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ABSTRACT 

 Cardiovascular disease, often induced by hypertension, represents a serious health 

threat, is a primary cause of death worldwide, and results in altered cardiovascular 

function and ECM composition. Hypertension and related cardiovascular diseases are 

associated with immune dysfunction.  This dissertation investigated the role of T-

lymphocytes in modulating cardiovascular function and ECM composition as a possible 

therapeutic for the treatment of cardiovascular disease.  Study one investigated the role of 

TCR peptide in the development of hypertension and subsequent cardiovascular changes 

in Balb/C mice.  The coadminstration of TCR and L-NAME/8% NaCl reduced the effects 

of L-NAME/8% NaCl, decreasing blood pressure and crosslinked collagen compared to 

L-NAME/8% NaCl alone.  Study two examined the effects of T-lymphocyte function on 

cardiovascular structure and function.  Adoptive transfer of T-lymphocytes from 

C57BL/6 WT mice into C57BL/6 SCID mice induced changes in the SCID so that it 

resembled the WT donor, with increased percent crosslinked collagen and LOX activity.  

Hemodynamics in the SCID recipient resembled that of the WT and were significantly 

different from the sham injected SCID.  Study three combined aspects of both previous 

studies.  T-lymphocytes were adoptively transferred from hypertensive WT donors into 

naïve SCID recipients, who developed hypertension and cardiovascular function 

resembling the hypertensive donor, as well as changes in the ECM, including increased 

collagen crosslinking.  Study four investigated the effect of strain specific T-lymphocyte 

polarization on hypertension induced cardiac ECM remodeling.   Balb/C, C57BL/6 WT, 

and C57BL/6 SCID had divergent responses to L-NAME induced hypertension.  
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Ventricular stiffness increased in Balb/C, decreased in C57 SCID and did not change in 

C57 WT; LOX activity changed correspondingly in all groups.  The final study examined 

the effect of TCR administration on LOX activity and collagen crosslinking.  Th1 

polarization increased LOX activity and crosslinked collagen with corresponding changes 

in cardiovascular function.  In conclusion, modulation of T-lymphocyte function alters 

cardiovascular function and ECM composition in pathologic and non-pathologic 

conditions.  Immune modulation should be further investigated as a therapeutic for 

cardiovascular disease. 

 

 

 

 

 

 

 

 

 

 

 

Key Words: Hypertension, T-lymphocyte, Immunomodulation, Heart Function, 

Extracellular matrix
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Chapter 1: INTRODUCTION
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1.1 Hypertension and Cardiovascular Disease 

According to the American Heart Association, cardiovascular disease is the 

leading cause of death for women and men in the United States.1 In 2003, 685,089 people 

in the United States alone died of heart disease, accounting for 28% of all U.S. deaths. In 

2006, costs for health care services, medications, and lost productivity attributed to 

cardiovascular disease are predicted to be $142.5 billion.2 Approximately 69% of people 

who have a first heart attack, 77% who have a first stroke, and 74% who have congestive 

heart failure have blood pressure higher than 140/90 mm Hg.  Most importantly, 

hypertension is one of the primary causes of heart failure with an accompanying 

mortality rate of 50% in four years.3   

Hypertension is defined as systolic blood pressure exceeding 140 mm Hg and/or 

diastolic pressure greater than 90 mm Hg.  It is characterized by structural changes of the 

heart and vasculature.  Remodeling of the of heart in response to increased blood 

pressure, referred to as left ventricular hypertrophy (LVH), is a risk factor of many 

cardiovascular diseases and is itself called hypertensive heart disease.  Hypertensive heart 

disease encompasses disease manifestations that can be directly correlated to the 

anatomical changes associated with hypertension.4 Although hypertension-induced 

remodeling is initially adaptive, as it progresses LVH and cardiovascular remodeling 

often results in numerous cardiovascular maladies including but not limited to conduction 

abnormalities, coronary heart disease, stroke, and systolic and diastolic heart failure.5-8 

 Cardiac fibrosis and LVH in response to hypertension are diverse and related to 

the severity of hypertension.  Diffuse myocardial fibrosis with evidence of myocyte 
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hypertrophy is associated with mild hypertension; however the general structure of the 

ECM is maintained.  In individuals with severe hypertension, large disorganized ECM 

was reported with myocyte death and replacement fibrosis.  These people also exhibited 

extreme myocyte hypertrophy.9 Cardiac fibrosis and LVH increased cardiac stiffness 

thereby decreasing ventricular filling and ejection, resulting in heart failure.  

Hypertensive remodeling is the primary cause of diastolic heart failure, characterized as 

heart failure with preserved ejection fraction.  It is a result of increased ventricular wall 

stiffness and decreased passive diastolic filling.  Because the ECM is the main 

determinant of ventricular compliance, minimizing alterations in the ECM greatly 

improves diastolic function and therefore decreases the severity of diastolic heart failure. 

 Chronic hypertension is also associated with structural changes in the vasculature. 

In hypertension there is an increase in peripheral resistance that is mainly determined by 

resistance vessels consisting of small arteries (with diameter <500 µm) and arterioles 

(arteries leading to capillaries).10 Hypertension induced remodeling in both humans and 

animals characteristically results in reduced lumen and increased media:lumen ratio.11, 12 

Similar to cardiac remodeling, vascular remodeling involves increased deposition and 

decreased degradation of collagens I and III.  However, in the vasculature, elastin is also 

a significant determinant of compliance and therefore peripheral vascular resistance.  

Recent studies have shown that elastin participates in the altered mechanical properties of 

hypertensive vessels.13 

 Altered cardiac and vascular compliance may be due to altered fibroblast 

function.  Fibroblasts comprise a majority of non-myocyte cells in the heart and the 
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adventitial layer of the vasculature.  In both they control synthesis and organization of 

ECM as well as synthesis and release of enzymes responsible for degradation and 

crosslinking of ECM components.  It follows then that changes in fibroblast function 

could dramatically alter the pathologic remodeling associated with hypertension.  Current 

pharmacological treatment of hypertension is largely empiric, based on modulation of 

neurohormonal pathways, with an emphasis on improving symptoms, with no substantial 

improvement in the underlying etiology.   

 In addition to inducing cardiovascular remodeling, hypertension is also associated 

with alterations in the immune system.  Human cases of hypertension, including primary 

hypertension, pre-eclampsia, and that induced by immunosupression, have all been 

reported to involve changes in T-lymphocyte profile.  These changes are related to a 

switch in the predominant T-lymphocyte subset, either Th1 or Th2.  Because T-

lymphocyte subsets secrete discrete factors, this change in predominant subset is 

accompanied by alteration in cytokine release.  We hypothesize that changes in T-

lymphocyte subset are capable of modulating fibroblast function and therefore modifying 

hypertension-induced cardiovascular remodeling.  This could lead to the development of 

new therapeutics able to modify remodeling processes thus improving patient outcomes 

and limiting disease progression.   

 

1.2 Analysis of Cardiac Function 

 Reliable analysis of cardiac function is central to the diagnosis and treatment of 

cardiac disease.  The use of animals to model human cardiovascular disease made it 
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necessary to measure heart function in-vivo in study animals.  Our laboratory and others 

have successfully achieved this through the use of echocardiography and the 

Conductance Catheter System, CCS.  

 

1.2.1 Echocardiography 

 Echocardiography is most frequently used by physicians to diagnose patients with 

cardiovascular disease.  Until recently this useful non-invasive technique was not 

available to scientists using small animals in the study of cardiovascular diseases.  The 

advent of an echocardiograph that could measure heart function in mice and other small 

animals has enabled scientists to perform longitudinal studies investigating the 

progression of cardiovascular diseases in one animal.  Three techniques of ECHO are 

used to define cardiac function.  M-mode ECHO yields a one-dimensional image with 

high resolution.  For this reason M-mode is used to obtain measurements of cardiac 

dimension and evaluate ventricular function.  Two dimensional ECHO images a plane of 

tissue and is commonly used in both short and long axis to evaluate systolic functional 

parameters such as fractional shortening (FS), ejection fraction (EF), and left ventricular 

end systolic and end diastolic dimensions and volumes.  Pulsed Wave Doppler generates 

measurements of blood flow patterns, directions and velocity.  Tissue Doppler allows 

evaluation of regional myocardial function. The use of ECHO also reduces the amount of 

anesthesia needed during data acquisition.  ECG and respiratory gating are used to ensure 

that true end diastolic and end systolic frames are selected when appropriate.  Parameters 

generated using ECHO are found in Table 1. 
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Table 1: Parameters of Echocardiography 

 

M-mode ECHO 
 
FS    Fractional Shortening (%FS) 
EF    Ejection Fraction 
LV Mass (mg)   left ventricular mass 
LV Vol;d (µl)               left ventricular volume diastole 
LV Vol;s (µl)    left ventricular volume diastole 
SV (µl)   stroke volume 
Heart rate (bpm)   Calculated in respective mode of views 
CO (ml)   Cardiac output 
 
Doppler Flow across Mitral Valve 
The following parameters were calculated from apical 4-chamber view 
Peak E velocity (cm/s):  baseline to peak gives the peak velocity during early  

diastole, passive filling. 
Peak A velocity (cm/s): velocity during late diastole, active filling from atrial kick  
E/A ratio (no units):  ratio of velocities during early and late diastole.  
E-Deceleration time (ms) time from peak to trough of E-Wave.  
E-Acceleration time (ms) time from trough to peak of E-Wave. 
% E Decel   E-Deceleration time normalized to HR 
E Decel Slope   rate of decline of E  
 
Tissue Doppler at Mitral Annulus (Septal Wall) 
Lateral Ea (cm/s):  Lateral wall tissue activity during early diastole.  
Lateral Aa (cm/s):  Lateral wall tissue activity during late diastole. 
Septal Ea (cm/s):  Septal wall tissue activity during early diastole. 
Septal Aa (cm/s):  Septal wall tissue activity during late diastole. 
Ea/Aa (no units):  Ratio of tissue activity during early diastole to  
    late diastole 
E/Ea (no units):  Ratio of peak E velocity from flow Doppler across the 
    Mitral valve to the tissue activity on the mitral annulus 
    During early diastole 
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1.2.2 Pressure Volume Loops 

 Two parameters, pressure and volume, vary during the cardiac cycle.  Integrating 

these two parameters together gives rise to pressure volume loops, which can be analyzed 

to quantify cardiac function.14, 15 The pressure volume loops represent the four phases of 

the cardiac cycle namely, isovolumic contraction, ejection, isovolumic relaxation, and 

filling. (Figure 1)  Systole is shown by phases one and two while phases three and four 

represent diastole.  Different molecular components of the heart affect each phase. (Table 

2)   

 In phase one, isovolumic contraction, the left ventricle is contracting serving to 

increase the pressure in the left ventricular chamber with no volumetric changes.  

Contraction is regulated by many molecular components of the left ventricle.  The L-type 

Ca2+ channels and the ryanodine receptors on the sacroplasmic reticulum (SR) control the 

quantity of calcium in the myocyte and therefore the number of actin-myosin 

crossbridges that are formed for muscular contraction.16-18 The parameters dP/dTmax-Ved 

and dP/dTmax are used to access isovolumic contractile state.  PRSW is a powerful 

measure of global cardiac function, as it is not affected by preload or afterload.  When the 

pressure in the chamber becomes equal to that in the aorta the aortic valve opens, blood is 

ejected into the ascending aorta, and phase two, ejection, begins.  This phase is largely 

governed by the compliance of the vasculature; as seen in the studies in this dissertation 

hypertension decreases vascular compliance whereby increasing afterload, Ea, and 

thereby increasing the demands placed on the heart during ejection.  Also, ESPRV, the 
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line graphing the end systolic pressure-volume relationship represents this portion of the 

cardiac cycle. 18   

 The diastolic phases three and four are isovolumic relaxation and filling and 

comprise the diastolic portions of the cardiac cycle.  Similar to isovolumic contraction, 

there is no change in left ventricular volume throughout isovolumic relaxation.  During 

this phase the left ventricular tissue is relaxing, accompanied by a decrease in pressure.  

Relaxation is determined by the sequestration of calcium from the cytosol to the SR.  The 

sacroplasmic reticulum calcium ATPase SERCA2a is responsible for returning the 

released calcium back to the SR.  The activity of SERCA2a is regulated by the monomer 

phosolamban which, when phosphorylated, serves to increase calcium reuptake into the 

SR.19 20 The calculated parameters dP/dtmin and tau both characterize isovolumic 

relaxation.  The last phase in the cardiac cycle, phase four, is filling.  This phase is 

mainly governed by the structural compliance of the heart.  Since ventricular compliance 

is directly related to the composition of extracellular matrix (ECM) any alterations in the 

ECM will effect the filling phase.  The parameter β, a measure of ventricular compliance, 

is associated with filling. 

 The parameters generated by CCS describe cardiovascular function and can be 

divided into four categories: Hemodynamics; LV Systolic Function; LV Diastolic 

Functional; and Vascular Function.  These parameters are defined in Table 3.  
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Figure 1: Functional parameters of the cardiac cycle 

 

 

 

Table 2: Phases of the Cardiac Cycle and Associate Molecules 
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 Although pressure volume loops generate many useful parameters for the 

measurement of cardiac function, there are some limitations of this procedure.  There is 

much debate about the effect of anesthesia on cardiac function, citing that anesthesia 

causes cardiac depression.  To minimize this our laboratory uses combination of α-

chloralose/urethane that has been shown to cause minimal cardiac and vascular 

depression and inhibits central nervous system catecholamine outflow that may confound 

data interpretation.21 Additionally, acquiring pressure volume loops is a terminal, 

invasive procedure.  Therefore longitudinal studies are not possible using CCS.  Because 

the procedure is invasive there is the concern about maintaining hemodynamic stability 

during data acquisition.  Some of these concerns can now be addressed through the use of 

a murine echocardiogram although ECHO has its limitations also.  The measurements 

made using ECHO are largely dependent on image quality and the orientation of the scan 

head.  During ECHO, an image of a 2D slice of the tissue is made; because of this, 

distortion in measurements, such as mitral valve diameter, are possible if a consistent 

cross section is not made in all study animals.22 Also, since volume cannot be measured 

directly these values are calculated; this is true for measuring cardiac output, which is 

calculated as the product of flow proximal to the aortic valve and the square of the 

measured left ventricular outflow tract diameter.  Since both CCS and ECHO have 

limitations, these two techniques provide complementary date that provide a reliable 

assessment of cardiovascular function. 
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1.3 Extracellular Matrix 

 The extracellular matrix (ECM) is responsible for the integrity of the myocardium 

and the vasculature.  In the heart it serves to transduce the force of contraction and forms 

a structural framework for the myocardium.  In the vasculature the ECM maintains the 

geometry of the vessels while preventing rupture due to pressure within the vessel.  

According to Weber the collagen component of the ECM is responsible for supporting 

the myocytes and keeping them in alignment, maintaining the shape of the heart and 

contributes to the stiffness of the myocardium.23 The concept of the interaction between 

the extracellular matrix and the myocyte was furthered by Sackner-Bernstein who stated 

that the cardiac myocyte can neither elongate nor change its orientation relative to other 

cells without changes in the extracellular matrix.24 Therefore myocyte and VSM 

remodeling is dependent upon initial remodeling of the ECM.  In order to more fully 

understand the development and progression of cardiovascular diseases it is therefore 

important to gain insight into how the extracellular matrix is modified during disease. 

Within the heart the myocytes arrange in layers called laninae.25 These laminae 

are further organized into layers that are two to five myocytes thick.  A collagen matrix 

called the endomysium surrounds the laminae, connecting them to each other and 

surrounding capillaries.  The perimysium surrounds groups of myocytes and attaches 

them to the outer layer of collagen, the epimysium.  The muscle fibers are protected from 

side slippages by collagen struts that are perpendicular to the basement membrane.23 

Fibroblasts are located within the endomysial layer26; this close proximity to the laminae 

allows the fibroblasts to be in direct contact with the myocytes allowing the transmission 
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of mechanical stimuli. Ultimately the ECM serves to 1) form a network that connects 

cellular components, 2) create a scaffold for myocytes and non-myocytes through which 

mechanical for can be distributed, 3) transmit mechanical stimuli to ECM associated 

cells, and 4) participate in fluid movement within the extracellular environment.27     

 

1.3.1 Collagen 

 EMC is primarly composed of collagen synthesized by fibroblasts.  The collagen 

in the heart and vasculature is primarily collagen I and collagen III.  Collagen I, 

accounting for 85% of all collagen in the normal heart, is responsible for tensile strength.  

Collagen III is less stiff and provides elastic properties to the myocardium.  Following 

translation, monomers of collagen I and II are exported out of the cell to undergo further 

processing.  In the extracellular space the amino and carboxy ends are cleaved by 

procollagen C-proteinases.  These collagen proteins may then undergo further 

modification by lysyl oxidase ultimately creating the crosslinked collagen required in the 

ECM which is less sensitive to degradation by matrix metalloproteinases (MMPs).  The 

synthesis of collagen in the EMC is affected by numerous factors, including cytokines 

that can be modified to investigate their role in ECM remodeling.  Collagen synthesis and 

modification pathways are shown in Figure 2.        

Myocardial stiffness is not always associated with an increase in collagen content.  

The ratio of collagen I/collagen III is an important determinant of myocardial stiffness 

and has been shown to change in both the pressure overloaded and aging myocardium.28  

Pauschinger et. al. found that there was a significant shift in the collagen I/ collagen III 
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ratio in patients with dilated cardiomyopathy.29 Taken together these reports suggest that 

it is not only the quantity of collagen but the type that plays a role in myocardial 

structural ECM. 

 

Figure 2 Factors affecting collagen synthesis and degradation.  

 

 

1.3.2 Cardiac Fibroblasts 

Within the heart, myocytes account for more than 75% of the mass, but non-

myocyte cells account for 50% of the cell number.30 The majority of non-myocyte cells 

are fibroblasts.  The interaction of fibroblasts with the ECM is critical for the 

maintenance cardiac function.  Cardiac fibroblasts perform three vital functions 1) 

synthesis of ECM components, 2) synthesis and release of enzymes related to 
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degradation and modification of ECM 3) transmission of the mechanical force generated 

by the heart.31 Fibroblasts are responsible for the synthesis of many of the components of 

the ECM, especially collagen type I and III.31, 32  Bing et. al. reported increased numbers 

of fibroblasts in the fibrotic regions of spontaneously hypertensive rats (SHR) 

myocardium.33 In addition to collagens fibroblasts also synthesize elastin, 

metalloproteinases (MMPs), tissue inhibitors of MMPs (TIMPs), and lysyl oxidase (LOX 

and LOXL).34  They also secrete molecules involved in cell interactions and signaling 

such as cytokines, growth factors, and chemokines.35 With the proper stimulation cardiac 

fibroblasts transdifferenate into myofibroblasts, gain contractile properties and are 

characterized by smooth muscle cell markers not present on normal cardiac fibroblasts.36  

Once cardiac fibroblasts have assumed this phenotype they are more mobile, can contract 

collagen gels in-vitro.  Myofibroblasts, contractile fibroblasts, can remain in the scar 

tissue of the myocardium for long periods of time following a myocardial infarction 

where they confer contractile properties to the scar.37 

In the past fibroblast research has been hampered by the lack of specific markers.  

Recently, a member of discoidin domain receptors, DDR2 has been reported to be a 

specific cardiac fibroblast marker in adult hearts.37 As described earlier, collagen 

molecules are highly posttranslationally modified.  One of the enzymes that participates 

in these modifications, proly-4-hydroxylase (P4H), has been shown to be another specific 

marker of cardiac fibroblasts.38 The use of both of these markers is valuable in the study 

of fibroblast function and localization in the myocardium during pathologies. P4H is 
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being used in our laboratory to determine if changes induced by modulating immune 

function are a result of altered fibroblast function or changes in fibroblast number. 

 

1.3.3 Regulatory function of cardiac fibroblast 

 Many of the chemical factors found in the ECM alter its composition through 

modulating the actions of cardiac fibroblasts.  IL-1β and TNF-α are the potent inducers of 

MMP secretion by fibroblasts whereby increasing collagen degradation.39 Angiotensin II 

(ANG II), transforming growth factor- β (TGF-β), CTGF, and insulin growth factor-1 

(IGF-1) have been shown to be pro-fibrotic by stimulating fibroblasts to increase collagen 

production.35, 40, 41 Also, IL-10 has been shown to inhibit T-lymphocyte function, 

predominantly Th1 lymphocytes, and is therefore important in regulating fibroblast 

function through changing lymphocyte function.  These secreted factors alter collagen 

synthesis by fibroblasts, which supports the existence of coordination between 

lymphocytes and fibroblasts in response to injury and changes in the cardiovascular 

system such as hypertension, a concept that is supported by others.42, 43 In conclusion, 

once activated by numerous secreted factors fibroblasts secrete cytokines, collagens, and 

enzymes involved in the maintenance of the ECM that induce remodeling in response 

cardiac injury and changes in homeostasis.  

  

1.3.4 Vascular System 

 The arterial ECM is similar to the cardiac ECM in that the arterial ECM supports 

arteries and has elastic properties that enable the arteries the adapt to increases in blood 
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pressures and changes in flow.  The arterial wall is divided into three layers namely 

intima, media and adventitia.(Figure 3) 44 Each of these layers posses specific histological 

and functional characteristics involved in maintain vascular integrity.  Collagen I and III 

are major components of the intima, media, and adventitia.  The vascular basement 

membrane is mainly collagen I, III, IV and V.45 The intima and media are mainly 

composed of endothelial cells and smooth muscle cells (SMC) respectively.  The most 

abundant cell in the adventitial layer is the adventitial fibroblast.  Similar to cardiac 

fibroblasts, adventitial fibroblasts are responsible for the synthesis of ECM proteins and 

enzymes that modify it, MMPs, TIMPs, LOX, and LOXL.   

 In response to hypertension the adventitial layer undergoes extensive 

remodeling46 often before changes are apparent in the intima or media.47 In response to 

changes in vascular homeostasis adventitial fibroblast proliferation is profound; in animal 

models of hypertension it has been reported that there is an increased in adventitial cell 

number accompanied by decreased in SMC density.  Moreover, changes in adventitial 

cells occurred before changes were apparent in the intima or media.48, 49 This indicates 

that adventitial cells may be responsible for the changes in the other layers.  In response 

to increased blood pressure the adventitial layer has been shown to become significantly 

stiffer and was the most responsive to changes in blood pressure.50 This further supports 

the concept that the adventitial layer plays an important role in the maintenance of 

vascular anatomy both in normal and pathologic states.   

 Similar to cardiac fibroblasts, in response to a variety of stimuli adventitial 

fibroblasts differentiate into myofibroblasts and express α-smooth muscle actin 
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commonly used as a marker for myofibroblasts.  This conversion is important in the 

study of vascular biology because myofibroblasts are responsible for the production of 

collagen, fibronectin, tenascin and elastin.51, 52 Importantly, myofibroblasts migrate from 

the adventitial to the media and intima where they contribute to alterations in these 

layers, including thickening and fibrosis.52  

 

 

Figure 3: Anatomy of Vessel 
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1.3.5 Degradation of the ECM 

 As mentioned earlier fibroblasts secrete a family of enzymes called matrix 

metalloproteinases (MMPs).  MMPs are a family of more than 20 Zn2+ and Ca2+ 

dependent enzymes that are largely responsible for the degradation of collagen in normal 
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tissue remodeling and pathological conditions. (Table 4)  In mammals MMP genes have 

been found in fibroblasts, endothelial cells and polymorphoneuclear cells.53 The C-

terminus is the catalytic domain and is responsible for substrate specificity.    

MMPs are divided into two groups, those secreted into the extracellular space and 

those that are membrane bound (MT-MMP).  MMPs are secreted into the extracellular 

space as latent pro-enzymes; these latent enzymes are then activated through cleavage of 

the MMP propeptide.  This can be done by either MT-MMPS or by the plasminogen 

system as described by He et. al.54 MMPs are further groups by their substrate specificity.  

Collagenases such as MMP-1 (not present in mice), MMP-8 and MMP-13 act on 

insoluble collagen fibers digesting them to soluble fractions. MMP-2 and MMP-9 are 

classified as gelatinases, which act on basement membrane components and the above 

mentioned partially digested collagen.  Stromelysins have more broad specificity acting 

on ptoreoglycans, laminin, fibronectin, gelatin, and basement membrane collagens.   

 MMP activity is modulated by various factors.(Figure 4) MMP synthesis has been 

shown to be induced by pro-inflammatory cytokines, such as IL-1β.55 TGF-β, a potent 

pro-fibrotic cytokine, decreases MMP-1 and MMP-3 by suppressing gene expression.56 

Tissue inhibitors of MMPs (TIMPs) bind to active MMPs in a 1:1 ratio blocking the 

MMP from binding to the substrate.57 There are four TIMPs each inactivating specific 

MMPs; TIMP-4 is the predominate form in the heart. TIMP-1 and TIMP-3 are inducible 

while TIMP-2 is constitutively expressed.58 Degradation of collagen is an integral part of 

tissue homeostasis and the pathogenesis of cardiac disease.  Changes in both vascular and 

cardiac structure are fundamental to the progression of cardiovascular disease.  Fibrosis 
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and ventricular stiffness can be caused by decreased MMP activity,59 whereas increased 

MMP activity has negative effects on cardiac function and can lead to weak areas in the 

myocardial wall prone to dilation.60 Since MMPs and TIMPs are responsible for the 

balance of the ECM modulating their activities represents a potential therapeutic tool in 

the treatment of cardiovascular disease. 

 

  
Table 4:  MMP Subgroups 

 

 

 

(modified from Clare et. al. Circulation Research.1995;77:863) 

 

 



32 

Figure 4:  Transcription, activation of latent pro-MMPs, and inhibition of 
 MMP activity 

 

 

 

 

(modified from Clare et. al. Circulation Research.1995;77:863) 

 

1.3.6 Collagen Crosslinking 

 Collagens must be crosslinked to develop the tensile strength required to maintain 

structural integrity of the heart and vasculature.  The formation of collagen crosslinks is 

dependent on posttranslation processing catalyzed by lysyl oxidase (LOX) and lysyl 
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oxidase like proteins (LOXL).  LOX and LOXL are copper dependent amine oxidases 

secreted as pro-enzymes by fibroblasts.61, 62 The cleavage of the pro-enzyme to its 30kDa 

active form is carried out by procollagen C-proteinases; the previously mentioned 

enzyme responsible for the processing of procollagens.63, 64 Four LOXL isoenzymes have 

been identified, LOXL 1-4.  LOXL3 plays a central role in the cardiovascular system as it 

has been reported in both the myocardium and, to a large degree, in the mouse aorta.65, 66 

LOX and LOXL catalyze the oxidative deamination of specific lysines and 

hydroxylysines on collagen molecules forming highly reactive aldehyde intermediates.  

These reactive intermediates spontaneously react with other lysine and hydroxylysine 

residues forming crosslinks.  Our laboratory and many others have reported changes in 

collagen crosslinking related to alterations in left ventricular compliance.67-69 

Crosslinking has also been reported to have a greater impact on myocardial stiffness than 

collagen concentration and phenotype.70 Therefore, understanding of LOX and LOXL is 

fundamental to the study of remodeling and cardiovascular function.   

  

1.3.7 Matrix associated Proteins-Matricellular Proteins 

 Many of the proteins associated with the ECM are not directly related to the 

structural integrity.71 One such protein, osteopontin (OPN), is a potent pro-fibrotic 

mediator in the heart and vasculature.  Initially identified in bone, it has now been found 

in many tissues.72 In the myocardium OPN is expressed by both myocytes and 

fibroblasts.73, 74 Also expressed in the VSM, the expression of OPN is up regulated by 

numerous cytokine including IL-1β, IL-2 and TGF-β.75 In the heart OPN expression has 
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been shown to be positively correlated with ventricular fibrosis. Moreover, in models of 

pulmonary fibrosis osteopontin has been reported to increase migration and proliferation 

in fibroblasts.76 Because the expression of OPN is affected by cytokines, it may be one of 

the mechanisms by which T-lymphocytes affect fibroblast function and ECM 

remodeling. 

  The expression of matricellular proteins is high during embryogenesis and 

become low to absent during adult life.  Their expression re-appears following 

myocardial injury or remodeling.71 These matricellular proteins regulate cellular function 

and ECM production by modulating the expression and activity of growth factors and 

cytokines.71, 77 Myocardial injury and remodeling also induces other fetal genes that are 

normally quiescent in the adult myocardium.  These include actin and myosin isoforms, 

atrial natriuretic factor and a down regulation of β1-adrenergic receptor.78 In adult 

animals the expression of these genes can be used as molecular markers of pathologic 

cardiovascular remodeling.   

 

1.4 Immune System 

The immune system is broadly divided into two components, namely the innate 

and the adaptive immune response.  The innate immune response is activated from the 

start of the infection and historically has not been thought to adapt to specific pathogens.  

In contrast, the adaptive immune response is slower to activate, but is antigen specific.  

The adaptive immune response is comprised of B and T cells expressing specific 

receptors for antigen detection produced through DNA rearrangement resulting in a 
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highly refined immune response.  B-cells produce antigen specific immunoglobulin and 

are involved in defense against extracellular pathogens. Whereas, once activated, T-

lymphocytes produce cytokines and other factors responsible for eradication of intra-

cellular infections.  T-lymphocytes are effective against intracellular pathogens. 

 

1.4.1 Adaptive Immune System 

Cell surface markers, namely CD4 and CD8, distinguish the two classes of T-

lymphocytes.  CD8+ cells, referred to as cytotoxic T-cells, recognize antigens presented 

on MHC class I complexes and are cytotoxic to antigen presenting cells.  Cells 

expressing CD4 on their surface are designated T-helper (Th) cells.  CD4+ cells exert 

their effects largely through cytokines they secrete.  These cytokines can act in an 

autocrine manner affecting the activated secretory cell or through paracrine pathways by 

altering the functions of a diverse number of cells.   

CD4+ cells have been divided further based on the cytokines they secrete and their 

function.79 The characteristic Th1 cytokines are interferon- gamma (INF-γ), interleukin-2 

(IL-2), and TNF-β.  Th1 cells are involved in inflammation and macrophage and CD8+ 

mediated immune responses.  Th2 cells secrete mainly IL-4, IL-5, IL-6, IL-9, IL-10, and 

IL-13.  Th2 cells are involved in the humoral response as the cytokines they release 

support B-cells.79, 80  Endogenous polarization of naïve T-lymphocytes into these subsets 

takes place in the secondary lymphoid tissue to which naïve cells migrate.81 Small 

polypeptide proteins called chemokines are bound to the endothelium or secreted by an 

array of cells and responsible for lymphocyte chemotaxis.82-84, 84 It has been shown that 
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CD4+ subsets Th1 and Th2 differentially express chemokine receptors.  Th1 cells express 

chemokine receptors CXCR3 and CCR5 while Th2 express CCR3 and CCR4.81, 85, 86 

Research in Th1 and Th2 immunology has greatly benefited from these cell surface 

proteins as it enables researchers to more fully characterize immune profiles. 

