature mice is enhanced by an absence of p75NTR expression. J. 
Neurobiol. 39, 51-66. 

Hannila SS, Lawrance GM, Ross GM, Kawaja MD (2004). TrkA and mitogen-activated protein 
kinase phosphorylation are enhanced in sympathetic neurons lacking functional p75 
neurotrophin receptor expression. Eur. J. Neurosci.19, 2903-2908. 

Hantzopoulos PA, Suri C, Glass DJ, Goldfarb MP, Yancopoulos GD (1994). The low affinity 
NGF receptor, p75, can collaborate with each of the Trks to potentiate functional 
responses to the neurotrophins. Neuron 13, 187-201. 

Harvey JM, Howie AJ, Lee SJ, Newbold KM, Adu D, Michael J, Beevers DG (1992). Renal 
biopsy findings in hypertensive patients with proteinuria. Lancet.; 340(8833): 1435 

Head RJ (1989). Hypernoradrenergic innervation: its relationship to functional and hyperplastic 
changes in the vasculature of the spontaneously hypertensive rat. Blood Vessels.; 26(1): 
1-20. 

Head RJ (1991): Hypernoradrenergic innervation and vascular smooth muscle hyperplastic 
change. Blood Vessels; 28: 173–17 

Heagerty AM, Aalkjaer C, Bund SJ, Korsgaard N, Mulvany MJ (1993). Small artery structure in 
hypertension. Dual processes of remodeling and growth. Hypertension; 21(4): 391-7. 



 

192 

 

Hefti F, Hartikka J, Salvatierra A, Weiner WJ, Mash DC (1986). Localization of nerve growth 
factor receptors in cholinergic neurons of the human basal forebrain. Neurosci. Lett..69, 
37-41. 

Hempstead BL, Martin-Zanca D, Kaplan DR, Parada LF, Chao MV (1991). High-affinity NGF 
binding requires coexpression of the trk proto- oncogene and the low-affinity NGF 
receptor. Nature 350, 678-683. 

Hempstead BL, Patil N, Thiel B, Chao MV (1990). Deletion of cytoplasmic sequences of the 
nerve growth factor receptor leads to loss of high affinity ligand binding. J. Biol. Chem. 
265, 9595-9598. 

Horowitz A, Menice CB, Laporte R, Morgan KG (1996). Mechanisms of smooth muscle 
contraction. Physiol Rev.; 76(4): 967-1003. 

Hsu CY, McCulloch CE, Darbinian J, Go AS, Iribarren C (2005). Elevated blood pressure and 
risk of end-stage renal disease in subjects without baseline kidney disease. Arch Intern 
Med.; 165(8): 923. 

Hsueh WA, Anderson PW (1992). Hypertension, the endothelial cell, and the vascular 
complications of diabetes mellitus. Hypertension; 20(2): 253. 

Huang PL, Huang Z, Mashimo H, Bloch KD, Moskowitz MA, Bevan JA, Fishman MC (1995). 
Hypertension in mice lacking the gene for endothelial nitric oxide synthase. Nature; 
377(6546): 239-42. 

Hyman L, Schachat AP, He Q, Leske MC (2000). Hypertension, cardiovascular disease, and age-
related macular degeneration. Age-Related Macular Degeneration Risk Factors Study 
Group. Arch Ophthalmol.; 118(3): 351. 

Ibanez CF (1994). Structure function relationships in the neurotrophin family. J. Neurobiol.; 25: 
1349–61. 

Imig JD (2004). ACE Inhibition and Bradykinin-Mediated Renal Vascular Responses: EDHF 
Involvement". Hypertension; 43(3): 533–5. 

Intengan HD, Thibault G, Li JS, Schiffrin EL (1999). Resistance artery mechanics, structure, and 
extracellular components in spontaneously hypertensive rats : effects of angiotensin 
receptor antagonism and converting enzyme inhibition. Circulation; 100(22): 2267-75. 

Iriyama C, Matsuda S, Katsumata R, Hamaguchi M (2001). Cloning and sequencing of a novel 
human gene which encodes a putative hydroxylase. J. Hum. Genet.; 46(5): 289-92. 



 

193 

 

Jahed A, Kawaja MD (2005). The influences of p75 neurotrophin receptor and brain-derived 
neurotrophic factor in the sympathetic innervation of target tissues during murine 
postnatal development. Auton. Neurosci. 118, 32-42. 2005. 

James P (1997). Protein identification in the post-genome era: the rapid rise of proteomics. Q Rev 
Biophys.; 30(4): 279-331. 

John GB, Shang Y, Li L, Renken C, Mannella CA, Selker JM, Rangell L, Bennett MJ, Zha J  
(2005). The mitochondrial inner membrane protein mitofilin controls cristae morphology. 
Mol. Biol. Cell. 16, 1543-1554.  

Johnson EM Jr., Osborne PA, Taniuchi M (1989). Destruction of sympathetic and sensory 
neurons in the developing rat by a monoclonal antibody against the nerve growth factor 
(NGF) receptor. Brain Res. 478, 166-170. 

Julius S (1990). Changing role of the autonomic nervous system in human hypertension. J 
Hypertens.; 8(suppl 7): S59-65. 

Julius S, Majahalme S (2000). The changing face of sympathetic overactivity in hypertension. 
Ann Med.; 32(5): 365-70. 

Julius S, Pascual A, London R (1971). Role of sympathetic inhibition in the hyperkinetic type of 
borderline hypertension. Circulation; 44: 413-8. 

Kaplan DR, Miller FD (1997). Signal transduction by the neurotrophin receptors. Curr. Opin. 
Cell. Biol. 9:213–21 

Kasper DL, Braunwald E, Fauci AS, Hauser SL, Longo DL, Jameson JL, Loscalzo J (2008). 
Harrison's principles of internal medicine, 17th Edition.Ch 241. The Pathogenesis, 
Prevention, and Treatment of Atherosclerosis. McGraw-Hill Medical Publishing 
Division. New York.  