 

1.4.2 T regulatory Cells 

This paradigm of CD8+, CD4+ Th1, Th2 encompasses most T-lymphocytes, 

however there is new evidence of another group of T-lymphocytes, T regulatory cells, 

(Tregs) that appear to modulate the function of other T-lymphocytes.  Tregs are often 

defined as CD4+ and CD25+ T-lymphocytes and display cytotoxic T-lymphocyte antigen-

4 (CTLA-4) and their cell surface.87 Although there is disparity concerning Treg 

expression of cell surface proteins, there is consensus that Treg cells express the 

transcription factor forkhead box protein 3 (Foxp3).88, 89 Tregs have been reported to be 

of a developmental linage distinct from Th1 or Th2 whereby furthering the scope of the 

adaptive immune system.90 Although others have shown that TGF-β induced Foxp3 

expression on already differentiated CD4+ cells.91  

Tregs are considered a major player in the phenomenon of self-tolerance and 

immunosupression.  Tregs have been shown to suppress the actions of CD4+ and CD8+ T 

cells, B cells, natural killer cells, and dendritic cells.92-94 This is often attributed to release 

of immunosuppressive cytokines TGF-β and IL-10.  Immunosupression by Tregs was 

thought to be contact dependent, however TGF-β antibodies have been shown to block 

contact dependent suppression.95, 96 TGF-β may also be involved in the suppressive 
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actions of Tregs in mouse models of type 1 diabetes where they inhibited the CD8+ cells 

in the pancreas.97 Treg inhibition was again shown to be TGF-β dependent in an animal 

model of colitis98; in another study of colitis Tregs induced other cells to produce the 

suppressive TGF-β.99 Our laboratory is interested in Tregs because as shown above, they 

are major secretors of TGF-β, a cytokine connected with hypertension.  TGF-β may play 

a role in hypertension by inducing the production of endothelin-1 mRNA, release of renin 

from the kidney, and through the regulation of angiotensin II expression.100, 101 

 

1.4.3 T-cell Activation 

Activation of naïve T-lymphocytes requires not only binding of the T-cell 

receptor but also costimulation through cell surface molecules.  Antigens are presented to 

T- lymphocytes by three types of antigen presenting cells (APCs) namely dendritic cells, 

macrophages, and B-cells.  Although all of these cells perform antigen presentation on 

major histocompatibility complex type I or II, MHC I or MHC II, dendritic cells are the 

most potent activators; also, of the three APCs only dendritic cells are dedicated entirely 

to antigen presentation.82  

Until recently it was thought that antigen specific receptors did not exist in the 

innate immune system and the innate immune system did not affect the adaptive immune 

system.  This view was changed by the discovery of Toll receptors in drosophila that are 

involved in developing embryos and resistance against infections.102, 103  The following 

year a similar protein was identified in mammals.104 There is now a family of these 

mammalian proteins called Toll-like receptors (TLR) which recognize molecules from 
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viral, fungal, and bacterial pathogens.105 The over-expression of first mammalian TLR 

identified, TLR4, was shown to induce genes for numerous inflammatory cytokines and 

costimulatory molecules giving evidence that TLR might also play a role in the adaptive 

immune system.104 Following endocytosis of antigen, immature dendritic cells are 

activated and express many TLRs.106 Recognition of antigens through TLRs induces the 

expression of costimulatory molecules B7-1 and B7-2 and secretion of IL-12,107 a key 

cytokine in the differentiation of Th1 lymphocytes.  Some research supports that different 

dendritic cell types are responsible for the induction of either Th1 or Th2 responses.108, 109 

Others have shown that it is the subtype of TLR that is bound which determines the Th 

response.110 TLRs represent a new area of immune regulation and interaction between the 

innate and adaptive immune systems.  They can serve as another tool for scientifically 

altering the immune system in the hopes of improving the treatment of immune related 

diseases.  

A mentioned earlier, T- lymphocyte activation requires costimulation by surface 

molecules.  Costimulation occurs when the CD28 molecule on the T-cell interacts with 

the either B7-1 (CD80) or B7-2 (CD86) on the APC.111, 112 Cytokines also play a role in 

the activation and differentiation of naïve T- lymphocytes.(Figure 5)  IL-12 produced by 

the APC is necessary for Th1 development while IL-4 drives Th2 differentiation.113, 114 

The effects of these cytokines are mediated through different transcription factors.  Th1 

differentiation is largely under the control of the transcription factor T-bet that serves to 

augment INF-γ production and suppresses the release of Th2 cytokines.113 Similarly, 

GATA-3, and c-Maf control IL-4 and suppresses INF-γ whereby promoting Th2 
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differentiation.115 114 The STAT protein family is also in involved in T-lymphocyte 

differentiation.  After phosphorylation by cytokine receptor associated kinases, usually 

Janus kinases-JAK, two STAT proteins dimerize and translocate to the mucleus where 

they effect transcription.82 The Th1 driving cytokine IL-12 acts through the STAT4 

phosphorylation cascade. STAT6 transduces the signal from IL-4 resulting in Th2 

differentiation.114  

 

Figure 5: Factors affecting T-lymphocyte differentiation 

(modified from Glimcher and Murphy, Genes and Development. 2000; 14: 1693) 

 

1.4.4 T-cell Receptor 

 The ability to modulate T-lymphocyte function useful in the investigation of 

diseases related to T-lymphocyte dysfunction, often autoimmune diseases.  The 

administration of proteins derived from the variable segment of T-cell receptor (TCR) 

Vβ5.2 and Vβ8.1 has been used to modulate the Th1/Th2 balance without affecting other 
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cells.  Our laboratory and our collaborators have used these peptides to selectively skew 

the Th1/Th2 balance to either Th1 or Th2 predominance.116-118 Moreover, TCR peptides 

have been used to reverse age associated immune dysfunction116 and the progression and 

severity of murine AIDS related T-lymphocyte dysfunction117.  The safety of the use 

Vβ8.1 has been confirmed in Phase I clinical trials indicating a possible new therapeutic 

for the treatment of diseases with T-lymphocyte dysfunction.119  

 Even though these peptides have proven to be efficacious in the treatment of T-

lymphocyte associated diseases their exact mechanism of action remains unknown.  To 

this end two mechanisms have been proposed.  First, it is possible that the TCR peptides 

alter antigen presentation by interacting with MHC molecules on the APCs.  Second, the 

administration of TCR peptides may induce production of autoantibodies against the 

TCRVβ whereby slowing the selective expansion of T-lymphocyte clones by blocking 

binding of the antigen to the TCRVβ.  Despite the mechanism of action remaining 

unknown, TCR peptides are an useful tool for studying the effects of T-lymphocyte 

function in experimental models and may prove to be an functional way of altering the 

course of human disease associated with T-lymphocyte dysfunction.  

 

1.4.5 T-lymphocytes and Cardiovascular system 

 Cardiac and vascular fibroblasts possess receptors for many of the Th1 and Th2 

cytokines and therefore are affected by changes in T-lymphocyte function.  Many types 

of cardiovascular diseases have been recognized to have an immune component.  

However, further research needs to be done to fully determine the effects of cytokine 
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directed fibroblast function. The effects of the immune system on hypertension in both 

humans and animal models is discussed in detail in the book chapters in Appendix A.   

 

1.5 Inhibition of NOS as a Model of Hypertension 

1.5.1 Nitric Oxide and Nitric Oxide Synthase  

Nitric oxide (NO) is important in the maintenance of homeostasis in organ 

systems throughout the body.  It is produced by nitric oxide synthase (NOS) with the 

conversion of L-arginine to L-citrulline in the presence of oxygen.  Therefore NOS is 

fairly ubiquitous and exists in three major isoforms eNOS, iNOS, and nNOS. 

 All three of these isoforms are present throughout the cardiovascular system and 

are involved in cell growth, cardiac contractility, vascular remodeling, and regulation of 

vascular tone through the activation of soluble guanylate cyclase causing an increase in 

cGMP in vascular smooth muscle cells (VSM).120-123 There are reports that the kidney 

contains all three forms of NOS, although the evidence is not always in agreement.  

There is strong evidence that nNOS is expressed in high levels in the kidney, specifically 

the macula densa.124, 125 Also without debate is the presence of eNOS in the renal 

vascular endothelium.126 There are inconsistencies in the expression of iNOS in the 

kidney.  Many investigators have been unable to detect iNOS in either rat kidney.127 

However in pathological conditions detectable amounts of iNOS expression in the kidney 

were found.128 In the kidney, synthesis of NO is involved in salt and fluid reabsorption, 

renal and glomerular hemodynamics, and renin secretion.129-132 It is therefore involved in 

the development and maintenance of hypertension. 
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1.5.2 Nitric Oxide Synthase Inhibition 

Many of the physiological roles of NO have been determined through blocking 

the NOS pathway.  This can be done by administering L-arginine analogues such as NG-

nitro-l-arginine methyl ester (L-NAME), a non-specific inhibitor of NOS.  Blockade of 

this pathway leads to a substantial increase in systolic blood pressure in experimental 

animals.  In experimental models NOS inhibition induced hypertension often relies on the 

chronic administration of L-NAME or other analogues to overcome any acute 

compensatory vasodilatation; this has been shown to induce stable hypertension with 

accompanying kidney damage.133-135 

It was initially thought that the lack of NO was solely responsible for the increase 

in blood pressure and therefore administering L-arginine to out-compete the NOS 

inhibitor would abrogate the hypertension; however when L-arginine was administered 

concomitantly with NO inhibition a decrease in blood pressure was not seen.136Also it has 

been shown that after hypertension is induced by L-arginine analogues and maintained 

for several weeks, blood pressure did not return to normal levels after the discontinuation 

of the analogue administration.137 Inhibiting various vasoconstrictors tested the 

involvement of alternate pathways in acute models of NOS inhibition induced 

hypertension.138-140 These two reports suggest that other factors are involved in the 

development and maintenance of hypertension; using NOS inhibition as a model of 

human hypertension we hypothesize that the immune system, namely T-lymphocytes 

function, is involved in the pathogenesis of hypertension and ECM remodeling. 
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1.5.3    Renin Angiotensin System  

The involvement of the renin angiotensin system (RAS) in hypertension induced 

by chronic NOS inhibition has largely been studied using ANG II inhibitors.  The 

relationship between RAS and NOS inhibition induced hypertension is important because 

RAS has many functions related to blood pressure.  ANG II, acting on ANG II receptors, 

constricts resistance vessels whereby increasing blood pressure; from the adrenal cortex, 

ANG II induces the release of aldosterone which causes the kidneys to increase sodium 

and fluid retention.141 

Qiu et. al. showed that ANG II inhibition with losartan had little effect on chronic 

NOS inhibition induced hypertension; it was not until they co-administered the with the 

alpha 1-adrenergic antagonist prazosin and losartan that a decrease in the blood pressure 

of L-NAME treated animals was seen.142 However, Zanchi et. al. reported a reduction in 

blood pressure in L-NAME treated rats following an intravenous bolus dose of 

losartan.143 Also, valsartan, an angiotensin receptor blocker, significantly decreased 

systolic blood pressure in L-NAME treated genetically hypertensive rats.144 These 

disparities highlight the complex nature of NOS inhibition as different L-arginine 

analogues often have different effects and variations in the dose of L-arginine analogue 

can have a dramatic affects on experimental outcome.145 Additionally, ANG II has also 

been reported to polarize T-lymphocytes to a Th1.146 Therefore, the effects attributed to 

ANG II may in part be a result of Th1 polarization.   
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1.5.4   Effect of Salt  

The effect of salt intake on the development of hypertension in chronic NOS 

inhibition models various greatly.  Restriction of dietary salt was shown to have no affect 

on the hypertension induced by long term L-NAME administration in Wistar rats.147 

Others have shown that high salt diets increase the severity of NOS inhibition induced 

hypertension.148 Hypertension is associated with renal injury and fibrosis; to investigate if 

salt had any effect on the development of glomerulosclerosis in a L-NAME model of 

hypertension rats were given equal doses of L-NAME and either normal or increased 

(5%) salt intake.  In this study the extent glomerulosclerosis was increased in the high salt 

and L-NAME group.  Also, increasing the salt load exacerbated the hypertension and 

caused more severe renal injury.148 Ledingham and Laverty investigated the effect of a 

low salt diet on genetically hypertensive rats receiving L-NAME.  A low salt diet 

decreased the blood pressure in rats receiving both L-NAME and valsartan when 

compared to rats with a normal diet receiving L-NAME and valsartan.  This further 

supports the concept that salt consumption has an affect on chronic NOS inhibition 

induced hypertension.144  

In many of the studies investigating the role of salt in NOS inhibition a consistent 

dose of L-NAME was not used.  Yamada et. al. reported results comparing the severity of 

hypertension and kidney function in rats given low, standard, or high salt diet in 

combination with either low or high L-NAME.  In this study, high salt intake  was 

necessary for the development of hypertension in the low L-NAME group (3 mg kg-1 day-

1).  Hypertension induced by high L-NAME (25 mg kg-1 day-1) administration was not 
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largely affected by salt load.  There was a slight increase in blood pressure of the high L-

NAME with the high salt diet although low salt did not change the blood pressure in this 

group.  The effect of kidney function was not as easy to interpret.  In the low salt group 

plasma renin levels were lowered in by both low and high L-NAME; in the high salt diet 

high L-NAME initially decrease plasma renin levels, but later increased them.145 This 

study indicates that the interaction of salt intake and chronic NOS inhibition is 

concentration dependent on both L-NAME dose and salt intake.  Using this information, 

researchers can develop animal models that are better representations of human 

hypertension, which usually involves some degree of salt sensitivity.  

 

1.5.5 Effect on Heart 

In animal models inhibition of NOS has been shown to cause severe hypertension; 

it follows that these models would then also induce cardiac hypertrophy as a 

compensatory response to the increased afterload.  Also, NO inhibits cell proliferation in 

cell culture.149 and Kolpakov et. al. showed that NO donating compounds, S-nitroso-N-

acetylpenicillamine (SNAP) and sodium nitroprusside (SNP), decrease total protein and 

inhibit collagen synthesis in vitro.150 All of these findings support the concept that NOS 

inhibition would lead to the development of significant hypertrophy by increasing 

afterload and releasing the NO inhibition of cell proliferation and protein synthesis. 

However, there are conflicting reports on the effects of NOS inhibition on cardiac 

structure.  Many studies have reported L-NAME administration did not cause significant 

cardiac hypertrophy.  Arnal et.al showed that rats given L-NAME for four weeks did not 
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have a significant increase in the left ventricle weight/ body weight ratio (LVW/BW) 

compared to controls whereas rats that had a clip placed on one kidney had comparable 

increases in blood pressure but did exhibit hypertrophy as indicated by and increase in 

LVW/BW ratio.151 Rossi et. al. administered L-NAME to rats for four weeks resulting in 

hypertension without an increase in cardiac mass or myocellular hypertrophy.152 Also, 

after eight weeks of L-NAME administration to Wistar rats had no significant increase in 

LV weight or hydroproline concentration even though there had been an increase in 

systolic blood pressure.153 This inhibition of hypertrophy has been attributed to 

alterations in amino acid transport, although the relationship between changing amino 

acid transport and hypertension induced by NOS inhibition has not been tested 

directly.154 

Other reports have shown an induction in hypertrophy in NOS inhibition models.  

Takemoto et. al. showed an increase in LV weight after eight weeks of L-NAME 

treatment in rats although no increase was seen at four weeks.155 In two studies 

Pechanova reported LV hypertrophy and an increase in hydroxyproline concentration in 

pepsin insoluble collagenous proteins and the concentration of pepsin soluble collagens 

in the LV.156, 157 In both of Pechanova’s studies the hypertrophy and increase in ECM 

protein was only seen at the highest dose of L-NAME (40 mg kg-1 day-1).  Also, after four 

weeks of administering L-NAME to rats Simko et. al. saw a modest, but significant 

increase in LVW/BW ratio.  Interestingly, in this study the administration of exogenous 

L-arginine did not restore NOS activity back to control values as it had done in the left 

ventricle.158 
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 The dichotomy in the reported effects of L-NAME on the heart can be explained 

by differences in dose.  As mentioned earlier related to salt sensitivity, L-NAME dose 

plays a large role in experimental outcomes.  An alternate, but not mutually exclusive 

explanation is the duration of the experiments.  The time course in these studies varied 

between two and eight weeks.  This disparity in time course combined with 

inconsistencies in dosage may explain the difference in the literature regarding cardiac 

hypertrophy in models of hypertension utilizing NOS inhibition.   

  

1.5.6  Effect on Vasculature 

Limiting vasorelaxation by decreasing NO concentration affects various sections 

of the vascular tree differently.159 Large vessels have been reported to undergo 

hypertrophic remodeling.  Kato et.al. described changes in the aorta of rats after 18 days 

of L-NAME administration.160 In this study L-NAME induced a significant increase in 

aortic medial thickness compared to control; the increase in thickness was larger in the L-

NAME treatment than in three-day treatments of both low and high angiotensin II levels.  

L-NAME administration also increased fibronectin concentration in the medial layer of 

the aorta and in the region separating the intima and media.  In small resistance vessels 

elevation of blood pressure induced by NOS inhibition causes eutrophic remodeling, 

decreasing the amount of vessel lumen.  Administration of three different L-arginine 

analogues caused a 75% increase protein synthesis in the rat aorta but did not change 

protein synthesis in small arteries, namely mesenteric arteries.161 Increased media/lumen 

ratio in resistance arteries was also reported by Deng et. al. in rats given L-NAME.162 In 
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the previously mentioned studies by Pechanova, rats receiving low dose L-NAME 

showed no morphological changes; however in high dose L-NAME increases in both 

aortic wall thickness and the wall thickness to diameter ratio were reported after four 

weeks of administration.163  

The differences in remodeling between large and small vessels were investigated 

by Bouvet et.al. who reported that inhibition of MMP-2 prevented hypertrophic 

remodeling of the aorta, but did not effect eutrophic remodeling in the small mesenteric 

arteries.  They also showed L-NAME administration differentially effected several 

matricellular proteins such as tenascin-C and thrombospondin 1 and 2 which are involved 

in the disruption of cell matrix interactions between the aorta and small arteries.164 

Reports of the effects of NOS inhibition on the vasculature are mostly in agreement; large 

arteries undergo hypertrophic remodeling while small resistant arties exhibit eutrophic 

remodeling.  Contrary to the effects of NOS inhibition on the heart, differences in dose 

do not appear to alter the remodeling process.  
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Statement of the Problem 

 Cardiovascular diseases are a leading cause of morbidity and morality worldwide. 

Despite advances in research and medicine the death toll and expenses due to health care 

and lost productivity are increasing.  Hypertension is the primary risk factor for many 

cardiovascular diseases.  Therefore, effective management of hypertension and 

hypertension induced ECM remodeling will help reduce the economic burden and death 

rate due to cardiovascular disease.  Hypertension is also associated with immune 

dysfunction, which is characterized by altered T-lymphocyte function.  However, the 

mechanism by which immune dysfunction affects hypertension and ECM remodeling has 

not been studied.  Moreover, the etiology of ECM remodeling is still unclear.  The ECM 

is a crucial component of the heart and vasculature; it not only provides a scaffolding to 

maintain the architecture, but also is involved in signal transduction and the migration 

and proliferation of numerous cell types.  Collagen I and III comprise most of the ECM 

in the heart and the adventitial layer of the vasculature.  Fibroblasts are principally 

responsible for the synthesis of collagen I and III and the enzymes that modify the ECM.  

It follows that altering fibroblast function will affect ECM structure and cardiovascular 

function.  Therefore, the central hypothesis of this study is that T-lymphocytes regulate 

cardiac and vascular fibroblast function whereby altering ECM composition and 

cardiovascular function.  This will provide a novel mechanism for the treatment of 

cardiovascular diseases associated with alterations of the ECM.  These therapeutics 

would address the underlying pathologies rather that manage the symptoms of 

cardiovascular disease.    
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Explanation of Dissertation Format 

 The format of this dissertation is different from the traditional format since I am 

including published papers, manuscripts, and book chapters as the major part of this 

dissertation.  This dissertation contains the following sections: Introduction, Present 

Studies, and Appendices.  The Introduction includes a review of the literature, statement 

of the problem, explanation of dissertation format, and references.  The Present Studies 

section includes a summary of the most important results of the studies included in this 

dissertation.  The Appendices include book chapters and original research manuscripts.  

 

Relationship of Research Papers  

 Five original research manuscripts and two book chapters of which I was involved 

are included in this dissertation.  I have included the book chapters in Appendix A.  

These chapters examine the involvement of the immune system in both human and 

animal models of hypertension.  Appendix B includes the three manuscripts of which I 

am first author.  These studies not only extend the previous work of our laboratory by 

combining the use of TCR peptide administration to induce lymphocyte polarization and 

L-NAME induced hypertension, but also establish a model of adoptive transfer of 

hypertension with CD4+ lymphocytes for future use in our laboratory.  This model will 

allow us to study directly the effects of immunomodulatory agents on T-lymphocyte 

mediated hypertension.  Appendix C contains two manuscripts also investigating the role 

of T-lymphocytes on cardiovascular remodeling.  The first manuscript examines three 

different strains of mice each with different genetic T-lymphocyte; in the second 
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manuscript administration of TCR peptide was used to alter T-lymphocyte predominance.  

Both papers investigate the role of differences in T-lymphocyte function on 

cardiovascular function and ECM composition.  Taken together these research studies 

more fully define the role of the immune system in modulating cardiovascular function 

and ECM remodeling.  We have examined these effects at the gene, structure, and 

functional level whereby enabling us to assess the impact of immunomodulation on the 

overall performance of the cardiovascular system. 

 

Contribution to each Research Paper 

 I am the first author on both book chapters and the three manuscripts in 

Appendices A and B.  With advising from Drs. Larson and Yu, I designed the studies, 

performed all of the experiments and data analysis, and wrote the manuscripts.  I am 

second author on the two manuscripts contain in Appendix C.  In these experiments I 

assisted in the administration of both TCR peptide and L-NAME; I also helped my 

colleagues in sacrificing mice as well as preparing tissues and samples for further 

analysis of MMP and LOX activity; I also assisted in cell culture and manuscript 

preparation.  I therefore believe that it is appropriate for me to include these two book 

chapters and five research manuscripts as a major part of my dissertation.      
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Chapter 2: PRESENT STUDIES
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The overall goal of the dissertation was to investigate the role of the immune 

system, specifically T-lymphocytes, in cardiovascular function and ECM remodeling.  

The first study was designed to examine the affect of skewing T-lymphocyte polarization 

on hypertension-induced remodeling in a Th2 dominant mouse model.  Next we 

investigated the role of reconstitution of T-lymphocyte function on ECM composition 

and cardiovascular function in non-pathologic conditions by adoptively transferring 

lymphocytes to naïve SCID recipients.  Building on these results, the third study 

investigated the involvement of T-lymphocytes in the induction and progression of 

hypertension by adoptively transferring T-lymphocytes from hypertensive donors to 

naïve SCID recipients. The forth study examined the effects of the innate immune 

polarization of three different mouse strains on hypertension-induced cardiac remodeling.  

The final paper examined the role of T-lymphocyte polarization on LOX gene 

expression, activity, and the collagen content of the cardiac ECM.  The methods, results, 

and conclusions in these studies are presented in the research papers appended to this 

dissertation.  The following is a summary of the most important findings in these papers. 

 

1. T-Cell Receptor Peptide Alters Cardiovascular Function and ECM Composition 

in Balb/C mice  

Hypothesis: TCR peptide injections will induce Th1 predominance in Balb/C 

mice whereby altering cardiovascular effects of L-NAME induced hypertension. 

Balb/C mice have strain specific Th2 T-lymphocyte predominance that may affect 

cardiovascular function and ECM remodeling in a pressure overload model.  In the 
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current study we examined the role of T-lymphocytes in the development hypertension 

and associated changes in cardiovascular function and ECM composition.  L-arginine 

analogue, NG-nitro-l-arginine methyl ester (L-NAME), was administered in the water 

with 8% NaCl in the diet to induce hypertension in Balb/C mice.  Injections of TCR 

peptide were used to induce Th1 predominance and therefore enable us to investigate the 

effects of T-lymphocyte subset on hypertension and alterations in the cardiac ECM.  L-

NAME/8% NaCl showed a dramatic increase in systolic blood pressure that was 

attenuated by the administration of TCR peptide.  Total cardiac fibrillar collagen and 

percent crosslinked collagen correspondingly increased with L-NAME/8% NaCl; TCR 

peptide L-NAME/8% NaCl administered together reduced these increases, maintaining a 

pseudonormal ECM composition.  These data support a role of immune modulation in the 

pathogenesis of hypertension and indicate a possible pathway for pharmaceutical 

intervention in the treatment of hypertension and the accompanying changes 

cardiovascular function. 

 

2. Immune Reconstitution will alter Cardiovascular Structure and Function. 

Hypothesis: Adoptive transfer of CD4+ lymphocytes will induce changes in 

recipient SCID mice to resemble that of the donor mice. 

T-lymphocytes play an important role in immune responses to invading 

pathogens.  In recent years, the immune system and specifically T-lymphocytes have 

been implicated in the pathogenesis of numerous diseases previously not considered 

immune in origin.  However, little is known about the ability of T-lymphocytes to 
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regulate cardiac extracellular matrix (ECM) remodeling and thus cardiac function.  

Therefore, in the current study we examined the effect of adoptively transferred CD4+ 

lymphocytes on cardiac function and ECM composition.  CD4+ lymphocytes were 

isolated from C57 WT mice and purified using negative selection.  Immunologically 

compatible C57 SCID mice were injected with 8x106 purified CD4+ lymphocytes i.p.   

After 28 days, hemodynamic function was determined by ECHO and conductance 

catheter analysis and tissues harvested for further analysis.  The percent crosslinked 

collagen and lysyl oxidase activity were increased in C57 SCID AT mice resembling the 

C57 WT donor.  Additionally, the dilated left ventricle typical of C57 SCID mice became 

comparable to C57 WT following adoptive transfer.  Hemodynamic analysis 

demonstrated that reconstitution of immune function in C57 SCID AT resulted in cardiac 

function similar to that of the immune competent C57 donor.  These data underscore the 

potential importance of T-lymphocytes in the maintenance of ECM function and suggest 

that immunomodulation of the lymphocyte may provide a novel pathway for modulation 

of diastolic heart failure and dilated cardiomyopathy. 

 

3. Adoptive Transfer of Hypertension with CD4+ Lymphocytes 

Hypothesis:  Adoptive transfer of T-lymphocytes from hypertensive donors will 

induce hypertension and corresponding changes in cardiovascular function and ECM 

composition. 

T-lymphocyte function has been shown to alter cardiovascular function and ECM 

remodeling.  In the current study we investigated the role of T-lymphocytes in the 
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induction of hypertension.  L-NAME/8% NaCl was administered to female C57 WT 

mice for 28 days to induce hypertension.  CD4+ lymphocytes were isolated and 

adoptively transferred to naïve recipient mice.  Control donor lymphocytes were isolated 

from mice fed normal chow and water.  L-NAME/8% NaCl treatment significantly 

increased systolic blood pressure in the donor mice; the SCID mice that received the 

purified lymphocytes from the hypertensive donors had a parallel increase in systolic 

blood pressure when compared to mice receiving lymphocytes from control donors.  

Histological examination revealed significant increases in collagen in the aorta of SCID 

hypertensive mice.  Analysis of aortic gene expression revealed an increase in LOX 

enzymes and percent crosslinked collagen. The left ventricular weight/ tibial length ratio 

increased in the SCID mice that received the hypertensive mouse lymphocyte when 

compared to control.   The end-diastolic and end-systolic volumes and pressures were 

significantly increased in SCID hypertensive mice.  Both the vascular stiffness and the 

ventricular stiffness increased in the SCID hypertensive lymphocyte recipients.  

Similarly, the total collagen crosslinked significantly increased in SCID hypertensive 

lymphocyte recipients when compared to SCID control lymphocyte recipients.  This 

study demonstrates that HTN can be induced by simply adoptively transferring 

lymphocytes from a hypertensive mouse into naïve normotensive SCID recipient mice.  

These data suggest that the T-lymphocytes play a fundamental role in the development of 

HTN and represent a possible novel therapeutic target for the treatment to HTN. 
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4. Strain Specific Immune Polarization affects cardiac ECM remodeling in pressure 

overload model 

Hypothesis: Genetic differences in T-lymphocyte phenotype will affect cardiac 

ECM remodeling and cardiovascular function secondary to hypertension. 

Previous reports have shown that mice with genetically different Th subsets have 

divergent fibrogenic responses to injury.  To examine the effects immune background on 

the cardiovascular response to pressure overload, C57BL/6 WT (Th1), Balb/C (Th2) and 

C57BL/6 SCID (devoid of function T-lymphocytes) were administered high dose L-

NAME for 30 days.  Cardiovascular function and ECM remodeling were compared 

among the three groups.  Arterial pressure increased in all groups, however ventricular 

stiffness increased in Balb/C, decreased in C57 SCID and did not change in C57 WT. 

LOXL-3, the enzyme responsible for collagen crosslinking, changed correspondingly in 

all groups.  C57 SCID mice had a decrease in LOX activity; Balb/C mice had increased 

LOX activity and C57 WT LOX activity did not change.  This study demonstrated that 

LOXL-3 pathway was associated with ventricular stiffness and affected by immune 

function.  These data support the concept that T-lymphocytes are involved in the 

maintenance of cardiac ECM through collagen synthesis, degradation, and crosslinking. 

 

5. TCR Peptide administration affect cardiac diastolic function 

 Hypothesis: By skewing T-lymphocyte phenotype the administration of TCR 

peptide will alter cardiac ECM composition and diastolic function. 



58 

 A major determinant of the ventricular stiffness during diastolic filling is the 

cardiac-fibrillar extracellular matrix (ECM).  The goal of this study is to support the 

hypothesis that TH1 lymphocyte phenotype induces fibrillar collagen and crosslinking 

resulting in increased ventricular diastolic stiffness. Female C57BL/J mice were treated 

with selective T-lymphocyte immunomodulators, T-cell receptor peptides on days 1 and 

14.  After 6 weeks, left ventricular mechanics, ECM composition, tissue enzymatic 

activity, and candidate gene expression were quantified. Lymphocyte gene expression 

and cytokine assay revealed TH1 immune polarization with TCR administration was 

associated with an increased ventricular stiffness, decreased cardiac output, and normal 

ejection fraction. The cardiac collagen content increased as did precent cross-linked 

collagen.  Concurrently, cardiac lysyl oxidase (LOX) enzymatic activity increased which 

was consistent with gene expression.  These findings support that T-lymphocyte function 

affects cardiac diastolic function by altering ECM composition. 

 

6. Conclusions 

 The studies included in this dissertation support the hypothesis that modulation of 

T-lymphocytes alters cardiovascular function and ECM composition.  Study one 

demonstrated that administration of TCR peptide shifts immune profile of Balb/C mice 

from Th2 to a Th1.  The effects of L-NAME/8% NaCl were reduced with 

coadminstration of TCR peptide.  Studies two and three demonstrated that adoptive 

transfer of CD4+ lymphocytes alters cardiovascular function and ECM composition.  In 

study two, lymphocytes induced changes in naïve SCID mice in non-pathologic 
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conditions.  The cardiovascular function and percent of crosslinked collagen were 

returned to levels comparable to those of the donor.  This supports that T-lymphocytes 

are involved in normal homeostasis of cardiovascular function.  The induction of 

hypertension in naïve SCID recipients with the adoptive transfer of T-lymphocytes from 

hypertensive donors in study three extends the findings of study two to the pathologic 

condition of hypertension.  The transferred lymphocytes increased blood pressure and 

altered ECM collagen content in the recipient.  Study four demonstrates that genetic T-

lymphocyte polarization in three mice strains affects cardiovascular remodeling in 

response to hypertension.  The three different mice strains had dramatic differences in 

ventricular stiffness resulting from the increased afterload.  Study five investigated the 

role of T-lymphocyte function on LOX activity.  This study demonstrates that T-

lymphocyte polarization greatly increases LOX activity and percent crosslinked collagen. 

These studies further the understanding of the role of T-lymphocytes in modulating 

cardiovascular function and ECM composition.  They indicate that T-lymphocytes not 

only induce hemodynamic changes, but also alter the activity of enzymes responsible for 

degradation and crosslinking of ECM components.     

 

7. Future Studies 

 1. Identify the mechanism by which T-lymphocyte function regulates 

cardiovascular function.  In-vivo the use of INF-γ and IL-4 knock out mice will enable us 

to study the effects of exaggerated Th1 and Th2 predominance in cardiovascular 
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function.  Also, STAT 4 and STAT 6 knock out mice are used to generate Th2 and Th1 

predominate mice respectively.   

 2. Continue to investigate effects of T-lymphocyte function on adventitial 

fibroblasts.  Changes in blood pressure are accompanied by alterations in vascular 

structure and function.  We hypothesize that the adoptive transfer of T-lymphocytes from 

hypertensive WT mice induces changes in the vascular ECM in addition to the changes in 

cardiac ECM.  Changes in the vascular ECM are not limited to the adventitial layer.  It 

has been reported that elastin in the resistance vessels changes with the advent of 

hypertension in SHR.  A more thorough understanding of the effects of T-lymphocyte 

function on adventitial fibroblast and the vascular ECM will more fully elucidate the 

mechanism by which the adoptively transferred T-lymphocytes induce hypertension in 

the naïve SCID recipients. 

 3.  Determine the possible effects of immunomodulatory or immunosuppressive 

therapeutics on the development of hypertension in the adoptive transfer of T-

lymphocytes.  The administration of therapeutics before and/or immediately following 

the injection of T-lymphocytes into SCID recipients would determine the possible use of 

these medications to arrest the progression of hypertension. 
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ABBREVATIONS 
ACE  angiotensin converting enzyme 
ANG II angiotensin II 
APC  Antigen Presenting Cell 
CCS  Conductance Catheter System 
cGMP  cyclic GMP 
DOCA  deoxycorticosterone acetate 
ECHO  Echocardiography 
ECM  extracellular matrix 
GATA-3 transcription factor for Th2 differentiation  
IL-1β  interleukin 1 β 
IL-4   interleukin 4 
IL-6  interleukin 6 
IL-10  interleukin 10 
IL-12  interleukin 12 
INF-γ  interferon γ 
LOX  lysyl oxidase 
LOXL  lysyl oxidase like 
LV  left ventricle 
LVH  left ventricular hypertrophy 
LVW/BW left ventricle/body weight ratio 
MHC   major histocompatibility complex 
MMP  matrix metalloproteinase 
NO  nitric oxide 
NOS  nitric oxide synthase 
RAS  renin angiotensin system 
SCID  severe combined immune-deficient  
SHR  spontaneously hypertensive rat 
STAT4 “signal transducers and activators of transcription” transcription factor 

involved in Th1 differentiation 
STAT6 transcription factor for Th2 differentiation 
T-bet  transcription factor for Th1 differentiation 
TCR  T-cell Receptor 
TGF-β  transforming growth factor β 
Th1  T-helper subset 1 
Th2    T-helper subset 2 
TIMP  tissue inhibitor of MMP 
TLR  Toll like receptors 
Treg  T regulatory cell 
VSM  vascular smooth muscle cells 
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Primary hypertension affects 50% of the individuals over the age of 60, however 

the etiology is only understood for 10% of these cases.  The incidence of primary 

hypertension increases with age, with 50% of individuals at the age of 60 and 60-70% of 

individuals over the age of 70 suffering from high blood pressure (1). Currently the 

factors contributing to hypertension are considered to be alterations in renal function 

including perturbations in the renin-angiotensin system and sodium balance, increased 

sympathetic tone, and vascular dysfunction.  However, there is compelling evidence that 

altered immune function is involved in the pathogenesis of most forms of hypertension.  

Therefore, we contend that there is a direct involvement of the adaptive immune system 

(T-lymphocytes) in the evolution primary hypertension. This review will support the 

association between adaptive immune system with the development of hypertension in 

humans. 

Primary Hypertension related to Cytokines  

 Essential hypertension or primary hypertension, as it has recently been termed, 

has historically been defined as an increase in blood pressure with no known etiology, 

although it is often accompanied by immune activation.  Moreover, aging is associated 

with a dysregulation of the immune response (2). Since aging is a major risk factor for 

the development of hypertension, it follows therefore, that if immune system plays a role 

in the etiology of hypertension, aging may increase the incidence of hypertension. 

 Barbieri et. al. investigated the correlation between pro-inflammatory cytokines 

and essential hypertension in 537 human subjects with a mean age of 74 years (3).  In this 

study systolic blood pressure was associated with age and plasma IL-6 concentration.  
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Diastolic blood pressure was found to be associated with plasma IL-6 and IL-1 receptor 

antagonist (IL-1ra) concentrations and negatively associated with IL-1β (3). This study 

supports that immune activation is positively correlated with the incidence of essential 

hypertension.  Another study assessed the concentrations of IL-1β, IL-6, TNF-α, and IL-

1ra in patients with essential hypertension.  IL-1ra was significantly greater in patients 

with essential hypertension compared with normotensive controls.  These studies do not 

provide direct evidence that these pro-inflammatory cytokines induce the essential 

hypertension or are merely a product of the strain on vessels due to the increased blood 

pressure.   

Hypertension associated with Immunoglobulins 

In addition to alterations in inflammatory cytokines, individuals with essential 

hypertension have increased activity of T-lymphocytes reactive against human arterial 

antigen (4).  Also, essential hypertension is associated with increased serum levels of IgG 

and IgM.  No changes were reported in the levels of IgA or the number of circulating T-

lymphocytes in patients with essential hypertension when compared to normotensive 

controls (4).  Suryaprabha et. al. also reported a significant increase of IgG in essential 

hypertension patients compared to controls.  In this study there was no gender difference 

in IgG concentration with essential hypertension (5). 

In light of the above-mentioned studies, the involvement of the humoral immune 

system in the pathogenesis of essential hypertension has yet to be fully understood.  The 

reported increase in serum antibody concentrations could be secondary to damage of the 

vascular endothelium caused by in increase in blood pressure.  However, increased 
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activity of T-lymphocytes reactive against arterial antigen suggests that T-lymphocytes 

may be involved in the pathophysiology of essential hypertension and the associated 

vascular damage.  

Immunosuppression and Hypertension 

 Hypertension is a major complication of organ transplantation effecting 63% of 

pediatric heart transplant recipients and 90% of cardiac transplant recipients overall (6;7). 

Post-transplant hypertension is often attributed to the use of immunosuppressive 

therapeutics.  Moreover, hypertension has been reported to occur in 70-90% of renal 

transplantation recipients and 33% of liver transplant recipients treated with either 

cyclosporine (CsA) or tacrolimus (FK506) (8;9).  CsA, and more recently tacrolimus, 

have become primary immunosuppressants for organ transplant recipients.  CsA and 

tacrolimus have similar mechanisms of action converging at the inhibition of the 

phosphotase calcineurin and thereby both drugs inhibit T-lymphocyte activation and IL-2 

gene expression (10).  The drugs differ in their effect on the TH2 cytokine expression 

(11).  CsA was shown to decrease IL-6 while increasing IL-4.  Moreover, tacrolimus 

inhibits IL-10 production to a greater extent than CsA (12).  Also, CsA has been shown to 

induce dysfunction of the vascular endothelium (13) and pronounced hypertension; 

however, tacrolimus induced hypertension has been shown to be less severe than that 

resulting from CsA (14). Although immunosuppression induced hypertension is almost 

ubiquitous in transplant recipients its etiology also remains unclear. 

 Recent evidence has suggested that cyclosporine (CsA) induced hypertension and 

endothelial dysfunction is a result of decreased levels of nitric oxide (NO) (15). The 
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administration of L-arginine, the amino acid substrate used in the synthesis of NO, was 

shown to decrease blood pressure in CsA induced hypertensive rats and primates (16).  L-

arginine also attenuated the increase in blood pressure in pediatric cardiac transplant 

recipients (17).  Additionally, CsA induced a decrease in acetylcholine mediated 

relaxation in resistance vessels of rats (18).  Impaired NO production and decreased 

vasorelaxation, both of which induce hypertension, are possible mechanisms of CsA 

induced endothelial dysfunction.  

Immunosuppression and Induction of Autoimmunity 

 Related to its immunosuppressive properties, CsA increases the number of 

autoreactive T-lymphocytes by interfering with their deletion (19;20). Administration of 

CsA to newborn mice caused organ specific autoimmune diseases while thymectomy 

immediately following CsA administration increased the prevalence of autoimmune 

diseases.  From these findings, it was concluded that CsA induces autoimmune conditions 

by interfering with the thymus/T-lymphocyte dependent control of autoreactive T-

lymphocytes (21). The autoreactive T-lymphocytes may affect the vascular endothelium 

causing the reported vascular dysfunction and increase in blood pressure.  Furthermore, 

cytokines released from immune cells are also involved in the regulation of blood 

pressure and fibrosis.  TGF-β is a known potent fibrogenic mediator and has been 

reported to induce fibrosis in the kidney, liver, lung (22). CsA, but not tacrolimus, has 

been shown to induce TGF-β (23). The difference in the induction of TGF-β may account 

for the variation in the severity of the hypertension induced by CsA and tacrolimus.  

Therefore, an alternative mechanism of CsA and tracrolimus induced hypertension by 
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reside in the effect of altered lymphocyte cytokine production, such as TGF-β, on the 

adventitial fibroblasts. This concept suggests that vascular dysfunction may occur due to 

an increased collagen deposition in the vasculature which not only impairs NO function 

and diffusion but also alters vascular mechanics. 

 Moreover, CsA administration has been shown to decrease the number of T 

regulatory cells (24). T regulatory cells are responsible for the suppression of T-

lymphocyte function, preferentially autoreactive T-lymphocytes.  In addition to CD4, T 

regulatory cells express CD25 (IL-2 receptor α chain) on their cell surface.  It is logical 

therefore, that because CsA affects IL-2 gene expression it also has an effect on the 

production of T regulatory cells.  Our laboratory is investigating the role of specifically 

CD4+ lymphocytes on cardiac and vascular remodeling.  These studies will help elucidate 

the possible role of T regulatory cells in hypertension. 

Pre-eclampsia, Hypertension, and the Immune Response 

Pre-eclampsia is a common complication during pregnancy, affecting up to 5% of 

pregnant women (25). This condition is defined by elevated blood pressure and excess 

protein in the urine after 20 weeks of pregnancy.  There is no known specific treatment, 

although traditional measures such as antihypertensive drugs, magnesium, steroids and 

early delivery improve outcomes.  This lack of definite treatment is a result of the 

unknown etiology of the condition.  Endothelial cell dysfunction is often present in pre-

eclampsia and therefore is considered a contributing factor in the pathology (26). Since 

medical interventions aimed at the treatment of pre-eclampsia and the underlying 

endothelial cell dysfunction have not been completely successful it is likely that pre-
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eclampsia is multifactorial in origin.  Since the report by Wegman et.al. that TH2 

cytokines are essential for successful pregnancy (27), it has been hypothesized that 

alterations in the maternal immune balance contribute to the development of pre-

eclampsia.  

It has been shown that during normal pregnancy the production of TH2 cytokines 

is increased with a concomitant decrease in TH1cytokines (28).  In other studies the 

numbers of both INF-γ and IL-4 producing cells have been shown to increase (29). Saito 

and colleagues address this contradiction by using flow cytometry to quantify INF-γ 

(TH1) and IL-4 (TH2) producing cells in blood from women with normal pregnancies 

and those with pre-eclampsia.  In this study normal pregnant women had a decrease in the 

number of TH1 cells in the third trimester and an increase in the number of TH2 cell in 

the first trimester.  In the peripheral blood from women with pre-eclampsia, TH1 cells 

were increased and TH2 cells decreased throughout the pregnancy giving rise to a larger 

TH1/TH2 ratio that that of women with normal pregnancies (30). 

Other immune responses and cytokines in addition to IFN-γ and IL-4 have been 

investigated as possible mediators of pre-eclampsia.  Systemic activation of the innate 

immune system occurs in both normal pregnancy and pregnancies with pre-eclampsia, 

perhaps as a compensatory mechanism for the other immune changes (31).  However the 

degree of activation is exaggerated in pre-eclampsia producing an inflammatory response 

(32).  The cytokine IL-10 has both immunosuppressive and anti-inflammatory effects.  

IL-10 inhibits proliferation and cytokine synthesis of TH1 lymphocytes (33), which, 

under the current paradigm, is beneficial to the maintenance of pregnancy (34). To 
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elucidate the correlation between pre-eclampsia, IL-10, and other cytokines Jonsson et. 

al. analyzed blood samples from women with pre-eclampsia and those with normal 

pregnancy.  They reported a decreased secretion of TH2 cytokines, IL-5 and IL-10 from 

cells in the blood of women with pre-eclampsia when compared with normal controls 

(25). The reduction in IL-10 levels is indicative of decreased immunosuppression 

correlated with previous reports of increased inflammation derived from TH1 cells. The 

reported decrease of IL-5 is supportive of the decreased number of basophils in women 

with pre-eclampsia as IL-5 regulates basophil differentiation (35). The TH1/TH2 balance 

reported in this study is in agreement with previous reports of TH1 predominance in pre-

eclampsia (36) however the characterization of IL-5, IL-10 and other cytokines increases 

the validity of the proposed involvement of the immune system in pre-eclampsia.     

Numerous factors have been reported to be involved in the pathogenesis of pre-

eclampsia, although many reports now support the participation of immune cells in the 

perturbation of normal pregnancy seen in pre-eclampsia.  As mentioned earlier, pre-

eclampsia is often accompanied by endothelial cell dysfunction.  Inflammatory cytokines, 

those secreted from TH1 cells, react with the vascular endothelium and causing the 

endothelial dysfunction.  TH1 cell numbers increase in pre-eclampsia and therefore 

represent possible mediators of reported endothelial cell dysfunction.  A decrease in TH2 

cytokines is also associated with pre-eclampsia.  This is a deviation from normal 

pregnancy when the mother’s lymphocytes are predominantly TH2 subset.    

Conclusion 
The current understanding of the mechanisms involved in the development of 

hypertension is partially a result of studies on human cases of hypertension.  Essential 
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hypertension, immunosuppressive induced hypertension, and pre-eclampsia, are all 

associated with underlying changes in immune function (Table 1).  Transplant recipients 

with CsA induced hypertension have increased numbers of autoreactive T-lymphocytes 

and pro-fibrotic cytokine secretion.  It is possible that these lymphocytes may interact 

with the vascular endothelium causing injury and increased blood pressure.  Individuals 

with essential hypertension have highly activated immune systems as supported by 

elevated concentrations of pro-inflammatory cytokines and high serum levels of 

antibodies.  In addition, individuals with essential hypertension also have increased levels 

of T-lymphocytes reactive to arterial antigens, again possibly causing injury to the 

vasculature.  Another type of hypertension, pre-eclampsia, is correlated with deviations 

from the immune profile of normal pregnancy women.  As in essential hypertension, 

women with pre-eclampsia exhibit an increased inflammatory response.  They also have 

a shift from TH2 predominance found in normal pregnancy to TH1.  Pre-eclampsia is 

associated with a decreased in the immunosuppressive cytokine IL-10.  Since IL-10 is 

capable of decreasing the activity of lymphocytes and specifically the TH1 subset, the 

decrease in IL-10 levels associated with PE further augments the inflammation and TH1 

predominance reported in PE.  All three of these examples of human hypertension are 

associated with either self-reactive T-lymphocytes or inflammation, although neither of 

these are being addressed in current therapeutic regimes.    

New therapeutics are being designed to modify the immune system in an array of 

autoimmune diseases.  In the future, these techniques may demonstrate efficacy in the 

treatment of many forms of hypertension.  The use of hematopoietic stem cells in the 
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treatment of lupus is in clinical trials by the National Institute of Allergy and Infectious 

Diseases.  The working hypothesis is that since hematopoietic stem cells can develop into 

immune cells, they will normalize the immune system of people suffering from lupus, 

slowing or stopping the progression of the disease.  Immune treatment of multiple 

sclerosis using interferon β-1β (INFβ-1β) is also being investigated.  The injection of 

INFβ-1β was reported to decrease the development of multiple sclerosis by 50% in 

patients that had previously presented with early signs of multiple sclerosis (37). Also, 

treatment of people suffering from Crohn’s disease and ulcerative colitis with soluble 

TNF-α receptors (etanerecept) has been shown to induce remission (38). Therefore the 

treatment of these chronic diseases with immunomodulatory agents makes the treatment 

of hypertension in this manner a viable option.  As in other diseases, the immune 

component of hypertension is not fully understood, but the development of 

immunomodulatory treatments may enable physicians to modify the underlying causes of 

hypertension not simply alleviate the symptoms. 

Research in our laboratory and others will help elucidate the role of the immune 

system in hypertension and accompanying alterations cardiovascular ECM.  T-

lymphocyte derived cytokines are known to increase collagen synthesis inducing fibrosis.  

The increase in blood pressure in essential hypertension may be a result of fibrotic 

processes resulting in a less compliant vasculature. There appears to be an 

unsubstantiated relationship between age associated hypertension and age mediated 

immune dysfunction.  Therefore further definition of this connection in models of 

immunosuppression may reveal causal relationship. Modulation of specific immune 
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components, such as T-lymphocytes, will help determine the mechanisms through which 

they influence cardiovascular disease.  An understanding of the interactions of the 

immune and cardiovascular systems will hopefully introduce new possible targets for the 

pharmaceutical treatment of hypertension and cardiovascular disease. 

 
 

 
 
Table 1: Immune Involvement in Human Hypertension 

  

 Pathology Alterations in Immune Function Reference 
No. 

Primary Hypertension 50% adults ≥ 60 years 
Endothelial damage 

Increase IL-6, IL-1ra, decrease TNF-
α levels 
Autoreactive T-lymphocytes 
Increase immunoglobulin levels 

3, 4 
 
5 
5, 6 

Immunosupression 
induced Hypertension 

90% cardiac recipients  
Endothelial damage 

Autoreactive T-lymphocytes 
Increase TGF-β 
Decreased T-regulatory cells 

20, 21, 22 
23, 24 
25 

Pre-eclampsia 5% pregnant women 
Endothelial cell damage 

Increase TH1  
Decrease TH2 
Induction of inflammation  

31, 37 
31, 36 
26, 32, 33 
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Introduction  

Because of the high incidence of hypertension and its deleterious effects on the 

cardiovascular system animal models of hypertension have been developed to elucidate 

the pathophysiology of this complex disease.  In some animal models, hypertension may 

be a result of inbreeding and therefore is of genetic origin.  These models are useful in 

studying essential and familial forms of hypertension.  Other animal models of 

hypertension are pharmacologically induced.  High doses of deoxycorticosterone acetate 

(DOCA) induce salt sensitive hypertension.  This is a useful since it models human 

hypertension which often involves some degree of salt sensitivity.  Other models of 

hypertension are a direct result of alterations in kidney function.  Clipping of the renal 

artery, of either one or both kidneys, is used to induce severe persistent hypertension (1).  

The diversity in the animal models of hypertension enables researchers to select a model 

that most closely resembles the specific hypertension they are investigating.  

Spontaneous Hypertensive Rats (SHR) 

 A rat model of spontaneous hypertension was first described by Okamoto and 

Aoki in 1963 and now commonly bears his name, Okamoto spontaneously hypertensive 

rat (SHR).  SHR is the most widely used animal model of human essential hypertension.  

This strain usually begins to develop hypertension at seven weeks of age, progressing 

through 15 weeks of age with an average systolic blood pressure to 180 mmHg in male 

rats.  SHR often die prematurely of cardiovascular complications stemming from the 

hypertension.   

Many studies support the concept that underlying immune dysfunction is involved 

in the development of hypertension in SHR.  Comparison studies between SHR and 
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normotensive control animals have shown numerous immune abnormalities.  SHR have 

reduced numbers of lymphocytes (2;3), suppressed delayed-type hypersensitivity (4), and 

a depressed T-lymphocyte response to mitogen stimulation (5;6).  Taken together these 

reports strongly support an immune factor in the hypertension of SHR.  Also 

investigating the role to T-lymphocytes in SHR, Pascual et. al. examined the correlation 

between age and immune depression in SHR.  T-lymphocytes from SHR show decreased 

proliferative response to Con A with increasing age while control rat T-lymphocytes 

response did not change (6).  The parallel between decreased T-lymphocyte function and 

the progression and severity of hypertension suggests a correlation between immune 

function and hypertension.  

Hypertension and Ablation or Adoptive Transfer of Immune Organs 

 Accompanying these reports, are studies in which modifications of the immune 

system were made directly by removal of immune organs or injection of immune cells 

thus determining the direct effects of immune function on hypertension.  These studies, 

many of which were performed over two decades ago, provide evidence that immune 

cells can directly alter blood pressure.  The first report of hypertension and the adoptive 

transfer of immune cells was by Okuda and Grollman in 1967.  This study involved 

removing either the thymus or the spleen from rats and subsequently infracting the left 

kidney via ligation of the left renal artery.  Splenectomy prior to infarction significantly 

reduced blood pressure.  Thymectomy also suppressed the development of hypertension 

following infarction, however to a lesser degree compared with splenectomy (7). These 

studies indicate that lymphocytes are necessary for the development of hypertension 

following renal infarction.  Also investigated was the effect of adoptive transfer of lymph 
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node cells from hypertensive donors to immunologically tolerant recipients.  The transfer 

of lymph node cells from hypertensive donors induced hypertension in recipients 

although the resulting blood pressure was less than that of the donor (7). These results 

support the concept that lymph node cells induce hypertension that can be conferred by 

adoptive transfer of these cells.   

   To further investigate the capacity of immune cells to reduce hypertension Ba 

and colleagues compared injected thymus extracts with grafted lymph node and splenic 

tissue from normotensive rats into SHR.  Thymus grafts were the most effective at 

reducing blood pressure in SHR, however spleen and lymph node grafts did prevent the 

increase in blood pressure associated with aging in SHR (8).  Grafts of bone marrow and 

liver tissue had no effect indicating the decrease in blood pressure was mediated by 

immune cells.  Interestingly, the depression of T-lymphocyte function characteristic of 

SHR was returned to normal for three weeks following thymus graft.  After ten weeks, T-

lymphocyte function was suppressed and the previously decreased blood pressure began 

to return to the elevated levels seen in untreated SHR.  In contrast, neonatally grafted 

SHR had increased T lymphocyte function and decreased blood pressure throughout the 

32 week experiment (8). Norman et. al. also performed thymic implants from control 

Wistar rats into male SHR and reported comparable results.  Thymic implants 

significantly reduced blood pressure compared to both control SHR and sham operated 

SHR (9).  

The results of these studies support the concept that T-lymphocytes can not only 

be used to treat existing hypertension, but are also capable of preventing its onset.  When 

injected into neonatal rats, T-lymphocytes induced a long lasting reduction in blood 
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pressure.  By altering the immune system before maturation is complete, it appears 

grafted immune tissue may permanently change the composition of the recipient immune 

system.  It is possible that the grafted immune tissue contained T regulatory (Treg) cells 

capable of suppressing immune cells that induce the hypertension seen in SHR.  One 

proposed mechanisms is that hypertension of SHR is a result of auto-immune reactive 

cells (8;10). Transferred Treg cells could suppress these auto-reactive cells whereby 

attenuating the damage caused to the kidneys and vasculature.  To further understand the 

effect of T-lymphocytes, it would also be useful to determine the composition of the 

immune system of the recipient rats.  Changes in cytokine profile and cellular 

composition both immediately after grafting immune tissue and at the reported 

breakthrough of hypertension after grafting could elucidate the factors responsible of the 

suppression in blood pressure.     

 Removal of the thymus has also been reported to reduce blood pressure in both 

SHR and Lyon hypertensive rats.  In SHR, thymectomy at four weeks of age delays the 

onset, but does not abolish hypertension.  These effects are lessened between 19 and 52 

weeks of age.  By 52 to 55 weeks of age there was no significance difference in blood 

pressure between thymectomized and control rats.  The reduction in blood pressure from 

thymectomy was specific to SHR as not effect was seen in normotensive WKY rats (11). 

Removal of the thymus from Lyon hypertensive rats decreased mean arterial pressure due 

to a reduction in diastolic pressure, as systolic pressure was not effected.  Thymectomy 

also normalized the increased responses to angiotensin and phenylephrine seen in Lyon 

hypertensive rats.  However, it is possible that changes in these responses were a result of 

decreased blood pressure not a direct result of the thymectomy (12). 
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 These results can be explained with a similar hypothesis as previously discussed.  

The thymus of hypertensive rats may contain auto-reactive cells which cause injury to the 

kidneys and vasculature whereby inducing hypertension.  Removal of the thymus 

dramatically reduces the number of auto-reactive cells, but possibly does not remove all 

of them.  It is these remaining cells that may induce the hypertension seen in the first 

model.  Also, by removing the thymus but not the spleen and lymph nodes, a significant 

number of non-autoreactive cells are left in the animal.  These cells may interact with the 

vascular endothelium and fibroblasts either directly or through secreted factors, whereby 

altering their composition and compliance, affecting blood pressure.   

 Additional experiments on animal models of hypertension have supported the 

previously discussed pioneering work of Okuda and Grollman which reported that 

removal or transplantation of immune tissue affects blood pressure in SHR (7). 

Experiments transplanting kidneys of hypertensive animals resulted in the concept that 

“hypertension follows the kidney” (13). Work by both Renuadin and Olsen indicates that 

hypertension may also follow immune cells.  In 1980 Olsen reported that the transfer of 

splenic cells from both DOCA salt sensitive hypertensive rats and hypertensive rats 

resulting from nephrectomy induced hypertension in naïve recipient rats.  Recipients of 

splenic cells from DOCA rats developed hypertension within the first month following 

transfer which persisted throughout the six month experiment.  The transfer of 

splenocytes from renal hypertensive rats produced only mild, borderline hypertension the 

first three months following transfer but between months three and six the pressure 

continued to increase reaching significant levels by the end of the experiment.  At the 

conclusion study recipient rats were injected with homogenized arterial vessels from 
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donor rat to test immunoreactivity.  These skin tests were positive in the recipients of 

spleen cells from DOCA rats and negative in control recipients (14). These results 

support the hypothesis that hypertension may be a result of an immune response affecting 

vascular tone and structure. By injecting cells from spleen and lymph nodes of Lyon 

hypertensive rats into normal controls Renaudin et. al. were able to induce hypertension 

in recipient rats.  This increase in blood pressure persisted throughout the 13 week 

experiment.  In contrast with Olsen’s study, the adoptive transfer of immune cells from 

rats made hypertensive by single kidney clipping did not induce hypertension in 

recipients; however the rats used in this adoptive transfer were not fully compatible with 

regards to the major histocompatibility complex (15).   This complication could have 

dramatic effects and therefore introduces some speculation about the validity of the 

results.  

 Animal models of hypertension have enabled investigators to modify various 

factors involved in hypertension to determine their effect.  SHR have decreased T-

lymphocyte proliferative response to ConA indicating immune depression.  However, 

these rats have high levels of immune cells infiltrating into the kidneys.  These 

infiltrating cells express ANG II and ACE and also produce large amounts of INF-γ.  

Immunosuppression in these rats decreases blood pressure indicating that a reduction in 

the number of infiltrating cells affects blood pressure.  Studies removing the thymus or 

spleen indicate that these organs are necessary for the development of different types of 

hypertension.  Additionally, adoptive transfer of immune tissues or cells also affected 

blood pressure.  Transferred immune tissue and cells from normotensive donors 

decreased blood pressure in SHR recipients.  Induction of hypertension by adoptive 
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transfer of lymphocytes is not limited to genetic forms of hypertension as cells from 

DOCA and renal clipped rats induced hypertension in previously normotensive 

recipients.  These animal studies strongly support the role of immune cells in 

hypertension.  The abrogation of the development of hypertension when the thymus or 

spleen were removed before the onset of hypertension supports that the immune system is 

involved in not only the maintenance but also the development of hypertension.   

 We have proposed that hypertension and associated remodeling in both human 

and animal models of hypertension is associated with underlying immune dysfunction.  

We hypothesize that altering T-lymphocyte function will effect the induction and 

progression of hypertension.  Using mouse strain differences in T-lymphocyte 

predominance we have shown that T-lymphocyte subset affects cardiac remodeling in 

models of pressure overload (16). Our laboratory has also reported the benefit of T-

lymphocyte modulation in murine models of AIDS (17). Most recently in an adoptive 

transfer model we have demonstrated that transferring CD4+ to SCID mice not only 

induces hypertension, but also results in alterations in ECM components in both the 

vasculature and heart.  Such changes indicate a direct role of T-lymphocytes in 

hypertension and the maintenance of the ECM.  Continuing research on the effects 

adoptive transfer of lymphocytes from hypertensive donors will further increase our 

understanding of the immune component of hypertension.  Treating animals immediately 

following the transfer of cells from hypertensive donors would elucidate the potential 

effects of different immunomodulatory agents on hypertension.  Moreover, future 

investigation should incorporate the role of T regulatory cells in the etiology of 

hypertension. 
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Immune System and Kidney Function 
 

A basis in the treatment of human hypertension revolves around kidney function 

as most forms of hypertension have a renal component as either the cause or the 

consequence of hypertension.  It follows therefore, that the renal function of hypertensive 

animal models is of interest to investigators; in the context of immune function there is 

much interest in the pathogenic role of renal infiltration by immune cells.  To investigate 

the hypothesis that infiltration of immune cells play a role in the induction and 

progression of hypertension in SHR Rodriguez-Iturbe administered the 

immunosuppressant, mycophenolate mofetil (MMF), to both SHR and Wistar control 

rats.  MMF inhibits monophosphate dehydrogenase, a regulator of lymphocyte synthesis 

of purine and therefore is a lymphocyte specific inhibitor.  MMF administration had no 

effect on the blood pressure of control rats, but reduced the blood pressure in SHR.  The 

reduction in blood pressure was dependent on immunomodulation since discontinuation 

of MMF resulted in restoration of hypertension equal to untreated SHR.  Moreover, 

MMF reduced renal lymphocyte infiltration, an effect that was also reversible at the 

cessation of MMF administration (18).  This study supports a possible relationship 

between the immune system and both the development and maintenance of hypertension 

in SHR.  

Rodriguez-Iturbe went on to further investigate the role of renal infiltration of 

immune cells and the development of hypertension in SHR.  Immune infiltrating cells 

often cause renal inflammation whereby promoting sodium retention. In this study 

pyrrolidine dithiocarbamate (PDTC) was used to inhibit NF-KB activation and therefore 

inflammation.  As in the previous study, PDTC abrogated the increase in blood pressure 
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typical of SHR but had no effect on the blood pressure of control rats.  PDTC prevented 

the accumulation of immune cells in the kidneys of SHR.  Importantly, this study found 

that NF-KB suppression by PDTC prevents hypertension and immune infiltration of the 

kidneys (19).  Also investigating the role of immunosuppression on the development and 

maintenance of hypertension in SHR, Khaibi et. al. administered cyclophosphamide to 

young male rats to inhibit mitogen induced lymphocyte proliferation.  However, it has yet 

to be determined if the identified renal lymphocytic infiltrates are the primary cause of 

hypertension.  Cyclophosphamide decreased systolic blood pressure in SHR by eight 

weeks of age while having no effect on the blood pressure on control Wistar rats.  Also, 

administration of cyclophosphamide to adult SHR attenuated their established 

hypertension (20). Taken together these studies support a strong relationship between 

immune cells and the induction and progression of hypertension.  However these studies 

do not resolve the direct role of peripheral lymphocytes in the induction of the vascular 

dysfunction.   

Further strengthening the concept of immune mediated development of 

hypertension are reports that lymphocytes may also affect the renin angiotensin system. 

Shao et. al. demonstrated that rats infused with Angiotensin II (Ang-II) show an increase 

in INF-γ and a decrease in IL-4 when compared to controls demonstrating a conversion to 

TH1 lymphocyte phenotype.  They were able to reverse this imbalance by administering 

an angiotensin receptor blocker (21). Also, through the use of immunohistochemistry, it 

has been shown that infiltrating T-lymphocytes and macrophages found in the kidney of 

hypertensive animals express ANG II and angiotensin-converting enzyme, ACE (22;23). 

It is well known that within the nephron ANG II increases sodium retention.  ANG II 
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many also play a role in many other mechanisms that result in impaired renal excretion of 

sodium (24). The presence of the ANG II and ACE positive lymphocytes in the kidney 

further complicate the investigation of the underlying mechanisms of hypertension.  