Kawaja MD (1998). Sympathetic and sensory innervation of the extracerebral vasculature: roles 
for p75NTR neuronal expression and nerve growth factor. J. Neurosci. Res. 52, 295-306. 

Kawaja MD, Rosenberg MB, Yoshida K, Gage FH (1992). Somatic gene transfer of nerve growth 
factor promotes the survival of axonomized septal neurons and the regeneration of their 
axons in adult rats. J. Neurosci. 12, 2849-2864. 

Kawamura K, Ando K, Takebayashi S (1989). Perivascular innervation of the mesenteric artery 
in spontaneously hypertensive rats. Hypertension.; 14: 660–665. 

Kett, MM, Alcorn D, Bertram JF, Anderson WP (1995). Enalapril does not prevent renal arterial 
hypertrophy in spontaneously hypertensive rats. Hypertension 25, 335–342. 



 

194 

 

Khawaja Z, Wilcox CS (2011). Role of the kidneys in resistant hypertension. Int J Hypertens.; 
2011:143471.  

Kim SW, Hwang HJ, Baek YM, Lee SH, Hwang HS, Yun JW (2008). Proteomic and 
transcriptomic analysis for streptozotocin-induced diabetic rat pancreas in response to 
fungal polysaccharide treatments. Proteomics; 8(11): 2344-61. 

Kohn J, Aloyz RS, Toma JG, Haak-Frenscho M, Miller FD (1999). Functionally antagonistic 
interactions between the trkA and p75 neurotrophins receptors regulate sympathetic 
neuron growth and target innervation. J. Neurosci. 19, 5393-5408. 

Koledova VV, Khalil RA (2006). Ca2+, calmodulin, and cyclins in vascular smooth muscle cell 
cycle. Circ Res.; 98(10): 1240-3. 

Komatsu K, Frohlich ED, Ono H, Ono Y, Numabe A, Willis GW (1995). Glomerular dynamics 
and morphology of aged SHR. Hypertension; 25: 207–213. 

Krol KM, Crutcher KA, Kalisch BE, Rylett RJ, Kawaja MD (2000). Absence of p75(NTR) 
expression reduces nerve growth factor immunolocalization in cholinergic septal neurons. 
J. Comp. Neurol. 427, 54-66. 

Krol KM, Kawaja M (2003). Structural and neurochemical features of postganglionic 
sympathetic neurons in the superior mesenteric ganglion of spontaneously hypertensive 
rats. J. Comp. Neurol.; 466: 148–160. 

Kurts TW, Montano M, Chan L, Kabra P (1989). Molecular evidence of genetic heterogeneity in 
Wistar-Kyoto rats: Implications for research with the spontaneously hypertensive rat. 
Hypertension; 13: 188-192. 

Kurts TW, Morris RC (1987). Biological variability in Wistar-Kyoto rats: implications for 
research with spontaneously hypertensive rat. Hypertension; 10: 127-131.  

Kurts TW, Simonet L, Kabra PM, Wolfe S, Chan L, Hjelle BL (1990). Co-segregation of the 
renin allele of the spontaneously hypertensive rat with an increase in blood pressure. J. 
Clin. Invest.; 85: 1328-1332. 

Kurtz TW, St Lezin EM, and Pravenec M (1994). Genetic Models of hypertension. In: Textbook 
of hypertension. Swales JD Editor. Blackwell Scientific Publications, Cambridge, MA, 
USA 

Laurant P, Touyz RM, Schiffrin EL (1997). Effect of pressurization on mechanical properties of 
mesenteric small arteries from spontaneously hypertensive rats. J. Vasc. Res.; 34(2): 117-
25. 



 

195 

 

Lee CK, Han JS, Won K-J, Jung S-H, Paark H-J, Lee HM, Kim J, Park YS, Kim H-J, Park P-J, 
Park T-K, Kim B (2009). Diminished expression of dihydropteridine reductase is a potent 
biomarker for hypertensive vessels. Proteomics; 9: 4851-4858. 

Lee DL, Webb RC, Jin L (2004). Hypertension and RhoA/Rho-kinase signaling in the 
vasculature: highlights from the recent literature. Hypertension; 44(6): 796-9. 

Lee KF, Bachman K, Landis SC, Jaenisch R (1994). Dependence on p75 for innervation of some 
sympathetic targets. Science 263, 1447-1449. 

Lee KF, Li E, Huber LJ, Landis SC, Sharpe AH, Chao MV, Jaenisch R (1992). Targeted mutation 
of the gene encoding the low affinity NGF receptor p75 leads to deficits in the peripheral 
sensory nervous system. Cell 69, 737-749. 

Lee RM, Forrest JB, Garfield RE, Daniel EE (1983). Ultrastructural changes in mesenteric 
arteries from spontaneously hypertensive rats. A morphometric study. Blood Vessels 20: 
72–91. 

Lee RMKW (1985). Vascular changes at the prehypertensive phase in the mesenteric arteries 
from spontaneously hypertensive rats. Blood Vessels; 22: 105–126. 

Lee RMKW, Triggle CR, Cheung DWT, Coughlin MD (1987). Structural and functional 
consequence of neonatal sympathectomy on the blood vessels of spontaneously 
hypertensive rats. Hypertension; 10: 328-228. 

Levi-Montalcini R, Hamburger V (1951). Selective growth stimulating effects of mouse sarcoma 
on the sensory and sympathetic nervous system of chick embryo. J. Exp. Zool. 116:321–
61. 

Levy D, Larson MG, Vasan RS, Kannel WB, Ho KK (1996). The progression from hypertension 
to congestive heart failure. JAMA.; 275(20): 1557-62. 

Li RK, Tang JW, Zhang J, Wang SQ, Wang M, Wang B, Zhang YH (2010). Effects of silencing 
chloride intracellular channel 1 gene expression on the proliferation and invasion of 
mouse hepatocellular carcinoma cell lines. Zhonghua Gan Zang Bing Za Zhi.; 18(2): 131-
5. 