Because these cells are producing molecules already present in the kidney their role in 

hypertension may easily be overlooked.  The previously reported increases in ANG II or 

ACE could be a result of infiltrating cells, but were attributed to altered kidney function.  

 The use of pharmacologically active substances targeted at reducing renal 

interstitial immune cells has further elucidated their role in hypertension. The unanswered 

question is if the lymphocytic infiltrates were due to renal ischemia secondary to ANG II 

infusion or the primary causal factor in the pathogenesis of hypertension.  An alternate 

explanation is that ANG II affects the development of hypertension through its effects on 

polarizing the CD4+ lymphocytes to a TH1 phenotype.  Therefore, even though these 

reports concluded a direct renal to vascular hypertension pathway, it is also plausible that 

the activation of the renal renin-angiotensin-system may have induced TH1 CD4+.  The 

polarization of the lymphocyte population to TH1 may have had a direct effect on the 

vascular tone and structure leading to hypertension.  In response to a variety of stimuli, 

including profibrotic cytokines and TGF-β (25), adventitial fibroblasts in the vasculature 

differentiate into myofibroblasts which are responsible for the production of collagen, 

fibronectin, tenascin and elastin (26;27). Importantly, myofibroblasts migrate from the 

adventitial to the media and intima where they contribute to alterations in these layers, 

including thickening and fibrosis (27). Thus, the effects of the renin-angiotensin system 

on blood pressure may be mediated by immune cells interacting with the vasculature. 
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Summary 

 The direct association between hypertension and immune dysfunction has been 

demonstrated in numerous rodent models.  The observation of lymphocyte infiltrates in 

the kidney supports the concept of immune involvement in the renal component of 

hypertension, which can be abrogated with immunosuppressive therapeutics. Moreover, 

the direct effect of lymphocytic activities on the vasculature affords an alternate 

mechanism. This concept is strongly supported by the ablation and adoptive transfer of 

lymphoid tissues between normotensive and hypertensive animals. The induction of 

hypertension through the adoptive transfer of lymphoid tissue indicates that immune cells 

are involved in the development of hypertension in the absence of other stimuli such as 

salt overload or renal clipping.  The anti-hypertensive effects of adoptive transfer 

lymphocytes from normotensive donors demonstrate that the immune system may also 

have a protective role in maintaining cardiovascular homeostasis.  It is evident that a 

defined mechanism for the role of the adaptive immune system in the development and 

maintenance of hypertension has yet to be elucidated however these reports provide a 

potential for the development of new therapeutics used to treat primary hypertension 

through the modulation of adaptive immune function.  
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ABSTRACT 
 The etiology of hypertension and the accompanying alterations in cardiovascular 

function and ECM composition are not fully understood.  It is well documented that 

neurohormonal pathways are involved in the pathogenesis of hypertension; in the current 

study we examined the role of T-lymphocytes in the development hypertension and 

associated changes in cardiovascular function and ECM composition.  A L-arginine 

analogue, NG-nitro-l-arginine methyl ester (L-NAME), was administered in the water to 

induce hypertension in Balb/C mice known to have Th2 T-lymphocyte predominance.  

Injections of TCR peptide were used to induce Th1 predominance and therefore enable us 

to investigate the effects of T-lymphocyte subset on hypertension and alterations in the 

cardiac ECM.  L-NAME/8% NaCl group showed a dramatic increased in systolic blood 

pressure that was attenuated by the administration of TCR peptide.  Total cardiac fibrillar 

collagen and percent crosslinked collagen correspondingly increase with L-NAME/8% 

NaCl; TCR peptide L-NAME/8% NaCl administered together reduced these increases, 

maintaining a pseudonormal ECM composition.  These data support a role of immune 

modulation in the pathogenesis of hypertension and indicate a possible pathway for 

pharmaceutical intervention in the treatment of hypertension and the accompanying 

changes cardiovascular function. 

 

 

 

Key Words: Hypertension, L-NAME, T-lymphocyte, cardiac function, extracellular 

matrix  
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INTRODUCTION 

Hypertension is a multifactorial disease affecting over 26% of the adult 

population worldwide, a figure projected to increase to over 29% by 2025.1 In the United 

States almost 1 in 3 adults have hypertension2 with an estimated cost of $63.5 billion in 

2006.3 Hypertension is one of the major risk factors for the development of stroke, 

myocardial infarction, and heart failure.  Regardless of its prevalence the exact 

mechanisms underlying the etiology of many forms of hypertension remain unknown.   

Hypertension is associated with changes in the extracellular matrix (ECM) 

resulting from an altered balance of synthesis and degradation of ECM components, 

namely collagen.  The cardiac fibroblast controls these changes through the production of 

matrix metalloproteinases (MMP) and tissue inhibitors of MMP (TIMP) that regulate the 

degradation of the ECM.  Through the production of lysyl oxidase (LOX) the fibroblast 

mediates the extent of collagen crosslinking altering the stiffness of the ECM.  Factors 

that control fibroblast function will therefore affect ECM remodeling and cardiovascular 

function.  Neurohormonal pathways are known to influence hypertension and ECM 

remodeling4, 5 however other mechanisms appear to be involved.  We hypothesize that T-

lymphocytes are also involved in hypertension and cardiac remodeling.   

CD4+ T-lymphocytes are divided into subsets by the cytokines they secrete.6 The 

characteristic Th1 cytokine is interferon- gamma (INF-γ); Th2 cells secrete mainly 

interleukin 4 (IL-4).6, 7 Differences in T-helper subset have been shown to affect fibrosis. 

Shi et. al. reported that genetic differences in T-helper subset was related to the degree of 

hepatic fibrosis.8 T-lymphocytes have also been reported to affect collagen synthesis in 
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dermal and pulmonary tissue.9, 10 Accordingly, T-lymphocytes may be involved in the 

pathogenesis of hypertension and the subsequent cardiac remodeling. 

 Inhibition of NOS by L-arginine analogues has long been a standard for inducing 

hypertension in animal models.  Blockade of the NOS pathway leads to a substantial 

increase in systolic blood pressure in experimental animals.  Experimental models NOS 

inhibition induced hypertension often relies on the chronic administration of NG-nitro-l-

arginine methyl ester (L-NAME) or other analogues to overcome any acute 

compensatory vasodilatation; this has been shown to induce stable hypertension with 

accompanying kidney damage.11-13 Low dose L-NAME (≤ 3 mg kg-1 day-1) has been 

reported to induce salt dependent hypertension in rats.14 Other reports have reported salt 

sensitive hypertension in L-NAME does of 10 mg kg-1 day-1.15 Since most cases of 

human hypertension involve some degree of salt sensitivity low dose L-NAME is an 

useful model of these conditions.   

 Expanding on reports that T-lymphocytes can affect collagen synthesis and ECM 

composition, in the current study we examined the effect of T-lymphocyte subtype on 

hypertension-induced alterations of cardiovascular function and ECM remodeling.  

Hypertension was induced by L-NAME/8% NaCl administration in genetically Th2 

Balb/C mice. TCR peptide which has been shown to induce Th1 subtype16-18 was injected 

i.p. to skew the immune profile to a Th1 predominance.  Our results revealed that TCR 

peptide lowers systolic blood pressure and normalizes cardiovascular function when 

administered with L-NAME/8% NaCl.  This study supports that the effects of T-
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lymphocytes are difficult to predict, but represent a means of modifying the ECM and 

cardiovascular function.  

 

Methods 

Animals  

Four week female Balb/C were obtained from Jackson Laboratories (Bar Harbor, ME, 

USA).  The Balb/C mice were randomly selected as Controls: fed normal chow and 

water, L-NAME: administered NG-nitro-l-arginine methyl ester, L-NAME, (Sigma-

Aldrich) at a dose of 12.5 mg/L in drinking water and on a AIN-76A sterilized mouse 

diet with NaCl content raised to 8% (Dyets, Inc., Bethlehem, PA), TCR: fed normal chow 

and water.  The mice were injected with TCR peptide on day 0 and day 14, or TCR L-

NAME: administered NG-nitro-l-arginine methyl ester, L-NAME, (Sigma-Aldrich) at a 

dose of 12.5 mg/L in drinking water for 28 days and on a AIN-76A sterilized mouse diet 

with NaCl content raised to 8% and TCR peptide injections on day 0 and day 14.  Water 

consumption was measured and the dose of L-NAME was approximately 9 mg kg-1 day-1.  

Both groups had food and water ad libitium.  After 28 days cardiac hemodynamics were 

evaluated with the Millar Conductance System  and cardiac tissue harvested for further 

characterization.  This study was approved by the animal review committee. The 

procedures in the Guidelines for the Care and Use of Laboratory Animals and Principles 

of Laboratory Animal Care (published by the National Society for Medical Research) 

were followed in this study.  
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Tail Cuff Blood Pressure 

All mice were trained using the tail cuff machine (IITC Life Science Inc) for two weeks 

prior to acquiring any tail cuff blood pressure measurements.  The systolic values were 

the mean of 3 measurements per mouse on day 28. 

Quantification of Left Ventricular Mechanics 

The Millar conductance catheter system was used to assess hemodynamic function in 

mice, as has been previously described by our laboratory.19  Briefly, all mice were 

anesthetized using urethane in saline (1000 mg/kg, IP) and a chloralose in propylene 

glycol (50 mg/kg, IP).  The mice were ventilated, and the external jugular vein was 

cannulated for volume administration.  A 1.4-Fr Millar conductance catheter (Millar, 

Houston, TX) was inserted into the apex of the left ventricle with the distal electrode 

positioned near the aortic root and the proximal electrode in the left ventricular apex. In 

vivo pressure-volume relationships were analyzed with BioBench software (National 

Instruments, Austin, TX) and analyzed with Pvan version 2.7 (Conductance 

Technologies, San Antonio, TX). 

TCR Vβ Peptides 

TCR Vβ peptides corresponding to the CDR1 of human Vβ 5.2 and 8.1 were injected 

intraperitoneally at a dose of 200 µg/ mouse on days 0 and 14.  The TCR peptides were 

manufactured by Minotopes Clayton (Victoria, Australia) and had sequences 

CSPKSGHDTCSWYQQA (Vβ 5.2) and CKPISGHNSLFWYRQT (Vβ 8.1) 
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Lymphocyte Isolation 

The spleen was removed using sterile technique, sliced, and forced through a 30-mesh 

screen filter.  T lymphocytes were separated from splenic mononuclear cells with 

lymphocyte separation medium (Cellgro). The B lymphocytes were eliminated by 

culturing cells in antimouse IgG antibody–coated plates for 2 hours.  The T lymphocytes 

were cultured in 10% FCS RPMI medium 1640 at a concentration of 1×106 cells/mL on 

anti-CD3 and anti-CD28 coated plates. 

ELISA for T-Lymphocyte Cytokines 

T-lymphocytes were cultured for 48 hours in 10% FCS RPMI medium on anti-CD3 and 

anti-CD28 coated plates, after which the supernatants were removed for cytokine 

measurement using commercially available ELISA kits (R&D Systems, Minneapolis, 

MN).  The TH1 cytokine interferon (IFN)-[gamma],TH2 cytokine interleukin IL-4, IL-

10, and IL-13, and TGF-β were all analyzed 

RNA Extraction and Real-Time PCR 

Cardiac tissues were harvested in Trizol (Invitrogen Life Technologies, Carlsbad, CA).  

and processed  as previously described.19 Briefly, one µg RNA was reverse transcribed 

into cDNA and used for real time PCR using QauntiTect SYBR Green PCR kit 

(Qiagen,Valencia, CA).  Custom primers were designed using the Primer3 and 

synthesized by Integrated DNA Technologies. Primer quality was confirmed by melting 

curve analysis and gel-electrophoresis of each primer product. For each sample, the 

relative amounts of mRNA for candidate genes were calculated from the threshold cycle 
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numbers and normalized to the relative amounts of β-actin mRNA.  Real-time PCR 

primers are listed in Table 1.  

Determination of MMP Activity 

Cardiac tissue (≈10mg) was homogenized under liquid nitrogen.  The tissue was placed 

in a tube with 1 mL of zymography extraction buffer and allowed to incubate at room 

temperature for two minutes with constant rocking. It was then spun at 2,000 g, 4°C for 5 

minutes.  BCA was done to determine protein concentration; the extraction supernatants, 

with normalized total protein, were applied to a precast 10% gelatin gel (Invitrogen, 

Carlsbad, CA). After electrophoresis at 140 V, 4°C, for 180 min, the gels were washed 

twice with Renaturing buffer (Invitrogen, Carlsbad, CA) at room temperature for 30 min. 

Zymogram gels were then transferred into a Developing buffer (Invitrogen, Carlsbad, 

CA) and incubated at 37°C for 12 h with constant rocking.  After staining with Comassie 

brilliant blue (0.25%), the bands quantified with image analysis software (BIO-RAD GS-

800). 

Collagenase activity 
 
Collagenase activity was measured using commercially available kits (Chemicon, 

Temecula, CA).  Briefly, mmp extract (as described above) was activated with 20 mM 

AMPA for 5 hours at 37°C.  Following activation, 4 µg of sample was used was used in 

the assay.  The biotinylated collagen fragments were detected with streptavidin-enzyme 

complex at 450 nm. 

Determination of Hydroxyproline and Collagen Cross-Linking 
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Because it is an amino acid found solely in connective tissue, hydroxyproline is used as a 

means to quantify collagen concentration.  To measure total hydroxyproline a dried 

portion of the left ventricles were hydrolyzed in 6 N HCl for 72 hours at 120°C; these 

samples were neutralized with 2.5 N NaOH.  Collagen crosslinking was determined as 

previously described by Yu.19 Hydroxyproline concentrations were quantified by 

comparison with a standard curve of trans-hydroxyproline (Sigma-Aldrich, St. Louis, 

MO). 

Statistics 

ANOVA with multicomparison statistics was used to test the differences among the 

groups using SPSS version 11.5.  The differences between treatment groups and control 

were analyzed using the student’s t-test or comparable nonparametric tests (Kruskal–

Wallis and the rank sum test) when tests for normality and equal variance failed. The 

differences were calculated with a significance level of 0.05. All of the data are reported 

as mean ± SEM. 

 

Results 

Immune Profile 

 Cytokine production among the four groups was determined following culturing 

of spleenocytes 28 days after the beginning of administration of L-NAME/8% NaCl 

and/or TCR (Figure 1). Administration of TCR peptide induced a Th1 predominance as 

confirmed by the INF-γ/IL-4 ratio.  The TCR L-NAME group had a 25% increase in the 

INF-γ/IL-4 compared to control (P<0.05). However this polarization to Th1 did not occur 
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with the coadminstration of TCR peptide and L-NAME/8% NaCl.  IL-13 was 

significantly increased in all treatment groups compared to control, although there were 

no significant differences among the treatment groups. Especially noteworthy, TCR 

peptide administration increased IL-10 concentration 510% compared to control 

(P<0.001).  While L-NAME/8% NaCl alone did increase IL-10 82% compared to control, 

in combination with TCR peptide IL-10 concentrations resembled that of TCR peptide 

alone.  There was a non-significant increase in TGF-β concentration in the L-NAME/8% 

NaCl group (6% vs. control), however in combination with TCR peptide TGF-β 

concentration increased 25% compared to L-NAME/8% NaCl alone (P<0.01) 

Cardiac Function 

 The effects L-NAME/8% NaCl and TCR peptide administration on 

cardiovascular function was determined using a conductance catheter system(Table 2).  

Consistent with previous reports, neither L-NAME/8% NaCl or TCR peptide 

administration induced cardiac hypertrophy, as there were no significant changes in heart 

weight.19, 20 As measured by tail cuff, the systolic blood pressure was significantly 

increased in all three groups compared to control (P<0.01, Figure 2).  TCR peptide 

administration with L-NAME/8% NaCl significantly decreased systolic blood pressure 

30% compared to L-NAME/8% NaCl alone (P<0.05).  Cardiovascular function was also 

affected by both L-NAME/8% NaCl and TCR peptide. (Table 3) Both Ved and Ves 

decreased in the L-NAME/8% NaCl group compared to control (P<0.02); however 

ejection fraction was significantly higher than control (74 and 65 respectively, P<0.05).  

dP/dtmax, a pre-load dependent parameter describing contraction, increased 52% in L-
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NAME/8% NaCl groups compared to control (P<0.001).  TCR L-NAME/8% NaCl group 

also had a significant increase in dP/dtmax although is was also significantly lower that L-

NAME/8% NaCl alone.  dP/dtmin, describing diastolic function, was significantly lower in 

L-NAME/8% NaCl than control; this parameter was normalized to control values by 

coadminstration of TCR peptide.  Preload independent parameters PRSW and dP/dtmax-

Ved were both increased in L-NAME/8% NaCl group (P<0.001) indicating increased 

systolic function.  TCR and L-NAME/8% NaCl coadminstration decreased both of these 

parameters, but only dP/dtmax-Ved significantly (P<0.01).  L-NAME/8% NaCl 

administration increased ventricular stiffness.(β, P<0.01).  TCR peptide alone also 

significantly increased β (P<0.05). τ Weiss was not significantly different among any 

group.      

Cardiac Gene Expression 

 The composition of the cardiac ECM affects ventricular stiffness and is itself 

affected by relative concentrations of collagens and the enzymes responsible for 

maintenance and degradation of the ECM.  Real time PCR was performed to compare 

cardiac mRNA expression in left ventricular tissue; values are expressed as both 

threshold cycle number normalized to β-actin and fold change (Table 2).  Pro-collagen 

III gene expression was significantly increased in all three treatment group compared to 

control (P<0.05).  Relative mRNA levels of MMPs varied among the three treatment 

groups.  L-NAME/8% NaCl administration increased pro-MMP-8 2.6 fold compared to 

control (P<0.05).   Coadminstration of TCR peptide and L-NAME/8% NaCl returned 

these values back to control; the pro-MMP-8 gene expression decreased 2.6 fold in the 
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TCR L-NAME compared to L-NAME (P<0.01).  Expression of collagenase pro-MMP-

13 did not vary greatly among the groups.  TCR peptide administration and L-NAME/8% 

NaCl both increased TIMP-1 gene expression compared to control (1.6 and 1.4 

respectively) however the combination of the two was synergistic as it increased 

expression of TIMP-1 2.8 fold compared to control (P<0.05).  The expression of 

osteopontin (OPN) increased 4.1 fold in L-NAME/8% NaCl compared to control 

(P<0.05).  TCR peptide decreased OPN expression 2.2 fold in the TCR L-NAME groups 

which was not different than control.  The expression of LOXL3 changed in parallel with 

the measured crosslinked collagen.  L-NAME/8% NaCl increased LOXL3 expression 1.7 

fold corresponding to the increase in crosslinked collagen.  Although the expression of 

LOXL3 was still significantly higher in the TCR L-NAME groups compared to control 

(P<0.05) the coadminstration decreased LOXL3 expression 2.4 fold compared to L-

NAME (P<0.05).        

Cardiac Collagen Content and Crosslinking 

 The effect of hypertension and TCR administration on the ECM total cardiac 

collagen content and collagen crosslinking were determined using hydroxyproline 

analysis.  Total collagen increased 94% in the L-NAME group (P<0.001) compared to 

control while TCR alone increased total collagen 34% compared to control (P<0.01).  

The combination of L-NAME and TCR peptide decreased total collagen content by 24% 

compared to L-NAME/8% NaCl alone (P<0.001) (Figure 3).  Control Balb/C mice had 

24% crosslinking collagen.  As expected, hypertension induced by L-NAME/8% NaCl 

increased crosslinking to 52% (P<0.001).  Corresponding to systolic blood pressure 
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measurements the percent collagen crosslinking was increased in both TCR and TCR L-

NAME groups, 44% and 43% respectively (P<0.01 both groups, Figure 4).  These data 

demonstrate that coadminstration of TCR peptide and L-NAME/8% NaCl not only 

attenuated increases in blood pressure, but also decreased the percent crosslinked 

collagen compared to L-NAME/8% NaCl. 

MMPs activity 

 Activity of gelatinases MMP-2 and MMP-9 from left ventricular tissue was 

determined by gelatin zymography (Figure 5).  No MMP-9 band was detected in any 

group.  L-NAME/8% NaCl increased MMP-2 activity 81% compared to control (0.61 

and 1.12 respectively, P<0.01).  TCR peptide administration also increased MMP-2 

activity compared to control (P<0.05) however there was no synergistic effect of L-

NAME/8% NaCl and TCR peptide together compared to L-NAME alone (L-NAME 

1.13, TCR L-NAME 1.13).  Combined collagenase activity was determined by the 

cleavage of biotinylated collagen (Figure 6).  L-NAME/8% NaCl administration 

decreased collagenase activity 43% compared to control (P<0.01).  There was no 

significant difference in collagenase activity between control and TCR groups.  TCR 

peptide administration normalized collagenase activity in L-NAME/8% NaCl treated 

animals; there was no significant difference between control and TCR L-NAME.         

 

Discussion 

 The L-NAME/8% NaCl group demonstrated some degree of diastolic dysfunction 

with increased systolic performance in agreement with previous reports of hypertension 
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in rats.21 Also, β was significantly increased in the L-NAME/8% NaCl group, a result of 

increased ventricular stiffness.  dP/dt min is dependent on preload, however it 

significantly decreased in the L-NAME/8% NaCl group also, further supporting impaired 

relaxation.  In addition to impaired relaxation, the L-NAME/8% NaCl had enhanced 

systolic function.  The preload independent parameters dP/dt max-Ved and PRSW were 

both significantly increased.  The 61% increased in dP/dt max-Ved indicates enhanced 

contractility. PRSW also increased 54%.  Although PRSW is influenced by the entire 

cardiac cycle it is most effected by systole and therefore indicates increased systolic 

function.  Impaired diastolic function with enhanced systolic function has been described 

as a compensatory mechanism for increased afterload to maintain proper cardiac 

function.  It is thought that as this mechanism fails there is a progression to 

decompensated heart failure.21 

 Administration of TCR peptide with L-NAME/8% NaCl attenuated the effects of 

L-NAME/8% NaCl.  The TCR L-NAME groups had an increase in PRSW, but it was 

lower than L-NAME/8% NaCl alone.  dP/dt max-Ved was significantly lower in the TCR 

L-NAME compared to L-NAME/8% NaCl.  Together these indicated a 

pseudonormalization of the effects of L-NAME/8% NaCl by TCR peptide 

coadminstration.  TCR coadministration also decreased L-NAME/8% NaCl induced 

ventricular stiffness as demonstrated by a decrease in β.  This corresponds to a decrease 

in crosslinked collagen that has been shown to increased β.22  τ Weiss, primarily affected 

by SERCA2a and phospholamban function via calcium cycling, was not significantly 
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different in any group suggesting that neither L-NAME/8% NaCl nor TCR peptide 

affected this pathway.      

 TCR co-administration with L-NAME/8% NaCl decreased total collagen content 

and percent crosslinked collagen to values closer to controls. Although the composition 

of the ECM in the TCR L-NAME/8% NaCl groups was different than controls, it was 

normalized compared to L-NAME/8% NaCl.  The pseudonormal ECM in the TCR L-

NAME/8% NaCl group was influenced by changes in MMP and lysyl oxidase gene 

expression.   

The exact mechanism by which TCR peptide alters the effect of L-NAME/8% 

NaCl is not known.  T cell polarization with TCR peptide has been shown to ameliorate 

both cardiovascular dysfunction and alterations in ECM in many animal models, 

including murine AIDS.19 However, mechanism through which TCR peptide has its 

effects has not been determined.  The possibility of immune changes induced by TCR 

peptide not previously reported must be considered.  This cytokine data supports the 

hypothesis that T regulatory cells may be induced by TCR peptide.  T regulatory cells are 

capable of suppressing T-lymphocytes either via cell-to-cell contact or in a cytokine 

dependent manner.  Tr1 T regulatory suppress T-lymphocytes through IL-10; while Th3 

cells had their effect through TGF-β.23, 24 The administration of TCR peptide increased 

the concentration of IL-10 510% and the concentration of TGF-β 96%.  The 

coadminstration of TCR peptide and L-NAME/8% NaCl increased the concentration of 

IL-10 469% and TGF-β 108%.  This strongly supports that T regulatory cells were 

induced by TCR peptide adminstration.  Moreover, Chen et. al. reported that Balb/C have 
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innately high levels of T regulatory cells and that CD4+ cells from Balb/C mice are more 

susceptible to suppression by T regulatory cells than those from C57BL/6 mice.25 

 Consistent with our cytokine data, it has been reported that the differentiation of 

T regulatory cells can be induced.  Stimulation of CD4+ cells through the TCR has been 

shown to induce phenotypic change to T regulatory cells.26, 27 Additionally, Zelenay and 

colleagues reported that upon disruption of homeostasis, CD4+ cells differentiate into T 

regulatory cells.28 TCR peptide may induce the differentiation of CD4+ cells to T 

regulatory cells that suppress the pathogenesis of L-NAME/8% NaCl induced 

hypertension.  Moreover, T regulatory cells preferentially suppress Th1 cells.29   In our 

cytokine data an increase in activated T regulatory cells in the TCR L-NAME/8% NaCl 

groups could explain the decreased in INF-γ/IL-4 ratio in the TCR L-NAME/8% NACl 

group.  Induced T regulatory cells could decrease the number of infiltrating T cells in the 

kidneys which has previously been reported to decreased blood pressure in animal 

models.30, 31 Similar to removing the thymus or spleen which has been shown to reduce 

blood pressure in SHR,32, 33 decreased T-lymphocyte activity by T regulatory cells may 

induce the pseudonormal ECM and cardiovascular function in the TCR L-NAME/8% 

NaCl group. 

 It is well established that neurohormal pathways are involved in hypertension and 

cardiovascular remodeling.  Angiotensin II, through its interactions with the angiotensin 

II receptor, constricts resistance vessels whereby increasing blood pressure. Indirectly 

angiotensin II affects blood pressure by inhibiting the release of aldosterone from the 

adrenal cortex, which causes the kidneys to increase sodium and fluid retention (reviewed 
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in 4)  Interaction between neurohormal pathways and immune function may also affect 

cardiovascular function.  Angiotensin II acting on angiotensin type I receptors increases 

Th1 subset.34 Our findings do not exclude the possible neurohormonal contributions to 

the observed remodeling but suggest that T-lymphocytes are also involved in the 

remodeling process.  The current study supports the concept that T-lymphocyte function 

can affect hypertension and hypertension induced cardiac ECM remodeling either by 

acting directly on fibroblasts or by inducing changes in neurohormal pathways. 

Therefore, these data underscore the potential importance of T-lymphocytes in the 

maintenance of the ECM and suggest that immunomodulation of the lymphocyte may 

provide a novel pathway for modulation of diastolic heart failure and dilated 

cardiomyopathy.  Further studies will elucidate the role of T regulatory cells in the 

observed changes in cytokine profile, ECM composition, and cardiovascular function.  
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 Table 1: Real Time PCR Primers and Accession Numbers 

 Real Time PCR 
Primers/ 
Accession # 

Forward/ 
Bases 

Reverse/ 
Bases

β-actin 
BC040513 

5’-TTGCTGACAGGATGCAGA AG-3’ 
204-223 

5’-TGA TCC ACA TCT GCT GGA AG-3’ 
350-331 

Pro-Col Iα1 
NM_007742 

5’-GAGCGGAGAGTACTGGATCG-3’ 
3876-3895 

5’-GTTCGGGCTGATGTACCAGT-3’ 
4017-3998 

Pro-Col IIIα1 
AK079113 

5’-TTCTGCTGTTGCTGGTGAAC-3’ 
1631-1650 

5’-TGGCTTGAATGAAGGTACCAA-3’ 
1749-1729 

Pro-MMP-2 
NM_008610 

5’-AAAGGACTCGGGTTGTCTGA-3’ 
2823-2842 

5’-CAAGAAGGCTGAGCAGGAAG-3’ 
2972-2953 

Pro-MMP-9 
NM_013599 

5’- ACCAGACCCCAGACTCCTCT -3’ 
2899-2918 

5’-CTTGTAATGGGCTTCCTCTAT -3’ 
3050-3031 

Pro-MMP-13 
NM_008607 

5’- CCAGCTAAGACACAGCAAGC -3’ 
2377-2396 

5’- CGCTAAGGAAAGCAGAGAGG -3’ 
2491-2472 

TIMP-1 
NM 011593.1 

5’-ATTCAAGGCTGTGGGAAATG-3’ 
219-238

5’-AAGAAGCTGCAGGCATTGAT-3’ 
380-361 

TIMP4 
NM 080639.2 

5’-GAGCTGGGATCCTGACTCAC-3’ 
3056 - 3075

5’-GTGTGCTTTCAGGCAGATGA-3’ 
3219 - 3200 

LOX 
NM_010728 

5’-GAGCTGGGATCCTGACTCAC-3’ 
3056 - 3075 

5’-GTGTGCTTTCAGGCAGATGA-3’ 
3219 - 3200 

LOXL3 
NM_013586 

5’-CAGATGCAGTGGGATGAGAA-3’ 
3706 - 3725 

5’-ACACCCCTACACACACACCA-3’ 
3844 - 3825 

OPN 
X16151.1 

5’-CAGCCATGAGTCAAGTCAGC-3’ 
846-865

5’-CTTGTGGCTCTGATGTTCCA-3’ 
993-974 

 
 
 

 



 

     Control LNAME TCR TCR LNAME
 Threshold  Threshold Threshold Threshold 
β-actin 1  1

Fold v 
Control 1 

Fold v 
Control 

Fold v 
LNAME 1 

Fold v 
Control 

Fold v 
LNAME 

Pro-Col Iα1 2.7 ± 0.2 2.9 ± 0.2 -1.1 2.3 ± 0.2 1.3    1.4 2.6 ± 0.2 1.1 1.2
Pro-Col IIIα1 12.3 ± 0.1 10.3 ± 0.1* 4.1 10.3 ± 0.1* 4.0    -1.0 10.4 ± 0.1* 3.8 -1.1
Pro-MMP-2 2.0 ± 0.1 2.8 ± 0.2* -1.7 2.5 ± 0.2* -1.4    1.2 2.2 ± 0.1* -1.1 1.5
Pro-MMP-8 13.3 ± 0.1 12.0 ± 0.3 2.6 13.0 ± 0.3*† 1.3    -2.0 13.4 ± 0.5*† 1.0 -2.6
Pro-MMP-9 11.0 ± 0.1 10.7 ± 0.1* 1.3 11.2 ± 0.1 -1.1    -1.5 10.8 ± 0.2 1.2 -1.1
Pro-MMP-13 9.3 ± 0.1 9.7 ± 0.3* -1.3 9.3 ± 0.1† 1.0    1.4 9.3 ± 0.3† 1.0 1.4
TIMP-1 10.7 ± 0.1 10.0 ± 0.2* 1.6 10.2 ± 0.1* 1.4    -1.2 9.2 ± 0.3* 2.8 1.7
TIMP-4 9.5 ± 0.2 9.7 ± 0.1* -1.2 8.9 ± 0.3 1.5    1.8 9.1 ± 0.4 1.3 1.5
OPN 11.6 ± 0.1 9.6 ± 0.2 4.1 10.2 ± 0.4† 2.6    -1.6 10.7 ± 0.1† 1.9 -2.2
LOX 9.0 ± 0.1 9.4 ± 0.1* -1.3 8.5 ± 0.2† 1.4    1.8 8.7 ± 0.2† 1.2 1.6
LOXL3 9.5 ± 0.1 8.7 ± 0.2* 1.7 9.5 ± 0.2*† -1.0    -1.7 10.0 ± 0.1*† -1.4 -2.4
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Table 2:  Effect of L-NAME/8% NaCl and TCR peptide on cardiac gene expression 
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Table 3: Effect of LNAME administration on cardiovascular function 

 Control LNAME TCR TCR LNAME 
BW (g) 17.1 ± 0.5 20.6 ± 0.5 22.0 ± 0.3 22.1 ± 0.6 
Heart WT 77.4 ± 3.9 82.2 ± 3.3 82.0 ± 3.2 84.1 ± 2.1 
Lung WT 123.7 ± 7.6 143.9 ± 1.5 138.7 ± 5.3  150.2 ± 9.5  
HR (bpm) 409 ± 19 428 ± 12 440 ± 46 474 ± 73 
dP/dt max (mmHg/s) 5160 ± 2221 7848 ± 392* 6387± 453*† 6720 ± 299*†

dP/dt min (mmHg/s) -4179 ± 208 -6058 ± 395* -4817 ± 373*† -5114 ± 237*†

Ved (µL) 19.2 ± 0.4 17.4 ± 0.3* 18.6 ± 0.5 19.9 ± 0.6†

Ves (µL) 7.9 ± 0.4  5.6 ± 0.4* 7.7 ± 0.7† 7.3 ± 0.3†

EF (%) 65 ± 2 74 ± 1* 66 ± 2† 67 ± 2†

CO (mL/min) 5.6 ± 0.4 6.2 ± 0.6 5.3 ± 0.6 5.6 ± 0.4 
Ea (mm Hg/µL) 5.1 ± 0.4 7.4 ± 0.3* 6.7± 0.3* 6.4 ± 0.2*†

PRSW (mmHg) 68 ± 4 105 ± 4* 91 ± 8*† 96 ± 4*

dP/dt max-Ved (mmHg) 678 ± 59 1090 ± 75* 740 ± 70† 725 ± 15†

τ Weiss (ms) 8.1 ± 0.5 9.0 ± 0.5 8.2 ± 0.7 9.2 ± 0.4 
β (mmHg/µL) 0.14 ± 0.01 0.18 ± 0.01* 0.17 ± 0.01* 0.17 ± 0.01 
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Figure 2  
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Figure 3  
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Figure 4  

0

10

20

30

40

50

60

Control LNAME TCR TCR LNAME

Pe
rc

en
t C

ro
ss

lin
ke

d 
C

ol
la

ge
n

*
**† †

0

10

20

30

40

50

60

Control LNAME TCR TCR LNAME

Pe
rc

en
t C

ro
ss

lin
ke

d 
C

ol
la

ge
n

*
**† †



142 

 
 
 
 
 
 
 
 
 Figure 5  
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 Figure 6  
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Table 1: Col, collagen; MMP, matrix metalloproteinases; TIMP, tissue inhibitor of 
MMP; LOX, lysyl oxidases (L like); OPN, osteopontin 
 
Table 2: Real time PCR analysis of left ventricular tissue 28 days following 
immunomodulation or LNAME/8% NaCl administration. These data are expressed as 
threshold cycle number normalized to the house keeping gene β-actin and relative fold 
change.  Data represent mean ± SEM. * P<0.05 vs control † P<0.05 vs LNAME 

 
Table 3: BW indicates body weight (mg); HW, heart weight (µg); HR, heart rate 
(beat/min); dP/dt max, rate of systolic contraction (mmHg/s); dP/dt min, rate of diastolic 
relaxation (mmHg/s); Ea, elastance of vasculature (mmHg/µL); Ved, end-diastolic 
volume (µL); Ves, end-systolic volume (µL); CO, cardiac output (mL/min); PRSW 
(mmHg) preload recruitable stroke work; β, left ventricular stiffness (mmHg/µL); 
dP/dtmax-Ved,pressure of end diastole (mm Hg); τ Weiss, time constant of isovolumic 
relaxation; (n=10). 
*P<0.05 vs control; † P<0.05 vs LNAME. 
 