Littler DR, Harrop SJ, Fairlie WD, Brown LJ, Pankhurst GJ, Pankhurst S, DeMaere MZ, 
Campbell TJ, Bauskin AR, Tonini R, Mazzanti M, Breit SN, Curmi PM (2004). The 
intracellular chloride ion channel protein CLIC1 undergoes a redox-controlled structural 
transition.  J Biol Chem.;279(10):9298-305.  

Littler DR, Harrop SJ, Goodchild SC, Phang JM, Mynott AV, Jiang L, Valenzuela SM, Mazzanti 
M, Brown LJ, Breit SN, Curmi PM (2010). The enigma of the CLIC proteins: Ion 
channels, redox proteins, enzymes, scaffolding proteins? FEBS Lett.; 584(10): 2093-101.  



 

196 

 

Lopez MF, Berggren K, Chernokalskaya E, Lazarev A, Robinson M, Patton WF (2000). A 
comparison of silver stain and SYPRO Ruby Protein Gel Stain with respect to protein 
detection in two-dimensional gels and identification by peptide mass profiling. 
Electrophoresis 21, 3673-3683. 

Lorell BH, Carabello BA (2000). Left ventricular hypertrophy: pathogenesis, detection, and 
prognosis. Circulation; 102(4): 470. 

Louis WJ, and Howes LG (1990). Geneology of the spontaneously hypertensive rat and Wistar-
Kyoto Rat strains: Implications for studies of inherited hypertension. J. Cardio. Pharm.; 
16(S7): S1-S5. 

Luche S, Santoni V, Rabilloud T (2003). Evaluation of nonionic and zwitterionic detergents as 
membrane protein solubilizers in two-dimensional electrophoresis. Proteomics; 3: 249-
53. 

Luff SE, Young SB, McLachlan EM (2005). Hyperinnervation of mesenteric arteries in 
spontaneously hypertensive rats by sympathetic but not primary afferent axons. J. Vasc. 
Res.; 42: 348-358.. 

Majdan M, Walsh GS, Aloyz R, Miller FD (2001). TrkA mediates developmental sympathetic 
neuron survival in vivo by silencing an ongoing p75NTR-mediated death signal. J. Cell. 
Biol. 155, 1275-1285. 

Mangairua EI, Lee RM (1990). Increased sympathetic innervation in the cerebral and mesenteric 
arteries of hypertensive rats. Can J Physiol Pharm.; 68; 492-499. 

Marston S, El-Mezgueldi M (2008). Role of tropomyosin in the regulation of contraction in 
smooth muscle.. Adv Exp Med Biol.; 644:110-23. 

Maton, A. (1993). Human biology and health. Englewood Cliffs, N.J: Prentice Hall. 

Matsukawa T, Gotoh F, Hasegawa O, Shionoiri H, Tochikubo O, Ishii M (1991). Reduced 
baroreflex changes in muscle sympathetic nerve activity during blood pressure elevation 
in essential hypertension. J. Hypertens.; 9: 537-542. 

Matsumoto K, Yamada T, Natori T, Ikeda K, Yamada J, Yamori Y (1991). Genetic variability in 
SHR (SHRSR), SHRSP and WKY strains. Clin. Exp. Hypertens. A.; 13(5): 925-38. 

Max SR, Rohrer H, Otten U, Thoenen H (1978). Nerve growth factor-mediated induction of 
tyrosine hydroxylase in rat superior cervical ganglia in vitro. J. Biol. Chem. 253, 8013-
8015. 

Mayr U, Mayr M, Yin X, Begum S, Tarelli E, Wait R, Xu Q (2005). Proteomic dataset of mouse 
aortic smooth muscle cells. Proteomics; 5(17): 4546-57. 



 

197 

 

McDonald T, Sheng S, Stanley B, Chen D, Ko Y, Cole RN, Pedersen P, Van Eyk JE (2006). 
Expanding the subproteome of the inner mitochondria using protein separation 
technologies: one- and two-dimensional liquid chromatography and two-dimensional gel 
electrophoresis. Mol. Cell. Proteomics; 12: 2392-411. 

McDonald TG, Scott SA, Kane KM, Kawaja MD (2009). Proteomic assessment of sympathetic 
ganglia from adult mice that possess null mutations of ExonIII or ExonIV in the p75 
neurotrophin receptor gene. Brain Res.; 1253; 1-14. 

McDonald TG, Van Eyk JE (2003). Mitochondrial proteomics. Undercover in the lipid bilayer. 
Basic Res. Cardiol.; 98: 219-27. 

McDonough J, Marbán E (2005). Optimization of IPG strip equilibration for the basic membrane 
protein mABC1. Proteomics; 5: 2892-5. 

McGregor E, Kempster L, Wait R, Welson SY, Gosling M, Dunn MJ, Powel JT (2001) 
Identification and mapping of human saphenous vein medial smooth muscle proteins by 
two-dimensional polyacrylamide gel electrophoresis. Proteomics; 1(11): 1405-14. 

Messerli FH, Williams B, Ritz E (2007). Essential hypertension. Lancet; 370; 591-603. 

Miller FD, Mathew TC, Toma JG (1991). Regulation of nerve growth factor receptor gene 
expression by nerve growth factor in the developing peripheral nervous system.  J. Cell. 
Biol. 112, 303-312. 

Miller  FD, Speelman A, Mathew TC, Fabian J, Chang E, Pozniak C, Toma JG (1994). Nerve 
growth factor derived from terminals selectively increases the ratio of p75 to trkA NGF 
receptors on mature sympathetic neurons. Dev. Biol. 161, 206-217. 

Mitchell P, Lee AJ, Rochtchina E, Wang JJ (2004). Open-angle glaucoma and systemic 
hypertension: the blue mountains eye study. J Glaucoma; 13(4): 319. 

Morgan KG, Gangopadhyay SS (2001). Invited review: cross-bridge regulation by thin filament-
associated proteins. J Appl Physiol.; 91(2): 953-62. 

Mulvany MJ (1993). Resistance vessel structure and the pathogenesis of hypertension, J 
Hypertens Suppl 11;S7–S12. 

Mulvany MJ (2002). Small artery remodeling and significance in the development of 
hypertension. News Physiol Sci.; 17: 105-9. 

Mulvany MJ, Aalkjaer C (1990). Structure and function of small arteries. Physiol Rev.;  70: 921–
971. 



 

198 

 

Nabika T, Nara Y, Ikeda K, Endo J, Yamori Y (1991). Genetic heterogeneity of the 
spontaneously hypertensive rat. Hypertension; 18: 12-16. 

Nakagawa H., Komorita N (1993). Complement component C3-derived neutrophil chemotactic 
factors purified from exudate of rat carrageenin-induced inflammation. Biochem. 
Biophys. Res. Commun.; 194:1181-1187. 

Nemoto K, Kageyama H, Hagiwara T, Tashiro F, Tomita T, Tomita I, Hano T, Nishio I, Ueyama 
T (1994). Mutation of low affinity nerve growth factor receptor gene in spontaneously 
hypertensive and stroke-prone spontaneously hypertensive rats: one of the promising 
candidate genes for hypertension Brain Res.; 655(1-2): 267-70. 

Nemoto K, Kageyama H, Ueyama T, Fukamachi K, Sekimoto M, Tomita I, Senba E, Forehand 
CJ, Hendley ED (1996). Mutation of low affinity nerve growth factor receptor gene is 
associated with the hypertensive phenotype in spontaneously hypertensive rat strains. 
Neurosci. Lett.; 210: 69-72. 

Nemoto K, Sekimoto M, Fukamachi K, Kageyama H, Degawa M, Hamadai M, Hendley ED, 
Macrae IM, Clark JS, Dominiczak AF, Ueyama T (2005). No involvement of the nerve 
growth factor gene locus in hypertension in spontaneously hypertensive rats. Hypertens 
Res.; 28(2): 155-63. 

Ngai HH, Sit WH, Jiang PP, et al (2007). Markedly increased urinary preprohaptoglobin and 
haptoglobin in passive Heymann nephritis: a differential proteomics approach. J 
Proteome Res.; 8; 3313-20.  

Nishikimi T, Kuwahara K, Nakao K (2011). Current biochemistry, molecular biology, and 
clinical relevance of natriuretic peptides. J Cardiol.; 57(2): 131-40. 

Numabe A, Komatsu K, Frohlich ED (1994). Effects of ANG converting enzyme and α1-
adrenoceptor inhibition on intrarenal hemodynamics in SHR. Am J Physiol.; 266: R1437-
R1442. 

O'Farrell PH (1975). High resolution two-dimensional electrophoresis of proteins. J. Biol. Chem.; 
250: 4007-21.  

Ofstad J, Iversen BM (2005). Glomerular and tubular damage in normotensive and hypertensive 
rats. Am J Physiol Renal Physiol.; 288; F665-72.  

Ogut O, Brozovich FV (2003). Regulation of force in vascular smooth muscle. J Mol Cell 
Cardiol.; 35(4): 347-55. 

Okamoto K, Aoki K (1963). Development of a strain of spontaneously hypertensive rats. Jpn. 
Circ. J.;  27: 202-293. 



 

199 

 

Okamoto K, Tabei R, Fukushima M, et al. (1966). Further observations of the development of a 
strain of spontaneously hypertensive rats. Jpn. Circ. J.; 30; 703-716. 

Okuda T, Sumiya T, Mizutani K, Tago N, Miyata T, Tanabe T, Kato H, Katsuya T, Higaki J, 
Ogihara T, Tsujita Y, Iwai N (2002). Analyses of differential gene expression in genetic 
hypertensive rats by microarray. Hypertens Res; 25(2): 249-55. 

Otten U, Schwab M, Gagnon C, Thoenen H (1977). Selective induction of tyrosine hydroxylase 
and dopamine beta-hydroxylase by nerve growth factor: comparison between adrenal 
medulla and sympathetic ganglia of adult and newborn rats. Brain Res. 133, 291-303. 

Packer CS (1997). Arterial muscle myosin heavy chains and light chains in spontaneous 
hypertension. Comp. Biochem. Physiol. B Biochem. Mol. Biol.; 117(1): 19-28. 

Pages G, Rouayrenc JF, le Cam G, Mariller M, le Cam A (1990). Molecular characterization of 
three rat liver serine-protease inhibitors affected by inflammation and hypophysectomy. 
Protein and mRNA analysis and cDNA cloning. Eur. J. Biochem.; 190:385-391. 

Pappin DJ (2003). Peptide mass fingerprinting using MALDT-TOF mass spectrometry. Methods 
Mol. Biol.; 211:211-219. 

Patterson SD, Aebersol R, Goodlett DR (2001) In: Pennington SR, DunnMJ (eds) Proteomics: 
From Protein Sequence to Function. Oxford, UK: BIOS, pp 87–130. 

Paul CE, Vereker E, Dickson KM, Barker PA (2004). A pro-apoptotic fragment of the p75 
neurotrophin receptor is expressed in p75NTRExonIV null mice.  J. Neurosci. 24, 1917-
1923. 

Paul M, Poyan Mehr A, Kreutz R (July 2006). Physiology of local renin-angiotensin systems. 
Physiol. Rev. 86 (3): 747–803. 

Perondi R, Saine A, Tio RA, Pomidossi G, Gregorini L, Alessio P, Morganti A, Zanchetti A, 
Mancia G (1992). ACE inhibition attenuates sympathetic coronary vasoconstriction in 
patients with coronary artery disease. Circulation; 85: 2004-2013. 

Piech A, Dessy C, Havaux X, Feron O, Balligand JL (2003). Differential regulation of nitric 
oxide synthases and their allosteric regulators in heart and vessels of hypertensive rats. 
Cardiovascular Research; 57: 456-467.  