Figure 1: ELISA cytokine assays:  Splenocytes were isolated from all four groups at the 
conclusion of the 28 day administration. Cytokine concentrations were determined 
following culturing to determine immune profile and confirm the TCR peptide induced 
Th1 polarization. A. INF-γ/IL-4 ratio B. IL-13 C. IL-10 D. TGF-β Data represent mean ± 
SEM.  * P<0.05 vs. control  † P<0.05 vs. LNAME 

 
Figure 2: Systolic blood pressure:  Systolic blood pressures were measured on 
unanesthetized mice using tail cuffs.  These measurements represent mean of four mice 
averaging three measurements per mouse.  Mice were trained on tail blood pressure for 
two weeks prior to measurement. Data represent mean ± SEM.  * P<0.05 vs. control  † 
P<0.05 vs. LNAME  
 
Figure 3:  Hydroxyproline Assay of collagen content:  Effects of immune hypertension 
and immune modulation on cardiac collagen composition.  Hydroxyproline values were 
converted to relative collagen levels using the assumption that collagen is 13.5% 
hydroxyproline.  Data represent mean ± SEM.  * P<0.05 vs. control  † P<0.05 vs. 
LNAME  

 
Figure 4: Effect of LNAME/8% NaCl or TCR on collagen crosslinking:  
Hydroxyproline analysis was used to determine the effects of LNAME/8% NaCl and 
TCR on the crosslinking of collagen.  Data represent mean ± SEM.  * P<0.05 vs. control  
† P<0.05 vs. LNAME  
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Figure 5: Gelatinase activity of cardiac tissue:  The effect of LNAME and TCR on the 
gelatinase activity of cardiac tissue. Gelatinases MMP-9, pro-MMP-2, and MMP-2 
activities were determined using zymography from 6µg cardiac tissue extract following 
28 days of administration. Data represent mean ± SEM.  
* P<0.05 vs. control  † P<0.05 vs. LNAME 

 
Figure 6: Collagenase activity of cardiac tissue:  The activity of the combined 
collagenases was determined by digestion of biotinylated collagen and comparison to a 
standard curve. LNAME/8% NaCl group showed decreased activity corresponding to 
increased total collagen levels.  Data represent mean ± SEM.  * P<0.05 vs. control  † 
P<0.05 vs. LNAME 
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ABSTRACT 

T-lymphocytes play an important role in immune responses to invading 

pathogens.  In recent years, the immune system and specifically T-lymphocytes have 

been implicated in the pathogenesis of numerous diseases previously not considered 

immune in origin.  However, little is known about the ability of T-lymphocytes to 

regulate cardiac extracellular matrix (ECM) remodeling and therefore cardiac function.  

Therefore, in the current study we examined the effect of adoptively transferred CD4+ 

lymphocytes on cardiac function and ECM composition.  CD4+ lymphocytes were 

isolated from C57 WT mice and purified using negative selection.  Immunologically 

compatible C57 SCID mice were injected with 8x106 purified CD4+ lymphocytes i.p.   

After 28 days, hemodynamic function was determined by ECHO and conductance 

catheter analysis and tissues harvested for further analysis.  The percent crosslinked 

collagen and lysyl oxidase activity were increased in C57 SCID AT mice resembling the 

C57 WT donor.  Additionally, the dilated left ventricle typical of C57 SCID mice became 

comparable to C57 WT following adoptive transfer.  Hemodynamic analysis 

demonstrated that reconstitution of immune function in C57 SCID AT resulted in cardiac 

function similar to that of the immune competent C57 donor.  These data underscore the 

importance of T-lymphocytes in the maintenance of ECM function and suggest that 

immunomodulation of the lymphocyte may provide a novel pathway for modulation of 

diastolic heart failure and dilated cardiomyopathy.  

Key Words: T-lymphocyte, adoptive transfer, cardiac function, extracellular matrix
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INTRODUCTION 

 The cardiac extracellular matrix (ECM) is not only responsible for the 

maintenance of cardiac structure, it also modulates cardiac function.1 Within the heart, 

the ECM surrounds and interconnects myocytes forming an interstitial network to 

transduce contractile force of each individual myocyte.2, 3 The cardiac ECM is composed 

of collagen type I and collagen type III.  Collagen type I comprises 85% of the total 

collagen and collagen type III accounting for 11%.  The collagen composition of the 

ECM determines cardiac stiffness and is associated with cardiac function.4 Alterations in 

the composition or organization of ECM collagen is associated with development of 

many disease states.   

Collagen homeostasis within the ECM is regulated by cardiac fibroblasts which 

comprise 90% of the non-myocyte cells in the heart.5 Fibroblasts are responsible for the 

synthesis of many of the components of the ECM, specifically collagen type I and III.6, 7, 

metalloproteinases (MMPs), tissue inhibitors of MMPs (TIMPs), and lysyl oxidase (LOX 

and LOXL).8  ECM degradation is mediated by collagenases MMP 8 and 13 and 

gelatinases MMP 2 and 9.8 Lysyl oxidase is responsible for crosslinking of collagen 

increasing their tensile strength and making them resistant to degradation.  Alterations in 

the ECM contribute to the development of cardiac dysfunction including left ventricular 

diastolic dysfunction as cardiac myocyte can neither elongate nor change its orientation 

relative to other cells without changes in the extracellular matrix.9 In order to more fully 

understand the development and progression of cardiovascular diseases it is therefore 

important to gain insight into how the extracellular matrix is modified.  
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 Many of the chemical factors found in the ECM alter its composition through 

altering the actions of cardiac fibroblasts.  Il-1β and TNF-α are the potent inducers of 

MMP secretion by fibroblasts whereby increasing collagen degradation.10 Angiotensin II 

(ANG II), transforming growth factor- β (TGF-β), and insulin growth factor-1 (IGF-1) 

have been shown to be pro-fibrotic by stimulating fibroblasts to increase collagen 

production.11-13 We propose that cardiac fibroblast function is also affected by T-

lymphocyte function.   

T-lymphocytes have been shown to induce fibroblast proliferation and collagen 

synthesis in vitro.5, 14, 15 They have also been implicated in the pathogenesis of pulmonary 

fibrosis.16-18 and reported to decrease collagen synthesis by dermal fibroblasts.19 Shi et. 

al. reported mouse strain specific differences in T-lymphocyte subset account for 

differing degrees of fibrosis in CCl4 induced hepatic injury.20 Our laboratory has reported 

that skewing the dominant T-lymphocyte subtype markedly affects ECM composition 

and cardiac function.21, 22 Immune cells have also been implicated in the pathogenesis of 

hypertension in the spontaneously hypertensive rat (SHR).  This hypothesis was tested 

through the adoptive transfer of spleen and lymph node cells.  Cells originating from 

either SHR, DOCA, or Lyon hypertensive rats, induced hypertension in previously 

normotensive recipients.23-25 Adoptive transfer of cells from hypertensive donors as a 

result of renal clipping also induced hypertension in recipients, supporting that non-

genetic forms of hypertension can be also be adoptively transferred.24 Together, these 

studies demonstrate that T-lymphocytes are involved in mediating both fibroblast and 

cardiovascular function in pathologic conditions, however there are few studies reporting 
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the effect of T-lymphocytes on the ECM and cardiovascular function in non-pathologic 

conditions.   

In the current study, we examined the effects of the reconstitution of T-

lymphocyte function by adoptive transfer of CD4+ lymphocytes on ECM remodeling and 

cardiovascular function of C57 SCID mice.  CD4+ lymphocytes from C57 WT mice were 

isolated and 8x106 were injected i.p into C57 SCID recipients.  Our results indicated that 

T-lymphocytes induced cardiac ECM remodeling.  This remodeling reduced left 

ventricular dilation and improved diastolic function in C57 SCID recipients so it 

resembled that of immunologically intact C57 WT mice.        

 

Methods 
 
Animals 
One-month-old male C57BL/6J WT and C57BL SCID (B6.CB17-Prkdc[scid]/SzJ) were 

obtained from Jackson Laboratories (Bar Harbor, ME, USA). Splenic lymphocytes were 

harvested from C57BL/6 and using negative selection, purified to a CD4+population. 

C57BL/6 SCID mice were injected intraperitoneally with 8 x 106 purified CD4+ 

lymphocytes; sham animals were injected with PBS.  Sham and adoptively transferred 

C57BL/6 SCID mice were evaluated using echocardiography and pressure-volume loops 

acquired using the Millar Conductance Catheter System 28 days post injection.  At this 

time the corresponding C57BL/6J WT controls were also evaluated.  Tissues were then 

harvested for further analysis.  During this study all mice wre maintain in the animal 

facility on an NIH-31-modified sterilized diet (mouse diet 7001, Teklad) and water ad 

lubitum.  This study was approved by the animal review committee.  The procedures in 
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the Guidelines for the Care and Use of Laboratory Animals and Principles of Laboratory 

Animal Care (published by the National Society for Medical Research) were followed in 

this study.     

Analysis of Left Ventricular Function 

Conductance Catheter 

The Millar conductance catheter system was used as has been previously described by 

our laboratory.21, 26, 27 All mice were anesthetized with urethane in saline (1,000 mg/kg ip) 

and α-chloralose in propylene glycol (50 mg/kg ip).  This anesthetic has been shown to 

cause minimal cardiac and vascular depression and inhibits central nervous system 

catecholamine outflow that may confound data interpretation.  Mice were ventilated, and 

the external jugular vein cannulated for volume administration.  The apical portion of the 

heart and the inferior vena cava were exposed through a substernal-transverse incision.  A 

1.4-Fr Millar conductance catheter (Millar, Houston, TX) was inserted into the apex of 

the left ventricle with the distal electrode positioned near the aortic root and the proximal 

electrode in the left ventricular apex. In vivo pressure-volume relationships were analyzed 

with BioBench software (National Instruments, Austin, TX) and analyzed with Pvan 

version 2.7 (Conductance Technologies, San Antonio, TX). 

Echocardiography 

 C57 SCID Sham, C57 SCID AT, and age matched C57 WT underwent Doppler 

echocardiography 28 days after in adoptive transfer of lymphocytes into C57 SCID AT 

using a commercially available high resolution echocardiography system (Veve 660, 

VisualSonics, Toronta, Canada) and a 45 MHz transducer.  Mice were anesthetized with 
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isoflurane and placed supine on a warming platform.  Limbs were anchored to ECG 

electrodes and chests were shaved and further treated with chemical hair remover in 

minimize distortion.  Aquasonic 100 gel was applied to the thoracic area to enable the 

visualization of the heart.  Parasternal long-axis, parasternal short-axis, and apical four-

chamber view were acquired.  The measurements were calculated using the software 

provided by VisualSonics. 

Lymphocyte Isolation 
 
Splenic lymphocyte isolation was accomplished according to the methods reported by Yu 

et al.28 The spleen was removed using sterile technique, sliced, and forced through a 30-

mesh screen filter. The splenic lymphocytes were isolated with lymphocyte separation 

medium (Cellgro; Herndon, VA) and washed three times with RPMI culture media. T 

lymphocytes were separated from splenic mononuclear cells with lymphocyte separation 

medium (Cellgro). The B lymphocytes were eliminated by culturing cells in antimouse 

IgG antibody–coated plates for 2 hours.  To further purify the sample, T-cells were 

isolated using commercially available magnetic bead CellSep Kit (StemCell 

Technologies, Vancouver, BC).  Flow cytometry showed that the T cell preparation was 

>97% pure (data not shown).  The enriched T-lymphocytes were cultured in complete 

RPMI 1640 in anti-CD3 and anti-CD28 coated plates at a concentration of 1×106 

cells/mL.  

Adoptive Transfer of CD4+ Lymphocytes 

After isolation, T-lymphocytes were expanded on anti CD3 anti CD28 coated plated for 6 

days.  These cells were washed twice in PBS.  C57BL/6 SCID mice were injected with 8 
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x 106 lymphocytes in 300 µL PBS i.p.  Control-AT mice received lymphocytes from 

C57BL/6 WT mice fed normal food and water  Sham mice were injected with 300 µL 

PBS alone.  The mice were monitored for signs of infection and fed normal mouse chow. 

ELISA for T-Lymphocyte Cytokines 

ELISA kits obtained from R&D Systems (R&D Systems, Minneapolis, MN) were used to 

determine the concentration of the TH1 cytokine interferon (IFN)-γ, the TH2 cytokines 

interleukin (IL)-4, IL-10. The purified T lymphocytes were cultured in 10% FCS RPMI 

medium 1640 at a concentration of 1X106 cells/mL for 48 hours.  The supernatants were 

then analyzed with the respective ELISA kits. 

RNA Extraction and Real-Time PCR 

Subsequent to acquisition of pressure-volume loops, cardiac tissues were harvested  in 

Trizol (Invitrogen Life Technologies, Carlsbad, CA)  and processed as previously 

described.21 Briefly  1 µg was reverse transcribed into cDNA and used for real time PCR 

using QauntiTect SYBR Green PCR kit (Qiagen,Valencia, CA).  Custom primers were 

designed using the Primer3 and synthesized by Integrated DNA Technologies. Primer 

quality was confirmed by melting curve analysis.  In addition gel-electrophoresis of each 

primer product was shown to have only a single band.  In each experiment, the relative 

amounts of mRNA for candidate genes were calculated from the threshold cycle numbers 

and normalized to the relative amounts of β-actin RNA.  Real-time PCR primers are 

listed in Table 1. 
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Zymography 

Gelatin zymography assay was performed according to the method described by Yu et 

al.21 Cardiac tissue (10mg) was homogenized in 1 mL of zymography extraction buffer 

and  the extractions were applied to a precast 10% gelatin gel (Invitrogen, Carlsbad, CA).  

Zymogram gels were washed twice with Renaturing buffer then transferred into a 

Developing buffer (Invitrogen, Carlsbad, CA) and incubated at 37°C for 12 h with 

constant aggitation.  After staining with Comassie brilliant blue (0.25%), the bands 

quantified with image analysis software (BIO-RAD GS-800). 

Collagenase Activity 

Collagenase Activity obtained from Chemicon were used to measure collagene activity in 

cardiac tissue extracts. (Chemicon, Temecula, CA).  Briefly, mmp extract (as described 

above) was activated with 20 mM AMPA for 5 hours at 37°C.  Following activation, 4 

µg of sample was used in the assay.  The biotinylated collagen fragments were detected 

with streptavidin-enzyme complex at 450 nm. 

Determination of Hydroxyproline and Collagen Cross-Linking 

The amino acid, hydroxyproline (HP), is found only in connective tissue and was 

therefore used as a means to quantify collgan content. Total, soluble, and insoluble 

(crosslinked) collagen analyses were performed as previously describe by Yu.29 

Hydroxyproline concentrations were quantified by comparison with a standard curve of 

trans-hydroxyproline (Sigma-Aldrich, St. Louis, MO). Total myocardial hydroxyproline 

after acid hydrolysis was determined according to the methods of Stegeman and 

Stadler.30  Collagen cross-linking was determined using cyanogen bromide digestion 
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according to Woodiwiss et. at.31  Percent cross-linking was determined comparing the 

total hydroxyproline with cyanogens bromide- soluble hydroxyproline.  The data were 

expressed as micrograms of collgen per milligram of dry heart weight, assuming that 

collagen contains an average of 13.5% hydroxyproline.   

LOX Activity 

LOX activity was measured by a fluorometric assay based on methods by Trackman et 

al.32 Briefly, cardiac tissue (25 mg) was homogenized under liquid nitrogen in 300 µL of 

CelLytic (Sigma) and centrifuged at 12,000 g for 10 minutes.  This supernatant was 

removed and neutralized with 1 mL with LOX buffer (1.2 mol/L urea, 50 mmol/L sodium 

borate [pH 8.2]).  Following neutralization LOX enzymatic activity was determined by 

the production of H2O2 from alkyl monoamine substrate and detected with fluorescent 

resorufin produced by horseradish peroxidase–catalyzed oxidation of N-acetyl-3, 7-

dihydroxyphenoxazine (Amplex Red) at wavelengths 563 and 587 nm. Parallel samples 

were prepared by adding 500 µmol/L β-aminopropionitrile fumarate (βapn) to completely 

inhibit the activity of LOX. The difference in emission can be converted into the amount 

of hydrogen peroxide by the action of LOX when compared to the fluorescence of a 

standard curve created from hydrogen peroxide.  

Statistics 

ANOVA with multicomparison statistics was used to test the differences among the 

groups using SPSS version 11.5.  Comparable nonparametric tests (Kruskal–Wallis and 

the rank sum test) were substituted when test for normality and equal variance failed. The 
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differences were calculated with a significance level of 0.05 and power of 0.8.  All of the 

data are reported as mean ± SEM. 

 

Results 

Immune Status.  

C57 WT mice have elevated levels of INF-γ and diminished levels of IL-4 and IL-

10 (Figure 1).  INF-γ is the primary cytokine released by Th1 lymphocytes while IL-4 

and IL-10 are released by Th2 lymphocytes.  Therefore, these cytokines are used as 

markers of Th1 and Th2 cells.  The C57 WT mice had a INF-γ/IL-4 ratio of 59 

confirming their innate polarization to a Th1 dominance.  This characteristic immune 

profile of C57 WT mice has been previously reported by our laboratory and others.21, 33 

Consequently, in this adoptive transfer study the naïve C57 SCID mice were injected 

with Th1 lymphocytes.  Histological examination of C57 SCID spleen specimens 

revealed that C57 SCID AT mice have substantially more engrafted CCR5 staining Th1 

lymphocytes than C57 SCID Sham.  Staining for CD4+cells confirmed that sham injected 

C57 SCID lack CD4+ lymphocytes while C57 SCID AT had numerous darkly stained, 

activated T-lymphocytes (Figure 2).  The presence of Th1 staining T-lymphocytes 

parallels the cytokine characterization of the donor cells prior to injection.  These 

histologies validate the presence of the viable injected cells in the spleen of the SCID 

recipient at the conclusion of the experiment. 
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Cardiovascular Function.   

The effect of the injection of T-lymphocytes on left ventricular mechanics of the 

C57 SCID AT mice was determined by comparison with C57 SCID Sham and C57 WT 

mice (Table 2).  Consistent with reports from Yu et. al., C57 SCID mice had a 

significantly increased end diastolic volume (Ved) when compared C57 WT mice.21 The 

ventricular dilation seen in C57 SCID mice was returned to values of the C57 WT mice 

by the adoptive transfer of C57 T-lymphocytes.  Ved decreased from 21 µL to 18µL in 

the SCID Sham and SCID AT respectively (P<0.02).  Also, the left ventricular end-

systolic volume in the SCID AT group decreased by 22% compared to the SCID Sham 

(Ves, P<0.05).  Twenty-eight days following injection of T-lymphocytes into the SCID 

AT group neither parameter of ventricular volume was significantly different than those 

of the C57 WT mice.  Also, stroke work increased 37% in the SCID Sham compared to 

the C57 WT (P<0.001).  In the SCID AT mice these parameters were normalized to C57 

WT values by in the injection of T-lymphocytes; there was no significant difference in 

stroke work between SCID AT and C57 WT.  The SCID AT group demonstrated a 

significantly increased ventricular stiffness compared to the SCID Sham (β;0.07 vs 0.11 

respectively).  There was no difference between C57 WT and SCID AT with regards to 

β.  There was no difference among the three groups in the parameters for isovolumic 

contraction and relaxation, dP/dtmax-Ved and Tau Weiss respectively. 

Using transthoracic echocardiography measurements of left ventricular systolic 

and diastolic function were made.  There was no significant difference between C57 WT 

and either C57 SCID Sham or C57 SCID AT in left ventricular systolic function 
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parameters of fractional shortening (FS) and ejection fraction (EF).  C57 SCID AT 

demonstrated significantly lower FS and EF compared to C57 SCID Sham, indicating 

enhanced systolic function resulting from the adoptive transfer of T-lymphocytes.  

Cardiac output (CO) increased by 100% in the C57 SCID Sham compared to WT 

(P<0.01); the adoptive transfer of T-lymphocytes reduced this value in C57 SCID AT so 

it was not significantly different that C57 WT.  Stroke volume (SV) had a similar pattern 

as it increased 80% in the C57 SCID Sham compared to C57 WT with a reduction to C57 

WT values in the C57 SCID AT.  Together these parameters further describe the dilated 

left ventricle of the C57 SCID Sham and the T-lymphocyte mediated remodeling to 

return these parameters back to values comparable to those of C57 WT.  The diastolic 

parameters E/A, % E Decel, and E Decel slope were also different among the three 

groups.  The time interval of peak E velocity to zero, % E Decel, was 43% lower in C57 

SCID Sham than C57 WT; Sham E Decel slope was 137% higher in C57 SCID Sham 

than C57 WT.  These results indicate a highly compliant ventricle in the C57 SCID 

Sham.  Both of these parameters, % E Decel and E Decel slope, were normalized to C57 

values with the adoptive transfer of T-lymphocytes and subsequent remodeling.       

Collagen Crosslinking and LOX activity: 

 The passive diastolic parameter β is related to the composition of the cardiac 

ECM.  The amount of crosslinked collagen and activity of lysyl oxidase (LOX), the 

enzyme responsible for catalyzing the formation of collagen crosslinked, often affects the 

compliance of the left ventricle.  We therefore determined the percent crosslinked 

collagen by hydroxyproline analysis and measured lysyl oxidase activity by the 
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production of H2O2 and detected by Amplex Red oxidation.  The total cardiac collagen 

did not significantly differ among the three groups (data not shown).  However, the 

percent crosslinked collagen was significantly increased in the C57 SCID AT compared 

to the SCID Sham, 60% and 33% respectively (P<0.001) (Figure 3).  The C57 SCID 

Sham had decreased percent crosslinked collagen when compared to the C57 WT (33% 

and 57% respectively, P<0.02) that was returned to WT values by the reconstitution of 

immune function in C57 SCID mice.  There was no significant difference between C57 

WT and C57 SCID AT with respect to percent crosslinked collagen.  These collagen 

crosslinking data are supported by the ventricular LOX activities.  The injection of T-

lymphocytes into C57 SCID AT mice induced a 55% increase in LOX activity when 

compared to C57 SCID Sham (P<0.01).  LOX activity of C57 WT mice was 1.6 mM 

H2O2/ 30 minutes, which was not significantly different from the C57 SCID AT, but was 

higher than the 1.1 mM H2O2/ 30 minutes in the C57 SCID Sham (P<0.01).   

 These findings support that LOX activity and percent crosslinked collagen are 

related to ventricular stiffness, β.  The increase in percent crosslinked collagen and LOX 

activity in the C57 SCID AT when compared to the C57 SCID Sham are reflected in the 

increase in β.  The interdependence of these parameters has been previously reported.21, 22 

The changes in crosslinking in the three groups corresponds to changes in Ves and Ved.  

These results indicate that crosslinked collagen is a determinant of ventricular diastolic 

function; as shown in the SCID AT group, T-lymphocytes are involved in the remodeling 

of the left ventricle resulting in the observed changes in β. 
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Cardiac Gene Expression: 

 Real time analysis of gene expression was performed using total RNA isolated 

from the mid portion of the left ventricle (Table 3).  Data are reported as threshold 

number normalized to β-actin and also relative fold change.  There was no change in pro-

collagen type I gene expression among the three groups.  Pro-collagen type III expression 

was 4.65 and 6.95 fold lower in the C57 SCID Sham and C57 SCID AT respectively 

when compared to C57 WT.  Injection of T-lymphocytes in the C57 SCID AT group did 

not significantly change gene expression of either pro-collagen type I or pro-collagen 

type III compared to C57 SCID Sham.  Although reconstitution of immune function did 

not significantly change gene expression of collagen genes, significant changes were seen 

in genes of the enzymes responsible for collagen crosslinking, lysyl oxidase.  Adoptive 

transfer of lymphocytes significantly increased the expression of LOX 2.56 fold in C57 

SCID AT compared to C57 SCID Sham (threshold 10.32 and 8.96 respectively, 

P<0.001).  The expression of LOX in C57 SCID AT was not different than in C57 WT.  

There was a 2.28 fold increase in LOXL3 gene expression in C57 SCID AT compared to 

C57 SCID Sham (P<0.01) and a 3.97 fold increase compared to C57 WT (P<0.01 and 

P<0.0001, respectively). These increases in lysyl oxidase correspond to hemodynamic 

changes measured in-vivo. 

 Reconstitution of immune function by adoptive transfer of T-lymphocytes into the 

C57 SCID AT significantly increased the expression of the collagenases MMP-8 and 

MMP-13 compared to the SCID Sham.  Parallel to these increases in MMPs, TIMPS, 

inhibitors of MMPs, gene expression increased in the C57 SCID AT compared to C57 
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SCID Sham (NS).  Both groups of SCID mice had significantly more TIMP-1 that C57 

WT controls (P<0.05); however the expression of TIMP-4 was 2.39 fold lower in the C57 

SCID Sham compared to C57 WT (P<0.05).  Reconstitution of immune function in the 

C57 SCID AT increased the expression of TIMP-4 but did not return it to C57 WT levels. 

Cardiac MMP Activity: 

 Figure 4 illustrates the effect of adoptive transfer of T-lymphocytes on cardiac 

MMPs activity.  In C57 SCID AT the activity of MMP-2 increased 34% and 127% 

compared to C57 SCID Sham and C57 WT respectively (P<0.01 and P<0.001).  

Although not the dominant MMP in the heart, the activity of MMP-9 was also 

significantly increased in C57 SCID AT compared to both C57 SCID Sham and C57 WT 

(P<0.05 and P<0.01). 

 

Discussion 

 The hypothesis of this study was that adoptive transfer of T-lymphocytes into 

SCID mice will induce extracellular remodeling resulting in alterations in SCID mice 

making them similar to C57 WT.  Therefore, the primary focus of this study was to assess 

the effect of T-lymphocyte reconstitution in C57 SCID mice on cardiac structure and 

function.  There are several noteworthy finding of this study.  Cardiac dystolic 

parameters related to cardiac ECM were greatly affected by T-lymphocyte function 

namely, Ved, Ves, β, and parameters measured by mitral Doppler.  Gene expression of 

the enzymes responsible for collagen processing were most affected by the adoptive 

transfer of CD4+ T-lymphocytes.  The C57 SCID mice are C57 WT background except 
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they lack functional T-lymphocytes, making the C57 WT and C57 SCID a useful model 

fore studying the effects of T-lymphocyte functions.  

 Previously reports support that the immune system is involved in cardiovascular 

function and the structural properties of the ECM.  Okuda and Grollman reported that 

adoptive transfer of lymph node cells from SHR would induce hypertension in previously 

normotensive rats.23 Also, Ba et. al. reported that transfer of spleen and lymph node 

tissue from normotensive control rats both prevented the onset of hypertension in 

neonatally injected rats and decreased existing hypertension in SHR.  The current study 

investigated the impact of CD4+ lymphocytes into C57 SCID mice without pathologic 

confounding factors.  Supportive of our findings that T-lymphocytes induce ECM 

remodeling and subsequent changes in cardiac function are reports that T-lymphocytes 

stimulate collagen production from fibroblast in vitro.14, 15 This indicates that fibroblast 

function can be modulated by lymphocytes which is consistent with our findings. 