Pinet F, Poirier F, Fuchs S, Tharaux PL, Caron M, Corvol P, Michel JB, Joubert-Caron R (2004). 
Proteomic analysis of proteins involved in the renal phenotype in renovascular 
hypertension. Therapie.; 59(1): 13-20. 



 

200 

 

Pinet F, Poirier F, Fuchs S, Tharaux PL, Caron M, Corvol P, Michel JB, Joubert-Caron R (2004). 
Troponin T as a marker of differentiation revealed by proteomic analysis in renal 
arterioles. FASEB J.; 18(3): 585-6. 

Pinto YM, Paul M, and Ganten D (1998). Lessons from rat models of hypertension: from 
Goldblatt to genetic engineering Cardiovasc. Res.; 39(1): 77-88 

Pittenger MF, Kistler A and Helfman DM (1995).  Alternatively spliced exons of the beta 
tropomyosin gene exhibit different affinities for F-actin and effects with nonmuscle 
caldesmon. J. Cell Science,; 108: 3253-3265. 

Pravenec M, Kren V, Kunes J, Scicli G, Carretero OA, Simonet L, Kurts TW (1991). 
Cosegregation of blood pressure with a kallikrein gene family polymorphism. 
Hypertension; 17: 242-246. 

Rabilloud T (2002). Two-dimensional gel electrophoresis in proteomics: old, old fashioned, but it 
still climbs up the mountains. Proteomics; 1: 3-10. 

Rabilloud T, Blisnick T, Heller M, Luche S, Aebersold R, Lunardi J, Braun-Breton C (1999). 
Analysis of membrane proteins by two-dimensional electrophoresis: comparison of the 
proteins extracted from normal or Plasmodium falciparum-infected erythrocyte ghosts. 
Electrophoresis; 20: 3603–3610. 

Rabilloud T, Luche S, Santoni V, Chevallet M (2007). Detergents and chaotropes for protein 
solubilization before two-dimensional electrophoresis. Methods Mol. Biol.; 355: 111-9. 

Raiz K, (2011). Hypertension. http://emedicine.medscape.com/article/241381-overview#a0101 

Ramon-Cueto A, Perez J, Nieto-Sampedro M, (1993). In vitro enfolding of olfactory neurites by 
p75 NGF receptor positive ensheathing cells from adult rat olfactory bulb. Eur. J. 
Neurosci. 5, 1172-1180. 

Retzlaff M, Stahl M, Eberl HC, Lagleder S, Beck J, Kessler H, Buchner J (2009). Hsp90 is 
regulated by a switch point in the C-terminal domain. EMBO Rep.; 10(10):1147-53.  

Reutelingsperger CP, van Heerde WL (1997). Annexin V, the regulator of phosphatidylserine-
catalyzed inflammation and coagulation during apoptosis. Cell. Mol. Life Sci. 53, 527-
532.  

Rizzoni D, Muiesan ML, Porteri E, De Ciuceis C, Boari GE, Salvetti M, Paini A, Rosei EA 
(2009). Vascular remodeling, macro- and microvessels: therapeutic implications. Blood 
Press.; 18(5): 242-6. 

Robinson RC, Radziejewski C, Spraggon G, Greenwald J, Kostura MR, Burtnick LD, Stuart DI, 
Choe S, Jones EY (1999). The structures of the neurotrophin 4 homodimer and the brain-



 

201 

 

derived neurotrophic factor/neurotrophin 4 heterodimer reveal a common Trk-binding 
site. Protein Sci. 8:2589–97. 

Robinson RC, Radziejewski C, Stuart DI, Jones EY (1995). Structure of the brain-derived 
neurotrophic factor/neurotrophin 3 heterodimer. Biochemistry 34:4139–46 

Rodriguez-Iturbe B, Quiroz Y, Ferrebuz A, Parra G, Vaziri ND (2004b). Evolution of renal 
interstitial inflammation and NF-κB activation in spontaneously hypertensive rats. Am J 
Nephrol.; 24: 587–594. 

Rodriguez-Iturbe B, Vaziri ND, Herrera-Acosta J, Johnson R.J (2004a). Oxidative stress, renal 
infiltration of immune cells, and salt-sensitive hypertension: all for one and one for all, 
Am. J. Physiol. Renal. Physiol.; 286.  

Rogalla T, Ehrnsperger M, Preville X, Kotlyarov A, Lutsch G, Ducasse C, Paul C, Wieske M, 
Arrigo AP, Buchner J, Gaestel M (1999). Regulation of Hsp27 oligomerization, 
chaperone function, and protective activity against oxidative stress/tumor necrosis factor 
alpha by phosphorylation. J. Biol. Chem.; 274:18947-18956. 

Rosengren AT, Salmi JM, Aittokallio T, Westerholm J, Lahesmaa R, Nyman TA, Nevalainen OS 
(2003). Comparison of PDQuest and Progenesis software packages in the analysis of 
two-dimensional electrophoresis gels. Proteomics; 10: 1936-46. 

Rumantir MS, Kaye DM, Jennings GI, Vaz M, Hastings JA, Esler MD (2000). Phenotypic 
evidence of faulty neuronal norepinephrine reuptake in essential hypertension. 
Hypertension; 36 824-829. 

Rush RA, Chie E, Liu D, Tafreshi A, Zettler C, Zhou X-F (1997). Neurotrophic factors are 
required by mature sympathetic neurons for survival, transmission and connectivity. Clin. 
Exp. Pharmacol. Physiol.; 24: 549–555. 

Saavedra JM. (2009). Opportunities and limitations of genetic analysis of hypertensive rat strains. 
J. Hypertens.; 27(6): 1129-33. 

Sanders KM, Hoh SD, Ro S, Ward SM (2012). Regulation of gastrointestinal motility- insight 
from smooth muscle biology. Nature Reviews Gastroenterology and Hepatology; 9: 633-
645. 

Santoni V, Molloy M, Rabilloud T (2000). Membrane proteins and proteomics: An amour 
impossible? Electrophoresis; 21:1045-1070. 

Schedl HP, Wilson HD, Horst RL (1988). Calcium transport and vitamin D in three breeds of 
spontaneously hypertensive rats. Hypertension; 12: 310-316. 