    Previously we have reported, in a model of hypertension, cardiac collagen 

content and collagen crosslinking are associated with T-lymphocyte function.21 Although 

total collagen content was not affected by the adoptive transfer of CD4+ lymphocytes into 

C57 SCID mice (data not shown), diastolic functional parameters related to cardiac ECM 

were markedly different between C57 SCID Sham and C57 SCID AT.  Reconstitution of 

T-lymphocyte in the C57 SCID AT mice induced cardiac remodeling of the dilated 

ventricle so the C57 SCID AT resembled the C57 WT.  The reduction in Ved and Ves 

normalized the SV to C57 WT values.  The left ventricle of the C57 SCID Sham was 

highly complaint confirmed by increased E Decel slope and % E Decel compared to 57 
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WT.  The adoptive transfer of CD4+ lymphocytes ameliorated differences between C57 

and C57 SCID Sham.  This increase in left ventricular stiffness is supported by the 

decrease in passive filling and therefore a decreased E/A ratio.  These changes in cardiac 

function without changes in total collagen content are consistent with reports by Norton 

et. al. that the main determinant of cardiac compliance is the extent of crosslinking, not 

total collagen content.34 Moreover, chronic inhibition of cardiac crosslinking with β-

aminopropionitrile decreased β and increased Ved35 suggesting that decreased collagen 

crosslinking is a important factor in left ventricular dilation associated with heart 

disease.36 

 In this study we report that cardiac collagen crosslinking and therefore cardiac 

function are associated with T-lymphocyte function.  Alterations in gene expression and 

function of enzymes responsible for modifying the ECM are involved in the remodeling 

process.  Of the numerous isoforms of lysyl oxidase LOX and LOXL3 are the most 

abundant in the heart and aorta.37, 38 Both LOX and LOXL3 gene expression was 

significantly increased in C57 SCID AT compared to C57 SCID Sham.  These increases 

in lysyl oxidase gene expression correspond to the measured LOX activity.  These results 

support the concept that reconstitution of immune function affects the extent of collagen 

crosslinking, LOX and therefore diastolic function.  Adoptive transfer of T-lymphocytes 

also affected MMP gene expression and activity.  C57 SCID AT had increased gene 

expression of MMP 2, MMP 8, and MMP 13 compared to C57 SCID Sham.  Although 

gene expression of MMP 9 was not increased, the enzyme activity as measured by gelatin 

zymography was significantly increased.  The activity was MMP-2 was also increased.  
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The impact of these increases on the ECM is difficult to determine.  The crosslinking of 

collagen has been reported to render it less sensitive to degradation by collagenases;35 

because the C57 SCID AT mice had a 55% increase in collagen crosslinking compared to 

the C57 SCID Sham the increase in MMPs activities may not be of physiological 

relevance.  Also, it is possible that changes in MMPs activities occurred during the 28 

day period following adoptive transfer of CD4+ lymphocytes before tissues were 

removed an therefore were not represented in these assays.  Regardless of this proposed 

temporal variation of MMPs activity, our findings indicate that ECM degradation by 

MMPs is affected by T-lymphocyte function.  Additionally, there was a significant 

increase in osteopontin (OPN) in the C57 SCID AT mice compared to the C57 SCID 

Sham.  OPN is both secreted by T-lymphocytes and modulates their functions. It is 

involved in Th1 differentiation. (reviewed in 39)  In models of pulmonary fibrosis OPN 

has been reported to increase migration and proliferation in fibroblasts.40 Mice lacking 

OPN have been reported to exhibit reduced fibrosis and increased left ventricular dilation 

in response to aldosterone infusions.41 It is possible that the increase in OPN is a result of 

secretion by the adoptively transferred lymphocytes and is involved in remodeling of the 

C57 SCID AT mice.  

 The involvement of T-lymphocytes in cardiovascular function and ECM 

composition has been previously reported.  Our laboratory has shown strain specific 

immune polarization affects the ECM remodeling in response to chronic hypertension. 

C57 SCID mice developed a more dilated ventricle in response to increased afterload 

while C57 mice maintained normal ventricular geometry.21 Also, selective T-lymphocyte 
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modulation to Th1 predominance reversed the ventricular dilation and decreased β 

caused by a murine form of AIDS.22 Prior experiments examining the adoptive transfer of 

immune cells have established a role of the immune system in the etiology and 

maintenance of hypertension.  Yet to be defined was the role of T-lymphocytes in cardiac 

function and ECM remodeling in non-pathogenic conditions.   

The present study demonstrates that CD4+ lymphocytes adoptively transferred 

into C57 SCID mice with the same genetic background as the donor induce changes in 

cardiac structure and function.  The possibility that the observed changes in the C57 

SCID AT mice are a result of inflammation produced by an innate immune response to 

the injected cells must be considered.  However, an inflammatory reaction of this kind is 

unlikely in this study.  C57 SCID AT mice showed no signs of distress and gained weight 

normally.  Moreover, C57 SCID mice are C57 WT background and are therefore 

immunologically compatible.   

To date, very little has been reported on the ability of CD4+ lymphocytes to 

regulate ECM remodeling and cardiac function.  In the current study we provide novel 

evidence suggesting a role of T-lymphocytes in modulating diastolic function and ECM 

composition.  However, the exact mechanism by which T-lymphocytes affect the ECM 

and therefore diastolic function are not known.  Previous reports have demonstrated that 

T-lymphocytes can directly alter fibroblast function in vitro.  These studies report 

fibroblast proliferation and increase collagen synthesis following the culturing of 

fibroblasts with lymphocyte media.14, 15 Also, immune cells have been shown to be 

involved in the development and maintenance of hypertension in animal models. 
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Although interesting these finding to do elucidate the role of CD4+ lymphocytes 

specifically in ECM remodeling and cardiac function in non-pathologic conditions. 

The current study demonstrates that adoptive transfer of CD4+ T-lymphocytes 

induces ECM remodeling and subsequent changes in cardiac function.  More specifically, 

reconstitution of immune function in C57 SCID mice through the adoptive transfer of 

CD4+ T-lymphocytes induced alterations in ECM composition and diastolic function.  

Following adoptive transfer, the percent of crosslinked collagen in C57 SCID AT mice 

increased to values similar to immunologically competent C57 WT mice.  The activity of 

the enzymes responsible for crosslinking was correspondingly increased.  These changes 

in the cardiac ECM parallel changes in diastolic function.  The hemodynamic parameters 

related to cardiac ECM were most affected by the adoptive transfer of T-lymphocytes.  

The adoptive transfer CD4+ lymphocytes reduced ventricular dilatation and increased 

stiffness in the C57 SCID AT mice resulting in cardiac function that closely resembled 

C57 WT mice.  Taken together, these results suggest that immunomodulation of the 

lymphocyte may provide a novel pathway for modulation of diastolic heart failure and 

dilated cardiomyopathy. 
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Table 1: Real Time PCR Primers and Accession Numbers 

 Real Time PCR 
Primers/ 
Accession # 

Forward/ 
Bases 

Reverse/ 
Bases

β-actin 
BC040513 

5’-TTGCTGACAGGATGCAGA AG-3’ 
204-223 

5’-TGA TCC ACA TCT GCT GGA AG-3’ 
350-331 

Pro-Col Iα1 
NM_007742 

5’-GAGCGGAGAGTACTGGATCG-3’ 
3876-3895 

5’-GTTCGGGCTGATGTACCAGT-3’ 
4017-3998 

Pro-Col IIIα1 
AK079113 

5’-TTCTGCTGTTGCTGGTGAAC-3’ 
1631-1650 

5’-TGGCTTGAATGAAGGTACCAA-3’ 
1749-1729 

Pro-MMP-2 
NM_008610 

5’-AAAGGACTCGGGTTGTCTGA-3’ 
2823-2842 

5’-CAAGAAGGCTGAGCAGGAAG-3’ 
2972-2953 

Pro-MMP-9 
NM_013599 

5’- ACCAGACCCCAGACTCCTCT -3’ 
2899-2918 

5’-CTTGTAATGGGCTTCCTCTAT -3’ 
3050-3031 

Pro-MMP-13 
NM_008607 

5’- CCAGCTAAGACACAGCAAGC -3’ 
2377-2396 

5’- CGCTAAGGAAAGCAGAGAGG -3’ 
2491-2472 

TIMP-1 
NM 011593.1 

5’-ATTCAAGGCTGTGGGAAATG-3’ 
219-238

5’-AAGAAGCTGCAGGCATTGAT-3’ 
380-361 

TIMP4 
NM 080639.2 

5’-GAGCTGGGATCCTGACTCAC-3’ 
3056 - 3075

5’-GTGTGCTTTCAGGCAGATGA-3’ 
3219 - 3200 

LOX 
NM_010728 

5’-GAGCTGGGATCCTGACTCAC-3’ 
3056 - 3075 

5’-GTGTGCTTTCAGGCAGATGA-3’ 
3219 - 3200 

LOXL3 
NM_013586 

5’-CAGATGCAGTGGGATGAGAA-3’ 
3706 - 3725 

5’-ACACCCCTACACACACACCA-3’ 
3844 - 3825 

OPN 
X16151.1 

5’-CAGCCATGAGTCAAGTCAGC-3’ 
846-865

5’-CTTGTGGCTCTGATGTTCCA-3’ 
993-974 
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Table 2: Effect of adoptive transfer of CD4+ lymphocytes 

on hemodynamic function 

 
Parameters 

 
  Units 

 
C57 WT 

 
C57 SCID 

 
C57 SCID-AT

Conductance Catheter PV Loops 
Weight g 26.1 ± 0.5 24.6 ± 0.4 24.4 ± 0.7 
Ht/Bw  ratio 4.6 ± 0.1 3.9 ± 0.1* 3.8 ± 0.1* 
HR bpm 395 ± 20 438 ± 17 474 ± 31 
Pmax mm Hg 83 ± 1 91 ± 1 88 ± 1* 
Ved µL 16.8 ± 0.4 21.1 ± 0.4* 18.2 ± 0.7†

Ves µL 5.1 ± 0.4 7.4 ± 1.1* 5.8 ± 0.4†

SW  891 ± 37 1219 ± 39* 975 ± 43†  
PRSW mm Hg 91 ± 2 82 ± 2† 99 ± 5* 
β mm Hg/µL 0.12 ± 0.01 0.07 ± 0.01* 0.11 ± 0.01†

dP/dtmax-Ved mm Hg 700 ± 54 740 ± 26 782 ± 76 
τ Weiss Ms 5.9 ± 0.2 6.2 ± 0.2 6.8 ± 0.4 

Transthoracic ECHO 
FS % 31.3 ± 1.8  35.5 ± 0.9 27.1 ± 1.2†

EF % 59.3 ± 2.9 65.3 ± 1.2 53.8 ± 1.8 †

 Aortic Outflow Doppler  
CO mL/min 6.4 ± 0.7  12.8 ± 1.5* 7.8 ± 1.3†

SV µL 16.2 ± 1.5 29.2 ± 3.2* 16.4 ± 2†

Mitral Doppler Flow Velocity 
E/A  1.56 ± 0.07 1.57 ± 0.04 1.44 ± 0.04†

% E Decel  13.2 ± 1.7 7.5 ± 0.9* 17.5 ± 2.8†

E Decel slope cm/s2 5.2 ± 0.4 12.3 ± 1.2* 5.2 ± 0.2†

Tissue Doppler 
Ea/Aa  1.14 ± 0.9 1.56 ± 0.14* 1.22 ± 0.11†
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Table 3: Effect of Adoptive Transfer of T-lymphocytes on cardiac gene expression 

 C57 WT C57 SCID Sham SCID AT 
 Threshold Threshold Threshold 
β-actin 1 1 

FOLD v 
C57 WT 1 

FOLD v 
C57 WT 

FOLD v 
Sham 

Pro-Col Iα1 3.92 ± 0.20 4.38 ± 0.12 -1.37 4.34 ± 0.35 -1.34 1.02 
Pro-Col IIIα1 8.85 ± 0.07 11.29 ± 0.02* -5.42 11.65 ± 0.07* -6.95 -1.28 
Pro-MMP-2 3.25 ± 0.07 4.41 ± 0.07* -2.24 4.35 ± 0.14* -2.14 1.05 
Pro-MMP-8 12.62 ± 0.28 12.99 ± 0.19 -1.29 10.69 ± 0.44*† 3.82 4.92 
Pro-MMP-9 10.65 ± 0.04 10.10 ± 0.20* 1.46 10.73 ± 0.19 -1.06 -1.55 
Pro-MMP-13 8.42 ± 0.21 9.84 ± 0.15* -2.68 8.98 ± 0.25† -1.47 1.82 
TIMP-1 10.54 ± 0.10 9.84 ± 0.23* 1.62 9.71 ± 0.22* 1.94 1.09 
TIMP-4 8.59 ± 0.23 9.85 ± 0.09* -2.39 9.46 ± 0.24 -1.83 1.31 
OPN 9.88 ± 0.15 10.18 ± 0.15 -1.23 9.18 ± 0.29† 1.58 2.34 
LOX 8.49 ± 0.11 10.32 ± 0.11* -3.55 8.96 ± 0.21† -1.39 2.56 
LOXL3 10.96 ± 0.19 10.16 ± 0.08* 1.74 8.97 ± 0.09*† 3.97 2.28 
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Table 1:  Col, collagen; MMP, matrix metalloproteinases; TIMP, tissue inhibitor of 
MMP; LOX, lysyl oxidases (L like); OPN, osteopontin 
 
Table 2: BW indicates body weight (mg); HW, heart weight (µg); HR, heart rate 
(beat/min); Pmax, systolic pressure (mm Hg); Ea, elastance of vasculature (mm Hg/µL); 
Ved, end-diastolic volume (µL); Ves, end-systolic volume (µL); SW, stoke work (mm 
Hg*µL); PRSW (mm Hg) preload recruitable stroke work; β, left ventricular stiffness 
(mm Hg/µL); dP/dtmax-Ved,pressure of end diastole (mm Hg); τ Weiss, time constant of 
isovolumic relaxation; E/A; passive filling/ active filling; % E Decel, time interval of 
peak E velocity to zero; E Decel slope, slope of passive filling E; Ea/Aa, tissue 
movement (n=10).*P<0.05 vs C57 WT; † P<0.05 vs C57 SCID Sham. 
 
Table 3: Real time PCR analysis of left ventricular tissue 30 days following adoptive 
transfer of T-lymphocytes to C 57 SCID AT, injection of PBS into C57 SCID Sham, or in 
age matched C57 WT controls.  These data are expressed as threshold cycle number 
normalized to the house keeping gene β-actin and relative fold change.  Data represent 
mean ± SEM. * P<0.05 vs C57 WT † P<0.05 vs C57 SCID ShamData represented as 
mean ± SEM.  * P<0.05 vs. C57 WT † P<0.05 vs. C57 SCID Sham 
Figure 1: ELISA cytokine assay of C57 donor CD4+ lymphocytes.  T-lymphocytes were 
isolated from C57 WT mice and purified using negative selection.  These cells were 
cultured and then assayed for INF-γ (Th1) and IL-10 and IL-4 (Th2) to determine T-
lymphocyte subtype.  These results indicate that C57 SCID AT mice received Th1 cells.  
 
Figure 2: Splenic lymphocytes from naïve C57BL/6 male mice were purified using 
negative selection to a purity of >97%.  The lymphocytes were administered to naïve 
C57BL/6 SCID mice at a dose of 8 x106 per mouse, i.p.  Sham mice received an injection 
of the PBS vehicle only.  After 30 days, the recipient SCID spleens were stained for 
CD4+ and CCR5 (TH1 specific stain) with DAB immunohistochemistry. The figures 
above demonstrate that there was Th1 CD4+ lymphocytes engrafted in the recipient 
spleens. 
  
Figure 3: 
A.  Percent Collagen Crosslinked: Hydroxyproline analysis was used to determine the 
percent collagen crosslinked in the leftventricular tissue.  Adoptive transfer of CD4+ 
lymphocytes results in a significant increase of cardiac collagen crosslinking in C57 
SCID AT when compared to C57 SCID Sham.   
B.  Lysyl Oxidase (LOX) Activity Assay: The enzyme responsible for crosslinking 
collagen is lysyl oxidase.  The LOX activity isrepresented as the production of H2O2 and 
detected by Amplex Red oxidation.  Adoptive transfer of CD4+ lymphocytes from C57 
WT donor significantly increased LOX activity in C57 SCID AT.  This increase is 
reflected in the percent collagen crosslinking 
Data represented as mean ± SEM.  * P<0.05 vs. C57 WT † P<0.05 vs. C57 SCID Sham 
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Figure 4: MMP activity of cardiac tissue:  The effect of adoptive transfer of T-
lymphocytes on cardiac MMPs activities.  Gelatinases MMP-9, pro-MMP-2, and MMP-2 
activities were determined using zymography from 6µg cardiac tissue extract 30 days 
after adoptive transfer of CD4+ lymphocytes, injection of PBS, or in age matched C57 
WT mice. Data represent mean ± SEM. * P<0.05 vs. C57 WT  † P<0.05 vs. C57 SCID 
Sham 
 

 
 

 

 



184 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX B.3 

 



185 

 
 
 
 
 
 
 
 
 
 
 

Adoptive Transfer of Hypertension with CD4+ Lymphocytes 
 
 
 
 
 
 

Katherine Horak B.S, Qianli Yu MD, Ph.D., Douglas F. Larson Ph.D.* 
 

Sarver Heart Center, College of Medicine, The University of Arizona, 1501 N. Campbell 
Ave, Tucson, AZ 85724 

 
 
 
 
 
 
 
 
 
 
 
 
* Corresponding author:   
Douglas F. Larson, Ph.D. 
Sarver Heart Center 
College of Medicine 
The University of Arizona 
Tucson, AZ  85724 
Tel: (520) 6266494 
Fax: (520) 6260964 
dflarson@u.arizona.edu 

 



186 

 
ABSTRACT 

T-lymphocyte function has been shown to alter cardiovascular function and 

induce ECM remodeling.  In the current study we investigated the role of CD4+ T-

lymphocytes in the induction of hypertension.  L-NAME/8% NaCl was administered to 

female mice for 28 days to induce hypertension.  CD4+ lymphocytes were isolated and 

adoptively transferred to naïve recipient mice.  Control donor lymphocytes were isolated 

from mice fed normal chow and water.  NaCl L-NAME treatment significantly increased 

systolic blood pressure in the donor mice; the SCID mice that received the purified 

lymphocytes from the hypertensive donors had a parallel increase in systolic blood 

pressure when compared to mice receiving lymphocytes from control donors.  

Histological examination revealed significant increases in collagen in the aorta of SCID 

hypertensive mice.  Analysis of aortic gene expression revealed an increase in LOX 

enzymes and percent crosslinked collagen. The left ventricular weight/ tibial length ratio 

increased in the SCID mice that received the hypertensive mouse lymphocyte when 

compared to control.   The end-diastolic and end-systolic volumes and pressures were 

significantly increased in SCID hypertensive mice.  Both vascular and ventricular 

stiffness increased in the SCID hypertensive lymphocyte recipients.  Similarly, the total 

crosslinked collagen significantly increased in SCID hypertensive lymphocyte recipients 

when compared to SCID control lymphocyte recipients.  This study demonstrates that 

HTN can be induced in naive mice by simply adoptively transferring lymphocytes from a 

hypertensive mouse into normotensive SCID recipient mice.  These data suggest that T-
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lymphocytes play a fundamental role in the development of HTN and represent a possible 

novel therapeutic target for the treatment to HTN. 
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INTRODUCTION 

Numerous pathophysiological observations in humans and animals have led to the 

concept that the adaptive immune system mediates tissue injury and repair.  Immune 

dysfunction resulting from an array of causes including infection, aging, therapeutics, and 

toxicants can induce systemic or organ specific pathology.  In this context, we 

investigated the role of the adaptive immune system, namely the CD4+ lymphocytes, in 

the evolution of primary hypertension (HTN). As reviewed in 1991 by Dzielak, there is 

an expanding set of evidence that supports that HTN is a direct or at least partial result of 

altered adaptive immune function.1 In animals, immune dysfunction has been recognized 

in spontaneously hypertensive rats (SHR) and angiotensin II induced hypertension.2, 3 

Administration of anti-thymocyte globulin was shown to significantly lower arterial 

blood pressure in the SHR.4 Additionally, chronic cyclophosphamide immunosuppression 

also attenuates HTN in SHR. 1 It has been hypothesized that the activation of HTN may 

occur through the renin-angiotensin-system but maintenance of HTN is through an 

immunological pathway.1 There are numerous dated reports that suggest an 

immunological basis of HTN however most of the investigations related to this 

mechanism stopped in the early 1990.  

Although research in the field of hypertension has slowed, today 50% of humans 

at an age 60 years are hypertensive and the mechanism is known only for about 10%.  

Although neurohormonal therapeutics have proven to be highly efficacious, they have not 

addressed an underlying pathophysiological mechanism.  Since HTN is a predecessor of 
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atherosclerotic vascular disease and heart failure, a revival of the dated concept of an 

immune mechanism is clearly justified.  

Today we have the immunological methods to possibly define an immunological 

mechanism in hypertension that was not possible a decade ago.  Most telling, is a report 

that demonstrates increased collagen III expression by the dermal fibroblasts of HTN 

patients.5 This suggests that in the hypertensive patient there is a dysregulation of the 

extracellular matrix (ECM) which when coupled with the reports of immune dysfunction 

in animal models of hypertension provides a basis for hypothesizing that the immune 

system regulates the ECM composition.  In the context of HTN, altered immune function 

could increase the vascular ECM composition and therefore increase the systemic 

vascular resistance.  Therefore, we have hypothesized that induction of HTN leads to 

immune dysfunction and HTN can be adoptively transferred via CD4+ lymphocytes into 

naïve animals.  Our findings revealed that with the induction of hypertension there was a 

significant increase in TH1 cytokines and reduction in TH2 cytokines. Purification of the 

CD4+ lymphocytes from HTN mice induced arterial hypertension and increased collagen 

content in the aorta of naïve mice.  

 

METHODS 

Animals  

One-month-old female C57BL/6J WT and C57BL SCID (B6.CB17-Prkdc[scid]/SzJ) 

were obtained from Jackson Laboratories (Bar Harbor, ME, USA).  This study was 

repeated twice and therefore the samples numbers represent the summation of both 
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studies.  Thirty-six C57BL/6J WT mice were administered NG-nitro-l-arginine methyl 

ester, L-NAME (Sigma-Aldrich) at a dose of 12.5 mg/L in the drinking water and AIN-

76A sterilized diet containing 8% NaCl (Dyets, Inc., Bethlehem, PA) for 28 days to 

induce HTN.  The correspondingly thirty-six control C57BL/6J were fed normal mouse 

chow and untreated water. Both groups had food and water ad libitium.  On day 28 

groups were evaluated with pressure-volume loops acquired using the Millar 

Conductance System, thereafter cardiac tissues were harvested for gene analysis, 

enzymatic activities, histology and splenic lymphocytes harvested for cytokine profiles 

and purification CD4+ lymphocytes for adoptive transfer.  In the second study phase 

C57BL/6 SCID mice were injected with 8 x 106 lymphocytes isolated from either control 

or L-NAME 8% NaCl treated mice and sham C57BL/6 SCID were injected with PBS 

alone.  The SCID mice were fed normal mouse chow and untreated water ad libitium.  

SCID mice from all three groups were studied on day 28 after adoptive transfer as 

described for the C57BL/6J WT mice. The animal review committee approved this study. 

The procedures in the Guidelines for the Care and Use of Laboratory Animals and 

Principles of Laboratory Animal Care (published by the National Society for Medical 

Research) were followed in this study.   

Tail Cuff Blood Pressure 

All mice were trained using the tail cuff machine (IITC Life Science Inc) for two weeks 

prior to acquiring any tail cuff blood pressure measurements.  The systolic values were 

the mean of 3 measurements per mouse on days 7, 14, 21, 28.  
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Analysis of left ventricular function 
    
The Millar conductance catheter system was used to assess hemodynamic function in 

mice, as has been previously described by our laboratory.6, 7 Briefly, all mice were 

anesthetized using urethane in saline (1000 mg/kg, IP) and a chloralose in propylene 

glycol (50 mg/kg, IP), ventilated and external jugular vein was cannulated for volume 

administration.  A 1.4-Fr Millar conductance catheter (Millar, Houston, TX) was inserted 

into the apex of the left ventricle with the distal electrode positioned near the aortic root 

and the proximal electrode in the left ventricular apex. In vivo pressure-volume 

relationships were analyzed with BioBench software (National Instruments, Austin, TX) 

and analyzed with Pvan version 2.7 (Conductance Technologies, San Antonio, TX). 

Lymphocyte Isolation 
 
Splenic lymphocyte isolation was accomplished according to the methods reported by Yu 

et al.8 The spleen was removed using sterile technique, sliced, and forced through a 30-

mesh screen filter. The splenic lymphocytes were isolated with lymphocyte separation 

medium (Cellgro; Herndon, VA) and washed three times with RPMI culture media. T 

lymphocytes were separated from splenic mononuclear cells with lymphocyte separation 

medium (Cellgro). The B lymphocytes were eliminated by culturing cells in antimouse 

IgG antibody–coated plates for 2 hours.  To further purify the sample, T-cells were 

isolated using commercially available magnetic bead CellSep Kit (StemCell 

Technologies, Vancouver, BC).  Flow cytometry showed that the T cell preparation was 

>97% pure (data not shown).  The enriched T-lymphocytes were cultured in complete 
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RPMI 1640 in anti-CD3 and anti-CD28 coated plates at a concentration of 1×106 

cells/mL.   

ELISA for T-Lymphocyte Cytokines 
 
Commercially available ELISA kits (R&D Systems, Minneapolis, MN) were used to 

determine the concentration of the TH1 cytokine interferon-γ (IFN-γ) the TH2 cytokines 

interleukin IL-4, IL-10, and IL-13, and TGF-β from cell culture supernatants. The 

purified T lymphocytes were cultured in 10% FCS RPMI medium for 48 hours then 

supernatants were analyzed with the respective ELISA kits. 

Adoptive Transfer of T-lymphocytes 

After isolation, T-lymphocytes were expanded on anti CD3 anti CD28 coated plated for 6 

days.  These cells were washed twice in PBS.  C57BL/6 SCID mice were injected with 8 

x 106 lymphocytes in 300 µL PBS i.p.  Control-AT mice received lymphocytes from 

C57BL/6 WT mice fed normal food and water.  The HTN-AT mice were injected with 

lymphocytes from C57BL/6 WT mice that had L-NAME in the water and the diet with 

the NaCl content raised to 8%.  Sham mice were injected with 300 µL PBS alone.  The 

mice were monitored for signs of infection and fed normal mouse chow. 

RNA Extraction and Real-Time PCR 
 
Cardiac tissues were removed and stored in Trizol (Invitrogen Life Technologies, 

Carlsbad, CA).  RNA was extracted as previously described8 and 1 µg was reverse 

transcribed into cDNA and used for real time PCR using QauntiTect SYBR Green PCR 

kit (Qiagen,Valencia, CA).  Custom primers were designed using the Primer3 and 

synthesized by Integrated DNA Technologies. Primer quality was confirmed by melting 
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curve analysis and gel-electrophoresis of each primer product. In each experiment, the 

relative amounts of mRNA for candidate genes were calculated from the threshold cycle 

numbers and normalized to the relative amounts of β-actin RNA.  Real-time PCR primers  

are listed in Table 1. 

Zymography of MMP Activity 

Gelatin zymography assay was performed according to the method described by Yu et 

al.8After cardiac tissue (10mg) was homogenized in 1 mL of zymography extraction 

buffer, the extractions were applied to a precast 10% gelatin gel (Invitrogen, Carlsbad, 

CA).  Zymogram gels were washed twice with Renaturing buffer then transferred into a 

Developing buffer (Invitrogen, Carlsbad, CA) and incubated at 37°C for 12 h with 

constant rocking.  After staining with Comassie brilliant blue (0.25%), the bands 

quantified with image analysis software (BIO-RAD GS-800). 

Collagenase activity 

Commercially available kits were used to measure collagenase activity (Chemicon, 

Temecula, CA).  Briefly, mmp extract (as described above) was activated with 20 mM 

AMPA for 5 hours at 37°C.  Following activation, 4 µg of sample was used in the assay.  

The biotinylated collagen fragments were detected with streptavidin-enzyme complex at 

450 nm. 

Determination of Hydroxyproline and Collagen Cross-Linking 

The amino acid, hydroxyproline (HP), is found only in connective tissue and constitutes 

13.5% of collagen fibril mass. Total, soluble, and insoluble (crosslinked) collagen 

analysis was performed as previously describe by Yu.8  Hydroxyproline concentrations 
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were quantified by comparison with a standard curve of trans-hydroxyproline (Sigma-

Aldrich, St. Louis, MO).  

LOX Activity 

LOX activity was measured by a fluorometric assay based on methods by Trackman et 

al.9 Cardiac tissue (25 mg) was homogenized under liquid nitrogen in 300 µL of CelLytic 

(Sigma) and centrifuged at 12,000 g for 10 minutes.  This supernatant was removed and 

neutralized with 1 mL with LOX buffer (1.2 mol/L urea, 50 mmol/L sodium borate [pH 

8.2]). LOX enzymatic activity was then determined by the production of H2O2 from alkyl 

monoamine substrate and detected with fluorescent resorufin produced by horseradish 

peroxidase–catalyzed oxidation of N-acetyl-3, 7-dihydroxyphenoxazine (Amplex Red) at 

wavelengths 563 and 587 nm. Parallel samples were prepared but had added 500 µmol/L 

β-aminopropionitrile fumarate (βapn) to completely inhibit the activity of LOX. The 

difference in emission of the two samples gives the total LOX activity when compared to 

a standard curve created from hydrogen peroxide. 

Immunohistochemistry of Spleen   

 Spleens were harvested from C-AT and H-AT SCID mice 28 days after adoptive 

transfer or from age matched Sham and paraffin embedded.  Sections were stained for 

CD4+ and CCR5 (TH1 specific stain) with DAB Immunohistochemistry (Wax-it 

Histology Services Inc., Vancouver, B.C.). 

Aortic Histology 

 Mice were perfusion fixed with 10% buffered formalin at 100 mm Hg.  Spleens 

were harvested and paraffin embedded.  Sections were stained with 10% Picro Sirius Red 
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for one hour at room temperature.  Slides were cleared in acidified water (1 mL glacial 

acetic acid in 1 L ddH2O) and xylene.  Slides were viewed using polarized light.  

Statistics 

ANOVA with multicomparison statistics was used to test the differences among the 

groups using SPSS version 11.5.  The differences between treatment groups and control 

were analyzed using the student’s t-test or comparable nonparametric tests (Kruskal–

Wallis and the rank sum test) when tests for normality and equal variance failed. The 

differences were calculated with a significance level of 0.05 and power of 0.8. All of the 

data are reported as mean ± SEM. 

 

RESULTS 

Blood Pressure vs Immune Response in Donor Mice 

The systolic blood pressure increased in the donor C57BL/6 WT mice receiving 

L-NAME and 8% NaCl from 134 ± 1.8 to 189 ± 2.7 (P<0.0001) over the 28 day 

experiment (Figure 1).  Correspondingly, the splenic lymphocyte cytokines revealed a 

progressive shift toward a TH1 lymphocyte phenotype (Figure 2).  Figures 2A, B, and C 

show an increase in the TH1 cytokine, IFN-γ (P=0.004) and a decrease in the TH2 

cytokines, IL-4 (P=0.0003) and IL-10 (P<0.0001) compared with control in parallel with 

the increase of arterial blood pressure.  IL-13, a TH2 cytokine, did not demonstrate a 

change over the 28 day hypertensive period (Figure 2D).   TGF-β increased 3-fold 

comparing day 0 with days 7, 14, and 21 (P<0.002) and 10-fold comparing day 0 with 28 

(P<0.0001).  The TH1/TH2 balance characterized by the IFN-γ/IL-4 ratio increased from 
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16.8 ± 0.9 to 101.3 ± 4.5 (P=0.0007) parallel with the progression of HTN (Figure 2F). 

Given that the cytokines were measured from purified CD4+ lymphocytes, the source of 

IFN-γ, IL-4, and IL-13 were TH1 and TH2 (CD4+/CD25-) effector lymphocytes and the 

IL-10 and TGF-β were Treg (CD4+/CD25+) regulatory lymphocytes. 

Adoptive transfer of HTN 

Upon recognizing that there was a transformation of the T-lymphocyte function 

associated with the development of HTN, we sought to define the role of the lymphocyte 

in the pathogenesis of HTN.  Purified lymphocytes harvested from normo-tensive and 

hypertensive mice were separately adoptively transferred in to naïve C57 SCID mice at a 

dose of 8 x 106 i.p.  Figure 3 shows that within 7 days of transfer the blood pressure 

increased from 133.8 ± 1.2 to 151 ± 1.2 (P=0.0006) mmHg.  At the termination of the 

study, on day 28, the blood pressure increased to 173 ± 1.6, P<0.0001 compared with 

(130 ± 0.8 mm Hg) in the SCID Sham.  Most importantly there was no increase in the 

blood pressure in the adoptively transferred SCID mice with normo-tensive control 

lymphocytes.  