 

202 

 

Schevchenko A, Wilm M, Vorm O, Mann M (1996). Mass spectrometric sequencing of proteins 
from silver stained polyacrylamide gels. Anal. Chem.; 68: 850-858. 

Schiffrin EL (1992). Reactivity of small blood vessels in hypertension: relation with structural 
changes. State of the art lecture. Hypertension; 19(2 Suppl): II1-9. 

Schiffrin EL (2001). Role of endothelin-1 in hypertension and vascular disease. Am. J. 
Hypertension; 14(2):83S-89S. 

Schiffrin EL (2004). Remodeling of resistance arteries in essential hypertension and effects of 
antihypertensive treatment. Am J Hypertens.; 17(12 Pt 1): 1192-200. 

Schwartz SM, Mecham RP (1995). The vascular smooth muscle cell: molecular and biological 
responses to the extracellular matrix. Academic Press. San Diego, USA. 

Scott TM, Pang SC (1983). The correlation between the development of sympathetic innervation 
and the development of medial hypertrophy in jejunal arteries in normotensive and 
spontaneously hypertensive rats. J Auton Nerv Syst; 8: 25–32.  

Seicher KD, Kolbas O, Harper S, Speicher DW (2000). Systematic analysis of peptide recoveries 
from in gel digestions for protein identification in proteome studies. J. Biomolecular 
Techniques; 11: 74-86. 

Selvin E, Erlinger TP (2004). Prevalence of and risk factors for peripheral arterial disease in the 
United States: results from the National Health and Nutrition Examination Survey, 1999-
2000. Circulation; 110(6): 738. 

Sharma JN (2009). Hypertension and the bradykinin system. Curr Hypertens Rep.; 11(3): 178-81.  

Shi ZH, Zhao C, Wu H, Wang W, Liu XM (2011). CLIC1 protein: a candidate prognostic 
biomarker for malignant-transformed hydatidiform moles. Int J Gynecol Cancer.; 21(1): 
153-60. 

Simpson O (1995). Blood pressure and sodium intake; in Laragh JH, Brenner BM (eds): 
Hypertension. Pathophysiology, Diagnosis and Management., Raven Press, New York, 
USA. 

Skaper SD (2011). Ion channels on microglia: therapeutic targets for neuroprotection. CNS 
Neurol Disord Drug Targets; 10(1): 44-56. 

Skov K, Mulvany MJ (2004). Structure of renal afferent arterioles in the pathogenesis of 
hypertension. Acta Physiol Scand.; 181; 397-405. 



 

203 

 

Smeda, JS, Lee RMKW, Forrest, JB (1988). Prenatal and postnatal hydralazine treatment does 
not prevent renal vessel wall thickening in SHR despite the absence of hypertension. Circ 
Res 63, 534–542. 

Sofroniew MV, Howe CL, Mobley WC (2001). Nerve growth factor signaling, neuroprotection, 
and neural repair. Ann Rev Neurosci.; 24: 1217-81. 

Solomon SS, Buss N, Shull J, Monnier S, Majumdar G, Wu J, Gerling IC (2005). Proteome of H-
411E (liver) cells exposed to insulin and tumor necrosis factor-alpha: analysis of proteins 
involved in insulin resistance. J Lab Clin Med.; 145(5): 275-83. 

Somara S, Gilmont R, Bitar KN (2009). Role of thin-filament regulatory proteins in relaxation of 
colonic smooth muscle contraction. Am J Physiol Gastrointest Liver Physiol.; 297(5): 
G958-66. 

Staessen JA, Fagard R, Thijs L, Celis H, Arabidze GG, Birkenhäger WH, Bulpitt CJ, de Leeuw 
PW, Dollery CT, Fletcher AE, Forette F, Leonetti G, Nachev C, O'Brien ET, Rosenfeld J, 
Rodicio JL, Tuomilehto J, Zanchetti A (1997). Randomised double-blind comparison of 
placebo and active treatment for older patients with isolated systolic hypertension. The 
Systolic Hypertension in Europe (Syst-Eur) Trial Investigators. Lancet; 350(9080): 757-
64.  

Stastna M, Behrens A, Noguera G, Herretes S, McDonnell P, Van Eyk JE (2007). Proteomics of 
the aqueous humor in healthy New Zealand rabbits. Proteomics; 23: 4358-75. 

Steinderg D (1997). Low density lipoprotein oxidation and its pathobiological significance. J Biol 
Chem.; 272: 20963-20966. 

Struijker-Boudier HA, le Noble JL, Messing MW, Huijberts MS, le Noble FA and van Essen H 
(1992). The microcirculation and hypertension, J Hypertens Suppl 10;S147–S156 

Takahashi N, Takahashi Y, Putnam FW(1984). Structure of human hemopexin: O-glycosyl and 
N-glycosyl sites and unusual clustering of tryptophan residues. Proc. Natl. Acad. Sci.; 
81:2021-2025. 

Takeyoshi M, Anai S, Shinoda K (2000).  Hepatic alpha(2u)-globulin mRNA levels and 
diethylstilbestrol-associated testicular atrophy in rats. Reprod Toxicol.; 14; 355-7. 

Taniuchi M, Clark HB, Johnson EM Jr. (1986). Induction of nerve growth factor receptor in 
Schwann cells after axotomy. Proc. Natl. Acad. Sci. USA 83, 4094-4098.  

The World Health Report (2002). Reducing Risks, Promoting Healthy Life. Geneva, Switzerland: 
World Health Organization; 2002:58. 



 

204 

 

Thongboonkerd V, Klein JB, Pierce WM, et al (2003). Sodium loading changes urinary protein 
excretion: a proteomic analysis. Am J Physiol Renal Physiol. 2003; 284; F1155-63.  

Thongboonkerd V, Malasit P (2005). Renal and urinary proteomics: current applications and 
challenges. Proteomics; 5(4): 1033-42. 

Thrift AG, McNeil JJ, Forbes A, Donnan GA (1996). Risk factors for cerebral hemorrhage in the 
era of well-controlled hypertension. Melbourne Risk Factor Study (MERFS) Group. 
Stroke; 27(11): 2020. 

Toma JG, Rogers D, Senger DL, Campenot RB, Miller FD (1997). Spatial regulation of neuronal 
gene expression in response to nerve growth factor. Dev. Biol. 184, 1-9. 

Trippodo NC, Frohlich ED (1981). Similarities of genetic (spontaneous) hypertension. Man and 
rat. Circ. Res.; 48(3): 309-319. 

Truong LD, Farhood A, Tasby J, Gillum D (1992). Experimental chronic renal ischemia: 
morphologic and immunologic studies. Kidney Int.; 41(6): 1676. 

 Tsuji A, Kikuchi Y, Sato Y, Koide S, Yuasa K, Nagahama M, Matsuda Y (2006). A proteomic 
approach reveals transient association of reticulocalbin-3, a novel member of the CREC 
family, with the precursor of subtilisin-like proprotein convertase, PACE4. Biochem. J; 
396(1):51-9. 

Tung JJ, Kitajewski J (2010). Chloride intracellular channel 1 functions in endothelial cell growth 
and migration. J Angiogenes Res.; 2: 23. 

Tyther R, Ahmeda A, Johns E, McDonagh B, Sheehan D (2010). Proteomic profiling of 
perturbed protein sulfenation in renal medulla of the spontaneously hypertensive rat. J 
Proteome Res.; 9(5): 2678-87. 

Tyther R, Ahmeda A, Johns E, Sheehan D (2007). Proteomic identification of tyrosine nitration 
targets in kidney of spontaneously hypertensive rats. Proteomics; 7(24): 4555-64. 

Uchino K, Nishikimi T, Frohlich ED (1991). α1-adrenergic receptor blockade reduces afferent 
and efferent glomerular arteriolar resistances in SHR. Am J Physiol.; 261: R576-R580. 

Udenfriend S, Ooshima A, Cardinale G, Fuller GC, Spector S (1976). Increased formation of 
collagen in the blood vessels of hypertensive rats. Ann N Y Acad Sci.; 275: 101-3. 

Vakili BA, Okin PM, Devereux RB (2001). Prognostic implications of left ventricular 
hypertrophy. Am Heart J.; 141(3): 334-41. 



 

205 

 

Vasan RS, Beiser A, Seshadri S, Larson MG, Kannel WB, D'Agostino RB, Levy D (2002). 
Residual lifetime risk for developing hypertension in middle-aged women and men: The 
Framingham Heart Study. JAMA.; 287: 1003-1010. 

Vercauteren FGG, Arckens L, Quirion R (2007).  Applications and current challenges of 
proteomic approaches focusing on two dimensional electrophoresis. Amino Acids; 33: 
405-414. 

Verge VM, Merlio JP, Grondin J, Ernfors P, Persson H, Riopelle RJ, Hokfelt T, Richardson PM 
(1992). Colocalization of NGF binding sites, trk mRNA, and low-affinity NGF receptor 
mRNA in primary sensory neurons: responses to injury and infusion of NGF. J. Neurosci. 
12, 4011-4022. 

Versari D, Daghini E, Virdis A, Ghiadoni L, Taddei S (2009). Endothelium-dependent 
contractions and endothelial dysfunction in human hypertension. Br J Pharmacol.; 
157(4): 527-36. 

Viera AJ, Neutze DM (2010). Diagnosis of secondary hypertension: an age-based approach. Am 
Fam Physician.; 82(12): 1471-8. 

von Schack D, Casademunt E, Schweigreiter R, Meyer M, Bibel M, Dechant G (2001). Complete 
ablation of the neurotrophin receptor p75NTR causes defects both in the nervous and the 
vascular system. Nat. Neurosci. 4, 977-978. 

Walsh CT (2006). Posttranslational modification of proteins. Expanding nature’s inventory. 
Roberts and Company Publishers. Englewood California, USA. 

Walsh GS, Krol KM, Crutcher KA, Kawaja MD (1999a). Enhanced neurotrophin-induced axon 
growth in myelinated portions of the CNS in mice lacking the p75 neurotrophin receptor. 
J. Neurosci. 19, 4155-4168.  

Walsh GS, Krol KM, Kawaja MD (1999b). Absence of the p75 neurotrophin receptor alters the 
pattern of sympathosensory sprouting in the trigeminal ganglia of mice overexpressing 
nerve growth factor. J. Neurosci. 19, 258-273. 

Wang JW, Peng SY, Li JT, Wang Y, Zhang ZP, Cheng Y, Cheng DQ, Weng WH, Wu XS, Fei 
XZ, Quan ZW, Li JY, Li SG, Liu YB (2009). Identification of metastasis-associated 
proteins involved in gallbladder carcinoma metastasis by proteomic analysis and 
functional exploration of chloride intracellular channel 1. Cancer Lett.; 281(1): 71-81. 

Wang Y, Shia MA, Christensen TG, et al (2000). Hepatic α2µ-globulin localizes to the cytosol of 
rat proximal tubule cells. Kidney International; 57; 1015–1026. 



 

206 

 

Wang Y, Zhang B, Bai Y, Zeng C, Wang X (2010). Changes in proteomic features induced by 
insulin on vascular smooth muscle cells from spontaneous hypertensive rats in vitro. Cell 
Biochem Biophys.; 58(2): 97-106. 

Weinberg MH (1996). Salt sensitivity: does it play an important role in the pathogenesis and 
treatment of hypertension? Curr. Opin. Nephrol. Hypertens.; 5: 205–208. 

Weiss W, Gorg A (2009). High-resolution two-dimensional electrophoresis. Methods Mol. Biol.; 
564:13-32. 

Welcher AA, Bitler CM, Radeke MJ, Shooter EM (1991). Nerve growth factor binding domain of 
the nerve growth factor receptor. Proc. Natl. Acad. Sci. USA 88, 159-163. 