Immune Profile 
 

Table 2 demonstrates that induction of HTN in the donor mice resulted in a 46% 

decrease in spleen/TL ratio whereas in the adaptively transferred mice the spleen weights 

increased by 37% (P<0.05). Histology of the adaptively transferred mice shows CD4+ 

engraftment with a higher expression of CD4+ staining in the HTN recipients (Figures 4). 

Also, Figures 4 demonstrates the CCR5 staining, a cell surface marker of TH1 

lymphocytes, of the spleen reveals TH1 CD4+ in the HTN-adaptive transferred group 
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suggesting a maintenance of the TH1 phenotype from the HTN donors to the HTN 

recipients. The splenic analysis corresponds with the cytokine profile of the injected 

lymphocytes as measured by ELISA. 

Aortic Histology 
 
 Examination of perfusion fixed abdominal sections stained with Picro Sirius Red 

revealed a modest increase in collagen fibers in the adventitial layer of the HTN 

compared to Control (Figure 3).  The Control-AT groups had a slight increase in collagen 

compared to Sham.  There were large increased in collagen fibers in the HTN-AT mice 

where compared to both Sham and Control-AT.  This increase in collagen deposition 

corresponds with the increases in blood pressure. 

Hemodynamics 

Table 2 shows that there was no significant change in LV weight/ TL ratio 

between the HTN and control donor WT mice and only an 8% increase in the HTN 

adaptive transferred mice compared with sham control (NS).  It is known that lung 

weight increases as cardiovascular function declines. The lung weight/ tibial length ratio 

(LW/ TL) increased in the HTN donor mice (P=0.04) but not in any of the SCID groups.   

There was an increase in systolic function in both the HTN WT and the HTN-AT 

mice when compared to their respective controls.  The parameter for isovolumic 

contraction, dP/dTmax-Ved increased 35% in the HTN WT mice compared to the Control 

WT (P<0.05).  This parameter showed a parallel increase of 17% in the HTN-AT mice 

compared with the Sham group (P<0.05); no change Control-AT mice compared to 

Sham, and a 25% increase between the control-AT and HTN-AT (P=0.004).  Preload 
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independent parameter, PRSW, showed an increase in cardiac function only in the HTN 

WT and HTN-AT compared with their respective controls (P=0.03).  Only the HTN-AT 

group demonstrated an increase in the diastolic filling phase (β) by 28% (P=0.034). The 

cardiac output increased in the HTN WT, Control-AT, and HTN-AT  In conclusion, the 

hemodynamic parameters show that the transfer of lymphocytes from hypertensive WT 

donor mice to SCID mice changes the heart function of the SCID mice; in the parameters 

associated with systolic function the changes in the SCID mice parallel the changes seen 

in the hypertensive WT donor mice.    

Collagen Content 
To determine the effects of the HTN on the cardiac ECM collagen content and 

collagen crosslinking was measured.(Figure 6)  There was a decrease in total collagen in 

both the HTN WT and the HTN-AT groups when compared to control and Sham 

respectively (P<0.05 for both groups).  The Control-AT group showed a non-significant 

increase in total collagen when compared to Sham.  Interestingly, there was an increase in 

the percent crosslinked collagen in both the HTN WT and the HTN-AT, 58% to 65% in 

the WT and 53% to 76% in the SCID (P<0.05 both WT and SCID).  Because of the 

increase in the total collagen in the Control-AT group there was a decrease in the percent 

crosslinked collagen when compared to Sham, 53% to 46% (not significant).  

MMPs Activity  
There were notable changes in the activity of the metalloproteinases (MMP) in 

both the WT and the SCID mice. (Figure 7)  There was a time course dependent increase 

in MMP-2 over the 28 day in the WT mice.  The HTN-AT mice showed a significant 

decrease in MMP-2 and MMP-9 compared to Sham (P<0.05).  The induction of HTN in 
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the WT mice and the transfer of lymphocytes to the SCID mice caused changes in the 

collagenases as measured by bioitynlyated collagen release.  There was significant 

decrease in collagenases activity in the WT HTN mice when compared to Control.  Also, 

there were decreases in collagenase activity in both the Control-AT and HTN-AT mice 

when compared to Sham.  

Gene Expression 
 
 Real time PCR was used to compare aortic and cardiac mRNA expression using 

total RNA isolated from the abdominal aorta and the mid-portion of the left ventricle. 

(Table 3) In the aorta of HTN-AT pro-collagen I and pro-collagen III gene expression 

increased 3.9 and 2.6 respectively compared to control (P<0.05). The adoptive transfer of 

control lymphocytes into Contol-AT increased the expression of pro-collagen I 2.8 fold 

but decreased the expression of pro-collagen III 5.7 fold compared to control (P<0.05)  

The injection of lymphocytes from hypertensive mice (HTN-AT)increased the expression 

of pro-collagen III 14.8 fold compared to lymphocytes from control mice (Control-AT).  

The expression of the gelatinases pro-MMP-2 and pro-MMP-9 did not significantly 

change between the Control-AT and HTN-AT.  However, the expression of collagenases 

pro-MMP-8 and pro-MMP-13 increased 2.6 and 4.3 fold in HTN-AT compared to 

Control-AT.  The effects of increases in MMP gene expression were offset by increases 

in the inhibitors of MMP, TIMP.  The expression of TIMP1 increased 5.6 fold and 

TIMP4 increased 3.1 fold compared to Control-AT (P<0.01 and P<0.03 respectively).  

Also the expression of LOX and LOXL3, the enzymes responsible for crosslinking 

collagen, increased 1.8 and4.1 fold in the HTN-AT compared to Control-AT.(P<0.05)  

 



200 

The increases in lysyl oxidase and TIMP likely contributed to the increase in collagen 

shown in the Picro Sirius Red stain histology.   

 Changes in gene expression in cardiac tissue of the recipient mice were not as 

dramatic as those in the aorta.  The expression of pro-collagen I did not change between 

Control-AT and HTN-AT; pro-collagen III gene expression decreased 2.9 fold in HTN-

AT compared to Control-AT.  The expression of all MMPs except, pro-MMP-13 

decreased in HTN-AT compared to Control-AT although none of the changes were 

significant.  The effect of the adoptive transfer of lymphocytes from hypertension donor 

mice had varying effects on lysyl oxidase gene expression.  Gene expression TIMP1 had 

a minor, but significant increase in HTN-AT compared to Control-AT (P<0.05) however 

TIMP4 expression decreased 2.5 fold in HTN-AT compared to Control-AT.   

DISCUSSION 

Overview 

 The present study hypothesized that there are alterations of the CD4+ adaptive 

immune function that parallel the development of HTN. Secondly, if our hypothesis was 

correct, we sought to demonstrate that the alteration of the CD4+ lymphocyte function is 

critical in the development of HTN through adoptive transfer of purified CD4+ 

lymphocytes from HTN mice whereby inducing HTN in naïve mice. The goal of this 

study was to compare the effect of HTN in the donor and adoptively transferred HTN in 

the recipient mice related to aortic and cardiac gene expression, ECM composition, and 

function. The important findings of this study are as follows. An increase in TH1 

lymphocyte function is in congruence the induction of HTN.  Most striking, purified 
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CD4+ lymphocytes harvested from HTN donor mice induced HTN in naïve recipient 

mice whereas adoptively transferred CD4+ lymphocytes from normotensive mice did not 

change the blood pressure in the recipient mice. These findings support that concept the 

CD4+ lymphocytes are essential in the ECM remodeling of the vascular and cardiac 

tissues.  

Immune HTN Rodent 

There are numerous reports relating the adaptive immune system and HTN. 

Okuda et. al. reported that splenic and thymic ablation in a renal infarction model of 

HTN reduced HTN in rodents. 10 The transfer of thymic tissue from normotensive donor 

rats to spontaneously hypertensive rats (SHR) ameliorated the spontaneous HTN.11  The 

transfer of splenic cells from both DOCA rats and rats that had undergone nephrectomy 

induced HTN in naïve recipient rats.12  While these studies are interesting they do not 

establish the role of specific immune cells in the regulation of HTN.  However, it has 

been shown that SHR are TH1 dominant compared to Wister normotensive rats.2 

Moreover, angiotensin II, an stimulator of HTN, has been shown to be strong inducer of 

the TH1 phenotype.3 Taken together, these reports support the concept that the adaptive 

immune system could play a central role in the pathogenesis of HTN in rodents.   

Immune HTN Human 

Primary hypertension affects 50% of the humans over the age of 60 however the 

etiology is only understood for 10% of these hypertensive individuals. Aging is related to 

immunosenescence.13 It has been generally accepted that aging is associated with a 

conversion of quiescent CD4+ lymphocytes to a TH2 phenotype14 however it has been 
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recently reported that stimulated of aged CD4+ lymphocytes are phenotypically TH1.15, 16 

Based on our data and the reports above, there is a possibility the development of 

immunosenescence is associated with age related HTN. Moreover, hypertension has been 

reported to occur in 70-90% of immunosuppressed renal transplantation recipients and 

33% of liver transplant recipients treated with either cyclosporine (CsA) or tacrolimus 

(FK506) implying a potential association with the CD4+ lymphocyte function.17, 18 In the 

peripheral blood from women with pre-eclampsia, TH1 cells are increased and TH2 cells 

decreased throughout the pregnancy giving rise to an increased TH1/TH2 ratio compared 

with women with normal pregnancies.19, 20 The TH1 lymphocyte phenotype has also been 

associated with the development and progression of vascular atherosclerotic lesions.21 

Therefore, a dogma has emerged that TH1 is deleterious and TH2 protective based on the 

above observations. Therefore, with integration of the rodent data and human data, there 

is the possibility that the switch to a TH1 phenotype could be involved with the evolution 

of primary hypertension. Much work indicates that the adaptive immune system is not 

autonomous and that there is interaction between the whole organism and the 

lymphocyte.  We are suggesting, therefore, that immune cell function is modulated by the 

cardiovascular system as well as by neurotransmitters and vice versa. 

CD4+ engraftment 

There was a 10-fold increase in TGF-β in the HTN group compared with the 

normotensive group and a major immune source of TGF-β are T-regulatory (T reg) 

cells.22 T reg lymphocytes are CD4+ CD25+ and therefore were in the injectate 

administered to the recipient mice. Prior to injection in the isolated CD4+ approximately 
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10% of the purified CD4+ cells were also CD25+, a phenotype typical of T reg cells 

lymphocytes (flow cytometry data not shown).  Moreover, the histology of the SCID 

spleens demonstrated engraftment of the injected CD4+ lymphocytes at the conclusion of 

the experiment in both Control-AT and HTN-AT.  Also there was a significant increase 

spleen weights of both AT groups compared to SCID Sham group.  Although recipients 

received were equal numbers of CD4+ cells, the HTN-AT CD4+ lymphocytes with  

higher expression of CD4+/cell compared with the control AT mice.  The characterization 

of engrafted lymphocytes showed that there was an increased number of CCR5+ 

lymphocytes, a phenotypic marker for TH1.  Therefore, the engrafted CD4+ lymphocytes 

in the spleens corresponded with the cytokine profiles of the lymphocytes prior to 

injection.  This supports that the CD4+ lymphocytes did not undergo a phenotypic change 

following injection into the SCID recipients.  Therefore, the effects observed in the HTN-

AT group appear to be the result of predominately TH1 lymphocytes and the cytokine 

data suggests also a population of TGF-β secreting T reg cells. 

Hypertension Collagen MMP 

 Hypertension is associated with alterations in the vasculature.  Consistent with 

previous reports, Picro Sirius Red staining of perfusion fixed aorta revealed an increase in 

collagen in the HTN compared to Control.23 The SCID Sham had a low level of 

perivascular adventitial collagen surrounding the aorta; collagen content in the Control-

AT was marginally increased.  There was a significantly increased perivascular collagen 

content in the HTN-AT.  These histologies corresponded with the blood pressures in each 

respective group.  To determine if the changes in the aortic histology was accompanied 
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with alterations in gene expression real time PCR analysis of aortic tissue was preformed.  

The HTN donor group demonstrated minor changes in gene expression among the time 

points analyzed.  On day 14 HTN group had a significant decrease in pro-collagen III 

gene expression which returned to control values by day 28.  The adoptive transfer of 

CD4+ lymphocytes induced substantial changes in both Control-AT and HTN-AT 

groups’ gene expression.  The HTN-AT group exhibited increased gene expression of 

pro-collagen I and pro-collagen III compared to both Sham and Control-AT.  This is 

consistent with previous reports of increased collagen synthesis in the arterial walls of 

SHR.24, 25 Although there were increased in expression of pro-MMP genes the effect of 

these increases were offset by the substantial increased inhibitors of TIMP, gene 

expression.  In HTN-AT TIMP1 gene expression increased 28 fold compared to Sham 

and TIMP4 increased 3.6 fold.  This increase in TIMPs almost certainly inhibited the 

MMPs contributing to the increase collagen content seen in the aortic histology.  Pro-

LOX and Pro-LOXL3 gene expression also increased in the HTN-AT by 6.9 and 3.1 fold 

compared with the Sham SCID group that would facilitate collagen crosslinking and 

making the ECM a stiffer system. Therefore, the increased TIMP1 and LOX gene 

expression could account for the increased vascular resistance due to the CD4+ 

lymphocyte ECM vascular remodeling.  

 Hypertension and Cardiac 

 In addition to altering the vasculature, L-NAME/8% NaCl administration and the 

adoptive transfer of CD4+ lymphocytes induced changes in the heart.  The gene 

expression of MMPs and TIMPs both showed changes at the time points measured in the 
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donor C57 WT mice.  After fourteen days of LNAME administration the gene expression 

of MMP-2, MMP-9, and MMP-13 all increased; all three genes decreased in expression at 

the end of the experiment, 28 days.  This corresponds to MMPs activity as measured by 

gelatin zymography.  Cardiac tissue extracts showed a large initial increase in MMP-2 

with a time course dependent decrease in activity until the end of the experiment, day 28.  

This was previously described by Wang et. al who reported that infusion of LNAME  

induces a concentration dependent increase MMP-2 release from the heart.26   

SCID recipient mice did not demonstrate large changes the expression of any 

MMP genes.  This may be a result of the time course of tissue collection.  Changes in 

gene expression were determined at day 14 in the donor mice, but not in the SCID.  This 

implies that the changes in MMP gene expression and activity may be temporally altered 

and therefore changes in the SCID mice were not measured.  Gelatin zymography and 

collagenase assay both demonstrated a decrease in MMPs activity in HTN-AT compared 

to Sham and Control-AT.  Cytokines have previously been reported to alter MMPs 

activity.  TGF-β is capable of modulating the activity of fibroblasts and has been shown 

to repress MMPs in combination with IL-1.27   

 The HTN-AT mice had cardiovascular function similar to that of the HTN donor 

mice.  Consistent with previous reports from our laboratory HTN donor mice had an 

enhanced systolic function.28 The preload independent parameters PRSW and dP/dtmax-

Ved were both significantly increased by the administration of L-NAME/8% NaCl.  The 

adoptive transfer of T-lymphocytes from these hypertensive WT mice induced similar 

changes in the SCID recipients.  HTN-AT also had enhanced systolic function as 
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indicated by the significant increases in both PRSW and dP/dtmax-Ved compared to both 

Sham and Control-AT.  dP/dtmax and dP/dt/min significantly increased and decreased 

respectively in the HTN and HTN-AT groups. Although there was not a significant 

change in ventricular stiffness (β) in the WT HTN, the HTN-AT had a significant 

increase in β.  This corresponds with the measurements of cardiac collagen content.  

Percent crosslinked collagen, the major determinant of ventricular stiffness, significantly 

increased in the HTN-AT group compared with both Sham and Control-AT; there was no 

significant change in the WT mice.  

 Although Picro Sirius Red staining demonstrated significant increases in collagen 

in HTN and HTN-AT it did not show a notable increase in myocardial fibrosis, however 

there was an increase in perivascular collagen content (data not shown).  Vascular tone is 

largely regulated by the vascular endothelium and therefore is highly responsive to 

changes in blood pressure.29 An increase in perivascular fibrosis has been documented in 

many studies of HTN. 30 29 Numaguchi et. al. described an increase in pervascular 

fibrosis and coronary artery remodeling in a rat model of LNAME induced HTN.31   

The current study demonstrated a shift in the immune profile of C57BL/6 in 

parallel to the induction of HTN by LNAME and 8% NaCl.  The INF-γ/ IL-4 ratio 

increased weekly as the systolic blood pressure of the HTN mice increased.  Also there 

was an increase in the TGF-β concentration.  TGF-β is capable of inducing the synthesis 

of endothelin-1 mRNA in vitro. 32 It is known that endothelin-1 is a potent regulator of 

vascular tone and therefore blood pressure.  The adoptively transferred CD4+ T-

lymphocytes from HTN donor were secreting higher levels of TGF-β when compared to 
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the Control donor.  Once injected in the recipient SCID mice the varied levels of TGF-β 

would induce different levels of the vasoconstrictor endothelin-1, the HTN-AT being 

induced to a high level of secretion. TGF-β has also implicated in the regulation of MMP 

activity. 27, 33 It has also been shown to have a direct correlation with increases in systolic, 

diastolic, and mean arterial pressure. 34  

This study supports the concept that CD4+ T-lymphocytes are involved in the 

development and maintenance of hypertension.  It is well accepted that neurohormonal 

pathways play a large role in the pathogenesis of hypertension.  We are proposing that 

CD4+ T-lymphocytes are also involved in this process.  The adoptive transfer of 

lymphocytes from hypertensive, but not normotensive, WT mice induced alterations in 

aortic ECM composition in addition to increases in blood pressure.  Additional studies 

will elucidate the mechanisms by which the adoptively transferred CD4+ T-lymphocytes 

induced changes in the SCID recipients.   
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 Real Time PCR 
Primers/ 
Accession # 

Forward/ 
Bases 

Reverse/ 
Bases

�-actin 
BC040513 

5’-TTGCTGACAGGATGCAGA AG-3’ 
204-223 

5’-TGA TCC ACA TCT GCT GGA AG-3’ 
350-331 

Pro-Col I�1 
NM_007742 

5’-GAGCGGAGAGTACTGGATCG-3’ 
3876-3895 

5’-GTTCGGGCTGATGTACCAGT-3’ 
4017-3998 

Pro-Col III�1 
AK079113 

5’-TTCTGCTGTTGCTGGTGAAC-3’ 
1631-1650 

5’-TGGCTTGAATGAAGGTACCAA-3’ 
1749-1729 

Pro-MMP-2 
NM_008610 

5’-AAAGGACTCGGGTTGTCTGA-3’ 
2823-2842 

5’-CAAGAAGGCTGAGCAGGAAG-3’ 
2972-2953 

Pro-MMP-9 
NM_013599 

5’- ACCAGACCCCAGACTCCTCT -3’ 
2899-2918 

5’-CTTGTAATGGGCTTCCTCTAT -3’ 
3050-3031 

Pro-MMP-13 
NM_008607 

5’- CCAGCTAAGACACAGCAAGC -3’ 
2377-2396 

5’- CGCTAAGGAAAGCAGAGAGG -3’ 
2491-2472 

TIMP-1 

Table 1. Real Time PCR Primers and Accession Numbers

NM 011593.1 
5’-ATTCAAGGCTGTGGGAAATG-3’ 

219-238
5’-AAGAAGCTGCAGGCATTGAT-3’ 

380-361 
TIMP4 
NM 080639.2 

5’-GAGCTGGGATCCTGACTCAC-3’ 
3056 - 3075

5’-GTGTGCTTTCAGGCAGATGA-3’ 
3219 - 3200 

LOX 
NM_010728 

5’-GAGCTGGGATCCTGACTCAC-3’ 
3056 - 3075 

5’-GTGTGCTTTCAGGCAGATGA-3’ 
3219 - 3200 

LOXL3 
NM_013586 

5’-CAGATGCAGTGGGATGAGAA-3’ 
3706 - 3725 

5’-ACACCCCTACACACACACCA-3’ 
3844 - 3825 

OPN 
X16151.1 

5’-CAGCCATGAGTCAAGTCAGC-3’ 
846-865

5’-CTTGTGGCTCTGATGTTCCA-3’ 
993-974 
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 Donor WT SCID AT Recipient 
 Control HTN Sham Control-AT HTN-AT 
BW (g) 19.0 ± 0.6 18.9 ±  0.9 20.5 ± 0.3 20.1 ± 0.4 20.1 ± 0.5 
LV/TL 47.5 ± 1.5 45.4 ± 0.9 42.7± 0.7 41.7 ± 0.9 45.7 ± 1.2 
Spleen WT/TL 45.6 ± 0.8 25.1± 10.6* 13.8 ± 1.1* 21.7 ± 1.9*† 22.7 ± 1.7*†

Lung WT/TL 76.8 ± 2.5 92.4 ± 3.2* 81.9 ± 1.7 87.4 ± 1.9* 82.2 ± 4.0 
HR (bpm) 502 ± 14 511 ± 24 489 ± 14 528 ± 15 534 ± 18 
dP/dt max 7531 ± 245 9620 ± 434* 6780 ± 476 7597 ± 299† 8382 ± 480†

dP/dt min -5902 ± 300 -7641 ± 579* -5380 ± 292 -5300 ± 237 -6120 ± 247†‡

EF (%) 73 ± 3 77 ± 4 76 ± 2 73 ± 3 74 ± 2 
CO (mL/min) 5.5 ± 0.3 6.9 ± 0.7* 6.9 ± 0.2* 8.0 ± 0.4*† 8.2 ± 0.9* 
PRSW (mm Hg) 88 ± 3 111 ± 3* 87 ± 7.0 88 ± 1 107 ± 5*†‡

dP/dt max-Ved (mm 772 ± 40 1040 ± 32* 667 ± 33 588 ± 39 780 ± 26*†‡

τ Weiss 8.1 ± 0.3 6.5 ± 0.5* 8.9 ± 0.3* 7.3 ± 0.2† 7.6 ± 0.3†

Beta 0.18 ± 0.02 0.14 ± 0.02 0.13 ± 0.02* 0.13 ± 0.01* 0.18 ± 0.01†‡

Table 2. Effect of LNAME and adoptive transfer of CD4+lymphocytes on cardiovascular  
            function 
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 WT Donor SCID AT Recipient  
 Control Day 14 Day 28 Sham Control-AT HTN-AT 

Aortic Tissue 
β-actin 1 1 1 1 1 1 
Pro-collagen Iα1 6.4 ± 0.1 7.5 ± 0.1* 7.6 ± 0.1* 6.4 ± 0.3 4.9 ± 1.2 4.5 ± 0.9*†

Pro-collagen IIIα1 8.3 ± 0.7 10.1 ± 0.5 7.8 ± 0.3 4.6 ± 0.3* 7.1 ± 0.5† 3.2 ± 1.0*‡

Pro-MMP-2 3.8 ± 0.6 4.9 ± 0.5 4.1 ± 0.4 1.1 ± 0.2 1.6 ± 0.2* 2.1 ± 0.5 
Pro-MMP-8 9.1 ± 0.4 9.0 ±0 .5 9.6 ± 0.1 3.5 ± 0.4* 3.1 ± 0.9* 1.7 ± 0.1*†

Pro-MMP-9 7.0 ± 0.3 8.0 ± 1.0 7.9 ± 0.1 2.9 ± 0.4* 1.7 ± 0.1* 2.1 ± 0.1*‡

Pro-MMP-13 9.2 ± 0.8 9.9 ± 0.7 9.8 ± 0.1 3.3 ± 0.3*  3.6 ± 0.4*  1.5 ± 0.1*†‡

TIMP1 12.5 ± 0.3 12.7 ± 0.1 12.5 ± 0.1 8.3 ± 0.1* 5.9 ± 0.2*† 3.4 ± 0.2*†‡

TIMP4 9.9 ± 0.2 9.6 ± 0.4 10.4 ± 0.3 9.3 ± 0.3 9.1 ± 0.2 7.5 ± 0.4*†‡

Pro-LOX 10.7 ± 0.1 9.7 ± 0.5 7.8 ± 0.1  3.0 ± 0.1* 2.0 ± 0.1* 1.2 ± 0.2*†‡

Pro-LOXL3 9.6 ± 0.6 8.2 ± 0.3 9.2 ± 0.1 5.1 ± 0.4*  4.4 ± 0.4* 2.4 ± 0.2*†‡

OPN 8.7 ± 0.8 8.1 ± 0.2 7.8 ± 0.1* 3.5 ± 0.1* 2.7 ± 0.2*† 1.9 ± 0.1*†

Cardiac Tissue 
β-actin 1 1 1 1 1 1 
Pro-collagen Iα1 5.5 ± 0.2  4.1 ± 0.1* 3.9 ± 0.1* 4.6 ± 0.2* 4.6 ± 0.3* 4.6 ± 0.2* 
Pro-collagen IIIα1 9.3 ± 0.3 14.6 ± 0.4* 8.7 ± 0.2 8.2 ± 0.1* 8.7 ± 0.2 10.2 ± 0.3*†‡

Pro-MMP-2 4.3 ± 0.1 1.5 ± 0.1* 3.6 ± 0.2* 3.1 ± 0.3* 3.5 ± 0.3* 3.5 ± 0.1* 
Pro-MMP-8 11.7 ± 0.2 12.9 ± 0.5 12.5 ±0.1* 12.2 ± 0.4 9.7 ± 0.5† 11.2 ± 0.5‡

Pro-MMP-9 12.2 ± 0.2 8.3 ± 0.1* 10.7 ± 0.4 10.1 ± 0.3* 8.4 ± 0.4*† 9.2 ± 0.4* 
Pro-MMP-13 9.8 ± 0.2 8.5 ± 0.2* 9.4 ± 0.4 9.5 ± 0.4 8.9 ± 0.2* 8.7 ± 0.2* 
TIMP1 10.4 ± 0.2 10.4 ± 0.1 8.7 ± 0.4* 8.7 ± 0.2* 9.1 ± 0.1*† 8.5 ± 0.2*‡

TIMP4 7.7 ± 0.2 8.1 ± 0.1 6.8 ± 0.5 7.3 ± 0.2 7.6 ± 0.2 8.9 ± 0.5*†

Pro-LOX 9.8 ±0.3 9.8 ± 0.3 8.5 ± 0.2* 8.7 ± 0.1* 8.7 ± 0.3* 9.1 ± 0.1 
Pro-LOXL3 8.2 ± 0.1 12.7 ± 0.4* 9.0 ± 0.2* 9.9 ± 0.2* 10.2 ± 0.2* 9.8 ± 0.1* 
OPN 8.8 ± 0.6 9.9 ± 0.1 8.9 ±0.8 8.3 ± 0.7 9.0 ± 0.4 10.8 ± 0.5*†‡

Table 3. Effect of L-NAME and TCR peptide on cardiac and aortic gene expression 
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Figure 1. Systolic blood pressure of C57 WT mice 
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Figure 2: ELISA cytokine assays of C57 WT CD4+ lymphocytes 

 



217 

 

 

 

 

 Figure 3. Systolic blood pressure of C57 SCID mice 
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Figure 6: Cardiac Collagen Content  
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Figure 7: Gelatinase activity of cardiac tissue  
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Figure 1: C57BL/6 mice were administered L-NAME/8% NaCl to induce hypertension.  
Weekly tail cuff blood pressure measurements were made. These measurements represent 
mean of four mice averaging three measurements per mouse.  Mice were trained on tail 
blood pressure for two weeks prior to measurement.  
Data represent mean ± SEM. * P<0.05 vs. control   
 
Figure 2: Cytokine concentration from CD4+ lymphocyte culture supernants measured 
by ELISA.  Spleens were cultured from control mice at the end of the experiment, after 
14 days of L-NAME 8% NaCl administration, and at the end of the experiment at 28 days 
of L-NAME 8% NaCl administration.  A. INF-γ B. IL-4 C. IL-10 D. IL-13 E. TGF-β 
 F. INF-γ/IL-4 ratio Data expressed as pg/mL.  
Values are mean ± SEM.  * P<0.05 vs. Control  
 
Figure 3: Systolic blood pressure of SCID mice measured by tail cuff.  C57BL/6 SCID 
mice were injected with 8x106 CD4+ lymphocytes from control C57 mice (C-AT), 
hypertensive C57 WT mice (H-AT), or with PBS vehicle (Sham).  These measurements 
represent mean of four mice averaging three measurements per mouse.   
Data represent mean ± SEM. * P<0.05 vs. Sham 
 
Figure 4: Splenic lymphocytes from C57BL/6 male mice either control or HTN were 
purified using negative selection to a purity of  >97%.  The lymphocytes were 
administered to naïve C57BL/6 SCID mice at a dose of 8 x106 per mouse, i.p.  Sham 
mice received an injection of the PBS vehicle only.  After 28 days, the recipient SCID 
spleens were stained for CD4+ and CCR5 (TH1 specific stain) with DAB 
immunohistochemistry. The figures above demonstrate that there were CD4+ CCR5+ 

lymphocytes engrafted in the C-AT and H-AT spleens. 
 
Figure 5: Mice were perfusion fixed at 100 mm Hg with 10% buffered formalin.  The 
abdominal aorta was removed and paraffin embedded.  Sections were stained with Picro 
Sirius Red.  Collagen I and III are birefringent under polarized light and therefore appear 
bright. 
 
Figure 6: Hydroxyproline analysis was used to determine the collagen content of left 
ventricular tissue. A. Total collagen significantly decreased in the HTN donor mice, but 
not in the SCID recipients. B. Adoptive transfer of CD4+ lymphocytes from hypertensive 
donors significantly increased percent crosslinked collagen when compared to Sham and 
C-AT.  
 Data represent mean ± SEM. * P<0.05 vs. Sham † P<0.05 vs. C-AT 
 
Figure 7: A.  Effect of L-NAME/8% NaCl administration on gelatinase activity.  Data 
represent mean ± SEM. * P<0.05 vs. Control  
B. The effect of adoptive transfer of T-lymphocytes on cardiac MMPs activities.  
Gelatinases activities were determined 28 days after adoptive transfer of CD4+ 
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lymphocytes or injection of PBS. Data represent mean ± SEM. * P<0.05 vs. Sham  † 
P<0.05 vs. C-AT 
 
Table 1: Col, collagen; MMP, matrix metalloproteinases; TIMP, tissue inhibitor of 
MMP; LOX, lysyl oxidases (L like); OPN, osteopontin 
 
Table 2: BW indicates body weight (mg); HW, LV/TL, left ventricular weight/ tibial 
length, HR, heart rate (beat/min); dP/dt max, rate of systolic contraction (mmHg/s); dP/dt 
min, rate of diastolic relaxation (mmHg/s); EF, ejection fraction; CO, cardiac output 
(mL/min); PRSW (mmHg) preload recruitable stroke work; β, left ventricular stiffness 
(mmHg/µL); dP/dtmax-Ved,pressure of end diastole (mm Hg); τ Weiss, time constant of 
isovolumic relaxation; (n=10). 
*P<0.05 vs Control; † P<0.05 vs Sham; ‡ P<0.05 vs C-AT 
 
Table 3: Real time PCR analysis of aortic  and cardiac gene expression.  Tissues were 
harvested in TRIZOL after 14 or 28 days of L-NAME/8% NaCl administration or age 
matched control.  SCID tissues were harvested 28 days following adoptive transfer of 
CD4+ lymphocytes.  Data are expressed as threshold cycle number normalized to the 
house keeping gene β-actin.  Data represent mean ± SEM. * P<0.05 vs Control † P<0.05 
vs Sham; ‡ P<0.05 vs C-AT 
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ABSTRACT 
 
Background:  A major determinant of the ventricular stiffness during diastolic filling is 

the cardiac-fibrillar extracellular matrix (ECM).  The goal of this study is to support the 

hypothesis that T-helper 1 (TH1) lymphocytes induce fibrillar collagen and crosslinking 

resulting in increased ventricular diastolic stiffness.  

Methods:  Three-month old C57BL/J female mice were treated with selective T-

lymphocyte immunomodulators, T-cell receptor Vβ peptides (TCR), at a dose of 200 

μg/mouse i.p. on days 1 and 14. After 6 weeks, left ventricular mechanics, ECM 

composition, tissue enzymatic activity, and candidate gene expression were quantified.  