Westermier R (2001). Electrophoresis in Practice. Germany, Wiley-VCH,. 

Westfall TC, and Meldrum MJ (1985). Alterations in the Release of Norepinephrine at the 
Vascular Neuroeffector Junction in Hypertension. Annual Review of Pharmacology and 
Toxicology. 25: 621-641  

Westhoff TH, Scheid S, Tölle M, Kaynak B, Schmidt S, Zidek W, Sperling S, van der Giet M 
(2005). A physiogenomic approach to study the regulation of blood pressure. Physiol. 
Genomics; 23(1): 46-53. 

Weston AH, Porter EL, Harno E, Edwards G (2010). Impairment of endothelial SKCa channels 
and of downstream hyperpolarizing pathways in mesenteric arteries from spontaneously 
hypertensive rats. Br. J. Pharmacol.; 160:836-843. 

Wildgruber R, Reil G, Drews O, Parlar H, Görg A (2002). Web-based two-dimensional database 
of Saccharomyces cerevisiae proteins using immobilized pH gradients from pH 6 to pH 
12 and matrix-assisted laser desorption/ionization-time of flight mass spectrometry. 
Proteomics; 6: 727-32. 

Wilkins MR, Sanchez JC, Gooley AA, Appel RD, Humphery-Smith I, Hochstrasser DF, 
Williams KL (1996). Progress with proteome projects: why all proteins expressed by a 
genome should be identified and how to do it.  Biotechnol. Genet. Eng. Rev.; 13: 19-50. 

Wilson KL (2000). The nuclear envelope, muscular dystrophy and gene expression. Trends Cell. 
Biol. 10, 125-129. 

Wilson PW (1994). Established risk factors and coronary artery disease: the Framingham Study. 
Am J Hypertens.; 7(7 Pt 2): 7S-12S. 

Wilson SM, Bhattacharyya B, Rachel RA, Coppola V, Tessarollo L, Householder DB, Fletcher 
CF, Miller RJ, Copeland NG, Jenkins NA (2002). Synaptic defects in ataxia mice result 



 

207 

 

from a mutation in Usp14, encoding a ubiquitin-specific protease. Nat. Genet. 32, 420-
425. 

Wishart TM, Paterson JM, Short DM, Meredith S, Robertson KA, Sutherland C, Cousin MA, 
Dutia MB, Gillingwater TH (2007). Differential proteomic analysis of synaptic proteins 
identifies potential cellular targets and protein mediators of synaptic neuroprotection 
conferred by the slow Wallerian degeneration (Wlds) gene. Mol. Cell. Proteomics. 8, 
1318-1330. 

Wong TY, Mitchell P (2004). Hypertensive retinopathy. N Engl J Med.;351(22):2310. 

Wong TY, Wong T, Mitchell P (2007). The eye in hypertension. Lancet; 369(9559): 425. 

Yamori Y (1984). Development of the spontaneously hypertensive rats (SHR) and of various 
spontaneous rat models, and their implications. In: de Jong W, ed. Handbook of 
hypertension, Vol 4: Experimental and genetic models of hypertension. Amsterdam: 
Elsevier,: 224-239. 

Yamori Y, and Swales JD (1994). B: The spontaneously hypertensive rat. In: Textbook of 
hypertension. Swales JD Editor. Blackwell Scientific Publications, Cambridge, MA, USA 

Yan H, Chao MV (1991). Disruption of cysteine-rich repeats of the p75 nerve growth factor 
receptor leads to loss of ligand binding. J. Biol. Chem. 266, 12099-12104. 

Yang JY, Jung JY, Cho SW, Choi HJ, Kim SW, Kim SY, Kim HJ, Jang CH, Lee MG, Han J, 
Shin CS. (2009). Chloride intracellular channel 1 regulates osteoblast differentiation. 
Bone; 45(6): 1175-85.   

Ye H, Kuruvilla R, Zweifel LS, Ginty DD (2003). Evidence in support of signaling endosome-
based retrograde survival of sympathetic neurons.  Neuron 39, 57-68. 

Ye P, West MJ (2003). Cosegregation analysis of natriuretic peptide genes and blood pressure in 
the spontaneously hypertensive rat. Clin Exp Pharmacol Physiol; 30(12): 930-6.  

Zapf-Colby A, Olefsky JM (1998). Nerve growth factor processing and trafficking events 
following TrkA-mediated endocytosis.  Endocrinology 139, 3232-3240. 

Zettler C, Rush RBR (1993). Elevated concentration of nerve growth factor in heart and 
mesenteric arteries of spontaneously hypertensive rats. Brain Res.; 614: 15-20.  

Zhang JC, Kim S, Helmke BP, Yu WW, Du KL, Lu MM, Strobeck M, Yu Q, Parmacek MS. 
(2001) Analysis of SM22 alpha-deficient mice reveals unanticipated insights into smooth 
muscle cell differentiation and function. Mol Cell Biol 21:1336–1344. 



 

208 

 

Zhou S, Bailey MJ, Dunn MJ, Preedy VR, Emery PW (2005). A quantitative investigation into 
the losses of proteins at different stages of a two-dimensional gel electrophoresis 
procedure. Proteomics; 5: 2739-47. 

Zhou X, Frohlich ED (2003). Ageing, hypertension and the kidney: new data on an old problem. 
Nephrol. Dial. Transplant; 18(8): 1442-5. 

Zhou XF, Rush RA, McLachlan EM (1996). Differential expression of the p75 nerve growth 
factor receptor in glia and neurons of the rat dorsal root ganglia after peripheral nerve 
transection. J. Neurosci. 16, 2901-2911. 

Zhuo L, Kimata K (2008). Structure and function of inter-alpha-trypsin inhibitor heavy chains. 
Connect Tissue Res; 49: 311-230. 

Zucchelli P, Zuccalà A (1994). Primary hypertension--how does it cause renal failure? Nephrol. 
Dial. Transplant; 9(3): 223. 

 

 

 

 

 