Results: Lymphocyte gene expression and cytokine assay revealed TH1 immune 

polarization with TCR administration and associated with increased cardiac lysyl oxidase 

(LOX) enzymatic activity (P=0.048) which was consistent with a 2.6-fold and 3.1-fold 

increase of LOX and LOXL3 gene expression respectively (P<0.04). The ECM cardiac 

collagen content increased by 41% (P=0.005) and cross-linked collagen increased by 

95% when compared with the control (P=0.003). Concurrently, there was a 33% 

increased ventricular stiffness (P=0.0007), decreased cardiac output (P=0.03), and normal 

ejection fraction.  

Conclusions:  The suggested diastolic dysfunction induction by TH1 lymphocytes has 

potential clinical application in the pathogenesis of diastolic heart failure.  

Key words: Cytokines, Fibrosis, Heart failure, Remodeling 
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1. Introduction 
 

Lysyl oxidases (EC 1.4.3.13, protein-lysine 6-oxidases) are secreted 

cuproenzymes that catalyze post-translational modification of the extracellular matrix 

(ECM) connective tissues.  Although widely distributed in a variety of cells, the cardiac 

fibroblast (CF) is the primary source of lysyl oxidases in the heart. Of the four members 

of the lysyl oxidase enzymatic proteins that have been described, the two expressed in 

cardiac tissue are lysyl oxidase (LOX) and lysyl oxidase-like 3 protein (LOXL3) 1. The 

functional enzymatic activity of lysyl oxidates is to induce oxidative deamination of the 

ε-amino group of selected lysine and hydroxylysine residues of ECM proteins resulting in 

the formation of allysine and hydroxyallysine. This oxidative deamination is followed by 

spontaneous condensation to di-valent cross-links which may subsequently form tri- and 

tetra-valent cross-links 2.  TGF-β, PDGF, CTGF and angiotensin II can induce lysyl 

oxidase gene expression in numerous tissues 3-5 however no inducers have been described 

in the cardiac fibroblast.   Once expressed, lysyl oxidase is secreted as pro-enzyme which 

requires proteolytic conversion to the functional enzyme by pro-collagen C-proteinases 

encoded by products of the Bmp-1 gene 6. The normal formation of collagen cross-

linkages is stabilization of the fibrous forms of these ECM proteins in most tissues 

including the heart.   

The cardiac ECM composition (collagen content and percentage of cross-linking) 

is a dominant factor contributing to diastole function during the filling phase of the 

cardiac cycle. The disproportionate formation of the ECM collagen cross-linkages is 

parallels ventricular stiffness 7-9.  Moreover, inhibition of lysyl oxidase mediated cardiac 
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collagen cross-linking with β-aminopropionitrile markedly reduces ventricular stiffness 

10.  In addition, the collagen cross-linkages appear to protect the fibrillar collagen from 

matrix metalloproteinase (MMP) mediated degradation 11.  Therefore, elevated 

concentrations of cross-linked collagen and an accumulation of ECM collagen leads to 

altered ECM biomechanical properties - thus affecting ventricular diastolic mechanics.  

Previously, we observed that altered lymphocyte polarity markedly affects 

diastolic function and the extent of cardiac collagen cross-linking. We found that mice 

genetically prone to the lymphocyte T-helper subset TH1, TH2, or null phenotypes 

markedly differ in cardiac remodeling in responses to chronic hypertension 12. We also 

demonstrated that induction of TH2 lymphocyte phenotype results in a dilated and highly 

compliant left ventricle which was partially rescued by selective stimulation of TH1 

lymphocyte function 13. However, what is not evident is whether the lymphocyte polarity 

has a direct effect on the CF lysyl oxidase gene expression, secretion, and enzymatic 

function in vitro and in vivo and thus affecting diastolic function. In the present study, we 

hypothesized that the induction of TH1 lymphocytic function upregulates lysyl oxidase 

gene expression and activity and collagen content, thereby altering cardiac diastolic 

function.  

 
2. METHODS 
 

This study was approved by The University of Arizona Animal Care Committee 

and conforms to the Guide for the Care and Use of Laboratory Animals published by the 

US National Institutes of Health (NIH Publication No. 85-23, revised 1996). 
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2.1. Mice 

Three-month-old female mice C57BL/6J were obtained from Jackson 

Laboratories (Bar Harbor, ME, USA). The mice were randomly divided into a placebo 

control group (n=15) and TCR Vβ peptide group (n=15).  All mice were studied on week 

6 which includes the 2 weeks of placebo or TCR Vβ peptide administration and 4 weeks 

post-administration. Transthoracic ECHO and pressure-volume measurement were used 

to quantify ventricular mechanical functions, isolated splenic lymphocytes to determine 

the cytokine profiles, and the left ventricular tissues harvested for EMC gene and protein 

analysis. Primary CF and lymphocyte in vitro cultures were used to support a direct effect 

of T-lymphocytes on CF functions.  

2.2. TCR Vβ Peptides 

The TCR Vβ peptides 5.2 and 8.1 (Minotopes Clayton, Australia) were 

administered on days 0 and 14 at a dose of 200 μg/mouse i.p. The sequences of these 

TCR Vβ peptides were CSPKSGHDTVSWYQQA (Vβ 5.2) and 

CKPISGHNSLFWYRQT (Vβ 8.1).  The placebo was phosphate buffered saline used as 

the TCR Vβ vehicle.  

2.3. ELISA Cytokine Assay 

The purified splenic T-lymphocytes were cultured in 10% FCS RPMI1640 

medium at a concentration of 5 x 105 cells/mL on anti-CD3 and anti-CD28 coated plates.  

After 48 hours, supernatants were collected and stored at -80°C until analysis.  The R&D 

(Minneapolis, MN) cytokine ELISA kits were used for IFN-γ and IL-10 quantification of 

the supernatants. 
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2.4. Quantification of left ventricular mechanics by ECHO and pressure-volume loops   

Transthoracic echocardiography was performed on 8 mice per group at 6 weeks.  

The mice were anesthetized with 2% isoflurane and digital images were recorded at a 

frame rate of 200 frames/second with a linear 45-MHz probe (Model 707B Scanhead, 

Visualsonics, Canada). On the day following the echocardiogram analysis, pressure-

volume loops were acquired with our previously described Millar CCS methods 14, 15. 

Briefly, the mice were ventilated and the apical portion of the heart and the inferior vena 

cava were exposed through a substernal-transverse incision and then a 1.4 fr Millar 

Conductance Catheter (Millar Corporation, Houston, TX) was inserted into the apex of 

the left ventricle.  Pressure-volume loops were acquired and computed as performed by 

Yang 14, 15. 

2.5. RNA Extraction and Real-Time PCR

 Cardiac and splenic tissues from 5 mice were harvested then homogenized in 

TRIzol (Invitrogen Life Technologies, Carlsbad, CA). Diluted cDNA was used for 

reaction with Quantitect Sybr green PCR kit (Qiagen) 50 µl, and real-time PCR was 

performed with SYBR Green using the Rotor-Gene RG-3000 (Corbett Research) in a 72-

well rotor. Custom primers were designed using Primer3 and synthesized by Integrated 

DNA Technologies. In each experiment, the relative amounts of mRNA for target genes 

were normalized to the relative amounts of the reference gene RNA (β-actin mRNA).  

The following candidate genes were investigated: collagen genes; Pro-Collagen Iα1 

(NM_007742) and Pro-Collagen IIIα1 (AK079113); crosslinking genes: Pro-LOX 

(NM_010728), Pro-LOXL3 (NM_013586), transforming growth factor-β1 (NM_011577) 
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and connective tissue growth factor (NM_010217.1); and lymphocyte related genes: IFN-

γ (NM_008337), IL-10 (NM_010548), osteopontin (X16151.1), thrombospondin-1 

(BC042422). The candidate gene cycle thresholds were normalized by the respective β-

actin (BC040513) gene.  All data is reported as fold change of control compared with 

treated groups.   

2.6. Determination of hydroxyproline and collagen cross-linking  

Hydroxyproline (HP) and cross-linking assays of cardiac tissues were conducted 

as described by Yu et al.16   HP levels were quantified by comparison to a standard 

colorimetric curve of trans-hydroxyproline (Sigma, St. Louis). Collagen cross-linking 

was determined using cyanogen bromide (CNBr) digestion. Percent of cross-linking was 

determined by comparing CNBr-non-soluble hydroxyproline to total hydroxyproline.  

2.7. PSR Collagen assay 

Undenatured collagens were measured with cell culture homogenates using Sircol 

collagen assay (Biocolor Ltd., Belfast, Ireland).  This Sircol assay detects collagen from 

cell culture supernants more effectively than the HP assay. Briefly, test samples were 

mixed gently in 1.0 ml of 0.1% picrosirius red for 30 minutes at room temperature.   The 

samples were then centrifuged for 5 minutes at 10,000g and the supernatant discarded.  

The pellet was resuspended in 1 ml of 0.5 M NaOH, and the absorbance of the sample 

was read at 550 nm.  Test samples were compared to a standard curve of known 

concentrations of collagen.  

 

 



241 

2.8. Histology 

Formalin fixed cardiac sections were stained with picrosirius red to visualize the 

interstitial collagen.  Similar tissue sections were stained with hematoxylin eosin.  The 

tissue processing and staining was performed by Wax-It Histology Services Inc. 

Vancouver, BC.   

2.9. LOX activity assay 

LOX activity was measured by a fluorometric assay based on methods by 

Trackman et al 17 and performed as described by our previous report.18  

2.10. Cardiac Fibroblast and Lymphocyte Isolation  

CF isolation was performed as described by Yu et al.19  These primary fibroblast 

cultures were grown to 80% confluence and the fetal bovine serum decreased to 1% prior 

to co-culturing with lymphocytes or lymphocyte supernatant.  

2.11. Lymphocyte isolation and polarization for co-culture  

Splenic lymphocyte isolation was accomplished according to the methods 

reported by Yu et al.20  The splenic T-lymphocyte population was enriched by removing 

B-lymphocytes with anti-murine IgG coated plates.  The enriched T-lymphocytes were 

cultured in complete RPMI 1640 in anti-CD3 and anti-CD28 coated plates for 96 h with 

10 ng/ml IL-12 (BD Pharmingen) and 5 μg/ml anti-IL-4 antibody (BD Pharmingen) for 

induction of TH1 cultures and 10 ng/ml IL-4 (BD Pharmingen), and 5 μg/ml anti-IL-12 

antibody (BD Pharmingen) for TH2 cultures according to Bonecchi et al.21  Alternatively, 

TCR Vβ 5.2 and 8.1 peptides were added, at equal concentrations (25 μg/mL) to 

selectively polarize naive lymphocytes to TH1.  The lymphocytes are washed three times 
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and cultured on anti-CD3 and anti-CD28 plates to expand the respective populations. For 

the LOX activity analysis, the lymphocytes from the individual treatment groups were 

added directly to the CF cultures at a concentration of 5 x 105/mL for 48h. For collagen 

analysis, the supernatant was diluted 1:10 and added to the CF cultures for 48h.    

2.12. Statistical Analysis 

All data are reported as means ± standard error of the mean.  Statistical analysis 

was performed by ANOVA where multi-comparison procedures were used to test the 

differences between the defined groups with SPSS version 11.5. The differences were 

calculated with a significance level of (0.05) and power (0.8). Values obtained from 

treatment groups were compared to control values using the Student’s t-Test. Comparable 

non-parametric tests (Kruskal-Wallis and the rank sum test) were substituted when tests 

for normality and equal variance failed.  

 

3. Results 

3.1. T-cell receptor Vβ  peptides induce TH1 immune function 

The selective T-cell receptor agonists (TCR Vβ 5.2 and 8.1 peptides) induced a 

14-fold induction of the TH1 cytokine, IFN-γP<0.0001 without affecting the TH2 

cytokine, IL-10 (Figure 1). Table 1 shows that the TH1 genes including: IFN-γ and OPN 

were significantly increased (12.6 and 5.4-fold respectively) and with a 9.1-fold decrease 

in the TH2 associated protein, TSP-1, and no change in IL-10.  
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3.2. Induced TH1 immune function increases ECM collagen and collagen cross-linking 

3.2.1. Ventricular collagen characterization  

Hydroxyproline (HP) serves as a means to determine collagen content.  Table 2 

shows that the crosslinked collagen increased by 95% in the TCR Vβ  peptide treated 

mice compared with the controls (P=0.003) and the total ventricular HP levels increased 

by 41% in the TCR Vβ  peptide treated group compared with the control group 

(P=0.005).  The increased fibrillar collagen is supported by Figure 3 A, B which 

demonstrates an increased collagen with picrosirius red staining with TH1 immune 

stimulation.   A lack of cellular infiltrates with hematoxylin and eosin staining in the TCR 

peptide group suggests that the TH1 induced ECM remodeling is not secondary to 

myocardial inflammation (Figure 3 C, D).  

3.2.2. Lysyl oxidase expression and enzymatic function  

Lysyl oxidase (LOX) and lysyl oxidase like-3 (LOXL3) are understood to be the 

rate limiting enzymes responsible for fibrillar collagen crosslinking in the cardiac ECM.  

Table 1 shows that after 4 weeks following TCR Vβ  peptide stimulation of the 

lymphocytes to TH1, LOX and LOXL3 gene expressions were increased 2.6 and 3.1 fold 

in the TCR peptide group left ventricular tissues compared with the control group 

(P<0.04).  Correspondingly, Figure 2 reveals that LOX enzymatic activity in left 

ventricular tissue was significantly increased by 55% (P=0.048) in the TCR peptide 

group when compared with the control.   
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3.3. TH1 immune function induces pro-fibrotic cytokines  

TGF-β 1 and CTGF can independently induce collagenous ECM proteins and 

LOX.  Table 1 shows that cardiac TGF-β 1 gene expression increases 7.3-fold and CTGF 

increased 2.4-fold in the TCR Vβ  peptide group compared with the control group (P 

<0.05).  

3.4. TCR Vβ  peptides reduce diastolic function in vivo 

Ventricular function was measured 4 weeks after the final administration with 

TCR Vβ  peptides.  Table 3 shows that there was decreased cardiac output (P=0.03) with 

preserved ejection fraction. These parameters were supported by a decrease in ventricular 

end systolic and diastolic volumes (P<0.05). Since the maximum left ventricular pressure 

(Pmax) decreased by 10% (NS), the decreased cardiac output in the treated group was not 

due to increased afterload. Most notable, when comparing the TCR Vβ  peptide 

administration group with the control group, was an increase in the ventricular stiffness 

(β) (P=0.0007) and a decrease in the rate of ventricular filling, dV/dtmax (P=0.02). Since 

the time constant of isovolumic relaxation (τ was not significantly altered, these 

hemodynamic parameters suggest that the increased ventricular stiffness may account for 

the diastolic dysfunction with the TCR Vβ  treatment.    

The transthoracic ECHO confirmed that there was an increased ventricular 

stiffness in TCR peptide treated mice by a significantly decreased E/A ratio (P=0.0007) 

as well as Ea/Aa ratio (P= 0.0001).  The area under the E wave (E/E-A VTI) decreased 

by 22% (P=0.020) and the E deceleration time increased by 45% (P=0.014).  The 

parameters related to systolic function did not change including intra-ventricular 
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contraction time (IVCT) and ejection time (ET).  The parameter that describes preload 

(lateral E/EA) did not differ between the two groups suggesting that the decrease in the 

ventricular filling phase that was not related to preload.   

3.5. Effect of TH1 induction on lysyl oxidase enzymatic activity and collagen synthesis in 

vitro. 

3.5.1. Lysyl oxidase enzymatic activity 

To determine if the TH1 phenotype lymphocyte can directly induce lysyl oxidase 

enzymatic activity by CF, we co-cultured T-lymphocytes with primary mouse CFs in 

vitro (Figure 4). Most importantly we showed that the TCR Vβ  peptides did not directly 

affect CF LOX enzymatic activity.  The naïve lymphocytes (TH0) increased LOX 

activity by 3.7-fold (P=0.043) and TH1 cytokine polarized lymphocytes increased LOX 

activity by 6-fold (P=0.007) whereas TH2 cytokine polarized lymphocytes decreased 

LOX activity by 3-fold compared with TH0 (P=0.09).  TH0 lymphocytes treated with 

TCR V� peptides increased CF LOX enzymatic activity by 15-fold compared with 

control fibroblasts (P=0.0011) and 139% compared with TH0 lymphocytes (P=0.017).  

These data support the concept that TH1 lymphocytes directly induce LOX enzymatic 

activity whereas TH2 lymphocytes reduce LOX enzymatic activity by CFs.   

3.5.2. Collagen synthesis in vitro 

The direct effect of polarized lymphocytes on collagen production by the CF is 

supported by Figure 5 where the supernatant from TH1 cytokine polarized and TCR Vβ  

treated lymphocytes increased CF collagen synthesis compared with non-polarized 

lymphocytes in vitro (P<0.05).  Therefore, the shift of the lymphocyte immune response 
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to TH1 by TCR Vβ  administration appears to increase total collagen content, collagen 

crosslinking and correspondingly ventricular stiffness. 

 

4. Discussion 

The present study hypothesized that induction of the TH1 lymphocyte phenotype 

alters cardiac diastolic function via induction of ECM remodeling. More specifically, the 

goal of this study was to examine the effect of TH1 lymphocyte polarization on cardiac 

ECM collagen cross-linking and fibrillar collagen content in vivo and in vitro.  The TCR 

Vβ  peptides have been shown to induce TH1 phenotype and TH1 cytokines in numerous 

studies 22-24 which is supported by our cytokine determinations and TH1 related gene 

expression in splenic  

The most striking finding of this study is the probable role of immunomodulation 

on collagen crosslinking.  The importance of alterations in cardiac collagen crosslink 

concentrations has been emphasized in association with cardiovascular pathologies and 

physiological adaptations.25  Moreover, we have shown that the percentage of collagen 

crosslinking is directly correlated with ventricular stiffness 26, 27.  This current study 

demonstrates that heightened TH1 lymphocyte activity stimulates LOX enzymatic 

activities in vivo and in vitro. This increased LOX activity relates to the concentrations of 

cardiac collagen crosslinking and diastolic stiffness. In support of these findings, chronic 

administration of the inhibitor of LOX, β -aminopropionitrile (BAPN) significantly 

decreases ventricular stiffness (β) 28. Our conclusion, supported by our in vitro study, is 

induction of a TH1 lymphocyte cytokine profile increased both CF LOX enzymatic 
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activity and CF collagen production.  The significant value of this work is that this is the 

first report of a direct inducer of the LOX and LOXL3 gene and the corresponding 

enzymatic function in the CF – namely TH1 secreted products. 

The cardiac output of the treatment group was significantly reduced however the 

ejection fraction was preserved.  The ventricular stiffness (β) was significantly increased 

and correspondingly the dV/dtmax was significantly decreased.  These hemodynamic 

data support that the induction of TH1 lymphocyte function directly relates to a condition 

similar to that of clinical diastolic dysfunction. The mechanism appears to be related to 

increased cardiac fibrillar collagen content and especially increased fibrillar collagen 

crosslinking.  

This study demonstrated that an altered immune background may induce the 

remodeling processes similar to that observed in response to increased chronic afterload.  

However in the present study, the afterload in our treated mice was decreased. 

Previously, we have also demonstrated that a selective stimulation of a dominant TH2 

immune condition leads to a markedly dilated heart and decreased ventricular stiffness 29, 

30.  Consistent with our findings, Hikoso et al demonstrated that knocking out the TH2 

immune function with STAT6-/- did not prevent compensatory left ventricular 

hypertrophy in aortic banded mice and resulted in a 2-fold increase of interstitial fibrosis 

compared with the banded wild type 31. Therefore taken together, these studies suggest 

that TH1 lymphocytes induce an accumulation of ventricular collagen, fibrillar collagen 

crosslinking, and ventricular stiffness whereas TH2 may provoke the opposite.  
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The differentiated TH1 and TH2 lymphocyte cytokine profiles and functions are 

directed by T-cell receptor Vβ variants 32. Twenty-four TCR Vβ variants have been 

characterized in mice and humans to date 33.  Therefore, the T-cell cytokine response 

depends upon the TCR Vβ  variant epitope agonist ligation and activation.  Thus, 

modulation of specific variants with selective receptor agonists relates to cytokine 

synthesis by the T-helper lymphocyte population.  We have previously shown that the 

combination of two TCR peptides, Vβ  5.2 and 8.1, induces TH1 cytokines greater than 

individual peptides 34.  The lymphocyte gene expression analysis of the study herein 

supports that TCR Vβ  peptides induce TH1 related genes including: IFN-γ, and OPN and 

reduces the anti-TH1 factor TSP-1.  Most importantly, ELISA analysis demonstrated a 

14-fold increase in IFN-γ 4 weeks after the initial administration of TCR Vβ  peptides. 

 This report supports the concept that a prevailing TH1 phenotype may lead to 

increased ECM collagen crosslinking and cardiac diastolic function. This has 

implications beyond that of the heart.  In addition to collagen, LOX can also crosslink 

elastin 35 which suggests that this paradigm may apply to vasculature remodeling related 

to hypertension.  Hypertension is strongly associated with aging.   It is generally accepted 

that with aging, there is a conversion to a TH2 phenotype 36 however stimulation of CD4+ 

lymphocytes in the aged, the CD4+ reverts to TH1 37.  Since we have shown that TH1 

induces ECM crosslinking, the possibility exists that primary hypertension may be 

coupled with the CD4+ lymphocyte function. This concept is further supported in SHR 

and angiotensin II treated rodents, in which the SHR are inherently TH1 and angiotensin 

II induces a TH1 phenotype compared to their respective controls 38, 39. Moreover, the 
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metastatic potential of tumors is related to LOX up-regulation and ECM crosslinking 40. 

Therefore, our findings provide compelling data that may also be applicable to both 

hypertension and metastases.   

We propose that matricellular proteins modulate the interactions between 

lymphocytes and fibroblasts to exert control over the essential events of ECM 

composition.  Two common matricellular proteins that are expressed and secreted by T-

lymphocytes and CF are OPN, and TSP-1 41, 42.  OPN, also known as early T-lymphocyte 

activation 1 (Eta-1), has emerged as an important player in immunologic diseases 

including heart failure 43.  Matsui et al revealed that infusion of Ang II mediated cardiac 

interstitial fibrosis was dependent upon OPN 44.  Therefore, it is implicit that OPN is 

required for cardiac ECM remodeling.   

In the ECM, TSP-1 induces de-adhesion of fibroblasts and endothelial cells and in 

the immune system the engagement of TSP-1 with the lymphocyte CD47 receptor 

inhibits the differentiation of TH0 lymphocytes to TH1 45, 46. Moreover, when the 

fibroblast TSP binds to the lymphocyte TSP receptor (CD45) MMPs are over-expressed 

by the fibroblast 47.  As with OPN, TSP-/- mice fail to respond to Ang II induced 

ventricular remodeling which results in cardiac rupture 48.  It has been suggested that the 

TH2 matricellular protein, TSP, is a marker and mediator of decompensated heart failure 

due to the loss of ECM integrity 49.  Our results strengthen this concept since TH1 

lymphocyte polarization with TCR Vβ  peptides significantly increased OPN gene 

expression by 5.4-fold and reduced TSP by 9-fold in cardiac tissue resulting in increased 

ventricular stiffness. 
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In summary, this study demonstrated that direct immunomodulation of T-

lymphocytes affects the cardiac ECM composition, resulting in altered cardiac collagen 

content and cross-linked collagen, thereby disrupting diastolic cardiac function. A 

selective means to modulate the T-lymphocyte function in this study was through 

administration of TCR V� peptides, which shifted T-lymphocyte function toward a TH1 

cytokine response. The in vivo polarization to the TH1 cytokine response with the TCR 

V� peptide treatment induced diastolic dysfunction and associated with the ECM 

composition. The suggested diastolic dysfunction induction by TH1 lymphocytes has 

potential clinical application in the pathogenesis of diastolic dysfunction.  
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TABLES AND FIGURES 

Table 1. 

 

   

 

 

 

 

 

 

 

 

 
Fold Change 
Control: 
TCR Peptide 

 
P 

Lymphocyte Genes 
β -actin 1 NS 
IFN-γ 12.6 0.01 
IL-10 1.2 NS 
OPN 5.4 0.01 
TSP-1 -9.9 0.05 
Cardiac Genes 
β -actin 1 NS 
Pro-LOX 2.6 0.03 
Pro-LOXL3 3.1 0.04 
Pro-Col Iα1 -1.1 NS 
Pro-Col IIIα1 -2.3 0.05 
TGF-β 7.3 0.05 
CTGF 2.4 0.10 
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Table 2.  

 Control TCR-V� Peptide P 
Total HP 1.38 ± 0.07 1.94 ± 0.11 0.005 
Non-cross-linked 0.55 ± 0.03 0.34 ± 0.06 NS 
Cross-linked 0.83 ± 0.07 1.61 ± 0.15 0.003 
% Cross-linked 59 ± 2 79 ± 7 0.04 
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Table 3.   

 

Parameters Units Control Peptide P 
n  14 14  
BW g 36.9 ± 0.8 33.2 ± 1.9 NS 
HW/BW  3.8 ± 0.1 4.1 ± 0.1 NS 
Hemodynamics measured with conductance catheter 
HR bpm 565 ± 9 506 ± 16 0.004 
CO mL/min 8.4 ± 0.6 6.4 ± 0.5 0.03 
EF  57.8 ± 2.5 59.9 ± 3.4 NS 
Ves μL 11.7 ± 0.8 9.1 ± 0.9 0.04 
Ved μL 25.3 ± 1.3 20.9 ± 1.2 0.03 
Pmax mmHg 93 ± 3 84 ± 3 0.06 
dV/dt max μL/sec 650 ± 45 493 ± 45 0.02 
τ msec 5.7 ± 0.3 6.5 ± 0.3 0.08 
β mmHg/μL 0.17 ± 0.02 0.29 ± 0.02 0.0007 
Hemodynamic measured with ECHO 
n  8 8  
HR BPM 456.5±6.9 417.0±13.7 0.043 
E/A  1.81 ± 0.09 1.31 ± 0.02 0.0007 
Septal Ea/Aa  1.59 ± 0.09 1.21 ± 0.05 0.0001 
E/E-A VTI  38.2 ± 1.9 30.0 ± 1.8 0.020 
DT ms 51 ± 3 57 ± 3 NS 
IVCT ms 9.4 ± 0.5 10.5 ± 0.9 NS 
ET ms 43 ± 3 48 ± 3 NS 
Lateral E/Ea  39.7± 3.8 41.0 ± 1.5 NS 
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 Figure 1 
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Figure 2.  
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Figure 3. 
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Figure 4.  
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Figure 5. 
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Figure Legends 
 
Table 1.  Splenic lymphocyte and cardiac tissue gene expression normalized by 

respective β-actin. Positive fold changes imply increased gene expression while negative 

fold changes indicate decreased gene expression. TH1 genes include: Interferon-γ (IFN-

γ) , and osteopontin (OPN). TH2 genes include: interleukin-10 (IL-10) and 

thrombospondin 1 (TSP-1). Cardiac genes include: lysyl oxidases (LOX) include: LOX, 

and LOX like protein 3 (LOXL3), pro-collagen type Iαchain 1 (Pro-Col Iα1), pro-

collagen type IIIα chain 1(Pro-Col IIIα1),  transforming growth factor-β1 (TGF-1) and 

connective tissue growth factor (CTGF). n=4 

 

Table 2. Effect of TH1 immune function on cardiac ECM collagen.  

Hydroxyproline (HP) represents the collagen concentration in the cardiac tissue. The 

hydroxyproline assay showed that TCR Vβ peptides treatment stimulated a 41% increase 

in total hydroxyproline, decreased non-crosslinked collagen and increased crosslinked 

collagen by 95%. (n=4) 

 

Table 3. The hemodynamic analysis of Miller CCS pressure-volume loops and 

transthoracic ECHO. The weight descriptions include: body weight (BW), and heart 

weight (HW).  The left ventricular functional parameters include: heart rate (HR), cardiac 

output (CO), ejection fraction (EF), end systolic volume (Ves), end diastolic volume 

(Ved), maximum systolic pressure (Pmax), the derivative of volume over time 
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(dV/dtmax), the time of constant of isovolumic relaxation (τ), left ventricular stiffness 

(β). The ECHO parameters include: ratio of doppler measured passive and active flow 

(E/A), ratio of septal tissue doppler during early diastole to late diastole (Ea/Aa),  the 

ratio of peak E-velocity to the total velocity integral (E/E-a VTI), filling time from 

opening of mitral valve to closure of mitral valve (DT),  the time from closure of mitral 

valve to the  opening of aortic valve (IVCT), ejection time from the opening of aortic 

valve to the closure of aortic valve (ET), and ratio of peak E velocity from doppler flow 

across the mitral valve to the tissue doppler Ea at the mitral annulus during early diastole 

indicates preload (Lateral E/Ea).  

Figure 1. Effect of TCR Vβ peptides on lymphocyte TH1 and TH2 cytokines. 

The splenic cytokines, chemokines and matricellular protein gene expression 

demonstrated that TCR Vβ peptide treatment provoked a TH1 immune response. TCR 

peptides Vβ5.2 and Vβ8.1 binding to the specific Vβ region of the T-cell receptor 

stimulates TH1 cell to release TH1 cytokines represented by IFN-γ while the TH2 

cytokines represented by IL-10 was unaffected. (n=3) 

*P<0.0001compared with control 

Figure 2.  Cardiac lysyl oxidase enzymatic activity. 

Ventricular tissue was assayed for LOX activity – the key enzyme that crosslinking of 

fibrillar collagen. LOX activity was measured by hydrogen peroxide production. TCR 

V� peptide administration increased cardiac LOX enzymatic activity by 55% compared 

with control ventricles.  (n=4) *P=0.048 

 



261 

Figure 3. Picrosirius red staining for collagen and H&E staining 

The top panels compare the staining for collagen with picrosirius red.  These sections are 

at the right ventricular-septal junction in the mid-portion of the ventricles.  The TCR Vβ 

peptide administration caused an increased in collagen staining compared with the 

control sections (40x).  Moreover, hematoxylin eosin staining (bottom panels) 

demonstrate that there are no lymphocytic infiltrates in either group (400x) 

 

Figure 4.  Direct effect of lymphocytes on primary cardiac fibroblasts lysyl oxidase 

enzymatic activity.  Purified lymphocytes which where polarized with cytokines or TCR 

Vβ peptides were added to 80% confluent CF at a concentration of 5 x 105/mL. The co-

culture supernatant was collected after 48h for LOX enzymatic activity. The TCR Vβ 

peptides demonstrated no direct effect on primary cardiac fibroblasts. Naïve TH0, 

polarized TH1 and TCR Vβ peptide treated lymphocytes significantly increased the LOX 

enzymatic activity in vitro. TH2 cytokine polarized lymphocytes did not stimulate LOX 

activity and was found to be 66% less than TH0 (NS).  These data strongly suggest that 

TH1 lymphocyte products induce LOX enzymatic activity directly and TH2 do not. (n=3) 

*P<0.05 compared with control fibroblasts 

†P=0.006 compared with TH0 treated fibroblasts 

Figure 5.  Direct effect of lymphocyte supernatant on primary cardiac fibroblast 

collagen synthesis. Lymphocyte supernatant was collected after 96 hours of polarization 

treatment, diluted 1:10 with CF culture medium and applied to primary cardiac fibroblast 

cultures for 48 hours. The picrosirius red collagen assay of the cardiac fibroblast cultures 
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demonstrated that TH1 lymphocyte supernatant increased collagen synthesis by 80% and 

TCR Vβ peptide treated lymphocytes stimulated collagen synthesis compared with naïve 

TH0 by 142%.  These data demonstrate that there is a direct effect of lymphocyte product 

on collagen synthesis in vitro. (n=3) 

* P<0.003 compared with TH0 
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